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by
Aurora A. Burds

Submitted to the Department of Biology at the Massachusetts Institute of Technology in
Partial Fulfillment of the Requirements for the Degree of
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Abstract

The separation and partitioning of sister chromatids prior to cytokinesis must be tightly
regulated to insure that progeny cells receive the correct number of chromosomes. The
spindle assembly checkpoint prevents chromosome missegregation by arresting the cell
before sister chromatid separation if any one chromatid is not properly attached to the
spindle microtubules. Defects in chromosome segregation lead to the creation of
aneuploid cells that contain too much or too little genetic material. Some aneuploid cells
have gained oncogenes or lost tumor suppressor genes, and these genetic alterations
allow the cells to ignore signals that regulate growth and proliferation. A majority of
tumors are aneuploid, but it is not yet known whether chromosome instability is a driving
force or merely a secondary effect of tumor development. In Chapter 2, I will present
work showing that the protein most often altered in colon cancers, Adenomatous
Polyposis Coli (AdPC) (Kinzler and Vogelstein 1996), is modified by members of the
spindle assembly checkpoint and that a truncating mutation of the AdPC protein leads
directly to aneuploidy in mouse cells. Although genetic disruption of any member of the
spindle assembly checkpoint signaling cascade has proven lethal for metazoans on both
the cellular and organismal level (Basu et al. 1999; Kitagawa and Rose 1999; Dobles et
al. 2000; Kalitsis et al. 2000), Chapter 3 will detail the creation and analysis of a Mad2-/-
mouse embryonic fibroblast cell line that is viable due to a simultaneous disruption in
p53. Together these two bodies of research support the possibility that a chromosome
missegregation event can be a defining, early step in tumorigenesis while providing
unique tools to investigate this possibility.
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Cell cycle, checkpoints and tumorigenesis
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I. The Cell Cycle

The cell cycle is a series of biochemical processes that must be successfully completed in
a specific order for cell duplication. This includes the accumulation of nutrients for
growth in G1, the replication of the genome during S phase, a second growth stage called
G2, and chromosome segregation followed by cytokinesis during mitosis. Progression
from one stage of the cell cycle to the next requires active cyclin/cyclin-dependent kinase
(CDK) complexes. The levels of CDKs remain steady throughout the cell cycle, and
their activity is regulated positively by cyclins and negatively by CDK inhibitors (Felix et
al. 1989). In budding yeast, the G1 cyclins, Clnlp, Cln2p and CIn3p, bind to and activate
the CDK Cdc28p (Cdc2p in fission yeast). Cdc28p also associates with the S phase
cyclins, ClbSp and Clb6p, and then with cyclins Clblp, Clb2p, Clb3p and Clb4p for
progression through mitosis (Cross 1995). Higher eukaryotes contain functional
homologues of the yeast cyclins that bind to CDKs at similar stages of the cell cycle:
cyclins D and E are found during G1, cyclins E and A during S phase, and cyclins A and
B during mitosis (Reviewed in Obaya and Sedivy 2002). A cell progresses through this
coupled cyclin/cell cycle to become two, genetically identical daughter cells. In this
section I discuss the phases of the eukaryotic cell cycle, focusing particularly on the

mechanics of chromosome segregation during mitosis.



A. G], S and Gz

Before committing to division, cells monitor the internal and external environment and
prepare for DNA duplication. If any basic nutrients, such as carbon, nitrogen, oxygen or
salts, are in low abundance, cells cannot grow and they remain arrested prior to the
commitment of division. . cerevisae grown in minimal medium can spend many hours
in G1, accumulating enough nutrients to duplicate, but cells in rich media complete one
round of the cell cycle in 90 minutes. Yeast begin the cell cycle by passing through an
event called Start, a molecular switch that results in irreversible commitment to cell
duplication (Reviewed in Toone et al. 1997). Transcription factors, Swidp, Swi6p and
Mbplp, stimulate the expression of many genes, including the genes that encode the two
G1 cyclins, Clnlp and Cln2p (Siegmund and Nasmyth 1996). The cyclin/CDK
complexes accumulate, and the Swi6p/Mbp1lp complex also activates transcription of
genes that encode proteins necessary for DNA replication in S phase: ribonucleotide
reductase, dihydrofolate reductase, thymidine kinase, DNA primase, and DNA
polymerase (Noguchi et al. 1983; Tubo and Berezney 1987; Johnston and Lowndes
1992). These proteins join with others, including the origin replication complex, to form
pre-replicative complexes at discrete loci, called origins of replication, along the

chromosomes. Cells are now competent to initiate DNA synthesis in S phase.

A similar set of events occurs in the G1 cells of multicellular organisms, though most

cultured mammalian cells require 24 hours to complete one round of the cell cycle.

Because a cell in a multicellular organism is surrounded by other cells, recognition of
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adhesion to either the extracellular matrix or to other cells is also important. Mitogenic
signals stimulate cell proliferation by activating signaling cascades that promote both the
transcription of the D-type cyclins and the elimination of CDK inhibitors (Reviewed in
Sherr and Roberts 1999). Cyclin D binds to and activates Cdk4 and Cdkeé6 to
phosphorylate the retinoblastoma protein Rb, and other targets. As the cell progresses
through G1, the cyclin E/Cdk2 complex also accumulates and hyperphosphorylates Rb.
The hyperphosphorylation of Rb marks the passage through the Restriction Point in
metazoans, an event that is analogous to Start and commits a cell to division (Lundberg
and Weinberg 1999). Hyperphosphorylated Rb releases the E2F family of transcription
factors, allowing E2Fs to upregulate the transcription of genes that are involved in DNA
synthesis. As in yeast, the pre-replicative complexes form at the origins of replication
and the genome is ready for the next phase of the cell cycle, S phase (Maiorano and

Mechali 2002).

During the S phase of the cell cycle, the DNA and structural components of
chromosomes must be replicated. In yeast, the origin recognition complex (ORC) binds
to DNA replication origins, distorts the structure of an adjacent region of AT-rich DNA
and recruits replication proteins, including polymerases, to the replication forks
(Reviewed in Borowiec et al. 1990; Baker and Bell 1998). Autoradiography of pulse-
labeled DNA spreads have shown that bi-directional DNA replication begins at multiple
sites, activating groups of replication forks in batches at different times (Edenberg and
Huberman 1975; Hand 1978). The cyclin A/Cdk2 complex localizes to the replication

forks and is necessary for the initiation of DNA synthesis (Kaufmann et al. 2001). The
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catalytic protein complex found at each of the forks contain several components that
perform unique tasks. A helicase unwinds the original DNA strand to provide the other
proteins access to the DNA. Polymerases synthesize the new, complementary strands of
nucleic acids with the help of accessory proteins that maintain the interaction between
polymerases and DNA. Finally, an editing polymerase checks the newly generated
strands to ensure that they are exact matches of the originals (Reviewed in Baker and Bell
1998). CAF-1 and PCNA place histones onto the new strands of DNA, creating
nucleosomes, and the ATP-dependent chromatin assembly factors restructure the
DNA/histones to form chromatin (Krude and Keller 2001). Cohesins fasten the two
copies of each chromosome together and this formation of sister chromatid pairs

completes S phase.

In G2 the cell pauses in a cyclin-dependent manner to check for errors and to grow. S.
cerevisiae does not have an obvious G2 phase in a normal round of cell division (Russell
and Nurse 1986), but S. pombe utilizes the CDK inhibitor Weelp to hold the cells in this
pre-mitotic growth phase (Russell and Nurse 1987). Similarly, Weel and Myt1 inhibit
cyclin B/Cdk1 to regulate the progression of mammalian cells (Mueller et al. 1995). A
cell is driven into mitosis when the Polo-like kinases stimulate Cdc25, the antagonist of
Weel and Mytl. As active cyclin/Cdc2p (S. pombe) and cyclin B/Cdk1 (metazoan)
complexes are generated, the CDK creates a positive feedback loop by activating more
Cdc25 and inhibiting Weel/Mytl. This feedback loop maximizes the amount of active
mitotic cyclin/CDK in the cell and thereby promotes the exit from G2 and entry into

mitosis (Reviewed in O'Farrell 2001).
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B. Mitosis

Once a cell has duplicated its genome, its entire contents must be physically partitioned
into two daughter cells. Dividing cells accomplish this partitioning in a series of four
mitotic stages: prophase, metaphase, anaphase and telophase. At each stage, distinct
physical changes take place to ensure accurate transmission of the genome and division
of the cell membrane. During prophase, the nuclear envelope breaks down (but not in
yeast), replicated sister chromatids condense and a multi-protein complex known as a
kinetochore begins to form specifically at each centromere. The paired sister chromatids
connect to the newly formed spindle microtubules via kinetochores, attaching one
chromatid to one pole and its sister chromatid to the opposite pole. Metaphase is defined
as the stage at which all chromatid pairs have achieved bipolar attachment to the mitotic
spindle and have moved to the midzone of the cell, which is also known as the metaphase
plate. In anaphase.A, the cohesin complexes connecting the sister chromatid pairs to
each other are cleaved, allowing the chromosomes to separate and be pulled by spindle
microtubules to opposite sides of the cell. In anaphase B, the spindle elongates,
separating the clusters of chromosomes even further. Finally, during telophase, a
cleavage furrow forms to separate the cell into two compartments, and a nuclear envelope

forms around the decondensing chromosomes in each new cell.
The activity of the mitotic cyclin kinases is required for many of the key events in

mitosis. In prophase, cyclin B/Cdc2 phosphorylates the condensin complex, causing

chromosome condensation (Kimura et al. 1998). Likewise, nuclear envelope breakdown
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at prophase is also a result of CDK activity (Mendenhall 1993), though both cyclin A and
cyclin B are important for the destruction of the nuclear envelope (Peter et al. 1990;
Furuno et al. 1999). Cyclin B/Cdc2 contributes to cell rounding at mitosis by
phosphorylating the actin-binding protein caldesmon, and weakening the structure of the
actin cytoskeleton (Yamashiro et al. 1990). Genetic analysis in S. cerevisiae has shown
that the mitotic cyclins are also required for the establishment of the mitotic spindle
(Surana et al. 1991; Fitch et al. 1992; Schwob and Nasmyth 1993). The Clb5p/Cdc28p
complex is necessary for the binding of microtubules to the cell cortex to establish the
correct spindle polarity, and Clb3p/Cdc28p and Clb4p/Cdc28p promote spindle assembly
(Segal et al. 2000). Thus, the cyclin/CDK complexes contribute to the initiation and

execution of the mitotic program in eukaryotic cells.

1. Formation of a Metaphase Spindle

After a cell completes DNA replication, the microtubules and microfilaments of the
cytoskeleton disassemble, reorganizing the interphase cell into a spherical morphology.
Next, a spindle of microtubule fibers self-assembles between newly separated
centrosomes, known in yeast as spindle pole bodies, the microtubule organizing centers
of the cell. Dynamic microtubules radiate in all directions from each centrosome, flung
from the organizing focus much as a fly fisher casts and retracts his line, hoping to
contact one of three desired “prey”: other microtubules, the cellular cortex or a sister
chromatid. Some of the microtubules emanating from one centrosome encounter and

interact with their counterparts from the other centrosome. The interpolar microtubules
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establish the characteristic spindle shape and generate the midzone of the spindle. The
interpolar microtubules elongate to separate the spindle pole bodies at anaphase B. Other
microtubules, known as astral microtubules, extend away from the interpolar spindle to
contact the nuclear membrane and anchor each centrosome to the cellular cortex. Finally,
some of the microtubules contact and bind to kinetochores, multi-protein complexes that
assemble at centromeric DNA. The microtubule-kinetochore attachment secures the
sister chromatid to the spindle apparatus. Due to the undirected nature of the “ﬁsﬁjng” by
the microtubules during the establishment of the mitotic spindle, the capture of each sister
chromatid by a spindle fiber is a random event, and mitosis in each individual cell is

therefore a unique and stochastic process (Hyman and Karsenti 1996; Nicklas 1997).

2. Biochemistry of Dynamic Microtubules

The stochastic nature of the attachment of spindle microtubules to sister chromatid pairs
is due in large part to the dynamic structure of the microtubules themselves.
Microtubules are composed of thirteen strands of parallel protofilaments that form a
single, hollow tube measuring 25 nm in diameter (Nogales 2000). Each of the
protofilaments is a linear polymer of repeating alpha and beta tubulin heterodimers,
assembling in a head to tail fashion that gives the microtubule an intrinsic polarity (Amos
and Klug 1974). Spindle pole bodies are microtubule nucleating centers, which anchor
and stabilize the (-) end of microtubule protofilaments, which exposes the alpha tubulin
subunits and faces into the spindle pole (Fan et al. 1996). The beta tubulin subunit is

exposed at the (+) end, which extends into the cell and transitions stochastically between
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growth and catastrophe (Allen and Borisy 1974). The dynamic behavior of microtubules
is characterized by four rates: the rates of polymerization and depolymerization and the
frequencies of catastrophe (the switch from polymerization to depolymerization) and
rescue (the switch from disassembly to assembly) (Mitchison and Kirschner 1984).
Dynamic instability is caused by GTP hydrolysis and the changing concentrations of
tubulin dimers at each end of the microtubule (Mitchison 1993). Only dimers that are
bound to GTP can assemble onto a microtubule, but the GTP is hydrolyzed into GDP
shortly after the dimer assembles into a protofilament. The structure of the GDP-bound
tubulin dimer favors disassembly from the polymer, but if another GTP-bound dimer has
already joined the polymer, sandwiching the GDP-bound dimer into the structure, the
microtubule will remain stable and continue to grow. Thus, a cap of GTP-bound tubulin
dimers stabilizes the filament and allows continuing assembly of GTP-tubulin subunits.
On the other hand, if GTP hydrolysis occurs to the very end of the microtubule, the
microtubule will switch from growing to shrinking and undergd a catastrophe (Mitchison
and Kirschner 1984; Nogales 2000). Microtubules are dynamic because they are
constantly alternating between growth and shrinkage, and this property of microtubules

allows for the creation of a labile spindle structure.
3. Role of Spindle Dynamics in Mitosis
Many proteins alter microtubule dynamics in a cell cycle-dependent manner. As cells

transition from interphase to mitosis, the catastrophe frequency increases ten-fold to

break down the cytoskeletal microtubules (Mitchison et al. 1986; Belmont et al. 1990;
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Verde et al. 1992). This controlled destruction of microtubules at mitosis may be
mediated by Op18/Stathmin, a protein that sequesters tubulin (Belmont and Mitchison
1996; Howell et al. 1999), or by a microtubule motor, MCAK, that disrupts the
interaction of protofilaments at the (+) end (Walczak et al. 1996; Maney et al. 2001). On
the other hand, several microtubule associated proteins (MAPs) promote microtubule
stability by increasing polymerization rates, suppressing catastrophe rates and promoting
rescue of microtubules in interphase. Some MAPs are down regulated while others lose
functional potency prior to mitosis (Pryer et al. 1992; Andersen 1998; Tournebize et al.
2000). As the cell increases the activity of proteins that destabilize microtubules and
depresses the activity of those proteins that stabilize them, the cytoskeletal microtubules
are destroyed; new spindle microtubules that emanate from the centrosome are very
unstable and disassemble rapidly if they do not contact other proteins to stabilize them.
The instability of the spindle microtubules allows them to effectively search the volume
of the cell for target structures, such as the cell cortex and the kinetochores, which then

stabilize the microtubule structure.

The goal of spindle assembly is the bipolar attachment of every pair of sister chromatids
so that they can be segregated in anaphase. A series of live cell microscopy observations
n higher eukaryotes has shown that most kinetochores initially contact a microtubule
along the length of the fiber rather than at the (+) end. The kinetochore slides along the
microtubule towards the centrosome (Rieder and Alexander 1990) where the kinetochore
then encounters and attaches to the (+) ends of 20-30 other microtubules (Rieder et al.

1986; McEwen et al. 1997). It is believed that proteins in the kinetochore stabilize the
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(+) ends of microtubules because bundles of microtubules that attach to a kinetochore
rarely undergo catastrophe. As microtubules assemble, the attached chromatids are
propelled towards ’the opposite spindle pole. Because the kinetochores are situated “back
to back™ on the sister chromatid pair, the unattached kinetochore is presented in an
optimal orientation to engage and stabilize microtubules emanating from the other
centrosome. Now that each kinetochore is connected to a centrosome, the balanced
forces of both bundles of microtubules pushing and pulling on the joined chromatids
bring the sister chromatid pair to the midzone of the spindle, an event called congression.
As more and more sister chromatid pairs congress, a distinctive stripe or disk of DNA is

observed between the spindle poles at the metaphase plate.
4. Components of the Kinetochore

Kinetochore proteins bind specifically at the centromeric sequences of sister chromatids
and may function as microtubule stabilizers in addition to interacting with microtubule
associated proteins to solidify the microtubule-DNA connection. Currently, the complete
set of proteins that comprises this physical link between the centromeric DNA and the
microtubules is not yet known, though a large number of them have been uncovered in

yeast and in mammalian cells.

a. Yeast Kinetochore Proteins

In §. cerevisiae, the centromeric DNA sequence is a 125-base pair region that interacts

with the multi-protein CBF3 complex, with a histone-H3 variant (Cse4p) (Stoler et al.
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1995) and the centromere-binding factor Cbflp (Baker et al. 1990). The assembly of the
kinetochore begins with the binding of CBF3 to the centromere, and then many additional
proteins build onto this foundation (Reviewed in Kitagawa and Hieter 2001). Among
these proteins are complexes containing Spc24p, Spc25p, Ndc80p and Nuf2p as well as
complexes of Slk19p, Ctf19p and Mcm21p (He et al. 2001). Other proteins and
complexes display the ability to bind microtubules directly, and they have been placed on
the outer layer of the yeast kinetochore. Several motors as well as other microtubule
associated proteins have been found at kinetochores, including a Dam1p-Dad1p-Duolp
complex that contains at least seven kinetochore proteins (Hofmann et al. 1998; Janke et
al. 2002). Although it is not yet know what function the motors have in chromosome
segregation, the non-motor proteins appear to link the centromeres to the spindle while

the microtubule fiber alternates between periods of growth and shrinkage.

b. Metazoan Kinetochore Proteins

Centromefes in eukaryotes other than budding yeast display much greater variation and
complexity, ranging in size from 40-100 kb in the fission yeast S. pombe to several
megabases in humans. These sequences are comprised of a series of repeated DNA
elements (Reviewed in Wiens and Sorger 1998). While some kinetochore proteins show
sequence conservation across all levels of the eukaryotic spectrum, most of the
components of the mammalian kinetochore have been discovered experimentally. People
with the CREST (Calcinosis, Raynaud’s phenomenon, Esophageal dysmotility,
Sclerodactyly, Telangiectasia) variant of the autoimmune disease scleroderma produce

antibodies to centromere associated proteins (CENPs). The use of these anti- centromere
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antibodies has facilitated the discovery of three kinetochore proteins, CENP-A, -B and —
C, which associate with the centromere throughout the entire cell cycle (Brenner et al.
1981). CENP-A is the homologue to the histone H3 variant budding yeast Csedp, and is
found in centromere-specific nucleosomes (Sullivan et al. 1994). CENP-B forms a
homodimer that binds to alpha centromeric DNA (Muro et al. 1992; Kitagawa et al.
1995). CENP-C is the mammalian homologue of yeast Mif2p, and its possession of a
non-sequence-specific DNA binding activity suggests it might stabilize the linkage
between centromeric DNA and nucleosomes containing CENP-A (Lanini and McKeon
1995; Yang et al. 1996). A functional interaction between CENP-A and CENP-C is
likely because a mutant version of CENP-A that is mistargeted to regions of non-
centromeric DNA recruits several kinetochore proteins, including CENP-C (Van Hooser
et al. 2001). CENP-A, CENP-B and CENP-C appear to be functioning as structural
components of the kinetochore because they localize to centromeres throughout the cell

cycle.

A larger group of proteins, including several motors and members of the spindle
assembly checkpoint signaling cascade, are recruited to the kinetochore after DNA
replication to play a more specific role in the segregation of chromosomes in mammalian
cells. CENP-E is a kinesin-like motor that may transport the sister chromatid pair to the
very tip of the microtubule upon attachment to the length of the fiber, aiding chromosome
congression at metaphase (Yen et al. 1991; Wood et al. 1997). CENP-E is necessary for
chromosome alignment and may stabilize the kinetochore-microtubule connection

(Schaar et al. 1997). Another motor complex, dynein and dynactin, assembles at the
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mitotic kinetochore and its (-) end directed locomotion is required for the poleward
movement of chromosomes in anaphase (Sharp et al. 2000). A third and final motor,
MCAK, is known to be present at mitotic kinetochores, though it contributes to
chromosome segregation by depolymerizing microtubules in anaphase rather than
shuttling chromatids along the length of the spindle fibers (Walczak et al. 1996; Maney et
al. 2001). A number of microtubule binding proteins are also localized at kinetochores,
including the tumor suppressor AJPC (Adenomatous Polyposis Coli) and Clip170 (the
homologue of S. cereviside Bik1p). Both AdPC and Clip170 probably play a role in
chromosome segregation by securing the connection between the kinetochore complex
and the microtubule fiber (Dujardin et al. 1998; Kaplan et al. 2001). A growing list of
other proteins, including CENP-F, INCENP, Aurora A+B, as well as hNuf2 and Hecl
(the homologues of yeast Nuf2p and Ndc80p, respectively) also concentrate at the
kinetochore, although their functions are less well known (Goepfert and B.R. 2000;

Saffery et al. 2000; Wigge and Kilmartin 2001).

S. Anaphase Promoting Complex Regulates Destruction of Cohesions

Each chromosome is replicated during S phase, and the two identical sister chromatids
are physically joined together by cohesin until anaphase, when the sister chromatids need
to separate and segregate. Cohesin is a multi-subunit complex composed, in budding
yeast, of Smc1p, Smc3p, Scclp and Scc3p (Reviewed in Amon 2001). All of the cohesin
proteins are highly conserved in mammalian cells and localize to the centromeres and

along the chromatid arms after DNA replication. Cohesin creates a physical link between
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the identical chromatids and positions their two kinetochores in a back-to-back
orientation, increasing the likelihood that each sister chromatid pair will bind to
microtubules from opposite poles. This juxtaposing of the kinetochores ensures that the
sister chromatid pair achieves bipolar attachment to the spindle, and therefore each
daughter cell will receive one copy of the chromosome at anaphase. Once all chromatid
pairs have been correctly captured by the spindle microtubules, Cdc20 binds to and
activates the Anaphase Promoting .Complex (AnaPC), a multi-subunit ubiquitin ligase.
The AnaPC ubiquitinates Pds1p (securin in metazoans), targeting it for destruction by the
268 proteasome (Cohen-Fix et al. 1996; Coux et al. 1996). Pdslp/securin functions in
cells by heterodimerizing with and inhibiting Esp1p/separin, a protease. When Pdslp is
destroyed, the active Esplp/separin protease cleaves the cohesin component, Scclp,
releasing the sisters from each other and allowing them to move to opposite spindle poles
(Waizenegger et al. 2000). The ubiquitin-ligase function of the AnaPC is therefore

required for sister chromatid separation at anaphase.

6. Exit from Mitosis

Interestingly, the Anaphase Promoting Complex also regulates the destruction of mitotic
cyclins and other proteins to allow cells to exit mitosis (Schwab et al. 1997; Visintin et al.
1997). When Cdc20p activates the AnaPC, it ubiquitinates some of the mitotic cyclin,
‘buta necessary pool of active mitotic cyclins/Cdc28p complexes remains for spindle
elongation in anaphase B. After the sister chromatids have successfully segregated, an

unknown signal causes Cfilp to release the phosphatase Cdc14p from the nucleolus.
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Cdc14p now stimulates two pathways to inactivate the remaining cyclin/CDK complexes.
Cdc14p activates the CDK inhibitor Siclp and another protein, Cdhlp, which stimulates
the AnaPC to ubiquitinate any mitotic cyclin that remains in the cell (Reviewed in Bardin
and Amon 2001). The cell now contains only inactive forms of the mitotic cyclin-
dependent kinases, and it progresses through telophase to send two daughter cells into G1
for the next round of the cell cycle. Cdhlp then maintains the activity of the AnaPC
throughout the G1 phase to prevent the premature accumulation of the mitotic cyclins.

At the G1/8S transition, it seems that the S phase cyclin kinases phosphorylate Cdhlp
directly or indirectly, inhibiting it until its activity is again required for mitotic exit

(Reviewed in Morgan 1999).

II. Cell Cycle Checkpoints

The intrinsic properties of the cell cycle machinery prevent errors and correct damage
quickly, but cannot accommodate all possible crises. Checkpoints ensure accurate cell
duplication by delaying the transition from one phase of the cell cycle to the next phase,
arresting cell cycle progression until upstream tasks have been completed and all
problems have been corrected. Genetic experiments in yeast led to the isolation and
analysis of a large collection of mutants that arrest the cell cycle at specific points
(Hartwell et al. 1970; Nurse 1975). From the analysis of these mutants, the cell cycle
was modeled as a domino cascade where each step utilizes a substrate provided by the
previous step and, in turn, provides the substrate for the next step. Although cell cycle

control is now known to be more complex than initially thought, the core of the model
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remains: every step in the cell cycle relies on the full and correct completion of the
previous step. Experimental results from organisms at all evolutionary levels have shown
that each transition point in the cell cycle is tightly regulated: DNA replication does not
occur until damage to the genome is repaired, segregation of the genetic material to the
two new daughter cells does not occur until the genome has been replicated, and the two
new cells do not separate from each other until the DNA has been completely partitioned
(Weinert and Hartwell 1988; Hoyt et al. 1991; Li and Murray 1991; Bardin and Amon
2001; Burkholder et al. 2001). Each round of the cell cycle is successful if and only if an
accurate and complete copy of the genome is transmitted to each new cell, and cell cycle
checkpoints ensure success. Several of the triggers, signaling cascades and effects of the

cell cycle checkpoints will be discussed in this section.

A. Discovery of Checkpoints

The original paradigm for cell cycle checkpoints was developed from the study of the .
cerevisiae rad9 mutation that regulated the transition from S phase to ﬁlitosis. The RAD9
gene makes the initiation of mitosis dependent upon the absence of DNA damage
(Weinert and Hartwell 1988). Mutations in the RAD9 gene allow cells whose genomes
have been damaged by x-irradiation to undergo cell division rather than arresting as wild
type cells do. This lead to the discovery of the DNA-damage checkpoint signaling
pathway. Included in the pathway are MEC] and RAD53 (MEC2), genes that are
responsible not only for cell cycle arrest, but also for stimulating DNA repair complexes

(Weinert 1992). Interestingly, cells that contain only a rad9 mutation and have not been
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exposed to DNA damaging agents do not show compromised growth or viability,
although they do exhibit an increased rate of chromosome loss. This result suggested that
the DNA damage checkpoint was not essential under normal circumstances, though it
was vital under some conditions (Weinert and Hartwell 1988). The first model of cell
cycle checkpoints therefore proposed that checkpoints function in normal cells as non-
essential, auxiliary control mechanisms that play a role in cell cycle progression only

when a relatively rare DNA-damaging event occurs (Hartwell and Weinert 1989).

It is now clear that the cell cycle is controlled by not one checkpoint, but a series of
checkpoint signaling pathways that monitor the transitions from one stage of the cell
cycle to the next. Checkpoints are quality control pathways that signal for the arrest of
cell cycle progression, allowing time to repair lesions in the genome or in the mitotic
structures and insuring that the progeny cells will be absolutely identical to the parent. In
addition to the yeast cell cycle checkpoint that utilizes Rad9p to halt damaged cells after
S phase, checkpoints also assess the integrity and replication status of the genetic material
in G1 before a cell commits to chromosome replication (Zhou and Elledge 2000;
Abraham 2001; Bartek and Lukas 2001a). Checkpoints also monitor the attachment of
sister chromatid pairs to the mitotic spindle and regulate the exit from mitosis (Amon
1999; Bardin and Amon 2001; Taylor and Stark 2001). It has become clear that some
proteins involved in checkpoint pathways signal not only for cell cycle arrest, but also for
an increase in DNA repair activities, senescence or apoptosis (Lowe et al. 1993; Xu and
Baltimore 1996; Cortez et al. 1999). Thus, checkpoints are needed for much more than a

rare triggering of cell cycle arrest.
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B. DNA-damage Checkpoint

The DNA-damage checkpoint pathway has been conserved from unicellular to
multicellular organisms and its molecular components have been characterized
extensively because mutations in the DNA-damage checkpoint pathway give rise to
cancer in humans. Ionizing radiation and ultraviolet light both create DNA damage that
is sensed by members of the phosphatidylinositol-3-OH kinase family that signal through
converging pathways to arrest the cell at several points in the cell cycle (Walworth 2000).
Ionizing radiation creates double stranded breaks in the DNA, which is sensed by Tellp
in budding yeast and ATM in mammals. ATM/Tellp phosphorylates Chk2, which in
turn places an inhibitory phosphate on Cdc25 to prevent its activation of the cyclin/CDK
complexes (Reviewed in Bartek and Lukas 2001b). Similarly, ultraviolet light induces
DNA damage, such as single strand breaks and thymine dimers, which is detected by
Meclp in S. cerevisiae and ATR in mammals. They signal through rRad53p and Chkl1,
respectively to inhibit Cdc25 and the cyclin/CDKs (Reviewed in Carr 1997).
Mec1p/Rad53p also activates the downstream kinase Dunlp, which leads to the increased
transcription of DNA repair genes (Zhou and Elledge 1993; Zhao and Rothstein 2002).
Similarly, ATM and ATR phosphorylate BRCALI, activating the BRCA1/Rad51 complex
that is required for the repair of double strand breaks (Gatei et al. 2001). In general, it
seems that ATM functions predominantly during G1 while ATR is responsible for G2
arrest, though some overlap is observed (Reviewed in Bartek and Lukas 2001a; Smits and
Medema 2001). In either stage in metazoans, ATM/ATR also directs Chk2/Chk1 to

phosphorylate p53, a modification that releases p53 from the ubiquitin ligase MDM?2 and
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allows p53 to accumulate in the cell (Caspari 2000). p53 is a transcription factor that
induces the expression of genes like p21 and 14-3-3 sigma, two CDK inhibitors, to
further ensure that the cell will arrest (Reviewed in Lundberg and Weinberg 1999). In
this way, the mammalian cell attacks the cyclin/CDK from two sides; initiating p53-
dependent and p53-independent means of inactivating CDKs and thereby preventing cell

cycle progression in the presence of DNA damage.
C. Apoptosis

When a cell is placed under stress, such as growth factor deprivation, oncogene
expression or DNA damage, it activates signaling pathways to induce either cell cycle
arrest or apoptotic cell death (Reviewed in Jimenez et al. 1999). Although the signaling
cascades of cell cycle checkpoints are more complex than first imagined, mutated cells
can bypass checkpoints and continue to cycle until the mutations or errors lead either to
death or to a tolerated alteration in the physiology of the cell (Hoyt et al. 1991; Li and
Murray 1991; Bennett et al. 2001; Sidorova and Breeden 2002). Whiie this outcome is
acceptable for unicellular organisms like yeast, multicellular organisms have developed a
much more stringent network of cell cycle checkpoints to include apoptosis because they
cannot allow the survival of altered progeny that are capable of transformation or
tumorigenesis. Mammalian cells utilize p53-dependent and p53-independent signaling
pathways to activate caspases that carry out the cellular suicide program. One of the p53-
dependent pathways results in the release of cytochrome C, a factor that increases the

activity of the caspases, from the mitochondria. p53 can regulate the expression of Bax, a
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protein that promotes apoptosis (Miyashita and Reed 1995), and Bcl-2, which
antagonizes Bax to inhibit cell death (Thomas et al. 2000). Bcl-2 and Bax form homo-
and heterodimers in the mitochondrial membrane and regulate the release of cytochrome
C (Kluck et al. 1997; Yang et al. 1997; Marzo et al. 1998; Otter et al. 1998). By
increasing the ratio of Bax to Bcl-2 in the cell, p53 pulls one of the many triggers that
result in programmed cell death. As a cell apoptoses, the cytoplasm shrinks, the nucleus
becomes pyknotic, the DNA fragments and the cell eventually disperses into smaller
vesicles called apoptotic bodies (Saraste and Pulkki 2000). Apoptosis eliminates cells
that have acquired extensive DNA damage, genetic instability or faulty cell cycle
machinery before they gain the ability to undergo the unregulated, rapid cell division that

is necessary for tumorigenesis (Rinkenberger and Korsmeyer 1997).
D. Spindle Assembly Checkpoint

Due to the dynamic structure of microtubules during mitosis, the attachment of sister
chromatid pairs to spindle microtubules occurs stochastically. Therefore, each cell
requires a system to monitor the capture of the kinetochores by the spindle microtubules
and to ensure that chromosome segregation does not initiate while any kinetochores lack
connections to microtubules. Early cytological studies in plant cells found that sister
chromatid separation does not occur until all chromatid pairs are attached to the mitotic
spindle and properly lined up at the metaphase plate (Bajer and Mole-Bajer 1956; Nicklas
1967; Zirkle 1970). Later studies showed that the destruction of spindle microtubules by

drugs such as benomyl, taxol and nocodazole results in a prolonged metaphase arrest
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(Fuchs and Johnson 1978; Zieve et al. 1980; Jacobs et al. 1988). These observations
supported the model that a checkpoint functions at the metaphase-anaphase transition,
monitoring the attachment of chromatids to the spindle and delaying anaphase if even a
single kinetochore has not attached to a microtubule fiber (Hartwell and Weinert 1989).
The spindle assembly checkpoint monitors bipolar attachment and inhibits the destruction
of cohesin if any of the sister chromatids have not properly attached to the mitotic spindle

(Reviewed in Amon 1999).
1. The Kinetochore is Essential for Delay

The kinetochore is not merely a structural bridge between the centromere and the spindle;
it also mbnitors the status of microtubule attachment and generates the signal to
negatively regulate Cdc20 and delay the initiation of anaphase. Targeted mutations of the
‘S. cerevisae centromeric DNA result in the assembly of an incomplete kinetochore and
lead to mitotic arrest of the cells (Wang and Burke 1995; Wells and Murray 1996). The
injection of antibodies against several structural components of the human kinetochore
induces mitotic arrest in Hela cells (Bemat et al. 1990; Tomkiel et al. 1994). However, if
some essential components of the yeast kinetochore are severely mutated so that no
kinetochore is formed at all, cells no longer arrest even when the spindle microtubules
have been destabilized by nocodazole (Goh and Kilmartin 1993). These results led to the
deduction that the assembly of the kinetochore is necessary to activate the components of
the spindle assembly checkpoint, either by modifying one or more of the checkpoint

proteins or by bringing the checkpoint signaling proteins in close proximity to one
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another. The checkpoint proteins do not passively diffuse throughout the cell. If two pre-
anaphase cells are fused, the arrest signal generated by unattached kinetochores on one
spindle cannot delay the cell cycle progression of the other spindle (Rieder et al. 1997).
In hamster PtK1 cells that arrested at metaphase due to the presence of only one
unattached kinetochore, destruction of that final kinetochore by laser ablation also
destroys the cell cycle arrest and allows anaphase to begin (Rieder et al. 1995).
Subsequent experiments supported the suggestion that the proteins responsible for the
pre-anaphase arrest were actually members of the kinetochore complex itself (Taylor and
McKeon 1997; Chen et al. 1998; Martinez-Exposito et al. 1999; Howell et al. 2000).
From these results it is clear that the signal for checkpoint-dependent arrest arises from or

1s transduced by members of the kinetochore complex.

2. Signal Transduction Pathway

a. Discovery of Genes in Yeast

The identification of the molecular components of the spindle assembly checkpoint has
been an ongoing process for the past ten years. In 1991, two screens in yeast uncovered a
set of genes that are necessary for a pre-anaphase arrest after the introduction of drugs
that destabilize microtubules. Withouf microtubules, wild type cells halt in metaphase,
but checkpoint-deficient yeast continue to grow without microtubules for several more
cell cycles until they die. The six genes discovered in the two screens were named
BUBI-3 for the Budding Uninhibited in Benzimidazole phenotype and MADI-3 for

Mitotic Arrest Defective (Hoyt et al. 1991; Li and Murray 1991).  Further investigation
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of mitotic arrest in yeast has expanded and refined this list of genes: BUB2 does not, in
fact, play a role in the spindle assembly checkpoint, but rather in a mitotic exit
checkpoint (Alexandru et al. 1999; Fraschini et al. 1999), and the gene MPS! is clearly a
member of the spindle assembly checkpoint signaling pathway even though it also plays
an essential role in spindle pole duplication (Winey et al. 1991; Weiss and Winey 1996).
A mutation in a BUB or a MAD gene obliterates the mitotic arrest, even in cells that
would normally arrest due to the presence of altered centromeres, kinetochores or
microtubules (Spencer and Hieter 1992; Guenette et al. 1995; Strunnikov et al. 1995;
Wang and Burke 1995; Pangilinan and Spencer 1996). The intrinsic mechanics of sister
chromatid capture by the spindle microtubule are so efficient that chromosome loss
occurs in only one in 10° normal cell divisions (Hartwell et al. 1982), and mad cells show
a 10-fold increase in the occurrence of chromosome missegregation events (Li and
Murray 1991). Although chromosome loss is immediately lethal for haploid yeast, this
extreme efficiency of the underlying mechanisms of chromosome segregation means that
none of the genes involved in the checkpoint is essential for growth. As the original
model of cell cycle checkpoints predicts, the spindle assembly checkpoint does function

as an auxiliary mechanism in yeast and is not required for most cell duplications.

b. Biochemical Analysis of Components in Yeast

Biochemical studies of the budding yeast spindle assembly checkpoint have uncovered

several interactions that begin to form a model for how the checkpoint pathway halts cell

cycle progression in mitosis. Bublp is a kinase that binds to Bub3p (Roberts et al. 1994).
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Mpslp, also a protein kinase, phosphorylates Mad1p only upon activation of the
checkpoint (Hardwick and Murray 1995; Weiss and Winey 1996), and over-expression of
Mpslp is sufficient to cause metaphase arrest (Hardwick et al. 1996). The presence of
Bub1 and Mpsl kinases in the signaling pathway implies there may be a step-by-step
signal cascade with ordered protein associations, but the functions of the spindle
assembly checkpoint proteins actually seem very interdependent. A complex of Madlp,
Bublp and Bub3p has been immunoprecipitated from mitotic cells (Brady and Hardwick
2000), and another large complex has been seen that contains Bub3p, Mad3p, Mad2p and
Cdc20p (Hardwick et al. 2000). This is the same Cdc20p that activates the Anaphase
Promoting Complex for the destruction of cohesin. The formation of these complexes is
not unexpected because Bublp and Mad3p both contain separate binding domains for
Bub3p and Cdc20p (Hwang et al. 1998). Additionally, it is believed that Cdc20p and
Madl compete for a shared or overlapping binding site on Mad2p (Luo et al. 2002).
Mutations in Cdc20p that destroy its ability to bind to Mad2p also prevents mitotic arrest
(Hwang et al. 1998). This finding suggests that the arrest signals transduced by the
proteins of the spindle assembly checkpoint culminates in the sequestration of Cdc20p by

Mad2p, preventing the binding of Cdc20p to the Anaphase Promoting Complex.

¢. Homologues in Higher Eukaryotes

The discovery of the genes involved in the spindle assembly checkpoint in yeast quickly

led to the identification of conserved homologues in other eukaryotes. Most of the

proteins show both sequence and functional similarities across many species, though the
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Mad3 metazoan homologue, BubR1, actually combines features of both Mad3p and
Bublp. In yeast, the NH;-terminal residues of Bublp and Mad3p are very similar,
containing defined domains that bind to Bub3p and Cdc20p, respectively (Roberts et al.
1994; Hwang et al. 1998; Taylor et al. 1998). Interestingly, where Mad3p terminates,
mammalian BubR1 contains a Bub1-like kinase domain (Taylor et al. 1998). BubR1 is
more similar to yeast Mad3p than to yeast Bublp at the NH,-terminus, but its kinase
domain has eamed it the name Bub-Related rather than Mad3-Related. The homologues
of Mps1p have been named Esk1 and TTK in mouse and human genomes, respectively,
but they will be referred to as Mpsl1 to avoid confusion. The seven mammalian
checkpoint proteins: Mps1, Bubl, BubR1, Bub3, Madl, Mad2 and Cdc20, all localize to
kinetochores in mitosis (Chen et al. 1996; Li and Benezra 1996; Taylor and McKeon
1997, Chen et al. 1998; Jablonski et al. 1998; Kallio et al. 1998; Taylor et al. 1998;
Martinez-Exposito et al. 1999; Fisk and Winey 2001). Madl is a coiled-coil protein that
homodimerizes and recruits Mad2 to unattached kinetochores (Hardwick and Murray
1995; Chen et al. 1998; Chen et al. 1999). Bub3 is necessary for the kinetochore
localization of Bub1 and BubR1, although Bub1 appears there early in prophase while
BubR1 does not do so until after the nuclear membrane breaks down in late prophase
(Jablonski et al. 1998). This difference in the timing of each protein’s arrival at the
kinetochore is complementary to the finding that only Bub1 binds to CENP-F, a nuclear
matrix protein that may participate in the first steps of kinetochore formation (Rattner et
al. 1993; Liao et al. 1995; Chan et al. 1998) while only BubR1 binds to CENP-E, a
kinesin-like motor protein (Schaar et al. 1997; Chan et al. 1998; Jablonski et al. 1998).

Additionally, BubR1 appears to be associated with Cdc20 and the Anaphase Promoting
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Complex:, indicating that the spindle assembly checkpoint may signal through BubR1 to

inhibit the ubiquitin-ligase functions of the AnaPC (Chan et al. 1999).

Continued research in higher eukaryotes has reinforced the idea that evolution has
interwoven the spindle assembly checkpoint pathway with the cell cycle machinery,
making the checkpoint proteins essential for cellular division. Genetic analysis of bubl
in Drosophila (Basu et al. 1999), Bub3 in mice (Kalitsis et al. 2000), mad! in C. elegans
(Kitagawa and Rose 1999) and Mad2 in mice (Dobles et al. 2000) confirms that the
spindle assembly checkpoint is essential for organismal viability. Instead of acting as a
backup system, the spindle assembly checkpoint seems to control the timing of mitosis in
each and every cell division. Perturbation of a mitotic checkpoint proteins forces
metazoan cells to pass through mitosis more quickly than unaltered cells do. Real-time
observations of mitoses in wild type PtK1 cells have revealed that the time period from
nuclear envelope breakdown to the initiation of anaphase varies from 30 minutes to over
3 hours (Rieder et al. 1994). The injection of anti-Mad2 antibodies accelerates mitosis so
that sister chromatid segregation commences an average of 15 minutes after the nuclear
envelope breaks down (Gorbsky et al. 1998). Similarly, human cells expressing a Bub1
mutant that lacks its kinase domain resulted in a 25 minute decrease in the average length
of mitosis (Taylor and McKeon 1997). It seems feasible to speculate that the cell cycle
machinery intrinsically allocates a limited amount of time for the attachment of sister
chromatids to spindle microtubules, and additional time can be provided by the spindle

assembly checkpoint.
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3. Attachment vs. Tension

If an unattached kinetochore is sufficient to inhibit cohesin destruction and anaphase
initiation, what physical event turns off the checkpoint? Some findings suggest it is the
tension created when the kinetochores in a sister chromatid pair have securely attached to
microtubules from opposite centrosomes and are being pulled to opposite sides of the
spindle. Other results support the theory that the physical attachment of the microtubule |
to the kinetochore allows Cdc20 to activate the AnaPC. An elegant series of experiments
in mantid spermatocytes demonstrated that tension without microtubule attachment is
sufficient to overcome metaphase arrest and that the cells respond biochemically to the
generation of tension at kinetochores. If only one kinetochore remains unattached to the
spindle microtubules, pulling this free kinetochore towards the opposite centrosome with
a microneedle results in anaphase initiation (Li and Nicklas 1995). In yeast, tension
cannot be generated between the kinetochores of scc! strains because the defective
cohesin complexes fail to form any connections between the sister chromatid pairs. Even
when all kinetochores attach to microtubules, the scc/ cells remain in a pre-anaphase
arrest and Pdslp is not ubiquitinated (Biggins and Murray 2001). This experiment
demonstrates that the spindle assembly checkpoint senses the lack of tension and inhibits
cell cycle progression. In mammalian cells, kinetochores that are not under tension are
chemically distinct from those that are being tugged by microtubules. The 3F3/2
monoclonal antibody recognizes an unknown phospho-epitope(s) that is present only at
kinetochores that have not achieved bipolar attachment to the spindle (Gorbsky and

Ricketts 1993), and tension applied by a microneedle also eliminates 3F3/2 reactivity
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(Nicklas et al. 1995). More specifically, kinetochore-localized Bubl is also
phosphorylated only until the sister chromatids achieve bipolar attachment, and Bub1-
phosphorylation reappears if the microtubules, and therefore tension, are disrupted
(Taylor et al. 2001). Drosophila cefls that lack Bub1 still react to the 3F3/2 antibody
(Basu et al. 1999), so the two phosphorylation events are separate from one another.
These results show that the forces exerted by spindle microtubules cause chemical
modifications of the kinetochore components (Nicklas et al. 1995). Bipolarly attached
kinetochore pairs in yeast and in mammalian cells are significantly stretched in
metaphase, demonstrating that structural modifications to the kinetochore also occur
(Waters et al. 1998; Martinez-Exposito et al. 1999; He et al. 2000). Collectively, these
data show that the spindle assembly checkpoint is affected by the tensile stresses

generated between the kinetochores of a sister chromatid pair.

On the other hand, changes in the amounts of checkpoint proteins at the kinetochores
during mitosis suggest that the attachment of microtubules dislodges some of the
signaling components, disrupting physical interactions that are necessary to transduce the
checkpoint arrest signal. The attachment of microtubules to a kinetochore dislodges the
Bub1, Bub3 and Mad2 proteins (Waters et al. 1998; Martinez-Exposito et al. 1999;
Taylor et al. 2001). Studies in PtK1 cells showed that Mad2 concentrates at the
kinetochore until it contacts a microtubule. Mad2 is then transported along the
microtubule fiber to the centrosomes, and the cell begins sister chromatid separation
approximately 10 minutes after the last kinetochore has released its Mad2 (Howell et al.

2000). If only one of the two kinetochores of a sister chromatid pair has attached to the
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spindle, Bub1, Bub3 and Mad2 are several fold more abundant at the unattached
kinetochore than at the attached kinetochore (Waters et al. 1998; Martinez-Exposito et al.
1999). Low doses of the drug taxol stabilize microtubules, preserving kinetochore
attachment but eliminating tension between the sister chromatids. Loss of tension does
not result in the relocalization of Mad2 or Bub3 to kinetochores that have lost those
proteins, though Bub1 and the 3F3/2 phospho-epitope do reappear at all of the
kinetochores in taxol-treated cells (Waters et al. 1998). Overall, these results suggest that
the binding of microtubules displaces Mad2 and Bub3 from the kinetochore, destroying
the Mad2-Cdc20 complex, and releasing Cdc20 to activate the Anaphase Promoting

Complex.

4. BubR1 and Mad2 Both Inhibit the AnaPC

Results published in the last year has offered the unexpected possibility that the spindle
assembly checkpoint signaling cascade utilizes Mad2 to monitor spindle attachment and
BubR1 to sense tension. BubR1, with its Mad3-like N-terminus and its Bub1-like kinase
domain, is produced only in higher eukaryotes and it has been shown to inhibit the
Anaphase Promoting Complex much more potently than Mad2 does (Sudakin et al. 2001;
Tang et al. 2001). Because the presence of only one unattached kinetochore is sufficient
to inhibit the AnaPC throughout the cell, the spindle assembly checkpoint must be able to
send a diffusible signal out from the kinetochore (Nicklas 1997). Approximately 5% of
total cellular Mad2 localizes to unattached kinetochores with an unexpectedly swift

turnover rate of 24-28 seconds (Howell et al. 2000), so it seems likely that Mad?2 is a
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diffusible Cdc20 inhibitor. Diffusible Mad2 may transiently associate with unattached
kinetochores to become activated for binding to and sequestering Cdc20. When
microtubules attach to a kinetochore, the highly dynamic population of Mad2 appears to
translocate to the spindle poles, a relocalization that may prevent its ability to bind to
Cdc20 (Howell et al. 2000). On the other hand, BubR1 levels are maintained similarly on
free and attached kinetochores until anaphase (Taylor et al. 2001), perhaps sensing
tension rather than microtubule attachment. While Cdc20 is phosphorylated by BubR1
(Wu et al. 2000), this chemical modification does not appear to be necessary for mitotic
arrest (Tang et al. 2001, Fang, 2002 #573), and the direct role of BubR1 in the signaling

cascade remains unknown.

E. Summary

Checkpoint signaling encompasses a network of stringent controls to regulate
fundamental aspects of the cell cycle. Checkpoints are responsible for more than just
detecting cellular abnormalities and arresting the cell cycle. Checkpoints also monitor
the timing of the transitions from one cell cycle stage to the next, initiate the repair of
small and large errors and trigger cellular death if unacceptable or irreparable damage is
detected. The inactivation of even one checkpoint gene can lead to an increased mutation
rate, chromosome loss or changes in ploidy, depending on the gene (Paulovich et al.
1997). Traditional cell cycle checkpoints ensure the genomic integrity of cycling cells
and protect the organism from the proliferation of damaged cells by incorporating cellular

suicide into the cell cycle. Programmed cell death acts as the final backup, or checkpoint,
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system to ensure that metazoan cells containing an imperfect genome are not allowed to

propagate.

III. Checkpoint mutations lead to aneuploidy and cancer

The components of the checkpoint signaling pathways have been studied very
extensively because alterations in checkpoint proteins are associated with diseases that
predispose people to cancer (Caspari 2000, O’Connell 2000). The role of the DNA-
damage checkpoint in tumorigenesis has been uncovered with much success in the last
decade and many researchers are currently interested in discovering the connections
between other checkpoint signaling cascades and cancer progression. Many of the
proteins in the DNA-damage checkpoint pathway also function as tumor suppressors or
as proto-oncogenes. In this section I will briefly describe some of the links that have
between established between tumor development and aberrations in the DNA damage
checkpoint and then discuss the possible role of the spindle assembly checkpoint in

tumorigenesis.

A. Mutations in DNA-damage Checkpoint are Tumorigenic

Cells taken from tumors often display one of two types of genetic instability:

microsatellite instability (MIN) or chromosome instability (CIN). An increased rate of

fluctuation at the nucleotide level within regions of repetitive sequence, called

microsatellites, has been termed MIN (Ionov et al. 1993). Only a small fraction of all
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solid tumors are MIN, and they maintain a diploid karyotype (Lengauer et al. 1998).
Non-MIN tumors, however, fail to regulate their chromosome number and classified as
CIN. Cell lines rarely display both types of instabilities, suggesting that the causes or
effects of either MIN or CIN are sufficient to drive tumorigenesis (Lengauer et al. 1997).
Much evidence supports the notion that MIN and CIN cells arise and proliferate when
mutations in either the DNA damage checkpoint or the DNA repair machinery occur
(Cahill et al. 1999). People with ataxia télangectasia are extremely sensitive to ionizing
radiation, and usually carry mutations in the A7M gene. They are particularly prone to
breast cércinomas, lymphomas and leukemias that arise from cells undergoing double
strand breaks. (Reviewed in Shiloh and Rotman 1996; Meyn 1999; Finkel 2002).
Sporadic mutations in CHK1 or CHK?2 have been found in osteosarcomas as well as
ovarian and breast carcinomas (Codegoni et al. 1999; Bougeret et al. 2001; Miller et al.
2002). Inherited mutations in CHK?2 or p53 are associated with Li-Fraumeni syndrome, a
condition that predisposes patients to cancer (Bell et al. 1999), and at least half of all
human tumors contain cells that have lost p53 functions (Reviewed in Walworth 2000;
Wahl and Carr 2001). The overexpression of other DNA damage checkpoint proteins,
such as Cdc25 and cyclin E has been associated with carcinomas of the breast and
ovaries, and gene amplification at the cyclin D locus has been seen in many types of

cancer (Reviewed in Bartek and Lukas 2001a).
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E. Loss of p53 Results in Aneuploidy

Cell lines lacking functional p53 become aneuploid at a very high rate. While it is clear
that p53 is active in both G1 and G2, monitoring different types of cellular stress and then
orchestrating multiple responses, its role in chromosome segregation during mitosis and
in the prevention of aneuploidy is less clear. Initial studies of the mitotic functions of
p53 found that it localized to the centrosomes (Brown et al. 1994), was required for
mitotic arrest in the presence of microtubule poisons, and may be a member of the
spindle assembly checkpoint (Cross et al. 1995). It was observed that cells treated with
nocodazole arrest at metaphase for several hours, but eventually exit mitosis without
undergoing cytokinesis (Kung et al. 1990; Rieder and Palazzo 1992), and subsequent
research showed that p53 was upregulated in the nocodazole-treated cells after they
exited mitosis (Minn et al. 1996). Lanni and Jacks (1998) undertook a careful
characterization of p53 in cells treated with microtubule poisons and found that p53 did
not play a role in the mitotic checkpoint and did not contribute to the length of time that
the cells remained in mitosis. Instead of monitoring spindle assembly, p53 and p21 were
both required for arrest of the tetraploid cells after they had exited mitosis, and aneuploid
cells lacking either gene initiated DNA replication in an apparent attempt to continue
propagation (Lanni and Jacks 1998). It is not known if chromosome breakage occurs in
the aberrant exit from mitosis to activate the DNA damage checkpoint in a wild type cell,
or if a separate upstream signaling cascade monitors chromosome number and then feeds

into p53 to arrest and apoptose the aneuploid cell.
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B. Mouse Models of Cancer

Ongoing research using mouse models of human cancers has confirmed that the mutation
of checkpoint genes results in the tolerance of genetic lesions that predispose cells to
malignancy. The complexity of the DNA damage checkpoint is apparent in the wide
range of phenotypes caused by a deletion of a signaling gene. In mice, ATM deficiencies
result in growth retardation, sensitivity to gamma-irradiation and the development of
lymphomas within the first 2-4 months after birth (Xu and Baltimore 1996; Barlow et al.
1999). In contrast, the ATR knockout is inviable and the ATR heterozygous mouse has a
tumor load that is four times larger than that of the ATM heterozygous mouse (Brown
and Baltimore 2000). Deletion of Chk1 also kills the embryo, but the heterozygous mice
have a normal lifespan and no increase in tumor formation (Liu et al. 2000). Complete
inactivation of p53 results in a maximum lifespan of nine months, due to high tumor
loads, and mice that are heterozygous for the disrupted allele of p53 develop thymic
lymphomas and several types of sarcomas within a year from birth (Donehower et al.

1992; Jacks et al. 1994).

C. Mutations in the Spindle Assembly Checkpoint

Cells containing mutations in spindle assembly checkpoint genes or in other genes

involved in chromosome segregation have lost their ability to maintain the integrity of

their genomes. Genetic analysis of the spindle assembly checkpoint pathway has proven

difficult because loss of any one of the mitotic checkpoint genes is lethal in metazoans.
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Experiments utilizing either the injection of anti-Mad2 antibodies or the expression of a
dominant-negative mutant of Bubl have shown that interference with the signaling
pathway decreases the duration of mitosis and increases the incidence of chromosome
missegregation events (Taylor and McKeon 1997; Gorbsky et al. 1998). Targeted
disruptions of C. elegans mad1, Drosophila bubl, and mouse Mad2 or Bub3 result in
embryonic lethality in the homOZ}‘Igous knockout progeny (Basu et al. 1999; Kitagawa
and Rose 1999; Dobles et al. 2000; Kalitsis et al. 2000). Mouse embryos lacking either
Mad2 or Bub3 are viable at the blastocyst stage, but they cannot survive in culture; the
inner cell mass of the null embryos degenerates and dies within five days of harvesting.
Careful examination of null blastocysts confirms that nullizygous cells proceed through
anaphase in the presence of lagging chromosomes that have not attached to the spindle
microtubules. This premature initiation of anaphase results in non-disjunction,
chromosome breakage and translocations. Observations of nocodazole-treated cells
suggest that aneuploid cells that are produced from an aberrant mitosis undergo apoptosis
(Lanni and Jacks 1998). Although the precise mechanism that links errors in
chromosome segregation to apoptosis is not known, any lagging chromosomes that are
crushed by the cytokinetic furrow incur double strand breaks that will trigger the p53-
dependent DNA damage and apoptotic pathways. Indeed, Mad2 -/- embryos analyzed in
utero at E7.0 display high levels of TUNEL staining, suggesting that programmed cell

death is the most immediate cause of the embryonic lethality (Dobles et al. 2000).

43




D. Human Anneuploidy

1. Syndromes

Perhaps it is not surprising that mutations leading to chromosome missegregation aré
embryonically lethal in mice, because aneuploidy clearly causes developmental defects
and embryonic lethality in humans. The majority of miscarried fetuses display an
improper number of chromosomes, and nearly all human monosomies and trisomies are
lethal (Carr 1971; Boue et al. 1975). Only three variations in the number of autosomes
allow the fetus to survive to birth, and all of these trisomies result in severe physical and
mental abnormalities (Reviewed in Scarbrough et al. 1982). Babies born with either
trisomy 18, known as Edward’s Syndrome or trisomy 13, known as Patau Syndrome,
have mentai deficiencies, growth retardation and many physical defects, so they rarely
survive early infancy. People can survive to adulthood if they have trisomy 21,
commonly known as Down Syndrome, but they, too show decreased mental capabilities
and physical defects. Surprisingly, triploidy babies, whose cells contain three copies of
each chromosome instead of the normal two copies, are born alive, although it is a very
rare event and triploidy babies usually live for a few hours (Leisti et al. 1974). How is it
that three copies of almost any one chromosome is lethal to an embryo while three copies
of each of the 22 chromosomes can be viable? Again, this seems to suggest that gene
dosage is very important and is in a fragile balance in the cell. Too many or too few of
only a subset of genes may result in physiological changes that renders the cell unable to

contribute to the life of the organism.
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2. Tumors

Genetic instability is widely recognized as an integral component of tumorigenesis and a
majority of tumors contain an abnormal number of chromosomes (Loeb 1991; Lengauer
et al. 1998). This association between aneuploidy and neoplasias suggests that
chromosome missegregation may play a causative role in tumorigenesis (Kinzler and
Vogelstein 1996). Indeed, people with Down Syndrome are fifteen times more likely to
develop leukemia than people in the general population (Mertens et al. 1998). Each
chromosome contains approximately 1000 genes (Consortium 2001), so not only does
each chromosome missegregation event lead to inbalances in the gene doses of
oncogenes and tumor suppressors, it may also accentuate growth-promoting mutations
that already exist in the cell. For example, if a cell contains a loss of function mutation in
one copy of a tumor suppressor gene, but the chromosome containing the functional copy
of the gene falls victim to chromosome missegregation, the non-functional allele is
uncovered in one of the daughter cells. Unmasking the mutations in a recessive tumor
suppressor is thought to be a critical step towards tumorigenesis. Chromosome loss can
also uncover mutator phenotypes or other genetic alterations that actually open the door
to further mitotic errors. In fact, cells from many tumor cell lines have been shown to
constantly gain and lose chromosomes, some at a rate as high as 10 > per chromosome
per generation. This characteristic of cancer cells is referred to as chromosome instability
or CIN (Lengauer et al. 1997). Mice carrying only one functional copy of Mad2 develop
late-onset lung tumors (Michel et al. 2001), further supporting the idea that a decrease in

the fidelity of chromosome transmission may be tumorigenic.
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IV. Conclusion

The eukaryotic cell cycle is controlled by the activity of cyclin dependent kinases and
their regulators, cyclins and CDK inhibitors. Cell cycle transitions are regulated by
checkpoints that monitor the extracellular environment, the integrity of the genome, the
status of DNA replication and the attachment of chromosomes to the mitotic spindle. -
Many of the members of checkpoint signaling pathways are tumor suppressor proteins,
the inactivation of which leads to uncontrolled cellular proliferation, genomic instability
and tumorigenesis. It appears that a two-fold safety net of cell cycle checkpoints
prevents the accumulation of aneuploid cells. First, the spindle assembly checkpoint
delays progression through mitosis if all chromosomes are not properly attached to the
spindle. If this security system fails, unsegregated chromosomes are trapped and broken
by the cytokinetic furrow. The broken chromosome activates the second, DNA-damage

checkpoint in G1 to trigger apoptosis of the aneuploid cell.
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Chapter 2

The Adenomatous Polyposis Coli Tumor Suppressor Protein
Interacts with the Mitotic Checkpoint Kinases, Bub1 and

BubR1, and Plays a Role in Chromosome Segregation
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Note:

The following chapter has been adapted, with permission, from the following publication:

Kaplan KB, Burds AA, Swedlow JR, Bekir SS, Sorger PK, Nathke IS. A role for the
Adenomatous Polyposis Coli protein in chromosome segregation. Nat Cell Biol. 2001

Apr;3(4):429-32.

All mouse blastocyst experiments and genotyping (Figure 2.5) were performed by me.
All kinase assays for Figure 2.3 were performed by Ken Kaplan.

Experiments with Embryonic Stem cells presented in Figure 2.6 were performed by S.
Bekir and 1. Nathke .

The remainder of the experiments were performed in collaboration with Inke Nathke,
Ken Kaplan and Jason Swedlow.
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Abstract

Aneuploidy and chromosome instability (CIN) are common properties of tumor cells,
implying that chromosome missegregation plays a role in tumor progression (Lengauer et
al. 1998). The mutations responsible for CIN phenotypes are unknown, but lesions in the
Bubl and BubR1 checkpoint kinases have been implicated in colon cancer cells (Cahill et
al. 1998). Bub kinases localize to kinetochores early in mitosis and to lagging
chromosomes in metaphase (Martinez-Exposito et al. 1999), transducing a signal delays
the onset of anaphase until all kinetochores have achieved bivalent microtubule
attachment (Roberts et al. 1994; Taylor and McKeon 1997). In this chapter I show that
Bub kinases interact with the adenomatous polyposis coi (AdPC) protein, a tumor
suppressor whose inactivation is a critical, early stage in the development of familial and
sporadic colon cancers (Levy et al. 1994). I'have also found that AdPC localizes during
mitosis to the ends of microtubules embedded in kinetochores and that AdPC is bound to,
and efficiently phosphorylated by both Bub1 and BubR1 kinases. AdPC has been shown
to stabilize the dynamic (+) ends of microtubules (Zumbrunn et al. 2001), and I propose
that Bub kinase-mediated interactions between the kinetochore and AdPC are critical for

securing sister chromatids to the mitotic spindle.
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Introduction

The epithelial cells that line the colon and give rise to these tumors are the progeny of
rapidly dividing stem cells located at the bottom of crypts. These cells must migrate from
the pit to the lumen of the intestine, rapidly changing both location and morphology over
a matter of days to be shed and replaced by new cells (Reviewed in (Dikovskaya et al.
2001)). Itis no surprise that the inactivation of AdPC, a protein whose roles encompass
nearly all aspects of the biology of a cell, results in rapid tumorigenesis for these colon
cells. The Adenomatous Polyposis Coli protein has been shown to contribute to (1) the
binding and stabilization of cytoskeleton and spindle microtubules (Munemitsu et al.
1994; Smith et al. 1994), (2) interactions with the actin cytoskeleton (Rosin-Arbesfeld et
al. 2001), (3) cell adhesion (Barth et al. 1997, Hamada and Bienz 2002) (4) cell migration
(Nathke et al. 1996), (5) cell cycle regulation (Baeg et al. 1995), and (6) the regulation of

apoptosis (Reviewed in (Nathke 1999)).

The best understood activity of the 310kD AdPC protein is its association with
Axin and glycogen synthase kinase 3B (GSK3B) to regulate the stability of B-catenin, a
cadherin binding protein and a transcription regulator (Reviewed in (McCartney and
Peifer 2000; Peifer and Polakis 2000). B-catenin binds to a set of phosphorylated repeats
in AdPC (Rubinfeld et al. 1996) and its recruitment into an AdPC-Axin-GSK3B complex
is regulated by Wnt signaling. The binding of B-catenin to AdPC-Axin-GSK3B results in
its phosphorylation by GSK3B and subsequent ubiquitination and degradation

(Munemitsu et al. 1995; Aberle et al. 1997). A majority of colon cancer tumor cells

75



contain deletions or truncation mutations in the AdPC gene and the resulting AdPC
proteins are lacking several if not all of the B-catenin binding sites in the center of the
AdPC protein (Kinzler and Vogelstein 1996). Similarly, mice containing the truncating
Min mutation at a position similar to that found in many human colonic tumors develop
multiple intestinal adenomas (Moser et al. 1990; Su et al. 1992). Cells carrying inherited
or sporadic truncating mutations in AdPC cannot form the necessary
AdPC/AXIN/GSK3B/B-catenin complex. The free B-catenin increases the transcription
of many genes, including the c-myc oncogene and the proliferation promoting cyclin D1
gene (He et al. 1998; Tetsu and McCormick 1999). Indeed, expression of the 3-catenin
binding domain of AdPC (amino acids 958-2075) was recently shown to be sufficient for

down-regulation of such target genes and tumor suppression (Shih et al. 2000).

The GSK3B protein kinase regulates the AdPC/B-catenin interaction by
phosphorylating sites within the B-catenin -binding repeats located in the central portion
of AdPC (Rubinfeld et al. 1996). While this phosphorylation appears constitutive
throughout the cell cycle, hyperphosphorylation of AdPC is seen in mitosis. This
suggests that another kinase is playing a role in AdPC regulation, and this theory is
supported by the fact that as many as 10% of colorectal tumors lack mutations in AdPC,
B-catenin or GSK3B (Sparks et al. 1998). Such tumors are likely to carry mutations in
other genes that encode regulators or modifiers of AAPC. Two kinases, Bub1l and
BubR1, have been found to be mutated in several colon cancer cell lines, placing them on
the list of potential AdPC regulators (Cahill et al. 1998). These kinases associate with the

Bub3 protein and localize to kinetochores, a multi-protein complex that forms at
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centromeric DNA and links the chromosonies to the spindle microtubules in mitosis. The
Bub proteins are components of the spindle assembly checkpoint signaling pathway,
transmitting a signal that delays the onset of anaphase until all sister chromatids have
formed bipolar attachments to the spindle microtubules (Taylor et al. 1998). This cell
cycle checkp‘oint functions to prevent the loss of chromosomes during cytokinesis and the

resulting CIN phenotype.

Analysis of the tumor-promoting effects of AdPC has naturally focused on its role
in regulating B-catenin. However, an increasing body of literature points to microtubule-
related functions (Lu et al. 1998; McCartney et al. 1999; Yu et al. 1999). In interphase
human cells, AdPC localizes to the (+) ends of microtubules near the plasma membrane
(Nathke et al. 1996; Mimori-Kiyosue et al. 2000), and a C-terminal fragment of AdPC
binds directly to microtubules (Munemitsu et al. 1994; Smith et al. 1994). During
mitosis, the microtubule cytoskeleton undergoes a dramatic reorganization and the (+)
ends of spindle microtubules become linked to chromosomes via kinetochores. We find
that AdPC localizes in mitosis to these kinetochores-associated microtubule (+) ends and
that AdPC is also a potent substrate of the Bub kinases. These findings suggest that
AdPC may play a role in kinetochore-microtubule attachment. Consistent with this, we
find that embryonic stem cells that carry truncating mutations in the murine homologue
of the AdPC gene (Min ES cells) show increased rates of chromosome missegregation
even though AdPC does not appear to a member of the spindle assembly checkpoint
signaling pathway. Thus, loss of Bub kinase function or truncations in AdPC that

eliminate microtubule-binding may underlie the CIN phenotype of colon cancer cells by
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directly affecting the physical connection between chromosomes and the spindle

microtubules in mitosis.

Results

To determine the localization of AdPC in mitosis, we co-stained asynchronous PtK and
HeLa cells with antibodies against microtubules, AdPC and core kinetochore proteins
(CREST antisera (Earnshaw and Rothfield 1985). Accurate 3-D views of nuclear
morphology were generated by optical sectioning microscopy followed by iterative
deconvolution (using an Applied Precision Deltavision microscope). In mitotic cells, we
observed discrete foci of AAPC stainiﬁg at kinetochores, centrosomes (spindle poles) and,
to a varying extent, in the cytoplasm (Figure 2.1 and data not shown). Affinity purified
antisera from four different rabbits showed a similar pattern of staining, but preimmune
sera and anti-AdPC sera depleted by incubation with antigen did not (data not shown).
AdPC staining at kinetochores was particularly bright and these foci were typically found
immediately adjacent to sites of CREST staining at the ends of microtubules (Figure
2.1c+d). It appears as though most, if not all, microtubule-bound kinetochores are
associated with AJPC. Because CREST antisera recognize kinetochore proteins that are
in close association with DNA, AdPC is likely to lie on the external face of kinetochores
where microtubules attach. This interpretation is supported by images in which

kinetochore-bound microtubules are seen to terminate in AdPC-foci immediately

adjacent to CREST staining (Figure 2.1d). Neither B-catenin nor plakoglobin staining

78



could be detected near CREST foci (data not shown), suggesting that kinetochore-bound

AdPC is not in a complex with either of these proteins.

To determine when AdPC binds to kinetochores, we examined cells at various
stages of mitosis. As a kinetochore marker sensitive to the state of chromosome-
microtubule attachment, we used Bub3-GFP (Martinez-Exposito et al. 1999). Previous
observations with the Bub3-GFP fusion protein and immunolocalization have shown
Bub3 is present at high levels on kinetochores during prophase, decrease about 3-fold as
microtubules become attached during prometaphase and then dissociates late in anaphase
(Martinez-Exposito et al. 1999). Bub3 is tightly associated with the two Bub kinases that
have been identified in animal cells, Bubl and BubR1 (Roberts et al. 1994; Jablonski et
al. 1998; Taylor et al. 1998; Hardwick et al. 2000). For co-localization studies among
kinetochores, spindle microtubules and AdPC, Bub3 was fused to GFP and expressed at
approximately wild type levels from an MLV provirus (Morgenstern and Land 1990).
Distances and relative signal intensities of AdPC staining and Bub3-GFP were then
determined from 3-D optical reconstructions. In prophase cells, strong dots of
kinetochore-bound Bub3 were present, but they were rarely associated with the AdPC
foci, which were found scattered throughout the cell. (Figure 2.2a+b; the distance
between Bub3 and AdPC foci was at least 0.8 to 1.0 um). In prometaphase cells, two
populations of AdPC foci were seen: those that were far from Bub3 (greater than 1 um
away) and those that were very close (in the examples circled in Figure 2.2¢, the center to
center distances were 0.3 + 0.1 um). The latter class included AdPC foci that were

adjacent to low intensity Bub3-GFP signals, indicating that the kinetochores were bound
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to microtubules. Consistent with this idea, AdPC could be seen in metaphase cells to
bind to the ends of microtubules, immediately adjacent to Bub3-GFP (Figure 2.2f). From
these data we conclude that AdPC is present along the lengths of the spindle microtubules

(Figure 2.2f, white arrows) and concentrates at kinetochores.

To determine whether AdPC binds to core kinetochore components or to
microtubules attached to kinetochores, we treated cells with the microtubule-poison
nocodazole. This caused microtubules to depolymerize and cells to arrest in mid-
metaphase. We observed that AAPC and Bub3-GFP foci were no longer adjacent at
kinetochores (Figure 2.2g+h). Quantitation yielded an average separation of 0.8 to 1.2
um, similar to that observed in prophase. We conclude that the binding of AdPC to
kinetochores requires intact microtubules and thus, that AAPC is not a core kinetochore

protein.

The close physical proximity of Bub3 and AdPC in mitotic cells prompted us to
ask whether AdPC was a substrate for mitotic checkpoint kinases. We co-expressed
Bub3 and Hiso-HA tagged Bubl or BubR1 in insect cells, isolated the kinases on HA-
antibody beads, and incubated the beads with **P-yATP and a central fragment of AdPC
(M-AdPC, Figure 2.3a). Both Bub1-Bub3 and BubR1-Bub3 complexes phosphorylated
AdPC as did Bub1-Bub3 isolated by immunoprecipitation from HeLa cells (with no
significant difference in activity between the recombinant and native complexes; Figure
2.3b and data not shown). To control for contaminating kinases, we generated

recombinant Bub1/R1 kinases carrying lysine to arginine mutations in the ATP binding
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pocket (hBub1-K821R or hBubR1-K795R) (Roberts et al. 1994; Hanks and Hunter 1995)
and showed that they were much less active in AdPC phosphorylation than wild type
kinases (Figure 2.3b, lane 3 and data not shown). We conclude that AdPC is a substrate
of the Bub kinases. However, in vitro kinase reactions are notoriously non-specific, and
we therefore compared AdPC’s ability to act as a Bub kinase substrate to two classical
kinase substrates, casein and mylein basic protein (MBP). We observed extraordinary
specificity for AdPC as a substrate. Bubl phosphorylation of AJPC was half-maximal at
a substrate concentration of 5 nM, and was at least 500-1000 fold more efficient (as
measured by moles of phosphate incorporated per mole of substrate) than
phosphorylation of either casein or MBP over a range of substrate concentrations
between 0.5 nM to 100 nM (Figure 2.3c). Further evidence that AdPC is an excellent
Bub1/R1 substrate is the finding the phosphorylation of AdPC proceeded to 2-4 mol
phosphate per mol substrate. Efficient phosphorylation was observed with both a middle
and C-terminal fragment of AdPC (Figure 2.3 and data not shown), suggesting that Bub
kinase sites, like GSK3B sites,‘are found at multiple locations in the AdPC polypeptide.
No significant difference in activity could be detected between Bub1-Bub3 and BubR1-
Bub3 (data not shown) and we conclude that both kinase complexes can phosphorylate

AdPC efficiently and with very high specificity in vitro.

Among the kinases that have previously been shown to modify AdPC, GSK3B is
particularly interesting because its activity is regulated by the Wnt signal transduction
pathway (Rubinfeld et al. 1996; Peifer and Polakis 2000). To investigate the relationship

between Bubl and GSK3B-mediated modification of AdPC, the recombinant, His-tagged
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‘middle fragment of AdPC (M-AdPC) was bound to a nickel column, dephosphorylated
with lambda phosphatase and used as a Bub1 substrate directly or pretreated with GSK3B
before the addition of Bub1 (as described in (Rubinfeld et al. 1996). Over a 20-fold
concentration range, GSK3B-phosphorylated AdPC was a five-fold better substrate for
Bubl than phosphatase-treated AdPC (Figure 2.3d). We conclude that GSK3B
phosphorylation promotes subsequent phosphorylation by Bubl. These data are
consistent with the notion that only a subset of AdPC in cells can be phosphorylated

efficiently by Bub kinases, and that this subset is modulated by Wnt signaling.

Many kinases are observed to bind to their substrates in cell extracts (Rubinfeld et
al. 1996; Heilker et al. 1999), and we reasoned that a physiological interaction between
Bub kinases and AdPC would be reflected in physical association between the proteins.
We therefore immunoprecipitated Bub kinases from HeLa cell lysates using either anti-
Bubl1 or anti-Bub3 antibodies and then probed western blots of immune complexes with
anti-AdPC antibodies (similar experiments with BubR 1 await better feagents). IP-
western assays revealed that AdPC is associated with Bubl in mitotic but not in
interphase cells (Figure 2.4a). The fraction of AdPC that was Bub1-associated was
relatively small, between 2% and 5% of total cellular AdPC, but this is not unexpected
for a complex between a kinase and its substrate (Figure 2.4a, compare lane 8 to lanes 11
and 13). To demonstrate the existence of a Bub1-Bub3-AdPC complex by independent
means, we reconstituted it by co-expressing the three recombinant proteins in insect cells.
We observed that protein fragments comprising the amino terminal residues of AdPC (N-

AdPC) or the middle residues (M-AdPC) could both be co-immunoprecipitated with anti-
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Bub1 and anti-Bub3 antibodies (Figure 2.4b and data not shown). Bubl and AdPC
appeared to be present at roughly equal stoichiometry, but Bub3 - because it is very
efficiently expressed - was present in excess. In summary, we conclude that a fraction of
the total, cellular AdPC complexes with Bub1-Bub3 in mitotic, but not in interphase
cells, and that a three-way complex can be reconstituted by expressing recombinant

proteins in insect cells.

The association of AdPC with kinetochores in mitosis, and its modification by the
kinetochore-bound checkpoint kinases Bub1/R1, suggested that AdPC might be involved
in checkpoint control. To test this hypothesis, we examined whether Min/Min embryos
lacking functional AdPC (Moser et al. 1990; Fazeli et al. 1997) had a functional
checkpoint. Similar experiments performed with embryos carrying knockouts of the
Mad2 (Dobles et al. 2000) or Bub3 (Kalitsis et al. 2000) checkpoint genes have shown
that Mad2 and Bub3 are essential for the arrest of embryonic cells in mitosis following
microtubule depolymerization. We isolated blastocysts from intercrosses of Min/+
animals at embryonic day 3.5, grew them in vitro until E5.5, treated them with
nocodazole for 6 hours and then stained them with antibodies against phosphorylated
Histone H3 to determine the mitotic index. As measure of S-phase index, the extent of
BrdU incorporation was also determined. A total of 16 embryos from 4 females were
challenged with nocodazole, of which three were unambiguously Min/Min by PCR
genotyping. The fraction of phospho-H3 positive cells was similar in these three
knockout blastocysts and in wild-type littermate controls (Figure 2.5a-c). These data

indicate that Min/Min embryonic cells can arrest in mitosis in response to microtubule
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depolymerization and, within the resolution of this rather crude assay, that the mitotic

checkpoint is functional.

As a further test of checkpoint response, we examined the ability of colonic tumor
cell lines containing wild type or mutant AdPC genes to arrest in response to nocodazole
and taxol. The cell cycle stage of cells was determined by measuring DNA content using
FACS (Figure 2.5d) or by western blotting using anti-phospho H3 antibodies (data not
shown). Following the treatment of cells with a low concentration of taxol we observed
that HT29 and SW480 tumor cell lines, which contain two truncated AdPC alleles,
arrested with a 4N DNA content to a similar extent as HCT116 cells with two wild type
AdPC alleles. HT29 and SW480 also arrested in response to nocodazole treatment, but to
a lesser extent than HCT116 cells (data not shown). Overall, data from multiple
experiments with different drugs consistently show that tumor cells carrying truncated
AdPC alleles do arrest in response to anti-microtubule drugs, but consistently 10-20%
fewer arrested cells are found with AdPC mutant lines than with AJPC wild type lines.
Many factors appear to control the responsiveness of tumor cells to taxol and nocodazole
(Kung et al. 1990), and our data constitute only preliminary evidence that AAPC may

play a modulatory, non-essential role in the checkpoint response.

Having found that full-length AdPC is not required for the mitotic checkpoint
response, we asked more generally whether AAPC might play a role in chromosome
segregation. Early passage, clonal cultures of wild-type and Min ES cells (Moser et al.

1990; Fazeli et al. 1997) (Figure 2.6) were propagated for 10 or more generations and
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their karyotypes then examined. In Min but not in control wild-type ES cells, we
observed a significant number of chromosomes near the spindle equator, some of which
appeared torn, even whén the bulk of the chromosomes had moved to the spindle poles
(Figure 2.6b+c). Moreover, the chromosome number of Min ES cells was highly
variable, indicating that aneuploid cell divisions had occurred (Figure 2.6d). In contrast,
the autosome number in wild type cells clustered tightly around 38 (the diploid number).
We conclude that Min mutations promote genome instability in ES cells and thus, that

functional AdPC is probably required for accurate chromosome segregation.
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Figure 2.1

AdPC is localized to kinetochores in mitotic cells.

a-c. Projections of 3-D reconstructions of mitotic PTK cell stained with CREST to
visualize kinetochores (green), anti-AdPC (red) and DAPI (blue). Staining of AJPC was
also observed at centrosomes, which were located to the left and right of the
chromosomes in these images. Similar staining was observed in HeLa cells, but the
levels of cytoplasmic AdPC were generally higher. d A 32x magnification of the area

outlined by the yellow box in “c”. Tubulin staining (magenta) is also shown.
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Figure 2.2

AdPC association with kinetochores requires microtubules.

3T3 cells expressing GFP-Bub3 (green) were stained with anti-AdPC (red), DAPI (blue) A

and anti-tubulin (dark blue) as ‘indicated. a-b A prophase cell and c-d. prometaphase cell

at two magnifications. e. The same prometaphasecell with the DAPI channel suppressed

and sites obf AdPC-Bub3 co-localization circled in yellow. The mean distance between

AdPC _and Bub3 foci was 0.3 £ 0.1 um (I:I=19). f. A metaphase cell in which Bub3-GFP

and AdPC are seen to co-localize at the ends of microtubules, but AdPC is also visible

along the length of microtubule fibers (white arrows). g-h. A cell arrested in pro-
metaphase by treatment with 30 uM nocodazole for 1 hour. Sites of AJPC and GFP-

| Bub3 co-localization are absent, as evidenced by an increase in the mean distance

befween AdPC and GFP-Bub3 signals to 1 + 0.2pm (N=56). Scale bars are identical for

panels a, c+ g and for panels b,d,e,f+h.
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Figure 2.3

Bub kinases specifically phosphorylate AdPC.

a. Schematic of the AdPC sequence with functional domains outlined. “Oligo” denotes
the oligdmerization domain. Circled “P” indicates predicted sites of GSK3B
phosphorylation, the five truncations most commonly found in colon cancers (based on

the AdPC mutation database http:/perso.curie.fr/Thierry.Soussi/AdPC.html) are indicated by a

“A”, apd the nonsense mutation at codon 850 in the Min mouse (Su et al. 1992) is
indicated by “min”. Fragments of AdPC used for phosphorylation and binding studies
are shown below the full-length protein. b. Phosphorylation by Bubl and BubR1. In
vitro kinase reactions were performed with recombinant M-AdPC (see part a above) and
recombinant Bub1-Bub3 or BubR1-Bub3 complexes or HeLa cell Bub1-Bub3 as
indicated. As a demonstration of kinase specificity, mutants altered in residues critical
for phosphate transfer (Hanks and Hunter 1995) were analysed (hBubR1K796R — lane 3
and hBub1K821R— data not shown). e¢. Bub kinase substrate specificity. In vitro kinase
reé.ctions (20 ul).were performed as in “b” using casein, myelin basic protein (MBP) or
M-AdPC as substrates. d. AdPC phosphorylated by GSK3B is a better substrat¢ for Bub
kinase. Recombinant M- AdPC generated in insect cells was dephosphorylated using
lambda-phosphatase and either used directly, or first phosphorylated with purified PKA
and GSK3B as described (Rubinfeld et al. 1996). AdPC concentrations varied from 1 to

[{P%1)

20 nM and the amount of phosphorylation was determined as in “c”.
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" Figure 2.4

Identification of a Bub1-Bub3-AdPC complex.

a. AdPC co-immunoprecipitates with Bub1 and Bubé» in extracts from mitotic HeLa cells.
Hela cells arrested in 200 ng/ml nocodazole for 12 hr were lysed in detergent, and
analyzed by immunoprecipitation using anti-AdPC, anti-Bub1 and anti-Bub3 antibodies.
Immune complexes were analyzed on western blots with anti-AdPC antibodies. b..
Reconstitution of Bub1-Bub3-AdPC complexes in insect cells. HA-tagged AdPC
(residues 1-1015), Bub3 and Bub1 were expressed in insect cells. Lysates were generated
and analyzed by immunoprecipitation using anti-Bub3 and‘anti-AdPC antibodies. Bub3
was present in immune corﬁplexes in 6-fold excess because it is highly expressed but |

Bubl and AdPC are present in roughly equal amounts.
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Figure 2.5

" Analyzing the role of AdPC in the spindle assembly checkpoint.

a,b. Analysis of mitotic arrest in whole mounts of embryos with the indicated genotypes.
Blastocysts were isolated from Min/+ intercrosses and cultured in vitro to E5.5, treated
with nocodazole and BrdU prior to being fixed, stained and then imaged by
deconvolution microscopy as described. Anti-BrdU in red shows S-phase index, anti-
phospho H3 in yellow shows mitotic index and DAPI in blue shows all nuclei. ¢.
Genotyping by PCR of embryos in b and ¢ using allele-specific primers. DNA isolated
from blastocysts was subjected to PCR using allele specific primers to distinguish wild
type from Min/Min blastocysts. d. Cell cycle analysis by FACS of tumor cell lines
carrying full length AAPC (HCT116), or truncated AdPC (HT29, SW480). Cells were

treated for 6-9 hours with 5 ng/ml taxol prior to analysis.
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Figure 2.6

Cells lacking functional AdPC protein undergo aberrant mitoses.

a. Min ES cells lack full-length AJPC. Whole cell lysates were prepared from stem cells
containing mutations in both copies of AdPC (Min ES cells), or from wild-type ES cells
(Fazeli et al. 1997), and equal amounts of protein analyzed by western blotting with anti-
AdPC and anti-b-catenin antibodies. Min cells have elevated levels of b-catenin, as
expected. b,c. Mitotic errors in Min ES cells as visualized by DAPL In 7 of 21 Min ES
cells (but only 1 of 25 wild type cells) in which the majority of chromosomes had
segregated to the poles, some chromosomes remained at the midzone (indicated by white
arrows). d. Aneuploidy in Min ES cell. A clonal, wild type ES cell line and two
independent, clonal Min lines were cultured for 10 passages and the number of
autosomes determined for 20-30 cells from each line. Asterisks denote highly aneuploid

cells.

96




Min cells

WT cells

| AdPC
Y

b-catenin
\

d.
10
8
x
> 6
-
(D]
-
o 4
L
2

Figure 2.6

. WT line
Mean = 38 + 2
Min line 1
Mean =40 £ 9
Min line 2
Mean =42 £ 12
ﬁ* *4—————»*
L Cnd
20 50 60 70

Chromosome Number




Discussion

The ﬁnding that chrombsofne.number is unstable in a significant fraction of colorectal
cancer cells (a CIN phenotype) has generated great interest because it suggests the
existence of tumor-promoting mutations that facilitate chromosome instability (Lengauer
et al. 1998). It has been proposed that one cause of the CIN phenotype in human colon
cancer cells is mutation of a Bub checkpoint kinase (Cahill et al. 1998), but the kinase
substrates whose misregulation might cause the CIN phenotype are not known. In this
paper we show that AdPC, a tumor suppressor gene mutated in a majority of human
colon cancers, is a potent and spgciﬁc substrate of Bub1/R1 1n vitro, and that AdPC and
Bub kinases co-localize to kinetochores in mitotic cells. ES cells carrying a Min
mutation (a truncation in AdPC) exhibit chromosome iﬁstability when grown in cultm;e
and are characterized by anaphase bridges typical of fusion chromosomes. Fodde et al.
have recently analyzed Min ES cells in considerable detail and found similar instability
(Fodde et al. 2001). Previous studies have shown that AJPC binds to microtubules via a
C-terminal domain that is deleted in many transforming alleles, including the Min
mutation, (Polakis 1995) and recently it has been reported that AdPC stabilizes
microtubule ends (Zumbrunn et al. 2001). We therefore propose that AJPC associated
with kinetochore microtubules plays a role as a plus-end microtubule regulator. The Min
mutation, in this view, causes chromosome.instability by subtly impairing chromosome-

microtubule attachment.
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Our biochemical experiments indicate that AdPC is a potent substrate of Bub
kinases in vitro but we have not proven that this is the case in vivo. AdPC is known to be
phosphorylated at multiple sites by several different kinases including GSK3B (Rubinfeld
et al. 1996) and the cyclin dependent kinase Cdc2 (Trzepacz et al. 1997). Therefore, 4
determining the biological role of Bub-mediated AdPC phosphorylation is likely to be a
complex experiment requiring the mapping of four or more phosphorylation sites on
AdPC, mutating them and then reintroducing mutated AdPC into cells. Nevertheless,
several lines of evidence suggest that the phosphorylation of AAPC by Bub1/R1 is ljkely
to occur in vivo. First, Bubl1/R1 and AdPC colocalize at kinetochores in mitotic cells.
Scicond, Bubl and AdPC form a complex that can be isolated from human cells by
immunoprecipitation and can be reconstituted in insect cells using recombinant
comioonents. Third, AdPC is a very high affinity (nanomolar) substrate of both Bub1 and
BubR1 and is phosphorylated to high stoichiometry under conditions in which Bub1/R1
exhibit high (1000:1) substrate specificity. We therefore hypothesize that Bub1 and/or
BubR1 plays a direct role in AdPC regulation. However, experiments with mutant AdPC

are clearly required to prove this hypothesis.

If, as we propose, AdPC is regulated by Bub kinases, does this mean that AdPC is
a component of the mitotic checkpoint? Our experiments with tumor cell lines and
mutant embryos show that AdPC, unlike Mad2 (Dobles et al. 2000) and Bub3 (Kalitsis et
al. 2000), is not required for the response of cells to microtubule depolymerization.
Instead, we propose that the microtubule-binding functions of AdPC are regulated by

kinetochore-bound Bub kinases. Microtubule-associated AdPC may even target
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- kinetochore proteins for ubiquitin-mediated degradation, just as Axin-GSK3 associated
AdPC targets B-catenin. It is also possible that AdPC plays a non-essential role in
checkpoint control, since tumor cells carrying mutant AdPC proteins respond slightly less
well to nocodazole than tumor cells with wild type AdPC. At our current level of
understanding, however the distinction between microtubule-binding and checkpoint
roles for AdPC may be specious; in the case of Mad2, an elaborate and highly dynamic
interac_;tibn clearly occurs between kinetochores, microtubules and the checkpoint
(Howell et al. 2000). Similarly, Bim1p, a budding yeast homologue of the AGPC binding
protein EB1, Has been implicated in both checkpoint control (Muhua et al. 1998; Adames
et al. 2001) and in the regulation of microtubule dynamics (Timauer et al. 1999; Lee et al.
2000). An important implication of our findings is that the loss of Bub kinase activity or
truncations in AdPC that eliminate microtubule binding may underlie the CIN phenotype
of colon cancer cells because they directly affect chromosome-spindle attachment.
Mapping and then disrupting interaction between Bub kinases and AdPC will make a test

of this hypothesis possible.

Experimental Procedures

Immunofluorescence. Coverslips wére coated with polybrene and plated with Ptk1 cells
or Bub3:GFP expressing HeLa cells at 25-30% confluency. These cells were allowed to
grow at 37°C overnight in DME medium supplemented with 10% FCS. The next day the
cells were fixed in fresh paraformaldehyde (3.7%in 1mM KOH, pH 6.9 at 370C, Sigma)
for 15minutes at 370C. Cells were washed twice in PBS and permeablized/blocked for

30 minutes in PBS with 0.1% Triton-X 100, 2% Bovine Serum Albumin Fraction V
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(Boehringer Mannheim), 2% normal goat serum (Vector laboratories). Cells were then
incubated for 45 minutes with rabbit polyclonal anti-AdPC antisera (Nathke et al. 1996),
human CREST serum (Earnshaw and Rothfield 1985) and mouse monoclonal anti-
Tubulin antisera (DM 1A or TUB 2.1, Sigma) at 1:1000 in blocking solution. Cells wére
then washed at least three times with 0.1% TritonX-100 in PBS and fhen incubated for 20
minutes in secondary antibody (affinity purified FITC, Cy5 or Texas Red-conjugated
goat anti-rabbit, goat anti-mouse or goat anti-human antiséra, Santa Cruz Inc.) Cells
were washed three times with 0.1% TritonX-100 in PBS and then twice in PBS, followed
by Iminute of incubation with 1ug/ml of DAPI (Sigma) in PBS and two more washes
with PBS. A fusion of EGFP (Clonf,tech) to the N-terminus of Bub3 was introduced into
3T3 cells, or HeLa cells expressing ecotrophic virus receptor, by infection with a
retrovirus constructed from a pBabe-puromycin cassette (Morgenstern and Land 1990).
Immunostained specimens were examined using a Ziess-Applied Precision Delta Vision

Restoration microscope as described by (Martinez-Exposito et al. 1999)).

Recombinant Proteins and Kinase Assays. Human Bubl and BubR1 were cloned into
baculovirus vectors as His;oHA-fusions and co-expressed with murine Bub3 (which
differs from human Bub3 at a single residue) in insect cells. Recombinant and
endogenous Hel a cell Bub1/R1 -Bub3 complexes were isolated by immunoprecjpitation
using protein A-sepharose beads and anti-HA, anti-Bub3 dr anti-Bub1 antibodies (Taylor
and McKeon 1997). Beads were washed into 20ul kinase buffer (20mM Tris, pH 7.2,
5mM MgCl; and 1mM DTT) and incubated at 25°C for 20 minutes in kinase buffer

supplemented with SOpM ATP, 30 uCi **P-y-ATP and myelin basic protein or casein
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purchased from Sigma. Fragments of AdPC were produced in insect cells. The extent of

phosphorylation was determined by phosphorimager analysis of SDS-PAGE gels.

Co-immunoprecipitation of AdPC and Bub proteins from Hela cells.

Hela cells were treated with 200ng/ml of nocodazole for 14 hours to arrest them in
mitosis. Cell lysates were prepared in 50mM Tris, pH 7.5, 100mM NaCl, 5mM EDTA,
SM EGTA, 40mM b-glycerophosphate, 0.5% NP-40 (MEBC buffer) supplemented
with 10pg/ml of each, leupeptin, pepstatin, and chymostatin, 10mM NaVO4, 10mM NaF.
Insoiuble material was removed by centrifugation. Cell Iysate corresponding to 3mg of
cellular protein was immunoprecipitated with Sul anti Bub 1 or Bub3 polyclonal antisera
bound to affiprep beads (Biorad). Beads were washed four times with MEBC buffer and
once with 2mM EDTA, 10mM Tri pH 7. Bound material was eluted with 50mM
dithethyl amine pH 11.0 and separated on a 3-8% gradient gel (N ovex) and transferred to
Nitrocellulose (0.1pum pore size, Schleicher & Schuell) in 50mM Tris, 380mM Glycine,
0.02% SDS 7% Methanol for 18 hours. The blot was probed with anti-AdPC antiserum
diluted 1:750 and developed using ECL. The relative amount of AdPC that co-

- immunoprecipitates with Bub 1 or Bub3 is less than 5% of the total AdPC in the lysate.
This is compaiable to the amount of AdPC that co-immunoprecipiatés with B-catenin

antiserum under these conditions.
Embryonic Stem Cells. Embryonic stem cells (kind gift of Robert Weinberg and Amin

Fazeli) were cultured on gelatin-coated coverslips in Knock-Out D-MEM media

(GIBCO-BRL) supplemented with 2mM L-Glutamine (Gibco-BRL), 100 units/ml
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Penicillin (Sigma), 100 ug/ml Streptomycin (Sigma) and 103units/ml of LIF (Gibco-
BRL). They were treated with 10nM taxol (Sigma) in media for 2 hours. Cells were then
treated with 0.075M KC1 for 16 minutes and fixed with Methanol/acetic acid (volume
ratio 3:1) for 1 hour and air-dried overnight. Cells were treated with S0pg/ml trypsin
(Sigma) for 1 minute and stained with Giemsa stain (BDH) for 3-5 minutes. After
extensive washes in PBS and water, coverslips were allowed to dry and mounted in DPX
(BDH). Chromosomes in arrested cells were visualised with a Leica DMR1A
microscope using Openlab imaging software (Improvision). The number of chromosomes
is plotted against the number of cells containing that number of chromosomes. For the
immunoblot of the ES cells, equivalent amounts of total cell lysate (209ug) was loaded
(established by protein assay) and probed with anti-AdPC and anti- B-catenin antisera

(polyclonal, published previously, (Nathke et al. 1996))

Embryo culture and whole mounts. E3.5 blastocysts from natural matings were
harvested into chambered microscopy slides (Nalge Nunc International 177445).
Embryos were cultured in ES cell media lacking LIF with 15% fetal bovine serum for 5 »
days, digested with 0.04% collagenase 3 (Worthington) for 20 min. at 37°C to remove the
basal lamina, .and‘ fixed for 10 min with 4% paraformaldehyde (EM Science). Cells were
permeabilized with 0.5% Triton X-100 for 10 min, the DNA denatured and the embryos
blocked (Leonhardt et al., 1992) and reacted with anti-BrdU antibodies (Becton
Dickinson, 1:3.5 dilution) and anti-phospho-Histone H3 antibodies (Upstate
BioTechnology, 1:400 dilution) for 1 hr at 37°C, followed by 45 min with anti-rabbit or

anti-mouse secondary antibodies (Jackson ImmunoResearch). Embryos were viewed and
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photographed on a Zeiss-DeltaVision deconvolution microscope (Applied Precision), and

then genotyped by PCR.

Genotyping PCR protocol.

Following immunofluorescence analysis, coverslips were removed and embryos
were washed 3X5 min in PBS, immersed in PBS, and scraped loose using glass needles
(Sutter Iilstrument Co. BF100-78-10, pulled to the same fineness as used for mouse
pronuclei injections). Embryos were placed in 0.2ml thin-wall PCR tubes and digested
overnight at 58°C in a total of 20ul Img/ml Proteinase K in Tail Digest Buffer (67mM
Tris pH 8.8,,16.6mM Ammonium Sulfate, 6.5mM MgCl12, 0.5% Triton-X 100, 143mM
B-mercaptoethanol). A Stratagene RobocyclérPCR machine was used to amplify a region
of 961bp surrounding the Min locus using 0AB53 and 0AB59. One pl of digested
blastocyst was in 25ul PCR reactions with 200uM deoxyribonucleotides, 1uM each
primer and PCR reaction buffer (50mM KCl, 10mM Tris-HCI [pH8.8], 3.5mM MgCl,,
0.1% Triton-X 100). 20ul of a room temperature mix containing -all components except
Taq (Gibco) were added to 1ul DNA at foom temperature, preheated to 95°C for 3min,
and then brought to 75°C for addition of Taq (diluted to 4pl on ice). Reactions were

subjected to 35 cycles (94°C 30 sec, 64°C 1.min, 72°C 1.5min), and then extended at
72°C for 10min.

for each PCR reaction.
0AB53: 5’-GCACTTGAAATCTCACAGCTTG

0AB59: 5°-GGTTTCATTTGGCCTCTTTTACC
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This was followed by re-ainpliﬁcation using nested, allele-specific primers. Accurate

genotyping was ensured by repeating amplifications twice

The wild type primer set included 0AB50: 5°- ACC TCg CTC TCT CTC CA and -
ofMR033: 5’- gCC ATC CCT TCA CgT Tag ( from the Jackson Labﬁratory WebSite-
http://lena jax.org/resources/documents/imr/protocols/Apc(Min)_Chem.html). One pl of
the first PCR reaction was amplified in a PCR reaction that required buffer containing
2.0mM MgCl, and subjected to 35 cycles (94°C 30 sec, 54°C 1.min, 72°C 1.5min), and

then extended at 72°C for 10min.

The Min-specific primer set is oIMR034: 5°- TCC CAC TTT ggC ATA Agg C and

oIMR758; 5’- TCC TgA gAA AgA Cag Aag TTA (also The Jackson Laboratory
WebSite). . One pl of the first PCR reaction was amplified in a PCR reaction that
required buffer containing no MgCl; and subjected to 35 cycles (94°C 30 sec, 58°C 1.min,

72°C 1.5min), and then extended at 72°C for 10min.
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Chapter 3

The Spindle Assembly Checkpoint is Not Essential for the

Viability of Mouse Cells

The work presented in this chapter was completed solely by me and is now being

prepared for publication.
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Abstract

Tumor cells often contain an abnormal number of chromosomes and the prognosis for a
cancer patient gets worse as the degree of aneuploidy in their tumor increases (Baba et al.
2002). Previous work has shown that the spindle assembly checkpoint prevents
aneuploidy (Hoyt et al. 1991; Li and Murray 1991). Thus, investigating how members of
the spindle assembly checkpoint arrest mitotic cells to prevent chromosome

missegregation is an important step in understanding the cellular mechanisms that affect

. . . . I~ .
tumorigenesis. Previous work with Mad2 mice has suggested that metazoan cells

lacking a spindle assembly chéckpoint suffer from DNA damage incurred at cytoidnesis
and undergo apoptosis (Dobles et al. 2000). Supporting this theory are the findings that
DNA damage due to irradiatioﬁ or aberrant exit from mitosis leads to p53-dependent cell
cycle arrest and apoptosis in gastrulating embryos and fibroblast cell line, respectively
(Lanni and Jacks 1998; Heyer et al. 2000). These results prompted me to generate mice

containing disruptions in both Mad2 and p53. In this chapter I provide evidence that

heterozygous or nullizygous disruptions of p53 rescue Mad2-/- blastocyst lethality in

culture. I also show that some Mad2-/_ embryos survive to E10.5, allowing for both the

histological analysis of the nullizygous mice and for the generation and analysis of a
mouse embryonic cell line that lacks the spindle assembly checkpoint. These results

demonstrate that the spindle assembly checkpoint is not essential for the viability of

mammalian cells, though cultured Mad2_/— p53-/- cells are aneuploid and undergo

aberrant chromosome segregation during 80% of the observed mitoses.
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Introduction

One hallmark of tumor cells is genomic instability. A small fraction’ of solid tumors
displays increaséd levels of instability in the sequences of the repetitive DNA, or
microsatellites, that are distributed throughout the genome. Tumor cells with
microsatellite instability (MIN) maintain a diploid karyotype, but most tumor cells are
not M]N The majority of solid tumors are aneuploid, frequently gaining or losing
numerous chromosomes. The two forms of genomic instability, one within
microsatellites and the other at the chromosomal level, appear to be mutually exclusive
(Loeb 1991; Lengauer et al. 1998). Human colorectal cancer cells with chromosome
instability (CIN) fail to arrest at mitosis in the presence of microtubule-destabilizing
drugs, suggesting that CIN may be due to mutations in the spindle assembly checkpoint
(Cahill et al. 1998). This checkpoint makes the initiation of chromosome segregation
dependent upon the successful completion of kinetochore-microtubule attachment,
thereby ensuring that the chromosomes will be equally partitioned into daughter cells (see
’Chapter 1, section IL.D. for a detailed explanation of this cell cycle checkpoint).
Mutations, immunodepletions and RNA interference experiments have shown that
treatménts which compromise the spindle assembly checkpoint signaling pathway reduce
the average time a cell spends in mitosis, eliminate arrest in response to microtubule-
depolymerizing drugs, and result in an aberrant exit from mitosis (Li and Benezra 1996;
Taylor and McKeon 1997; Cahill et al. 1998; Chen et al. 1998; Gorbsky et al. 1998;

Waters et al. 1998; Basu et al. 1999).
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Expetiments in budding yeast have shown that the spindle assembly checkpoint is
not essential for cellular viability. In contrast, all targeted disruptions of spindle
assembly checkpoint genes in metazoans have proven lethal thus far, suggesting that the
model of yeast checkpoints as auxiliary regulators of the cell cycle does not apply to
higher eukaryotes (Basu et al. 1999; Kitagawa and Rose 1999; Dobles et al. 2000‘;
Kalitsis et al. 2000). Efforts to study this signaling pathway through genetic approaches
have proven difficult due to the early embryonic lethality of mice that contain
homozygous deletions of either the Bub3 or Mad2 gene (Dobles et al. 2000; Kalitsis et al.
2000). The dissection of embryos at day E9.5-E13.5 from Mad2 heterozygous crosses
and embryos at day E8.5 from Bub3 heterozygous crosses yielfled no homozygous null
progeny. Therefore, these nullizygous organisms could only be analyzed as E3.5
blastocysts that were explanted for growth in culture. Nullizygous blastocysts that lacked
either Mad2 or Bub3 died within four days of harvesting. This suggested that mice
lacking a spindle assembly checkpoint protein die during embryonic | géstrulation, a
developmental stage that requires rapid cell division (Dobles et al. 2000; Kalitsis et al.
2000). Mouse embryos have been shown to be hypersensitive to DNA damage during
gastrulation, tri ggering p53-dependent apoptosis that kills the entire embryo (Heyer et al.
2000). Consistent with the role of the spindle assembly checkpoint proteins in
monitoring kinetochore-microtubule attachment and preventing the premature initiation
of chromosome segregation, cells from embryos lacking Mad2 or Bub3 undergo
cytokinesis with lagging chromosomes present at the spindle midzone (Dobles et al.
2000; Kalitsis et al. 2000). It is thought that cytokinesis breaks the lagging chromosome,

activating the hypersensitive DNA-damage checkpoint at gastrulation to trigger
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apoptosis. In this chapter I will describe the extensive harvesting of embryos from Mad2
heterozygous crosses to réfrieve a’ small number éf embryos that do progress through
gastrulation without the aid of the spindle assembly checkpoint. These embryos are
smaller than their littermates, show regions of increased apoptosis and contain cells that
proceed through anaphase even when some chromosomes are not attached to the mitotic

spindle.

The p53 pathway has also been shown to affect the viability of cells undergoing
abnormal mitoses in culture. A careful characterization of the role of p53 following
treatment with microtubule destabilizing drugs showed that p53 is necessary for the G1

arrest and apoptosis of cells that have exited mitosis without properly segregating their

chromosomes (Lanni and Jacks 1998). In this chapter I show thatMad2”” p53+/- and

Mad2” PS5 37 (Donehower et al. 1992) blastocysts survive indefinitely in culture, though
A s . . .

Mad2  pS53  blastocysts die within 5 days of harvesting. A disruption in p53 also

increases the survival rate of Mad2_/_ embryos at day 10.5, and a Madz-/- pS 3-/- (double

knockout) embryo was used to generate a viable, immortal cell line that lacks a spindle
assembly checkpoint. I 6bserve that 80% of cells lacking Mad?2 fail to segregate their
chromosomes properly duriﬁg any given round of cell division. This results in the
generation of cells with multiple nuclei that are connected by a DNA bridge in G1 as well

as many aneuploid progeny cells.
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Results

p53 disruption is sufficient to rescue cultured Mad2 " blastocysts

Previous work has shown that Mad2”" blastocysts die within 5 days of being placed in

culture, a time point equivalent to gastrulation, and that viable Mad2 nullizygous
embryos.in utero cannot be recovered after gastrulation (Dobles et al. 2000). To study

the possibility that the introduction of homozygous p53 deletions would rescue this

lethality, I interbred the Mad2_/- mice with mice containing deletions in p53 (Donehower

et al. 1992). Two types of breeding pairs were established to recover blastocysts with
each possible combination of Mad2 and p53 genotype. The first type of breeding scheme
intercrossed mice that are heterozygous for both the Mad2 and p53 gene disruptions. To

increase the likelihood of recovering Mad?2 nullizygous blastocysts that contain one or

two disrupted copies of p53, the second type of cross bred Mad2™" p53-/_ male mice to

females that were heterozygous for both Mad2 and p53 gene disruptions. The later
strategy is more efficient because females lacking p53 are born at oniy 1/3 the expected

frequency and are often infertile.

Consistent with an earlier report (Dobles et al. 2000), I observed that the yield of

Mad2-/- blastocysts was lower than Mendelian frequencies would predict (Figure 3.1).

The inner cell mass of Mad2™~ p5 3t blastocysts that are explanted to culture stops

proliferating after 3 days , and very few cells persist to day 5 (Figure 3.2b). However,
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death of the cultured nulliiygous blastocysts can be rescued by a disruption in the p53

gene (Figure 3.2 ¢ + d). Wild type blastocysts can survive for many weeks in culture, and

I notice that any MadZ-/- blastocysts containing either heterozygous or homozygous

deletions in p53 grow at a rate that is comparable to wild type blastocysts for at least four

weeks (data not shown and Figure 3.2 e + ). Rescue of Mad2”" blastocysts by a p53

heterozygous mutation was unexpected, but not unprecedented, because the embryonic
lethality of mice lacking either DNA ligase IV or Xrcc4 proteins can be rescued by pS3
heterozygosify (Frank et al. 2000; Gao et al. 2000). DNA ligase 4 and Xrcc4 are both
components of the non-homologous, DNA end-joining apparafus, and the rescue of these
lethalities emphasize the role of p5?: in the destruction of cells that incur double strand

breaks.

The Mad2-/- p53-disrupted blastocysts develop, as wild type blastocysts do, into

large embryoid bodies (Figure 3.2 e + f). I conclude that a reduction in the cellular levels

of p53 rescues blastocyst lethality caused by the lack of Mad2. The inner cell mass of a

- A+ .. /- .
Mad2 ! pS53 / does not survive in culture. In contrast, Mad2 / blastocysts proliferate

efficiently , forming a mass of cells that measures approximately 2mm in diameter after
four weeks of growth in culture. Although the lack of p53 has been shown to confer

immortality to cell lines, a heterozygous disruption of p53 does not. Therefore, the

. -/- +/- . .
extended survival of Mad2 / p53  blastocysts demonstrates that immortalization is not

required for their rescue. Additionally, I believe these results reinforce the original
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model of cell cycle checkpoints that had been developed in yeast; the spindle assembly
checkpoint is not essential for cell viability or for proliferation (Hartwell and Weinert

1989).

Mad2-/- embryos display dilated tissues, elevated levels of apoptosis and A

chromosome missegregation at E 10.5

To determine the impact of p53 mutations on Mad2”" embryonic lethality in vivo, I

recovered embryos from Mad2 heterozygous, p53 heterozygous intercrosses. In contrast
to previous reports, I found that some Mad2 nullizygous embryos do survive through
gastrulation, though their yield decreases dramatically at each developmental stage

(Figure 2.1). From heterozygous intercrosses, the ratio of nullizygous progeny to wild
type progeny should be 1:1. Only 72 % of the expected MadZ-/- pre-implantation

blastocysts can be recovered at E3.5, suggesting that a Mad2 deficiency can cause

lethality within the first cell divisions of embryogenesis. Gastrulation begins at day E6.5,
and 23 % of the expécted embryos are still viable at day E10.5, but no Mad2_/_ pups have
been born. Thus far, nearly 600 pups have been born from Mad2+/- interérosses, and the

“observed 1:2 ratio of wild type to heterozygous pups (data not shown) from these crosses

demonstrates that the decreased recovery of Mad2-/- blastocysts is not due to a reduced

fitness of the Mad2-null gametes.
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Survival of Mad2” embryos to E10.5 does not absolutely require a disruption in
p53; of the 42 p53+/+ embryos recovered, two are Mad2 nullizygous. I fixed one of these

Mad2-/- p53+/+ embryos as well as its Mad2+/+ pS 3+/+ littermate for histological analysis

(Figures 3 and 4). The nullizygous embryo is approximately half the size of its
littermates, and the thinner walls of the heart, liver and brain suggest that its tissues are

not being generated at the same rate as the organs and tissues of embryos containing

Mad?2 protein (Figure 3.3a +b). Consistent with this theory, nervous tissues of the Mad2

o embryo are apoptotic, and these dead cells are recognizable after haematoxylin and

eosiﬁ sfaining as dark, solid circles of pyknotic nuclei (Figure 3.3e4jt). In the control
embryos, regions of the nervous tissues are undergoing mitosis, (Figure 3.3b and Figure
3.4b+c), and cells in these tissues are rarely apoptotic. The Mad2 knockout embryo, on
the other hand, does not display even one area of tissue that contains more than a few
mitotic cells within the field of view, and even this was a rare occurrence (data not
shown). Several mitotic cells in the Mad2 nullizygous embryo exhibit a bridge of DNA
connecting the two clusters of pole-proximal chromosomes (Figure 3.4e+f).
Chromosome bridges occur when a chromosome does not attach to the spindlé
microtubules and is left floating in the midzone at anaphase. This type of mitotic error |
has previously been seen in presumptive Mad2 null embryos at E6.5 (Dobles et al. 2000).
From these and previous data, I postulate that highly proliferative embryonic tissues

cannot successfully complete the necessary rounds of rapid cell division without a

functional spindle assembly checkpoint. The cells initiate anaphase before all sister
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chromatids have attached to the spindle microtubules, and the resulting chromosome

missegregation events trigger p53-dependent programmed cell death.

Deletion of only one copy of p53 increases survival of Mad2 embryos in utero

While mutations in p53 are not required for the post-gastrulation survival of Mad2-/_

embryos, I find that the yield of Mad2'/- p53+/- embryos is 4 times that of

Mad2™" p53 ha embryos at E 10.5. After harvesting 150 embryos from Mad2
heterozygous intercrosses (which include all possible p53 genotypes), I collected 22

+i+ +/- /- cq H- -
Mad2 ' p53 ' embryosand 9 Mad2 p53 = embryos. Thus, approximately 41% of
the expected Mad2 nullizygous embryos survive in the presence of a p53 .heterozygous
deletion. This contrasts with the approximate 14% survival of Mad2 nullizygous p5 3+/+

embryos (14 wild type embryos vs. 2 knockout embryos). Due to the small numbers in

these populations, extensive statistical analysis to determine the significance of this data

is still in progress. It should be noted that the increased survival of Mad2'/- p53+/-

embryos is not a complete rescue of the developmental defects. The Mad2 nullizygous
embryos have progressed through gastrulation and have begun developing organs as well

as the basic structural features of an embryo, but they are generally one-fifth to one-third

the size of their Mad2 " and Mad2 ™" littermates. A significant number of the Mad2”"

p53+/_ embryos show gestational retardation (Figure 3.5a lanes 1, 3+4) that is more
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severe than that of the Mad2”" pS 3t embryo in Figures 3.3d and 3.4d. The Mad2™”"
pS 3+/_ embryos often resemble a healthy, E9-E10 embryo. These data suggest that either

the Mad2™" embryos are developmentally delayed, or that the Mad2”" embryos are dying

between day E9 and E10 to provide smaller corpses rather than viable embryos. Both of

the Mad2-/- pS 3+/+ embryos that were recovered had beating hearts when they were

removed from the placenta, demonstrating their systemic viability at E10.5. None of the

Mad2-/- pS 3+/- embryos had progressed to a gestational stage that would generate a

beating heart, so there was no immediate way to know if the embryos were still viable.

Generation of an immortal MEF line lacking Mad2 and p53

To determine if Mad2-/- pS 3+/- embryos are still viable upon recovery at E10.5, embryos

from Mad2 ™" p5 3" females who were crossed to Mad2*" p5 37" males were harvested

- atE10.5, diSaggregated and placed in culture. PCR genotyping was performed on the

yolk sacs from each of the 106 harvested erhbryos (Figure 3.5b+c). Cells from nine

Mad2™" p53+/_ embryos were placed in culture, but all of these cells underwent

senescence after 2-3 passages (data not shown). The recovery and passage of viable cells

from Mad2-/- pS 3+/- embryos confirs that the embryos are probably gestationally

retarded rather than un-absorbed embryos that had died at an earlier developmental stage.
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Only one Mad2”” i)53_/_ embryo was discovered at E10.5 (Figure 3.5 lane 4), and

it was disaggregated to generate an immortal cell line AB98. Conitrol cell lines AB100
e el L -
(Mad2 ' p53" , Figure 3.5 lane 5) and AB103 (Mad2 = p53  , Figure 3.5 lane 8) were

generated from littermates of the double knockout embryo aﬁd cultured in parallel with
AB98. All three cell lines are p53 nullizygous (Figure 3.5¢) and proliferate at similar
rates (data not shown). To confirm the genotype of each cell line, trypsinized cells were
collected from dishes of AB98, AB100 and AB103 and genotyped by PCR (Figure 3.6a).
To confirm the abrogation of the spindle assembly checkpoint in AB98, I treated each
cell line with 200 ng/mL nocodazole for 12 hours and looked for rounded cells (Figure
3.6b— g). To quantitate the percentage of rounded cells in each dish, I collected the
floating cells and the trypsinized adherent cells separately and counted the cells with a
hemocytometer. Mad2 wild type and heterozygous cell lines treated with nocodazole

displayed mitotic indexes of nearly 70% while only 4% of the Mad2 nullizygous cells

- rounded 1ip following nocodazole treatment. Thus, the study of Mad2-/' embryos at

E10.5 provides observations that parallel the results seen in cultured blastocysts.

Mutations m p53 increase the survival of Mad2-/_ embryos and allow for the extended

culturing of Mad2 nullizygous cell even though these cells do not contain a functional

spindle assembly checkpoint.
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Chromosome instability in Mad2-deficient cells

It has been shown that the heterozygous disruption of Mad?2 by targeted deletion is
sufficient to indﬁce chromosome instability (CIN) in the chromosomally stable HCT116
human colon carcinoma cell line (Michel et al. 2001). Mice that are heterozygous for a
Mad2 disruption also develop lung tumors at a high frequency, suggesting that Mad2.

' halpoinsﬁfﬁciency may lead té CIN and tumorigenesis in living organisms as well
(Michel et al. 2001). To examine whether heterozygous or homozygous deletion of the
Mad2 gene alters the rate of chromosome loss, cultures of AB98, AB100 and AB103

were collected at passage 8 and analyzed by flow cytometry for DNA content.

Consistent with the previous observations, I find that the Mad2+/- cell line is highly

aneuploid. In fact, a majority of cells from AB100 appear to be at least tetraploid (Figure

3.7, green line).

Although the deletion of p53 has been reported to induce aneuploidy, a majority

of the Mad2+/+ pS 3_/_ cells contain a normal chromosome complement. Therefore, the
chromosome instability seen in the Mad2+/- p53-/- cell line is not due to its p53 status.

This data suggests that a Mad2+/' genotype may result in haploinsufficiency in the

spindle assembly checkpoint signaling pathway. Additionally, AB98, which is
nullizygous for Mad2, presents a DNA profile that sﬁggests these cells are typically 6N in

Gl and then 12N following DNA replication (Figure 3.7, pink line). Like most tumor
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cells, AB98 and AB 100 show chromosome instability and these data support the view
that a reduction in the activity of the spindle assembly checkpoint provides a mechanism
for the generation of cells that have an increased probability of losing tumor suppressor

genes or gaining oncogenes.

Mad2-/- p53-/- cells undergo anaphase with unattached chromosomes

To examine the process of chromosome segregation in the absence of the spindle
assembly checkpoint, I grew cells from lines AB98, AB 100 and AB103 on coverslips,
fixed the cells and stained their DNA. The mitotic index of each of the ti:lree cell lines is

roughly 3% as determined by counting the number of cells with and without condensed

chromosomes. I then located every anaphase cell on each of the coverslips. In MadZJr/Jr

cells, anaphase is almost always characterized by a sharp separation between bipolar
clusters of chromosomes (Figure 3.8a). In contrast, nearly 80% of Mad2 nullizygous
cells fail to separate their metaphase chromosomes properly (Figure 3.8b). In most cases,
one chromosome or a piece of a chromosome appears between the DNA masses, lagging
behind the othe-rs.» Strikingly, some Mad2 nullizygous cells contain multiple
chromosomes that have not segregated with the bulk of the DNA (Figure 3.8c). It

appears that the cytokinetic furrow constricts around the lagging chromosomes, giving

rise to cells with a dumbbell morphology (Figure 3.8d), and the cytokinetic furrow may

sever the DNA to allow for cytokinesis. This phenotype mimics that of fission yeast cut

mutations, which cause cytokinesis in the absence of normal nuclear division (Uemura
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and Yanagida 1984). At least two Mad2 nullizygous cells also contain joined sister
chromatids that will both remain in one cell rather than being partitioned to each daughter
cell (Figure 3.8¢). This phenomenon is called non-disjunction, and results in the creation
of daughter cells that are trisomic and monosomic for that chromosome. The appearance
of these sister chromatids that remain attached by cohesin after the initiation of anaphase
suggests that other pairs of sister chromatids may also experience non-disjunction, but are
located near the bulk of the DNA and are therefore indistinguishable with this assay.

Consistent with the FACS analysis of DNA content, cell line AB100, which is Mad2

. . . . -
heterozygous, displays an intermediate rate of chromosome missegregation. Mad2 !
-/- . .
p53" cells show a 6-fold increase in the appearance of abnormal anaphases as compared

to the Mad2 ™" p5 37" control cells (Figure 3.8). This data supports the view that Mad2

heterozygosity reduces the ability of the spindle assembly checkpoint to monitor

kinetochore-microtubule attachment during mitosis.
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Figure 3.1

The gene dosage of p53 affects the post-gastrulation survival of Mad2™ embryos.

* The observed ratio of 2 Mad2*" pups for each 1 Mad2™* pup 1n litters from Mad2
heterozygous intercrosses (regardless of p53 genotype) demonstrates that the Mad2- and
Mad2+ gametes are produced at similar levels and are equally fit. Mad2™” blastocysts are
recovered at approximately 73% of the expected rate, regardless of p53 genotype (n=72).
Mad2 7 p53*" embryos display increased survival rates of 41% at day E10.5 as compared
to Mad2 nullizygous embryos that are either p53*'* or p53™", which are recovered at rates

of 14% and 6%, respectively (n=150).
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Figure 3.2

A disruption in p53 rescues lethality of Mad2 cultured blastocysts.

E3.5 blaétocysts from Mad2 heterozygous intercrosses were cultured in vitro for 5 or 28

days and then photographed using phase contrast microscopy. Genotypes were

determined by PCR. b. The inner cell mass of Mad2”" p53+/+ cultured blastocysts fails

to proliferate. c¢,d. Heterozygous or nullizygous disruptions in p53 rescue the lethality of

Mad2_/- cultured blastocysts, allowing them to grow at rates similar to those of Mad2+/+

blastocysts (a). e,f. In 28-day outgrowths, Mad2-/- cultured blastocysts that have been

rescued by a mutation in p53 form large embryoid bodies.
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Figure 3.2
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Figure 3.3

Viable Mad2”" embryos contain increased levels of apopotic cells.

Histological analysis of progeny from a Mad2 heterozygous intercross. A Mad2*™* p53*"*

++

embryo (a.) and its smaller Mad2™ p53*"* littermate (b.) were ha.rvested at E10.5, fixed in
4% paraformaldehyde, sectioned and stained with haematoxylin and eosin. Yellow boxes
in a and b designate the areas of 25x magnification seen in b,c,e+f. ¢. Mitotic cells are
identified by the presence of elliptical areas of dense haematoxylin stain, indicated by

‘M’. d,f. Apoptosis was identified by the presence of pyknotic nuclei (dense circles of

haematoxylin stain).
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Figure 3.3
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Figure 3.4

Analysis of chromosome missegregation in cells of a Mad2™ embryo.

++

Histological analysis of progeny from a Madi heterozygous intercross. a. A Mad?2

+H+

p53™* embryo and its smaller Mad2” p53** littermate (b.) were harvested at E10.5, fixed
in 4% paraformaldehyde, sectioned and stained with haematoxylin and eosin. The yolk
sac of each embryo was digested in proteinase K and genotyped by PCR. Yellow boxes
in a and b designate areas of 25x magnification seen in b,¢,e+f for the presentation of
spindle morphologies. Mitotic cells are identified by the presence of elliptical areas of
dense haematoxylin stain. a,b. Cells in the wild type embryo had apparently normal
spindle morphologies. e,f. A significant fraction of anaphase cells (indicated by arrows)

in the Mad2 nullizygous embryo contain one or more chromosomes clearly separated

from the bulk of DNA.
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Figure 3.5

Mad2™” p53*" and Mad2™ p53” embryos show dramatic developmental retardation.

Embryos from Mad2"" p53™ x Mad2"" p53”" matings were harvested at E10.5, placed in
24- well tissue culture plates and photographed. a. Embryos recovered from one
pregnant mother. Genomic DNA was prepared from the yolk sacks of each embryo and
subjected to PCR analysis at the Mad2 (b.) and p53 (c.) loci. Following mechanical
disaggregation in trypsin, the cells from each embryo were placed in culture in 24- or 96-

well plates, depending on the size of the embryo, and given a cell culture number (d.).
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Figure 3.5
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Figure 3.6

Mitotic arrest of cycling mouse embryonic fibroblasts requires Mad2.

a. Genomic DNA was prepared from cycling fibroblast cells of AB103, AB100 and
AB98 and subjected to PCR analysis at the Mad2 locus. As a negative control, PCR
amplification was performed on a water sample. b-d. Three 10cm dishes of each cell line
were plated at approximately 50% confluency, photographed 8 hours later and placed in
fresh media containing 200ng/mL nocodazole. e-g. After 18 hours of nocodazole
treatment, the same dishes were photographed using phase contrast microscopy.

Representative images are shown here.
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Figure 3.6
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Figure 3.7

Reduction of Mad2 gene dosage results in chromosome instability.
' : . - 4 -
FACS profile of unsynchronized Mad2 = p53  (purple), Mad2 = p53 (green), and

Mad2”" p53-/- (pink) mouse embryonic cell lines stained with propidium iodide. DNA

content is represented on the x axis; number of cells is represented on the y axis. -
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Figure 3.8

Mad2 gene dosage is inversely proportional to the appearance of defective

chromosome segregation in p53'/- MEFs.

Mad2"* p53'/', Mad2"" p53_/_, and Mad2”” p53-/- mouse embryonic cell lines were

grown on coverslips, fixed, and stained with DAPI. Every anaphase cell on each.
coversiip was categorized and recorded. a Normal, Complete separation of sister
chromatids and migration to opposite poles. b. One chromatid or portion of a chromatid
1s cleaﬂy separated from the bulk of the segregating DNA. ¢. Two or more lagging
chromatids remain at the metaphase plate. d. Cytokinetic furrow constricts around
unsegregated DNA in telophase cells, creating a dumbbell or bridge morphology. e.
Joined sister chromatids are located. far from the metaphase plate, separate from the bulk

of the DNA.
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Discussion

I have shown that the Mad2 protein is not essential for the survival of gastrulating
embryos or for the survival of mouse embryonic cells in vitro. These observations
demonstrate that the mammalian spindle assembly checkpoint conforms to the classic
definition of a checkpoint. That is, checkpoints are non-essential, auxiliary components
of the cell cycle (Hartwell and Weinert 1989). Previous analyses of the embryonic
lethality of the Mad2- and Bub3- deleted mice have inspired the modeling of the
mammalian spindle assembly checkpoint as an essential pathway that is required for
proper chromosome segregation (Dobles et al. 2000; Kalitsis et al. 2000). It was
believed that mouse embryos lacking a mitotic checkpoint could not successfully
progress through gastrulation (E6.5-E7.5) because cells in gastrulating embryos must
complete several rounds of rapid cell division (Snow 1977; Hogan et al. 1994) and this

accelerated progression though the cell cycle would depend more heavily on the

checkpoints to ensure successful cell duplication. My recovery of viable Mad2-/- p5 3+/+

embryos at E10.5 shows that even the very short cell cycles of gastrulating embryos do

not necessarily require the spindle assembly checkpoint. In fact, a MadZ_/_ cell can

successfully replicate several dozen times, generating tens of thousands of cells that form

tissues and organs.

Lethality of Mad2 embryos is rescued by disruptions in p53
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The lack of a mitotic checkpoint in embryos is associated with the appearance of
cells that contain lagging chromosomes and an increase in the levels of apoptosis in the
embryo. It has been shown that the addition of microtubule-destabilizing drugs to

cycling cells eventually leads to p53-mediated apoptosis (Cross et al. 1995; Lanni and

Jacks 1998) supporting the possibility that p53 may contribute to the death of the Mad2_/-

embryos. I postulate that lagging chromosomes are cleaved by the cytokinetic furrow,
generating double strand DNA breaks that trigger the DNA damage pathway and induce

p53-mediated apoptosis. Iused two separate methods to study the effect of p53-mediated

apoptosis on the survival of Mad2-/- embryos. Cultured blastocysts that are wild-type for

p53, but nullizygous for Mad2, fail to proliferate and they begin to die within several

days of explantation from the uterus. This lethality is rescued by deficiencies in p53.

Similarly, a reduction in the gene dosage of p53 increases the survival rate of MadZ-/-

embryos at E10.5. These results are consistent with the findings that the embryonic
lethality of mice that are prone to double strand DNA breaks is rescued by a

heterozygous disruption of p53 (Frank et al. 2000; Gao et al. 2000).

Postgastrulation MadZ-/- p53-/- embryos are under-represented

Interestingly, the complete elimination of p53 appears to reduce the viability of

Mad2-/- embryos. Only one Mad2-/- pS 3_/- (double knockout) embryos was recovered at

E10.5, from a total of 106 harvested embryos. These embryos resulted from crosses

between Mad2 ™~ p53+/_ females and Mad ™"~ p53_/_ males, so the recovery of nine Mad2
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F p5 3t embryos implies that many more Mad2”” p53_/- embryos should be recovered.
Equal numbers of p5 3+/_ and p53-/- embryos with Mad2 wild type or heterozygous
genotypes were recovered from these matings, so the reduction in the number of MadZ_/_
p53-/- embryos cannot be attributed to a reduced fitness of p53'/- embryos at this stage.

Additionally, the numbers of Mad2™" p5 37 and Mad2™" p5 3t blastocysts at E3.5 are

similar, suggesting that the double knockout embryos are eliminated during gastrulation.
Heyer et al. have shown that p53 is required for apoptosis in mouse embryos after E5.5,
but not before then (Heyer et al. 2000), supporting the hypothesis that the p53-mediated
apoptotic pathway does not function in blastocysts. I speculate that the intermediate level
p53-mediated apoptosis that is provided by p53 heterozygosity can eliminate cells that
undergo mitosis in spite of numerous chromosome segregation errors, but that the more
frequent, minor errors that occur in cells lacking a spindle assembly checkpoint may not

be detected.

Mad2+/- and MadZ-/- cells show chromosome instability

To quantitate the effect of Mad2 disruptions on the range and occurrence of
chromosome missegregation errors, I generated fibroblast cell lines from E10.5 embryos
and observed the positions of chromosomes in fixed cells during anaphase. Dobles et al.
had previously shown that that the spindle assembly checkpoint is required for accurate
chromosome segregation in mouse cells (Dobles et al. 2000), but were unable to

quantitate this phenotype definitively. I find that the deletion of one copy of Mad2
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causes the rate of chromosome missegregation to increase at least 6 fold and the

homozygous deletion of Mad2 increases this error rate 20 fold, as compared to Mad?2 in

cells on a p53_/' background. Because only one Mad2”” cell line could be generated, the

possibility exists that these cells contain other mutations, in addition to being Mad2 p53
double knockout, that may affect the viability or chromosome stability of these cells. To
address the possibility of that other mutations in this cell line may have compromised
chromosome stability, it has been shown that transient expression of Mad?2 in these cells

is sufficient to restore the induction of mitotic arrest following treatment of the cells with

nocodazole (Robert Hagan, personal communication). I was unable to generate a Mad2_/_

p53+/- MEEF line to analyze the possibility that p53 heterozygosity reduces that

appearance of severe defects, but this experiment could be performed in cell lines that are

derived from differentiated blastocysts.

Experimental Procedures

Growth and Analysis of Mouse Blastocysts in Culture. E3.5 blastocysts from natural
matings were flushed from the uterus of the mother mouse with M2 media and
transferred into chambered microscopy slides (Nalge Nunc International 177445) by
mouth aspiration using a pulled capillary tube (Kimax-51 ART # 34502, size 0.8-1.10 x
100mm). Embryos were cultured in ES cell media lacking LIF with 15% fetal bovine
serum for a total of 2-28 days at 37°C in a humidified incubator under 5% CO, and

examined by phase contrast microscopy prior to genotyping by PCR.
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Mad2 PCR Genotyping of Mice
All of the genotyping protocols listed below were developed by Max Dobles and

required minimal alterations from me.

DNA was prepared from tails by overnight digestion at 55°C with 1mg/ml Proteinase K
(Worthington) in Tail Digest Buffer (67mM Tris pH 8.8, 16.6mM Ammonium Sulfate,
6.5mM MgCl12, 0.5% Triton-X 100, 143mM B-mercaptoethanol). A Stratagene
Robocycler PCR machine was used to amplify Mad2 and neo genes in 25u1 PCR
reactions with 200uM deoxyribonucleotides, 1uM each primer (MOL 232, 233, 242, 243
— sequences below), and PCR reaction buffer (50mM KCl, 10mM Tris-HCI [pH8.8],
1.5mM MgCl,, 0.1% Triton-X 100). 20ul of a room temperature mix containing all
components except Taq were added to 1ul DNA at room temperature, preheated to 95°C
for 3min, and then brought to 75°C for addition of Taq (diluted to 4pl on ice). Reactions

were subjected to 35 cycles (94°C 1min, 64°C 1.5min, 72°C 1.5min), and then extended

at 72°C for 5min.

MOL 232, Agg CTg AgC Cgg gCC TTA ggA C
MOL233, gTA ACC gTg TAA TAA CgT TTA AgT CTC
MOL242, CgC TgT TCT CCT CTT CCT CAT CTC

MOL243, CCC CTg ATg CTC TTC gTC CAg ATC

MOL 232-233 amplify a 295bp band from intron 1 of Mad2.

MOL 242-243 amplify a 547bp band from the neomycin gene
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p53 PCR Genotyping of Mice

p53 genotyping was performed in parallel with Mad2 genotyping. Reactions containing
primers MOL290, MOL293 and MOL295 were subjected to 40 cycles (94°C 1min, 65°C

1.5min, 72°C 1.5min), and then extended at 72°C for Smin.

MOL 290, CTT CCC TCA CAT TCC TTC TTg g
MOL 293, ACA ggg CAC gTC TTC ACC Ag

MOL 295, gAg CCC Tgg CgC TCg ATg T

MOL 290-293 amplify a 595 bp band spanning exon 4 and exon 5 of p53.
MOL 290-295 amplify a 306 bp band spanning the site of the neo cassette insertion in

Allen Bradley’s p53 mice (Donehower et al. 1992).

Genotyping of Blastocysts. Following phase contrast microscopy, embryos were
washed 3X5 min in PBS, immersed in PBS, and scraped loose using glass needles (Sutter
Instrument Co. BF100-78-10, pulled to the same fineness as used for mouse pronuclei
injections). Embryos were placed in 0.2ml thin-wall PCR tubes and digested overnight at

58°C in a total of 20ul 1mg/ml Proteinase K in Tail Digest Buffer.

Mad2. 1uM each of MOL236 and 237 (sequences below) were used to amplify
Mad2 from 1pl of DNA in 25pl reactions using 0.625U AmpliTaq (Perkin Elmer) with
AmpliTaq Buffer and 200uM deoxyribonucleotides in a Stratagene Robocycler Gradient

96. As with the tail DNA PCR protocol, 20pl of a master mix was mixed into 1l DNA at
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room temperature, and this was then preheated to 95°C for 3min, and brought to 75°C for
addition of AmpliTaq (diluted to 4pl on ice). Reactions were subjected to 35 cycles (94°C
1 min, 61°C 2 min, 72°C 3 min), and then extended at 72°C for 10 min. neo reactions
were performed in separate reaction tubes using 1uM each of MOL242 and 243
(sequences below) with identical reaction conditions as those used for Mad2, except the
annealing step was performed at 63°C.

1l from each of the Mad2 and neo reactions was used in a second round PCR
reaction with nested primers to amplify specific Mad2 and neo PCR products. Both sets
of reactions were done with reaction conditions identical to those described above, with
the exceptions that the Mad2 reaction used MOL252 and 255 (sequences below), the neo
reaction used MOL257 and 259 (sequences below), and 40 cycles were performed (94°C
1 min, 60°C 2 min, 72°C 2 min) followed by a 5 min extension.

MOL236, ACg TTg gCC AgC TCT Cgg TCT gC
MOL237, Tgg gCC TCA CTA TTg AAC CAC CTC
MOL242, CgC TgT TCT CCT CTT CCT CAT CTC
MOL243 CCC CTg ATg CTC TTC gTC CAg ATC
MOL252 TCA ATA AAg TgA AAg CAC AgC Tg
MOL255 CCA CCT CTT gCT AgA AAg gTA g
MOL257 ggC TgC AgC TAT ggg ATC

MOL259 gAC AAg ACC ggC TTC CAT CC

MOL 236-237: 291bp

MOL 242-243: 547bp

MOL 252-255: 249bp
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MOL 257-259: 480bp

p53. Nested PCR was unnecessary for the p53 locus, and the protocol for

genotyping p53 mice was follows using 1ul of DNA from each digested blastocyst.

Genotyping of Embryos. DNA was prepared from the yolk sacs of harvested embryos
by overnight digestion in 0.2ml thin-wall PCR tubes at 58°C with 1mg/ml Proteinase K
(Worthington) in 25p1, 50ul or 100ul Tail Digest Buffer, depending on the amount of
yolk sac tissue that was collected. Each PCR reaction (Mad2 and p53) required 1-2pl of

digested yolk sac to provide visible product bands in an agarose gel.

Immunofluorescence. Coverslips were coated with poly-L-lysine (Sigma) and plated
with AB98, AB100 or AB103 cells at 25-30% confluency. These cells were allowed to
grow at 37°C overnight in DME medium supplemented with 10% FCS. The next day the
cells were fixed in fresh paraformaldehyde (4% solution in PBS from a 16% stpck
solution, Electron Microscopy Sciences) for 10 minutes at room temperature. Cells were
washed 2x5min in PBS and permeablized/blocked for 10 minutes in PBS with 0.5%
Triton-X 100, 2% Bovine Serum Albumin Fraction V (Boehringer Mannheim), 2%
normal goat serum (Vector laboratories). Cells were washed three times with 0.1%
TritonX-100 in PBS and then twice in PBS, followed by a 10 incubation with 1ug/ml of
DAPI (Sigma) in PBS and two more washes with PBS. Coverslips were mounted with

VectaShield (Vector laboratories) and the cells were examined using a Ziess-Applied
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Precision Delta Vision Restoration microscope as described by (Martinez-Exposito et al.

1999).
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Chapter 4

Conclusions and Future Directions
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Although the incidence of new cancer cases and the rates of cancer mortality are
declining in the United States (Howe et al. 2001), cancer is still the second leading cause
of death (Minino and Smith 2001). Although we tend to think that death occurs when the
cells, tissues or organs of the body wear out, cancer develops because some cells of the
body are actually more fit than those around them. The treatment and prevention of
cancer hinges on the identification of the molecular changes that enable a cell to gain a
fitness advantage as well as an understanding of the cellular mechanisms that are already
in place to prevent the generation and proliferation of rogue, tumorigenic cells. Current
models predict that a cell must acquire three to seven mutations during the progression
from being a normal cell to being a malignant one (Vogelstein and Kinzler 1993;
Weinberg 1996). One hallmark of cancer cells that distinguishes them from normal cells
is aneuploidy, a deviation in the number of chromosomes in a cell. The importance of
this difference is still under debate. Is chromosome instability an early event in
tumorigenesis that may establish a mutator phenotype, or is it a later side effect of the
deregulation of the cell cycle? Several studies have shown that allelic imbalances are
present in cells from very early stage tumors, suggesting that chromosomal instability
might be playing a causal or initiating role in tumorigenesis (Giaretti 1994; Bardi et al.
1997; Stoler et al. 1999; Shih et al. 2001). While it is clear that the generation of
aneuploid cells is a result of an error in either chromosome replication or chromosome
segregation, the molecular basis of these errors is not well understood. Mutations in
spindle assembly checkpoint genes are rarely found in tumors, suggesting that
inactivation of this checkpoint is not a frequent cause of tumorigenesis. However, in my

thesis I present two bodies of research that demonstrate connections among chromosome
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missegregation, apoptosis and tumor suppressors. First, the investigation into the
biochemistry of the Bub kinases uncovered a new mechanism for the generation of
aneuploid cells, namely the inactivation of the Adenomatous Polyposis Coli tumor
suppressor. Subsequently, my research has focused on the role of the spindle assembly
checkpoint and, to a lesser extent, the DNA-damage checkpoint in the generation and
elimination of aneuploid cells. I have shown that neither a disruption of the spindle
assembly checkpoint nor the resulting aneuploidy are directly lethal for mice, although
chromosome missegregation does appear to trigger p53-dependent apoptosis, which then
leads to gestational retardation and eventually to death in the embryo. This chapter
presents the results of my research in the context of the entire field of the spindle
assembly checkpoint and in the context of the field of research relating chromosome
instability to tumorigenesis, and follows with suggestion for approaches and directions

for future investigations.

Conclusions

Elimination of AdPC functions results in chromosome missegregation

Although the mutation of spindle assembly checkpoint genes appears infrequently
in tumors, the discovery of interactions between kinetochore proteins and a known tumor
suppressor reinforces the importance of this checkpoint in tumorigenesis. It is now
believed that the elimination of AdPC may cause chromosome missegregation at an early
stage of tumorigenesis, providing an increased probability that other tumor suppressors

will be lost as chromosomes are lost (Hartwell and Kastan 1994). Because the spindle
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assembly checkpoint is functional in cells lacking AdPC, the chromosome
missegregation may occur after the initiation of anaphase — perhaps due to a weakened
connection between kinetochore and microtubule, such that the chromosome falls off the
spindle after sister chromatid separation. Alternatively, the phosphorylation of AdPC by
the Bub kinases may reflect a change in the transduction of the checkpoint signal. AdPC
is a very potent substrate for the Bub kinases and may out-compete the substrates that can

transmit the signal for the inhibition of the Anaphase Promoting Complex.

The spindle assembly checkpoint is not required for the viability of mouse cells.

The disruption of spindle assembly genes has proven consistently lethal to
metazoan organisms (Basu et al. 1999; Kitagawa and Rose 1999; Dobles et al. 2000;
Kalitsis et al. 2000), but my research has shown that the mammalian spindle assembly
checkpoint does, in fact, fall within the classical definition of checkpoints as non-
essential, monitoring systems. The ability of Mad2 nullizygous embryos to survive
gastrulation and develop into highly-organized fetuses demonstrates that the spindle
assembly checkpoint is not required for the proliferation or differentiation of mouse
embryos. The decreased recovery of Mad2™ embryos with the progression of
embryogenesis does suggest that the spindle assembly checkpoint is required in the event
of a problem. Due to the dynamic nature of spindle assembly and the random attachment
of kinetochores to spindle microtubules, it follows that chromosome missegregation
events occur stochastically and therefore lead to a steady rate of embryonic death over
time. Experiments in budding yeast showed that Mad2p is only required for the

prevention of chromosome loss once in every 10,000 cell divisions (Li and Murray
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1991). Although the chromosome loss rate has not been measured in metazoan
organisms, the recovery of Mad2 embryos at E10.5 may cause a re-evaluation of the

projected rates.

Disruptions in p53 rescue some Mad2™” lethality

Embryonic lethality in both Mad2-/- mice and bubl-mutant Drosophila is

associated with widespread apoptosis (Basu et al. 1999; Dobles et al. 2000). The rescue

of Lig4_/- and Xcrrd” lethalities in mice suggests that p53 is required for a large

percentage of the apoptosis that follows double stranded DNA breaks (Frank et al. 2000;
Gao et al. 2000). Research by Lanni and Jacks (1998) has shown that p53 is required for
cell cycle arrest and apoptosis of mouse embryonic cell lines that undergo cytokinesis in
the presence of chromosomes that have not attached to the mitotic spindle (Lanni and
Jacks 1998). Based on these results, I hypothesized that a chromosome missegregation
event in a developing embryo triggers p53-mediated apoptosis, and eventually the
increased level of apoptosis overwhelms either the embryo or a critical tissue and results
in embryonic lethality. Although Ihave not addressed whether apoptosis directly follows

a chromosome missegregation event, I have shown that disruption of p53 results in the

. /- . . .
survival of cultured Mad2 = blastocysts and in the increased recovery of post-gastrulation

Mad2™”" embryos.
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Future Directions

The appearance of aneuploidy in tumor cells has been documented for several decades,
and the phenomenon of mitotic arrest in response to microtubule destabilization has been
known for nearly fifty years, but the discovery of the metazoan spindle assembly
checkpoint genes began less than a decade ago (Li and Benezra 1996; Taylor and
McKeon 1997; Cahill et al. 1998; Jin et al. 1999; Fisk and Winey 2001). Identification of
these genes has allowed for biochemical and genetic analyses of this signaling pathway,
improving our understanding of how a cell responds to improperly formed spindles and
to chromosome missegregation. As these analyses continue, the number of proteins
involved in the accurate partitioning of chromosomes grows, and a complete description
of how cells link spindle assembly to the initiation of anaphase remains elusive. It seems
clear that eukaryotes monitor both microtubule-kinetochore attachment as well as tension
across the sister kinetochores, but the molecular link between these events and the

activation of the Anaphase Promoting Complex remains patchy at best.

Further genetic analysis of the mammalian spindle assembly checkpoint will
require more sophisticated and subtle methods. The knockouts of Mad2 and Bub3 in
mice have proven useful for an initial study of the consequences of complete loss of the
mitotic checkpoint, but their embryonic lethality limits their usefulness. Although the
addition of p53 disruptions to the Mad2 mice has proven quite valuable, the Mad2™ p53" )
cell lines carry many limitations as investigative reagents. This cell line began as a very

limited population of cells and may have acquired numerous additional mutations before
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it could be analyzed. Furthermore, cells outside the context of an embryo may not have
the same requirements for successful chromosome segregation. Use of Cre-lox (Kuhn et
al. 1995) or Flp-frt (Dymecki 1996) technologies to generate conditional knockouts of the
spindle assembly genes will circumvent the obstacles of embryonic lethality and allow
for the investigation of the immediate consequences of the disruption of the spindle

assembly checkpoint.

Because genetic approaches to understanding the spindle assembly checkpoint in
metazoans have proven difficult due to their lethality at the organismal level,
investigations of the biochemical interactions among the signaling proteins becomes all
the more critical. We have attempted to uncover one step in the signaling pathway by
identifying a substrate for the Bub kinases. Although AdPC is important for chromosome
segregation, it is not necessary for the propagation of the checkpoint signal. However, it
can be used as a positive control in the search for the substrate that does affect the onset
of anaphase. Another substrate for BubR1, Cdc20, has already been discovered (Wu et
al. 2000). Although the phosphorylation of Cdc20 does not appear to be necessary for
checkpoint signaling (Tang et al. 2001; Fang 2002), it will be interesting to learn how this
protein compares to AdPC as a substrate for kinase activity. As more substrates are
identified, and as the phosphorylation sites on these proteins are mapped, a consensus
sequence for the Bub kinases may be uncovered, permitting a database search to identify

other potential substrates.
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The discovery that AdPC interacts with spindle assembly proteins and contributes
to proper chromosome segregation without transducing the checkpoint signal emphasizes
the importance of the structural integrity of the complexes that ensure the fidelity of
mitotic chromosome transmission. It is well accepted that the maintenance of the
physical structure of the cohesin complex is essential for successful chromosome
segregation; the gradual degradation of meiotic cohesins is believed to be partially
responsible for the age-dependent risk of trisomic births in people (Michaelis et al. 1997;
Nicolaidis and Petersen 1998). Conversely, a cell line lacking securin cannot activate
separin to cleave the cohesins, and these cells display a high incidence of chromosome
missegregation (Jallepalli et al. 2001). AdPC may also serve as a structural component
that partitions the sister chromatids, strengthening or reinforcing the physical connection
between the kinetochores and the spindle microtubules. In this capacity, AdPC would
not be necessary for kinetochore-microtubule attachment, but rather for the maintenance
of the connection as stress is placed upon the segregating chromosomes. Thus, the
lagging chromosomes appear in Min/Min cells because the kinetochore-microtubule
connection is lost after the initiation of anaphase, at a time point that is beyond the
regulation of the spindle assembly checkpoint. The mouse APC1638T truncating
mutation creates a protein that lacks the C-terminal portion of AdPC that is responsible
for microtubule binding, and homozygous APC1638T mice are viable and tumor free
(Smits et al. 1999). Observations of cells from these mice, especially cell lines that
contain homozygous mutations in both the AdPC and p53 genes, may clarify the
influence of AdPC on chromosome segregation. These experiments will require an

examination of the dynamic process of spindle assembly and chromosome segregation in
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live cells. This is currently feasible with the introduction of either of two fluorescently-
labeled proteins: Histone 2B:GFP labels the entire length of all of the sister chromatids in
a cell (Kanda et al. 1998), and CENP-A:GFP labels only kinetochores (Sugimoto et al.
2000). Each system has both advantages and drawbacks; H2B:GFP labeling does not
allow for the discovery of most non-disjunction events, but CENP-A:GFP labeling will
not allow for the identification of cells that contain chromosome fragments at the
metaphase plate. Therefore, I believe both methods must be utilized for a complete

analysis of live-cell chromosome segregation.

Due to the juvenile status of our understanding of the spindle assembly
checkpoint, the fundamental connections among the spindle assembly checkpoint,
chromosome instability, apoptosis and tumorigenesis are still being established. The
possibility that p53 plays a direct role in chromosome segregation or mitotic apoptosis
has been proposed repeatedly, even though careful studies of p53-dependent apoptosis
following treatment with microtubule poisons suggest that p53 is not acting during
mitosis (Minn et al. 1996; Lanni and Jacks 1998). Intercrosses with the Mad2™" mice and
mice that contain disruptions in genes that regulate the function of p53, such as ATM (Xu
et al. 1996), CHK1 (Liu et al. 2000) or p19”F* (Kamijo et al. 1997), may aid in
elucidating the connection between chromosome missegregation and aneuploidy.
Currently, the most favored hypothesis for this connection is that lagging chromosomes
are cleaved by the cytokinetic furrow, resulting in double strand breaks in the DNA,
which trigger the DNA-damage checkpoint. It is not known if such damage occurs, or

how often, but Histone 2AX localizes specifically to double stranded DNA breaks,
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marking the location of this type of DNA damage (Paull et al. 2000). The use of anti-
Histone 2AX antibodies may provide an assay to quantitate the rate at which double
strand breaks are generated, especially in cell lines such as the Mad2™ p53" MEF line

that will presumably show a high incidence of DNA damage.

Summary

As the number of known kinetochore-associated proteins increases as a result of
innovative research in chromosome segregation from budding yeast to human tumors, our
understanding of the connections between spindle assembly, cell cycle progression,
apoptosis and tumorigenesis will also increase. The work presented in this thesis
describes a signiﬁcant contribution to this field, adding a known tumor suppressor to the
list of kinetochore proteins and revealing that the spindle assembly checkpoint is not
absolutely required for the survival of either gestating mouse embryos or cultured cells.
Additionally, the increased survival of Mad2” p53™" blastocysts and embryos suggests
that even a heterozygous mutation in p53 may be sufficient to establish chromosome
instability in cells, accelerating the likelihood that other genes responsible for cell cycle
regulation will be lost. Although we have only begun to test the models that describe the
role of chromosome missegregation in human disease, as our understanding of the
molecular basis of the spindle assembly checkpoint grows, so will the potential for

prevention and treatment of disease.
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