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Cell Cycle Checkpoints: 
Preventing an Identity Crisis 

Stephen J. Elledge 

Cell cycle checkpoints are regulatory pathways that control the order and timing of cell 
cycle transitions and ensure that critical events such as DNA replication and chromo- 
some segregation are completed with high fidelity. In addition, checkpoints respond to 
damage by arresting the cell cycle to provide time for repair and by inducing transcription 
of genes that facilitate repair. Checkpoint loss results in genomic instability and has been 
implicated in the evolution of normal cells into cancer cells. Recent advances have 
revealed signal transduction pathways that transmit checkpoint signals in response to 
DNA damage, replication blocks, and spindle damage. Checkpoint pathways have 
components shared among all eukaryotes, underscoring the conservation of cell cycle 
regulatory machinery. 

T h e  cell cycle is a collection of highly 
ordereii nrocesses that result in the dunlica- 
tion of a cell. As cells progress through the 
cell cycle, they undergo se\reral discrete 
transitions. A cell cycle transition is a uni- 
directional change of state in which a cell 
that was performing one set of processes 
shifts its activity to a different set of 
processes. A current focus of cell cycle re- 
search concerns how theae transltlons are 
coorii~nated to occur at a preclse tlme and 
In a deflned order In prlnc~ple, the order- 
lnrr of cell clcle events could he accorn- 
plished by requiring the next elrent to 
physically reqi11i-e the co~npletion of the 
previous elrent, rnuch like building a 
house-the roof cannot go up until the 
walls are built. This has heen referred to as a 
substrate-product relationship ( I  ). Alterna- 
tively, depeniiency could be establisheii by 
poaltn e or negatlve regulator) clrcults, anii 
t h ~ a  annears to be the nreiiorn~nant mecha- 
nism. A n  example of a pathway of cell cycle 
events that is subject to positive anii nega- 
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rive control is shown in Fig. 1A. A negative 
circuit is shown leaiiing from h to a step in 
the ii to e pathway. A pos~tive circuit, shown 
linking events b and c, cannot he easily 
distingi~isheii frrorn a substrate-product rela- 
tionship and depeniis upon the biochernical 
function of the step in question. These reg- 
 lato tory circuits are surveillance ~nechanls~ns 
that monitor the completion of critlcal cell 
cycle events anii allow subsequent cell cycle 
transitions to occur. There are two classes of 
regulatory circuits, termed here intrinsic and 
extrinsic. Intrlnslc rnechanisrns act in each 
cell cycle to order events. Extrinsic mecha- 
nisms are iniiuceii to act only when a defect 
is detected. Both rnechanisrns may use the 
same components to enforce cell cycle arrest. 
A n  exarnple of how some of these circuits 
are integrated into a typical cell cycle is 
shown in Fig. 1B. These pathways are of 
considerable interest hecause their loss leads 
to reiiilceii fidelity of cell cycle elrents such 
as chrornosorne duplication and segregation. 
Such alterations iiecrease the reproductive 
fitness of unicellular organisms and in mul- 
ticellular organisms may lead to i~ncontrolleii 
proliferation and cancer. 

Checkpoint is the narne glven to a par- 

t~cular suhset of these intrins~c or extrinsic 
rnechanisrns ( 1 ) .  A checkpoint is a hio- 
chemical pathway that ensures depeniience 
of one process upon another process that is 
otherwise hioche~nicallv unrelated. A null 
allele in a checkpoint gene results in a loss 
of this dependency and, thus, checkpoints 
are inhibitory pathways. Thls definition of a 
checkpoint is broad and can apply to many 
situations that occur in ~nulticellular organ- 
isms, particularly during de\.elopment. How- 
ever, its most common usage IS In reference 
to control of cell cycle trans~tions. The worii 
checkpin t  conjures \,is~ons of hoth a place 
(a border) and a process (examination) and 
this duality has led to some confusion. The 
word is often used In a manner suggesting 
that checkpoints are points in the cell cycle 
or are cell cycle transitions, but the usage 1s 
best restricted to refer to the biochernical 
pathwdj that ensures dependent) For ex- 
ample, the DNA-damage checkpoint 1s the 
rnechan~arn that detects damageii DNA and 
generates a signal that arrests cells in the G1 
phase of the cell cycle, slows down S phase 
(DNA synthesis), arrests cells in the G2 
nhase, and induces the transcrintion of re- 
pair genes. The posit~on of arrest within the 
cell cycle \raries depeniiing upon the phase 
in which the darnage is sensed. Whether the 
loss of a checkpoint has an irnrnediate con- 
sequence for an organlsln iiuring a norrnal 
cycle depends on the particular pathway and 
the inherent timing of the processes them- 
selves Tlmlng anii checkpoints can act as 
reduniiant controla to enaure the nroner or- 

L L 

iier of events. Thus, there are no constraints 
on whether checkpoints are essential or In- 
iiucible (extrins~c). 

The first ~ndicat~ons that the cell cvcle 
was not controlled strictly by a substrate- 
proiiuct relationship came from cell fusion 
experiments in Physarium polycephalum that 
showeii that tirn~ng of rnltotlc entry could 
he influenceii by the ratio of the nuclear 
volume to cytoplasmic volume (2 ) .  Slmilar 
experiments with rnarnrnal~an cells showed 
that when cells In S anii G2 phases of the 
cvcle were fused, the G2 nucleus delaved 
mitotic entry until the S-phase nucleus fin- 
 shed DNA renlication: then both nuclei 
synchronously entered rn~tosis (3). This was 
interpreted to mean that S-phase nuclei 
produceii an inhihitor of mitosis. The first 
exarnple of a iiependency relationship re- 
lie\red hv mutation was from bacterial stuii- 
ies. DNA iia~nage and certaln rnutatlons 
cause a hlock to sentation resultine in fila- 
rnentation of Escherichia coli (4), and muta- 
tions in the recA, l e d  and sulA(sfiA) genes 
relieve this septatlon block (5). SulA is an 
inhibitor of septation iniiuced in response 
to DNA damage as part of the SOS re- 
sponse (6)  controlled by recA and the re- 
pressor l e d .  In eukaryotes, cells frorn hu- 
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Splndle assembly 
checkpoint 

mans with the recessive disorder ataxia tel- 
angiectasia (AT) fail to show the reduction 
in rate of DNA svnthesis and mitotic delav 
in response to DNA damage characteristic 
of normal cells (7). This was intemreted to . . 
mean that these cells were defective in the 
abilitv to coordinate cell cvcle transitions in 
response to DNA damage, an interpretation 
that stands today. However, it was not until 
studies in the yeast Saccharomyces cerewisk 
revealed the effects of the rad9 mutation on 
cell cycle progression in response to DNA 
damage that the significance of the earlier 
studies began to be fully realized for eu- 
karyotes (8). The identification of check- 
points in a genetically tractable organism 
known for its cell cycle genetics facilitated 
the eeneralization of these conceuts to oth- 
er aipects of the cell cycle and provided a 
basis for understanding much of its higher- 
order regulation. Furthermore, the connec- 
tion between checkpoint failure, DNA 
damage sensitivity, and genomic instability 
in AT and rad9 mutants provided an im- 
portant insight into processes contributing 
to cellular dysfunction in cancer (9). 

The identitv of cell cvcle uhases is estab- 
lished not onl; by what iheiare in terms of 
the genes that are expressed and the pro- 
cesses that are executed, but also by what 
they are not. Cells in one phase often ac- 
tively inhibit the processes of other phases 
through checkpoints (3). One notion con- 
cerning the origin of these inhibitory path- 
ways derives from ideas about how cells 
evolved distinct S and M uhases. Primitive 
cells may have initially performed S and M 
uhases simultaneouslv like bacteria. but 
then evolved into simple oscillators that 
alternated between DNA replication and 

these two states became biochemically in- 
compatible, strong selective pressure would 
have existed for a mechanism to inhibit the 
function of the previous state during a tran- 
sition. If an inhibitory mechanism persists 
until the next change of state, it provides an 
inhibitory barrier that must be overcome, a 
checkpoint. Such molecular logic whereby 
a transition turns off the previous state 
while promoting the future state is a hall- 
mark of cell cycle transitions (1 0, 1 1 ). 

Cdks as Key Regulators of Cell 
Cycle Transitions and Effectors 

of Checkpoints 

Several cell cycle transitions are dependent 
upon the activity of cyclin-dependent ki- 
nases (Cdks), and inhibition of these ki- 
nases is a mechanism by which some check- 
point pathways cause cell cycle arrest. 
These enzymes are composed of a kinase 

Synthesis Destruction 

I / 
Phosphatase 

Kinases,, * I 
Cak TI 
Civ - 7 

A 6 DNA replication 
b ----c checkpoint 

/ Int"n&\ /' - inhibition Contact 
mechanism -L 4 

rc" "- r ,----. r- ---"-- 

Gxtrinsic 
f mechanism 

Damage 

Fig. 1. Checkpoint pathways (A) A ge- 
+ 

netic pathway illustrating intrinsic and ex- DNA damage 
trinsic checkpoint mechanisms. Letters Negative DNA damage 
represent cell cycle processes. Lines L J m  checkpoint 
with arrowheads represent positively act- factors 

ing steps. Lines with perpendicular ends 
represent inhibitory steps. A dot at the beginning of a symbol indicates that to C pathway. In that case, the extrinsic pathway would utilize the intrinsic 
once activated, it maintains its function without the need for upstream sig- mechanism for cell cycle arrest. Mutations in any of the red or blue symbols 
nals. The pathway shown as red symbols indicates an intrinsic checkpoint would result in a checkpoint-effective phenotype. (B) Schematic representa- 
mechanism that operates to ensure that event C is completed before event E. tion of several cell cycle checkpoints. The colored arrows depict complex 
After event B is completed, an inhibitory signal is activated that blocks signaling pathways that operate in GI to transmit information regarding cell 
completion of event E. After event C is completed, a signal is sent to turn off proliferation. The red lines connecting particular events and cell cycle transi- 
the inhibitory signal from B, thereby allowing completion of E. The blue tions represent the inhibitory signals generated by checkpoint pathways in 
symbols represent an extrinsic mechanism that is activated when defects response to those events. The points of contact of the negative growth factor 
such as DNA damage or spindle errors are detected. It is arbitrarily located on and contact inhibition pathways with the cell cycle are arbitrary and meant to 
the D to E pathway but could also function by inhibiting a later step in the B indicate arrest in GI .  

subunit, Cdk, and an activating subunit, 
cyclin, in a complex that is subject to many 
levels of regulation (Fig. 2) (12). There 
appears to be a single cell cycle Cdk in S. 
cerewisiae, Cdc28, and Schi~osaccharomyces 
pombe, Cdc2, whereas mammals have sev- 
eral--Cdc2, Cdk2, Cdk.3, Cdk4, and 
Cdk6-that are specialized for different 
transitions. Cyclins are absolutely required 
for kinase activity and also contribute to 
substrate specificity. The Cdk-cyclin com- 
plex is both positively and negatively regu- 
lated by phosphorylation. In addition, Cdks 
are further regulated by binding to inhibi- 
tors (CKIs) and other proteins such as Sucl 
(Cksl) that might modify their specificity 
or accessibility to regulators (1 3). Each of 
the proteins that influence Cdk activity are 
potential interfaces for signal transduction 
pathways that regulate cell cycle transitions 
and thus are potential targets for manipula- 
tion by checkpoint pathways. 

Synthesis Destruction 

CKIs 

~ inases  Phosphatases Lgl 
Wee1 Cdc25 
Mikl Pyp3 p21, p27, p57 
M ~ t l  P16, P15, ~ 1 s t  ~ 1 9  

Fig. 2. Regulation of cyclin-depen- 
dent kinases. Arrowheads repre- 
sent activating events and perpen- 
dicular ends- represent inhibitory 
events. Genes known to perform 
the indicated functions are listed 
below. Both cyclins and some CKls 
(Cdk inhibitors) are regulated by 
synthesis and ubiquitin-mediated 
proteolysis. Checkpoint pathways 
could act to promote inhibitory 
pathways or inhibit activating path- 
ways to cause cell cycle arrest. 

mitosis as genomes grew more complex. As 
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DNA Damage and DNA 
Replication Checkpoints in 

S. cerevisiae 

M a n y  checkpoint  pathways have been 
ident i f ied pr imari ly through the analysis o f  
cdc (ce l l  d iv is ion cycle) mutants in yeast. 
A m o n g  these are checkpoints tha t  sense 
mat ing  partners, coordinate ce l l  size and 
cel l  cycle progression, inhib~t mitosis wh i le  
in GI, make nuclear d i ~ ~ i s i o n  dependent 
upon  budding, restrict DNA repl icat ion t o  
once per cel l  cycle, and make DNA synthe- 
sis dependent upon  G1 cyclins. In this re- 

vie\\, I focus o n  the best defined pathways, 
the  DNA damage and DNA repl icar ion 
checkpoints and the spindle-assembly 
checkpoint  (Fig. 1B). 

In response t o  DNA damage and blocks 
o f  DNA replication, cells f rom b o t h  pro- 
karyotes and eukaryotes induce a set o f  
physiological responses thought t o  facil i tate 
DNA repair processes. A m o n g  these re- 
sponses are ce l l  cycle arrest in GI, S phase, 
and G2, a s lo~v ing o f  DNA replication, and  
increased transcription o f  genes encoding 
proteins tha t  participate in DNA replica- 
t i o n  and repair (1). In some organisms, a n  

A S. cerevisiae B S. pombe 
DNA damage 

DNA damage Replication block Replication block 

7 RAD24 \ / Kg 
DPBll  

MEC3 J1 MECl (TELl) 

Transcription- 

G1+ S+ G2/M+ Anaphase 

Mammals 
DNA damage 

radl rad3 rad9 
radl7 rad26 
husl cut5Irad4 

S. cerevisiae 
S ~ i n d l e  defects 

+:U"R";' 
, -1 APC 

JPDS~)+-'  
G1+ S+ G2IM- Anaphase 

Fig. 3. A current v~ew of the genet~c organ~zaton of checkpo~nt pathways The order of functon of genes 
In groups along a s~ngle arrow IS unknown and the order s ted  IS arbtrary (A) The DNA damage and 
DNA repcat~on checkpo~nt n S cerev~s~ae RFC5 and DPB7 1 have not been examned for the~r G I  and 
G2 checkponts and are therefore tentatvely placed w~ th  POL2 PDS1 has not been ordered genetcaly 
relatve to MECl  and RAD53 but IS tentat~vey placed In parentheses at the end of the pathway because 
~t alone IS ~nvoved n both the DNA damage and the sp~ndle checkponts The ~nhb~tory  connect~on 
between RAD53 and the APC IS hypothet~cal and IS meant to ndcate that PDSl mght be regulated 
~nd~rectly through reguaton of the APC Thus ths  branch IS an alternat~ve to the nhlbtoty connect~on 
between RAD53 and the G2/M to anaphase transton arrow TELl IS n parentheses to ~nd~cate a mnor 
redundant role w~th  MECl  G2/M IS meant to ndcate that arrest pror to anaphase can be cons~dered 
e~ther G2 or metaphase (B) The DNA damage and DNA repl~cat~on checkpont In S pombe Arrows 
lead~ng away from cds l  ~nd~cates t s  funct~on n an as yet undefned checkpo~nt funct~on The nhbto ty  
c r cu~ t  between chk l  and cdc2 IS hypothet~cal and IS based upon the putatlve role of tyros~ne phospho- 
rylat~on n the DNA damage checkpo~nt It IS meant as a poss~ble alternat~ve to the d~rect ~ n h ~ b ~ t ~ o n  
shown not as a redundant pathway The branch affect~ng the GI /S trans~t~on IS assumed to exst but 
has not been demonstrated experimentally Although the order of gene funct~on shown IS accurate 
t IS not clear that replcaton blocks and damage actvate the pathway to equvaent degrees because 
mod~f~caton of chk l  IS not observed In response to repl~cat~on blocks (53) (C) The DNA damage 
checkpont n mammals ATM IS shown transducng a s~gnal to act~vate p53 whch n turn actvates 
the Cdk n h b t o r  p21 and asecond unknown pathway Lttle IS known about the genes nvolved ~n the 
S phase slowdown and G2 arrest (D) The S cerevisiae splndle assembly checkpo~nt PDSl IS 

tentatvely placed at the bottom of the pathway but has not been ordered genet~caly relatve to the 
other genes shown 

addi t ional  response, apoptosis, exists but is 
n o t  explored in this re\~iew. Checkpo in t -  
dependent arrest is thought t o  prevent the  
repl icat ion o f  damaged templates and the 
segregation o f  b roken chromosomes. Since 
checkpoints are signal transduction path- 
ways, they w i l l  be discussed in terms o f  the i r  
in i t ia t ing  signals, sensors, transducers, and 
effectors. A current \ i e w  o f  the  genetic 
organization of these path~vays in S. cereeli- 
siae, S .  pombe, and mammals is shown in Fig. 
3. T h e  most str ik ing feature o f  these path- 
ways is tha t  they share at least one common  
component in the signal transduction 
branch o f  the  pathway, a phosphoinosit ide 
(PI) kinase superfamily member, indicat ing 
evolutionary conser\~ation. Secondly, in the 
yeast path~vays, the  same signal transduction 
condui t  is used b o t h  for the DNA damage 
checkpoint  and arrest in response t o  repli- 
cat ion blocks. I w i l l  use the budding yeast 
(3 .  cerez~~siae) pathway as the primary exam- 
ple and discuss fission yeast and mammals 
when  there are important differences. 

DNA damage sensors and signal modifiers. 
Once  DNA damage occurs, it can be pro- 
cessed through various repair pathways. 
These modifications may be required t o  
produce the  actual  checkpo in t  slgnal. In 

Table 1. Homoogs of DNA replication and dam- 
age checkpo~nt genes in yeast and humans. 
Genes are aligned on the basis of structural as 
opposed to funct~onal s~milarities. Assumed b ~ o -  
chemical activ~t~es are based on sequence s~mi- 
lar~ty in some cases. Genes marked w~ th  an aster- 
~ s k  have not yet been shown to have checkpont 
defects. Abbreviat~ons: RFC, repl~caton factor C: 
P K ,  phospho~nositide kinase; PK. protein kinase; 
TF. transcription factor: CKI, cycl~n-k~nase ~nh~bl -  
tor. Dashes indicate that a homoog has not yet 
been dent~fied, In the case of S. cerevisiae whch 
IS completely sequenced, dashes nd~cate that 
highly related sequences have not been detected 
in the database, In the case of 14-3-3 prote~ns n 
humans. at least 7 genes have been dent~fied. Of 
the S. cerevisiae genes s ted  only CHKl  and 
B M H l  and 2 have not yet been shown to have 
checkpoint function. 

S. cerevisiae Actlvlty S. pombe Human 

RA D9 - - 

RAD24 RFC-related r a d l i  - 

RAD17 Nuclease rad l  - 

MEC3 - - 

MECl  PIK rad3 ATR* 
TEL 1 PIK - ATM 
RAD53 PK cds l  - 

POL2 Polymerase cdc30" Pol E =  

D P B l l  cut5 - 

CHKI*  PK chkl  - 

PDS 1 - - 

DUN l PK - - 

BMH1,2* 14-3-3 rad24, 25 14-3-3' 
- rad26 - 
- rad9 HRAD9" 
- TF - ~ 5 3  
- CKI - ~2 1 
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E coli, there is considerable evidence to  
suggest that sorne types of D N A  damage 
are converted to  single-stranded D N A  
(ssDNA) that is then bound by RecA; it is 
this recornbination conlplex that is aensed 
by LexA. In S ,  cerevisrae, ~t 1s not clear 
whether there are several sensors that can 
detect different types of damage, whether 
all damage is processed to  one or a few 
forms that can be sensed by a limited num- 
ber of sensors, or whether it is the actual 
process of repair that is sensed. W e  know 
that the presence of ssDNA correlates with 
arrest through analysis of CDC13.  CDC13 
encodes a proteln that binds to telomeres 
and protects them from degradation (18).  
Temperature-sensitive cdc13 rnurants accu- 
mulate ssDNA at the telomeres and arrest 
in the G2 phase of the cell cycle (14).  Four 
genes, RAD9, RAD17, RAD24, and MEC3 
have properties consistent with a role as 
signal modifiers or sensors (15, 16). They 
are required for G 2  arrest of cdc13 rnutants 
and also for arrest in G 1 and G 2  in response 
to  D N A  clamage, but not in response to  a 
blockade of replication. Interestingly, 
rad17. rad24, and mec3 mutants decrease 
the amount of ssDNA that accu~nulates in 
cdc13 mutants, whereas rad9 mutants in- 
crease the amount of ssDNA accumulation. 
Furthermore, rad17 is structurally related to 
the C. maydis checkpoint gene recl , a 3'-5'  
exonuclease ( 1  6 ,  17),  suggesting that rad17 
is involved in modifying damage to  gener- 
ate a signal. (However, if cdc13 rnutants 
degrade their D N A  from the telomere, they 
would use a 5'-3' exonuclease to generate 
the single strand obserl~ed in vivo, not a 
3'-5' exonuclease.) Rad24 and its S. pombe 
counterpart Radl7 are related to RFC, a 
protein that hinds gapped DNA. Thus, they 
are implicated in damage recognition al- 
though n o  biochemical function has been 
demonstrated (19).  Because ssDNA is 
present in cdc13rd9 mutants hut fails to 
cause arrest, Rad9 must be a sensor or trans- 
ducer of the D N A  damage signal. 

D N A  replication sensors and signal trans- 
ducers. Structures in the renlication corn- 
plex or unreplicated DNA may send signals 
to inhihit mitotic entry (3).  A persuasive 
argument against signaling by unreplicated 
D N A  1s that several mutants that hlock the 
initiation of DNA replication, such as de- 
letions of Poi a (20),  cut5 (21) ,  or cdc18 
(1 1 ) in S. pombe and C D C 6  In S. cerezjisiae 
(22) allow mitosis to proceed with unrepli- 
cared DNA.  However, it is a for~nal possi- 
bility that the unreplicated D N A  in these 
mutants is in a different "non-signaling 
state" than the unreplicated D N A  in cells 
whose cycles have already progressed into S 
phase. Furthermore, it is not certaln wheth- 
er the repllcation checkpoint is active con- 
stituti\7ely once D N A  replication has initi- 

ated, or merely hecomes activated when 
replication is blocked. There is a n  ~nducible 
transcriptional component to  the pathway 
that is not  constitutively active during S 
phase (23) ,  suggestlng that the arrest mech- 
anism is also inducible. S o  far none of the 
mutants defective for the checkpoint path- 
way allow mitosis to occur sooner than it 
normally does in an unperturbed cycle, but 
this may reflect the inherent timing of 
D N A  replication and mitosis. 

Three D N A  replication genes required 
for the D N A  replication checkpoint in S .  
cerer'isiae, POL2 (24),  DPBl 1 (25),  and 
RFC5 (26) are candidate sensors of D N A  
replication. POL2 encodes D N A  polymer- 
ase E (Pol E) ,  which is required for chromo- 
somal D N A  replication (27).  T h e  pol2 
checkpoint-defective mutants are proficient 
for G 1  and G 2  arrest in response to  D N A  
damage, but are defective in the transcrip- 
tional response and the ability to  pre17ent 
mitotic entry when replication is blocked 
hy hydroxyurea ( H U ) ,  an inhibitor of ribo- 
nucleotide reductase. DPBl 1 is the S. cer- 
evtsiae homolog of S. pombe cz~t.5, which is 
required for D N A  repllcation and for arrest 
in response to H U  (28).  RFCS is a compo- 
nent of replication factor C that binds to 
gapped DNA, such as that present on  the 
lagging strand during replication, and re- 
cruits proliferating cell nuclear antigen 
(PCNA) ,  which in turn recruits D N A  Pol 6 
and Pol E. A polymerase could function as a 
sensor of D N A  replication because it is 
located at the replication fork. However, at 
the current lel~el of resolution, it is impos- 
sihle to  distinguish between a sensory role - 
versus a signal transduction role for any of 
these proteins and it is possihle that it is the 
activity of a n  entire complex that must be 
intact to properly sense replication. 

POL2 and RAD9 (and RAD17, RAD24, 
MEC3) participate in temporally alternative 
branches of the pathway for sensing DNA 
damage. DNA damage ~ncurred during S 
phase is sensed largely in a POL2-dependent 
manner, whereas damage incurred in G 1  
and G 2  is primarily dependent upon RAD9 
(29), and pol2rad9 douhle mutants are corn- 
nletelv defective for the transcrintional re- 
sponsi in all phases of the cycie. This is 
consistent with t h e ~ r  com~lementarl;  roles 
In actil~ating cell cycle arreit.   ow ever, rad9 
mutants do show reduced slowing of DNA 
replication in response to the methylaring 
agent methyl methane sulfonate (30) and, 
although rad9 mutants alone are not H U -  
sensitive, they greatly enhance the HU-sen- 
sitivity of poi2 mutants. This suggests a mi- 
nor or redundant role for RAD9 in the S- 
phase checkpoint pathway. 

Signai transducers. Two essential genes 
form the central conduit for checkpoint 
signal transduction in S. ceret,isiae, MECl  

(ESRI, SAD3) (15,  23, 31) and RAD53 
(SPK1 , MEC2, SAD1 ) (15,  23, 32).  All cell 
cycle arrest, reduction in the rate of D N A  
replication, and transcriptional responses to 
D N A  damage and incomplete replication 
are dependent upon these two genes (23, 
29, 33).  MECl  is a memher of the PI kinase 
superfamily, sorne members of which are 
protein kinases. T h e  Mecl  homolog in S. 
pombe, Rad3, has an associated protein ki- 
nase activity that is dependent upon a func- 
tional kinase domain within Rad3 (34).  
While short of formal proof, these results 
strongly suggest that Rad3 and Mecl  are 
protein kinases. TELI,  which is required for 
telomere length maintenance (35) ,  is a 
structural homolog of MEC1 (36,  37).  Al- 
though tell mutants have functional check- 
points, mutations in TEL1 enhance the sen- 
sitivity of mecl mutants to  D N A  damage and 
therefore TELl has a minor checkpoint role. 

T o  date, MECl  (rad3) and TELl are the 
only checkpoint genes conserved in a func- 
tional sense among higher eukaryotes (see 
Table 1).  Homologs include mei-41 (32) in 
Drosophrla melanogaster, and A T M  (ataxia 
telangiectasia mutated, 39) and A T R  ( A T  
and rad-related, 34) in mammals. A T M  mu- 
tant cells h a l ~ e  defective G 1  and G 2  DNA 
damage checkpoints and show radiation-re- 
sistant D N A  synthesis, for example, they do 
not slow replication in response to damage, 
and therefore share a suhset of the mecl and 
rad3 phenotypes (7 ,  40).  A T M  is more 
closely related t o  TEL1, whereas ATR, also 
known as FRP (FRAP-related) (41 ), MEC1 , 
and rad3 form a separate subfamily. Al- 
though the function of ATR is unknown, 
ATR and A T M  bind to distinct and com- 
plementary portions of meiotic chromo- 
somes suggesting a possihle role in signaling 
different stages of melotic progression or 
perhaps in the recombination process itself 
(43).  Mutants in mecl (esrl) have heen 
reported to be defective in meiotic recom- 
hlnation (31, but see 42) and in cell cycle 
arrest when recornhination is blocked (42). 

RAD53 is a protein klnase that is phos- 
phorylated and activated In response to 
D N A  damage. Phosphorylation of Rad53 is 
dependent upon POL2, RAD9, and MECl 
(29, 37,  44).  This and other data (37) indi- 
cate that RAD53 f~unctions downstream of 
MECI ,  POL2, and RAD9 to transduce the 
slgnal from DNA damage and incomplete 
replication and may be a substrate of Mecl .  
Modification of Rad53 in response to DNA 
damaging agents is much more pronounced 
than that achieved in response to  H U ,  in- 
dicating complexity in the upstream signal- 
ing process (37).  Although checkpoint de- 
fectil~e, rad53 mutants are much less sensi- 
tive to U V  and H U  than mecl mutants, 
indicating that Mecl  controls processes that 
are not solely dependent upon Rad53. 
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Effectors of the transcriptional response. In 
narallel to the cell cvcle arrest response to 
DNA damage and replication hldcks is a 
separate transcriptional response specifical- 
ly controlled by the proteln kinase Dunl 
(29, 45). Although there is currently no 
evidence that the transcriptional response 
is involved in cell cycle arrest in S,  cerezji- 
siae, it is clearly involved in arrest in mam- 
mals and for this reason is included here. 
Dunl kinase activity is increased hy DNA 
damage in a RAD53- and MECJ -dependent 
manner, and this activation is reallired for 
transcriptional activation of the genes en- 
coding ribonucleotide reductase, RNR I ,  
RNR2, and RNR3. However, DUN1 does 
not appear to have a unique role in cell 
cycle arrest. Presumahly there \\,ill be a se- 
rles of transcription factors analogous to 
p53 that are altered In a Dunl-dependent 
fashion to activate transcrlption. Other mu- 
tants in this portion of the pathway i n c l ~ ~ d e  
the crt (constitutive RNR3 transcription) 
mutants (46), three of which-SSN6, 
T C P I ,  and CRTl-are epistatic to dunl 
and are therefore likelv to function down- 
stream of DUN1 or in a separate pathway. 
Because TUPl and SSN6 are general com- 
ponents of transcriptional repressors, part of 
the transcriptional response may he accom- 
plished by alleviating repression. 

Effectors of the cell cycle arrest response. 
Oreanisms mav differ in their reauirements 
forYblocking i i t o t i c  entry depenhing upon 
ho\v their cell cvcles are organized. S.  
pombe, Xenopus laezlis, and mammals can 
effectively prevent the G2-to-metaphase 
transition by blocking Cdk activity. How- 
ever, S ,  cerezllsiae starts spindle assembly 
during S phase, effectively initiating mito- 
sis, and in order to inhiblt cell cycle pro- 
gression they must hlock entry into an- 
aphase. This is likely to be accompllshed by 
a mechanism distinct from that ~ ~ s e d  to 
block entry into metaphase because they 
are different biochemical steps (see the dis- 

L .  

cussion of cdc55 mutants in the spindle 
assemhly checkpoint). The best candidate 
for an effector of cell cycle arrest in re- 
sponse to DNA damage is PDSl, an an- 
aphase inhihitor. The pdsl mutants fail to 
arrest in G2 in response to gamma irradia- 
tion (y-IR) or in the presence of cdcl3 
mutations (47). Furthermore, pdsl mutants 
are also defective In the saindle assembly 
checkpoint, indicating a potentially com- 
mon target for these two checkpoint path- 
ways. Pdsl is degraded by ubiquit~n-mediat- 
ed proteolysis by a set of proteins that pro- 
mote anaphase, the anaphase-promoting 
complex (APC).  PDSl mutants resistant to 
destruction cause a pre-anaphase arrest 
(48), so blocklng Pdsl destr~lction is one 
mechanism hy which cells co~lld respond to 
DNA damage to prevent mitosls and allow 

time for repalr. Whether Pdsl is directly 
modified in response to DNA damage, or 
whether it is indirectly regulated through 
control of the APC remains to be deter- 
mined. Because failure to degrade mitotic 
cvcllns causes arrest after anaphase, it is 
unlikely that arrest in response to DNA 
damage is mediated by complete inhihition 
of APC function. Indeed, y-IR of pdsl mu- 
tants allows progression through telophase 
into the next cycle. In addition, pdsl mu- 
tants do arrest if DNA replication is 
hlocked, indicating the existence of a dis- 
tinct S phase-specific effector. Pdsl could 
have an indirect role in checknoint func- 
tion. For example, Pdsl may be required 
for prolonged cohesion of ne~vly replicated 
sisters during checkpoint arrest. If the pro- 
cess of sister separation, once begun, sends 
a positive signal for progression through 
the cell cycle, pdsl mutants could simply 
bypass the checkpoint signal by initiating 
anaphase. 

The S. pombe Checkpoint 
Pathway 

The organization of the S. pombe check- 
point pathway (Fig. 3B) is similar to that of 
the S. cerezllsiae pathway, and these path- 
ways share several conserved genes (Tahle 
1).  A group of 7 genes, radl, rad3, rad9, 
radl7, rad26, husl, and cut5 are required for 
cell cycle arrest in response to hoth damage 
and replication blocks (49). The protein 
kinase cdsl is very similar in sequence with 
the first 70% of the S. cerevisiae Rad53 
protein, is required for s~lrvival during cell 
cycle arrest with H U  (50). Cell cycle arrest 
hy DNA damage hut not blocked replica- 
tion requires the function of the C h k l  
(Rad27) protein kinase (5 1 ) and the 14-3-3 
proteins encoded by rad24 and rad25 (52). 
Chkl  becomes phosphorylated in response 
to DNA damage In a Chkl-dependent 
manner (53). This presumed autophospho- 
rylation is dependent upon the radl, rad3, 
rad9, radl7, rad24, and hus I genes and chkl 
is therefore placed downstream of these 
genes. Major similarities between the yeasts 
include struct~lral similarity between check- 
point genes: MECl and rad3 (34, 54) ,  
RADl7 and radl (16), RAD53 and cdsl 
(50), RAD24 and radl7 (19), and DPBl l 
and cut5 (25). Furthermore, signals from 
hoth DNA damage and blocked replication 
are transd~~ced through a common pathway 
in hoth organisms. 

There are also significant differences in 
checkpoint control: ( i )  ~lnlike MECl and 
RAD53, rad3 and cdsl are not essential, 
(ii)  rad53 mutants behave differently than 
cdsl mutants when DNA replication is 
blocked, (iii) S.  pombe radl7 is r e q ~ ~ i r e d  
for both the damage and replication 

checkpoints whereas S. cerevtstae RAD24 
1s required only for arrest by DNA damage, 
(iv) cell cycle arrest in response to hlocked 
replicatlon (55)  and possihly damage (56)  
requires inhihltory phosphorylation of a 
tyrosine on S. pombe Cdc2 hut this is not 
the case in S.  cerwisiae (49). 

Without knowledge of the essential roles 
of RAD53 and LMECJ, it is difficult to ex- 
alain whv the two veasts differ In thls re- 
ipect. 0;e explanaiion may be that the 
timing of mitosis relative to the end of DNA 
synthesis differs in the two yeasts. Unlike S. 
cerevisine which exerts its size control in G I ,  
S. pombe integrates its size control primarily 
during G2 to provide an additional, perhaps 
redundant, delay before mitotic entry. Sup- 
port for this hypothesis 1s that weel -50 mu- 
tants. which accelerate mitosis to nroduce 
smaller S. pombe cells, are lethal in comhi- 
nation with mutants of the rad3 group or 
chkl (51, 57). Ho~vever, an alternative ex- 
planation that cannot he eliminated is that 
weel-50 mutants cause a DNA replication 
prohlem that requires rad3 function. 

The  fact that the S. bombe radl7 mu- 
tant is defective for both the damage and 
replication checkpoints while S,  cerezlisiae 
RAD24 is requlred only for arrest hy DNA 
damage may mean that thev are not true 
homilogs, although they are structurally re- 
lated. Alternativelv, this discrepancy may 

A ,  

~lnderscore differences in how replication 
blocks are sensed in the two organisms. 

Unlike rad53 mutants, cdsl mutants do 
not enter mitosis in the presence of H U  
150). However. once H U  is removed. cdsl ~, 

mutants comp1;te the bulk of DNA s k t h e -  
sis and undergo a mitotic catastrophe in 
which chromosomes fail to properly segre- 
gate prior to septation. While the difference 
In cell cycle arrest remains unclear, the 
delayed mitotic catastrophe is potentially 
revealing and raises the possibility that the 
response to DNA replication blocks may 
incl~lde essential functions other than sim- 
ply preventing mitosis. Support for this 
also comes from the fact that the loss of 
viability of rad53 mutants in H U  cannot 
be s~lppressed by blocking mitosis with 
microtubule inhihitors (23) .  One  such ad- 
ditional function might be controlling the 
integrity of stalled replication complexes. 
A partial loss of replication fork integrity 
co~lld res~llt in the disassembly of replica- 
tion forks. While loss of a few forks \vould 
not necessarily be a catastrophic event, if 
t\vo converging forks collapse (CFC) ,  the 
intervening DNA is not replicated. F a i l ~ ~ r e  
to prevent or repair CFC will lead to 
segregation of partially replicated chromo- 
somes and catastrophe. 

In S. pombe, tyrosine phosphorylation of 
Cdc2 is necessary for proper arrest in re- 
sponse to blocked replication (55). It is not 
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kno\vn whether this phosphorylation is di- 
rectly reg~llated by the checkpoint pathway 
or merely required for proper checkpoint 
function. Recent experiments concerning 
the replication checkpoint in X.  laee'is ex- 
tracts indicate that tyrosine phosphorylation 
alone cannot explain the observed cell cycle 
arrest. A n  undefined Cdk inhibitor activat- 
ed by replication blocks was detected (58). 
Experiments in Aspergillus n~dulans have im- 
plicated redundancy between Cdc2 tyrosine 
phosphorylation and a bimE-dependent 
pathway (59). The bimE protein is a com- 
ponent of the APC and bimE mutants are 
likely to have unusually large amounts of 
cyclin B. Tyrosine phosphorylation is re- 
quired for arrest in response to DNA damage 
in A.  nidulans (60). Because the proteins 
that control tyrosine phosphorylation are 
known, it is clear that the next step is to 
determine how (and if) DNA damage and 
interference with DNA replication affects 
the activities of these enzvmes and to what 
extent the APC is involved in arrest. 

Mammalian DNA Damage 
Checkpoints 

Mammals have the same cell cycle respons- 
es to DNA damage as veast. b ~ ~ t  in addition 
may activate a Fell jeath path~vay. Cell 
elimination is a viable strategy for metazo- 

<>, 

ans because their goal is not the s~lrvival of 
each damaged cell, which might harbor mu- - 
tations, b ~ l t  the survlval of the organism. I 
will not discuss the apoptotic response. Of 
the various mammalian checkpoints, only 
the G 1  DNA damage checkpoint is under- 
stood in any detail. Three mammalian 
genes control the DNA damage check- 
point, mutated in ataxia telangiectasia 
(ATM) (7 ,  39), p53 (61), and p21 (62). Of 
these. 1153 is the most widely studied. The 
p53 gene 1s the tumor suppressor most fre- 
uuently mutated In h ~ ~ m a n  cancers (63). It 
encodes a transcription factor that is acti- 
vated in resnonse to DNA damage and 

u 

pert~lrbatlon of nucleotide pools. Cells de- 
fective for p53 are unable to arrest in G 1  in 
response to y-irradiation and show reduced 
apoptosls. Part of p53's ability to arrest G 1  
cells results from activation of transcription 
of p21, a tight-binding inhibitor of Cdks 
that control entry into S phase (64). Mouse 
embryo fibroblasts lacking p21 show a par- 
tial defect in G 1  arrest that is less severe 
than that of p53-defective fibroblasts, indi- 
cating that a second p53-dependent G I  
arrest pathway exists. While the nature of 
this pathway is not known, experiments 

with mutant forms of Cdk4 have s~~ggested 
that tyrosine phosphorylation of Cdk4 may 
he required for G I  arrest in response to UV 
irradiation (65) and is therefore a good 
candidate for the p2 1 -independent path- 

way. The p21 proteln has also been shown 
to control checkpolnt functlon In human 
cells (66). It 1s not known how veast cells 
arrest in G I ,  hut failure to destroy inhibitors 
such as Sic1 (or Far1 in the case of a-factor 
arrested cells) could provide a mechanism 
similar to inhibition by p21. 

Ho\v p51 is activated in response to 
DNA damage is still unknown. Both its 
stability and specific activity as a transcrip- 
tlon factor appear to Increase In response to 
DNA damage, but the preclse mechan15m 
has remalned eluslve desplte lntenslve stud) 
(63) The ATM gene has been ~mpl~ca ted  
In reguldt~on of p53 Cells lacklng ATM 
show a r e d ~ ~ c e d  and delajed actlkatlon of 
p53 1n response to DNA damage (67) GIV-  
en ~ t s  relatlonshlp to MEC1 and rad3, 1t 1s 
l~kely that ATM plajs a role In transduclng 
the DNA damage s~gnal to p53 Although 
ATM 1s upstream of p53, ATM mutants d ~ e  
vla p53-dependent apoptosls In response to 
DNA damage Therefore, an ATM-lnde- 
pendent mechan~sm for p53 actlvatlon 
must exist, perhaps controlled b j  ATR 

The fact that both p53 and ATM are 
frequentlj m~ltated In human cancers 
strongl\ lmpl~cates checkpolnt f~lnctlon In 
the prevention of cancer Hoa  much a e  
can learn a b o ~ ~ t  cancer from the a n a h s ~ s  of 
yeast checkpoints wlll depend upon the de- 
gree of conservation between the human 
and yeast pathways. So far, few human 
checkpoint genes have been identified and 
of these, only ATM has yeast homologs 
(Table 1) .  Ho~vever, it appears that budding 
and fission yeasts share many conserved 
checkpoint genes, and ~t is often the case 
that genes shared among these organisms 
are common to all eukaryotes. With the 
rapid advances occurring in the identifica- 
tion of genes in var io~~s  sequencing projects, 
a definitive answer to this u~~es t ion  should 
be kno~vn in the very near future. In this 
regard, a human homolog of the S. pombe 
r d 9  gene has been identified, although its 
role in animal cells has vet to be determined 
(68). Furthermore, the genes that control 
cell cycle arrest in response to DNA dam- 
age also control other aspects of the DNA 
damage response, possibly specific DNA re- 
pair pathways and apoptosis. Therefore, al- 
though it is generally assumed that the loss 
of the ability to arrest the cell cycle leads 
to genomic instability and cancer, we are 
actually far from having definitively prov- 
en that fact. Proof will require specific 
elimination of the ability to arrest the cell 
cycle without affecting the rest of the 
signaling pathway. In the one case where 
this has been accomplished, loss of p21 in 
the mouse, cancer did not result (62) ,  and 
p21 mutations are very rare in human 
tumors. Therefore, this question will re- 
quire future scrutiny. 

The Spindle Assembly 
Checkpoint 

The proper segregation of chromosomes re- 
quires the execution of a number of processes 
during mitosis: a bipolar spindle must be 
assembled; chromosomes must attach to the 
spindles t h r o ~ ~ g h  the kinetochore, a protein 
structure that forms on the centromeres of 
chromosomes; kinetochores of sister chroma- 
tids must binh to spindle fibers attached to 
opposite poles; and properly attached chro- 
mosomes lnust arrive at the metaphase plate. 
The spindle assembly checkpoint prevents 
the onset of anaphase, the actual segregation 
of chromosomes, until these processes have 
been properly accomplished. Once these 
events take place, cells can execute anaphase 
and progress into the next cell cycle. 

Spindle assembly signals and sensors. 
While it is premature to discuss the molec- 
ular identity of sensors, there is a lively 
debate as to the nature of the event being 
sensed. The assembly of spindles involves 
many different components any of which 
could (and may) be sensed. As noted in a 
recent review (69) ,  the sensor could detect 
the amount of free tubulin, the function of 
the microtub~lle organizing center, the bi- 
polarity of the spindle, the attachment of 
microtuhules to the kinetochore, or the ten- 
sion generated on the kinetochore by at- 
tachment to a bipolar spindle. Because 
many of these processes are interdependent, 
it is possible that defects in any one co~lld 
result in the fail~lre of a common event that 
could he the signal for all defects. The 
leading candidates for signals are lack of 
chromosome attachment to the spindle and 
the absence of tension generated on  a chro- 
mosome attached to a bipolar spindle. 

S~lpport for the sensing of tension at the 
kinetochore comes from experiments in 
which chromosomes were micromanipulated 
with glass needles. By manipulating chromo- 
somes of grasshopper spermatocytes in mei- 
osis, it is possible to force both attachments 
of sister chromatids to the same pole. While 
normally unstable, such a mono-oriented 
chromosome pair can he made stable and 
will persist until anaphase if force toward the 
opposite pole is exerted on the chromosome 
by the needle (70). Furthermore, meiotlc 
anaphase can be delayed by the presence of a 
chromosome lacking its synaptic mate. Ap- 
plying force on that chromosome with a glass 
needle mimics tension from proper bipolar 
attachment to the spindle and causes rapid 
entry into anaphase (71). 

Evidence supporting the sensing of unat- 
tached kinetochores derives from laser ahla- 
tion of kinetochores in mammalian mitotic 
cells. If the ~lnattached kinetochore of the 
last monoattached chromosome 1s destroyed 
by laser ablation, cells no longer delay an- 
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aphase entry even though there is a lack of 
tension on tliat chromosome (72). hddi-  
tional evidence is that S. cerecisiae lacking 
CDC6 anti S. pombe lacking cdcl8 undergo 
mitosis with unreplicated cliro~nosonies (1 1 , 
73). The ahsence of bipolar spindle attach- 
ment in this case should prevent tension but 
Joes not prevent anaphase. Furthermore, 
the ahsence of sisters precludes the need for 
the APC suggesting that the only role of 
ubiquitin-mediated proteolysis in anaphase 
is to allow sister separation (73). It is also 
possihle that one mechanism onerates in 
nieiotic cells (tension) and a second in mi- 
totic cells (attacliment). Alternatively, a 
lack of tension mar ~roiiuce tree microtu- > A 

hule-binding sites in the kinetochore and 
these mav activate the checkr?oint 169). 
Tliis woul;~ acco~nmodate both sits ofobsei- 
vations. Regardless of the model, it is clear 
that the spincile asse~nbly checkpoint is ca- 
pable of detecting signals generateil at the 
kinetochore. Genetic evidence supporting 
this is that mutants in genes encoding ki- 
lietochore proteins such as Ctf l3 or muta- 
tions in the centronlere itself delav ruitosis 
in buiiiiing yeast. Remarkably, higher eu- 
karyotic cells can execute anaphase effi- 
ciently in the absence of kinetochores (74) 
or even chromosomes theniselves (75)! This 
suggests that tlie presenLe of kinetochores 
establishes the checkpoint in the first place. 
It ~vould he interesting to know whether 
spindle daniage n.ould prevent anaphase en- 
try in the absence of chro~nosorues. 

A molecular correlate has been identitied 
for  a signal regulated by tension. The mono- 
clonal antiboiiy 3F3 recognizes a phospho- 
epitope on an unknown kinetochore protein 
that appears mucli Inore abundantly on un- 
attached kinetochores (76). The large 
amount ot signal on a monoattacheii chro- 
mosome can be diminisheii by exerting a 
force toward the unattached pole to gener- 
ate tension (77). Furthermore, injection of 
antibodies to 3F3 delays anaphase anii the 
dephosphorylation of the 3F3 epitope, sug- 
gesting that this dephosphorylation may be 
necessary to turn oft the checkpoint after all 
the chromosomes have been aligned on  the 
spindle (78). 

S~gnnl tm~tsduct.rs ill the spindle nssentbly 
checicpoint. The genetic pathlvay responsible 
for the spindle dsse~nhly checkpoint is sholvn 
in Fig. 3D. The majority of these genes \Irere 
~dentified in two screens for the t' a1 '1 use to 
arrest in the presence ot the m~crotuhule 
depo1ymeri:ing cir~~gs. L'IADI , L'IAD2, anii 
M.AD.3 (mitotic arrest defective) (79) and 
BCBI , BL1B2, and BL1B3 (budding uninhil7- 
iteii hJ. benimiciasole) (80) are not essential 
genes hut their mut,ints attempt aberrant 
mitoses in the presence of microtubule 111- 

liiliitors anii die. The inml and btih mutants 
also shorr an increased frequency of sponta 

neous chromosome loss reflecting a role in 
detecting endogenous errors. These proteins 
are also reiluired for delaying anaphase entry 
in the presence of chromosomes carrying 
mutant centromeres, indicating a role in de- - 
tecting kinetochore-generated signals. LIPS 1 
\\,as identified as a gene required for spindle 
pole bodv assemhlv and later was found to 
Lave a checkpoint'phenotrpe (81 ). 

The spindle assembly checkpoint signals 
through t\vo protein kinases, blpsl and 
RuF1 (82). OverproJuction of Mpsl arrests 
the cell cycle (83) and this arrest is depen- 
dent upon all of the MADIBLIB genes. Tliis 
suggests that activation of hlpsl may be one 
of the initial s ianal in~ e\.ents in the check- 

0 

point pathway. Mad1 beco~nes phosphoryl- 
ated when the checkpoint is activated 184). , , 

and this event has been used to order the 
action of other genes in the pathway. Mpsl 
directly phosphorylates Mad1 in vitro and is 
required for its pliosphorylation in viva 
(83) ,  indicating that this may be a critical 
signaling event. A% coniplication exists in 
plac~ng Mpsl directly adjacent to bladl in 
tlie signaling pathway because Mad1 phos- 
phorylation is also dependent upon BLIBI, 
BLTB3, and AMAD2 when the checkpoint is 
activated, and these genes are also required 
for cell cycle arrest when Mpsl is overpro- 
duceii. Clearly this is a coniplex signaling 
mechanism that cannot be easily organized 
using genetic analysis alone. bla~i2 is a pro- 
tein that bincis to bladl and is required for 
its phosphor7-lation (69). blad2 nlay be a 
central protein in this signaling cascade 
because its localization to kinetochores 
changes under conditions that activate tlie 
signaling pathway. Ivlad3 and Bub? are not 
required tor bladl phosphorylation and are 
therefore placeii after Ivladl in the signal 
tranaiiuction pathway. 

The  Xenoptis homolog ot AMADZ, 
XhfAD2, is required for the spindle assem- 
bly clieckpoi~it in vitro (85) and the liuman 
homolog is required for checkpoint f ~ ~ n c -  
tion in vivo (86). Both human and Xenopt~s 
hlad? locallre to the k~netocholes of unat- 
tached cliro~noso~nes Once chrolnosomes 
attach to microtubules, blaci? immune- 
stainillg is lost. While possibly due to 
epitope masking, the more exciting possi- 
b~lity 1s tliat hlail? associates with unat- 
tached kinetochores and signals to activate 
the sp~ndle checkpoint. Since in yeast 
hlad? binds to blaiil and is requireii for 
hladl phosphorylation, it is possible that 
Xeizoptis bladl is also localized to kineto- 
chores and 1~111 liave the phosphorylation 
properties attributed to the 3F3-reactive 
protein. A plausible model t'or holv the 
spindle assembly checkpoint may operate is 
that in the absences of tension or presence 
of free mlcrotuhule bindillg sites, a protein 
kinase such as Mpsl or Buhl is act~vateii 

and phosphorylates a protein localized at 
the kinetochore. This phosphorylation 
leads to recruitnlent of the Mad? protein 
which then connects the circuit allowing 
blaill phosphorylation and generation of 
tlie arrest signal, perhaps through blai13 and 
Bub2. The binding of Xmad2 and the model 
of senslng kinetochore attachnient suggests 
that tlie spindle assembly checkpoint niay 
not be iniiucible (extrinsic) in the same 
sense as the DNA damage pathway, but is 
active during each cell cycle when kineto- 
chores mature. Ivlicrotubule inhibitors 
would prevent the proper asselnhly of the 
kinetochore microtubules and would there- 
by maintain the checkpoint signal. 

Ejjectors o j  the spiitdle checkpoiizt pathway. 
Significant advances liave recently been 
made concerning the mechanisln of spindle 
checkpoint-dependent cell cycle arrest. In- 
terference with ubiquitin-mediated proteol- 
ysis either by mutations in colnponents of 
the APC in vivo or by inhibition with 
methyl ubiiluitin in vitro can arrest cells 
before anaphase (R. W. King et al., p. 
1652), consistent with a role for nroteolvsis. 
yeast' arrested via tliis checkpoiit have &a- 
hle cyclins and high Cdk activity. Although 
cyclins are degraded by the APC, cyclins 
are not the critical substrate for the an- 
aphase tra~isition (87). As described above, 
degrailation of tlie Pdsl protein is depen- 
dent upon the APC and is required for 
anaphase entry. Furthermore, pdsl niutants 
sho\v checkpoilit defects. Together, these 
observations provide evidence that Pdsl is a 
potential effector o t  the spindle asseinblv 
checkpoint. The  same caveats apply here a5 
for the role ot Pdsl In DNA iia~naee check- - 
point. It remains to he determilied precisely 
ho\v Pdsl degradation is controlled. Is the 
activation of the APC blocked bv check- 
point activation, or is Pcisl somehow pro- 
tecteii fro111 an activated APC? 

A gene that is recjuired t'or arrest by 
microtubule inhibitors hut which may lie 
outside of tlie path\vay shown is CDC55, a 
non-essential regulatory component of the 
PP2A phosphatase. Unlike mad and btlb 

mutants n.hic11 ignore the inhibitory signal 
of microtub~~le inliil>itc~rs, cdc55 m~rtants 
allolv the seoaration of sister chromatids in 
the presence of nocodarole by inhibiting 
Cdc28 kinase activity through tyrosine phos- 
phorylation (88). Thus, Cdc28 inactivation 
may be a secondary p a t h ~ a y  allowing sep- 
aration of sister chromatids. VCTliether tliis 
represents anaChase or a return to a premi- 
totic state could not he determined because 
the experiments were done in the presence 
ot nocoiiazole. Whether this pathway is 
used during arrest in wild-type cells remains 
to be iletermineii. If s o ,  it may represent an 
aciaptation response in n.hich unicellular 
organlslns unable to repair a clieckpoint- 
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act lvat~ng detect unilertake a defectwe 
t r a n s l t i o ~ ~  rather than renlain terminally ar- 
rested. In this sense, a n  adaptation pathway 
1s a metlloii cells use for measurlne time. 
S ~ r c h  a11 aiiaptation response has been sug- 
gested for D N A  damage (89).  

If the  D N A  damage and spindle assem- 
bly checkpoint arrest a t  t he  same yos~ t ion  
in the  cell cycle as suggested by their 
dependency on the  same effector, PDSI ,  
this may espial11 why the  D N A  damage 
and replication checkpoints have evolvecl 
a n  arrest ~ n e c h a n i s ~ n  distinct from tyrosine 
pl~ospl~oryla t ion In buddi~lg  yeast. As  not-  
eii tor cdc55 m ~ ~ t a n t s ,  tyroslne phosphoryl- 
ation of Cdc28 a t  that  stage o t  the  cell 
cycle may activate anaphase as opposed to  
preventing ~ t .  

The flexlbikty of checlcpoint pathways. Once 
cell cycle arrest ~l~echanisms are established 
it is poss~ble that Inany signaling path\vays 
can interface w ~ t h  a central nathwar to uti- 
lize the same arrest mechanism. For example, 
the spindie asse~ubly checkpoint In X. Iaevis 
reclulres the activity ot  a mitogen-activated 
protein (hlAP) kinase, p44E"K' (90).  T h e  
arrest of mature oocvtes in the second mei- 
otic metaphase by CSF (cytostatic factor) 
also requires p44E""L and is 11kely to use the 
same arrest mechanism. Size control and 
D N A  replication hot11 reiluire tyrosine phos- 
phorylation in S .  pomhe. T h e  D N A  damage 
and replication checkpoints appear to use 
the same pathway 111 S ceretjis~ae, S. pomhe, 
and A, nidt~lans. Llrosobhth mehnoec7ster uses 
tyrosine phosphorylatiol~ of Cdks to regulate 
cell cycle progression during developnlent 
(49). These signal transJuct~on pathways ap- 
pear to be flexible lnodules that can be 
adapted to meet diverse evolutionary de- 
mands. 

Summary 

T h e  laat 8 years have aeen a r a n d  Increase 
in our knowledge of the  regulation o t  cell 
cycle transitions. Many of the Inail1 cell 
cycle checkpoints have heen identifled and 
bioche~llical analysls of their signal trans- 
iiuction nlechanisms are under war. For 
those that dlrectly regulate Cdk activity, we 
have suff~cient basic knowledge of Cdk  reg- 
ulation to uncover the mode of regulation. 
It is n o ~ v  a matter of connec t~ng  the slgnal 
transduction protelns to each other and to 
the  direct effectors of Cdk  t~inction. For 
those pathways that operate through non- 
Cdk  regulation such as PDS 1, there is n l~rch - 
to learn ahout how they carry out their 
inhibltorv functions. Furthermore, we know 
very little about the  ~nechanislns these 
pathways use to monitor cell cycle events. 

1111portant cluestions remain as to the 
nature o t  checkpoints in ma~nmals and the  
lntegratlon of checkpoint pathways n.ltl1 

cell proliferation controls and development. 
Inap~~ropr ia te  expression of the proto-onco- 
gene c M y c  can activate the  p53-dependent 
checkpoint pathway (91).  Do growth pro- 
n lo t~ng  pathways generally become inte- 
grated into checkpoint path~vays as a con- 
sequence of cellular ditterentiatlon? Is this a 
mechanism of cancer prevent~onl  Further- 
more. what are the re la t~ve contributions of 
D N A  repair, cell cycle arrest, anii apoptosis 
to cancer prevention by cl~eckpolnt path- 
ways? Are other checkpoints such as the 
sp~nd le  assembly pathway disrupted in tu- 
mors? Checkpoints tigure pro~uinently in 
chemotherapeutic strategies to e l im~na te  
cancer cells, hlost agents kill cancer cells 1~y 
activating checkpoint-mediateii apoptosis 
pathways or hy exploiting chemical sensi- 
tlvitles due to loss of checkpo~nt  func t~on  
(9) .  In  the tuture we should he able to 
exploit our increased understanding of 
checkt-ioints to h r t h e r  t h ~ s  cause. While we 
have learned much, we have only dtpped 
beneath the  surtace o t  what we must know 
to f ~ l l l y  understand checkpo~nts.  Fortunate- 
ly we now have the blochernical and genet- 
ic toc~ls needed to ailciress many o t  these 
Interestlng and important questions. These 
are s t i~nu la t~ng  times. S o  much so that it is 
virtually ~lnpossihle to keep one's excite- 
ment in check, and that's the point. 
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Cancer Cell Cycles 
Charles J. Sherr 

Uncontrolled cell proliferation is the hallmark of cancer, and tumor cells have typically 
acquired damage to genes that directly regulate their cell cycles. Genetic alterations 
affecting p16INK4" and cyclin D l ,  proteins that govern phosphorylation of the retino- 
blastoma protein (RB) and control exit from the G, phase of the cell cycle, are so frequent 
in human cancers that inactivation of this pathway may well be necessary for tumor 
development. Like the tumor suppressor protein p53, components of this "RB pathway," 
although not essential for the cell cycle per se, may participate in checkpoint functions 
that regulate homeostatic tissue renewal throughout life. 

T h e  filnclarnental task of the cell cycle is to 
ensure that D N A  is faithf~~llv replicated once , L 

cl~lring S phase and that identical chroino- 
soma1 copies are distributed equally to t ~ v o  
daughter cells during M (1 ). T h e  ma- 
chinery for L3NA replication ancl chromo- 
some seeres~t ion is insulated fro111 interrun- ~, L 

tion by extracell~~lar signals, and its essential 
and a ~ ~ t o n o r n o ~ ~ s  nature implies that dainage 
to the pivotal components \voulLl be highly 
ilehilitating, if not fatal, to cells. Therefore, 
genes cornmancline these nrocesses shoulcl 
not be freiluent targets of mutation, deletion, 
or amplification in cancer. 

Oncoeenic nrocesses exert their oreatest - 
effect hy targeting partic~llar regulators of 
G, phase progressron ( 2 ,  3 ) .  During the  G,  
phase, cells respond to extracellular signals 
hy either a i l \m~cing towarel another divi- 
sion or \vithdrawing fro111 the  cycle into a 
resting state (G , )  ( 4 ,  5).  Unlike transit 
through the  S, G1, and M phases, G ,  pro- 
gression normally relies o n  s t im~~la t ion  by 
rllitogens and can be blc~cked hy antiprolif- 
erative cvtokines. Clancer cells abandon 
these controls and tend to remain in cycle, 

The author IS at the Howard Hughes Medical Institute 
Department of Tumor Cell Biology, St. Jude Cii~ldren s 
Research Hospital, 332 North Lauderdale, Memph~s TN 
381 05 USA. E-mail: sherr@st]iide.org 

ancl because cell cycle exit can facilitate 
inat~lration and terlninal differentiation, 
these processes are subverted as well. T h e  
decision to divide occurs as cells pass a 
restriction point late in G I ,  after \vhich 
they become refractory to extracellular 
growth regulatory signals and instead com- 
mit to the  a~~ tonornous  program that carries 
thein through to division ( 4 ,  5 ) .  A n  appre- 
ciation of restriction point control is central 
to our ~~nders tanding of how and why can- 
cer cells cont in~~ously  cycle. 

Restriction Point Control 
and the GI-S Transition 

Passage through the restriction point and 
entry into S phase is controlled by cyclin- 
ilepenilent protern kinases (CDKs) that are 
seq~~entially regulated by cyclins D, E, and A 
(Fig. 1) .  In  general, CDK activity requlres 
cyclin biniling, depends on both positive 
and negative regulatory phosphorylations 
(G), and can be constrained by at least t\vo 
families of CDK inhibitory proteins (7 ) .  

D-type cyclins act as gro\vth factor seh- 
sors, with their expression dependiilg more 
o n  extracell~llar cues than on the cell's posi- 
tion in the cycle (8). As cells enter the cycle 
fro111 quiescence (Go),  one or more D-type 

cyclins ( D l ,  D2, and L33) are induced as part 
o t  the delayed early response to gro\vth factor 
stirnulation, and both their synthesis and 
assembly with their catalytic partners, CL3K4 
and CDK6, depend on mitogenic stimula- 
tion (5). T h e  catalytic activities o t  the as- 
sembled holoenzyrnes are tirst lnanitest by 
mid-G,,  increase to a rnaxinl~~m near the 
G,-S transition, and persist through the first 
and subsequent cycles as long as mltogenic 
s t imulat~ol~ contln~res. Conversely, mitogen 
w~thilra\vcjl leads to cessation ot  cyclin L3 
synthesis; the L3 cyclins are labile proteins, 
and because then l~oloenryme activities de- 
cay rapidly, cells rapidly exit the cycle. Spe- 
clfic polypeptide illhihitors of CL3a and 
CDK6-so-cdlle~l INK4 proteins--can di- 
rectl\; block cyclin L3klependent k~nase  ac- 
tivity anil cause G1 phase arrest (9) .  T h e  four 
known 15- to 19-kD INK4 proteins 
(p161Yhi:~, 1,1 jIYK.il-, L,l ~ l Y K i c - ,  and p191Sh~4~I) 

hinil and inhibit CDK4 and CDK6, but not 
other CDKs. Like the three D-type cyclins, 
the IhTK4 genes are expressed in distinct 
tiss~~e-specific patterns, s~~ggesting that they 
are not strictly reclunclant. 

ii loss of cyclin D1-depenclent kinase 
activity before the  restriction point pre- 
\-ems many cultured cell lines from entering 
S phase, hut its absence later in the  cell 
cycle is without effect (10 ,  11).  Hence, 
cyclin D-dependent kinases must phos- 
phorylate some substrate or substrates 
whose modification is r e q ~ i ~ r e d  for G1 exit, 
ancl the retinoblasto~~la tumor suppressor 
protein (RB) is one such target (12) .  Nota- 
bly, cyclin DTlependent kinases are Jis- 
Ceilsahle for passage through the  restriction 
point in cultured cells that lack functional 
RB, and in this setting, ectopic expression 
of INK4 proteins does not induce G ,  phase 
arrest (13) .  Thus, INK4 proteins inhibit 
cyclin Ddepenclent kinases that,  in turn, 
phosp l~or~ la te  RB (Fig. 2) .  Disruption of 
this "RR path\vayH is important in cancer. 

RB ancl other RB-like proteiils (p110, 
~ 1 8 7 )  control gene expression mediated by 
a family of heterodimeric transcriptional 
regulators, collecti\~ely ternled the E2Fs 
(14 ,  15) ,  ~vh ich  can transactivate genes 
whose products are important for S phase 
entry (1 4 ,  16)  (Fig. 2) .  In  its hypophospho- 
rylated form, RR binds to a subset of E2F 
complexes, converting them to repressors 
that coilstrain expression of E2F target 
genes (17) .  Phosphorylation of RR frees 
these E2Fs, enahling then1 to transactivate 
the  same genes, a process rnitially triggered 
by the  cyclin Di lependent  kimases (5, 12,  
13)  and then accelerated by the  ciclin 
E-CDK? conlplex (1 8-20) (Fig. 2). 

In proliferating cells, the expression of 
cyclin E is norlnally perioclic and lnaxilnal 
at the  G I - S  transition (Fig. I ) ,  ancl through- 
out this interval, cyclin E enters into active 
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