
to suggest how p2 1 synthesis might be turned 
on in differentiating muscle cells. Over the 

Cell Cycle Inhibitors May Help 
Brake Growth as Cells Develop 
F o r  a normal developing cell, the decision to 
commit to becoming a particular type of spe- 
cialized cell carries a heavy price. The cell 
must give up the prospect of achieving im- 
mortality through its progeny, withdraw 
from the cell cycle, and stop dividing. That 
may sound dire, but it is necessary for the 
well-being of the organism. "Once the devel- 
opmental program is executed, it's very im- 
portant that you shut off the cell cycle and 
keep cells from dividing," notes geneticist 
Steve Elledge of Baylor College of Medicine 
in Houston. Even one cell dividing when it 
shouldn't can lead to cancer. and if the b rob- 
lem were widespread, normal formation of 
tissues and organs would be disrupted. Just 
what causes cells to stop dividing when they 
differentiate into their specialized cell types, 
however. has been a mvsterv. , * 

Now a burst of new studies is offering 
some clues.Three DaDers in this issue. one 

A .  

from a group including Elledge and Baylor 
biochemist Wade Harper and two from a 
team led by Andrew Lassar of Harvard Medi- 
cal School, suggest that one reason muscle 
cells stop dividing as they differentiate is that 
they produce a protein, p21, that inhibits a 
key enzyme needed for the cell cycle (see pp. 
1018, 1022, and 1024). What's more, the 
involvement of cell cycle inhibitors in stop- 
ping cell growth during differentiation may 
not be limited to muscle cells. because re- 
searchers have made similar findings, some 
not yet published, in other cell types. 

Stave Kohtz of Mount Sinai School of 
Medicine in New York City, who is also 
studying links between the cell cycle and 
differentiation, calls the new results "fasci- 
nating." And if they are borne out by further 
work, there could be a larger payoff, says 
Kohtz. because understandine how the cell " 
cycle is coordinated with differentiation is 
"fundamental to understanding the molecu- 
lar basis" of such basic developmental prob- 
lems as the formation of structures in the 
developing embryo. 

The work also provides a good example of 
how previously diverse fields can merge, be- 
cause Lassar and Elledge came to the current 
subiect from different directions: Lassar from ~ ~ 

a longtime interest in muscle differentiation 
and Elledge from his specialty, cell cycle regu- 
lation. An  early clue that pointed muscle 
researcher Lassar toward the cell cycle came 
2 years ago when Bernardo Nadal-Ginard's 
group, also at Harvard Medical School, and 
Lassar's own group independently showed 
that the growth-inhibiting activity of the 

protein produced by the retinoblastoma (Rb) 
tumor suppressor gene is needed to keep dif- 
ferentiated muscle cells from dividing. That 
finding provided a link to the cell cycle, be- 
cause researchers had previously shown that 
the activity of the Rb protein is controlled by 
key cell cycle enzymes, the cyclin-dependent 
kinases (cdks). The cdks regulate the activity 
of other proteins by adding phosphate groups 
to them, and cdk phosphorylation of the Rb 

- 
past few years, researchers have learned that 
as muscle cells begin to differentiate, they 
produce a family of transcription factors, 
called the myogenic basic helix-loop-helix 
(bHLH) proteins. These factors trigger the 
activity of genes that make characteristic 
muscle proteins, such as myosin, a compo- 
nent of muscle's contractile apparatus. Both 
the Lassar group and the Harper-Elledge 
team, which includes developmental biolo- 
gist Gregor Eichele of Baylor and muscle de- 
velopment specialist Eric Olson, who is at 
M. D. Anderson Cancer Center in Houston, 
have shown that in cultured cells one of 
these bHLH proteins, MyoD, can turn the 
p21 gene on. This effect, incidentally, does 

not require the activity of 
the p53 tumor suppressor 
protein, which had been 
shown in previous work to 
activate p2 1 expression in 
resDonse to DNA damage. 

u 

Equally interesting, Las- 
sar suggests that p21 may 
play a dual role, actively 
fostering muscle cell differ- 
entiation in addition to in- 
hibiting cell division. The 
researchers found that ex- 
pressing the genes for p21 
and another cell cycle in- 
hibitor, p16, in proliferat- 

Oral arguments. Areas where the p21 gene is expressed in ing immature muscle cells 
tongue and masseter muscles are shown in a coronal section stimulates production of 
through oral cavity of a wild-type mouse embryo. muscle-specific proteins. 

Intriguingly, p21 and p16 
protein effectively puts it out of commission, may produce their dual effects via exactly the 
allowing the cell cycle to proceed. But in the same mechanism-inhibiting cdk action. As 
case of differentiating muscle cells, the ques- their name indicates, the activity of the cyclin- 
tion was not what turns Rb off. The auestion de~endent kinases de~ends  on coo~eration 
of interest was how is Rb turned on so that it 
stays on and inhibits cell division in special- 
ized cells? 

Beginning just over a year ago, several 
groups, including that of Elledge and Har- 
per, found a good place to start looking for 
the answer. They identified several proteins 
that inhibit the cdks (Science, 10 December 
1993, p. 1644). As Lassar puts it, "It didn't 
take a rocket scientist to realize" that produc- 
tion of such proteins, by inhibiting the cdks, 
could allow the Rb protein to do its job of 
taking differentiating muscle cells out of the 
cell cycle. 

Early results support that hypothesis. In 
the paper that appears on page 1018, Lassar 
and his colleagues report that as muscle cells 
differentiate in lab culture they induce syn- 
thesis of one of the inhibitors, p21. "The 
nice asDect of this correlation is that it Dro- 

by partner proteins called cyclins. The Lassar 
group in the current studies (along with 
Kohtz and colleagues in previous work) find 
that the activity of the cyclin designated D l  
inhibits MyoD's ability to stimulate expres- 
sion of muscle-specific genes. As Lassar puts 
it, "you're getting two things for the price of 
one with these cdk inhibitors." 

The idea that p21 might couple differen- 
tiation and inhibition of the cell cycle was 
given further plausibility by the work of the 
Elledge-Harper team. While the Harvard 
group's work was all done in cultured cells, 
the Texas workers examined expression of 
cell cycle inhibitors in developing mouse 
embryos. They found that production of p21 
is turned on in muscle cells of the developing 
embryo just when those cells begin undergo- 
ing terminal differentiation. "Our paper 
shows the inhibitors are ex~ressed at the 

vides a mechanistically simple way to couple right time in the embryo to be part of the 
muscle differentiation and cell cycle arrest," regulatory mechanism," says Olson. 
Lassar says. And that regulatory pattern may be found 

The new work goes beyond that finding in more than just muscle cells. The Texas 
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team h,ls ti)~unci t h ; ~  the p? l gene is turneci on 
Jurin. terminal differentiation of several 

MATHEMATICS 

other cell types, including cartilage, skin, 
anti the lining of the nasal passages. Other 
researchers incl~rding Paolo Dott~7 of Har- 
varJ Meciical Schoc)l, working with skin 
cells, anil Bert Vogelstein of Johns Hopkins 
University School of hle~iicine, \vclrking 
~vi th  cells of the intestinal lining, are finding 
correlations hetween 172 1 expression and 
cnrll~nitlnent of cells to their lilatilre fates. 

In spire of this accum~~laring evidence, 
the link bet\veen 172 1 a n ~ i  terminal differen- 
tiation is not airtight. For one thing, the 
results from embryos differ in a significant 
\Yay from the cultured cell data: The myo- 
genic hHLH protein MyoD turne~l on 1721 
cx~~ression in thc cultured cclls. hut it is not 
necessary ti)r activation ofthe gene, because 
172 1 pr(~ductiou c>ccurrcd even in embryos in 
which the hlyol2 gene hail been inactivated. 
Elledee says this doesn't necessarilv mean the 

x.. , 
myngenic bHLH proteins have no role in 
t ~ ~ r n i n v  on n2 1. He notes that another of -. A 

these proteins, Myf-5, has the same range of 
activities as MyoLJ and might 17e doing the 
job in MyoD's absence. 

But perh,ips the biggest cwveat is that the 
researchers are still working at the level of 
correlations. Simply finding that p? l is 
t u r n c ~ l ( > ~ ~  as cells clifferentiate iloesn't neces- 
sarily mean it plays the pustulated role in 
coupling differentiation to growth cessation. 
Although rnolcc~~lar biologist Robert Wein- 
berg of the Whitehead Ins t i t~~te  ti)r Biomeil- 
ical Research says he finds the correlations 
6 6 ,  ~nteresting," he nevertheless cautions th,it 
"correlations arc ni> longer as exciting as they 
were." Weinherg is referring to the fact that 
there are now more direct wavs to test 
Ivhether a protein h ~ s  a particillar function. 
Its gene can he knocked out, h r  csa~nple, or 
specific antil7i)~iies can be ~lseci to block the 
nrotein's activitv. 

The researchers iloing the tvork are the 
first to c~~ncccle that these more clefinitive 
rests necii to he done. As Lassar says, "The 
proof of the pudding for the speculate~l role 
[of172 I ]  xvaits the f i~l~ct ic~nal  inactivation of 
the gene pri)di~ct." But even if 1721 itself 
strikes out as a link hetiveen the cell cycle 
and iiifferentiution, other cell cycle in1;ibi- 
tors arc waiting their turn at bat. Kohtr says, 
for example, that his work points to one 17f 

these, iluhhed p27, as possibly important in 
mi~sclc. In fact, there's already preliminary 
cvidcnce that se\.eral cell c\.cle inhihitors 
hesiiies p2 1 may he involved. 

Inilecil, Elleilgc says, efforts to pin clown 
the role of the cell cvcle inhibitors in dit't'cr- 
entiation is just getting off the grounci. Rut 
exploring just when anii where they arc 
turneii on in the embryo nxly eventually givc 
researchers a more precise view of how orga- 
nihlns develop. 

-Jean Marx 

A Visit to Asymptopia Yields 
Insight Into Set Structures 
W i t h  computer circuitry and telecomm~~ni-  you \\ant people to mix, so you ilon't want to 
cation netivorks growing in complexity by wind up ni th any "triangles" consisting of 
leaps and bounds, researchers ~ v h o  analyze three people each of whom already knows 
the hniiamental m;lthematic,il features the other tiyo. On the other hand, you don't 
these finite l ~ t  increasingly largc systems of- want to winci up with any large groups of 
ten must scrnmlile to keep pace. But complete strangers. sc) you ileci~le to 
Jcong-Hon Kirn of AT&T Bell reili~ire t h ~ t  ;lrnong any, say, five $ 
Lahs in Murray Hill, New Jer- people, at least t\vo should 
sey, decided to beat technol- know each < h e r .  Satisfying $ 
ogy to the p ~ ~ n c h .  Kim was hoth co~lstraints gets harder o 
trying to determine the size as the guest list gets longer, $ 
at which net\vorklike sys- but just how large can the S 
terns inevitably cle\.elop party get before the con- 3 
certain specific str~~ctures, straints hrcak do\vn? And ' 
but he gave up examining hinv cioes the possihle size 
systems of finite sire be- of the parry grow as you 
cause they hccarnc too change the group size from 
complex. Instead, he tooka five to, say, 1C7,17017? 
new approach. Hc looked Xlathematicians usually 
for as~mptotic results: theo- frame the prclblem in terms 
relns thdt set l~ounds on the of graphs, ~vhich consist of 
behavior of large systems points connected by line 
rathcr than dcscrihing it segments, or edges. Ram- 
exactly. Such t11ec)rems still sty's theorem, \vhich dates 
apply-indeed, they grow hack to the 19217s, implies 
more precise-,is the sys- that h r  any number k (say 
terns grmv infinirely large. k = j ) ,  every graph with 

Kirn's etfirt yieliled a "sutfic~ently ~nany" points 
major step hr\vard in either contains at least one 
Rarnscy rhcc~ry, d branch 4 g  triangle"-that is, three 
of m:~thern;ltics concerned Sets and structure. A "graph" of points each connected to 
ni th  the ilnavoiilability of l 3  points can be drawn ;he other two-or else it 
"accidental" structures in to have no triangles and no set of 

contains a set o f k  hindepen- five points without one link in com- 
lnrge systerns. His success mon (top,, but when the graph dent" points, none of them 
is also a vindication of ,I grows to 14 points, one constraint connectej to each other. 
strategy that a groiving or the other breaks down (red). h4ore generally, Ramsey 
nurnbcr of researchers arc 
adopting, as Joel Spencer of the Courant In- 
stitute of Llathernatical Sciences iiescrihed 
last  non nth in San Francisco at the joint 
~ncctings of the American h'lathcmatical 
Society and the Mathematical Association 
of America. Searching f i ~ r  asymptotic rather 
than exact solutions has a key advantage, 
Spencer argueii in a talk c;~lleil "Aciventures 
in Asymptopi;l": It makes available the arse- 
nal of rnc~ls from calculus and differential 
equations, which don't readily apply to fi- 
nite-sized systems. Speaking ni th the enthu- 
siasm of a mathe~natical travel agent, Spen- 
cer ilescribcd Asyrnptnpia as "a magical place 
where all the prohlems that yo11 have ni th 
iliscrete calculations just nlelt aivay!'' 

What Kim ti)unii in Asymptopi~ \vas the 
solution to R vexing problem in Ratnsey theory 
that is sometimes decrihed as the party prc1l7- 
lenl. Suppose you \vant to throw a party and 
arc ilcciding on a g ~ ~ c s t  list. O n  rhc one hand, 

theory says that almost any 
pattern can bc t'ounli in a system with suffi- 
ciently many parts-a fact that undc.lubteil1y 
helped early stargazers see constellations and is 
;I bane ofnetivork desinners. who can be blinil- r 

sided by uncxpcctcd connection patterns. 
The sticking point is the phrase "suffi- 

ciently tnany." Some graph theorists havc 
fi~cused on looking h r  exact \.slues for the 
function they dub R(3,k)-the smallest size 
at Lvhich graphs are gi~arantee~i to contain 
either a tri;lngle or an independent set ofs ix 
k. They havc succeeded in finiiing values 1117 

to k = 9. But there the search has stalled as 
the proofs hec;lme increzlsingly intricate. So 
other oranh theorists h a i r  cc~ncentrated their n A 

efforts on the asymptotics i)f K(3,k)-look- 
ing for formulas that, \vhilc not precise, give 
bounds that hold no matter hc~\v Inrge k is. 

By the carly 1980s, graph theorists hail 
si~ccccded in bi~xing the values ofH(3,k) he- 
tween multiples of k2/(log k)'  and k2/log k. 




