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ne needs to be very bold to try to predict the future of
N\ science and technology in the twenty-first century,
considering our striking inability to predict the major advances of the
past hundred years. Even after a revolutionary new technology emerges,
the experts often fail to appreciate its impact. Witness the often quoted
1978 statement by the CEO of Digital Equipment Corporation that he
could not imagine why anyone would want a computer in his home or
the claim by one of the early critics of the Human Genome Project in
1987 that it is “a ploy to raise money . . . justified for its public rela-
tions value, not its scientific value” (Burris, Cook-Deegan, and Alberts,
1998). Both of these remarks were made by unusually wise and
accomplished people, pioneers in the relevant technologies. Our past
difficulty in predicting the future should give us pause.
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i My own research focused on the molecular mechanisms that cells
;. useto replicate their chromosomes, In 1961, when the critical point
. of action was discovered to be a DNA replication fork, this Y-shaped
¢ structure was drawn with a fig leaf over the Y, in recognition of our
. ignorance of what was going on beneath it. Today, we know that an
. incredibly efficient, the DNA at a repli-

llowed: | ,

{  Figure 33.1 presents a highly schematic comparison of the early
¢ progress of my field (left side) with the much more rapid progress that
. is being made today (right side). The pace is accelétanﬁgpﬂmarﬂr
L because of 2 large increase in the total pool of relevant scientific

i knowledge that can be combined in new ways to create new knowl-
- edge. Mathematically, there is an explosive increase in the possibili-

 ties: for example, 100 units of knowledge can be combined in 1,000

. times more ways than 10 units of knowl edge can. Even scientists seem

by the modern explosion of scientific progress. Could the

ot of this surprise be our failure to appreciate fully the counterin-
tive power of combinatorics?

THE COMBINATORIAL PRINCIPLE
APPLIED TO RES E‘ARCH:MB"(}E@;TOR}ES
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Figure 33.1.  The Accelerating Pace of Biomedical Research.
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NEW EXPERIMENTS IN
SCIENCE POLICY |
o) former colleagues in the basic science departments of research
[HVersitics seem to be busier than ever; they work nights and week-
' and still seem to be always behind. How can they hope to keep
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©  case. We spmne& the gamut from molecular biologists working on
3 genc rcgulanon in Mem to cell biologists to ciinicx;am treating the

E all af usthattim tm;mrmt subﬁclé of i c:mw research would Bene-
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ons in areas with important medical implications could
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‘?f (Curren (ly' t‘here caix imlybe a mgle'i’? on it
witﬁ wflabamarmngasaw%) If‘ fu

L of , shmmydlﬁercnt traditions, thebmmdepan
. ments éonmmg mostly PhDs and the clinical ééptrtme:ﬁts almost
. all MDs. The faculty and students in each type of departme:

- rally seek to emulate the most prestigious individuals in their profes-
" sions, wﬁo are FhEs or MDs, respectmly Ymmg scientists are

ed for h ,pmman&andﬁ)tthmmwnmpmﬁWwork
- wage¢ And yet it is precisely these scientists—the postdoc-
; &Emsmdamntpmmm one hopes would start new
re-;ca rch laboratories at the interface between clinical and basic
2 (g search in biomedicine.

. In my opinion, our present system strongly discourages innovation
i and risk taking among young scientists. Far too many of the most suc-
[ cessful young scientists go on to establish a research program that
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they contact a receiving cell, the growth factors bind to specific recep-
tors embedded in the cell’s plasma membrane that transmit a message
to the cell interior, generally by regulating enzymes called protein

kinases that change the state of phosphorylation of selected proteins
in the receiving cell The cells in a tissue are both senders and receivers
of multiple signals, and ‘each cell has been programmed during its
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. development in the embryo to interpret each of the many combina-
. tions of signals it will receive so as to either remain quiescent, multi-
. ply, differentiate further, or commit suicide (the ldst cell function is
caﬁed #p*optasw, a::d its mxportam:e in tissue maintenance has only

4 ; 3 j ’”thazcells mmwympmm&a@ncm
,pe@mdthereismthatmwhe!mmwmﬁm

Qded this wrm s gmom area targg m:znbm' s?wﬁc
naling, including more than four hundred protein kinases
ny growth factors, as I have broadly defined them. And for
humus, DNA sequencing studies have already revealed many hun-

. dreds of growth factors, a number that is certain to rise considerably
| when most of the ﬁumm genome sequence is completed in the next
| fewyears.

. Wealready know that thm signaling pathways contain many feed-

2 ps, and in such a complex system, pathologies can develop in
 network becomes altered in a way that causes abnormal
: f signaling molecules to be produced. This could in turn -

ofoundly perturb the structure of a tissue. One such pathology is
 well known—cancer, in which inappropriate signals cause a clone of
 cells to multiply without the usual restraints and produce tumors. But
. many other types of pathologies are to be expected, in which signals
| gO awry so as to cause inappropriate cell differentiation, a deficit of |
¢ cell pmleerman, or excess cell death. This type of problem, one sus-
i pects, is the underlying cause of scleroderma and numerous other
- degenerative diseases whose cause is presently mysterious (see, for
. example, Liu and Connolly, 1998).
| Because each growth factor has an effect on cells that depends both
*  on the cell type and on the other growth factors present, the combi-
| natorial use of these powerful reagents and their agonists and antag-
4 \oﬂmshoulépmde medicine in the new century with a precise and
| powerful new tool for controlling cell behaviors in a wide variety of
t  different human diseases. The analyses of a particular pathologxd tis-
. sue for growth factor anomalies may eventually require that the lev-
. els of perhaps a thousand different proteins be measured routinely
¢ and cheaply—including all of the growth factors, their receptors, and
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