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When Do Telomeres Matter?

Jerry W. Shay and Woodring E. Wright

ome cultured mammalian cells do not
Sproliferate indefinitely but rather, af-

ter a certain number of doublings,
permanently stop dividing, a process called
replicative senescence. Human cells use
shortening of telomeres (the ends of chro-
mosomes) with each cell division to count
the number of cell divisions they have
undergone, and stop dividing
after 50 to 90 doublings. Ro-
dent cells do not seem to have a

compelling evidence that cultured rodent
cells do not use the shortening of telo-
meres to time their cessation of division
after 10 to 15 doublings (4). The telomeres
of mouse and rat cells are 5 to 10 times as
long as those of human cells. Their telo-
meres are so long that although rodent
cells engineered to lack telomerase show
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ratory for Molecular Cell Biolo-  Telomere ot
gy in London. On pages 868 shortening Rb/o16INKéa
and 872 of this issue, they pre- PECVRRDS
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sent persuasive evidence that, A 4

under the correct culture condi- Checkpoint Appropriate
tions, normal rat oligodendro- arrest environment
cyte precursor cells (/) and rat (senescence)
Schwann cells (2) continue to
divide indefinitely. These find-
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ings are of obvious practical im-
portance because they establish

shortening | mutations
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the conditions necessary for suc- inactivation

cessful propagation of the sup-

portive cells of the nervous sys- Y

tem. However, they also help to Chromoeom8 ook, . oo (usually) CONtinuous
o end fusions . growth in

resolve a feature of replicative and apoplois

senescence that has been widely (crisis) ALT pathway (rarely) (immortal)

misinterpreted. The authors pro-
vide direct evidence that what
has been called cellular senes-
cence in cultured rodent cells in
fact may be a response to inap-
propriate culture conditions.
Replicative senescence in human cells
(most of which lack the enzyme telom-
erase that prevents loss of telomeres) is
caused by shortening of the telomeres with
successive cell divisions (3). Once telo-
meres become sufficiently short, they pre-
sumably lose the ability to mask the end of
the chromosome and prevent it from being
recognized as a broken DNA molecule.
This results in activation of the p53-depen-
dent damage checkpoint, which induces
growth arrest of the cells (3). There is now
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telomere shortening, they show no de-
crease in the number of doublings before
division ceases (5). Although telomerase is
active in the rodent neural cells studied by
the Raff and Lloyd groups, the presence of
telomerase activity does not explain why
the authors succeeded in growing these
cells indefinitely.

If telomere shortening is not inducing
rodent cellular senescence, then what is? A
core concept of modern theories of aging is
that longer-lived species have evolved
more efficient maintenance and repair ca-
pacities in order to better fend off the dam-
age that accompanies the passage of time.
Mouse and rat cells repair DNA damage
far less efficiently than do human cells (6)
and are much more sensitive to a variety of

agents that produce oxidative stress (7).
This has led to the hypothesis that the for-
eign environment of tissue culture—which
has two rather than three dimensions, lacks
most extracellular matrix molecules, has
20% oxygen, and contains a distorted mix-
ture of nutrients, trace elements, hormones,
and serum—might induce a level of stress
that can be tolerated by human fibroblasts
but causes progressive damage and eventu-
al growth arrest of mouse fibroblasts (4).
The authors of the new studies are to be
congratulated for discovering the appropri-
ate culture conditions that permit the indef-
inite growth of rat oligodendrocyte precur-

The long and short of aging. Most rodent cells con-
tain the enzyme telomerase and have long telo-
meres. Under the appropriate tissue culture condi-
tions, rodent cells are capable of continuous growth
(7, 2, 8). However, an inadequate culture environ-
ment (for example, that in which appropriate sur-
vival factors are missing or where different cell types
cannot interact) may result in DNA damage or other
stresses that induce arrest of cell division at cell cy-
cle checkpoints. The spontaneous inactivation of
p19*%*, p53, and perhaps p16™K% under standard
culture conditions frequently enables normal rodent
cells to grow continuously. Human fibroblasts have
short telomeres and are usually telomerase silent. As
is the case with rodent cells, inadequate culture con-
ditions may induce human cells to activate check-
point pathways that lead to their early (and telo-
mere-independent) growth arrest (9, 70). In contrast
to rodent cells, bypass of the p53 and/or
pRb/p16™K42 checkpoints is insufficient to immortal-
ize human fibroblasts but does prolong their life-
span. Continuous telomere shortening of human fi-
broblasts leads to chromosome fusions, crisis, and
apoptosis. Only a rare human cell (1 in 10 million)
can bypass crisis either through telomerase reactiva-
tion or through ALT (the rare altemative pathway for
telomere lengthening). Although methods for count-
ing the number of cell divisions do not limit the
growth of cultured rodent cells, in human cells telo-
mere shortening does provide a record of the number
of doublings and does control replicative senescence.

sor cells and Schwann cells. They also de-
serve a round of applause for demonstrat-
ing that these cells do not have any intrin-
sic method for counting cell divisions that
could prompt their entry into replicative
senescence. The use of the term cellular
senescence to describe the growth arrest of
cultured rodent cells reflects a historical
misapplication of terminology rather than
any underlying molecular pathway.

In spite of their success, it is clear that
the “appropriate” culture conditions are
still not perfect. The new papers report in-
creases in cell cycle checkpoint factors,
such as p19”RF and p16'NK4 for cultured
Schwann cells (2), and pl19ARF p]18INKda
and the Cip/Kip family of cyclin-depen-
dent kinase inhibitors (p21, p27, and p57)
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for oligodendrocyte precursor cells (/).
These increases do not result in growth ar-
rest, apparently because there is a compen-
satory increase in the expression of posi-
tive growth mediators such as Cdk2, Cdk4,
and cyclins D1, D3, and E. The indefinite
growth observed by the investigators prob-
ably reflects a combination of culture com-
ponents that minimize “stress,” including
the right hormones and other factors that
are able to balance the stresses that do oc-
cur. The cultured neural cells remained
diploid (that is, they retained both sets of
chromosomes) and, in contrast to most es-
tablished rodent cell lines, their cell cycle
checkpoints were activated normally in re-
sponse to insults such as irradiation or the
overexpression of Ras.

It is widely believed that replicative
senescence evolved to limit the number of
available cell divisions, and that it thus be-
haves as a brake against the accumulation
of the multiple mutations needed for a cell
to become malignant. A 70-kg man who
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lives for 80 years has to be 14,000 times as
resistant to developing cancer as a 0.2-kg
rat that lives for 2 years: (70 kg + 0.2 kg) x
(80 years + 2 years) = 14,000. The results
of the two new studies (/, 2) support the
notion that a cell’s conventional arsenal—
which includes DNA repair pathways and
antioxidant enzymes—is adequate to pro-
tect against the accumulation of mutations
and development of cancer during the short
life of small organisms. In contrast, larger
and longer-lived species had to evolve
replicative senescence to ensure that they
would have the greatly increased protection
that their longevity necessitated (4). Thus,
although some might interpret the indefi-
nite growth of normal rat oligodendroglial
precursor cells and Schwann cells as a fea-
ture unique to only specific cell types, we
think it more likely that this unfettered
growth represents a fundamental biological
difference between normal human cells
(which count cell divisions) and normal ro-
dent cells (which do not). Appreciating this

difference will be essential for designing
and interpreting experiments that investi-
gate how replicative senescence, telomeres,
and telomerase are involved in aging and
cancer. ‘
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Toward Functional Spintronics

Hideo Ohno

electronics we have been witnessing is
solely based on the charge carried by
electrons. The other key property of the elec-
tron, its spin, has been completely ignored in
semiconductors but is
Enhanced online at used in information
www.sciencemag.org/cgi/ storage by magnetic
content/full/291/5505/840 materials. Researchers
are now investigating
ways to use both properties simultaneously in
semiconductors (/). This field is often called
semiconductor spintronics because it is ex-
pected to lead to the integration of processing
and storage capabilities thus far carried out
separately and to quantum information pro-
cessing that exploits the quantum nature of
the spin state (2). A key advance has been the
synthesis of magnetic semiconductors based
on III-V compounds (such as GaAs used in
transistors and lasers), which may enable the
integration of magnetism into existing semi-
conductor devices (3). However, practical ap-
plication of spintronics requires room-tem-
perature ferromagnetism in semiconductors.
Making such materials represents a substan-
tial challenge for materials science.

The enormous success of semiconductor
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magnetic semiconductors were reported re-
cently. But all of them are ferromagnetic
only below room temperature and have a
band gap in the infrared; that is, they are
opaque. Initial results about room-tempera-
ture ferromagnetism in semicon-
ductors were reported recently
by two other groups (5, 6).

The semiconductor reported
by Matsumoto et al. (4) pro-
vides considerable flexibility in
designing circuits and storage,

Laser Target

Schematic diagram of the combinatorial laser ablation
apparatus used by Matsumoto et al. The method allows
the formation of a series of thin films with varying elemen-
tal composition under virtually identical conditions. With-
out such methods, one needs to prepare thin films one by
one while trying to keep the preparation conditions the

same, which is time consuming and difficult.

On page 854 of this issue, Matsumoto
et al. report the discovery of just such a
material (4). Their room-temperature fer-
romagnetic semiconductor is based on
anatase, one of the forms of titanium diox-
ide, doped with a few percent of cobalt.
The material is made by laser ablation in
high vacuum. Its band gap is wide enough
(E, = 3.2 eV) not to absorb any light at
visible wavelengths, and the semiconduc-
tor is therefore completely transparent.

Ferromagnetic semiconductors such as
europium oxide have been known for
decades, and III-V- and II-VI-based ferro-
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particularly for devices with
displays. Semiconductors can
be used to build circuits, but
when they are ferromagnetic,
they may also be used to build
magnetic storage devices called
magnetic random access mem-
ories (7). The working dimen-
sion in semiconductor circuits
and magnetic storage becomes
smaller and smaller as the quest
for ever higher speed and densi-
ty continues. However, we can-
not reduce the dimensions of visual user
interfaces at the same rate for obvious rea-
sons. The ideal scenario would be the inte-
gration of the electronic circuits and mag-
netic storage with the user interface in a
single flat panel display, leading to a truly
electronic paper. Especially when the dis-
play itself needs thin film transistors to
drive individual elements (as is the case in
liquid crystal displays, where opaque tran-
sistors block some of the fluorescent back-
light), the full integration of circuit-stor-
age-display by a transparent semiconduc-
tors is highly desirable.
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