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126 Eukaryotic Cells

Programmed Cell Death

At certain stages in the development of a multi-
cellular organism, some cells must die. This
well-regulated process is called is called apop-
tosis (programmed cell death), as suggested by
Kerr in 1972.The importance of this biological
phenomenon was first realized in studies of a
tiny worm, the soil nematode C elegans (see
p.304). If apoptosis does not occur, develop-
mental failure of the organism or cancer may
result. Apoptosis is regulated in the apoptosis
pathway by many proteins, which either trigger
or prevent apoptosis. Apoptosis can be trig-
gered by a variety of stimuli that act either from
outside the cell (extrinsic pathway) or from
within the cell (intrinsic pathway). External
stimuli may be irradiation, withdrawal of es-
sential growth factors, or glucocorticoids. An
intrinsic stimulus may be spontaneous damage
to the DNA of the cell.

A. Importance of apoptosis

Apoptosis occurs mainly during development.
For example, the digits in the developing mam-
malian embryo are sculptured by apoptosis (1).
The paws (hands in humans) start out as spade-
like structures. The formation of digits requires
that cells between them die (here shown as
brightgreen dots on the left). More staggering is
the amount of apoptosis in the developing
vertebrate nervous system. Normally up to half
of the nerve cells die soon after they have been
formed. In the embryos of mice thatlack anim-
portant gene regulating apoptosis (caspase 9,
see below), neurons proliferate excessively and
the brain protrudes above the face (2).
(Illustration in 1 modified from Alberts et al.,
2002; in 2 from Gilbert, 2003, according to
Kaida etal., 1998.)

B. Cellular events in apoptosis

The first visible signs of apoptosis are conden-
sation of chromatin and shrinking of the cell.
The cell membrane shrivels (membrane bleb-
bing), and the cell begins to disintegrate (nu-
clear segmentation, DNA fragmentation). An
apoptotic body of cell remnants forms, which
eventually dissolves by a process called lysis.
(Figure modified from Dr. A. J. Cann, Microbi-
ology, Leicester University, displayed at Google
Images, 22 March, 2005.)

C. Regulation of apoptosis

Specialized cysteine-containing aspartate pro-
teinases, called caspases, play a central role.
They activate or inactivate each other in a de-
fined sequence. Binding of a ligand, Fas, of a cy-
totoxic T cell (see section on immune system) to
the Fas receptor (also called CD95) activates an
intracellular adaptor protein, FADD (Fas-as-
sociated death domain). This binds to and acti-
vates procaspase 8 into active caspase 8.
Caspase 8 causes release of cytochrome ¢ in mi-
tochondria (see p.130) and activates several
different effector caspases. Downstream of
caspase 8, two pathways exist. In type Icells (in
thymocytes and fibroblasts), caspase 8 directly
activates caspase 3. In type Il cells, such as hepa-
tocytes, caspase 8 cleaves Bid, a member of the
Bcl-2 family.

The mouse and human genomes contain 13
caspase genes (1-12 and 14; see table in the ap-
pendix). Human caspases 3 and 6-10 are in-
volved in apoptosis, the others in inflammation
(Nagata, 2005). Caspase 8 also serves as a selec-
tive signal transducer for nuclear factor KB (NF-
kB) during the early genetic response to an an-
tigen (Su et al., 2005 ). Other regulators of apop-
tosis are members of the Bcl-2 family (the name
Bcl is derived from B-cell lymphoma, a human
malignant tumor originating from B-lympho-
cytes and caused by mutations in this gene).
(Figure from Koolman & R6hm, 2005.)
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