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The definition of lysosomes as cellular
“suicide bags” derives from DeDuve’s
early work on fractionation and identi-
fication of cellular organelles. Since
lysosomes contain degradative systems
for proteins, carbohydrates, and lipids,
it seemed natural that they should par-
ticipate in cellular death and disman-
tling. But the last five years have seen a
rapid advance in our understanding of
the genetics and biochemistry of cell
death, and it is apparent that a well con-
served specific program exists in meta-
zoans to execute superfluous or disobe-
dient cells. This program is called
apoptosis. Lysosomes or their con-
stituents had not been considered to
participate in this process under nor-
mal circumstances, and one cannot
find discussion of these organelles or
their constituents in the most recent
series of eloquent reviews that cover the
entire field of apoptosis (1–7). To be
sure, there is evidence that lysosomal
hydrolases participate in the unruly
form of cell death known as necrosis
and in the autophagic cell death found
in neuronal populations (8). It is even
evident that lysosomal rupture can trig-
ger apoptosis under certain pathologic
conditions (9), but to this point there
has been little reason to believe that
lysosomes participate in bona fide
physiological apoptosis (Figure 1).

Pathways to cell death
The initiation and execution phases of
apoptosis both require the activation
of cysteine proteases of the caspase
family. The executioner caspases 3 and
7 are responsible for the majority of
limited proteolytic events that drive the
protein machinery of the apoptotic
response. These very specific proteases
clip one or two bonds in proteins,
either activating their substrates, as
with certain apoptosis-related endonu-
cleases and protein kinases, or inacti-
vating them, as with transcription fac-
tors, mRNA splicing proteins,
translation initiators, or cytoskeletal
components. Together, these cleavages

provide the biochemical signals
required to kill and dismantle cells.
There is currently no recognized role
for noncaspase proteases in driving the
execution phase. The initiation phase
requires the activation of caspase 8 or
caspase 9, which participate directly in
the activation of the executioner zymo-
gens. Interestingly, other proteases may
also participate in the initiation phase,
the most notable being the serine pro-
tease granzyme B (10).

Although the participation of other
proteases in initiating apoptosis has
often been proposed, no clear role for
these enzymes has emerged. But now a
lysosomal protease, cathepsin B, has
entered the fray. A recent paper in the

JCI describes a deficit in apoptosis trig-
gered by TNF-α in mice ablated in the
gene for cathepsin B, thus bringing the
role of lysosomes back to the forefront
(11). Guicciardi et al. propose that, in
addition to the better-established
events shown in Figure 1, TNF-
α–induced apoptosis of hepatocytes
involves a lysosomal intermediate
between the activation of caspase 8 and
the execution phase. In particular, they
suggest that hepatocytes, which appear
to employ the Bid shunt (Figure 1), also
require the release of cathepsin B from
lysosomes to promote the intrinsic
pathway to cell death. The requirement
for this intermediate step may account
for the lag observed in these cells

Figure 1
Two initiation pathways, triggered by separate events, converge to execute apoptosis. The extrinsic
pathway (lighter shading) encompasses the extracellular ligation of death receptors by their cog-
nate ligands, resulting in receptor clustering, adapter recruitment, and activation of the apical pro-
tease caspase 8. Thus, death receptors act as a conduit for the transmission of extracellular death
signals into the cell’s interior. The intrinsic pathway (darker shading) responds primarily to cellular
stress (ionizing radiation, cytotoxic drugs, etc.), with the mitochondrion acting as an important inte-
grator. Pro- and antiapoptotic members of the Bcl-2 family (Bax and Bcl-2 serve as examples) reg-
ulate the lethal stress-response threshold. Activation of the apical protease caspase 9 occurs when
it is driven into an active conformation by its cofactor Apaf-1, which itself requires prior binding to
cytochrome c. Both pathways activate the executioner proteases caspases 3 and 7. The proapop-
totic Bcl-2 family member Bid is at an intersection between the two initiation pathways. An impor-
tant feature of the extrinsic pathway is that several receptors, in response to their cognate ligands,
converge their death signals by activating caspase 8. Now, new evidence (11) proposes a role for the
lysosomal protease cathepsin B in the extrinsic pathway triggered by TNF-α.
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between TNF-α treatment and the exe-
cution phase of apoptosis.

One reason not to have considered
lysosomal cathepsins previously is that
many of them — including cathepsin B —
are irreversibly inactivated in vitro at the
pH found in the cytoplasm (12), whereas
caspases are maximally active under these
conditions (13). Nevertheless, placing
cathepsin B just downstream of caspase
8 leads to a number of testable predic-
tions, each descending from the current
understanding of the varied signals ema-
nating from death receptors. Since the
most direct demonstration of a role for
cathepsin B comes from the severely
delayed apoptosis in the explanted hepa-
tocytes of ablated mice, it is worthwhile
to consider what other knockouts have
told us of the relative importance of pro-
teases in apoptosis.

Phenotypes of caspase-deficient mice
Confirmation of the important roles of
the caspases in apoptosis comes from
gene ablation experiments in mice, in
which the deficiency in apoptosis is very
clear and leads to early embryonic
lethality (caspase 8) or perinatal lethali-
ty (caspases 3 and 9) (14–16). Therefore,
the otherwise normal development and
phenotype of the cathepsin B knockout
(17) seems initially to be at odds with
the suggestion that cathepsin B is
required for the extrinsic apoptosis
pathway. If the cathepsin B apoptotic
block is downstream of caspase 8, then
one would expect the same phenotype
in the two knockout mice. This is not
the case, since the caspase 8 knockout
mouse is embryonically lethal, with
death occurring around mid-gestation
due to abnormal heart muscle develop-
ment and erythrocytosis of major
organs. Could cathepsin B be required
for the Bid shunt from the extrinsic to
the intrinsic pathway (Figure 1)? If this
were the case, one would expect a phe-
notype similar to caspase 9 ablation.
Apparently this is not the case, since cas-
pase 9–/– mice display a developmentally
impaired phenotype with delayed apop-
tosis and perinatal lethality.

One explanation for the block in
apoptosis in explanted cathepsin B–/–

hepatocytes is that the effect may not be
in the common areas of death signaling
pathways, but more specifically related
to the type 1 TNF receptor (TNFR-1, the

main conduit for apoptotic signaling by
TNF-α). Mice ablated in this receptor
have no obvious developmental pheno-
type, although they suffer from unre-
solved infectious diseases during adult
life. TNFR-1 belongs to a family that
includes Fas, the cognate receptor of Fas
ligand (18). If cathepsin B is involved
specifically in the TNF-α pathway,
might the cathepsin B block also be seen
following Fas ligation? If so, this would
support the model proposed by Guic-
ciardi et al. (11), which places the block
downstream of caspase 8, a common
position for both TNFR-1 and Fas.

Another possibility is that the apop-
totic block reported for the cathepsin B
knockout reflects changes in TNFR-1
protein levels. A substantial decrease in
the receptor of cathepsin B–/– mice may be
an attractive explanation of the hepato-
cyte phenotype, given the purported
role of this lysosomal protease in pro-
tein degradation. This could be checked
by comparing steady-state levels of cell
surface receptor in cathepsin B–/– and
cathepsin B+/+ hepatocytes. Moreover, if
only the death pathway emanating from
TNFR-1 is affected in the cathepsin B
knockouts, then one would expect the
competing rescue pathway transmitted
by NF-κB activation to be fully func-
tional. Downregulation of the NF-κB
pathway in cathepsin B–/– hepatocytes
would indicate decreased receptor pro-
tein levels or defects in the specific sig-
naling assemblages of this multifunc-
tional receptor, rather than a specific
block of the apoptosis pathway.

In the latter scenario, the cathepsin B
knockout would share features of the
TNFR-1 knockout phenotype, raising
another testable prediction. Inactiva-
tion of the NF-κB branch of TNF-α sig-
naling, for example by ablation of RelA,
is embryonically lethal due to sensitiza-
tion to TNFR-1–mediated apoptosis.
Because RelA protects the embryonic
liver from TNFR-1–mediated apoptotic
signals, this lethality can be rescued by
crossing TNFR-1–ablated mice into the
RelA–/– background (19). Will RelA–/–

lethality also be rescued in the cathepsin
B–/– background?

Irrespective of the location of the
apparent block of TNF-α signaling in
the absence of cathepsin B, the paper by
Guicciardi et al. (11) opens up a fasci-
nating biology for this much studied

protease. It now joins its cousins cathep-
sins L and S — which participate in anti-
gen processing for MHC-II loading (20,
21) — in mediating the response of cells
to their environment. The lysosomal
cysteine proteases can no longer be con-
sidered as simple garbage disposers.
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