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OTHER WAYS TO CELL DEATH

Although most apoptosis in mammals occurs by
means of the mitochondrial pathway or death
receptor ligation, caspase activation can occur
by other mechanisms as well. Some of these
lead to cell death, and some have other func-
tions.

Apart from the executioner caspases, cas-
pases are activated by the mechanism known
as induced proximity. As we have seen, this al-
lows the formation of dimers or higher-order
oligomers, which is generally effected by the
binding of one or more adapter proteins to the
prodomains of the caspase monomers. These
adapter proteins help to define the caspase-ac-
tivation pathway involved. In this review, we
discuss the activation and functions of other
caspases that can participate in cell death but
can also have other functions as well—caspase-
1, caspase-2, caspase-4, and caspase-5 (as well as
caspase-11 in mice). These caspases are not ac-
tivated by the pathways described in Green
(2022a,b) but, rather, by other activation plat-
forms. And although some of these can induce
apoptosis, others cause another form of cell
death—pyroptosis (a form of necrosis).

THE “ADAPTERLESS” ACTIVATION OF
CASPASES-4, -5, AND -11

So far, we have discussed two ways in which
caspases are activated: cleavage in the case of
executioner caspases and induced proximity
by the binding of initiator caspases to adapter
molecules. But the activation of caspases-4 and
-5 (in humans), and caspase-11 (in rodents),
uses a different approach. Like the initiator cas-
pases, these caspases exist as monomers ex-
pressed in myeloid cells (such as macrophages
and dendritic cells) and most epithelial cells.
And, like initiator caspases, they are activated
by induced proximity. However, it appears that
this can occur without a requirement for an
adapter protein.

Gram-negative bacteria contain lipopolysac-
charide (LPS) in their outer coats, which is a
molecule composed of a lipid and carbohydrates
and is sensed by the immune system as an indi-
cation of infection. If such bacteria invade the
cytoplasm of a cell, the lipid portion of LPS
binds to the caspase-recruitment domain
(CARD) of caspases-4 and -5, or caspase-11 in
rodents, forcing the caspase to form dimers and
thus activating the enzyme. This appears to in-

From the recent volume Cell Death: Apoptosis and Other Means to an End by Douglas R. Green

Additional Perspectives on Cell Death available at www.cshperspectives.org

Copyright © 2022 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a041061

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041061


mailto:douglas.green@stjude.org
mailto:douglas.green@stjude.org
mailto:douglas.green@stjude.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml

g’é’gﬁm Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

D.R. Green

volve direct binding; it is the LPS that serves as
the platform on which the caspase activates. In
this sense, these caspases can be thought of as
intracellular LPS sensors. At this point, we do
not know whether there are other bacterial
products that can activate these (or other) cas-
pases through interaction with their prodo-
mains, but this remains a possibility.

The activities of caspases-4, -5,and -11 do not
cleave and activate executioner caspases nor pro-
mote apoptosis in cells. Instead, they cause cell
death by cleaving a specific substrate, gasdermin
D. Gasdermin D is auto-inhibited, and this inhi-
bition is disrupted by cleavage. Active gasdermin
D then moves to the plasma membrane, where it
creates pores, causing the cell to swell and ulti-
mately burst (Fig. 1). It is the action of gasdermin
D that promotes this necrotic cell death, and mu-
tation of the cleavage site of gasdermin D pre-
vents cell death by active caspase-11. Mice lacking
either caspase-11 or gasdermin D are resistant to

LP5in
cytosol

Caspase-4, -5,
or -11 monomers

Active caspase

Activation by
induced proximity

Caspase cleavage disrupts
auto-inhibition, Gasdermin D

forms pores in
plasma membrane /

LPS shock, a toxic condition caused by intrave-
nous injection of LPS, and to bacterial sepsis.
There are several gasdermin proteins, all of which
have the pore-forming potential, although only
gasdermin D is activated through cleavage by
caspase-4, -5, or -11. The functions of the other
gasdermin molecules are largely unknown, but it
is possible that these proteins participate in other
pathways of cell death. In Green (2022c), we will
mention a molecule related to gasdermin D,
which functions in a form of necrosis.

Although LPS can activate these caspases
without a requirement for an adapter protein,
this does not necessarily mean that no such
adapter exists. Presently the existence of an
adapter protein for caspases-4, -5, and -11 is
speculative, there are conditions that appear to
activate these caspases without intracellular
LPS. One example is the cholera toxin b-chain,
which binds to the cell surface and triggers the
activation of these caspases.

Gasdermin D
(auto-inhibited)

Figure 1. Cytosolic lipopolysaccharide (LPS) directly induces caspases and pyroptosis. This appears to be
restricted to caspase-4 and caspase-5 in humans and caspase-11 in mice. Other caspases we have discussed

are not activated in this direct manner.
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Figure 2. The basic inflammasome and activation of caspase-1.

The activation of caspases-4, -5, or -11 is
often referred to as the “noncanonical inflam-
masome.” Next, we consider the “canonical in-
flammasomes,” which activate caspase-1.

CASPASE-1 IS ACTIVATED
BY INFLAMMASOMES

As outlined in Green (2022d), caspase-1 is in-
volved in the processing of interleukin-1 and
interleukin-18, secretion of these and other pro-
teins, and cell death by pyroptosis. The activa-
tion of caspase-1 occurs in complexes called in-
flammasomes, and, unlike the other caspase-
activation platforms that we have discussed
(the apoptosome and the death-inducing sig-
naling complex (DISC) for caspases-9 and -8,
respectively), inflammasomes can comprise dif-
ferent adapter molecules. In most inflamma-
somes, however, a common feature is a molecule
that binds to the CARD in the prodomain of a
caspase-1 monomer (Fig. 2).

Caspase-1 is expressed in myeloid cells, such
as macrophages and dendritic cells, as well as
epithelial cells, and inflammasomes that activate
this caspase assemble in these cells in response
to a wide range of signals, most of which are
associated with infectious agents. These signals
can be proteins, lipids, DNA, or RNA from
pathogens, collectively referred to as pathogen-
associated molecular patterns (PAMPs). Some
inorganic materials, such as some crystals, also
induce formation of inflammasomes, as do
(probably) some materials released from ne-

crotic cells. Another general term is sometimes
used for the latter—damage-associated molecu-
lar patterns (DAMPs).! How PAMPs/DAMPs
trigger inflammasome formation and how dif-
ferent inflammasomes are engaged are at the
heart of a rapidly emerging area of inflamma-
tion research.

SEVERAL INFLAMMASOMES FOR
ACTIVATION OF CASPASE-1 INVOLVE ASC

A small CARD-containing protein called ASC
(“apoptosis-associated speck-like protein con-
taining a CARD”) can oligomerize and bind
caspase-1 through CARD-CARD interactions
to activate the protease by induced proximity.
In addition to its CARD domain, ASC contains
another death fold, a pyrin domain (PyD). If
ASC is experimentally overexpressed, it oligo-
merizes to form large aggregates (appearing as
specks in the cytoplasm). These aggregates of
ASC are sufficient to bind and activate caspase-
1 (Fig. 3). As we will see, however, this artificial
situation is not how ASC functions to promote
caspase-1 activation. Instead, there are intracel-
lular receptors that interact with ASC to pro-
mote the formation of inflammasomes, and
the general structure of these has been elucidat-
ed in cryoelectron microscopy studies. All

'"DAMPs are sometimes called danger-associated molecular
patterns, based on the “danger hypothesis.” Because danger
is rather tautological, defined as anything that elicits a re-
sponse, we prefer the term “damage,” but this has its own
problems.
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Figure 3. Overexpression of ASC can activate caspase-1. This is not a physiological mechanism of caspase-1

activation, but the observation is informative.

of these inflammasomes form disc-like struc-
tures when activated, and these, in turn, recruit
ASC, which itself forms a cylindrical structure.
When the caspase-1 CARD binds to the ex-
posed ASC CARD, the caspase-1 CARD then
binds further caspase-1 CARD domains. Fila-
ments of oligomerized caspase-1 then extend
from this ASC cylinder (Figs. 4 and 5). There-
fore, the structures of inflammasomes are dis-
tinct from the structures of other caspase-acti-
vation platforms, such as the apoptosome
(Green 2022a).

PYD
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Infracellular
receptor

2

TLRs INDUCE OTHER INFLAMMASOME
COMPONENTS AND CASPASE-1
SUBSTRATES

A set of receptors related to the Drosophila Toll
protein is involved in recognizing many PAMPs.
These Toll-like receptors (TLRs) recognize
components of bacterial cell walls, bacterial
RNA, and fungal components. When they in-
teract with PAMPs, TLRs activate nuclear fac-
tor-kB (NF-kB) and interferons, which in turn
induce the expression of caspases-1, -4, -5 (and

—

4/ §CARD

Caspase-1

Figure 4. General structure of inflammasomes. 1. The intracellular receptor, containing a pyrin domain (PYD),
on interaction with its ligand forms a disc-like structure. 2. The center of this structure interacts with ASC
through PYD-PYD interactions. 3. The PYD domains of ASC interact with additional ASC PYD domains to
form a cylindrical structure. 4. The CARD domains of caspase-1 monomers bind to the CARD of ASC. 5. Bound
caspase-1 recruits additional caspase-1 molecules through CARD-CARD interactions, forming a fibril. A “ma-

ture” inflammasome is shown in Figure 5.
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Figure 5. Inflammasomes have fibrils of caspase-1.

caspase-11 in rodents), the interleukin targets of
caspase-1, as well as additional inflammasome
components that can bind to and oligomerize
ASCto facilitate caspase-1 activation. Because of
this, cells with potential inflammasome activity
often have to be “primed” with agents that acti-
vate a TLR. In Figure 6, some of the TLRs in
human cells are illustrated, together with some
of the PAMPs that they recognize.

There is a logic to this arrangement. The
production of inflammatory cytokines and the
death of cells by pyroptosis can cause tissue
damage. By restricting the system to conditions
in which an infection is sensed (by TLRs), the
activation of the inflammasome is limited.

Unfortunately, however, there are many
conditions that can prime myeloid and epithe-
lial cells and also activate caspase-1 in the ab-

Fungal cell wall
bacterial
) triacyl Bacterial
Bacterial |ipppeptides LPS _
diacyl Bacterial
lipopeptides dsRNA flagellin
TLR1 TLRz TLR>» TLR4 TLRs
TLR2 TLRe&

sence of an overt infection. We return later to
these in considering the roles for inflamma-
somes in promoting disease.

NLRs PARTICIPATE IN INFLAMMASOMES

In addition to the TLRs, there is a large set of
intracellular molecules that appear to recog-
nize PAMPs and DAMPs—the Nod-like re-
ceptors (NLRs, so named for the first one
found, Nod-1). The NLRs are found through-
out the animal kingdom and even in plants,
where they are involved in host defense against
infection. Collectively, TLRs and NLRs are of-
ten referred to as “pattern-recognition recep-
tors” (PRRs).

Several NLRs contain death folds, including
CARDs and PyDs, and some of these have been
shown to participate in the generation of inflam-
masomes. The most important of these to date
are NLRP3 (“NACHT, LRR, and PYD domains-
containing protein 3,” also called NALP3 and
cryopyrin) and NLRC4 (“NLR family CARD
domain-containing protein 4,” also called
CARDI12 and IPAF). All of the NLRs (including
those in plants) also have a NACHT domain (see
Green 2022a) and along tail. In many NLRs, this
tail is a leucine-rich region (LRR) believed to be
specific for a type of PAMP or DAMP that ap-
pears in the cell. Some of the mammalian NLRs
and what they appear to recognize are listed in
Figure 7.

Whether NLRs respond directly to a DAMP
or PAMP has not been formally proven. It re-

Bacterial Protozoan
ssRNA ssRNA DNA ? profilin
TLR7  TLR8 TLR9 TLRIO  TLRu

Figure 6. Some TLRs and the PAMPs that activate them.

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041061 5



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

D.R. Green

Apparent PAMP/DAMP

Leucine-rich

CARD NACHT repeat

Bacterial flagellin (T T T

Muramyldipeptide
Bacterial RNA
Some Viruses
[nert crystals
Bacterial toxins

Muramyldipeptide
Anthrax lethal factor
Bacterial toxins

m
R S O I 111111111 S

A
NS

~ 'NLRc 4

i

Figure 7. Some NLRs that function in inflammasomes. The PAMPs and DAMPs that induce them are listed.
Toxins from bacteria can also alter potassium levels, thereby indirectly facilitating inflammasome formation.

mains possible (and in some cases likely) that
other molecules participate in this recognition
event, as is the case for NLRC4 (discussed be-
low).

THE NLRP3 INFLAMMASOME

NLRP3 contains a PyD that binds to the PyD of
ASC.In addition, NLRP3 has a NACHT domain
and an LRR. NLRP3 and ASC are required for
the formation of inflammasomes in response
to a number of PAMPs, including those from
Staphylococcus aureus, Listeria monocytogenes,
and bacterial RNAs. This does not depend on
TLR signaling. However, TLR signals induce the
expression of NLRP3 (and other inflammasome
components, as we have seen) to increase sensi-
tivity. Once activated, NLRP3 promotes inflam-

PAMPs directly
or indirectly
activate NLRP2

—

NLRP>

AsC

masome formation and caspase-1 activation
(Fig. 8).

Some noninfectious materials also act to en-
gage the NLRP3 inflammasome to activate cas-
pase-1. These include asbestos, crystals of uric
acid (the cause of gout), and crystals of calcium
pyrophosphate dihydrate (CPPD, the cause of
pseudogout), as well as crystals of cholesterol
(Fig. 9).

It is unlikely that all of these interact directly
with NLRP3 to trigger its interaction with ASC
and caspase-1. There might be common de-
nominators. One of these appears to be the
mitochondria. Upon any of these treatments,
mitochondria seem to become stressed, pro-
ducing reactive oxygen by the action of the
mitochondrial electron-transport chain. Indeed,
an inhibitor of mitochondrial complex I—rote-

Caspase-1

Figure 8. Activation of the NLRP3 inflammasome.
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Figure 9. Inert crystals induce the NLRP3 inflammasome in gout and other diseases. (Bottom left, Reprinted from

Gillray 1799.)

none—can induce the activity of the NLRP3 in-
flammasome through the production of reactive
oxygen. Furthermore, cells that lack an electron-
transport chain because of loss of mitochondrial
DNA do not activate the NLRP3 inflammasome
in response to these agents. However, it is not
clear whether, or how, reactive oxygen activates
the NLRP3 inflammasome. Some studies have
suggested that it is not reactive oxygen, but in-
stead oxidized mitochondrial DNA, that per-
forms this function, but again the mechanism
underlying this remains obscure.

Another potential common denominator is
potassium. The high levels of potassium in cells
inhibit the NLRP3 inflammasome. Activation of
potassium channels in the plasma membrane
allows an efflux of potassium, permitting in-
flammasome activation.

One such potassium channel is the P2X
purinoceptor 7 (P,X;). This is activated by ex-
tracellular ATP, which might act as a damage
signal that cells (pathogens or host cells) are
lysing in the vicinity. Extracellular ATP activates

the NLRP3 inflammasome in primed macro-
phages. Bacteria produce a variety of toxins
that bind to the cell surface and also cause po-
tassium efflux. Again, such toxins are potent
activators of the NLRP3 inflammasome.

One other way in which potassium levels in
a cell can decrease to promote the activation of
the NLRP3 inflammasome is when caspase-4,
-5, or -11 is activated by intracellular LPS (see
above). When gasdermin D is cleaved, and be-
fore the cell dies, this effector causes potassium
efflux, perhaps as a consequence of disruption
of the plasma membrane. Therefore, although
these caspases do not process interleukin-1f or
interleukin-18 directly, they can promote the
activation of the NLRP3 inflammasome to acti-
vate caspase-1, which has this cytokine-process-
ing ability.

However, all of this is complicated by the
fact that potassium levels also affect mitochon-
drial function, and therefore it remains possi-
ble that it is the mitochondria, and not only
potassium levels, that somehow activate the

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041061 7



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

D.R. Green

PAMPs
activate

Tl

NAIP-1, -2, NLRC4

-5, 0r -6
>0 NAIP

activates ASC

NLRC4

Caspase-1

Figure 10. Activation of the NLRC4 inflammasome.

NLRP3 inflammasome. The production of re-
active oxygen species from mitochondria has
been implicated in NLRP3 activation, although
the mechanism for this is obscure. Until we
fully understand the roles for potassium and
mitochondria in NLRP3 activation, the com-
mon denominators that link all of the agents
that can induce this inflammasome remain
murky.

THE NLRC4 INFLAMMASOME

Another important NLR for inflammasome for-
mation is NLRC4, which is required for the
response to bacterial flagellin from Salmonella
typhimurium and Legionella pneumophila and
to Shigella flexneri infection, as well as the re-
sponse to pathogenic Escherichia coli.

It turns out that NLRC4 does not recognize
these PAMPs directly. Another set of molecules,
comprising NAIP1, 2, 5, and 6, is important in
the NLRC4 response. These proteins do not
have a death fold. Instead, each has a region
with three BIR domains. It therefore resembles
an IAP protein (see Green 2022d) but without
caspase-inhibitory activity (as far as we know).
NAIP5 and NAIP6 respond to bacterial flagel-
lin, whereas NAIP1 and NAIP2 respond to
components of the bacterial type III secretion
system, which functions to inject bacterial com-
ponents into the cell. One molecule of any of
these NAIP proteins, on activation, binds to an
NLRC4 molecule, inducing a conformational
change in the latter. This activated NLRC4 can
then activate another NLRC4 molecule, thus
creating a chain reaction that results in the for-

mation of a disc-like structure containing one
NAIP protein and several NLRC4 proteins. The
NLRC4 complex then recruits ASC, which in
turn activates caspase-1 (Fig. 10).

NLRC4 has a CARD domain. Following
activation, this interacts with ASC through a
CARD-CARD interaction. It is likely that this
then promotes the PYD-PYD interactions of
ASC to form the ASC cylinder, which in turn
recruits the CARD of caspase-1. Alternatively, it
is possible that the CARD of NLRC4 binds di-
rectly to the CARD of caspase-1 in some cases as
the activation of caspase-1 by NLRC4 is enhanced
by, but does not always require, the presence of
ASC. Therefore, if NLRC4 oligomerizes, it can
bring together and activate caspase-1 monomers,
through direct or indirect interactions.

OTHER INFLAMMASOMES

The lethal bacterial toxin of anthrax activates cas-
pase-1 through another inflammasome, which
involves the NLR NLRP1b (also called NALP1b).
NLRP1b is different in humans and rodents, and
the way in which it activates caspase-1 is some-
what controversial. It has a CARD, and, although
some studies indicate that the activation of cas-
pase-1 by NLRP1 requires ASC, others show that
this protein can interact directly with caspase-1
through a CARD-CARD interaction.” These two
possibilities are shown in the simplified scheme
in Figure 11.

2Tt is possible that this is a difference between the human and
the murine protein.
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Figure 11. Two models of the NLRPI inflammasome. Both may be correct in different settings.

Another inflammasome comprises yet an-
other NLR, NLRP2 (also called NALP2), and
ASC. It is not known what NLRP2 recognizes
to trigger caspase-1 activation.

There is a type of inflammasome that does
not involve an NLR. Double-stranded DNA in
the cytosol binds to a protein called AIM2.
AIM2 has a PyD that binds to the PyD of
ASC. Therefore, when DNA appears in the cy-
tosol, clusters of AIM2 form and, in turn, acti-
vate caspase-1 (Fig. 12).

AIM2 is a sensor for infection by both
RNA and DNA viruses, although it also binds
to any other double-stranded DNA, including
that from the host (provided it appears in the
cytosol). For this reason, the AIM2 inflamma-
some might have a role in the autoimmune

Cyfosolic DNA

caspase-1

Figure 12. The AIM2 inflammasome. This is a sim-
plified scheme, and AIM2 facilitates the formation of
caspase-1 fibrils, as we saw for other inflammasomes.

response to double-stranded DNA in systemic
lupus erythematosus and related diseases (al-
though other intracellular DNA sensors, not
relevant to our discussion here, have also
been implicated).

CELL DEATH BY CASPASE-1 AND
NONCANONICAL SECRETION

As we have discussed, the activation of cas-
pase-1 can lead to apoptotic cell death, but
this is often not the case. Like caspases-4, -5,
and -11, caspase-1 can cleave and activate gas-
dermin D to cause necrotic pyroptosis. If gas-
dermin D is absent, caspase-1 can cause cell
death by cleaving and thereby activating exe-
cutioner caspases, caspase-7 being more im-
portant than caspase-3 in this case. Caspase-
1 can also activate BID and thereby engage the
mitochondrial pathway of apoptosis (see Green
2022e). Bacteria that infect cells often induce
cell death through activation of caspase-1,
and, in several cases, the inflammasome re-
sponsible for this effect has been identified
(as indicated above). For example, Shigella flex-
neri kills macrophages in a manner that de-
pends on NLRC4, ASC, and caspase-1.

When caspase-1 is activated, it processes
interleukin-1p and interleukin-18, activating
these cytokines. These are secreted, along with
the unprocessed forms, as well as other inflam-
matory mediators, and this secretion occurs in

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041061 9
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a manner that is distinct from that of conven-
tional secretion.’

A number of mechanisms have been pro-
posed to explain this noncanonical secretion.
However, there is an emerging idea that the re-
lease of these and other molecules from cells
with active caspase-1 is actually due to the
breakdown of the plasma membrane by gasder-
min D during pyroptosis. This controversy is
difficult to resolve one way or the other as the
assays for the bioactive molecules and for cell
death are different; if only a few cells die by
pyroptosis and release potent factors, it can ap-
pear that the release is independent of cell death.

INFLAMMASOMES IN DISEASE

We need our inflammasomes to respond to
many types of infections, but, when triggered
inappropriately, inflammasomes can cause dis-
ease. Awide variety of inflammatory diseases are
associated with activation of inflammasomes,
especially NLRP3. We have already mentioned
its role in gout and pseudogout, where inert crys-
tals activate this inflammasome. The ability of
crystals of cholesterol to activate the NLRP3 in-
flammasome also suggests a role in atheroscle-
rosis, although this is not proven. Diets that are
rich in fats (so-called “Western diets”) promote
inflammation by inflammasome activation, and
this inflammation can have a positive-feedback
effect in adipose tissue to cause obesity. Inflam-
matory conditions associated with aging also
have an NLRP3 component, and strikingly ani-
mals lacking NLRP3 do not show common
pathologies of aging (although they are more
susceptible to a wide range of infections, if ex-
posed).

Familial mutations in NLRP3 have been
identified that allow it to be activated spontane-
ously. Patients with such activating mutations
often display recurrent fevers (without infec-

*Canonical secretion involves the transport of the protein
into the endoplasmic reticulum, where it is then packaged
into secretory vesicles that fuse with the plasma membrane
to release the proteins. Interleukin-1p, interleukin-18, and
other molecules released following caspase-1 activation are
not secreted in this manner.

tion), pain in their joints and extremities, rashes,
severe abdominal pain, and conjunctivitis, all
of which can be catastrophic.

Many of the consequences of infection are
due to inflammation, and, in turn, are due to
activation of inflammasomes. The lethal effects
of bacterial sepsis by a pathogenic E. coli was
shown to depend on NLRC4; for example, in-
terleukin-1, produced by inflammasome activa-
tion during infections, can promote damaging
inflammation and can act on the vagus nerve to
alter feeding behavior, causing anorexia.

But not all inflammasome activation is
harmful. Inflammasome activation, in addition
to promoting immunity, can also have other
beneficial effects for health. For example, in-
terleukin-18 can act to promote healing of the
intestine and lungs. The production of this
cytokine from macrophages in adipose tissue
can prevent muscle wasting, a severe conse-
quence of infection. Therefore, inflammasomes,
like many things, present a yin—yang situation:
although their activation can cause inflamma-
tion and damage, it can also promote immunity
and repair.

NLR ACTIVATION AND THE RETURN
OF THE JUST-SO STORY

The similarity between APAF1 and the NLRs
hopefully has not escaped the reader, and indeed
we can include it among the NLRs on the basis
of sequence similarity (Fig. 13).

Leucine-rich
CARD NACHT  repeat

(T T T aewer
WD repeats

N O 1 .71

Figure 13. APAFI is in the Nod-like receptor (NLR)
family.
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Figure 14. Return of the just-so story.

This could mean that we can draw an anal-
ogy with APAF1 to explain how NLRs are acti-
vated by a ligand. If the LRR regions act like the
WD region of APAF1, binding to a ligand might
cause conformational changes that expose the
nucleotide-binding site in the NACHT domain.
Binding of a nucleotide would then, as in
APAF1, induce further conformational changes
that expose an oligomerization domain, and the
protein—protein interaction site (e.g., CARD or
PyD) would interact with ASC. At present, how-
ever, this is all speculation.

The relationship between APAF1 and the
NLRs is tantalizing and brings us back to our
just-so story about the evolution of apoptosis. It
is easy to imagine that the ancient cell infected
by the “mitochondrion to be” had a defense
system in place to recognize such infections, us-
ing some type of NLR. Perhaps this NLR used
bacterial cytochrome ¢ as a kind of PAMP be-
cause this protein did not exist in the cell at that
time. The recognition of the PAMP could have
engaged a cell death mechanism to prevent the
spread of the parasite to other cells. In this fan-
tasy, the NLR eventually became APAFI, and
the cell death mechanism became the mito-
chondrial pathway of apoptosis (Fig. 14).

THE ACTIVATION OF CASPASE-2

Caspase-2 isa bit of a puzzle. It is the most highly
conserved of the caspases throughout the ani-
mals and has been implicated in cell death
caused by heat shock, cytoskeletal disruption,
metabolic perturbation, and, perhaps, DNA
damage, among other situations. However, in
none of these cases has caspase-2 been shown
unambiguously to be required for cell death.

Caspase-2 has a long prodomain containing
a CARD and is activated by induced proximity
(see Green 2022d). Unlike the other caspases,
however, it is a rather poor activator of execu-
tioner caspases. Instead, it might require BID to
cause cell death by engaging the mitochondrial
pathway of apoptosis.

These considerations raise an intriguing
question: Is the primary function of caspase-2
to cause apoptosis? Caspase-2 might have an-
other function in cells that has not been identi-
fied. But it does seem to be important. Mice
lacking caspase-2 are developmentally normal
but age prematurely and are more prone to can-
cer in at least two model systems. Why this
might be is considered in more detail below
(and in Green 2022f).
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Figure 15. The PIDDosome activates caspase-2. DD,
death domain.

The activation of caspase-2 involves an
adapter protein called RAIDD, which binds
to caspase-2 by a CARD-CARD interaction.
RAIDD does not appear itself to oligomerize
but instead might require additional molecules.
One such molecule is PIDD. PIDD has a death
domain (DD), and it binds to RAIDD via a DD-
DD interaction. This is illustrated in Figure 15.

The caspase-2 activation platform is called
a PIDDosome. The PIDDosome has been re-
solved at a structural level, which shows it to
have multiple PIDD and RAIDD subunits
(Fig. 16). This is similar to the structure of the
CD95-DD-FADD-DD structure involved in the
activation of caspase-8 (see Green 2022b).

PIDD is an interesting protein that under-
goes extensive processing. It has a larger form
that does not seem to be involved in activation of
caspase-2 but instead activates the transcription
factor NF-«B. However, this form of PIDD pro-

cesses itself to a smaller form that can engage
RAIDD. This processing is by an intein mecha-
nism, in which sequences in the protein interact
in a manner very similar to that of the function
of proteases. This results in autocleavage of the
protein to its smaller form. How the relative
levels of the different species of PIDD are con-
trolled is not clear.

This dual activity of PIDD is reminiscent of
the ability of some of the death receptors to ac-
tivate caspase-8 (and apoptosis) as well as NF-
kB. It is not known whether NF-kB, induced by
PIDD, can induce the expression of genes that
influence the function of caspase-2, but the idea
is intriguing.

Caspase-2 might function to monitor a cell-
cycle process. During the cell cycle, the single
centrosome in the cell replicates, and these move
to opposite poles to orchestrate chromosome
separation during mitosis. Only one of these
centrosomes is “mature”—that is, it has associ-
ated proteins that only appear on the other cen-
trosome after cell division. PIDD is localized to
the mature centrosome (Fig. 17), and, under
conditions in which extra mature centrosomes
appear (such as failed cell division), caspase-2 is
activated. This requires both PIDD and RAIDD
(Fig. 18). As mentioned above, mice lacking cas-
pase-2 show premature aging and an increased
susceptibility to cancer in some model systems.
Interestingly, cancers in caspase-2-deficient
animals show less chromosomal stability than
their caspase-2-sufficient counterparts—that
is, they show increased abnormalities in chro-

@
P]V@Ps'@&s'@
Ye%eg-

Figure 16. PIDDosome structure. The interactions of PIDD (P) and RAIDD (R) DDs are shown on the right.
(Left, PDB 20F5 [Park et al. 2007]; right, reprinted from Park et al. 2007, ©2007 with permission from Elsevier.)
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Figure 17. Fluorescence micrograph showing how
PIDD localizes to mature centrosomes. PIDD (green)
associates with the mature centrosome (which also
contains CEP164, blue). The nascent (upper red
spot) and mature centrosomes (lower complex of
spots) both contain CP110 (red). The lower image is
a magnified view of the area enclosed by the white
square in the upper image. (Photo courtesy of Dr.
Luca Fava and Dr. Andreas Villunger, University of
Innsbruck.)

mosome numbers. These effects would be
explained if caspase-2 activation resulted in
apoptosis of cells with abnormal centrosomes.
However, it seems that caspase-2 does not nec-
essarily cause cell death in such cells, but can
instead cause a cell-cycle arrest. This is because
caspase-2 can stabilize the tumor-suppressor
protein p53, which in turn can cause either ap-
optosis or cell-cycle arrest. We consider this
function of caspase-2 in Green (2022f), in our
discussion of the regulation of p53.

During the postnatal development of the liv-
er, hepatocytes can double (or even quadruple)
their chromosome numbers because of a failure
in cytokinesis (the final step in mitosis). This
effect is greatly enhanced in animals lacking

Normal G,

PIDD
Mature centrosome

Normal 5/G,

Centrosome duplicates
Ed 4
Cytokinesis failure

Extra mature
centrosome

Caspase-2
RAIDD

PIDDI ——> Active caspase-2

Figure 18. Aberrant extra mature centrosomes acti-
vate caspase-2. During the S/G, phases of the cell
cycle, the centrosome duplicates, but PIDD remains
associated with only the mature centrosome. If cyto-
kinesis fails, leading to the formation of a tetraploid
cell in the following G, phase, two mature centro-
somes appear in the cell, leading to PIDD-PIDD in-
teraction, recruitment of RAIDD, and activation of
caspase-2.

PIDD or caspase-2. Again, this appears to be
caused by the ability of caspase-2 to activate
p53, which prevents further proliferation of he-
patocytes with failed cytokinesis (and extra ma-
ture centrosomes).
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