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ABSTRACT

The induction of apoptosis is a fundamental mechanism by which the p53 transcrip-
tional activator protein suppresses tumor development. Recently, the roles of several p53
target genes in mediating the p53 apoptotic response have been queried through loss-of-
function analysis with knockout mouse models. These studies have demonstrated that the
p53 targets Noxa, Puma, and Perp play cell type-specific roles in p53-mediated apoptosis.
Perp, a tetraspan protein localizing to the plasma membrane, rather than to mitochondria,
is a novel type of p53 effector that may stimulate apoptosis through a different mechanism
from the BH3-containing proteins Noxa, Puma, and Bax.

The p53 protein plays a central role in the tumor-free survival of mammals. Its crucial
role as a tumor suppressor is underscored by its widespread inactivation in human cancers,
as well as the striking phenotype of p53 null mice, which universally develop early-onset
cancer.! The p53 protein acts as a damage-control system, sensing a variety of cellular
stresses and inducing cells to undergo either cell cycle arrest or programmed cell death to
limit the propagation of damaged cells. p53 activates these responses at least in part
through the transcriptional activation of target genes.2 As a result, intense research efforts
have focused on identifying target genes essential for p53 function. In particular, because
the induction of apoptosis by p53 plays a major role in its anti-tumor activity, much
emphasis has been placed on defining those transcriptional targets of p53 that are pivotal
for this response. To date, a plethora of p53 target genes discovered in various systems have
been implicated in apoptosis, either because of sequence similarity to known apoptotic
regulators or because expression of these genes is sufficient to induce cell death. However,
until recently, the requirement and relative contributions of most of these target genes to
the p53 apoptotic response has remained uncertain because of a paucity of loss-of-function
studies. Unequivocal elucidation of the role of these genes in p53-dependent apoptosis
necessitates analysis in a system suited to the complexity of the p53 apoptotic response,
which is executed through different assemblages of effectors according to the cellular context.
Mouse knockout models are ideally suited to this purpose, as they afford the possibility to
derive and examine cells from multiple lineages and to define the cell type-specific circuitry
of the p53 apoptotic process.

The idea that the specific effector profile for p53-mediated apoptosis is cell-type dependent
was first suggested several years ago through studies of Bax, a target gene that encodes a
member of the Bcl-2 family of apoptotic regulators. Bax was shown to play an important
role in DNA damage-induced apoptosis of neurons® and E1A oncogene-expressing mouse
embryo fibroblasts (MEFs),? but not thymocytes or intestinal crypt cells (Table 1).>¢ This
concept has gained substantial support with a flurry of recent publications secking to
define additional critical mediators of p53-dependent apoptosis through the analysis of
cells derived from knockout mice deficient for specific p53 apoptotic target genes. These
studies, characterizing mouse knockouts in the genes Noxa,”® Puma,®° and Perp,lo have
demonstrated that the role of each target gene is dependent on the cell type and apoptotic
stimulus. Thus the program of p53-mediated apoptosis is dictated by specific contextual
signals, attesting to the complexity of p53 function. Moreover, these findings again
emphasize the importance of studying p53-dependent apoptosis in the multiple cellular
lineages that can be derived from a mouse model. In addition, the cells derived from these
knockout mice typically exhibit partial defects in p53-dependent apoptosis, suggesting
that the induction of apoptosis by p53 is mediated through multiple target genes acting
in concert.

Noxa and Puma, like Bax, are members of the Bcl-2 family of proteins that act to promote
mitochondrial dysfunction, a critical step in apoptosis. Noxa and Puma are BH3 (Bcl-2
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Table | CELL TYPE-SPECIFIC ROLES OF P53 TARGET GENES IN
P53-DEPENDENT APOPTOSIS

Gene Oncogene-Expressing  Thymocytes CNS  Intestinal

MEFs Crypts

Perp - (ETA) + + ND

Noxa + (ETA) - ND +

Puma + (ETA or myc) + + ND

Bax + (ETA) - +

The roles of p53 apoptosis target genes in DNA damage-induced, p53-dependent cell death in various cell
types, as established through recent studies of mouse knockouts, are summarized. + = required or partially
required for apoptosis, - = not required for apoptosis, ND = not determined. The oncogene used in MEF
analyses is indicated in parentheses for each genotype.

Homology 3 domain)-containing proteins, and stimulate apoptosis
by inducing oligomerization and activation of Bax and Bak, which
in turn causes permeabilization of the outer mitochondrial mem-
brane to allow essential apoptotic-triggering molecules to be released
from the mitochondria.””!! These recent studies illustrate that
Noxa-deficient cells are partially defective in the DNA
damage-induced p53 apoptotic response in intestinal crypt cells and
E1A oncogene-expressing MEFs”® but not in thymocytes (Table
1).8 Puma knockout cells also have a deficiency in the p53 apoptot-
ic response, and this defect was observed in thymocytes,® neurons,’
and E1A or c-myc-expressing MEFs®? after DNA damaging agent
treatment or serum deprivation (Table 1). Thus, Bax, Noxa and
Puma all participate in the p53 apoptotic response, but their promi-
nence in the response depends on the specific cellular context. An
important role for these Bcl-2 family members in p53-dependent
cell death is not unexpected given the vital role of mitochondria in
apoptosis and of these proteins in regulating mitochondrial integrity.

Is this the whole story? Despite a clear role for these Bcl-2 family
proteins in apoptosis, it is unlikely that they can explain the complete
p53 apoptotic response. A major missing piece of the puzzle is the
signal that biases cells toward an apoptotic cell fate. Although target
genes like Bax, Noxa and Puma are activated in a p53-dependent
manner after cellular stress, they are induced to similar levels during
arrest and apoptosis,”1>13 suggesting that their expression is not
sufficient to dictate the induction of apoptosis. Moreover, forced
overexpression of either Bax or Noxa is insufficient to trigger apoptosis
in fibroblasts lacking an oncogene,4’7 indicating that other factors
are needed to specify this cell fate decision. Perp is an attractive candi-
date for directing this choice, as it represents a novel type of p53 target
whose expression is highly upregulated during p53-mediated apoptosis
compared to p53-induced arrest.!? Thus Perp could be a critical factor
in tilting the balance toward the apoptotic pathway. In recent work
from our laboratory utilizing a Perp knockout mouse model, we have
shown that Perp is indeed an important component of the
p53-dependent apoptotic response. Perp was examined in three cell
types: ElA-expressing MEFs, thymocytes, and neurons of the
embryonic CNS.!0 Perp-deficient thymocytes and neurons have a
compromised p53 cell death response, indicating Perp is essential for
a complete p53 apoptotic response in multiple contexts.
Significantly, although Perp is highly upregulated after DNA damage
in all of the systems examined, the functional requirement for Perp
in apoptosis is different in each of these cell types. This finding high-
lights the point that, while expression analysis is an acceptable starting
point to implicate a gene product in the apoptotic process, genetic
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Figure 1. Possible mechanisms of action for Perp in apoptosis. The Perp
tetraspan membrane protein (shown in black) may be required for the trans-
port of other molecules involved in cell death to the plasma membrane, or
may be involved in the proper assembly of protein complexes at the cell surface.
Alternatively, Perp may be a constituent of a channel at the cell surface,
which allows the transit of agents important for triggering apoptosis. Finally,
Perp itself may act as the receptor for a “death ligand”, in @ manner analogous
to TNF receptor superfamily members.

loss-of-function analyses in the mouse are critical to ascertain the
functional implications of target gene induction. Furthermore, although
many genes are able to induce apoptosis when overexpressed in cells,
it is likely that a given gene will not be required for p53-dependent
apoptosis in every cell type, or potentially even in the cell type in
which it was originally identified. With respect to Perp, results in
knockout cells demonstrate that this protein, although originally
identified in E1A-MEFs and able to induce apoptosis upon overex-
pression in this system,!? is not rate-limiting for p53-dependent cell
death in this cell type. However, Perp does contribute to the p53
apoptotic response in thymocytes and, along with Puma, is one of a
very limited number of p53 target genes shown to be required for a
full apoptotic response in this system. Additionally, Perp-deficiency
significantly compromises apoptosis in the developing CNS induced
by either irradiation or hyperproliferative signals, suggesting that it
is an important player in a cell type that appears to involve multiple
target genes including Puma and Bax. This finding is particularly
compelling because Perp is related to a tetraspan membrane protein
with a fundamental role in the nervous system, peripheral myelin
protein 22 (PMP-22).

Perp, as a tetraspan protein, represents a novel type of effector
involved in p53-dependent apoptosis. Perp is a member of the
Peripheral Myelin Protein 22/growth arrest specific 3 (PMP22/gas3)
family, which includes PMP-22 and the epithelial membrane proteins
1, 2, and 3. Intriguingly, Perp, like PMP-22, appears to localize to
the plasma membrane and secretory pathway rather than the mito-
chondria'? and is therefore unlike the other genetically characterized
p53 effectors involved in apoptosis. Perp also resembles PMP-22
family members with respect to cell death; overexpression of
PMP-22, EMP-2 or Perp is sufficient to cause cell death.!>1%15 Cell
death induced by these proteins appears to rely at least in part on the
classical apoptotic machinery; as caspase inhibitors or Bcl-2 coexpression
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abrogates cell death in these overexpression experiments.!21410

However, it is unclear how these tetraspan membrane proteins,
including Perp, interface with the canonical apoptotic pathway, and
therefore the exact mechanism by which they stimulate apoptosis
remains to be elucidated.

The various roles played by other tetraspan proteins may offer
clues to the mechanism of action of Perp. Tetraspan membrane proteins
have been implicated in a multiplicity of cellular processes, including
protein trafficking, receptor function, channel activity, and cell
adhesion.!” Stargazin, another tetraspan protein related to PMP-22,
is essential for the delivery of specific receptor components to the
plasma membrane.!8 It is easy to envision that Perp could act in an
analogous manner, facilitating the shuttling of some critical death
receptor protein to the cell surface, thus triggering apoptosis (Fig. 1).
Alternatively, some tetraspan proteins act as receptors for extracellular
ligands'? or as channels, and either of these functions could be imag-
ined to stimulate the apoptotic response. Thus Perp’s role in apopto-
sis could be to receive and transmit the signal from a “death ligand”
or to allow the transport of some ion or molecule crucial for apopto-
sis across the plasma membrane (Fig. 1). In line with the latter idea,
tetraspan proteins in the PMP-22 family, while not known to be
channels themselves, have been proposed to stimulate apoptosis by
regulating ion channel activity. Overexpression of either PMP-22 or
the EMP proteins induces cell death through a mechanism that
involves association with the P2X(7) cation channel and the conse-
quent induction of membrane blebbing.?’ Perp, too, potentially
could interact with P2X(7) to induce membrane blebbing that
contributes to activation of the apoptotic pathway. Finally, beyond
these direct mechanisms of activating apoptosis, there also remains
the possibility that Perp could act in a more indirect manner, by
affecting the state of the cell through effects on proliferation status,
differentiation or adhesion, and in this way could predispose the cell
to undergoing apoptosis. Whatever its mechanism of action, the
involvement of a membrane protein in apoptosis provides a means
for cell-extrinsic signals to be sensed and translated into effects on
the apoptotic process.

In the future, it will be important to distinguish between these
possibilities to dissect the mechanism by which Perp acts, as well as
to define the role of the Perp pathway with respect to the mitochon-
drial pathway. The Perp pathway could be envisaged to act either
through known effectors of p53-mediated apoptosis or through a
separate, parallel pathway. For instance, the Perp signal could
impinge upon the mitochondrial pathway by exerting effects on the
localization or function of the Bcl-2 family members Bax, Noxa or
Puma. Alternatively, Perp signaling could be part of a discrete branch
of p53-dependent apoptosis distinct from mitochondrial effectors.
For example, while BH3-containing proteins act to cause mitochon-
drial membrane dysfunction, tetraspan proteins such as Perp could
act in a pathway that causes permeabilization of the plasma membrane,
providing another mechanism for inducing cell death after stress.
Examination of double-knockout cells, lacking both Perp and a
BH3-containing protein such as Bax, will allow us to determine
whether these pathways are distinct and whether compromising two
structurally dissimilar p53-regulated proteins is sufficient to recapitu-
late the resistance to cell death typically seen in a p53 null background.
Through this analysis of different cell types derived from knockout
mice, we ultimately will be able to unravel the complexity of p53-
mediated apoptosis. This knowledge in turn will reveal how this
network of apoptotic regulators fits into the framework of tumor
suppressive mechanisms attributed to p53.
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