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Abstract

Phosphatidylserine on the dying cell surface helps identify apoptotic cells to phagocytes, which
then engulf them. A candidate phagocyte receptor for phosphatidylserine was identified using
phage display, but the phenotypes of knockout mice lacking this presumptive receptor, as well
as the location of the protein within cells, cast doubt on the assignment of this protein as the

phosphatidylserine receptor.

The genome project and sequence databases have generally
illuminated the molecular basis of cellular functions, but
sometimes this illumination can be an electronic will-o’-the-
wisp. Over the past few months, a series of papers culminat-
ing in the description of a knockout mouse by Lengeling and
co-workers in Journal of Biology [1] has strongly suggested
that a gene sequence thought to illuminate the molecular
basis of apoptotic cell clearance has in fact led us astray, and
that the path to it will have to be retraced.

The problem

Apoptosis, or programmed cell death, is a normal physio-
logic process for orderly removal of effete cells. As a process,
apoptosis fell below the notice of cell biologists for quite
some time, in part because cells dying an apoptotic death in
vivo vanish almost immediately from view. They vanish
because they are promptly engulfed, either by a neighbor or
by a professional phagocytic macrophage; within the

confines of the resulting phagosome, the dying cell digests
itself from the inside out while the engulfing cell digests it
from the outside in. To orchestrate its disappearance, the sui-
cidal cell must make its intentions known to its neighbors,
triggering signaling pathways that activate the engulfment
machinery of the phagocyte. Investigation of the molecules
involved in apoptotic cell recognition is a growing and
industrious scientific subfield of the larger apoptosis research
enterprise, with a host of specific proteins identified and
cloned. One salient feature of the proteins identified is that
most are receptors or enzymes residing on the surface of the
phagocytic cell, along with a burgeoning number of bridging
molecules from the extracellular fluid (Figure 1). Almost
none of the molecules identified is a feature of the apoptotic
cell surface. One molecule that universally distinguishes
apoptotic cells is known, however, although it has the disad-
vantageous property that it cannot be cloned: it is the phos-
pholipid phosphatidylserine (PS), which newly appears on
the surface of cells undergoing apoptosis.
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Phosphatidylserine (PS) is a central player in the recognition and
engulfment of apoptotic cells. PS may be recognized by a variety of
tethering receptors (shown as a single entity in green) and bridging
molecules (shown as a single entity in pink) that help tether the
apoptotic target to the phagocyte. The PS receptor signals to a pathway
that leads to engulfment, for example by rearranging elements of the
cytoskeleton (shown as cross-hatching). The proteins that correspond
to the PS receptor, the aminophospholipid translocase (APLT), and the
scramblase are unknown, as are the functions of ABCAI and the PS
exposed on the surface of the phagocyte. PSRp denotes the protein
encoded by the psr gene, which is found within the nucleus.

Although the mechanistic details of PS appearance on the
apoptotic cell surface have not been completely resolved,
the basic outlines are clear (Figure 1). PS is normally
sequestered in the inner leaflet of the plasma membrane
bilayer by an active transporter, the aminophospholipid
translocase (APLT). In apoptotic cells this enzyme is down-
regulated, and an enzyme activity called scramblase is up-
regulated; scramblase acts to randomize the lipids between
the two leaflets of the plasma membrane, bringing PS to the
surface [2]. This rearrangement is universal, occurring in vivo
in a wide variety of cell types [3,4] and in both vertebrate
and invertebrate organisms [5]. The ready conclusion is that
PS has something to do with apoptotic cells identifying
themselves to phagocytes, a conclusion borne out by the
finding that masking PS on the apoptotic cell surface with
the PS-binding protein annexin V blocks phagocytosis [6].
Moreover, many of the known bridging and receptor mol-
ecules bind to PS with varying degrees of specificity (Figure
1), including serum-derived protein S [7], milk fat globule
protein MFG-E8 [8], and the scavenger receptors such as
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SR-BI [9]. Nevertheless, because the inhibition of engulf-
ment of apoptotic cells by vesicles of PS is stereospecific
[10], in the absence of bridging molecules there must be a
receptor on phagocytes that directly and specifically recog-
nizes PS itself.

Identifying the phosphatidylserine receptor
The first experimental evidence for the existence of a PS
receptor came from Fadok and co-workers [11]. Their
approach began with the production of monoclonal anti-
bodies against ‘stimulated” macrophages whose recognition
of apoptotic cells is inhibited by PS vesicles in a stereospe-
cific fashion [10], in contrast to ‘unstimulated’ macrophages,
whose uptake of PS-expressing target cells is insensitive to
PS vesicles (even though it is sensitive to annexin V) [6].
One monoclonal antibody, mAb 217, was selected because
it bound preferentially to unfixed stimulated macrophages,
and this binding was inhibited by PS vesicles. The antigenic
target of mAb 217 would thus appear to have the hallmarks
of a PS receptor: it is on the cell surface, it recognizes PS,
and, as the authors went on to show, mAb 217 blocks
engulfment of apoptotic cells [11].

What exactly might this receptor do? This question was
examined in more detail in a later paper from the same lab-
oratory [12], where an experimental system was established
that allowed the binding step of the uptake of an apoptotic
cell to be distinguished from the engulfment step. Bound
cells or particles not expressing PS were engulfed only upon
addition of PS vesicles, but coating target cells with PS vesi-
cles did not result in significant binding to macrophages.
The authors concluded that the PS receptor did not bind PS-
expressing targets tightly (tethering), but that low-affinity
binding could nonetheless stimulate engulfment. Curiously,
it was reported that addition of mAb 217 would itself
induce uptake of previously bound bystander cells, in con-
trast to the earlier observation that pre-incubation with the
antibody prevented uptake of subsequently added apoptotic
cells [11], suggesting perhaps that signal transduction
induced by occupancy of the PS receptor is transient.

The next step was to identify the molecule corresponding to
the PS receptor. On western blots, mAb 217 reacted with a
protein of an apparent molecular weight of 70 kDa. Treat-
ment of cellular extracts with a mixture of four O-glyco-
sidases reduced the size of the protein to roughly 50 kDa,
suggesting that the target of the antibody is glycosylated and
is thus presumably a cell-surface protein. When a phage
display library expressing proteins from mouse
macrophages was panned with mAb 217, half of the one
dozen phages sequenced contained identical sequences,
from a protein in the sequence databases with a theoretical
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molecular weight of 47 kDa [11]. Information from the
databases suggested that the gene encoding the protein was
highly expressed in heart, skeletal muscle, and kidney, with
lower levels of expression in many tissues. Sequence analy-
sis suggested that the protein contained one potential trans-
membrane domain, although this hydrophobic region was
interrupted by an aspartic acid residue in mammals and two
glutamic acid residues in the Caenorhabditis elegans (nema-
tode) homolog. Two pieces of evidence linked this gene to
the engulfment of apoptotic cells. One was that expression
of the mammalian gene, denoted psr, or its nematode
homolog PSR-1 [13], in lymphoid cells conferred an ineffi-
cient capability to bind apoptotic targets, and perhaps to
engulf them as well, notable in view of the conclusion
(mentioned above) that the PS receptor does not contribute
to the tethering step of engulfment [12]. The second piece
of evidence was that transfecting cells with small-interfering
RNA corresponding to this gene, so as to decrease expres-
sion, reduced both binding of mAb 217 to transfected cells
and phagocytosis of apoptotic targets by transfected cells;
whether binding of apoptotic targets by transfected cells was
affected was not reported.

PS receptor knockouts

What happens when the psr gene is deleted? Wang and col-
leagues [13]| examined this question in C. elegans, and
found that, in their words, “in a time course analysis of cell
corpses during development, in almost all embryonic
stages, more cell corpses were observed in psr-1 embryos
than in wild type embryos... On average, cell corpses of
psr-1 embryos persisted for 55% longer than those of wild
type animals.” In these studies, expression of the protein
recognized by mAb 217 was not compared in wild-type and
knockout animals.

The first report of the effects of deletion of the psr gene in
mammals came from the laboratory of Richard Flavell [14].
These investigators concluded that the protein encoded by
the gene is required for clearance of apoptotic cells in the
mouse. They observed lung developmental abnormalities
and occasional brain hyperplasia, which were “associated
with increased numbers of nonphagocytosed apoptotic
cells”. They also adoptively transferred fetal liver cells from
knockout mice into lethally irradiated hosts and found that
fewer of the stimulated macrophages recovered from these
animals were able to engulf apoptotic cells compared with
wild-type controls. Reactivity with mAb 217 was not com-
pared between cells from knockout and wild-type animals.

The second report of a knockout of this gene in mice
appeared earlier this year [15], and this study noted severe
developmental defects in definitive erythropoietic and
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T-lymphopoietic lineages. Reduced numbers of macrophages
and apoptotic cells were observed in fetal livers of knockout
versus wild-type animals; the fraction of apoptotic cells that
were not phagocytosed was higher in the knockouts. Once
again, reactivity with mAb 217 was not compared between
cells from knockout and wild-type animals.

In contrast to these studies, in the third report of a knockout
of this gene by Lengeling and colleagues [1], which appears
in these pages, reactivity with mAb 217 was compared
between cells from knockout and wild-type animals, and no
difference was observed; in each case, staining was restricted
to the plasma membrane of fetal-liver-derived
macrophages. This finding was foreshadowed by recent
reports that the product of the psr gene is actually a nuclear
protein, as judged from localization of green fluorescent
protein (GFP) constructs as well as immunolocalization
with antibodies directed specifically against the protein
encoded by the psr gene [16,17]. Sequence analysis also
indicates the presence of nuclear localization sequences in
the encoded protein. Western blot analysis by Lengeling and
colleagues, using a commercial antibody generated against a
peptide present in the protein encoded by the psr gene, indi-
cated that this protein does disappear from the knockout
mouse. Lengeling and colleagues also document that dele-
tion of this gene causes “perinatal lethality, growth retard-
ation and a delay in the terminal differentiation of kidney,
intestine, liver, and lungs during embryogenesis.” On the
other hand, in a variety of assays, no defect was observed in
vivo or in vitro in the clearance of apoptotic cells in the
knockout mouse.

Where do we stand?

The simplest interpretation of these studies is that the psr
gene does not encode a PS receptor; rather, the gene appears
to encode a nuclear protein that plays a role in development
and differentiation, perhaps as a regulatory protein related
to the iron-oxidase family of proteins [16]. The experimen-
tal link between the PS receptor and the presumptive psr
gene is mAb 217 binding to an epitope in phage display.
This methodology has the potential to identify weak cross-
reacting epitopes, and the Lengeling study has shown that
mADb 217 does weakly cross-react with a peptide within the
protein encoded by the psr gene. This cross-reactivity could
explain the reactivity of mAb 217 with recombinant PSR
protein expressed in bacteria [13], although it is not clear
whether it can also explain the results using RNA interfer-
ence (RNAI) [12]. If the cloned gene does indeed encode a
critical regulator of hematopoietic differentiation, it is
perhaps not surprising that defects were observed in
macrophage function in worms and mammals. If this inter-
pretation is correct, this gene should no longer be the
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subject of concentrated attention from those who study the
clearance of apoptotic cells. More importantly, mAb 217
remains as an important foundation for renewed attempts
to identify the genuine PS receptor.

In the meantime, the product of the psr gene will live on in
the databases identified as encoding a PS receptor. In doing
so, it joins a rogue’s gallery of functions without molecules
and molecules without functions that are linked to PS
(Figure 1). In a very similar story, there is a protein identi-
fied in the databases as the phospholipid scramblase that is
not that protein [18], and another identified as an
aminophospholipid translocase [19] that is probably not
the one responsible for transport and sequestration of PS at
the plasma membrane. At the same time, there is a protein,
known as ced-7 in nematodes [20] or ABCA1 in mammals
[21], that is required for engulfment of apoptotic cells and
that seems to be involved in phospholipid movements [22]
but whose function is unclear. Finally, PS itself poses some
puzzles, since engulfment seems to require its exposure not
only on the apoptotic target, but at lower levels on the
phagocyte surface as well [23]. Why this should be the case
is a mystery. All in all, PS seems to have an involved secret
life whose molecular outlines are frustratingly well hidden.
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