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Macrophage-expressed gene 1 [MPEG1/Perforin-2 (PRF2)] is an ancient metazoan
protein belonging to the Membrane Attack Complex/Perforin (MACPF) branch of the
MACPF/Cholesterol Dependent Cytolysin (CDC) superfamily of pore-forming proteins
(PFPs). MACPF/CDC proteins are a large and extremely diverse superfamily that forms
large transmembrane aqueous channels in target membranes. In humans, MACPFs have
known roles in immunity and development. Like perforin (PRF) and the membrane attack
complex (MAC), MPEG1 is also postulated to perform a role in immunity. Indeed,
bioinformatic studies suggest that gene duplications of MPEG1 likely gave rise to PRF
and MAC components. Studies reveal partial or complete loss of MPEG1 causes an
increased susceptibility to microbial infection in both cells and animals. To this end,
MPEG1 expression is upregulated in response to proinflammatory signals such as tumor
necrosis factor a (TNFa) and lipopolysaccharides (LPS). Furthermore, germline mutations
in MPEG1 have been identified in connection with recurrent pulmonary mycobacterial
infections in humans. Structural studies on MPEG1 revealed that it can form oligomeric
pre-pores and pores. Strikingly, the unusual domain arrangement within the MPEG1
architecture suggests a novel mechanism of pore formation that may have evolved to
guard against unwanted lysis of the host cell. Collectively, the available data suggest that
MPEG1 likely functions as an intracellular pore-forming immune effector. Herein, we review
the current understanding of MPEG1 evolution, regulation, and function. Furthermore,
recent structural studies of MPEG1 are discussed, including the proposed mechanisms of
action for MPEG1 bactericidal activity. Lastly limitations, outstanding questions, and
implications of MPEG1 models are explored in the context of the broader literature and in
light of newly available structural data.
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INTRODUCTION

The superfamily of MACPF/CDCs consists of proteins
ubiquitously found in many kingdoms of life, including
bacteria, plants, fungi and animals. Collectively, these
molecules perform diverse functions, including roles in plant
defence (e.g. Arabidopsis thaliana; CAD1, NSL1) (1–3),
microbial virulence (Gram-positive bacteria; CDCs) (4–6),
ingress and egress (e.g. Plasmodium spp.; SPECT, MAOP) (7,
8), as venom components (e.g. sea anemone toxin PsTX-60B,
stonustoxin, perivitellin-2) (9–12), and nutrition (e.g. fungi;
pleurotolysin) (13, 14). In humans MACPF proteins play key
roles in immunity and development [e.g. mammalian perforin
(PRF) and complement component 9 (C9)] (15–18).

The first indirect observations of a MACPF pore-forming
complex were made by Jules Bordet in 1898 (19). Here, it was
observed that certain blood factors complemented antibodies in
their function and could lyse red blood cells. These early studies
led to the identification of the Membrane Attack Complex
(MAC), which is the terminal effector of the complement
pathway (16). The MAC is formed via the recruitment of C5,
C6, C7, C8, and, finally, multiple copies of C9 (20–23). The latter
protein forms a transmembrane pore that can function in
immunity to clear a wide variety of invading microorganisms
including gram-negative bacteria (24–27), protozoa, enveloped
viruses, and helminths (28, 29). These microbes can be
eliminated by either direct lysis of cells or via facilitating the
entry of other immune effectors (30, 31). Formation of sub-lytic
levels of the MAC on local host cells also triggers cellular signal
transduction pathways to control local inflammatory and
immune responses (32–34). Loss of MAC activity can lead to
recurrent infections (35, 36), while aberrant and excessive MAC
activity can lead to life-threatening disease, such as paroxysmal
nocturnal hemoglobinuria, where red blood cells become lysed
due to unregulated MAC activity (37, 38).

A second immune pore-forming MACPF protein, perforin
(PRF), was identified in the mid 1980s through the work of
Podack, Tschopp and colleagues (39, 40). PRF is held inside of
granules within cytotoxic T lymphocytes and natural killer cells
(40). Upon formation of the immune synapse with a virally
infected or transformed cell, PRF is secreted into the synapse,
whereupon it oligomerizes to form pores in the target cell
membrane (41–43). These pores permit the translocation of
Abbreviations: MACPF, Membrane Attack Complex/Perforin; CDC, Cholesterol
Dependent Cytolysin; MPEG1, Macrophage-expressed gene 1; MAC, Membrane
Attack Complex; PRF, Perforin; ASTN, Astrotactin; BRINP, bone morphogenetic
protein/retinoic acid inducible neural-specific proteins; MVB12, multi-vesicular
body-12; MABP, MVB12-associated b-prism; PNH, paroxysmal nocturnal
hemoglobinuria; SPECT, sporozoite microneme proteins essential for cell
traversal; LPS, lipopolysaccharide; IFN, interferon; TNF, tumor necrosis factor;
MRSA, Methicillin-resistant Staphylococcus aureus; LAMP, lysosomal-associated
membrane protein 1; EEA1, early endosome antigen 1; ESCRT, endosomal sorting
complexes required for transport machinery; MyD88, Myeloid differentiation
primary response 88; NFkB, nuclear factor kappa-light-chain-enhancer of
activated B cells; EGF, epidermal growth factor; (Cryo-)EM, (cryogenic)
electron microscopy; (Cryo-)ET, (cryogenic) electron tomography; BMDM,
bone marrow derived macrophages; MEF, Mouse embryonic fibroblast.
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granzymes (which are secreted with PRF) into the target cell, an
event that results in apoptosis (44, 45). Complete loss of PRF
results in familial hemophagocytic lymphohistiocytosis type II,
where expansion of antigen presenting cells becomes uncontrolled
as normal apoptotic clearance is disrupted (46). This disease
manifests itself in individuals as high levels of circulating active
leukocytes, which secrete proinflammatory cytokines resulting in
fever and a cytokine storm which, if untreated, ultimately leads to
patient death (46, 47).

Outside the realm of immunology, several MACPFs appear to
govern developmental processes within humans, namely the
astrotactins (ASTN1 and ASTN2) and the bone morphogenetic
protein/retinoic acid inducible neural-specific proteins (BRINP1,
BRINP2 and BRINP3) (48). While the biological functions of the
ASTNs and BRINPs are unknown, they have been implicated in
brain development. Specifically, ASTNs are involved in neuronal
migration and glial cell adhesion (49–51). Conversely the roles of
BRINPs are poorly understood, with some suggestions that they
function in neuroplasticity or regulating cell cycles (52, 53).
Mutations in both ASTNs and BRINPs have been associated with
intellectual disabilities, ADHD, and other neuropathies (54–56).
It is currently unclear whether ASTNs or BRINPs form pores as
part of their function.

An intriguing family of pore-forming proteins (PFPs), the
gasdermins (GSDMs), represents a class of intracellular immune
effectors which like MACPFs form giant b-barrel pores (57, 58).
Specifically cleaved and activated by caspases during microbial
infection or after detection of danger signals, GSDMs are
converted from an autoinhibited state into two fragments (59).
Cleaved-GSDMs rapidly form pores in the cell membrane (from the
cytosolic side) and are considered effectors of cellular pyroptosis, a
form of programmed cell death (60, 61). The GSDM fold is
suggested to define a unique family, although striking similarities
with MACPF proteins have been noted (62, 63).

The primary topic of this review, MPEG1, was identified
through the in situ analysis of differential gene expression
comparing mature with immature cell lines of mouse
macrophages (64). Numerous names for this pore-forming
protein have since arisen, including macrophage-expressed gene
1 (MPEG1 or sometimes MPG1), perforin-2 (PRF2 or P2) and
macrophage specific gene 1 (MSP1). We elect to use the original
name, MPEG1, owing to its widespread use and to distinguish
MPEG1 from PRF. MPEG1 is postulated to represent the closest
paralog of the common MACPF ancestor gene in metazoa (65,
66). Bioinformatic analyses reveal that complete MPEG1
homologs can be found throughout the kingdom Animalia with
exemplars identifiable in phyla including sea sponges (Porifera),
sea anemones (Cnidaria) (67), comb jellies (Ctenophora) (68),
flatworms (Platyhelminthes) (69), molluscs (Mollusca) (70–76)
and all chordate organisms (66, 77). These studies also suggest that
gene duplications of MPEG1 likely gave rise to the mammalian
immune effectors PRF and the terminal components of the
complement system (MAC), which are observed after notochord
evolution. Resultantly, MPEG1 represents the earliest known and
most ancient MACPF protein identified to date in metazoan
immune and defense systems (66, 78).
October 2020 | Volume 11 | Article 581906
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From the structural perspective, MPEG1 is an intracellular type-1
transmembrane MACPF protein with both a vacuole-based
ectodomain and cytosolic region (endodomain). MPEG1 traffics
via the ER, Golgi, and secretory vesicles to localize to early
endosomes and phagosomes/lysosomes (79–81). It is thought that
MPEG1 functions in the phagosome in an anti-microbial capacity.
Furthermore, recent structural studies strongly support the idea that
MPEG1 is a bona fide pore-forming immune effector. In this regard,
early electron-microscopy (EM) studies revealed that MPEG1 is able
to form oligomers of a size and shape typical for members of the
MACPF/CDC superfamily (79). The first three-dimensional
structure of human MPEG1 revealed the molecule was able to
assemble into an oligomeric prepore intermediate, and that this
material was able to form pores upon acidification (82). This is
consistent withMPEG1 performing a role in the phagosomal system.
Indeed, analysis of the primary structure of MPEG1, together with
imaging data, suggests that the pore-forming machinery of the
MPEG1 MACPF domain is positioned within the luminal
environment of the membrane vesicles (78–81). Consistent with
these data, a low-resolution detergent solubilized structure of murine
MPEG1 suggests the molecule can form membrane spanning pores
(83). Finally, germline mutations in MPEG1 have been found in
patients suffering from recurrent pulmonary non-tuberculous
mycobacterial infections (84). Thus, the available data to date
suggests that MPEG1 is an immune effector involved in defense
against invading intracellular pathogens and processing of engulfed
pathogens. Overall, several mechanisms are proposed to explain
MPEG1 mode of action in vivo.

In this review, we discuss the current understanding of MPEG1
evolution, regulation, and structure–function. We furthermore
evaluate the contrasting proposed mechanisms of bactericidal
activity. Taken together, we explore the implications of cellular and
whole-organism research in the context of new MPEG1 structure–
function studies and discuss the outstanding questions surrounding
this ancient immune effector.

OVERALL DOMAIN ARCHITECTURE OF
MPEG1

The majority of the MPEG1 sequence forms an ectodomain
component, which comprises an N-terminal MACPF domain,
Frontiers in Immunology | www.frontiersin.org 3
followed by a multi-vesicular body-12 (MVB12)-associated
b-prism (MABP) domain (Figure 1). A signal peptide
(SP) precedes the ectodomain and directs MPEG1 to the
endoplasmic reticulum (ER) (Figure 1). While the SP is
proteolytically removed shortly after translation, it positions the
MPEG1 ectodomain within the lumen of the ER. Between the
MACPF and MABP domains, MPEG1 also possesses a small
folded linker region which is postulated to be an EGF-like domain
(Figure 1). Furthermore, a second small folded region exists
between the MABP domain and the Type I transmembrane
helix of unknown fold named either the L-domain (82) or CTT
(83) (Figure 1). Directly after the L-domain there follows a single
pass type I transmembrane helix and a cytosolic region
(Figure 1A).

A shorter isoform of MPEG1 has also been described (81),
whereby alternative splicing gives rise to a product that is
truncated at residue K511 within the MABP domain (Figure
1B). This shorter isoform, named MPEG1b (or PRF2b),
therefore lacks a part of the MABP domain and the entire
transmembrane and cytosolic regions. For the purposes of this
review, when referring to the shorter isoform we will use
MPEG1b, otherwise MPEG1 is used to denote the full-
length isoform.

Prior to its structural characterization (82), the MPEG1
MABP domain was referred to as the P2 domain (for PRF2
domain), since the homology with the MABP fold could not be
identified through sequence analysis alone (79). The MPEG1
MABP domain appears to be somewhat divergent, possessing
an inserted hyper-extended b-hairpin motif, which likely
explains why sequence analysis failed to identify the domain.
Previously, MABP domains have been implicated in lipid
binding (85, 86).
MPEG1 EXPRESSION AND REGULATION
IN THE CELLULAR CONTEXT

Historically, MPEG1 was discovered in macrophages; however, it
is now clear that many cell types can express MPEG1 (79).
Constitutive MPEG1 expression is common in macrophages and
leukocytes (Figure 2i); however, others have observed that
A

B

FIGURE 1 | Domain schematic of MPEG1 in two isoforms. (A) The majority of MPEG1 consists of a MACPF (blue) and MABP (yellow) domain. The MACPF domain
contains functional motifs, namely the TMH regions (tan/red) that unfurl to form a b-barrel upon pore formation. The MABP domain contains a b-hairpin motif (gray)
that recognizes and binds to negatively charged phospholipids. A small EGF-like motif (pink) is located between the MACPF and MABP domains. The MABP domain
is followed by a small linker region (purple) and conformationally labile motif, denoted the L-domain (green). These directly precede the transmembrane helix (dark
gray) and cytosolic (red) regions. The cytosolic region contains a lysine rich motif that is monoubiquitinated during immune response. Scissors depict the putative
cleavage site of MPEG1. The majority of MPEG1 constitutes the ectodomain and is postulated to be proteolytically shed from the bilayer. (B) MPEG1b is a shorter
secreted isoform that is truncated in the MABP domain at K511 (arrow). Both MPEG1 and MPEG1b are directed to the ER by a signal peptide (SP; copper rose)
that is cleaved (arrow) shortly after translation.
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expression can be induced in a wide variety of other cell types
such as epithelial and fibroblast lines (79, 87) (Figures 2ii–iv).
Furthermore, proinflammatory signals were observed to trigger
the upregulation of MPEG1 expression (Figures 2ii–v). For
example, parenchymal, epithelial, and fibroblast cells, which
usually do not express MPEG1, can be induced to express
MPEG1 upon stimulus during an inflammatory response
(Figures 2ii–v) (79). In this regard, tumor necrosis factor a
(TNFa) and lipopolysaccharide (LPS) signaling have been
shown to drive the expression of MPEG1 independently.
Hence, MyD88 and NFkB pathways have been implicated for
MPEG1 expression (65, 88). When used in combination, TNFa
and LPS were observed to have an additive effect upon MPEG1
gene expression. Similarly, interferon (IFN)-g upregulates
MPEG1 expression synergistically with LPS, while IFNg alone
has no effect (81) (Figures 2ii–iv). In addition to these effects, in
the context of MPEG1b, stimulation of cells by LPS alone also
triggered enhanced secretion of MPEG1b (81) (Figure 2iv).

MPEG1 is expressed as a type-I transmembrane protein
where, upon translation, the C-terminal transmembrane helix
anchors MPEG1 into the bilayer (Figure 1A; Figure 2vi). As
such, the folded ectodomain of MPEG1 is located on the luminal
side of the ER with the cytoplasmic tail protruding into the
Frontiers in Immunology | www.frontiersin.org 4
cytoplasm. The cytoplasmic tail and transmembrane helix act to
facilitate correct trafficking via the secretory pathway whereby
MPEG1 migrates through the ER, Golgi, via secretory vesicles to
fuse and accumulate within early endosome antigen 1 (EEA1+)
vesicles (79) (Figure 2vii). MPEG1 is also found associated with
the plasma membrane, with the ectodomain oriented into the
extracellular space (81, 89) (Figure 2vi), where surface bound
MPEG1 is implicated in type I IFN signaling (89) (Figure 2v).
Conversely, since MPEG1b lacks the transmembrane domain,
this short isoform is not membrane tethered and is therefore
secreted into the extracellular space (Figure 2vi). While MPEG1
likely functions in a bactericidal capacity, the function of
extracellular MPEG1b remains poorly characterized.
LPS/IFNg DEPENDENT
MONOUBIQUITINATION AND
TRANSLOCATION

In addition to stimulating expression, proinflammatory stimuli
prompt the redistribution and translocation of MPEG1 (Figure
2vii) (80). Specifically, LPS and type II interferon signaling lead
FIGURE 2 | Illustration of the cellular context and key processes in which MPEG1 is implicated. (i) MPEG1 is constitutively expressed in macrophages and phagocytes.
(ii, iii, iv) Type II IFN, TNFa and LPS signaling are involved in the regulation of MPEG1 expression. (v) Surface bound MPEG1 is essential for the correct assembly and
signaling of the type I IFN pathway. (vi) MPEG1 is expressed either as a membrane tethered isoform (MPEG1) or as a secreted, truncated form (MPEG1b). (vii) LPS and
IFNg signaling are important for triggering monoubiquitination of MPEG1 in EEA1+ vesicles. Some pathogens produce CIF which inhibits the monoubiquitination of
MPEG1 and confers resistance. (viii) Once monoubiquitinated, EEA1+/MPEG1+ vesicles traffic to and fuse with the early phagosome. The phagocytic and secretory
pathways cooperate to enrich intracellular compartments with MPEG1 to aid in the disruption and killing of engulfed microbes. Proteases (scissors) may be important for
MPEG1 function. (ix) As phagosomal and endosomal vesicles become acidified, MPEG1 is activated to form lytic pores. Figure produced with BioRender.
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to post translational modification of the MPEG1 cytosolic region
(Figure 2vii). Upon engulfing microbes, cells are stimulated by
LPS and IFNg which initiates monoubiquitination of MPEG1
by a Cullin-RING ligase (CRL) and b-Transducin Repeat
Containing Protein (bTrCP) complex (Figure 2vii). A
conserved, lysine rich region (K681, K684, K685) located in the
cytosolic tail of MPEG1 (Figure 1A), is resultantly modified by a
monoubiquitin. When monoubiquitinated, EEA1+/MPEG1+

vesicles traffic and fuse with LAMP+ vesicles (late phagosomes,
phagolysosomes and/or lysosomes) (80, 81) (Figure 2viii). These
cellular re-distribution events ultimately result in MPEG1 co-
localization with phagosomal vesicles containing engulfed
microbes (79–81) (Figures 2vii–ix).

This re-organization is paramount for the function of MPEG1.
Mutation of the lysine rich region produces a form of MPEG1 that
prevents trafficking and accordingly a null phenotype (80). Indeed,
certain intracellular pathogens produce molecules (CIF; cycle
inhibiting factor) that inhibit the ubiquitination machinery of
mammalian cells, thus disrupting the post translational
modification of MPEG1 and therefore preventing further
maturation and trafficking (80) (Figure 2viii). It is, therefore,
unsurprising that inhibition of MPEG1 trafficking confers
resistance to microbes, such as enteropathogenic Escherichia coli
and Yersinia pseudotuberculosis, from the host cell (Figures 2vii,
viii). Hence, the cytosolic tail functions as a signal-dependent
trafficking motif. This implies monoubiquitination-dependent
trafficking of MPEG1b cannot occur, since it lacks the signaling
motif present in the cytosolic tail. Thus, external stimulation from
microbes by proinflammatory molecules coordinates the re-
organization of MPEG1 in preparation for phagocytosis.
MPEG1 FUNCTION IN IMMUNITY

The available evidence to date suggests that MPEG1 functions as
an immune effector. Despite the significance of MPEG1 as a
likely ancestor to the better-known immune effectors C9 and
PRF, its precise function has remained poorly understood.
However, given the role of the MAC and PRF, and the
localization of MPEG1 to macrophages, it was suggested that
MPEG1 may perform an anti-microbial role. Indeed,
recombinantly produced sponge MPEG1 and the MACPF
domain of oyster MPEG1, have anti-microbial activity in vitro
(65, 72). MPEG1 expression is induced by proinflammatory
signals in several dozen cell lines and, furthermore, multiple
cell lines succumb to bacterial infection when MPEG1 is
knocked-down or knocked-out (79–81, 90, 91). In vertebrates,
MPEG1-deficient mice and zebrafish are more susceptible to
infections (by Methicillin-resistant Staphylococcus aureus,
Salmonella typhimurium and Mycobacterium marinum)
compared to wild-type counterparts (88, 90). Likewise, several
studies have illustrated MPEG1 antibacterial activity in
invertebrates (67, 68, 70–74).

Recombinant forms of MPEG1 from sponge (65), oyster
(MACPF domain only) (72) and fish (92) were all observed to
be bactericidal in vitro.When challenged byM. marinum, one of
Frontiers in Immunology | www.frontiersin.org 5
the three MPEG1 paralogs in zebrafish (mpeg1.2) becomes
upregulated. Of the remaining two, one is thought to be a
pseudogene (mpeg1.3), while the other (mpeg1) is surprisingly
suppressed. Knock-down experiments of mpeg1.2 resulted in an
increased bacterial burden on zebrafish challenged with M.
marinum, while knock-down of mpeg1 gave a survival
advantage compared to wild type fish, suggesting an altered
immune response (88). Several studies of MPEG1 in vertebrates
and invertebrates now support the model that suppression or
complete loss of MPEG1 results in a loss of bactericidal activity.
Collectively, these studies demonstrate the essential role MPEG1
plays as an immune effector against microbes and bacteria.

In one experiment McCormack and colleagues observed
Mycobacterium smegmatis swelling (albeit not killing) after
treatment with MPEG1. The addition of minute quantities of
lysozyme, however, were sufficient to kill pre-treated M.
smegmatis, putatively indicating MPEG1 perforates the outer
membrane but does not affect the integrity of the peptidoglycan
layer (90). Indeed, more recent studies have found MPEG1
facilitates the entry of myriad anti-microbial effectors into cells
including; proteases, reactive oxygen and nitrogen species,
bactericidal peptides and the harsh acidic environment of the
phagosome (93). Notably, recombinant MPEG1 possesses lytic
activity which is strictly dependent on low pH (82, 83). Lastly,
MPEG1 has been observed to form membrane spanning pores
similar to the lytic MAC and PRF (13, 94).

To date, no severe disease state has been described in humans
with complete loss of MPEG1 function. Like many aspects of
biology, there may be compensating redundancies in the
immune system that maintain a sufficient immune response
in the absence of MPEG1. One retrospective case study,
however, has described recurrent pulmonary non-tuberculous
mycobacterial infections in individuals with germline mutations
in MPEG1 (84). The association of these mutations with recurrent
infections suggests there may be subtle clinical outcomes in
individuals with a defective form of MPEG1; however, further
clinical data is required to definitively implicate MPEG1 in these
pathologies. Furthermore, there are presently no examples of
excessive MPEG1 function, which contrasts to MAC and PRF
where hyperactivity can lead to severe disease states in humans
(47, 95, 96).
INTERFERON SIGNALING/LPS INDUCED
SHOCK

Apart from anti-microbial function by pore formation, MPEG1
has been implicated in regulating type I IFN signaling and is
critical for the correct assembly and signaling of the Interferon-a/b
receptor (IFNAR) proximal complexes (89) (Figure 2v).
Transfection studies, using several MPEG1 truncation variants,
illustrate the assembly of proximal complexes and phosphorylation
of downstream signaling effectors are dependent onMPEG1. Type
I IFN signaling was found to be defective in MPEG1-deficient cell
lines (BMDM, MEFs) due to loss of IFNAR mediated
phosphorylation of STAT1, STAT2, JAK1, and TYK2. It was
October 2020 | Volume 11 | Article 581906
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observed that both the MACPF and MABP domains appear to
mediate interactions with IFNAR1 and IFNAR2, respectively,
while the intracellular cytosolic region was required for
phosphorylation of STAT2. Currently, however, the nature of
MPEG1–IFNAR interactions is poorly understood.

Animal models have shed light on the MPEG1–IFNAR
association and the significance of this poorly understood
signaling pathway. Under normal circumstances excessive LPS
can overwhelm the host immune response and lead to septic
shock. Mice lacking MPEG1 were found to be resistant to LPS
induced septic shock (89). Consistently, the suppression of an
MPEG1 paralog in zebrafish was observed to reduce the
likelihood that fish would succumb to infection (88).
Taken together, these studies suggest MPEG1 plays a role
in the excessive IFN signaling during an overwhelming
immune response.

Overall, these findings suggest MPEG1 is not only important
for cellular immunity, but also the regulation of immune
response via IFNa/b signaling. This has implications for both
autoimmune disorders and cancer. In a recent example studying
MPEG1-deficient, aged mice, there was an increased proportion
of microbial migration into serum from the gastrointestinal
tracts, which resulted in a state of chronic inflammation (97).
A significantly reduced antibody response was also observed in
these MPEG1-deficient mice. Furthermore, an increased level of
inflammation was observed in splenic B cells, as well as an
increased frequency of pro-inflammatory B cells. These data
suggest that an increased bacterial burden in those who lack
MPEG1 may be responsible for chronic inflammation, which is
proposed to affect the normal immune responses of B cells.
Chronic inflammation is a known determinant of many
autoimmune diseases, and hence, reduced levels of MPEG1
may also contribute to a number of chronic, progressive
diseases in humans.
MPEG1 PROTEOLYSIS

Proteolytic shedding of MPEG1 has been proposed for proper
MPEG1 regulation and function. It is hypothesized that
proteolysis may be required for the release of the ectodomain
from the host membrane to allow for pathogen targeting and
pore-forming function. Proteolytic processing may function two-
fold to regulate MPEG1 function. Firstly, proteolysis may be
necessary for oligomerization to occur (79). Secondly, anchoring
MPEG1 to the host bilayers (endosome, secretory vesicles, etc.)
may prevent unintended lytic function. Lastly, sequestration of
MPEG1 by the transmembrane region is important for
trafficking (81, 89). Therefore, untimely proteolytic processing
may result in MPEG1 mis-trafficking (Figure 2viii).

In the context of invading microbes, fragments of MPEG1
corresponding to the ectodomain (among others) have been
identified in bacterial membranes treated with MPEG1 (79).
Notably, the C-terminal cytosolic region was not detectable,
consistent with suggestions that the transmembrane and
cytosolic tail remains in the host membrane. Furthermore,
Frontiers in Immunology | www.frontiersin.org 6
limited proteolysis experiments of MPEG1-enriched bilayers
derived from transfected cells resulted in membrane-bound
ring-like oligomers (79), whereas, these oligomers were not
observed in the absence of proteolytic treatment. This supports
the current model whereby the ectodomain is shed during
MPEG1 anti-microbial function.

These findings suggest that spatio-temporal regulation of
MPEG1 proteolysis is associated with normal function. The
mechanism of this proteolysis is still being determined and the
endogenous protease responsible for MPEG1 cleavage has not
been identified. Further studies will be required to confirm the
sites of MPEG1 cleavage and their functional role within the
cellular context. While the relevance and functional importance
of MPEG1 proteolysis is unclear, it is notable that the GSDMs
require the specific and coordinated proteolytic processing by
caspases for subsequent activation and pore-forming function
(59, 60). In this regard, it is possible that such a mechanism could
also exist to coordinate proper MPEG1 function.
MPEG1 STRUCTURE AND MECHANISM

Pore-forming MACPF proteins generally adopt two different
stable conformations—a soluble, metastable monomeric form
and a membrane inserted hyper-stable oligomeric pore form
(Figure 3). The pathways from the metastable monomer to the
stable oligomer pore can vary. These topics have been extensively
reviewed elsewhere in detail (15, 17, 18, 58, 98–102).

Structural Biology of the MACPF Domain
The MACPF domain has two well documented functions; firstly,
oligomerization into rings and, secondly, insertion into
membranes. The domain is a well characterized fold that is
centered around a contorted four stranded antiparallel b-sheet
that features an L-shaped bend (Figure 4). The b-sheet is
flanked at one end by two clusters of a-helices, termed
transmembrane b-hairpin-1 (TMH-1) and TMH-2 (Figure
4A). The term, seemingly a misnomer, refers to the end-state
conformation of these microdomains. Structural comparisons
reveal that the MACPF domain undergoes a dramatic concerted
conformational transition (104). These two bundles of a-helices
(in the monomeric form) undergo structural rearrangement,
unfurling to form a set of amphipathic b-hairpins (in the final
pore form) (13, 21, 22, 83, 105) (Figures 4A, B). As they unwind
the TMH regions are postulated to concurrently zipper up into
b-hairpins, these protrude below the MACPF domain and
thereby form a giant, amphipathic b-barrel that inserts into the
membrane. Together these two b-hairpins each contribute four
b-strands to the final oligomeric b-barrel pore (Figure 4C). From
the perspective of the MACPF domain, the initial membrane
associated oligomerization event includes the formation of b-
sheet hydrogen bonds between the central b-sheets of adjacent
subunits to form a nascent b-barrel. During the prepore-to-pore
transition, the unfurling of the TMH regions is also accompanied
by a straightening of the central MACPF b-sheet that permits
more substantive b-sheet hydrogen bonding between adjacent
October 2020 | Volume 11 | Article 581906
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subunits (Figures 4A, B) (13). A short helix-turn-helix (HTH)
region sits on top of TMH1 and forms additional inter-subunit
interactions (Figures 4A, C). This region is observed to shift
during the prepore-to-pore transition in some studies (13, 22). A
second larger “helix elbow”, which contains the MACPF
consensus motif (Y-X(6)-[FY]-G-T-H-[FY]), protrudes away
from the core b-sheet and forms contacts around the periphery
Frontiers in Immunology | www.frontiersin.org 7
of the complex (Figures 4A, C). This helix elbow forms a
complementary surface to accommodate TMH2 (Figure 4A).
Outside the MACPF domain, studies on C9 and MPEG1 reveal
that extensive inter-subunit interactions are also formed by the
ancillary domains N- and C-terminal to the MACPF domain (23,
82). These interactions aid in the formation of oligomers (Figure
4C). The ancillary domain varies substantially between
A B DC

FIGURE 4 | Exemplar structures of MACPF pore forming proteins in the monomeric and pore states. (A) Crystal structure of lymphocyte PRF in the monomeric
state [PDB: 3NSJ] (43). The ancillary domain is colored gray and omitted from the topology diagram for clarity. (B) The cryoEM pore structure of the fungal MACPF
protein, pleurotolysin (PlyB)[PDB: 4V2T] (13). Pleurotolysin is a homolog of PRF found in oyster mushroom. The b-trefoil domain of PlyB is not shown for clarity. (C) A
dimer of the polyC9 cryoEM reconstruction (bottom right) is shown to illustrate the intra-subunit contacts at the MACPF interface [PDB: 6DLW] (22, 23). (D) The
cryoEM pore structure of the intracellular GSDMA3-NT shows structural and topological similarity to the MACPF domain [PDB: 6CB8] (103). HTH, helix-turn-helix
(purple); TMH, transmembrane b-hairpin (pale brown). Topology diagrams are colored consistently with the PDB coordinates.
FIGURE 3 | The canonical pathway of pore formation. A generic pore forming protein is shown, with a green ancillary (or receptor binding) domain and blue pore
forming domain. Freely diffusing monomers (i) bind to the target bilayer (gray) (ii) via target recognition domains (green) that are ancillary to the pore forming
machinery (blue). The target receptor can be proteins (yellow), glycans or lipids (ii; inset). Membrane-bound monomers undergo two-dimensional diffusion, colliding
and eventually oligomerizing (iii). Maturation via the prepore-to-pore conformational change may occur at different stages. For example, incomplete oligomers may
transition into arc-pores (iv). Other smaller arcs or monomers may also be recruited to a growing arc pore (v). Ultimately complete pores are formed upon the
closure of the oligomeric ring (vi). In this context pore growth can occur in a continuous mechanism. Completed pores define large aqueous channels, capable of
facilitating the passive diffusion of additional effector molecules (not shown) via the membrane channel (vi; inset). Alternatively, arc prepores may continue to grow
without inserting into the membrane (vii) by recruiting additional monomers or other smaller arcs (viii). These can ultimately form complete prepores that have yet to
punch into the lipid bilayer (ix). Fully formed prepores are most commonly observed for CDCs (ix). The prepore-to-pore transition is triggered resulting in a
conformational change of the MACPF core machinery that unfurls into a giant b-barrel (ix goes to vi). These inserted pores possess an amphipathic region that is
fully inserted into the lipid membrane (not shown). Insets (ix, vi) show top-down views.
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superfamily members, but its function is typically associated with
membrane binding or targeting (15, 17, 100, 101).

A similar fold, from the GSDM family has strong
topological parallels to the MACPF domain (Figure 4D).
Indeed, DALI analysis revealed the pore-forming domain of
GSDMs is a bona fide homolog of MAPCFs (62). Like MPEG1,
GSDMs are regulated by proinflammatory signals and rely on
proteolytic processing for activation (106). While the two
families appear substantially different, GSDMs and MACPFs
share mechanistic similarities—namely PRF, MAC, and
GSDMs assemble and form transmembrane pores in a
“growing-pore” like the model discussed below (20, 63, 94).
Additionally, both families share topologically equivalent
transmembrane b-hairpins which contribute to a giant b-barrel
(86, 104, 107). The relation between the two families, however, still
remains controversial.

Overview of the MACPF Mechanism of
Pore Formation
In the archetypal pathway of pore assembly, soluble monomers
(Figure 3i) are generally recruited to the membrane surface via the
function of domains that are ancillary to the MACPF domain and
that function to directly bind to lipids or membrane associated
protein receptors (Figure 3ii). In the monomeric form, the pore
forming MACPF domain is folded into a compact structure that
represents a state of high potential energy—it is primed and ready
to punch into a lipid bilayer, akin to a compressed spring (Figure
4A). Membrane-bound monomers then undergo two-
dimensional lateral diffusion and oligomerize to form prepore
oligomers perched above the target membrane (Figure 3iii). These
prepores are short-lived intermediate complexes comprised of
rings or arcs that are yet to insert into the bilayer (83, 94, 104).
These arciform or complete prepores can undergo the MACPF
prepore-to-pore transition and insert into the lipid membrane
(Figures 3iv–vi). Both membrane-inserted and uninserted arcs
can continue to grow by recruiting subunits (Figures 3iv–vi). Both
the mechanisms of prepore-to-pore transition and how prepores
are triggered to form pores remain to be fully understood. In the
final structure, each monomer contributes two amphipathic b-
hairpins, and the final pore comprises a giant membrane spanning
b-barrel (23, 43, 86, 104, 108). The oligomeric pore form
represents the final, highly stable, membrane inserted state of
the MACPF domain (Figure 3vi).

The archetypal MACPF mechanism described above was
originally derived from extensive studies of the bacterial CDC
branch of the superfamily (100, 104, 109, 110) (Figures 3vii–ix).
However, in the context of MACPF proteins it is clear that
numerous variations of this mechanism have been identified.
Most importantly the concept of a prepore is less applicable to
the MACPF branch of the superfamily. For example, the
complement MAC forms a hetero-oligomer that assembles by
recruitment of multiple different MACPF domain-containing
subunits (C6, C7, C8, and C9) (21, 105). The MAC is also distinct
in that membrane insertion into the target bilayer most likely
takes place in a sequential, non-concerted manner with
individual monomers progressively undergoing conformational
Frontiers in Immunology | www.frontiersin.org 8
change and membrane insertion one-by-one (20, 22). In
addition, the MAC lacks membrane recognition domains,
instead it is recruited to the target membrane via opsonization
and the formation of complement component 5b on the surface
of pathogenic microbes. Studies on PRF also reveal variations
from the archetypal CDC-like mechanism—most notably the
“prepore” form of PRF oligomers is highly mobile and flexible
(94). PRF is thought to assemble and insert into the membrane in
a growing pore model—where subunits or smaller arcs are
recruited to a growing membrane inserted form (94, 111). PRF
appears to only form ordered ring-like structures upon transition
to the final pore form (94). Deviations of the common
mechanism also are evident in pleurotolysin and perivitellin-2,
which are two-component toxins (12, 13).

Three-Dimensional Structure of MPEG1
Two studies have reported high resolution structures of truncated
MPEG1 (82, 83). These studies employ MPEG1 constructs that
lack the transmembrane and cytosolic regions, under the
assumption that proteolysis of MPEG1 in vivo results in the
same final primary sequence. These structures thereby represent
presumed late matured MPEG1. These discoveries have propelled
our understanding with respect to MPEG1 biology.

Membrane-Bound Prepore
Overall, the ultrastructure of MPEG1 strongly reflects other pore
forming proteins (Figures 5A–E). The membrane-bound
structure of the MPEG1 ectodomain exists as a hexadecameric
homo-oligomer, whose central core consists of the MACPF
domain in a yet-to-unfurl, prepore state (Figure 5A). The
MACPF core b-sheet is oriented such that release of the TMH
helices would result in a b-barrel pore in an adjacent membrane.

The MABP domain of each subunit is positioned around the
periphery of the central MACPF core. An extended, twisted b-
hairpin protrudes from the MABP domain, in the opposite
direction to the MACPF b-sheet and TMH regions, to make
contact with the lipid membrane. All sixteen subunits coordinate
the lipid bilayer in this manner and act to adhere the MPEG1
prepore to the membrane surface (Figure 5A). The hydrophobic
tip of the MABP b-hairpin is surrounded by positively charged
residues that together interact with the lipid bilayer and charged
head groups of phospholipids (82, 83). This binding mode was
observed for the canonical MABP domain and suggests the b-
hairpin is an elongated variant of the similarly charged
membrane-binding loop of the ESCRT MABP (85).

The L-domain (CTT domain) is located in close proximity to the
lipid bilayer and, in the primary sequence, directly precedes the
transmembrane helix and cytosolic tail (Figure 1A). However, in
the membrane-bound prepore structure the L-domain is unresolved
and, therefore, is presumed to be disordered (not shown).

Prepore (Soluble)—Role of the L-Domain
In vitro studies of the MPEG1 ectodomain have demonstrated
that MPEG1 can adopt various conformational states (82, 83).
Human MPEG1 was seen to form dimeric ring/ring complexes
that are loosely associated (denoted thea-conformation) (Figure 5B).
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Some of these dimeric complexes were observed to undergo
inter-ring, b-strand swapping to form tightly associated double-
ring complexes (denoted the b-conformation) (Figure 5C).
These different interactions are mediated by the L-domain and,
hence, it was named due to its labile (L) conformational states. It
is unclear whether the double-ring assemblies of human MPEG1
exist in vivo and it is suggested they likely represent in vitro
artefacts (82). Unlike human MPEG1, murine MPEG1 was
observed to form monomeric material that readily oligomerized
to form single rings on membrane bilayers or in solution after
prolonged incubation at pH 5.5 and 37°C (Figure 5D). With the
exception of the b-conformation, both murine and human soluble
MPEG1 complexes are very similar overall.
Frontiers in Immunology | www.frontiersin.org 9
Comparison between the soluble and membrane-bound
prepore conformations reveals relatively few differences, with
one notable exception. In the soluble prepore (a-conformation;
Figures 5B, D), the b-hairpin of the MABP domain interacts
with the L-domain of the neighboring subunit (Figure 5E
[right]). Due to this interaction, the b-hairpin is shifted relative
to the membrane-bound prepore (Figures 5D, E [left]). These
interactions stabilize the L-domain, which forms a small b-
hairpin motif capped by an a-helix (Figures 5B, D). The b-
hairpin and L-domain interaction creates a four strand b-sheet
(Figure 5E; inset), and hence these inter-subunit contacts
anchor adjacent subunits in place. These interactions
presumably provide stability to the complex and, therefore,
A B D

E

FC

FIGURE 5 | The various structural states of MPEG1. (A) When incubated with liposomes (gray), MPEG1 binds the lipid bilayer as a single prepore ring, via the
MABP b-hairpin (yellow), orienting the MACPF domain away from the lipid bilayer [PDB: 6U2W] (82). Lipids are illustrated with a cartoon model. Both the
unsharpened (gray) and sharpened (alternating color) maps are superimposed to illustrate the lipid density (gray). (B) In solution, recombinant MPEG1 (truncated
between the L-domain [green] and TM region [not shown]) forms a loosely associated ring–ring dimer whereby the helix of the L-domain mediates interactions
between rings (termed the a-conformation) [PDB: 6U2J, 6U2K] (82). (C) A second, tightly associated ring–ring dimer is also possible; this conformation is defined
by inter-ring strand swapping (termed the b-conformation) [PDB: 6U2L] (82). This is achieved by the L-domain which adopts an extended b-sheet conformation.
(D) Murine MPEG1 truncated at a similar position to (A, B), forms single ring structures after prolonged incubation in acidic conditions [PDB: 6SB3] (83). These rings
were observed in the a-conformation (with respect to the L-domain). (E) A view of an MPEG1 dimer is shown from the periphery of the complex in both the
membrane-bound (left) and soluble prepore (right) states. Upon interchanging between these states, the L-domain and b-hairpin undergo conformational change.
Inset shows a magnified view of the interaction. (F) Incubation of murine MPEG1 at low pH and in the presence of the detergent CYMAL6 results in MPEG1 pores
[PDB: 6SB5] (83) where the MABP domain is flipped relative to (A–D). This conformational change re-orients the MACPF and MABP domains into the same
direction. The extremity of the b-barrel forms an amphipathic region (illustrated by a cartoon micelle). Top row: CryoEM reconstructions of MPEG1 (alternating colors
show individual subunits) of the overall quaternary structure. Both the full reconstruction (left) and a partial cross section (right) are shown for each panel (A–D, F).
The cross section enables visualization of the inner structure of the complex. Second row: Exemplar 2D class averages are shown below each reconstruction
[reproduced from (82, 83)]. The atomic coordinates for the full reconstruction are shown next to the corresponding 2D class average (alternating colours show
individual subunits). Third row: A single magnified subunit from each complex is shown. MACPF b-sheet (red), TMH regions (tan), MACPF core (blue), MABP/b-
hairpin (yellow), EGF-like (pink), linker region (purple), L-domain (green).
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were suggested to mediate oligomerization in solution.
Truncation of the L-domain was reported not to affect
membrane binding, however oligomerization in solution was
not reported (83).

Therefore, in order for the soluble prepore to bind
membranes it must undergo a conformational change. To
accommodate the interactions with the membrane bilayer the
MABP b-hairpin in the soluble prepore must bend upward ~25°
and shift laterally away from the L-domain (Figure 5E). This
movement breaks the intermolecular interactions with the L-
domain of the adjacent subunit and positions the b-hairpin to
interact with lipid head groups. In the absence of the interactions
with the b-hairpin, the L-domain of the adjacent subunit
becomes flexible or disordered. Furthermore, movement of the
L-domain helix is necessary to accommodate the bending of the
b-hairpin, which would otherwise produce steric clashes.

Detergent Solubilized Pore
Recently Ni and colleagues reported a structure of the murine
MPEG1 pore (Figure 5F) (83). Incubation of murine MPEG1 in
mildly acidified buffer led to oligomerization in solution, with
further incubation in strongly acidified buffer (pH 4.0–3.6)
promoting pore formation. Performing these reactions in the
presence of the detergent, Cymal-6, stabilized the exposed
hydrophobic regions of the b-barrel for structural studies. As
expected, these experiments revealed that, like polyC9 and
CDCs, the MPEG1 TMH regions unfurl to form giant b-
barrels (Figure 5F).

Strikingly, the MPEG1 pore revealed significant structural
rearrangement of the MABP domain relative to the MACPF
domain (Figures 5D, F). The large rotation of the MABP domain
results in the membrane-binding b-hairpin region oriented in
the same direction with the b-barrel of the MACPF domain.
Unlike most MACPF mechanisms studied to date, the peripheral
ancillary domains typically do not undergo such drastic
conformational changes, and hence these data suggest MPEG1
adopts an entirely unique mechanism. It remains unclear how
and when this conformational change occurs, i.e. from a
structural perspective and at which point of the MPEG1
assembly pathway. Higher resolution structures, as well as
studies in the presence of lipid bilayers, will be required to
fully understand the mechanism and structural motifs that
mediate this unique transition.

Control and Regulation of Oligomerization
In most PFPs studied to date, oligomerization on the target bilayer
results in a rapid trajectory into a final lytic pore. In this regard, the
correct spatiotemporal control of oligomerization represents a key
regulatory mechanism of PFP activity and safeguards the host cell
from premature lytic activity. For example, in the PRF system,
storage of PRF monomers within acidified vesicles prevents key
aspartic acid residues in the C2 domain from chelating Ca2+, which
prevents the C2 from adopting the membrane binding
conformation (112). Therefore, PRF cannot bind membranes and
does not oligomerize within granules. Subsequent release into the
junction of the immune synapse causes a pH shift, and Ca2+ binding
Frontiers in Immunology | www.frontiersin.org 10
is restored, thus PRF binds the cell plasma membrane and rapidly
oligomerizes to form pores (Figure 6A). During off-target assembly
of the MAC on host cells, the inhibitor CD59 directly binds the
nascent growingMAC and therefore blocks subsequent recruitment
of C9 monomers, halting further oligomerization and safeguarding
the cell (113). Notably, patients who lack CD59 develop PNH due to
uncontrolled MAC activity (37). Given the intracellular context of
the MPEG1 system, it is unclear what triggers oligomerization and
when it occurs. Like the MAC and PRF systems, controlling
MPEG1 oligomerization may act to prevent premature lytic
activity that may have detrimental effects on the cell. In this
regard, the coordinated cellular re-distribution of MPEG1 is
critical in ensuring MPEG1 is appropriately located and poised to
encounter microbes. However, cellular redistribution may
additionally function to control the oligomerization event itself.
As discussed earlier, proteolysis is suggested to regulate MPEG1
oligomerization (79). Moreover, sufficiently low pH was observed to
be important for murine MPEG1 oligomerization (83). Thus,
delivery of MPEG1 to acidified vesicles that possess the
appropriate proteases may represent an additional level of
functional regulation.

Role of MABP b-Hairpin for Membrane
Association
In agreement with structural data, independent studies found the
MABP b-hairpin directly mediates lipid binding in vitro,
preferentially recognizing negatively charged phospholipids
(phosphatidylserine, cardiolipin, phosphatidylinositol(s),
E. coli lipid extract, LPS) but not neutrally charged lipids
(phosphatidylcholine, phosphatidylethanolamine, sphingomyelin)
(82, 83). Therefore, consistent with other MACPF superfamily
members (13, 43, 102, 104), the ancillary domain of MPEG1
appears to function for membrane targeting.

In all other MACPF systems studied to date, both assembly of
the pore and perforation of the bilayer occurs on the same
membrane, i.e. the assembly and target membrane are the same
(13, 20, 21, 43, 94, 105, 114) (Figure 6A). In contrast, the MPEG1
assembly pathway may not follow this simple concept (Figure
6B). As discussed, the MABP and MACPF domains are
functionally positioned in opposite directions. As such the
MPEG1 system was observed to form soluble oligomers that
were capable of diffusing and binding membranes (orienting the
MACPF domain away from the bilayer). Therefore, the assembly
membrane may not correspond to the target membrane.

Pang, Bayly-Jones and colleagues suggest this may function as
a control mechanism to prevent MPEG1 oligomers from
mediating autolysis (i.e. of the assembly membrane) (82).
While the MABP b-hairpin is associated with the endosomal
host bilayer (assembly membrane) (Figures 6B iv–v), the
orientation of the MACPF domain would prevent membrane
perforation of the host bilayer. Hence, these data suggest the
MABP b-hairpin may act to sequester MPEG1 to the host bilayer
and orient it in a protective capacity.

Conversely, in vitro high speed AFM imaging suggests these
prepores could undergo a conformational change upon
acidification that can be interpreted as pore formation (83).
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These experiments suggest that, rather than a protective role, the
MABP b-hairpin may perform a targeting role as an ancillary
domain in a more typical MACPF/CDC sense (Figures 6Bvii–
viii). However, in this context the assembly of the prepore occurs
independently from the target membrane (either in solution or
on another bilayer)—this ability itself is unique when compared
to other family members.

These features suggest that MPEG1, unlike other MACPF/
CDC systems studied to date, may follow a distinct assembly
pathway with independent assembly and target membranes
Frontiers in Immunology | www.frontiersin.org 11
(regardless of the role of the MABP b-hairpin). Both the ability
to form soluble active prepore oligomers and the unique domain
arrangement distinguish MPEG1 from other characterized
MACPF/CDCs. Indeed, the canonical mechanism of pore
formation and the notion of a single assembly/target
membrane may not be consistent with the MPEG1 system.

Acid Induced Pore Formation
Recent structure–functions studies reveal MPEG1 activity is
strictly dependent on acidification, with recombinant MPEG1
A

B

FIGURE 6 | Schematic comparison between current models of PRF and MPEG1 assembly. (A) At the T-cell immune synapse, vesicles (i) containing PRF [only the
MAPCF (blue) and C2 domains (green) are shown] and granzymes (purple) fuse with the plasma membrane releasing their contents onto the target cell (ii). Within
these cytotoxic granules (i), PRF is kept in a Ca2+-deficient environment at low pH, therefore PRF is unable to bind membranes. Upon being released into the
immune synapse (ii), PRF encounters Ca2+ (zoomed inset; red spheres) and therefore, binds the lipid bilayer via a target recognition C2 domain (iii). PRF begins to
oligomerize into arcs (iv) and, later, fully formed pores (vi). In the PRF mechanism, early arc intermediates can puncture the lipid membrane (v); these can continue to
grow in a continuous manner by recruiting monomers or other arcs. Functional arcs that have punctured into the lipid bilayer are depicted with a white membrane
lesion (v). The final PRF pore enables granzyme B (GrB; purple) to diffuse into the target cell (vii). (B) EEA1+ vesicles containing MPEG1 (i) are triggered to traffic
toward and fuse with the phagosomal membrane by monoubiquitination (blue diamond) (ii). Tethered MPEG1 [only the MACPF (red) and MABP domains (yellow) are
shown] is proteolyzed from the lipid bilayer [transmembrane region and cytosolic tail are shown as a line (green)] (iii). Cleaved MPEG1 oligomerizes into a prepore (v).
Upon strong acidification (pH < 5), MPEG1 is activated and transitions into a pore (vi or ix). MPEG1 may follow two proposed pathways (iv or vii). In the trans-pore
model, oligomerization occurs on the host bilayer (iv to v) and trans-pores breach the bilayer of target membranes in close proximity (vi) (82). Other receptor
complexes may be required to drive the formation of a close membrane–membrane junction (blue/orange receptor complex; asterisk). Alternatively, MPEG1
monomers diffuse within the synapse (vii) and oligomerize on microbial bilayers (vii to viii). The MACPF or MABP domains rotate, to re-orient the MACPF machinery
toward the microbial bilayer [vii or viii; unclear (83)]. A cis-pore breaches the microbial bilayer (ix). The stage of MACPF or MABP domain rotation is unclear. After
either a trans- or cis-pore has formed, effector molecules enter the target cell via the MPEG1 pore (x).
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becoming increasingly active at lower pH, with pH 5.5
representing an upper limit for detectable activity (82, 83)
(Figure 2ix). How exactly pH triggers the prepore-to-pore
transition of MPEG1 is not understood. The motifs and
residues that mediate this acid trigger have not yet been
established. Inspection of the core domain of MPEG1 does not
reveal titratable residues that clearly govern key interactions for
activation. As an alternative hypothesis, perhaps the low pH has
an overall destabilizing effect and thus reduces the necessary
activation energy. In any case, the acid trigger represents an
important negative regulatory mechanism employed by the cell.
This mechanism also explains why MPEG1 activity occurs within
the matured endosomal vesicles and the phagolysosome.
Furthermore, inhibition of endosomal acidification, for example
by inhibitors of vacuolar-type H+-ATPases, would likely confer
resistance to intracellular microbes by preventing the activation of
MPEG1. This is a known mechanism of microbial evasion and is
described for several pathogens, reviewed elsewhere (115). In
contrast, earlier studies of MPEG1 function examined endosomal
pH levels and found vesicles occupied by the intracellular pathogen
L. monocytogenes rapidly acidify inMPEG1 deficient cell lines (116).
Conversely, acidification was significantly delayed when MPEG1
expression was rescued. These data suggest that MPEG1 somehow
functions to slow the rapid acidification of these phagosomal
vesicles. These observations appear paradoxical. Specifically, it is
unclear how exactly MPEG1 functions to reduce the acidification of
vesicles in situ, while being strictly dependent on low pH for activity
in vitro.

MPEG1 Proposed Models and
Mechanisms
The archetypal model of pore formation has largely arisen to
describe PRF and CDCs (Figure 3); however, this canonical
mechanism fails to explain how intracellular MACPFs operate
within membranous compartments without detrimental effects
to the host cell. Furthermore, membrane tethered MACPF
systems, such as MPEG1 and ASTN1/2, challenge the notions
of diffusion, membrane recognition, and oligomerization; in
particular, the sequence of events may be different or
additional steps may be required, such as proteolysis. There are
currently two proposed models of pore formation, both of which
may co-exist depending on context, together these represent an
exciting frontier in understanding MPEG function (Figure 6B).
In this regard, in situ data, such as cryo-electron tomography
(cryoET) of MPEG1 in cells, will be important to determine the
final pore state, mechanism of bactericidal activity and whether the
prepore observed thus far represents a productive intermediate on
the way to pore formation.

The Immunosynapse and Trans-Pore Formation
The advances in MPEG1 biology highlighted by recent studies
address a critical question of how an intracellular MACPF can
function within membrane compartments without killing the
host cell. Specifically, the orientation of membrane-bound
MPEG1 suggests pore formation can occur in an adjacent
membrane (Figure 6B vi). As a result, MPEG1 may bridge two
bilayers; one membrane is coordinated by the MABP b-hairpin,
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while the other becomes the target of the MACPF b-barrel of the
MPEG1 pore (Figure 6B vi). Such a mechanism is akin to a
primordial (intracellular) immune synapse, where the
phagosomal membrane and target membrane are brought into
close proximity by conjugate cellular mechanisms e.g. immune
receptor:antigen interactions (Figure 6B; right). Such proximity
would then allow for MPEG1 pores to preferentially damage
pathogen bilayers, while providing a method of protecting the
host bilayer. Of course, to ensure that pore formation results in
damage to a target membrane, it is important that acidification
occur after a synapse has been established such that membranes
are in sufficient proximity. Importantly, these trans-pores were
observed in cryo-EM data sets of MPEG1 proteoliposomes (82);
however, these were a rare population, and 3D reconstructions
were not possible. Further structural and biochemical studies will
be required to confirm or exclude their existence.

A key implication of the trans-pore model is that MPEG1 has
little target specificity, rather MPEG1 would damage any
membrane that is sufficiently close upon activation. Similarly,
broad anti-membrane activity is thought to occur for the MAC,
which employs an atypical target-recognition mechanism (20–
22, 105). Likewise, upon its delivery, PRF must recognize any
host cell membrane in the immune synapse. In this regard, PRF
has been shown to form pores on several lipid compositions,
relying more specifically on the physical properties of lipid
fluidity to distinguish its target (117) (Figure 6A). An
evolutionary advantage would be conferred by immune
effectors that can broadly target and damage a variety of
membrane compositions and thus a range of pathogens.
Therefore, metazoan immune complexes such as MPEG1,
MAC, and PRF may have evolved greater flexibility in their
target recognition, while relying more heavily on conjugate
cellular mechanisms to govern their regulation e.g. PRF
granules, or the MAC-inhibitor CD59 (118) or the domain
arrangement in MPEG1 (82, 83). Broad anti-membrane
activity would maximize the spectrum of potential vulnerable
targets; however, it would also simultaneously make the
organism more susceptible to collateral damage. Therefore,
conjugate cellular mechanisms might be more important in
governing the regulation, delivery, and activation of the
mammalian perforin-like immune effectors (Figure 6A). The
promiscuity of these immune effectors is highlighted when
juxtaposed against other PFPs that have highly specific target
recognition requirements (e.g. pleurotolysin, intermedilysin)
(13, 119).

MABP Rotation and Cis-Pore Formation
In contrast, the recent structure of a murine MPEG1 pore at 5 Å
illustrates an unexpected conformational rearrangement of the
MABP domain (83) (Figure 6B viii). Comparison of MPEG1
structures as a soluble prepore and a detergent solubilized pore
suggests a different model of pore formation occurs, whereby
rotation of the MABP domain and b-hairpin motif is responsible
for recognition of the target membrane (Figure 6B vi). The
drastic conformational rearrangement corresponds to a lateral
180° rotation of the MABP domain (such that the peripheral
region remains on the periphery), resulting in the MABP
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b-hairpin and MACPF domains being re-oriented in the same
direction (Figure 5E, Figure 6B viii). It is not clear whether this
rearrangement would occur prior to acid-induced pore
formation or accompany pore formation. One possibility is
that the MABP b-hairpin swings down to recognize the target
membrane, engaging the bilayer via the lipid binding motif
(Figure 6B vi). Subsequently, upon acidification, the MPEG1
prepore (here in a late stage) unfurls to form a giant b-barrel in
the target. In support of this model is a disulfide trapped mutant,
which locks the MABP domain to the linker region, preventing
domain movement. This mutant loses lytic activity until a
reducing agent is added, restoring activity to that of wild type.
These data suggest that MPEG1 activity is dependent on the
movement of the MABP domain.

While there are some parallels between this model and the
archetypal mechanism, the model is nevertheless unique.
Specifically, MPEG1 may adopt two prepore states, both an
early stage (either soluble or membrane-bound; Figure 6B iv)
and a late stage (MABP and MACPF in the same orientation;
Figure 6B vii) [also depicted in Ni et al. (83)]. Furthermore, this
model provides a simpler explanation of target recognition,
without postulating coupled processes or receptors, as the
MABP b-hairpin alone would be sufficient. Problematically, the
cis-pore model fails to explain how freely diffusing MPEG1 could
function within a membrane compartment without damaging
the cell’s own membranes. A similar conundrum exists for PRF,
which functions at the immunosynapse between a host and
target cell (Figure 6A). One recent study suggests that
differences in the fluidity of the lipid bilayer of cytotoxic T
cells, compared to that in target cells, can protect T-cell
membranes from PRF pore formation (117). Therefore,
potential differences in membrane properties of the host and
pathogen may likewise provide selectivity in the MPEG1 system.
DISCUSSION

In vitro studies of MPEG1 have provided key biophysical and
structural insights into the MPEG1 assembly pathway. Two
models have emerged that attempt to explain the MPEG1
mechanism, namely the cis- and trans-pore models; however,
there remain several questions that neither assembly model fully
addresses (Figure 6). At this point in time the field cannot
resolve both models. In this regard it is obvious that the MPEG1
system deviates from other MACPFs. Indeed, the MPEG1 system
appears to adopt a unique mechanism of pore formation
altogether. Further work is required such as characterization of
other potential structural states, as well as higher resolution data
of current models. Particularly, in situ studies would be beneficial
to ascertain the stepwise events in MPEG1 function, e.g. data
acquired by imaging pores within the cellular environment
by cryoET.

One issue with the trans-pore model is the apparent
redundancy of the MABP domain and the transmembrane
helix. It seems mysterious that MPEG1 would evolve two
independent mechanisms for anchoring to the host membrane
Frontiers in Immunology | www.frontiersin.org 13
(Figures 6B iii, iv). In contrast, the cis-pore model is consistent
with a need for both a transmembrane helix and a secondary
membrane recognition domain for targeting, namely the MABP
domain. Matters are complicated by the role of proteolysis where
it is hypothesized that cleavage of the transmembrane helix is
necessary for oligomerization (Figure 6B iii). The trans-pore
model encompasses the possibility of proteolysis, whereby the
MABP b-hairpin functions in sequestering MPEG1. In contrast,
in the cis-pore model, proteolysis raises the issue of host cell
protection where membrane compartments become susceptible
to collateral damage by freely diffusing MPEG1.

Nevertheless, there is structural and biochemical evidence to
support a cis-pore model, where it is proposed the MABP
domain rotates to contact the target bilayer (Figures 6 vii–xi)
(83). However, it is unclear how such a conformational shift
would be physically possible in an oligomeric form, since
significant clashes with neighbouring subunits would prohibit
the MABP rotation. Secondly, substantial energy would be
required to dissociate all sixteen MABP b-hairpins from the
bilayer to allow for MABP rotation. Assuming the MPEG1
complex does not dissociate from the bilayer (Figures 6 iv–vi),
structural comparison of the membrane-bound prepore (Figure
5D) and the inserted pore state (Figures 5E) suggests that the
point of rotation is about the MACPF domain rather than the
MABP domain. However, rotation of the MACPF domain seems
highly unlikely. This would require extensive interactions formed
at the MACPF interface to break or require subunits to dissociate
entirely to accommodate the large motion. Taken together,
within an oligomeric state, rotation of either the MACPF or
MABP domains is difficult to reconcile. One possibility is that
structural rearrangement occurs prior to oligomerization, i.e. as
monomers (Figures 6B iv, vi); however this is inconsistent with
the observed lytic activity of pre-assembled oligomers (82, 83).
Alternatively, it is possible that the observed cis-pore may be
artefactual, resulting from detergent solubilization or partial
denaturation at pH 3.6–4.0. Further studies will be required in
order to address these issues and confirm if, and how, the MABP
domain rotates in the presence of lipid bilayers and under more
physiological conditions.

It is worth considering similarities between MPEG1—the
most ancient pore forming MACPF protein described to
date—and the GSDMs—a somewhat recently described family
of pore forming proteins that drive programmed cell death via
pyroptosis. Both are intracellular pore forming proteins that
share a similar function that is pore formation in immunity. Our
analysis further reveals these molecules clearly share the same
overall core topological fold (Figures 4A–C) in agreement with
others (62), and both MPEG1 and GSDMs require activation via
proteolysis. These comparisons reveal that both MACPF
proteins and GSDMs utilize common mechanistic features to
form large b-barrel lined pores—i.e. oligomerization of a
substantial number of monomers and the unwinding of two
topologically equivalent regions within each monomer to form
membrane spanning amphipathic b-hairpins (Figures 4A–C).

Despite these observations, sequence comparisons reveal no
obvious sequence conservation between the two families.
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Furthermore, certain structural features of MACPF proteins (e.g.
the HTH motif) are absent in GSDMs. Thus, some controversy
exists with respect to whether the similarities between GSDMs and
MACPF proteins have arisen through convergent or divergent
evolution. Based on bioinformatic studies of other protein families
(120), we, and others (62, 63), suggest that the structural,
functional, and mechanistic data collectively present a
reasonably compelling argument for a common ancestry
between MACPF proteins and GSDMs. Such a relationship, if
further supported (for example through identification and
structural characterization of proteins that link the two families),
may reveal intriguing new aspects of howmembers of the MACPF
superfamily have been deployed and re-deployed throughout the
breadth of the immune response.

Herein, we have discussed the role MPEG1 plays within the
cellular environment and its involvement as an immune effector.
While several features of MPEG1 have been elucidated, many
new questions have correspondingly arisen. For example, few
studies have been performed that investigate the short MPEG1
isoform (MPEG1b), and hence, its role is poorly understood.
Overall, the structural advances to date will provide a strong
foundation for future work by guiding experiments and in situ
studies. Of particular interest will be the impact of more directed
mutagenesis and targeted changes to MPEG1 domains and key
structural elements, to ascertain what effects these have on
phenotypes in cellular and animal models. In this regard,
Frontiers in Immunology | www.frontiersin.org 14
further studies will be highly informative in delineating the
physiological roles of MPEG1 and its assembly.
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15. Anderluh G, Kisovec M, Krasěvec N, Gilbert RJC. MACPF/CDC Proteins -
Agents of Defence, Attack and Invasion. Sub-cellular Biochem (2014) 80:7–
30 p. doi: 10.1007/978-94-017-8881-6_2

16. Bayly-Jones C, Bubeck D, Dunstone MA. The mystery behind membrane
insertion: A review of the complement membrane attack complex. Philos
Trans R Soc B Biol Sci (2017) 372(1726):20160221. doi: 10.1098/
rstb.2016.0221
October 2020 | Volume 11 | Article 581906

https://doi.org/10.1093/pcp/pci095
https://doi.org/10.1111/tpj.13391
https://doi.org/10.1007/s11103-006-9001-6
https://doi.org/10.1111/j.1365-2249.2004.02611.x
https://doi.org/10.1128/IAI.69.12.7904-7910.2001
https://doi.org/10.1128/IAI.69.12.7904-7910.2001
https://doi.org/10.1016/j.tim.2012.04.006
https://doi.org/10.1016/j.tim.2012.04.006
https://doi.org/10.1073/pnas.0406187101
https://doi.org/10.1111/j.1462-5822.2004.00447.x
https://doi.org/10.1073/pnas.1507622112
https://doi.org/10.1073/pnas.1507622112
https://doi.org/10.1016/S0006-291X(02)00547-8
https://doi.org/10.1016/j.toxicon.2003.11.017
https://doi.org/10.1016/j.jsb.2020.107531
https://doi.org/10.1016/j.jsb.2020.107531
https://doi.org/10.1371/journal.pbio.1002049
https://doi.org/10.1038/s41598-019-41450-4
https://doi.org/10.1038/s41598-019-41450-4
https://doi.org/10.1007/978-94-017-8881-6_2
https://doi.org/10.1098/rstb.2016.0221
https://doi.org/10.1098/rstb.2016.0221
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bayly-Jones et al. MPEG1, a Perforin-Like Immune Effector
17. Rosado CJ, Kondos S, Bull TE, Kuiper MJ, Law RHP, Buckle AM, et al. The
MACPF/CDC family of pore-forming toxins. Cell Microbiol (2008) 10
(9):1765–74. doi: 10.1111/j.1462-5822.2008.01191.x

18. Podack ER, Munson GP. Killing of microbes and cancer by the immune
system with three mammalian pore-forming killer proteins. Front Immunol
(2016) 7:464. doi: 10.3389/fimmu.2016.00464

19. Kaufmann SHE. Immunology’s foundation: The 100-year anniversary of the
Nobel Prize to Paul Ehrlich and Elie Metchnikoff. Nat Immunol (2008)
9:705–12. doi: 10.1038/ni0708-705

20. Parsons ES, Stanley GJ, Pyne ALB, Hodel AW, Nievergelt AP, Menny A,
et al. Single-molecule kinetics of pore assembly by the membrane attack
complex. Nat Commun (2019) 10(1):2066. doi: 10.1038/s41467-019-10058-7

21. Serna M, Giles JL, Morgan BP, Bubeck D. Structural basis of complement
membrane attack complex formation. Nat Commun (2016) 7:1–7.
doi: 10.1038/ncomms10587

22. Spicer BA, Law RHP, Caradoc-davies TT, Ekkel SM, Bayly-Jones C, Pang S,
et al. The first transmembrane region of complement component-9 acts as a
brake on its self-assembly. Nat Commun (2018) 9(3266):3266. doi: 10.1038/
s41467-018-05717-0

23. Dudkina NV, Spicer BA, Reboul CF, Conroy PJ, Lukoyanova N, Elmlund
H, et al. Structure of the poly-C9 component of the complement
membrane attack complex. Nat Commun (2016) 7:10588. doi: 10.1038/
ncomms10588

24. Doorduijn DJ, Rooijakkers SHM, Heesterbeek DAC. How the Membrane
Attack Complex Damages the Bacterial Cell Envelope and Kills Gram-
Negative Bacteria. BioEssays (2019) 41(10):1900074. doi: 10.1002/
bies.201900074

25. Heesterbeek DA, Bardoel BW, Parsons ES, Bennett I, Ruyken M, Doorduijn
DJ, et al. Bacterial killing by complement requires membrane attack complex
formation via surface-bound C5 convertases. EMBO J (2019) 38(4):e99852.
doi: 10.15252/embj.201899852

26. Doorduijn DJ, Bardoel BW, Heesterbeek DAC, Ruyken M, Benn G, Parsons
ES, et al. Bacterial killing by complement requires direct anchoring of
membrane attack complex precursor C5b-7. PLoS Pathog (2020) 16(6):
e1008606. doi: 10.1371/journal.ppat.1008606

27. Heesterbeek DAC, Martin NI, Velthuizen A, Duijst M, Ruyken M,Wubbolts
R, et al. Complement-dependent outer membrane perturbation sensitizes
Gram-negative bacteria to Gram-positive specific antibiotics. Sci Rep (2019)
9(1):7841. doi: 10.1038/s41598-019-43208-4

28. Zhang Z, Yang J, Wei J, Yang Y, Chen X, Zhao X, et al. Trichinella spiralis
paramyosin binds to c8 and c9 and protects the tissue-dwelling nematode
from being attacked by host complement. PLoS Negl Trop Dis (2011) 5(7):
e1225. doi: 10.1371/journal.pntd.0001225

29. Parizade M, Arnon R, Lachmann PJ, Fishelson Z. Functional and antigenic
similarities between a 94-kD protein of Schistosoma mansoni (SCIP-1) and
human CD59. J Exp Med (1994) 179(5):1625–36. doi: 10.1084/
jem.179.5.1625

30. Schreiber RD, Morrison DC, Podack ER, Müller-Eberhard HJ. Bactericidal
activity of the alternative complement pathway generated from 11 isolated
plasma proteins. J Exp Med (1979) 149(4):870–82. doi: 10.1084/
jem.149.4.870

31. Martinez RJ, Carroll SF. Sequential metabolic expressions of the lethal
process in human serum-treated Escherichia coli: Role of lysozyme. Infect
Immun (1980) 28(3):735–45.

32. Kim SH, Carney DF, Hammer CH, Shin ML. Nucleated cell killing by
complement: effects of C5b-9 channel size and extracellular Ca2+ on the lytic
process. J Immunol (1987) 138(5):1530–6.

33. Niculescu F, Rus H, van Biesen T, Shin ML. Activation of Ras and mitogen-
activated protein kinase pathway by terminal complement complexes is G
protein dependent. J Immunol (1997) 158(9):4405–12.

34. Morgan BP. The membrane attack complex as an inflammatory trigger.
Immunobiology (2016) 221:747–51. doi: 10.1016/j.imbio.2015.04.006

35. Nagata M, Hara T, Aoki T, Mizuno Y, Akeda H, Inaba S, et al. Inherited
deficiency of ninth component of complement: An increased risk of
meningococcal meningitis. J Pediatr (1989) 114(2):260–3. doi: 10.1016/
S0022-3476(89)80793-0

36. Inai S, Akagaki Y, Moriyama T, Fukumori Y, Yoshimura K, Ohnoki S, et al.
Inherited deficiencies of the late-acting complement components other than
Frontiers in Immunology | www.frontiersin.org 15
C9 found among healthy blood donors. Int Arch Allergy Immunol (1989) 90
(3):274–9. doi: 10.1159/000235037

37. Takeda J, Miyata T, Kawagoe K, Iida Y, Endo Y, Fujita T, et al. Deficiency of
the GPI anchor caused by a somatic mutation of the PIG-A gene in
paroxysmal nocturnal hemoglobinuria. Cell (1993) 73(4):703–11. doi:
10.1016/0092-8674(93)90250-T

38. Bessler M, Mason PJ, Hillmen P, Miyata T, Yamada N, Takeda J, et al.
Paroxysmal nocturnal haemoglobinuria (PNH) is caused by somatic
mutations in the PIG-A gene. EMBO J (1994) 13(1):110–7. doi: 10.1002/
j.1460-2075.1994.tb06240.x

39. Podack ER, Young JDE, Cohn ZA. Isolation and biochemical and functional
characterization of perforin 1 from cytolytic T-cell granules. Proc Natl Acad
Sci U S A (1985) 82(24):8629–33. doi: 10.1073/pnas.82.24.8629

40. Masson D, Tschopp J. Isolation of a lytic, pore-forming protein (perforin)
from cytolytic T-lymphocytes. J Biol Chem (1985) 260(16):9069–72.

41. Stinchcombe JC, Bossi G, Booth S, Griffiths GM. The immunological
synapse of CTL contains a secretory domain and membrane bridges.
Immunity (2001) 15(5):751–61. doi: 10.1016/S1074-7613(01)00234-5

42. Baran K, Dunstone M, Chia J, Ciccone A, Browne KA, Clarke CJP, et al. The
Molecular Basis for Perforin Oligomerization and Transmembrane Pore
Assembly. Immunity (2009) 30(5):684–95. doi: 10.1016/j.immuni.2009.03.016

43. Law RHP, Lukoyanova N, Voskoboinik I, Caradoc-Davies TT, Baran K,
Dunstone MA, et al. The structural basis for membrane binding and pore
formation by lymphocyte perforin. Nature (2010) 468(7322):447–51. doi:
10.1038/nature09518

44. Talanian RV, Yang XH, Turbov J, Seth P, Ghayur T, Casiano CA, et al.
Granule-mediated killing: Pathways for granzyme B-initiated apoptosis.
J Exp Med (1997) 186(8):1323–31. doi: 10.1084/jem.186.8.1323

45. Lopez JA, Jenkins MR, Rudd-Schmidt JA, Brennan AJ, Danne JC,
Mannering SI, et al. Rapid and Unidirectional Perforin Pore Delivery at
the Cytotoxic Immune Synapse. J Immunol (2013) 191(5):2328–34. doi:
10.4049/jimmunol.1301205

46. Jenkins MR, Rudd-Schmidt JA, Lopez JA, Ramsbottom KM, Mannering SI,
Andrews DM, et al. Failed CTL/NK cell killing and cytokine hypersecretion
are directly linked through prolonged synapse time. J Exp Med (2015) 212
(3):307–17. doi: 10.1084/jem.20140964

47. Voskoboinik I, Whisstock JC, Trapani JA. Perforin and granzymes:
Function, dysfunction and human pathology. Nat Rev Immunol (2015)
15:388–400. doi: 10.1038/nri3839

48. Berkowicz SR, Giousoh A, Bird PI. Neurodevelopmental MACPFs: The
vertebrate astrotactins and BRINPs. Semin Cell Dev Biol (2017) 72:171–81.
doi: 10.1016/j.semcdb.2017.05.005

49. Hatten ME. New directions in neuronal migration. Science (2002) 297:1660–
3. doi: 10.1126/science.1074572

50. Fink JM, Hirsch BA, Zheng C, Dietz G, Hatten ME, Ross ME. Astrotactin
(ASTN), a gene for glial-guided neuronal migration, maps to human
chromosome 1q25.2. Genomics (1997) 40(1):202–5. doi: 10.1006/
geno.1996.4538

51. Zheng C, Heintz N, Hatten ME. CNS gene encoding astrotactin, which
supports neuronal migration along glial fibers. Sci (80- ) (1996) 272
(5260):417–9. doi: 10.1126/science.272.5260.417

52. Kawano H, Nakatani T, Mori T, Ueno S, Fukaya M, Abe A, et al.
Identification and characterization of novel developmentally regulated
5neural-specific proteins, BRINP family. Mol Brain Res (2004) 125(1–
2):60–75. doi: 10.1016/j.molbrainres.2004.04.001

53. Terashima M, Kobayashi M, Motomiya M, Inoue N, Yoshida T, Okano H,
et al. Analysis of the expression and function of BRINP family genes
during neuronal differentiation in mouse embryonic stem cell-derived
neural stem cells. J Neurosci Res (2010) 88(7):1387–93. doi: 10.1002/
jnr.22315

54. Lionel AC, Tammimies K, Vaags AK, Rosenfeld JA, Ahn JW, Merico D, et al.
Disruption of the ASTN2/TRIM32 locus at 9q33.1 is a risk factor in males
for autism spectrum disorders, ADHD and other neurodevelopmental
phenotypes. Hum Mol Genet (2014) 23(10):2752–68. doi: 10.1093/hmg/
ddt669

55. Wang KS, Tonarelli S, Luo X, Wang L, Su B, Zuo L, et al. Polymorphisms
within ASTN2 gene are associated with age at onset of Alzheimer’s disease.
J Neural Transm (2015) 122(5):701–8. doi: 10.1007/s00702-014-1306-z
October 2020 | Volume 11 | Article 581906

https://doi.org/10.1111/j.1462-5822.2008.01191.x
https://doi.org/10.3389/fimmu.2016.00464
https://doi.org/10.1038/ni0708-705
https://doi.org/10.1038/s41467-019-10058-7
https://doi.org/10.1038/ncomms10587
https://doi.org/10.1038/s41467-018-05717-0
https://doi.org/10.1038/s41467-018-05717-0
https://doi.org/10.1038/ncomms10588
https://doi.org/10.1038/ncomms10588
https://doi.org/10.1002/bies.201900074
https://doi.org/10.1002/bies.201900074
https://doi.org/10.15252/embj.201899852
https://doi.org/10.1371/journal.ppat.1008606
https://doi.org/10.1038/s41598-019-43208-4
https://doi.org/10.1371/journal.pntd.0001225
https://doi.org/10.1084/jem.179.5.1625
https://doi.org/10.1084/jem.179.5.1625
https://doi.org/10.1084/jem.149.4.870
https://doi.org/10.1084/jem.149.4.870
https://doi.org/10.1016/j.imbio.2015.04.006
https://doi.org/10.1016/S0022-3476(89)80793-0
https://doi.org/10.1016/S0022-3476(89)80793-0
https://doi.org/10.1159/000235037
https://doi.org/10.1016/0092-8674(93)90250-T
https://doi.org/10.1002/j.1460-2075.1994.tb06240.x
https://doi.org/10.1002/j.1460-2075.1994.tb06240.x
https://doi.org/10.1073/pnas.82.24.8629
https://doi.org/10.1016/S1074-7613(01)00234-5
https://doi.org/10.1016/j.immuni.2009.03.016
https://doi.org/10.1038/nature09518
https://doi.org/10.1084/jem.186.8.1323
https://doi.org/10.4049/jimmunol.1301205
https://doi.org/10.1084/jem.20140964
https://doi.org/10.1038/nri3839
https://doi.org/10.1016/j.semcdb.2017.05.005
https://doi.org/10.1126/science.1074572
https://doi.org/10.1006/geno.1996.4538
https://doi.org/10.1006/geno.1996.4538
https://doi.org/10.1126/science.272.5260.417
https://doi.org/10.1016/j.molbrainres.2004.04.001
https://doi.org/10.1002/jnr.22315
https://doi.org/10.1002/jnr.22315
https://doi.org/10.1093/hmg/ddt669
https://doi.org/10.1093/hmg/ddt669
https://doi.org/10.1007/s00702-014-1306-z
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bayly-Jones et al. MPEG1, a Perforin-Like Immune Effector
56. Adams NC, Tomoda T, Cooper M, Dietz G, Hatten ME. Mice that lack
astrotactin have slowed neuronal migration. Development (2002) 129
(4):965–72.
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