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Abstract

Phosphatidylethanolamine-binding protein 1 (PEBP1), a small 21 kDa protein, is implicated in several key processes of the
living cell. The deregulation of PEBP1, especially its downregulation, leads to major diseases such as cancer and Alzheimer’s
disease. PEBP1 was found to interact with numerous proteins, especially kinases and GTPases, generally inhibiting their
activity. To understand the basic functionality of this amazing small protein, we have considered several known processes
that it modulates and we have discussed the role of each molecular target in these processes. Here, we propose that cortical
actin organization, associated with membrane changes, is involved in the majority of the processes modulated by PEBP1.
Furthermore, based on recent data, we summarize some key PEBP1-interacting proteins, and we report their respective func-
tions and focus on their relationships with actin organization. We suggest that, depending on the cell status and environment,

PEBP1 is an organizer of the actin-membrane composite material.
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Introduction

PhosphatidylEthanolamine-Binding Proteins (PEBPs) are
a family of proteins expressed in a large number of living
organisms such as bacteria, yeasts, parasites, plants, insects,
and animals. Several PEBP isoforms were encountered
in each specific species and appeared to be implicated in
numerous cellular processes in response to the environ-
ment. In mammals, the main expressed isoform PEBP1 was
first characterized in the brain where it is associated with
membranes and phospholipids. Studies measuring the affin-
ity of this isoform toward different phospholipids showed a
preference for phosphatidylethanolamine (PE) [1, 2], and
then designated PEBP1. The sequence, then the crystallo-
graphic structure of bovine [3], and human PEBP1 [4] were
solved, revealing a small well-structured 21 kDa protein. A
small accessible cavity has a high affinity for anions, such as
phosphate, acetate, phosphorylethanolamine, or cacodilate
molecules, and was identified as the binding site of PEBP1.

P4 Frangoise Schoentgen
francoise.schoentgen @upmc.fr

1" UMR CNRS 7590, Museum National d’Histoire Naturelle,
IRD, Institut de Minéralogie, de Physique des Matériaux
et de Cosmochimie, IMPMC, Sorbonne Université,

75005 Paris, France

Subsequently, PEBP1 was described to be downregu-
lated in numerous types of cancer, the disappearance of
PEBP1 in tumor cells being concomitant with metastases
development [5]. Thus, PEBP1 is considered a suppressor
of metastases [6]. Since then, several studies have demon-
strated the implication of PEBP1 in other diseases, such as
Alzheimer’s disease, diabetes, nephropathies, and ciliopa-
thies [7, 8]. Concerning the molecular role of PEBP1 in the
cell, one major discovery was the inhibitory effect of PEBP1
toward Rafl, a kinase of the Raf/MEK/ERK signaling path-
way [9], prompting the authors to redefine PEBP1 as a Raf
Kinase Inhibitory Protein (RKIP). Afterwards, PEBP1 was
described to regulate many other protein kinases implicated
in various signaling pathways, particularly NF-kB [10] and
PI3K/Akt/mTOR [11] which is strongly involved in cancer
[12]. Surprisingly, in recent years, PEBP1 was described to
influence a considerable number of cell physiological behav-
iors including cell growth and differentiation, proliferation,
migration, motility, cell cycle, genomic stability, apopto-
sis, autophagy, drug resistance, spermatogenesis, mechani-
cal and oxidative stress, adhesion, neuronal synapse, and
immunity [7, 13].

To clarify the apparent discrepancy between the structural
simplicity of PEBP1 and its multiple functions, we have inven-
toried and compared the various cellular processes in which it
is implied. The comparison focused on both the functional and
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molecular aspects of the cell mechanisms. It became obvious
that the primary common denominator for the vast majority of
the processes and interacting proteins controlled by PEBP1 is
cytoskeleton reorganization in close relationships with mem-
brane remodeling [7].

In the present paper, based on recent data describing PEBP1
relationships with various molecular targets, we reinforce the
idea that the likely principal functionality of PEBP1 is to
regulate the transport of membrane proteins in coordination
with cortical actin organization, particularly in cell motility.
Moreover, the considered data suggest that the modulation of
the actin skeleton, particularly cortical actin, is sufficient to
explain the main PEBP1 features. Finally, we discuss the inter-
twined relationships between cortical actin and membrane, and
we suggest the main role of PEBP1 in coordinating the actin
cytoskeleton together with the cell shape.

Protein kinases of signaling pathways inhibited
by PEBP1

An essential feature of PEBP1 is its ability to inhibit, by
physical interactions, the kinases of the Raf/MEK/ERK
cascade, and the inhibition of Rafl and MEK interaction
being the first to be described [9]. Since then, PEBP1 was
described to regulate many other protein kinases implicated
in various signaling pathways such as NF-kB, GPCRs,
STAT3, GSK3 [8, 14], PI3K/Akt/mTOR [11, 15], Wnt
[14], p38 [16], and Notchl [17]. Thus, today, PEBP1 has
been found to effect interplay with many, if not all, pivotal
intracellular signaling cascades that control cellular growth,
proliferation, division, differentiation, motility, apoptosis,
genomic integrity, and therapeutic resistance [13]. In most
cases, PEBP1 was demonstrated to regulate the phosphoryla-
tion cascades by inhibiting the kinases implied in each path-
way. The inhibition is due to physical interaction of PEBP1
with the kinases, preventing them to interact with their cas-
cade targets. However, one exception is GSK3f which is
activated by PEBP1 [18]. The regulation of signaling path-
ways appeared to depend on the cell type [19], in agreement
with the ability of PEBP1 to regulate the pathways that are
actually activated in a given cell at a given time. Moreover, it
is to note that PEBP1 may act on signaling pathways directly
by inhibiting their kinases, but also indirectly, by binding
proteins implicated in the regulation of diverse signaling
pathways. Among them, the G protein-coupled receptor
kinase 2 (GRK2) and the GTPase Rab8 are two main PEBP1
targets that regulate several signaling pathways.
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Direct and indirect relationships between actin
and PEBP1

Direct and indirect interactions between actin and PEBP1
have been suspected on several occasions. In this section,
a first part is devoted to the data obtained by studying the
PEBPI1 interactome in gastric cancer cells [20], as well
as the proteome of chondrocytes under mechanical stress
[21], and the proteome of melanoma cells challenged by a
conditioned medium of CENU-treated cells [22]. Then, in
the second part of this section, we report the relationships
between PEBP1 and various effectors of actin organiza-
tion, such as Ras, RhoA, Racl, CDC42, and Rab8.

Data from PEBP1 interactome and cellular proteomes

Monomeric actin is referred as globular or G-actin in con-
trast to filamentous or F-actin. In humans, six different
isoforms of actin exist, encoded by six different genes.
These include cytoplasmic beta and gamma-actins, skel-
etal and cardiac alpha-actins, as well as smooth muscle
alpha- and gamma-actins (alpha-SMA and gamma-SMA,
respectively). By mapping the interactome of overex-
pressed PEBP1 in a gastric cancer cell line, a total of
72 RKIP-interacting proteins were identified by MS/MS
[20]. Among them, actin cytoplasmic 1 (beta-actin) was
identified, as well as some actin-binding proteins such as
filamin A and B, plectin-1, myosin-9, F-actin-capping pro-
tein subunit alpha (CAPZAL1), and vinculin, suggesting the
possible direct and indirect binding of PEBP1 to actin in
gastric cancer.

Besides its possible direct and indirect interaction with
actin, PEBP1 was also found to regulate the expression
levels of actin isoforms or to be expressed together with
actin isoforms. Thus, in hepatic fibrosis, in both liver and
primary hepatic stellate cells, down-regulating PEBP1
expression resulted in liver fibrosis with increased level
of alpha-SMA [23]. In another tissue, i.e., the neonatal
mandibular condylar chondrocytes, 1 h of mechanical
stress resulted first in the decrease of vimentin expres-
sion and changes in its phosphorylation, and then led to
the subsequent decrease in expression of actin, PEBP1,
and heat shock protein GRP75, revealing that mechanical
stress produced inhibition effects on chondrocytes at the
early stage [21]. In other series of experiment performed
on melanoma tumors, bystander effects were induced by
chloroethylnitrosourea (CENU) treatment and were associ-
ated with altered protein secretory activity of the CENU-
treated tumor cells. Among de novo secreted proteins by
CENU-treated cells, the most expressed were PEBPI,
cardiovascular heat shock protein (cHsp), Rho-associated
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coiled-coil forming kinase 2 (ROCK), and fragments of
actin, suggesting that these four proteins might be involved
in cytoskeleton architecture disorders, decrease of cell
proliferation, metabolite alterations, and in differentiation
observed in treated tumor cells in vivo [22].

Relationships between PEBP1 and internal regulators
of actin networks: Ras, Rho-GTPases, and their effectors

GTPases: Ras, RhoA, Rac1, and CDC42 Ras Recently, using
AX3 cells of Dictyostelium submitted to a shallow gradient
of chemoattractant, it was demonstrated that activation of
Ras and F-actin is coupled through mutual positive feedback.
Ras activation led to full excitation of Ras and subsequent
F-actin at the side of the cell toward the chemoattractant,
resulting in directed pseudopod extension and chemotaxis
[24]. To our knowledge, the direct physical association of
PEBPI1 with Ras has not been described, but PEBP1 associ-
ates with signaling pathways regulated by Ras, such as Ras/
Raf/MEK/ERK [9] and PI3K/Akt/mTOR [15].

Rho, Rac, CDC42 The Rho-GTPases subfamily is divided
into Rho, Rac, and CDC42. These Rho-GTPases are major
regulators of the actin cytoskeleton, with contractile actin-
myosin stress fibers improved by RhoA, lamellipodia pro-
moted by Rac1 and filopodia formation triggered by Cdc42

(Fig. 1) [25]. Tt is to note that no direct interaction between
PEBP1 and the Rho-GTPases has been described. However,
PEBP1 was found to interact with several Rho-GTPases
effectors such as Rafl, GRK2, Rab8, the guanine exchange
Factor (GEF) DOCK4, and the GTPase-activating proteins
(GAPs) TBC1D5 and NF1. The main properties of all these
effectors agree with their role played in actin organization.

GEF and GAP effectors of GTPases: DOCK4, myosin-9,
TBC1D5, and NF1 DOCK4 Recently, in models of triple-
negative breast cancer, authors have identified the pro-
metastatic gene Dedicator of Cytokinesis 4 (DOCK4) as a
novel target of PEBP1 [26]. DOCK4 is a GEF which acti-
vates Rac, Rapl, and CDC42 (Fig. 1). DOCK4 regulates
cellular B-catenin levels in response to the Wnt signal, and
is required for Wnt-induced Rac activation, T-cell factor
transcription, and cell migration [27]. In addition, DOCK4
promotes lateral filopodia formation [28], lung adenocar-
cinoma metastases [29], and the DOCK4-mediated Rac
activation is required for breast cancer cell migration [30].
In the stereocilia of mice inner ear, it was shown that the
splice variant DOCK4-Ex49 is an efficient Rac activator,
suggesting that Rac and DOCK4 are members of a signal-
ing pathway implicated in actin cytoskeleton organization
[31]. In addition, in humans, DOCK4 mutant linked to
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Fig.1 The role of PEBP1-interacting proteins in actin organization.
Different types of receptors receive extracellular signals and trigger
signaling that aside from phosphorylation cascades result in activa-
tion of small GTPases of the Rho family. Activated Rho-GTPases
in turn lead to the formation of actin-based protrusions and adhe-
sion and thus induce cell locomotion. The small GTPases are mod-
ulated by numerous regulatory proteins, such as guanine-nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs).

Note that for clarity of the figure, the phosphorylation cascades con-
trolled by PEBP1 are not indicated. Note also that there is consider-
able cross-talk between the Rho-GTPases and several positive and
negative feedback loops arising from actin remodeling (they are omit-
ted in the figure for the sake of readability). The main known PEBP1-
interacting proteins are highlighted in orange color. They appear to
regulate several key points of actin organization from membrane
receptors to Rho-GTPases
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autism and dyslexia leads to defective neuronal polariza-
tion and loss of neurite outgrowth, revealing that DOCK4
plays an important role in actin dynamics that drives neur-
ite differentiation during early neuronal development [32].

Myosin-9 Mapping the interactome of overexpressed
PEBPI in gastric cancer cell line revealed that 35 proteins
have existing interactions with PEBP1 as first and second
level neighbors [20]. Previously, we have discussed the
main properties of each of these 35 PEBP1-related pro-
teins [7]. Among them, Myosin-9 (MYH9) is of particular
interest due to its well-documented role in actin organiza-
tion [20]. MYH9 is expressed in most cells and tissues
where it participates in a variety of processes requiring
contractile force, such as cytokinesis, cell migration,
polarization and adhesion, maintenance of cell shape, and
signal transduction [33]. In humans, a recent study of de
novo mutations found in multiple neurodevelopmental dis-
orders revealed that MYHY is one of only three affected
genes shared by autism, schizophrenia, and intellectual
disability [33]. MYH9 encodes the two heavy chains of the
non-muscle myosin II NMIIA which is a fast motor able
to cope with rapid actin polymerization, contributing to
focal adhesion assembly near the leading edge. During cell
spreading, NMIIA plays an important role in extracellular
matrix (ECM) remodeling [34], cytoskeleton reorganiza-
tion, focal contact formation, and lamellipodial retraction
[35].

TBCID5 Recently, in prostate cancer, using gene co-
expression and co-localization methods [36], PEBP1 showed
potentially interactions with TBC1 Domain Family Mem-
ber 5 (TBC1DS5). TBC1DS is known to be implicated in
autophagy, intracellular protein transport, positive regulation
of receptor internalization, and regulation of cilium assem-
bly. It was shown that TBC1DS5 localizes to Rab7b-positive
vesicles and displays GAP activity towards Rab7b in vitro.
Rab7b is known to play a role in the transport and degrada-
tion of proteins in endosomes and lysosomes in mammalian
cells [37] and to regulate actin remodeling, therefore acting
on cell polarization, adhesion, and migration [38] (Fig. 1).

NF1 PEBP1 was also shown to potentially interact with
the RasGAP neurofibromin NF1 [39] which is responsible
for the genetic disease Neurofibromatosis type 1. The evi-
dence was provided that Nfl mediates a cross-talk between
Ras and Rho signaling pathways [39], (Fig. 1). Nfl was also
shown to increase cell motility by regulating actin filament
dynamics through the inhibition of the Rho/ROCK/LIMK?2/
cofilin pathway and then connecting neurofibromatosis
type I to actin cytoskeleton remodeling [39]. A two-hybrid
screening led to the identification of LIMK2 as a binding
protein of Nfl. Nf1/LIMK?2 interaction partially inhibits the
kinase activity of LIMK2 on cofilin. By interacting with
NF1, PEBP1 may potentially act on LIMK2 activity and
subsequent actin remodeling.
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Other effectors of GTPases: Tollip and IQGAP1 Tollip The
ways by which PEBPI interacts with key gene products in
epithelial-to-mesenchymal transition (EMT) and autophagy
were investigated during the progression of prostate can-
cer [36]. The gene expression data set from three groups
of prostate tissues, namely benign prostate hyperplasia, and
primary and metastatic cancer, showed that PEBP1 poten-
tially interacts with seven autophagy gene. Among them
was Toll-interacting protein (Tollip) which is an inhibitory
adaptor protein within Toll-like receptors (TLR). The TLR
pathway is a part of the innate immune system that recog-
nizes structurally conserved molecular patterns of microbial
pathogens, leading to an inflammatory immune response
[36]. During E. coli infection, functional studies demon-
strated that Tollip, Tom1, and clathrin associate with Racl
and localize at the site of bacterial entry. Tollip is an effector
of Racl (Fig. 1) hijacked by pathogenic bacteria for effi-
cient cell invasion, suggesting that Racl may modulate actin
polymerization at the level of membrane-bound Tollip [40].

Ras GTPase-activating-like protein IQGAPI In a gas-
tric cancer cell line overexpressing PEBP1, seven proteins
were identified as first-level neighbors of PEBP1 [20].
Among them, IQGAP1 drew particularly our attention as
it is known to be involved in cancer biology, cell motility,
and actin remodeling [41]. Despite its name, IQGAP1 is
not a GAP, but stabilizes Racl and Cdc42 in their active
GTP-bound forms and consequently modulates the cytoskel-
eton indirectly (Fig. 1). In addition, IQGAP1 enhances actin
polymerization and colocalizes with actin in lamellipodia,
wherein it stimulates actin assembly by forming complexes
with FGFR1 (fibroblast growth factor receptor), N-WASP
(neuronal Wiskott Aldrich Syndrome protein), and Arp2/3
(Actin-related protein 2/3) that promote nucleation of
branched actin network [42].

To conclude, it appears that PEBP1 interacts with several
effectors of Rho-GTPases, influencing their ability to drive
the formation of lamellipodia, filopodia, stress fibers, and
focal adhesion. All these actin structures are major actors
in cell motility. Consequently, it seems likely that PEBP1
may participate in the formation of structures governing cell
migration, giving an explanation for its key role in cell adhe-
sion and motility.

Role of PEBP1 in internalization of receptors:
the interplay with PKC, GRK2, and GPCRs

PEBPI1 was demonstrated to inhibit Rafl by direct inter-
action, preventing the kinase to target its downstream sub-
strates [9]. It was demonstrated that the Protein Kinase C
(PKC) isoforms — a, — BI, — BII, —y, and atypical PKCC
phosphorylate PEBP1 at Ser153 [43]. The phosphorylated
RKIP releases from Raf1 and then binds to GRK?2 inhibiting
its activity. The inhibition of GRK2 by the phosphorylated
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form of PEBPI1 results in blocking the G protein-coupled
receptors (GPCRs) internalization [44]. Thus, PEBPI
appeared to govern the fate of GPCRs in the cell.

PKC

It was demonstrated that various isoforms of PKC can phos-
phorylate PEBP1 at Ser153 [43]. Depending on isozyme
and cell type, PKCs are either pro-mitogenic or inhibit cell
cycle progression. For instance, PKCa and PKCA promote
anti-mitotic responses in tumor cells, whereas PKCe is
required for cancer cell survival. Moreover, during forma-
tion of lamellipodia, PKCa has been shown to interact with
F-actin-binding proteins ERM which support cell shape
extension [45].

GRK2

GRK2 phosphorylates activated GPCRs which causes them
to dissociate from G proteins and leads to GPCR internaliza-
tion (Fig. 1), a process that results in the transfer of receptors
from the plasma membrane to membrane of the endosomal
compartment. The inhibition of GRK2 by the phosphoryl-
ated form of PEBP1 blocks the GPCRSs’ internalization [44].
Such a blocking have impacts on signal desensitization and
also on prolonged receptor signaling which is required for
biological effects of hormones like TSH, LH, and adrenaline.

However, GRK2 is not just implicated in GPCRs fate and
phosphorylates diverse non-GPCRs substrates displaying a
complex network of functional interactions with proteins
involved in many cell processes and in signal transduction
[46]. Among them are PI3K, MEK1, Akt, p38, calmodu-
lin, HSP90 and tubulin, all of which interacting also with
PEBP1. GRK?2 interactome is involved in the modulation of
cell cycle progression and in cell migration [47], since data
have revealed GRK?2 interactions with a variety of proteins
related to cell cycle and cell motility, respectively. Moreo-
ver, evidence was provided that GRK?2 regulates membrane
protrusion and collective migration of a cell sheet during
wound closure in MDCK cell monolayers [48]. By dynami-
cally interacting with PI3K and HDAC6, GRK?2 modulates
cell polarity membrane and by phosphorylating the proteins
ezrin and radixin (two ERM proteins), GRK2 contributes to
local F-actin polymerization and membrane protrusion. Such
an effect is due to ERMs that bridge the plasma membrane
and actin filaments at the leading edge in a phosphorylation-
dependent manner. Finally, it appears that GRK2 may modu-
late several aspects of cell migration in a stimuli and cellular
context-dependent manner [47].

Interestingly, GRK2 has been described to bind various
PEBPI-interacting proteins, among them are PI3K, Akt,
MEK, ezrin (an ERM protein), adenomatous polyposis coli
(APC) [46], and HDACG6 [49]. Since PEBP1 controls the

activity of GRK2 and binds several of its targets, the involve-
ment of PEBP1 in many cellular processes could be due, at
least in part, to the subsequent important functions of GRK2
in cells. As an example, a recent paper showed that PEBP1
is constitutively phosphorylated and highly expressed in
chronic lymphocytic leukemia (CLL) cells [50]. The disrup-
tion of PEBP1 by locostatin induced apoptosis in CLL cells,
suggesting that the disruption of phosphorylated PEBP1
leads to GRK?2 activation and consequently to MEK1 and
Akt inhibition [50].

GPCRs

GPCRs constitute a large family of membrane receptors
involved in various signaling cascades. The nearly 1000
GPCRs encoded by the human genome regulate virtually
all physiological functions and induce signals at the cell
surface [51]. In chemotaxis, chemoattractants are detected
by GPCRs that link to heterotrimeric G proteins (Fig. 1);
then, the signaling components direct reorganization of the
actin cytoskeleton that, in turn, drives cell movement [52].
In D. discoideum and in mammalian cancer cells, various
chemokines activate Rac through several GPCR signaling
pathways, leading to the formation of the complex ELMO,
Gpy, and DOCK and subsequent transduction of GPCR
signaling to control the reorganization of actin cytoskeleton
[53].

In conclusion, PEBP1 may be phosphorylated by vari-
ous isoforms of PKC, leading to GRK2 inhibition and sub-
sequent blocking of GPCRs internalization. Furthermore,
GRK2 regulates and phosphorylates numerous substrates
that govern a large number of functions in the cell. Thus,
by inhibiting GRK2 activity, PEBP1 may affect many cel-
lular processes. In particular, GRK?2 contributes to micro-
tubule networks by targeting HDAC6 and to local F-actin
polymerization-dependent membrane protrusion by targeting
ERM proteins. By inhibiting GRK?2 activity, phosphorylated
PEBP1 may subsequently influence microtubule networks
and F-actin polymerization.

PEBP1 in ciliogenesis: a linked role with Cep290
and Rab8

Photoreceptors are dynamic and highly compartimentalized
sensory neurons of retina that degenerate in retinitis pig-
mentosa, leading to blindness. In retinal degeneration, the
ciliary protein Cep290 appeared to be frequently mutated,;
thus, the rd16 mice, displaying a deletion of 299 amino
acids in Cep290 was studied and revealed that photorecep-
tor degeneration is associated with aberrant accumulation
of PEBP1 [54]. It was shown that PEBP1 interacts with
Cep290 at the connecting cilium (transition zone) of photo-
receptors and that the domain deleted in the rd/6 mouse is
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more specifically implicated in the interaction with PEBP1.
Further experiments in zebrafish and cultured cells dem-
onstrated that accumulation of PEBP1 prevents cilia for-
mation by interacting with Rab8A, a critical component of
the protein trafficking machinery of photoreceptors. PEBP1
interacted preferably with the GDP-bound form of Rab8A,
suggesting that the PEBP1/Rab8A(GDP) complex may need
to dissociate for the release of Rab8 A(GDP) and its further
conversion to Rab8A(GTP) allowing appropriate ciliary
transport [54].

The primary cilium is a solitary organelle that protrudes
from the cell surface of most mammalian cell types during
growth arrest. Interestingly, the centrosome can transform
to a primary cilium when the cell exits the cell cycle and
enters a quiescent state [55]. This is in agreement with the
implication of PEBP1, Cep290, and Rab8 in primary cilium
formation and in centrosome function, suggesting that spe-
cific molecular assemblies regulate the coordination between
the cell cycle and primary cilium. Increasing evidence sug-
gests that primary cilium is a key coordinator of signaling
pathways during development and in tissue homeostasis. The
defection of primary cilium is a major cause of human dis-
eases and developmental disorders designated ciliopathies.
Furthermore, it is to note that most of cancer cells are defec-
tive in primary cilium [55].

The primary cilium is a cell antenna which transduces
signals, affecting multiple cellular processes. A large quan-
tity of GPCRs, ion channels, and downstream effector mol-
ecules are sequestered and confined to its membrane and
lumen [56]. Numerous signaling pathways have been linked
to the cilium, including Hedgehog, Wnt, Notch, Hippo,
mTOR, and TGFbeta. Therefore, there is no doubt that the
vast majority of signaling pathways in vertebrates function
through the primary cilium [57]. Ciliary membranes are
partitioned into highly fluid membrane nanodomains that
are delimited by filamentous actin and that form corrals,
suggesting that the primary cilium is divided into functional
domains, probably to segregate signaling cascades. Indeed,
the confinement of the GPCRs within corrals may increase
the likelihood of a given GPCR to encounter other proteins,
such as a G protein, within the same corral. Thus, the corrals
may help to generate local signaling nanodomains and could
play regulatory roles in ciliary signaling by limiting the
number of interactions between cascade components [58].

Primary cilium is also involved in mechanosensing. For
example, the primary cilium is able to sense mechanical and
chemical cues provided by the cellular environment [59].
Proteomic analyses were performed on collecting duct cell
lines with or without cilia that were kept stationary or rotated
to stimulate cilia bending. The expression of PEBP1 was
significantly elevated in rotated cilia (4) cells and elevated
PEBP1 levels were associated with reduced cell prolifera-
tion, suggesting that ciliary movement may help to control
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the expression of PEBP1 and thus maintain cell differentia-
tion. In polycystic kidney disease, loss of cilia and, therefore,
sensitivity to flow may lead to reduced PEBP1 levels and
contribute to the formation of cysts [60].

Primary cilium plays a role in autophagy and nutrient
deprivation is a stimulus shared by both autophagy and
formation of primary cilium. It was shown that part of the
molecular machinery involved in ciliogenesis also partici-
pates in the early steps of the autophagic process. Abrogation
of ciliogenesis partially inhibits autophagy, while blockage
of autophagy enhances primary cilia growth during nor-
mal nutritional conditions, suggesting that basal autophagy
regulates ciliary growth through the degradation of proteins
required for intraflagellar transport [61].

Furthermore, primary cilium plays an important role in
cell cycle as primary cilium disassembly is associated with
cycle progression. Indeed, during GO and G1 phases, pri-
mary cilia are assembled and function as important sign-
aling hubs. Later, when the cell enters the S phase, cili-
ary disassembly begins; then, in M phase, the mother and
daughter centrioles are duplicated and move to the spindle
poles where they become centrosomes and the mitotic spin-
dle [62]. Interestingly, PEBP1 controls the cell cycle in the
two interphases G1/S and G2/M, when the primary cilium
is disassembled [63].

In conclusion, PEBP1 prevents primary cilium formation
by interacting with Rab8 at the transition zone of primary
cilium, inhibiting the transport of proteins toward the axo-
neme and ciliary membrane. PEBP1 seems also to control
the primary cilium disassembly during the two interphases
G1/S and G2/M of cell cycle. Conversely, the cilia move-
ments of renal collecting duct cell lines enhance expression
of PEBP1 and subsequently maintain cell differentiation.
Thus, the implication of PEBPI in several cellular pro-
cesses, such as signal transduction, mechanosensing, ciliary
autophagy, and cell cycle, may be explained by its location
and its activity at the primary cilium. On another hand, cili-
ary membranes appeared to be partitioned into membrane
nanodomains delimited by F-actin, limiting the number of
interactions between cascade components, and suggesting
close and intertwined relationships between actin and pri-
mary cilium membrane.

PEBP1 in autophagy: LC3 and Rab8
LC3

In HeLLa and H1299 cells, PEBP1 was demonstrated to nega-
tively regulate starvation-induced autophagy by direct inter-
action with microtubule-associated protein 1 light chain 3
(LC3) [64]. In the membranes, LC3 is conjugated with phos-
phatidylethanolamine (PE) and is then designated LC3-II. It
was demonstrated that PEBP1 interacts with LC3 through the
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LIR motif PWDGL?® that is situated in an exposed external
loop of PEBP1. Mutation of the LIR motif in PEBP1 dis-
rupted its interaction with LC3 [64]. PEBP1 bound specifi-
cally to the unconjugated form of LC3. Conversely, PEBP1
phosphorylation at Ser153 caused dissociation of LC3 from
the PEBP1-LC3 complex suggesting that, upon activation of
autophagy, PEBP1 may be phosphorylated by kinases (such as
PKC isoforms) to release LC3, allowing its conjugation with
PE and subsequent autophagosome formation. PEBP1 lacking
the LIR motif highly stimulated starvation-induced autophagy
through the AKT-MTORC]1-dependent pathway, indicating
that PEBP1 prevents autophagy by regulating not only LC3
lipidation but also the Akt-mTOR-ULK pathway [64].

The role of LC3 was also observed at focal adhesions,
where autophagy promotes cell migration. Indeed, the interac-
tion between LC3 and the cargo receptor Neighbor of BRCA1
gene 1 protein (NBR1) induces the targeting of autophago-
somes to focal adhesions. The subsequent sequestration of
focal adhesion proteins results in focal adhesion disassembly
and promotes cell migration [65]. It was shown that cilia-
mediated autophagy may induce autophagosome formation
from the ciliary pocket [61]. During autophagy, actin and LC3
co-localize at the isolation membrane of autophagosome [66]
and LC3 recruits Junction-Mediating and Regulatory Protein
(IMY) to the phagophore, promoting its actin nucleation activ-
ity [67, 68].

In sum, LC3 is a key protein in autophagosomes formation.
It governs autophagy at focal adhesion, regulating subsequent
cell migration, and it plays a role in primary cilium growth by
directing autophagy at the ciliary pocket.

Rab8

In the preceding section, we have discussed the role of Rab8
as a regulator of primary cilium formation [54]. Additionally,
as numerous Rab proteins, Rab8 is also implied in autophagy.
Notably, Rab8B plays a key role in autophagosome matura-
tion, while the recruitment of Rab8A by activated optineurin
allows initiation of autophagy at the precise site of the mate-
rial intended for degradation (protein aggregate, dysfunctional
organelles, or intracellular pathogen) [69].

In conclusion, LC3 and Rab8 govern vesicle traffick-
ing from the membrane and to the membrane, respectively.
Since, they are able to interact directly with PEBP1, they
strongly suggest the participation of PEBP1 in membrane
remodeling.

Cell motility: focal adhesions, formation
of protrusions and implication of FAK, soluble
MMPs, MT1-MMP, and Rab8

Accumulative studies have shown that loss or downregula-
tion of PEBP1 enhances motility and metastasis of tumor

cells [70, 71], suggesting that PEBP1 is a general upstream
regulator of cell motility [72] whose role is fundamental to
its metastasis suppressive function in cancer [63]. Usually,
cell migration is divided into several main steps: (1) protru-
sion based on actin polymerization force, (2) adhesion at the
front, (3) actin—-myosin-mediated contraction of the cyto-
plasm, (4) release of adhesions at the rear, and (5) forward
translocation of the cell body and recycling of the motility
machinery [73]. Though PEBP1 is probably involved in sev-
eral of these steps, it was particularly described to play a key
role in the formation of focal adhesions and protrusions to
facilitate cell progression through the ECM.

Focal adhesions and FAK

Two major studies have suggested the role of PEBP1 in cell
adhesion. First, overexpression of PEBP1 in Madin—Darby
canine kidney (MDCK) epithelial cells increases adhesion to
the substratum, while decreasing adhesion of the cells to one
another [74]. In another series of experiments, Melanoma
Differentiation Associated gene-9 (MDA-9), also known
as syntenin, functions as a positive regulator of melanoma
progression and metastasis. It was found that MDA-9 tran-
scriptionally downregulated PEBP1 and that MDA-9 and
PEBP1 physically interact, leading to a suppression of focal
adhesion kinase (FAK) and c-Src phosphorylation, crucial
steps to initiate signaling cascades leading to metastatic phe-
notype [75].

Formation of protrusions, soluble MMPs, MT1-MMP,
and Rab8

In cancer, the motility of the cells is essential to enhance
metastasis. The study of invadopodia, the hallmark of can-
cer, suggests a potential role of PEBP1 in cell motility.
Invadopodia are formed by cancer cells during migration;
they are F-actin protrusions located on the internal surface
of cell membrane, near the ECM [76]. Invadopodia pen-
etrate into ECM, and enzymatically degrade it, enhancing
matrix remodeling and cell invasion across tissues. In can-
cer cells, invadopodia are considered to possess three func-
tional domains: (1) the proteolytic domain, which ensures
the metalloproteinase-based degradation of the ECM, (2) the
invasive domain, which is the cytoskeleton-based mechani-
cal penetration into the matrix, and (3) the adhesive domain,
which is the integrin adhesome-based adhesion to the ECM.
As described below, the first domain is of particular inter-
est as it is based on the activity of several proteins whose
expression levels are modulated by PEBP1 (such as MMPs
and MT1-MMP) or that are known to bind PEBP1 (such as
Rab8).
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MMPs and MT1-MMP

The matrix degradation capacity of invadopodia is attributed
to a variety of proteases, belonging to the metalloprotein-
ase (MMPs), ADAM, and serine protease families. Among
them, the soluble MMPs and the membrane-bound MT1-
MMP are the main proteases associated with invadopodia
activity [77]. Particularly, soluble MMP2 and MMP9 are
secreted by the migrating cell and degrade ECM around
invadopodia, while the membrane-bound MT1-MMP dis-
plays intrinsic collagenolytic activity, and can also cleave
and activate some of the soluble MMPs. In breast cancer,
polarized exocytosis and transport of vesicles of MT1-MMP
to sites of invadopodia are regulated by Rab8.

The overall “mission” of invadopodia is the promotion
of cell migration across connective tissue barriers. Focal
degradation of the matrix by MT1-MMP and broader degra-
dation by the soluble proteases reduce matrix barriers under
and around invadopodia, conditioning these areas for the
penetration step. Next, actin polymerization in the core of
the invasive domain pushes against the plasma membrane,
driving the penetration into the ECM [77].

Rab8

Independently of its role in polarized exocytosis and trans-
port of vesicles of MT1-MMP in invadopodia, Rab8 drives
also cell motility. To determine the directionality of cell
migration, Rab8 regulates the establishment of cell polar-
ity, turnover of focal adhesions, and actin cytoskeleton rear-
rangements [78]. Beside invadopodia, Rab8 is also implied
in the formation of other protrusions including lamellipodia,
filopodia, and podosomes. Lamellipodia are large and flat
protrusions which are located at the leading edge of migra-
tory cells. They sense the surrounding environment, drive
cell locomotion, and are considered to be the initial protru-
sions in cancer cells. In melanoma cells A375, recent data
showed that lipid rafts recruit f1 and 3 integrin to the lead-
ing edge, in a manner dependent on the actin cytoskeleton,
thereby participating in lamellipodia formation. The migra-
tion of cancer cells is inhibited when the integrity of lipid
rafts is disrupted, revealing the association between lipid
rafts and lamellipodia formation and indicating that lamel-
lipodia require the assembly of the actin cytoskeleton and
the motility of membranes [79].

In conclusion, PEBP1 appears to increase cell adhesion to
the substratum while decreasing adhesion of the cells to one
another, and to be an inhibitor of MDA-9/syntenin-mediated
metastasis in melanoma. It is to note that the formation of
cell protrusions requires the generation and turnover of actin
filaments that arrange into specific, subcellular structures.
The diverse protrusions share the transport of proteins to
the membrane such as MT1-MMP in migratory cells and
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GPCRs in primary cilium. The traffic of vesicles which con-
tain proteins is regulated by Rab8 activity. Then, by blocking
Rab8 activity and also regulating MMPs expression, PEBP1
may likely play a crucial role in the formation and func-
tionality of cellular protrusions. Considering that PEBP1
is strongly downregulated in cancer cells, it is tempting to
suggest that in normal cells, PEBP1 regulates the expres-
sion of MMPs and is associated with various proteins, such
as IQGAP and Rab8, to control cell migration across ECM.
Consequently, normal cell migration under PEBP1 control
may ensure development and differentiation of tissues and
prevent invadopodia formation.

Coordination between actin filaments,
microtubules, and intermediate filaments: roles
of APC, Aurora B, and keratins 8/18

The following paragraphs focus on three proteins, interacting
with PEBP1, which are recognized as cross-linkers between
actin filaments and other constituents of the cell cytoskeleton
such as microtubules and intermediate filaments.

APC

In models of triple-negative breast cancer (TNBC) [26], a
network of stress kinases targeted by PEBP1 was identified
and genes that correlate with PEBP1 expression in The Can-
cer Genome Atlas (TCGA) breast cancer were investigated.
APC was identified as a novel PEBP1 target in in vitro and
in vivo models of TNBC, and was demonstrated to be down-
stream of the PEBP1-stress network [26].

APC is a tumor suppressor that regulates cell protrusion
and migration. In vivo APC localizes to actin-rich cortical
protrusions and microtubule plus ends, and displays direct
effects on the coordinated organization of actin and micro-
tubule dynamics. It was shown that the C-terminal basic
domain of APC stimulates actin assembly in cells and nucle-
ates the formation of actin filaments in vitro. By changing
only two residues in APC C-terminal basic domain, a mutant
was created which abolishes actin nucleation activity with-
out affecting microtubule interactions. As the wild-type
APC, the APC-mutant localized to focal adhesions (FAs),
but it was defective in promoting actin assembly and did not
facilitate the FA turnover induced by microtubules. These
data suggested a main role of APC in coordinating microtu-
bules and actin nucleation at FAs to control cell migration
[80, 81].

Another important molecular link between actin and
microtubules comes from binding of the actin crosslinking
IQGAPI to APC. Indeed, IQGAP1 and APC each has inde-
pendent connections to actin and microtubules, and both may
act as scaffolds to coordinate actin—microtubule interactions
during cell migration. Remarkably, IQGAP1 and APC also
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bind activated forms of Racl and Cdc42. Consistent with
these protein interactions, [QGAP, APC, Racl, and Cdc4?2
all accumulate at the leading edge of Vero cells (a monkey
kidney epithelial line) during migration into a wound [82].
Thus, PEBP1, APC, and IQGAP are probably members of
common molecular assemblies implied in cell migration.

Aurora B

In mammalian cells, PEBP1 was shown to regulate Aurora
B kinase (AurB) and the spindle checkpoint [83]. PEBP1
was also found to be associated with centrosomes and with
kinetochores which form the interface between microtubules
of the mitotic spindle and chromosomes, regulating chromo-
somes movements during mitosis. In HeLa and H19-7 cells,
PEBP1 depletion altered localization and kinase activity of
AurB at kinetochores and led to a decrease in mitotic index,
an acceleration in timing of the metaphase/anaphase transi-
tion and a defect in the spindle checkpoint. A direct interac-
tion between PEBP1 and AurB was not proved, and thus, it
was suggested that AurB kinase activity could be inhibited
directly by ERK1/2 phosphorylation of AurB or indirectly
by phosphorylation of other proteins required for recruitment
of the kinase to the kinetochores [83].

In another note, by monitoring mitotic index and tran-
sit time from nuclear envelope breakdown to anaphase, it
was demonstrated that PEBP1 depletion led to a defective
spindle checkpoint and genomic instability, particularly in
response to drugs that disrupt microtubule function [84].
Loss of PEBP1 during M phase leads to bypass of the spin-
dle assembly checkpoint and the generation of chromosomal
abnormalities. These results revealed a role for PEBP1 in
ensuring the fidelity of chromosome segregation prior to
cell division [85].

Keratin8/18

Keratin 8 and keratin 18 were identified as closely related
to PEBP1 by mapping the interactome of overexpressed
PEBPI in a gastric cancer cell line. Then, the interaction
complex PEBP1/Keratin 8 was confirmed by Western blot
analysis and co-immunoprecipitation [20]. Keratins (Ks) are
the intermediate filament (IF) proteins of epithelial cells,
constituting the largest family of cytoskeletal proteins. Kera-
tin IFs are heteropolymers that include at least two types of
keratins which are coordinately expressed as pairs depend-
ing on the cell lineage and cell differentiation. In simple
epithelial cells, K8/K18 IFs contribute to the cell-stiffness/
ECM-rigidity mechanosensing interaction through actin
cytoskeleton dynamics mediated by Rho. In hepatic cells,
it was proposed that the interplay between K8/K18 IFs and
Rho-mediated actin dynamics occurs at focal adhesions
through a plectin—-RACK1-Src connection [86]. The keratin

network presents an exceptional plasticity which is obvious
during the polarized keratin network assembly in the leading
edge of migrating cells. Likewise, the plasticity of keratin
network is proved in the dividing cells, wherein the rapid
disassembly of the keratin cytoskeleton during prophase is
followed by a subsequent re-assembly at the end of mitosis.
Even in cells at equilibrium, a perpetual cycling of the kera-
tin cytoskeleton is observed. Based on its binding capacity
for actin filaments and keratins, it was suggested that plectin
could link inward transport of keratins to actin retrograde
flow in the cell periphery [87]. Interestingly, in addition to
keratins 8 and 18, plectin was also identified as a PEBP1-
interacting protein in a gastric cancer cell line [20] (Fig. 1).

In conclusion, the relationships of PEBP1 with APC,
AuroraB, and keratins suggest a potential role of PEBP1
in the coordination of microtubules, intermediate filaments,
and cortical actin in cellular processes, such as protrusions
formation, cell migration, and mitosis.

Discussion

During the past 20 years, numerous papers have described
the involvement of PEBP1 in various cellular processes,
such as proliferation, differentiation, survival, and motility.
PEBP1 was also implicated in several diseases, including
cancer, Alzheimer disease, diabetes, and retinopathies. In
cancer, PEBP1 was mainly associated with cell motility and
metastases development. In addition, PEBP1 was shown to
bind to various proteins, especially kinases of signaling
pathways, GRK2, Rab8, LC3, effectors of Rho-GTPases,
Bcatenin, myosin 9, vimentin, and keratins. Altogether these
findings gave to PEBP1, the image of a multifunctional pro-
tein which plays diverse roles in cells, thus raising the ques-
tion of its basic features and modes of action [8, 13]. Previ-
ously, the goal of our work was to gather as much data from
the literature as possible to clarify the PEBP1 key functions
by deriving common features among the various cellular
processes regulated by PEBP1 [7]. By discussing the molec-
ular targets of PEBP1 that modulate multiple cellular func-
tions, we have first gradually arrived to the conclusion that
the main role of this small protein is to regulate important
aspects of membrane remodeling and cytoskeleton organi-
zation. Here, based on recently identified targets of PEBP1,
we focus on the implication of PEBP1 in vesicle trafficking
and in actin organization. Furthermore, by examining the
relationships between actin, membrane, and other cytoskel-
etal components (microtubules and intermediate filaments),
we reinforce the concept that PEBP1 is a privileged regu-
lator of cortical actin network in intimate connection with
plasma membrane remodeling, throwing new light on its
crucial role in cell motility. Finally, to complete the over-
view on the main features of PEBP1, we address thereafter
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some molecular aspects of the physical interactions between
PEBP1 and its interacting targets, and at last, we summa-
rize the main findings emerging from the discussed parallels
between PEBP1 behavior and actin network organization.

Molecular grounds of PEBP1 interactions with its
targets

The interactions between PEBP1 and its protein targets were
discovered essentially by studying cellular dysfunction and
pathologies and also by performing methods such as two-
hybrid screening, co-immunoprecipitation, co-localization,
or enzyme inhibition. Existing data provide little informa-
tion about the physical binding of PEBP1 with its interact-
ing proteins. Crystallographic data [3, 4] and NMR studies
[88] have demonstrated that several anionic ligands (acetate,
phosphorylethanolamine, cacodylate, and nucleotides) are
able to bind the small cavity of PEBP1 (Fig. 2). The binding
of proteins proved to be more difficult to analyze, probably
due to the dynamic and transient nature of the interactions
between PEBPI and its targets. Nevertheless, the interac-
tions between PEBP1 and Rafl have been studied, and the
anion-binding site of PEBP1 was considered the main inter-
acting region with the N-terminal of Rafl [89]. Interest-
ingly, PEBPI binds to Rafl or GRK?2 according to its non-
phosphorylated or phosphorylated state, respectively [44].
Recently, using NMR 'H-'3 N HSQC technique, the spec-
tra of PEBP1?7# (Pro74 mutated into Leu) and its Ser153
phosphorylated form were compared [90]. The PEBP1774-
mutant was used as it increases the phosphorylation rate of
PEBP1. Peak movement, line broadering, and disappearance

Loop 133-158—=

Glu135 — ] J
u o o

Asp 134 — Lys 157

Fig.2 3D Structure of wild-type PEBP1 [3]. S153 is known to be the
phosphorylation site of PEBP1 by PKC. The side chain of S153 is
indicated in green color. Phosphorylated PEBP1 releases Rafl and
binds to GRK2. As seen here, in the wild-type structure, K157 inter-
acts with D134 and E135. On the contrary, the phosphorylated S153
outcompetes D134 and E135 for interaction with K157 and allows the
binding of PEBP1 to GRK2 [90]. D134, E135, and K157 are indi-
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Anion in the binding site
of PEBP1

of peaks were observed for residues located near Ser153.
The major conclusion was that, upon phosphorylation, the
K157 side chain could rotate and form a salt bridge with
pS153, while K157 forms a salt bridge with D134 and E135
in the crystal structure of the wild-type PEBP1 (Fig. 2). The
disruption of the salt-bridge triad and the partial unfolding
of the associated region could lead to the GRK2-binding
competent state [90]. Given that the anion-binding site of
PEBP1 was considered as the main interacting region with
Rafl N-terminal part, S153 may seem not situated at the
direct interface between PEBP1 and Raf 1 [89]. Neverthe-
less, the segment 133—158 of PEBP1 that contains D134,
E135, S153, and K157 is well exposed to solvent and, by
protein—protein docking, it has been identified as a prob-
able interaction zone with Rafl [91]. Studies concerning
numerous protein—protein interactions found that 87% of
phosphorylation sites are either solvent accessible or inter-
facial. Among them, serine phosphorylation appears to be a
major mechanism for regulating oligomeric protein interac-
tions [92]. Thus, the interactions of PEBP1 with its targets
are probably directed, at least in most part, by salt bridges
which are themselves under the control of posttranslational
modifications, especially phosphorylation. PEBP1-binding
site, S153, and salt-bridge D134/E135-K157 are indicated
on the 3D structure, as shown in Fig. 2.

Relationships between cortical actin and membrane
The actin architecture beneath the membrane regulates the

cell shape, but it also regulates the local and global com-
position of the membrane, and membrane models have

cated in red, magenta, and blue colors, respectively. The binding site
of PEBPI1 toward anions is indicated by an acetate ion presented in
gold color. The loop consisting of the segment 133-158 of PEBP1
that contains D134, E135, S153, and K157 is well exposed to solvent
and, by protein—protein docking, has been identified as a possible
interaction zone with Rafl [91]
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demonstrated the influence of the underlying cortical actin
on the diffusion of membrane components [93]. Membrane
proteins and lipids display free diffusion in small local
regions. Occasionally, they jump into another area, where
they again display free diffusion. These areas of free diffu-
sion coincide with the mesh size of the underlying actin net-
work. This led to the conclusion that actin network, in con-
nection with actin—-membrane linker proteins, contribute to
the plasma membrane compartmentalization. Furthermore,
membrane tension and cortical actin organization influence
each other, suggesting that local changes in membrane com-
position may act on membrane tension, while changes in
tension may lead to modification in membrane composition.
Thus, it was suggested that the plasma membrane and actin
cortex have to be considered together, as a single composite
that can change its composition locally and temporally [93].

Strikingly, there are a significant number of cytoskeleton
structures described to be directly or indirectly modulated by
PEBPI1 that are related to actin cortex architectures; among
them are invadopodia and cell adherens junctions. Particu-
larly, invadopodia, the main features of migratory cells in
cancer, consist of branched actin architecture. It is impor-
tant to note that these actin cortex architectures influence
shape and composition of the membrane [93]. By describ-
ing the role of PEBP1 in different cell processes, the pre-
ceding sections of this paper highlight the significance of
the direct interaction between PEBP1 and Rab8, these two
proteins being implied in major processes, such as ciliogen-
esis, autophagy, and cell motility. Particularly, activation
of Rab8 was linked to the formation of the dynamic cell
structures like filopodia, lamellipodia, ruffles, and primary
cilia, suggesting that Rab8 has an important role in regulat-
ing cell migration by linking actin dynamics to membrane
turnover [94]. Furthermore, depletion of Rab8 was also
found to prevent maturation of cultured hippocampal neu-
rons by inhibiting neurite outgrowth, due to a reduction of
vesicles undergoing anterograde transported into neurites.
Thus, membrane trafficking is likely to play an important
role at different stages of neuron differentiation, particularly
at neurite outgrowth, axon, and dendrite formation, and also
at synapse formation [94]. The inhibition of Rab8 by PEBP1
could explain, at least in part, the important role of PEBP1
in brain function and development, such as synaptic plastic-
ity of mammalian brain [95], neuronal differentiation [96],
axonal regeneration after optic nerve crush [97], as well as
enhanced neurite growth and neural differentiation in human
neuroblastoma cells [98].

PEBP1 interacts with effectors regulating plasma
membrane and cortical actin

The interplay of PEBP1 with proteins located from either
side of plasma membrane or included in the membrane

leaflet may explain its involvement in the response of the
cell to its environment. Particularly, PEBP1 was shown
to regulate the expression of several MMPs [7, 99], all
enzymes that are capable of degrading all kinds of extracel-
lular matrix proteins and that are thought to play a major
role in cell proliferation, migration, differentiation, apop-
tosis, and host defense. PEBP1 participates also in sensing
the plasma membrane status by acting on internalization
of receptors and by controlling the formation of primary
cilium that is a sensory organelle. Phosphorylated PEBP1
acts on GRK2 which is a main protein in cell life as it may
modulate several facets of cell migration in a stimuli and
cellular context-dependent manner [47]. PEBP1 was also
found to associate with proteins that connect cortical actin to
membrane, such as B-catenin and vinculin (Fig. 1). It should
be remembered that the primary mechanical role of catenin
isoforms is connecting cadherins to actin filaments, spe-
cifically in the adhesion junctions of epithelial cells [100].
Actin polymerization at the membrane is also governed by
the regulation of PIP2/PIP3 levels. Proteins that link mul-
tiple actin filaments or mediate actin—-membrane binding
like alpha-actinin, vinculin, talin, or ezrin are activated
by PIP2 [101, 102]. Among them, vinculin, identified as
closely related to PEBP1 [20], is a cytoskeletal protein asso-
ciated with cell—cell and cell-matrix junctions where it is
involved in anchoring F-actin to the membrane. Frequently,
the membrane appears to be bound to the actin architecture
via linker proteins that associate with membrane proteins
using protein—protein interaction motifs [93]; among them
is another protein identified as closely related to PEBP1,
namely filamin A [20].

PEBP1 spatio-temporally coordinates cortical actin
and membrane organization

During cell migration, it was noted that actin is pushing as
hard as it can, and that the leading edge advance is limited
by the speed of the membrane to go forward [103]. Poten-
tially, this may shed some light into the role of PEBP1 when
inhibiting targets and particularly the kinases of signaling
pathways. Indeed, it is likely that PEBP1 inhibits kinases and
actin effectors the time necessary to enable the membrane
achieving physical changes and then, ensuring the coordi-
nation between signaling cascades, actin organization, and
cell shape. In the absence of any control, the actin skeleton
may loosely push the membrane and activate cell motility,
overriding the exterior constraints. In a way, it is what is
observed in cancer, particularly during metastases develop-
ment. Another similar case was reported that described the
preferential interaction of PEBP1 with the GDP-bound form
of Rab8A in the retina. Thus, the PEBP1/Rab8 A(GDP) com-
plex may need to dissociate for the release of Rab8 A(GDP)
and its subsequent conversion to Rab8A(GTP) that triggers
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the appropriate ciliary transport [54]. In this case, one might
think that PEBP1 binds the inactive GDP-bound form of
Rab8 the time required for the localization of the essential
actors driving cilium formation. Similarly to Rab8, LC3
is also blocked in its inactive form by PEBP1, inhibiting
autophagy at adherens junctions and subsequently cell motil-
ity [65]. Consequently, the depletion of PEBP1 in cancer
may explain, at least in part, the increase of cancer cell
motility and the development of metastases.

Actin seems to be capable of self-organization, par-
ticularly through Ras/actin and IQGAP/actin interactions.
Consequently, the effectors of actin cytoskeleton appear the
major drivers for directing actin networks toward specific
functions. Repeatedly, PEBP1 was described as a scaffold
protein that binds to kinases of various signaling path-
ways, generally inhibiting them. In addition, PEBPI is a
regulator of numerous effectors of actin organization such
as GTPases, IQGAP, and GRK2. PEBPI may also act as
a switch between Rafl and GRK2, two major kinases of
cytoskeleton organization and cell motility. All these data
are sufficient to explain the key role of PEBP1 in various
cellular processes, notably cell motility, and strongly sug-
gest that PEBP1 associates other proteins to participate in
membrane remodeling and actin organization.

PEBP1 expression is dependent of actin status

Interestingly, actin organization determines the cell fate as
survival, differentiation, and motility, especially via regulat-
ing expression of numerous translation effectors. PEBP1 was
described to be a member of the loop NF-kB/Snail/YY1/
PEBP1/PTEN identified to regulate EMT in cancer [104].
Interestingly, we have noticed that NF-kB, Snail, YY1, and
PTEN are related to actin network.

Especially, it appears that each member of the loop known
to control PEBP1 expression interplays with the status of
actin. Therefore, the nuclear factor-kappa B (NF-kB) activa-
tion follows disruption of the actin cytoskeleton in human
intestinal epithelial cells [105]. The zinc finger protein Snail,
in IL-8-induced mesenchymal transition, stabilizes IL-8 via
ELMOI1 and a bipartite Rac GEF complex, activating Rac
proteins and leading to actin polymerization and glioma
cells migration and invasion [106]. The depolymerization of
y-Smooth Muscle actin filaments releases Yin Yang (YY1)
to the nucleus to activate transcription [107]. Phosphatase
and tensin homolog (PTEN) and PIP2 signaling appear to
play a main role in myocyte hypertrophy by the regulation
of actin filament dynamics [101]. An actin-binding protein
linking synaptic dysfunction to cognitive deficits is Drebrin
(DBN). The association of PTEN with DBN potentially
governs essential processes during the reorganization of the
actin cytoskeleton at the synapse [108]. Taken together with
the identification of actin as closely related to PEBP1 [20],
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all these data strongly suggest that, directly or indirectly,
PEBP1 expression may be controlled by the polymerization
and depolymerization of actin.

Finally, it seems that the role of PEBP1 is dependent
of cell type and cell state, according to the signaling path-
ways and the actin organization at work in the cell. This
feature, which agrees with the control of PEBP1 expres-
sion by the polymerization and depolymerization of actin,
is valuable to allow the adaption of the living cell to its
environment. Another interesting impact of the modula-
tion of PEBP1 expression by actin state is the competition
observed between proliferation and differentiation. Because
the global quantity of actin (both G and F forms) is constant
in a given cell, the regulation of actin effectors is needed to
balance the cell fate toward proliferation or differentiation.
PEBP1 is probably one of these key effectors. As an exam-
ple, it was observed that in adult hippocampal rat progeni-
tor cells, overexpression of PEBP1 promoted neuronal and
oligodendrocyte differentiation, whereas PEBP1 silencing
promoted differentiation into astrocytes, suggesting that
PEBPI1 expression closely correlated with differentiation
into neurons and oligodendrocytes, but not astrocytes [96].

Concluding remarks

Many of the cellular processes modulated by PEBP1 imply
membrane changes (invagination, protrusion, engulfment,
vesicle formation, or fusion) and all of them need fine-tuned
cytoskeleton organization. These events impact all the cell
life and are managed by numerous molecular complexes
and signal exchanges between the cell and its environment.
PEBP1 goes with actin from the cell outside up to the coor-
dination of actin networks with microtubules and interme-
diate filaments, including membrane reorganization and
modeling. It should be kept in mind that cell surface shape
changes involve actin reorganization events. This is true for
the plasma membrane and for large cell-spanning organelles
like the endoplasmic reticulum, as well as for single vesi-
cles and double membrane-encircled organelles like mito-
chondria [109]. By interacting with molecular assemblies,
PEBP1 is one of the nodes where signaling pathways, actin
cytoskeleton, and membrane meet. PEBP1 acts generally by
direct interaction with protein targets, inhibiting their activ-
ity, this is the case for Rab8, LC3, and signaling kinases.
This is true also for the phosphorylated form of PEBP1
which blocks GRK2 activity and the subsequent GPCRs
internalization. We propose that the inhibitory action of
PEBP1 leads to the coordination between the physical
changes of the membrane and the actin organization. This
is a crucial point during migration of cancer cells in which
PEBPI is downregulated. Indeed, the absence of coordi-
nation between membrane and cortical actin may explain,
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at least in part, the exceptional motility of the metastatic
cells, because actin is pushing in the leading edge without
considering the micro-environmental constraints. Thus, the
apparent diverse functions of PEBP1 may be explained when
taking into account the ability of this protein to accompany
and direct the cortical actin reorganization in interweaving
with membrane changes. In the future, this idea should be
a main thread as it is likely that an in depth-understanding
of PEBP1 function will emerge along with new knowledges
on the dynamics of the actin-membrane composite material.
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