Chapter 1
General Introduction to Drebrin

Tomoaki Shirao and Yuko Sekino

Abstract Drebrin was first discovered by our group as “developmentally regulated
brain protein” from the chicken optic tectum. Drebrin is an actin-binding protein, which
is classified into two major isoforms produced by alternative splicing from a single
DBNI gene. The isoform predominantly expressed in the adult brain (drebrin A) is neu-
ron specific, containing a neuron-specific sequence (Ins2) in the middle of the molecule.
Drebrin A is highly concentrated in dendritic spines, and its accumulation level is regu-
lated by synaptic activity. In contrast, drebrin E, which lacks Ins2, is found in wide-
spread but not ubiquitous cell types in various tissues. The isoform conversion from
drebrin E to drebrin A occurs in parallel with synaptogenesis. Drebrin decorating F-actin
is found at the recipient side of cell-cell communication systems, such as gap junctions,
adherens junctions, immunological synapses, and neuronal synapses. In addition, it is
involved in the cellular mechanisms of cell migration, cell process formation, cancer
metastasis, and spermatogenesis. Lack of drebrin leads to the dysfunction of cell-cell
communication, resulting in aberrant migration of metastatic cancer cells, aberrant syn-
aptic function in dementia, and rupture of endothelial integrity. Because drebrin forms a
unique F-actin with a longer helical crossover, drebrin may create an F-actin platform
for molecular assembly and play a pivotal role in intercellular communication.

Keywords Alternative splicing ¢ Cancer ® Cell migration ¢ Intercellular communi-

cation ¢ Physical property of actin filament * Synaptogenesis ® Synaptic plasticity

1.1 Introduction

Drebrin was first discovered by our group as “developmentally regulated brain pro-
tein” from the chicken optic tectum in 1985 (Shirao and Obata 1985). In the first
15 years after the discovery, no other groups except us were interested in drebrin,
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which is expressed in the nervous tissue. During these years, we purified chicken and
rat drebrins, raised polyclonal and monoclonal antibodies, and cloned DBN/ cDNAs.
Consequently, we have identified major isoforms of drebrin in chicken, rodent,
feline, and human expressed in the nervous tissue. We further clarified the genetic
and biochemical properties of drebrin, such as actin-binding activity and phosphory-
lation. The expression of each isoform depends on the developmental stage. Because
the isoform predominantly expressed in adult brain (drebrin A) is neuron specific,
our later studies were mainly focused on drebrin A (Shirao et al. 2017).

In 1996, we found that drebrin A is highly concentrated in dendritic spines in
adult rat brain, forms a complex with actin and myosin, and inhibits the actin-
activated ATPase activity of myosin II (Hayashi et al. 1996). Thus, we proposed that
drebrin may play a role in the structure-based plasticity of synapses through the
actin-linked control of the actomyosin interaction in dendritic spines. In 1999, we
successfully showed that exogenously expressed drebrin A specifically elongates
dendritic spines of primary cultured neurons (Hayashi and Shirao 1999). This was
the first report demonstrating that the manipulation of a single actin-binding protein
in a neuron alters spine morphology. After these epoch-making findings, drebrin
and the actin cytoskeleton in dendritic spines were thrown into the limelight. Since
then we have shown the pivotal roles of drebrin in spine formation (Takahashi et al.
2003; Aoki et al. 2005) and synaptic plasticity (Takahashi et al. 2006; Mizui et al.
2014; Sekino et al. 2006). Nowadays, hundreds of spine-resident proteins have been
found, but drebrin is still a key protein in modulating the actin cytoskeleton in den-
dritic spines (Sekino et al. 2007; Koganezawa et al. 2017).

Actin-binding proteins modulate the characteristics of the actin cytoskeleton and
consequently regulate cell structures or produce the motile force of cells. Drebrin
isoforms other than drebrin A are widely distributed in nonnervous tissues as well
as the nervous tissue, not only in avian (Shirao and Obata 1986) and mammals
(Shirao et al. 1994; Peitsch et al. 1999) but also in the soil amoebae (Luna et al.
1997). Furthermore, drebrin has been found at the recipient side of various intercel-
lular communication systems, such as gap junctions, adherens junctions, immuno-
logical synapses, and neuronal synapses. This suggests the universal role of drebrin
as an actin modulator.

How does drebrin change F-actin structures? Why does drebrin appear at the
cell-cell communication sites? More generally, what is the physiological function of
drebrin? This chapter will briefly introduce the key discoveries and proposals con-
tributing to elucidating the above questions.

1.2 Historical Orientation

1.2.1 Background of Drebrin Study

The development of the brain is achieved by a combination of several fundamental
processes, such as the proliferation and migration of neurons, the directed extension
of nerve fibers, and synapse formation. Before 1960 classic morphological
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techniques were used for the study of brain development, because morphological
structures of the brain dramatically change when each process occurs. In the 1960s
and 1970s, developmental studies were accelerated by the progression of new tech-
nologies such as the autoradiography using tritiated thymidine. These new methods
disclosed in detail the birth date of each neuron, the layer formation, and subsequent
maturation in mammalian cerebral and cerebellar cortices and in the chicken optic
tectum. However, the molecular mechanism of each process was not yet clarified.

To disclose the molecular mechanism of the brain development, the identification
of the master proteins that govern each fundamental process was eagerly pursued.
One approach was to select a key function in each developmental process and to
look for the protein(s) that mediates that function. Adopting this approach, Edelman
and his collaborators developed a specific immunological assay for molecules
involved in cell adhesion (Brackenbury et al. 1977) and discovered cell adhesion
molecules (CAMs) as key molecules in brain development (Hoffman et al. 1982).

Another approach was based on the conjecture that the master proteins are
expressed at limited developmental stages in a restricted region of the brain. Sperry
hypothesized the presence of two orthogonal gradients of molecules on retinal gan-
glion neurons that determine specific connections between retinal and tectal neu-
rons (Sperry 1963), and Nirenberg’s group identified an antigen that is distributed in
a dorsal-ventral topographic gradient in chick embryo retina by screening a library
of monoclonal antibodies in 1981 (Trisler et al. 1981).

1.2.2 Discovery of Drebrin by Proteomics

In January 1982, we started seeking for yet-to-be-discovered master proteins in the
developing brain. We surveyed the changes in the proteome of the developing brain
using O’Farrell’s two-dimensional gel electrophoresis (2DGE) (O'Farrell 1975).
The chicken optic tectum was chosen as the target region, because it is a uniform
and regularly layered structure that develops correctly on a timetable, as revealed by
Cowan and colleagues (LaVail and Cowan 1971a, b). After the electrophoresed gel
was stained with Coomassie brilliant blue, 54 proteins were counted (Fig. 1.1).
Most of them were found at the beginning (4-day embryo) and remained unchanged
until adulthood. There were eight proteins that remarkably changed their staining
intensities during embryonic development (Shirao and Obata 1985). These eight
proteins were further classified into three groups. The first group was monotonically
increasing proteins, including neurofilament proteins and drebrin A (adult-type iso-
form). The second group was monotonically decreasing proteins. The third group
was intensely stained only at embryonic stages and was later named chicken drebrin
El and E2 isoforms. Note that in mammals there is only one embryonic isoform
named drebrin E, while chickens have two embryonic isoforms. The developmental
changes in the amount of drebrins in the optic tectum are shown in Fig. 1.2. Drebrin
isoforms were found with similar developmental changes in other brain regions.
However, the time course of their changes varied from region to region. Even within
the optic tectum, developmental changes in drebrin occur earlier in the rostral
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Fig. 1.1 Two-dimensional patterns of proteins of optic tecta. (a) Seven-day chick embryo. (b)
Newly hatched chicken. A drebrin A, E2 drebrin E2, E] drebrin E1, T tubulin, Ac actin. Coomassie
Brilliant Blue staining
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Fig. 1.2 Developmental changes of drebrin isoforms in the chick optic tectum. Panels are regions
of interest in two-dimensional gel electrophoresis. (a) Day 4. (b) Day 7. (¢) Day 15. (d) Newly
hatched chick. Coomassie Brilliant Blue staining

portion than in the caudal portion, which corresponds to the rostro-caudal gradient
of histological development (LaVail and Cowan 1971a). Together, these results sug-
gest that the changes in drebrin expression are paralleled with brain development,
which are explained in detail in Part III of this book.

1.2.3 Purification of Drebrin

In 1985, we succeeded to purify drebrin E1 and E2 from embryonic day (ED) 11
chicken brains (Shirao and Obata 1985). We used the 2DGE assay and found that all
drebrins were recovered in the same fractions by various purification methods such
as isoelectric precipitation, ammonium sulfate precipitation, and ion-exchange



1 General Introduction to Drebrin 7

chromatography. Gel electrophoresis peptide mapping using the Staphylococcus
aureus V8 protease demonstrated structural homology of drebrins. Using radiola-
beled methionine, we confirmed that changes in the amount of drebrin in 2DGE are
due to changes in drebrin synthesis, but not in drebrin degradation.

During these purification steps, contamination of actin in the drebrin fraction
seemed constant at each step. In addition, all drebrin isoforms are acidic proteins
(isoelectric point around 4.2), while one of the common features of actin
cytoskeleton-related proteins such as calmodulin and troponin is a low isoelectric
point. Furthermore, drebrins are heavily phosphorylated proteins on ED5 and
ED11 in the optic tectum. Collectively, the results suggested that drebrin isoforms
are closely related phosphoproteins associated with the actin cytoskeleton. It is
known that the actin-binding activity is the most important function of drebrin,
which is discussed below. The actin-binding activity has recently been suggested to
be modified by phosphorylation (Worth et al. 2013), which plays a role in cell
migration (Tanabe et al. 2014) and neuritogenesis (Geraldo et al. 2008).

1.2.4 Antibodies Against Drebrin

In 1986, we succeeded to produce polyclonal and monoclonal antibodies against
electrophoretically purified drebrin E1 and E2. The resulting antibodies included
monoclonal antibody (mAb) M2F6, which specifically recognizes all drebrins (E1,
E2, and A) (Shirao and Obata 1986). Ever since, mAb M2F6 has been used for dre-
brin studies as the standard antibody, because its epitope is located in the common
sequence of all drebrin isoforms and is conserved from avian to mammals.

We immunohistochemically stained frozen sections of chick embryo at various
developmental stages using mAb M2F6 (Shirao and Obata 1986). Drebrin first
appeared on ED2 in the myotome. In the early developmental stages of the optic
tectum, drebrin is widely distributed in the neuronal somata and processes. As
developmental stages proceed, drebrin highly accumulates in the tip of the growing
cell processes, namely, the axonal and dendritic growth cones. On the other hand, in
the adult, the drebrin immunostaining pattern is dot-like in the neuropil region, sug-
gesting that drebrin is localized at the synapses. Then, we further analyzed the sub-
cellular localization of drebrin using immunoelectron microscopy and found that
drebrin is localized in the dendritic spine in the adult brain (Shirao et al. 1987).
However, at this point, it was not yet clarified whether the developmental changes
in drebrin subcellular distribution depend on each isoform or not.

1.2.5 Cloning of DBN1 cDNAs

Using the antibodies, we then screened a Agtl1 cDNA library from a 10-day-old
chicken embryo and isolated a cDNA clone of DBNI (gDcwl) (Shirao et al. 1988).
Then, using gDcwl we isolated the full-length cDNAs of drebrin E1, E2, and A
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(Kojima et al. 1988; Kojima et al. 1993). In 1993, we further elucidated that chicken
drebrin E1, E2, and A are translated from three mRNAs that are produced from a
single DBNI gene by alternative splicing (Kojima et al. 1993). Among the drebrin
isoforms, drebrin E1 (564 amino acids) is expressed in the earliest developmental
stages. Drebrin E2 (607 amino acids) has an additional 43-amino-acid insertion
sequence (Insl) in the middle of drebrin E1. Drebrin A (653 amino acids) has
another 46-amino-acid sequence (Ins2) inserted right in front of Insl.

In parallel with the above study, we cloned the cDNAs of rat drebrin A (707
amino acids) (Shirao et al. 1992) and human drebrin E (649 amino acids) (Toda
et al. 1993). The overall amino acid identity between chicken and rat drebrin A is
60%. In particular, the homology of the N-terminal half including the Ins2 sequence
(1-364 amino acid residues in rat) and two short regions in the C-terminus (581—
599 and 650-707 residues) is greater than 80% (Kojima et al. 1993). The regions are
also well conserved in human. It has been shown that the rat, mouse, and human
Ins2 sequence is almost identical. So far, the drebrin A isoform, which contains the
Ins2 sequence, including s-drebrin A (Jin et al. 2002), has only been detected in
neurons from chicken to human, and its expression depends on brain maturation.
The schematic structure of drebrin E and A is shown in Fig. 1.3.
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Fig. 1.3 Schematic representation of domain structures of rat drebrin. Drebrin A has “Ins2”
insertion that is not present in drebrin E. Rat drebrin E corresponds to chick drebrin E2. ADF-H
is described as drADF-hd in Chap. 5. Actin-binding region 1 (AB1) is comparable to coiled-coil
domain (CC) and helical-charged motif (HCM) in Chaps. 4 and 5, respectively. Actin-binding
region 2 is comparable to helical domain (Hel), drebrin actin-binding domain (drABD) and
minimal actin-remodeling region in Chaps. 3, 4 and 21, respectively. C1, C2, and C3 are con-
served regions between chicken and rodent, and V1 and V2 are variable regions. C1 is further
subdivided into Cla, C1b, and Clc (see Chap. 2). Spikar binds to ADF-H. 3,5-Bistrifluoromethy]
pyrazole (BTP) binds to AB2 region. Cyclin-dependent kinase 5 (CDKS5) phosphorylates S142
and S342. Phosphatase and tensin homologue (PTEN) dephosphorylates S647
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It is still unclear why rodents have one embryonic isoform, while chickens have
two. The chicken Dbnl gene is over 15.4 kb, and the exons encoding the Ins1 and
Ins2 sequences are separate (Kojima et al. 1993). In contrast, the mouse Dbnl gene
contains exon 12a encoding the Ins2 sequence, which directly connects to exons12b
and 12c (see details in Chap. 2). Either amino acid sequence of the chicken E2 or
mouse E different from comparable drebrin A is only Ins2 (Jin et al. 2002).
Therefore, mammalian drebrin E is thought to be homologous to chicken drebrin
E2, but not drebrin E1.

1.2.6 Actin-Binding Activity of Drebrin

In 1994, the first solid proof for the actin-binding activity of drebrin E was reported
(Ishikawa et al. 1994). We improved the purification method of drebrin E from rat
brain to get enough protein for biochemical characterization. We have shown that
drebrin E does not bind to actin monomers (G-actin) but binds to F-actin with a
stoichiometry of 1:5 (drebrin E: actin) and an apparent dissociation constant (K;) of
1.2 x 1077 M..! Drebrin E competitively binds to F-actin with tropomyosin, fascin,
and a-actinin.

On the other hand, drebrin A was not successfully purified from brain tissue for
biochemical analyses, although we knew that drebrin A precipitated with F-actin.
To examine whether drebrin A binds to F-actin similarly to drebrin E, we trans-
fected various cell lines with GFP-tagged drebrin A cDNA and found that drebrin A
and F-actin colocalize within a transfected cell and that tropomyosin disappears
from drebrin A-bound F-actin (Shirao et al. 1994). This suggested that drebrin A
also competitively binds to F-actin with tropomyosin. However, we had to wait until
Ishikawa’s group succeeded in purifying bacterially expressed drebrin A (Ishikawa
et al. 2007) (more than 10 years) before we could elucidate the exact actin-binding
property of drebrin A.

1.2.7 Drebrin Modifies the Actin Cytoskeleton in Dendritic
Spines

As mentioned previously in the chicken optic tectum and cerebellum, drebrin A is
mainly localized in dendritic spines (Shirao et al. 1987; Shirao and Obata 1986). In
1996, we studied the detailed localization of drebrin in the rat brain (Hayashi et al.
1996). Drebrin immunostaining is distributed in a dot-like pattern in the rat brain
similarly to the chicken brain, suggesting a dendritic spine localization of drebrin.

'This K, was quantified by densitometry of a Coomassie blue-stained SDS-PAGE gel for F-actin
co-sedimentation assay. Therefore, we cannot exclude the possibility that the K, of drebrin and
F-actin is less than 10 nM (see details in Chap. 3).
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However, the drebrin immunostaining intensity did not exactly correlate with the
intensity of synaptophysin, a synaptic marker protein. Interestingly, immunoblot
analysis showed that drebrin E was uniformly distributed at a low level throughout
the brain, but drebrin A was expressed differentially, as it is abundant in the fore-
brain but present only at low levels in the cerebellar cortex. The high concentration
of drebrin A in the forebrain suggests that the role of drebrin in the adult brain is
related to learning and memory, which is characteristic of the forebrain. Electron
microscopy showed that drebrin is localized at postsynaptic sites. Confocal micros-
copy of double labeling of drebrin and synaptophysin at the cerebral cortex showed
a clear separation between synaptophysin-labeled presynaptic terminals and dre-
brin-labeled postsynaptic spines (Fig. 1.4a) (Hayashi et al. 1996).
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Fig. 1.4 Cellular functions of drebrin at a glance. (a) Drebrin forms stable F-actin pool at postsyn-
aptic sites of excitatory synapses (Aoki et al. 2005). (b) Drebrin stabilizes nectin via afadin at
adherens junctions (Rehm et al. 2013) and regulates gap junction via connexin (Butkevich et al.
2004). (c) Drebrin is not localized at vinculin-positive focal adhesions (Peitsch et al. 1999), but
some focal adhesions are stabilized by drebrin (Ikeda et al. 1996). (d) Association of drebrin and
chemokine receptor CXCR4 is enhanced by antigenic stimulation at immunological synapses
(Perez-Martinez et al. 2010) and inhibits the entry of HIV-1 at virological synapses (Gordon-
Alonso et al. 2013) and endocytosis (Li et al. 2017). Drebrin is also necessary for the store-operated
Ca?* channel function (Mercer et al. 2010) but inhibits TRP channel activity (Stiber et al. 2016).
(e) Spikar, a transcription coactivator, enters into nucleus when it dissociates from drebrin
(Yamazaki et al. 2014). (f) Drebrin is a specific component of small GTP-binding protein ARF-
dependent actin pool on the Golgi complex (Fucini et al. 2000). (g) Drebrin is localized at the
juxtanuclear drebrin-enriched zone, which is purportedly concerned with cell migration (Peitsch
et al. 2006). (h) Drebrin mediates ectosome release from the tip of cilia (Nager et al. 2017). (i)
Drebrin is localized at the transitional zone between lamellipodia and microtubules at the tip of cell
processes (Geraldo et al. 2008; Mizui et al. 2009). Abbreviations: ARF° ADP-ribosylation factor,
BTC basal transcription complex, cSMAC central supramolecular activation cluster, ECM extracel-
lular matrix, HIV human immunodeficiency virus, N7 neurotransmitter, 7RP transient receptor
potential. Long and normal helical pitches of F-actin are 40 nm and 36 nm, respectively
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Next, we examined the association of drebrin with the spine cytoskeleton. Actin,
gelsolin, and myosin I, II, and V were immunoprecipitated as drebrin-containing
cytoskeleton. On the other hand, microtubule-associated protein 2 (MAP2), fodrin,
caldesmon, o-actinin, fascin, and tropomyosin, which are all detectable in the
brain, were not detected within the immunoprecipitates. Thus, drebrin forms a dis-
tinct cytoskeletal complex with actin, gelsolin, and myosins in dendritic spines.
Furthermore, we found that drebrin inhibits the actin-activated ATPase activity
of myosin II (Hayashi et al. 1996). This suggests that drebrin regulates the actin-
myosin interaction by the actin-linked control. It is known that caldesmon and
tropomyosin, which have inhibitory effects on the actomyosin interaction similarly
to drebrin, carry out the actin-linked control in smooth muscles (Ngai and Walsh
1984; Yamaguchi et al. 1984; Bugyi et al. 2010). Drebrin may take the place of
caldesmon or tropomyosin in the actin-linked control of the actomyosin interaction
in dendritic spines and may play a role in the structure-based plasticity of synapses.

To examine this hypothesis, we introduced excessive drebrin A into primary cul-
tures of cortical neurons and analyzed its effect on the spine shape. In 1999, we
reported that exogenous GFP-tagged drebrin A localized at the spines and induced
spines to elongate (Hayashi and Shirao 1999). This was the first direct evidence that
manipulation of a single actin-binding protein in a neuron specifically alters den-
dritic spine morphology. Although the underlining molecular mechanism was not
clarified, we proposed the hypothesis that drebrin gives a unique character to the
actin cytoskeleton bound to it (Shirao and Sekino 2001).

After these epoch-making findings, drebrin and the actin cytoskeleton in den-
dritic spines were thrown into the limelight, and in 2000 several papers focusing on
drebrin localization were published by other groups (Allison et al. 2000; Conroy
et al. 2000; Shoop et al. 2000) using the anti-drebrin monoclonal antibody, M2F6,
developed in our laboratory. Since then, mAb M2F6 has been used in drebrin stud-
ies as the standard antibody worldwide.

1.2.8 Advances in Drebrin Studies in the Twenty-First Century

In the last 18 years, numerous drebrin functions related to various physiological
phenomena, such as cell migration, synaptogenesis, and synaptic plasticity, have
been elucidated extensively.

In 2006, we found the N-methyl-D-aspartate (NMDA) receptor activity-dependent
change in drebrin localization (Sekino et al. 2006) and proposed the hypothesis that
the drebrin localization change modifies the association of F-actin with other spine-
resident actin-binding proteins, consequently leading to changes in spine morphol-
ogy during synaptic plasticity (Sekino et al. 2006). However, it was difficult to
discriminate neuronal F-actin from the glial one in a cortical mixed culture. To
achieve precise studies about drebrin A and F-actin distribution in neurons, we inno-
vated Banker’s method (Kaech and Banker 2006) for our neuronal culture tech-
nique. In this method embryonic hippocampal neurons plated on a coverslip were
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cultured over a glial sheet in a dish. By immunocytochemically analyzing the pure
neuronal culture on the coverslip, we could analyze the distribution of drebrin and
F-actin without interference of the glial F-actin.

In two days in vitro (DIV) neurons, drebrin E but not A was concentrated in the
growth cone, where F-actin predominantly localized in the peripheral half and
microtubules localized in the central half. Drebrin E is localized only in the proxi-
mal area of the F-actin-rich region, which is the transitional zone to the central
microtubule-rich region (Geraldo et al. 2008). Interestingly, the retrograde flow of
drebrin-decorated F-actin was slower than that of other F-actins (Mizui et al. 2009).

In seven DIV neurons, drebrin immunostaining and F-actin were observed discon-
tinuously at the submembranous region of the dendritic shaft and as a fibrous pattern
in filopodia, except for the tip where only F-actin was observed. In 21 DIV neurons,
strong drebrin immunostaining was colocalized with F-actin at the dendritic spines,
but the colocalization at the dendritic shafts was decreased (Takahashi et al. 2003).

In 2008, we found that migrating neurons contain drebrin in their cell body even
in the adult, which is different from the typical synaptic localization of drebrin
A. Therefore, we hypothesized that migrating neurons contain drebrin E, but not
drebrin A. Unfortunately, a drebrin E-specific antibody has not been successfully
produced, yet, although a drebrin A-specific antibody (DAS2) was available.
Therefore, it was difficult to determine whether the drebrin isoform distributed in
migrating cell somata is drebrin E. Thus, we developed an image subtraction method
using mAb M2F6 and DAS?2 to identify the subcellular distribution of drebrin E
(Songetal. 2008). Using this method, we found that drebrin E was widely distributed
within the migrating neuron until drebrin A appeared. Once drebrin A is expressed
in a developing neuron, drebrin E is no longer observed in the cell soma but is dis-
tributed in cell processes (Song et al. 2008).

As we mentioned previously, drebrin is also expressed in nonnervous tissues
(Shirao and Obata 1986). The drebrin isoforms expressed in non-neuronal cells are
only the embryonic types of drebrin, which do not have the Ins2 sequence in the
molecule; hence, drebrin A, which has the Ins2 sequence, is not expressed in these
cells. Many studies have been recently reported in relation to drebrin’s role in vari-
ous cellular functions, such as cell migration, cell process formation, intercellular
communication, cancer metastasis, and spermatogenesis. These studies are dis-
cussed in more detail in specific chapters of this book, although some of them are
also highlighted in the following section of this chapter (Fig. 1.4).

1.3 Physiological Roles of Drebrin

1.3.1 Morphogenetic Activity of Drebrin

One of the most striking features of drebrin function is the cell morphogenetic
activity. In 1992, we demonstrated that overexpression of exogenous drebrin A in
cultured fibroblasts induced many filopodia-like processes around the cell body,
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and some of them became highly branched long processes similar to neuronal
dendrites (Fig. 1.5a) (Shirao et al. 1992). Time-lapse recording analysis of the
transfected cells indicated that microvilli protruded from the cell bodies seldom
retracted, but elongated and fused side-by-side, consequently forming neurite-like
cell processes.

We examined the ultrastructural changes associated with process formation in
drebrin A cDNA-transfected L cells by electron microscopy. Non-transfected L
cells were large and epitheloid or spindle shaped with lamellipodia on the cell bor-
ders. Many short microvilli were present diffusely on cell surfaces, but not on lamel-
lipodia. Surface and intracellular structures showed a diffused arrangement and had
no special organization, except for stress fibers. On the other hand, transfected cells
had round or polygonal cell bodies and neurite-like cell processes. The surfaces of

Fig. 1.5 Immunocytochemistry and immunoelectron microscopy of drebrin A transfected fibro-
blasts. (a) and (b) Transfected cells were subjected to immunostaining with anti-drebrin antibody
(Mab M2F6). Intensely stained cell was neuron-like with round thick cell bodies and highly
branched processes extending from the cell perimeter (a). Within a transfected cell, immunofluo-
rescence of drebrin staining colocalized with F-actin forms thick curving bundles (b). C—G, Fine
structures of drebrin A transfected fibroblasts. A neurite-like process of the transfectant showing
microspikes (¢). The round cell body shows occasional microvilli on its surface (d). Cell process
containing microtubules and intermediate filaments in the central region (e). A microspike contain-
ing microfilaments connected to those in the cell process (f). Bundles of microfilaments were
shown in the submembranous region of the cell process (g). Scale bars: (a), 40 pm; (c¢) and (d),
5 pm; (e), (f), and (g), 0.1 pm. (¢) to (g) were reprinted from Inoue and Shirao (1997)
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the cell bodies were smooth overall, although some microvilli were observed. The
neurite-like cell processes had numerous microspikes on them. In the cell processes,
mitochondria, microtubules, and intermediate filaments, as well as the submembra-
nous F-actin bundles, were observed. In contrast, F-actins were only predominant
structures in the microspikes (Fig. 1.5¢—f) (Inoue and Shirao 1997).

We then immunocytochemically examined the distribution of drebrin A and
F-actin within the cell. In the transfected cells, tropomyosin disappeared from
F-actin, and drebrin A-decorated F-actin formed thick curving bundles that were
different from the straight tropomyosin-binding stress fibers (Fig. 1.5b) (Shirao
et al. 1994). How are thick curving F-actin bundle formed? Does drebrin A have
F-actin-bundling activity?

Although drebrin E purified from brain tissue did not exhibit any actin-bundling
activity (Ishikawa et al. 1994), bacterially expressed drebrin E and A did exhibit
actin-bundling activity. In addition, molecular dissection of drebrin revealed two
actin-binding regions (AB1 and AB2 in Fig. 1.3), and the fragment containing both
regions had actin-bundling activity (Worth et al. 2013). These results suggest that
drebrin has actin-bundling activity, and the bundled drebrin-decorated F-actin forms
thick curving structures.

However, many cell lines express drebrin E without forming the thick curv-
ing F-actin bundles and keep straight tropomyosin-binding stress fibers. In addi-
tion, overexpression of AB2 region is enough to induce the thick actin bundles
in Chinese hamster ovary (CHO) cells (Hayashi et al. 1999). Therefore, we pro-
pose that drebrin has actin-bundling activity under specific conditions. In the
transfected CHO cells, overexpressed drebrin AB2 region may induce the spe-
cific conditions and allow endogenous drebrin E to bundle drebrin-decorated
F-actins.

In 2009, we reported that drebrin-decorated F-actin shows slow treadmilling
(Mizui et al. 2009). In 2011, Sharma et al. reported that drebrin induces remodel-
ing of F-actin (Sharma et al. 2011). Drebrin-decorated F-actin shows unexpected
unique physical and chemical characteristics, such as a longer helical crossover
(40 nm), higher heat stability, and slower depolymerizing speed (Sharma et al.
2011; Mikati et al. 2013). Furthermore, the cooperative binding activity of dre-
brin to F-actin has been elucidated (Sharma et al. 2012). This suggests that the
binding of drebrin to F-actin leads to the exclusion of other existing actin-binding
proteins from F-actin and consequently the formation of F-actin fully covered by
drebrin.

Thus, one possible underlining mechanism of the drebrin morphogenetic activity
is that drebrin-decorated F-actin responds differently to various actin-regulating
signals, resulting in the morphological change of cells. On the other hand, it is
known that drebrin-decorated F-actin can link to microtubules (see below).
Therefore, another possible mechanism is that submembranous drebrin-decorated
F-actin bundles in the drebrin A cDNA-transfected cells enable microtubules to
intrude into microvilli and consequently form cell processes.
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1.3.2 Drebrin’s Function in Synaptogenesis

During development, the expression of drebrin A in the brain is paralleled with syn-
apse formation. Electron microscopy analysis of the developing rat brain has dem-
onstrated that drebrin A locates at dendritic membranes at the initial contact sites
between axons and dendrites (Aoki et al. 2005). In addition, we have shown using
primary hippocampal cultured neurons that inhibition of drebrin A expression
resulted in the delay of synapse formation as well as the inhibition of postsynaptic
protein accumulation, such as postsynaptic density protein 95 (PSD-95), Ca*"/
calmodulin-dependent protein kinase II (CaMKII), spikar, and glutamate receptors
(Takahashi et al. 2003; Yamazaki et al. 2014). It has been indicated that spikar
(Yamazaki et al. 2014) and CaMKII (Yamazaki et al. submitted) accumulate by their
direct binding activity to drebrin, while PSD-95 is likely to accumulate through the
drebrin-Homer-Shank complex (Shiraishi-Yamaguchi et al. 2009; Tu et al. 1999).

How does drebrin A accumulate at postsynaptic sites? We have shown that syn-
aptic activity governs drebrin A accumulation at postsynaptic sites (Takahashi et al.
2009). We analyzed drebrin dynamics within individual spines using the fluores-
cence recovery after photobleaching (FRAP) technique and found that a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor activity promotes
drebrin A stabilization. This suggests the AMPA receptor-dependent appearance of
the drebrin A-decorated F-actin complex at postsynaptic sites, which may function
as a platform for molecular assembly of other postsynaptic proteins such as PSD-
95, CaMKII, spikar, and glutamate receptors (Fig. 1.6).

] ] PSD-95
SReEgREEB  Normal helical pitch F-actin
Scaffold proteins
SISl  Long helical pitch F-actin
d Drebrin E , Spikar T Glutamate Receptors
- Drebrin A e Glutamate

t SZ SE ) \ SZ SE ) ‘ SZ 52 J Pre-synaptic

o o Synaptic cleft

—-rw T-r Post-synaptic
-/ . \ Hettng,

Fig. 1.6 Diagram of excitatory postsynaptic maturation. (a) Dynamic F-actin (normal helical
pitch F-actin) is transported at cortical cytoplasm of dendritic shaft and dendritic filopodia. (b)
Drebrin A accumulates at presumptive postsynaptic sites through AMPA receptor activity and
forms drebrin A-decorated F-actin (long helical pitch F-actin). Note that drebrin E frequently binds
to the long helix F-actin, but rarely to normal F-actin in vivo. (¢) Long helical pitch F-actin builds
up a platform for assembly of glutamate receptors, CaMKII, spikar, and scaffold proteins such as
PSD-95. (d) Postsynaptic density structure is constructed in a mature spine, and drebrin A-decorated
F-actin is located relatively far from the postsynaptic membrane in a fully mature spine
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1.3.3 Drebrin’s Function in Synaptic Plasticity

It has been shown that stable and dynamic F-actins localize at the core and periph-
ery of dendritic spines, respectively (Honkura et al. 2008). As we mentioned,
drebrin-decorated F-actin is stable with slow treadmilling and a longer helical
crossover. Super resolution microscopy and electron microscopy (see details in
Chap. 8) studies have shown that drebrin is located at the center of dendritic spines,
indicating that stable F-actin at the core of dendritic spines consists of drebrin-
decorated F-actin.

We have recently demonstrated that NMDA receptor-dependent Ca?* influx acti-
vates myosin Il ATPase and consequently induces the exodus of drebrin A-decorated
F-actin from dendritic spines, resulting in the initiation of morphological synaptic
plasticity (Mizui et al. 2014).

Taken together, we propose that synapses show morphological stability and reac-
tivity when drebrin A-decorated F-actin is present and absent, respectively. When
NMDA receptor is activated by a strong input that will induce synaptic plasticity
(Hebbian plasticity), the spine gets the reactivity, because of the drebrin exodus from
dendritic spines. After the spines have changed their morphology, drebrin reforms
drebrin A-decorated F-actin at the core region and gives the morphological stability
to the spines. This idea is consistent with our recent finding that synaptic plasticity
is impaired in drebrin A-specific knockout (DAKO) mice (Kojima et al. 2016).

In addition to the aforementioned Hebbian synaptic plasticity, the brain has a
homeostatic synaptic plasticity, which is a compensatory adjustment of synaptic
excitability relative to the network activity. In 2001, we proposed that NMDA recep-
tor accumulates through a specific trafficking system associated with drebrin and is
anchored to F-actin via a-actinin at the postsynaptic membrane (Shirao and Sekino
2001). Moreover, 5 years later we showed that drebrin is involved in the mechanism
of activity-dependent synaptic targeting of NMDA receptors using cultured neurons
(Takahashi et al. 2006). Furthermore, Aoki et al. showed using DAKO mice that the
lack of drebrin A results in the loss of homeostatic plasticity of NMDA receptor
in vivo (Aoki et al. 2009).

In the brain of Alzheimer’s disease patients, drebrin disappears from dendritic
spines even though the synapses are still there (Harigaya et al. 1996). Moreover, the
decrease in drebrin is observed in relation to the cognitive impairment associated
with normal aging (Hatanpaa et al. 1999). The loss of drebrin A means loss of stable
drebrin A-decorated F-actin, suggesting that the compatibility between the stability
and the reactivity of synapses dissociates in Alzheimer’s disease.

1.3.4 Drebrin’s Function in Intercellular Communication

Various drebrin-associated proteins have been found thick and fast. Interestingly, dre-
brin and its partner proteins are often found in the structure for cell-cell communica-
tion in recipient cells as well as the postsynaptic structure of neurons. Connexin 43
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binds to drebrin E and forms a supramolecular complex of drebrin-decorated F-actin
at the gap junction in astrocytes (Butkevich et al. 2004) and in migrating neurons
(Ambrosi et al. 2016). At adherens junctions, drebrin E binds to afadin and acts as a
stabilizer of nectins by linking the nectin-afadin complex to cortical F-actin and thus
preserves endothelial integrity under shear stress (Fig. 1.4b) (Rehm et al. 2013).

In CD4* T cells, the chemokine receptor, CXCR4, is associated with drebrin E
(Fig. 1.4C) (Perez-Martinez et al. 2010). This association is enhanced by antigenic
stimulation and is necessary for complete activation of CD4* T cells. Furthermore,
drebrin negatively regulates human immunodeficiency virus (HIV)-1 infection of
CD* T lymphocytes, where CXCR4 is known as an HIV-1 co-receptor (Gordon-
Alonso et al. 2013). Interestingly, drebrin E is a target of the immunosuppressant
3,5-bistrifluoromethyl pyrazole (BTP), which inhibits calcium influx into cells.
Drebrin is necessary for the store-operated Ca®* entry (Fig. 1.4c) (Mercer et al.
2010). Particularly, in mast cells, drebrin E regulates allergic responses, namely, the
FceRI-mediated increase in intracellular Ca®* and the IgE-mediated histamine
release (Law et al. 2015).

In the testis, drebrin E plays a role through association with the Arp2/3 complex
at the ectoplasmic specialization, conferring plasma membrane plasticity, accom-
modating changes in spermatid shape, promoting germ cell transport, and inducing
junction restructuring (Li et al. 2011).

Taken together, drebrin E functions as a dynamic linker between membrane
proteins and submembranous F-actin structures, to regulate the intercellular
communication.

1.3.5 Drebrin-Decorated F-Actin Can Link to Microtubules

Dynamic interactions between F-actin and microtubules underlie various cellular
processes; however, the molecular mechanism involved was unknown. Drebrin-
decorated F-actins in neurons are localized in adjoining zones to the microtubule-
rich region; e.g., the dendritic spines (Fig. 1.4a) are in contact with the
microtubule-rich dendritic shaft, and the transitional zone of the axonal growth cone
(Fig. 1.4i) is between F-actins and microtubules. This characteristic localization
suggests that drebrin may link microtubules to F-actin. In 2008, it was reported that
drebrin binds to the microtubule plus-end binding protein, EB3, indicating that
drebrin-decorated F-actin can link to microtubules via EB3 (Geraldo et al. 2008).

1.3.6 Drebrin and Cancer

Cancer cells break the intercellular connection found in normal cells and show
motility ability as well as a dramatic change in cellular morphology. Because drebrin
activity is involved in these cellular processes, the role of drebrin in carcinogenesis
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has been actively studied. In 2005, the change in drebrin E expression in skin cancers
and their precursors was reported (Peitsch et al. 2005). Of particular note is the fact
that drebrin E is markedly overexpressed in metastatic cancer cells (Lin et al. 2014).
Recently, it has been reported that drebrin is critical for progranulin-dependent acti-
vation of the Akt and MAPK pathways and modulates motility, invasion, and
anchorage-independent growth in bladder carcinomas (Xu et al. 2015).

1.4 Perspective and Future Directions

The compatibility between the stability and the reactivity of synapses plays a pivotal
role in synaptic plasticity. Dendritic filopodia seem too motile to achieve this com-
patibility. On the other hand, dendritic spines are suitable for keeping this compat-
ibility. Drebrin is present both in filopodia and spines, and the drebrin isoform
change from E to A occurs in parallel with the change of filopodia into spines.
Furthermore, inhibition of drebrin isoform conversion forms aberrant synapses,
which impairs long-term potentiation (LTP). The difference between the two iso-
forms is the 46-amino-acid sequence, Ins2, which is inserted in the middle of the
drebrin molecule by alternative splicing. It is of great interest to elucidate the role of
this sequence in drebrin function. In addition, elucidation of the alternative splicing
mechanism of drebrin may make an even greater impact on developmental neurobi-
ology, because many brain proteins change their isoform by alternative splicing
simultaneously with drebrin around the synaptogenesis period.

Drebrin forms slow treadmilling F-actin with a longer helical crossover. It is now
believed that the structural heterogeneity of F-actin has an important physiological
role by affecting the recruitment and occupancy of actin regulators. Drebrin-
decorated F-actin is often found at the recipient side of various cell-cell communi-
cation systems, and the lack of drebrin leads to the dysfunction of cell-cell
communication. In the brain, drebrin is postsynaptic, and its deficiency leads to
dementia. In the immune system, drebrin is in the immunological synapses, regulat-
ing viral infection and modifying allergic responses. In carcinogenesis, drebrin is at
intercellular adherens junctions, and its expression level is associated with cancer
metastasis. Therefore, we propose that drebrin-decorated F-actin creates a unique
platform for molecular assembly necessary for intercellular communication.
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