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The Homer family of scaffolding proteins are crucial
components of many intracellular signalling cascades in
excitable and non-excitable cells. Homer function underpins
a variety of neuronal processes, ranging from calcium
homeostasis to synaptic plasticity associated with learning
and memory in the mature brain. Such processes are also
crucial for the normal development of neuronal architecture
in the embryonic brain.

An evolving theme from our understanding of Homer
function is that there is a ‘dose-dependent’ effect of Homer
isoforms on cellular function. That is, the cellular effects
attributable to Homer are dependent upon the balance of
expression levels between Homer isoforms (Foa et al. 2001;
Van Keuren-Jensen and Cline 2006; Ary et al. 2007;
Kammermeier 2008). Aberrant Homer signalling has been
associated with several developmentally related neurological
syndromes, including neuropathic pain, addiction, epilepsy,
schizophrenia, Fragile X syndrome and Alzheimer’s disease
(AD) (for reviews see de Bartolomeis and Iasevoli 2003;
Szumlinski et al. 2006, 2008). While Homer structure
(Shiraishi-Yamaguchi and Furuichi 2007) and function
(Worley et al. 2007) have been well reviewed, the specific
topic of Homer function during neuronal development has
not been examined. This review will focus on what is known

about the expression, structure and function of Homer
proteins in the developing nervous system and the implica-
tions of these studies for the function of the mature nervous
system and for neurological disease.

Homer protein structure

The family of mammalian Homer proteins comprises splice
variants from three homer genes (homer 1, 2 and 3). There
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Abstract

Homer proteins are best known as scaffold proteins at the

post-synaptic density where they facilitate synaptic signalling

and are thought to be required for learning and memory.

Evidence implicating Homer proteins in the development of

the nervous system is also steadily accumulating. Homer is

highly conserved and is expressed at key developmental

time points in the nervous system of several species. Homer

regulates intracellular calcium homeostasis, clustering and

trafficking of receptors and proteins at the cytosolic surface

of the plasma membrane, transcription and translation, and

cytoskeletal organization. Each of these functions has obvi-

ous potential to regulate neuronal development, and indeed

Homer is implicated in several pathologies associated with

the developing nervous system. Current data justify more

critical experimental approaches to the role of Homer in the

developing nervous system and related neurological dis-

orders.
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are multiple isoform products from these genes: Homer 1a–h,
Homer 2a–d, and 10 isoforms of Homer 3 (Xiao et al. 1998;
Soloviev et al. 2000; Saito et al. 2002; Klugmann et al.
2005). Homer proteins are well known for their role as
adaptor molecules that enhance signalling at the post-
synaptic density (PSD) by altering receptor trafficking and
clustering, Ca2+ flux and actin organization. Homer proteins
carry out these functions via an N-terminal enabled/vasodi-
lator-stimulated phosphoprotein homology domain (EVH1)
and C-terminal coiled-coil (CC) domain (Fig. 1). The
evolutionarily conserved EVH1 domain defines the Homer
family. Through the EVH1, Homer binds synaptic signalling
ligands, such as the metabotropic glutamate receptor
(mGluR), the inositol tri-phosphate (IP3R) and ryanodine
receptors (RyR) (Kato et al. 1998; Tu et al. 1998), anchoring
proteins such as shank (Tu et al. 1999), channels such as
transient receptor potential canonical channels (TRPC) (Yuan
et al. 2003), transcription factors such as nuclear factor of
activated T cells (NFAT) and PAX6 (paired hox gene 6)
(Cooper and Hanson 2005; Stiber et al. 2005; Huang et al.
2008) and GTPases (Rong et al. 2003; Govek et al. 2004).
Constitutively expressed ‘long-form’ Homer proteins possess
a CC domain, which mediates homophilic and/or heterophil-
ic interactions with other members of the Homer protein
family. Until relatively recently, a clear understanding of how
the physical coupling of Homer proteins to their ligands
occurs had been elusive. Recent elegant biophysical and
biochemical experiments by Hayashi et al. (2006) suggest
that native long-form Homers exist as tetrameric hubs with
CC domains aligned in a parallel fashion. This tetrameriza-
tion exposes four EVH1 domains in a spatially optimized
configuration for ligand binding and and is required for

efficient localization to dendritic spines. These data suggest
that Homer tetramers and antiparallel Shank homodimers
may form multidimension scaffolding lattices upon which
ligands for both proteins can be efficiently assembled
(Hayashi et al. 2006).

In addition to the long forms of Homer, there are two
activity-inducible ‘short’ forms of Homer, Homer 1a (Vesl-1s)
and Ania-3 that have been demonstrated in rodents and
Xenopus (Brakeman et al. 1997; Kato et al. 1997; Berke
et al. 1998; Foa et al. 2005). These isoforms possess a fully
functional EVH1 domain, but lack a CC domain. Homer 1a
and Ania-3 are thought to act as naturally occurring dominant
negatives that function by uncoupling long-form Homer-
ligand interactions resulting in molecular rearrangements at
the membrane (Kato et al. 1998; Tu et al. 1998; Sala et al.
2003; Kammermeier and Worley 2007). Expression of the
short form Homers is comparatively low in the absence of
synaptic activity. However, an increase in synaptic activity
can cause premature exon-to-intron conversion, activating a
transcript termination in the large central intron, thereby
converting most Homer1b/c transcription to Homer1a (Bottai
et al. 2002). This regulation of short-form Homer represents a
novel mechanism of fine-tuning synaptic activity.

While we have learnt much about the regulation of Homer
by activity, and the function of Homer via its EVH1 and CC
domains, evidence that phosphorylation is also important for
Homer function is emerging. Phosphorylation of Homer
proteins was first suggested by Shiraishi et al. (2003a), who
demonstrated by 2-D gel analysis of cell lysates, that
glutamate induction of post-translational Homer 2 modifica-
tions requires phosphatase activity (Shiraishi et al. 2003b).
Subsequently, it was confirmed that Homer 2 is indeed
phosphorylated, and significantly its phosphorylation state is
reduced in Fragile X knockout mice (Giuffrida et al. 2005).
Recently, Homer 3 was shown to be phosphorylated by
calcium/calmodulin-dependent protein kinase II (CaMKII).
Phosphorylation of Homer 3 by CaMKII within 2 min of
synaptic activity uncouples mGluR-Homer 3-IP3R com-
plexes (Mizutani et al. 2008). Such uncoupling mimics the
action of short isoforms, providing a rapid mechanism that
negatively regulates neuronal activity, as opposed to activity
induction of Homer 1a/Ania-3, which occurs after 30 min
(Brakeman et al. 1997). The conservation of the probable
CaMKII phosphorylation site amongst most Homer proteins
suggests that this is a consistent mechanism for regulating
Homer function (Mizutani et al. 2008).

Expression of Homer isoforms during development

The likely necessity of Homer function during development
is revealed by the significant neuronal and behavioural
deficits that occur in homer 1 and homer 2 null mice (Kalivas
et al. 2004; Lominac et al. 2005; Szumlinski et al. 2005;
Jaubert et al. 2007). Furthermore, Homer proteins are highly
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Fig. 1 Schematic representation of the principal functional motifs of

Homer proteins. All members of the Homer protein family are defined

by their highly-conserved (60–70% homology) N-terminal Ena-Vasp-

Homology (EVH1) domain (green). Through the EVH1 domain, long-

form Homer proteins bind and couple other synaptic signalling

elements such as membrane bound receptors (mGluR1-5, TRPC1,

IP3R and RyR) and scaffolding partners (Shank1, Shank 3, Dynamin

and oligophrenin) through a specific proline-rich ligand motif (–PxxF–).

Long-form Homers possess a C-terminal coiled-coil (CC) domain (20–

30% homology, through which they multimerize via two leucine-zipper

motifs (blue) with other long form Homer proteins. Short form Homer

proteins, Homer 1a and Ania-3, contain a conserved EVH1 domain,

but lack the CC domain, preventing multimerization with other Homer

proteins and are effective negative regulators of long-form Homer

multimerization. Putative phosphorylation sites (P*) based on the de-

monstrated in vivo phosphorylation of serine residues (120, 159 and

176) of Homer 3 (Mizutani et al. 2008).

2 | L. Foa and R. Gasperini

Journal Compilation � 2008 International Society for Neurochemistry, J. Neurochem. (2009) 108, 1–10
� 2008 The Authors



conserved across species, from human, rat and mouse, to
Xenopus and Drosophila (Xiao et al. 1998; Foa et al. 2001;
Diagana et al. 2002) where there is extensive expression of
Homer proteins in the developing nervous system.

Homer expression during mammalian development
As would be expected from an integral PSD protein, there is
widespread Homer expression in the developing rodent CNS.
Long-form Homer proteins (1b/c, 2a/b and 3a/b) are
expressed in skeletal muscle, heart, liver, spleen, lung and
kidney, although Homer expression in these non-neuronal
tissues is low in comparison to the CNS (Shiraishi et al.
2004). Homer 1b/c and Homer 2 isoforms follow relatively
parallel patterns of expression in the olfactory bulb, cortex,
hippocampus, corpus striatum and thalamus. Homer 3
expression is restricted to the cerebellum and hippocampus,
where it is developmentally regulated (Shiraishi et al. 2004).
Differential expression of the three homer genes is also
striking in the hippocampus, where Homer 1 and Homer 2
are expressed in both excitatory and inhibitory neurons of
CA1-CA2 and Homer 3 expression is restricted to excitatory
cells of CA2-CA3 (Shiraishi et al. 2004). These patterns of
differential Homer expression suggest distinct developmental
and synaptogenic roles in the postnatal mouse brain. A
potential isoform specific role in developing hippocampal
neurons is in clustering PSD proteins prior to the onset of
synaptogenesis. At this early stage of development, Homer 2
complexes with the NMDA receptor (NMDAR) subunit,
NR2B, and PSD95 in developing hippocampal neurons
in vitro. This clustering is commensurate with dendritic
development and precedes synaptogenesis (Shiraishi et al.
2003a).

The role of the activity-induced isoforms during develop-
ment is unclear. The expression of Homer 1a compared with
the long-form Homer proteins is relatively low during
mammalian development, as would be predicted, given that
Homer1a expression is regulated by synaptic activity
(Brakeman et al. 1997; Kato et al. 1997; Xiao et al. 1998).
Given its dominant negative role, Homer 1a over-expression
would be predicted to impede normal development. Accord-
ingly, transgenic mice over-expressing Homer 1a in the
striatum develop significant defects in motor coordination
and motor learning with increased levels of fear associated
behaviour or anxiety (Tappe and Kuner 2006). Similar
defects are also observed in homer 1 and 2 knockout mice.
(Szumlinski et al. 2005; Jaubert et al. 2007). This data
support the concept that the differential expression of Homer
isoforms within the cell is crucial for normal function (Foa
et al. 2001; Van Keuren-Jensen and Cline 2006; Ary et al.
2007).

Homer expression during Drosophila development
To date, only one homer gene has been demonstrated in the
Drosophila genome. Drosophila homer (dhomer1) conforms

to the stereotypic long-form Homer, displaying 73% homo-
logy to mouse Homer 1b/c at the EVH1 domain but only
23% at the CC domain (Xiao et al. 1998; Diagana et al.
2002). Conserved residues in the C-terminus, however,
predict that dhomer1 possesses equivalent multimerization
propensities as the mammalian long-form Homers. A ubiq-
uitous neuronal localization of dhomer1 RNA at embryonic
stage 12 precedes high levels of Homer protein in both the
CNS and PNS in stage 16 embryos. Homer is predominantly
located within the neuropil, closely associated with the
synaptic marker, synaptotagmin, suggesting a pre-synaptic
localization. Over-expression of homer-myc-green fluores-
cent protein (GFP) constructs, however, results in Homer-
myc localization primarily in dendrites as opposed to axons
of motor neurons (Diagana et al. 2002). In addition to its
synaptic localization, Homer is prominently associated with
proteins at or on the endoplasmic reticulum, an association
that requires a functional EVH1 domain (Diagana et al.
2002). In Drosophila mutants lacking functional Homer
protein, there are no gross anatomical defects in nervous
system development. However, there are subtle functional
defects such as behavioural plasticity deficits in the courtship
learning paradigm, which may be related to their hyperactive
locomotor activity, and potentially in hyperactive olfactory
sensation (although other sensory modalities such as the
visual system appear to be unaffected) (Diagana et al. 2002).
These results confirm the high degree of conservation of
Homer proteins, but point to potentially divergent pre-
synaptic and post-synaptic developmental roles (discussed
later).

Homer expression during Xenopus development
The long-form Homer homolog in Xenopus (xhomer 1b) is
widely expressed in differentiated neurons, glia and muscle,
in patterns that suggest Homer functions in synaptogenesis
and circuit formation (Foa et al. 2005). Homer is expressed
in the Xenopus embryonic spinal cord at a time when
developing spinal circuits are spontaneously active. This
developmental regulation of Homer is a consistent theme that
appears in sensory development across several vertebrate
species (Gasperini and Foa 2004; Shiraishi et al. 2004; Foa
et al. 2005). In the Xenopus optic system, Homer expression
correlates with synaptogenesis and early retinal responses to
light. In the olfactory system, Homer expression parallels the
maturation of sensory neurons in the larva, persisting through
adulthood, as has been observed in the mouse olfactory
system (Shiraishi et al. 2004). In the tadpole brain, early
Homer expression is prominent in neuropil areas of the
tectum and tegmentum, persisting until metamorphosis (Foa
et al. 2005).

Analysis of the developing Xenopus brain by western blot
shows steadily increasing levels of long-form Homer, with a
plateau of expression at metamorphosis, with a putative
short-form Xenopus Homer isoform remaining relatively
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constant. Significantly, expression of Xenopus short-form
Homer is up-regulated by kainate-induced seizures. This is
the only non-mammalian example of such induction
demonstrated so far, although the exact nature of the induced
‘Homer 1a-like’ protein has not been fully described (Foa
et al. 2005).

Homer expression during zebrafish development
Developmental expression of a zebrafish (Danio rerio)
Homer1b/c homologue is correlated with the development
of sensory systems, as has been observed in mouse and
Xenopus neuronal development (Gasperini and Foa 2004;
Shiraishi et al. 2004; Foa et al. 2005). Significantly, maximal
Homer 1b/c expression is coincident with crucial behavioural
milestones in larval development, such as eye movements,
predatory feeding behaviour and a generalized increase in
motor activities (Gasperini and Foa 2004). In the developing
olfactory placode, Homer is prominently expressed in the
apical portions of sensory olfactory neurons occurring
concurrently with the onset of locomotor behaviours
involved in predation and feeding. This expression pattern
is conserved until adulthood where prominent Homer
immunostaining can be demonstrated in the adult olfactory
neuroepithelium.

Studies focusing on rodent, Xenopus and Danio rerio
development suggest that Homer is necessary for the
development of neural circuitry that is ultimately responsible
for the survival of the organism in the environment. It will be
instructional to continue to explore in detail at the cellular
level, Homer’s role in the developing mammalian nervous
system, where alternative splicing events have led to a
variety of Homer isoforms. Future over-expression studies in
the homer knockout mice may determine whether specific
isoforms function in key areas of the brain potentially
responsible for the development of higher cognitive func-
tioning.

‘Pre’- and post-synaptic Homer function

In the adult brain, Homer proteins regulate neuronal
function and development by mediating post-synaptic
signalling. Homer’s coupling and clustering of receptors
results in functional linkages between cell-surface receptors
and their downstream effectors. At the PSD, Homer
interacts with other scaffold proteins such as Shank and
PSD-95 to regulate receptor trafficking and clustering
(Roche et al. 1999; Tadokoro et al. 1999; Ango et al.
2000; Ciruela et al. 2000; Sala et al. 2001; Ango et al.
2002; Usui et al. 2003), the actin cytoskeleton (Shiraishi
et al. 1999; Sala et al. 2001; Govek et al. 2004; Lu et al.
2007) and dendritic remodelling (Sala et al. 2001) to
enhance the distribution and signalling of class 1 mGlu,
NMDA and alpha-amino-3-hydroxy-5-methylisoxazole-4-
propionate (AMPA) receptors.

Perhaps, the most intensively studied Homer-receptor
interaction is the functional regulation of class 1 mGluRs 1a
and 5, henceforth referred to as mGluRs (Tu et al. 1998;
Xiao et al. 1998; Roche et al. 1999). mGluRs are G protein-
coupled receptors that activate phospholipase C to hydrolyse
phosphatidylinositol 4,5-bisphosphate to form diacylglyc-
erol, which subsequently activates protein kinase C (PKC)
and inositol 1,4,5-triphosphate (IP3). IP3 activates IP3
receptors IP3R, releasing calcium from intracellular stores.
Long-form Homer protein dimers couple mGluR and IP3Rs
via EVH1 domains, while Homer 1a competes with consti-
tutively expressed long-form Homer dimers to uncouple the
Homer-mGluR complexes, effectively attenuating glutamate-
induced intracellular calcium release (Tu et al. 1998; Kam-
mermeier et al. 2000; Kammermeier and Worley 2007;
Kammermeier 2008). Recently, class 1 mGluR have been
shown to also signal via phosphoinositide 3 kinase (PI3
kinase). Homer 1c and Homer 2a were shown to couple
mGluR1 in a complex with long-form PI3 kinase enhancer
and PI3 kinase, thereby enabling mGluR1-induced apoptosis
(Rong et al. 2003). Regulation of apoptosis represents a
further mechanism by which mGluR-Homer signalling may
contribute to the formation and refinement of neuronal
networks. With so many functions attributed to mGluR-
Homer signalling, it is likely that specificity depends on the
context of the cell, such as environment, activity and
developmental stage (Fig. 2).

At excitatory synapses, changes in AMPA receptor trans-
mission underpin the maintenance of synaptic strength.
Homer1b and Shank cooperate to induce maturation of
dendritic spines and synapses (Sala et al. 2001). Conversely,
over-expression of Homer1a negatively regulates dendritic
spine size and density and decreases the expression of PSD
proteins, such as Shank, PSD-95 and the AMPA and NMDAR
subunits GluR2 and NR1, respectively (Sala et al. 2003).
Indeed, over-expression of Homer1a was found to reduce the
amplitude of AMPA and NMDAR-mediated excitatory post-
synaptic currents (Sala et al. 2003). Similarly, mGluR mod-
ulation of AMPA receptor plasticity in vivo is dependent on the
relative ratio of Homer 1a to Homer 1b, which is regulated by
synaptic activity (Van Keuren-Jensen and Cline 2006). More
recently, Homer 1b/c was shown to interact with dynamin-3 to
couple the endocytic zone to the post-synaptic zone. Disrup-
tion of this coupling (for example by Homer 1a) resulted in a
decrease in synaptic AMPA receptors and an increase in
NMDA-only, or ‘silent’ synapses (Lu et al. 2007). These
studies suggest that the strength of a synapse is reflected in the
activation history and by the consequent expression of activity-
related proteins such as Homer 1a.

While Homer is considered a post-synaptic protein, several
pieces of early data hint at a pre-synaptic role. Homer 1a
increased targeting of mGluR5 to axons (Ango et al. 2000)
and Shank, a closely related scaffold protein that co-operates
with Homer, increased the size of the pre-synaptic vesicle
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pool (Sala et al. 2001). More recent data suggesting post-
synaptic activity induces changes to clustering of pre- and
post-synaptic proteins such as synaptotagmin and PSD95,
respectively, and that these changes are abolished with
homer 1a knockdown, suggesting that homer may mediate
pre-synaptic structure by regulating retrograde signalling
(Inoue et al. 2007).

A putative pre-synaptic developmental role for Homer has
been suggested from in vivo work in the tadpole visual
system. Over-expression of Homer isoforms in wild-type
Xenopus tectal cells results in significant axon path-finding
errors in both commissure recognition and tectal targeting
(Foa et al. 2001). Over-expression of Homer1a and 1c causes
growth cones to ignore choice points, inappropriately cross
the midline, and fail to recognize target cells. Mutant and
wild-type Homers both cause growth cone errors indicating
that both the EVH1 and CC domain of Homer 1c are
necessary for accurate axon path-finding (Foa et al. 2001). A
potential mechanism by which Homer functions in axon path-
finding may be by regulating cytosolic calcium influx through
a Homer-TRPC interaction (Yuan et al. 2003). TRPC signal-

ling is an important component of calcium signalling that
regulates growth cone turning towards brain-derived neuro-
trophic factor and netrin in cerebellar granule cells and
Xenopus spinal neurons (Li et al. 2005; Wang and Poo 2005).
A complete understanding of Homer function in neuronal
growth cones has yet to be elucidated; however, in vivo over-
expression studies demonstrate that altering the balance of
Homer isoform expression levels causes gross path-finding
errors and that Homer multimerization and/or scaffolding
contributes to growth cone guidance (Foa et al. 2001).

Homer and calcium homeostasis

It is now widely accepted that the role of Homer at the PSD is
to not only act as a facilitator of PSD signalling, but also as a
key calcium regulatory protein. This topic is the subject of a
recent, excellent review (Worley et al. 2007) and hence will
only be mentioned briefly here. Homer proteins couple key
calcium signalling proteins to the PSD, in particular the IP3
and RyRs (Tu et al. 1998) as well as the presumptive store-
operated non-specific cation channels, TRPCs (Yuan et al.

Fig. 2 A simplified graphical representation illustrating the important

cell signalling and transduction interaction of Homer proteins. All of

these molecular relationships have been implicated in developmental

mechanisms that shape the function of the mature nervous system.

Homer proteins function in four crucial areas of neural cell biology:

control of intracellular calcium homeostasis: Constitutively expressed

Homer 1b/c multimers facilitate the coupling of mGluR’s to key sig-

nalling elements of the cell calcium pool (e.g. endoplasmic reticulum)

such as IP3 and ryanodine receptors. In non-neuronal cells, Homer

1b/c also attenuates the gating and activity of non-specific cationic

TRPC channels at the cell membrane. Activity-induced Homers (e.g.

Homer1a or Ania-3) decouple long-form Homer multimers, negatively

regulating mGluR mediated calcium release, while potentially having

the reverse effect on TRPC channels. Clustering and trafficking of

receptors and proteins at the cytosolic surface of the plasma mem-

brane: At the synapse, Homer 1b/c regulates the activity of mGluR’s

and in cooperation with other important synaptic proteins, Shank and

Dynamin-3, orchestrates the spatial organisation and function of Key

synaptic molecules, including the NMDAR and AMPAR. Cytoskeletal

stabilisation and organisation: Homer 2 binds members of the Rho

family of small GTPases such as Cdc42 to functionally couple actin

reorganistion and receptor function at the synapse. Genomic function:

Homer 3 can interact with the transcription factor, pax-6, and in non-

neuronal cells Homer 2 and 3 regulate the nuclear translocation of

NFAT. These transcriptional mechanisms would suggest a role for

Homer in the differentiation and maturation of excitable cells, further

implicating Homer as an important regulator of nervous system

development.
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2003; Kim et al. 2006). Homer may also regulate basal
cytosolic calcium via its interaction with the plasma mem-
brane calcium reuptake pump (Sgambato-Faure et al. 2006;
Kurnellas et al. 2007). In pancreatic acinar cells, Homer 3
differs from Homer 1 and 2 in that it does not function in
calcium signalling (Shin et al. 2003). Whether such diversity
of Homer function exists in neuronal cells, remains to be
determined. It would be informative to determine the role of
Homer 3 in the developing cerebellum, where it is the
predominant Homer isoform (Shiraishi et al. 2004). Each of
the above interactions highlights the considerable potential for
Homer interactions to influence neuronal calcium signalling.

Homer and transcriptional regulation

Homer function may have significant influence on neuronal
development through its role in regulating protein synthesis.
Homer 3 interacts with the transcription factor, PAX6 in
brain extracts, and it has been suggested that the cytoplasmic
form of PAX6 is sequestered to the PSD via Homer 3 binding
(Cooper and Hanson 2005). In this context, Homer 3 would
facilitate communication between synaptic signalling at the
dendrite and the nucleus. The exact nature of this interaction
is unknown as the C-terminal peptide of PAX6 used in the
yeast-2 hybrid screen for interacting proteins lacks the
Homer binding motif, PxxF (Tu et al. 1998). If Homer 3 is
able to regulate PAX6 function, even via an indirect
interaction, Homer could have a profound role in develop-
ment, as PAX6 is required for normal brain development
(Mastick et al. 1997).

A detailed analysis of Homer’s role in transcriptional
regulation has been conducted in immune and muscle cells,
in which Homer binds and regulates another important
transcription factor, NFAT. In T cells, Homer 2 and Homer 3
compete with calcineurin for NFAT binding, preventing
calcineurin dephosphorylation of NFAT, and subsequent
NFAT translocation to the nucleus, acting as a negative
regulator of NFAT transcription (Huang et al. 2008). In an
effort to understand Homer 3-NFAT binding, Huang et al.
(2008) solved the crystal structure of Homer 3 and identified
the probable NFAT binding region within the EVH1 domain.
The binding site is distinct from the region that binds proteins
such as the mGluR and IP3R, suggesting that despite being a
defining feature of the Homer protein family, not all Homer
EVH1 domains are the same. It is not known whether Homer
2 possesses the same binding site, however, the alanine
residues required for NFAT binding are unique to Homer 2
and Homer 3 and absent from Homer 1 (Xiao et al. 1998).
Interestingly, Homer 2 expression levels are up-regulated
after T cell activation (Diehn et al. 2002), suggesting that
expression of the long-form Homer is not purely constitutive,
but an active player in the dynamic regulation of T cell
protein synthesis. It will be important to determine whether
Homer 2 and/or 3 have similar roles in neurons.

In muscle, Homer 2 has been shown to interact with NFAT
to regulate myoblast differentiation (Stiber et al. 2005).
Homer 2 interacts with IP3R and RyRs in immature and
mature myocytes to regulate calcium release from intracel-
lular stores and subsequent NFAT translocation to the
nucleus. Homer 1a was shown to regulate Homer 2 function
in these cells. Hence, by regulating NFAT translocation,
Homer 2 may promote muscle differentiation and maturation.
This role for Homer 2 in gene regulation within muscle fibres
has far reaching developmental and clinical implications as
Homer 2 has been linked with muscle atrophy associated
with Duchenne muscular dystrophy (Fisher et al. 2005).

Implications for the developmental roles of Homer
in pathological conditions

While this review is primarily focused on the role of Homer
in development, it would not be complete without a
discussion of Homer’s role in certain pathological states.
Some neurological disorders can be better understood from a
developmental perspective as they involve disruption of
mechanisms that underlie synaptic plasticity in the mature
nervous system. We will focus on diseases that are primarily
developmental in origin, the mental retardation syndromes
and Fragile X, and conditions in which developmental-like
processes involved in synaptic plasticity may be important
such as neuropathic pain and Alzheimer’s disease.

Mental retardation syndromes
Homer has not been shown to directly regulate transcription
or translation in neuronal cells, but such a role is hinted at in
an inherited mental retardation syndrome. Fragile X is one of
the most common causes of inherited intellectual disabilities.
In Fmr1 knockout mice, there is an absence of fragile X
mental retardation protein. Activation of mGluR5 in hippo-
campal CA1 neurons triggers long-term depression (LTD)
that is dependent on local post-synaptic translation (Huber
et al. 2000). This mGluR5-activated LTD was subsequently
shown to be negatively regulated by fragile X mental
retardation protein, that is, LTD was enhanced in Fmr1
knockout mice (Huber et al. 2002). A reduced level of
mGluR5-Homer 1b/c co-immunoprecipitation in Fmr1
knockout mice suggested a role for Homer 1 in mGluR-
mediated LTD (Giuffrida et al. 2005). Recent work has
found that Homer is necessary for mGluR-LTD-mediated
translation (Ronesi and Huber 2008). A peptide that mimics
the action of Homer 1a was used to disrupt mGluR5
endogenous long-form Homer interactions. In doing so,
mGluR-induced LTD in Fmr1 knockout mice is not affected,
but mGluR-dependent translation is reduced, suggesting that
the interaction between mGluR and Homer is to mediate
translation and not LTD (Ronesi and Huber 2008). The
identity of the endogenous Homer isoform necessary for
local neuronal translation remains to be determined. While
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Homer 2 and 3 are already implicated in transcription in non-
neuronal cells, Homer 1 is clearly implicated in neuronal
translation (Giuffrida et al. 2005). mGluR-induced transla-
tion directly affects dendritic spine maturation, which is
dysfunctional in Fragile X, placing mGluR (and therefore
Homer) signalling at the nexus of Fragile X mental
retardation syndrome, suggesting that mGluRs are realistic
targets for therapeutics against Fragile X (Bear et al. 2004).

Homer is implicated in the inherited intellectual disability,
X-linked metal retardation (MRX). In MRX, there is a
significant reduction of oligophrenin-1, a protein that
normally displays ubiquitious pre- and post-synaptic expres-
sion throughout the brain. Oligophrenin-1 is a Rho-GTPase
activating protein that negatively regulates RhoA. Knock-
down of oligophrenin-1 significantly reduces spine length
without affecting dendritic spine density (Govek et al. 2004).
This is in contrast with Fragile X where there is an increase
in spine density (Nimchinsky et al. 2001). Homer 1b/c
couples mGluRs in the PSD with oligophrenin-1, thereby
providing a mechanism for synaptic plasticity mechanisms to
directly interact to regulate the actin cytoskeleton and spine
morphology (Govek et al. 2004). Perturbing mGluR-Homer
mediated translation, as in Fragile X or mGluR-Homer
interactions with oligophrenin, as in MRX clearly has
significant impacts on intellectual development.

Homer and neuropathic pain
Activity-dependent plasticity underpins connectivity of neu-
ronal networks during nervous system development and may
form the cellular basis of learning and memory (reviewed in
Sheng and Kim 2002). Activity-dependent plasticity is also
thought to underpin the development of neuropathic pain (Ji
and Woolf 2001). Homer has been implicated in the
signalling cascade that regulates neuropathic pain (Guo
et al. 2004). Inflammation-induced hyperexcitability within
the dorsal horn of the spinal cord causes activity-induced
synaptic plasticity, resulting in hyperalgesia (Guo et al.
2004). Inflammation-mediated activation of Class1 mGluR
and subsequent IP3-mediated calcium release and protein
kinase C activation induces Src phosphorylation of the
NR2B, enhancing calcium flux through the NMDAR, thus
causing hyperexcitability (Guo et al. 2004). Given that long-
form Homer regulates intracellular mGluR-IP3R-mediated
calcium release (Yuan et al. 2003), it would seem likely that
long-form Homer is part of the signalling cascade respon-
sible for NR2B phosphorylation and hence hyperalgesia in
the dorsal horn of the spinal cord, a hypothesis confirmed
in recent work (Miyabe et al. 2006; Tappe et al. 2006).

Both long- and short Homer isoforms are implicated in
neuropathic pain. Homer 1 proteins are expressed throughout
the mammalian spinal cord, with basal levels of Homer 1a
expression comparatively low compared with Homer 1b/c
(Tappe et al. 2006). However, in a manner similar to that of
plasticity associated with learning and memory, inflamma-

tory and pain stimuli increase Homer1a expression in the
short term, within hours after the injury in the dorsal horn of
the spinal cord (Miyabe et al. 2006; Tappe et al. 2006). As in
earlier studies (Guo et al. 2004), activation of the NMDARs
is required for Homer 1a activation. Homer 1a inhibits
phosphorylation of extracellular signal-regulated protein
kinases (ERK1/2), thus reducing ERK 1/2 mediated
transcription, and spine density on proximal dendrites,
resulting in a decrease in nociceptive activity within the
spinal cord (Tappe et al. 2006). Conversely, while Homer 1a
expression may be increased in the short term, there is a slow
increase in expression levels of Homer 1b/c and Shank 1a
within the PSD of dorsal horn neurons, over days to weeks
post-injury (Miletic et al. 2005). Short- and long-term
responses to pain stimuli are both NMDA-dependent and
represent ‘promising therapeutic targets’ in the treatment of
chronic inflammatory pain (Tappe et al. 2006).

Homer in Alzheimer’s disease
Alzheimer’s disease is principally caused by the build-up of
b-amyloid protein in the brain (reviewed in Small 2008).
This accumulation results in a programmed series of
neurodegenerative events affecting regions of the brain
involved with higher order functioning such as learning
and memory. Increasingly, it is now understood that AD is a
disease of synaptic dysfunction that underlies cognitive
decline (Selkoe 2002). Indeed, Braak and Braak (1996) have
proposed that neurodegeneration in AD is the inverse
recapitulation of brain development, suggesting that devel-
opmental factors may play an important role in susceptibility
to neurodegeneration (Braak and Braak 1996).

The role of Homer in neurodegeneration is unclear,
however, recent work implicates both long- and short-form
Homer. In an animal model for AD, the amyloid precursor
protein + presenilin-1 (APP + PS1) transgenic mouse, there
is reduced mRNA for several memory and learning-related
proteins, including Homer 1a (Dickey et al. 2003). These
changes are found in brain regions displaying amyloid
accumulation, and coincide with an onset of cognition
impairment, suggesting changes in synaptic function (Dickey
et al. 2003). Given that Homer1a is induced by synaptic
activity, it is perhaps not surprising that there is a reduction in
mRNA in circumstances of synaptic and memory degrada-
tion. Perhaps, a more interesting question is the role of the
constitutively expressed homer genes during this disease
progression. Recently, Homer 2 and Homer 3 expression was
shown to reduce trafficking of APP to the membrane surface
in human embryonic kidney cells (Parisiadou et al. 2008). In
the same study, Homer 2 and Homer 3 were found to reduce
the glycosylation and maturation of APP and the APP
cleavage enzyme, Beta site APP cleaving enzyme (BACE1).
A functional Homer 2 or Homer 3 EVH1 domain is required,
but suspiciously, not the C-terminal of the APP protein. It is
thought that Homer may interact with the YENPTY motif in
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the C-terminal of APP. However, this seems unlikely as the
interaction persists after the removal of the protein motif.
Furthermore, the Homer binding motif PxxF is not found in
APP or BACE. It is therefore unlikely that this is a direct
interaction between Homer and APP or BACE and more
likely that Homer is an intermediary (Parisiadou et al. 2008).
Even if it is an indirect interaction, Homer 2 and Homer 3
appear to be required for normal APP development and
function, and may inhibit b-amyloid production, potentially
reducing amyloid plaque formation and deposition (Parisia-
dou et al. 2008). Concordantly, amyloid deposition and
disease onset are associated with a decrease in Homer 1a
levels (Dickey et al. 2003). The result of crossing AD
transgenic mice with homer knockout mice could prove to be
an informative experiment (Parisiadou et al. 2008) and at the
least, the addition of Homer proteins to the signalling
cascade thought to underpin AD may provide a new focus in
the search for successful treatments for this disease.

Conclusion

While homer knockout mice are viable, they do exhibit
significant neuronal and behavioural deficits (Kalivas et al.
2004; Lominac et al. 2005; Szumlinski et al. 2005; Jaubert
et al. 2007), highlighting the importance of Homer proteins
during neuronal development. It is now apparent that there is
some segregation, although not absolute, of duties between
the homer genes. Homer 2 and Homer 3 clearly interact with
transcription factors to regulate nuclear function, while
Homer 1 appears to predominantly function within the PSD
to facilitate Ca2+ signalling, regulate synaptic strength and
dendritic morphology. Given these functions, it is no surprise
that Homer is implicated in some devastating conditions, such
as Fragile X and MRX, neuropathic pain and AD. The hope is
that studies into the cellular mechanisms of Homer will
provide clues for realistic therapeutic targets.
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