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Abstract
Homers are scaffolding proteins that bind Ca2+ signaling proteins in cellular microdomains. The
Homers participate in targeting and localization of Ca2+ signaling proteins in signaling complexes.
However, recent work showed that the Homers are not passive scaffolding proteins, but rather they
regulate the activity of several proteins within the Ca2+ signaling complex in an isoform specific
manner. Homer2 increases the GAP activity of RGS proteins and PLCβ that accelerate the GTPase
activity of Gα subunits. Homer1 gates the activity of TRPC channels, controls the rates of their
translocation and retrieval from the plasma membrane and mediates the conformational coupling
between TRPC channels and IP3Rs. Homer1 stimulates the activity of the cardiac and neuronal L-
type Ca2+ channels Cav1.2 and Cav1.3. Homer1 also mediates the communication between the
cardiac and smooth muscle ryanodine receptor RyR2 and Cav1.2 to regulate E–C coupling. In many
cases the Homers function as a buffer to reduce the intensity of Ca2+ signaling and create a negative
bias that can be reversed by the immediate early gene form of Homer 1. Hence, the Homers should
be viewed as the buffers of Ca2+ signaling that ensure a high spatial and temporal fidelity of the
Ca2+ signaling and activation of downstream effects.

Introduction
Homer proteins are scaffolds that play a central role in Ca2+ signaling. The Homers were
discovered with the cloning of Homer1a (H1a), which is regulated as an immediate early gene.
H1a is rapidly upregulated in brain neurons in response to synaptic activity induced by seizure,
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or during induction of long-term potentiation and is selectively induced in cells of the
hippocampus when rodents engage in exploratory behavior [1,2]. Subsequent molecular
cloning and sequence searches revealed that the same Homer1 gene encodes for two additional
and longer transcripts, Homer1b (H1b) and Homer1c (H1c), and revealed the presence of two
additional Homer genes, Homer2 and Homer3, each of which have been reported to encode
for several transcripts [3,4].

H1a consists of an EVH1 domain with a short C-terminus extension. Homer1b and 1c include
the N-terminal EVH1 domain and a ~200 aa C-terminus that folds into a coiled-coil domain
and two leucine zippers ([5,6] and Fig. 1A). Homer 2 and 3 are identical in domain structure
to H1b. The N terminus EVH1 domain of the different Homers displays 60–70% sequence
conservation, whereas the C terminus coiled-coil domains have only about 20% sequence
identity [7]. A recent structural analysis reveals that the long Homers form an elongated
tetramer via their coiled-coil domains [7]. The tetrameric Homer can form a lattice with other
scaffolds to bind Ca2+ signaling proteins in cellular microdomains [3,5,8-10]. At the same time,
the monomeric H1a disrupts signaling complexes and functions as a negative regulator of the
long Homers [6,11].

As scaffolding proteins, the Homers are expected to mediate assembly of complexes in cellular
microdomains. Indeed, the EVH1 domain of Homers interacts with and regulates the activity
of several proteins that reside in Ca2+ signaling complexes. In this short review we will discuss
the role of the Homers in Ca2+ signaling with special emphasis on their active role in regulating
Ca2+ signaling.

Homers localization and binding to Ca2+ signaling proteins
The role of the Homers in Ca2+ signaling became evident with the findings of the localization
of the Homers in the Post-Synaptic-Density (PSD) and their interaction with the G-protein
coupled metabotropic glutamate receptors (mGluRs) mGluR1 and mGluR5 [1,2,8]. Mutation
and structural analysis revealed that the EVH1 domain binds the sequence PPXXF [12-14].
Subsequent work indicated that the EVH1 domain can also bind the sequence øPPXF and the
novel ligand LPSSP [15]. In addition to the mGluRs, many Ca2+ signaling proteins express
Homer ligands and bind Homer. Among them are the scaffolding protein Shank [8], PLCβ
[16,17], IP3 receptors (IP3Rs) [15,18], TRPC channels [15,18], ryanodine receptors (RyRs)
[19-22] and selective L-type Ca2+ channel isoforms [23-25].

In addition to binding Ca2+ signaling proteins, a role for the Homers in Ca2+ signaling requires
localization of the Homers within signaling microdomains. As indicated above, all Homer
isoforms co-localize with mGluRs in the PSD and Homer expression is enriched in dendrites
[26-29]. The localization of the Homer isoforms was further examined in the polarized
pancreatic acinar cells and was found to be isoform-specific [30]. This is illustrated in Fig. 1B–
1D, which shows that Homer1 and Homer2 are restricted to the apical pole, whereas Homer3
is restricted to the basal pole. Importantly, Ca2+ signaling proteins are also enriched at the
apical pole and show complete co-localization with Homer1 and Homer2, but not with Homer3
[30]. These findings implicate Homer1 and Homer2, but not Homer3, in regulation of Ca2+

signaling in these cells.

The role of the Homers in assembly and localization of the Ca2+ signaling complexes is not
well understood. The Homer EVH1 domain binds the Ca2+ signaling proteins, while the C-
termini of mGluRs and the long H1b/c mediate targeting of the receptors to dendrites [9,29,
31]. and the monomeric H1a disrupts this targeting [9,31]. These targeting effects of H1b/c
and H1a on mGluRs can be recapitulated by expressing the proteins in HEK cells [11] and
neurons [9,31]. In this expression system, H1b/c, but not H1a, increases the localization of
mGluRs in the plasma membrane [11]. The C terminal portion of the coiled-coil domain (the
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CC2 region) mediates the subcellular localization of Homer itself and plays a role in clustering
of mGluRs [7].

A somewhat different picture emerges from examining the role of Homers in targeting and
localization of Ca2+ signaling proteins in the polarized secretory acinar cells. These studies
rely on deletion of one or more Homer genes in mice and suggest that the Homers are not
essential for targeting, localization or retention of Ca2+ signaling complexes in cellular
microdomains [25,30]. Several lines of evidence support this conclusion. First, deletion of the
Homers enhances, rather than disrupts, Ca2+ signaling [30]. Second, deletion of the individual
Homer isoforms does not affect localization of Ca2+ signaling proteins in the apical pole of
polarized secretory cells [25,30]. Finally, Figs. 1E and 1F show that even deletion of all Homer
isoforms in mice does not affect the localization of IP3R1 at the apical pole of the polarized
submandibular acinar and duct cells. Similarly, deletion of all Homer genes has no effect on
localization of IP3R2, IP3R3, the G proteins-coupled CCK and M3 receptors or the integrity
of the tight junction proteins ZO1 and ocludin-1 (unpublished results by the authors). Although
these findings indicate that the Homers do not determine targeting and localization of Ca2+

signaling proteins in cellular microdomains, they do not exclude Homer-mediated control of
the proximity and cross talk between the proteins. In fact, these seem to be the major roles of
the Homers.

The three Homers have distinct roles in Ca2+ signaling. The best understood is the role of
Homer1. It is also clear that Homer2 modulates the intensity of Ca2+ signaling. The role of
Homer3 in Ca2+ signaling is not known at present. Its localization at the basal pole of secretory
cells (Fig. 1D) suggests that it may not control the activity of Ca2+ signaling complexes. Indeed,
preliminary studies showed that deletion of Homer3 does not affect the overall GPCR-mediated
Ca2+ signaling in pancreatic acinar cells [30]. Therefore, the function of Homer3 will not be
considered further in this review. We will first discuss the available information of the role of
Homer2 and then the role of Homer1.

Homer 2 and RGS proteins GAP activity
The functional role of Homer2 has been examined in the brain [32,33] and the pancreas [30].
Deletion of Homer2 in mice reveals that Homer2 is involved in appetitive pathways that
underlie responses to cocaine and alcohol [32-34]. The alcohol and cocaine phenotypes of the
Homer2−/− mice are consistent with enhanced response to the drugs. To understand the
molecular mechanism for the enhanced responses, we analyzed Ca2+ signaling in Homer2−/−

pancreatic acinar cells [30].

Deletion of Homer2 enhanced the sensitivity of GPCRs to agonist-evoked Ca2+ signals,
including Ca2+ oscillations and Ca2+ waves [30]. The effect of Homer2 on the function of the
biochemical (IP3 production) and biophysical (Ca2+ channels and pumps) components of the
Ca2+ signal showed that Homer2 does not affect the activity of the IP3Rs, the plasma membrane
Ca2+ influx channels or the activity of the ER SERCA and the plasma membrane PMCA pumps.
On the other hand, Homer2 was found to regulate IP3 production [30]. GPCRs stimulate IP3
production by activating the Gq class of G proteins, which, in turn, activate of PLCβ [30].

Regulation of PLCβ by Gq-coupled GPCRs is depicted in Fig. 2A. The heteromeric Gq is
composed of Gαq and Gβγ. In the resting state, Gαq is bound with GDP and is associated with
Gβγ. Binding of agonist (Ag) to its receptor catalyzes the exchange of GDP for GTP to
dissociate the complex and generate the active Gαq•GTP [35,36]. Termination of the signal
requires hydrolysis of GTP by the intrinsic GTPase activity of Gαq. The intrinsic GTPase
activity is slow and is markedly accelerated by the RGS proteins [37,38]. The RGS proteins
are Gα GTPase activating proteins (GAP) composed of a highly conserved RGS box of about
110 amino acids and divergent C- and N- termini. The GAP activity of the RGS proteins is
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mediated by the RGS box [39], whereas the N-terminus domain mediates membrane targeting
and confers receptor recognition [40]. Receptor recognition is mediated by binding of the N-
terminus of RGS proteins and the third intracellular loop of GPCRs to the scaffolding protein
spinophilin [41]. The divergent roles of the C-terminus are dependent on the motifs present in
this domain [37,38].

Analysis of IP3 production in Homer2−/− cells showed that Homer2 accelerates the GAP
activity of RGS proteins. Thus, deletion of Homer2 reduced the inhibitory action of RGS
proteins, resulting in enhanced sensitivity to stimulation of GPCRs [30]. Fig. 2B shows that
acceleration of the RGS protein GAP activity can be demonstrated in reconstituted system
composed of recombinant, purified M1 muscarinic receptor, Gαq, Gβγ and RGS4.
Furthermore, acceleration of the RGS protein GAP activity is specific for Homer2 since
Homer1 does not have the same effect. Similarly, Homer2, but not Homer1, accelerated the
GAP activity of the effector PLCβ [30].

Together, the available information indicates that Homer2 functions to tune down the intensity
of Ca2+ signaling by reducing signaling by GPCRs. This is achieved by Homer2-mediated
stimulation of RGS proteins and PLCβ GAP activity. Hence, Homer2 functions as a negative
regulator of Ca2+ signaling by GPCRs.

Homer1 in neuronal Ca2+ signaling
Mice with deleted Homer1 have multiple neuronal abnormalities. This is not surprising by
virtue of the role of Homer1 in mGluRs signaling. The effect of Homer1 in neuronal mGluRs
Ca2+ signaling appears to be neuron-type specific. Homer1 binds to the proline-rich motifs
PPXXF in the C terminus of mGluRs [12] and the N-terminus of the IP3Rs [15], linking them
to the Shank family proteins in the PSD to form a Ca2+ signaling complex [9,29]. Homer1 and
Shank target the mGluRs to the plasma membrane when co-expressed in HeLa and other cell
types [6,8,9,11,16,17,26]. Furthermore, when over-expressed in hippocampal neurons, the
multimerizing H1b and Shank1B translocate and sequester the IP3Rs, the SERCA2b pump,
calreticulin, calbindin, and portions of the ER membrane to the spines [9]. Homer proteins also
affect the communication between mGluRs and the N-type Ca2+ channels in superior cervical
ganglion sympathetic neurons [42]. However, this effect is likely to be indirect since the N-
type Ca2+ channels do not posses Homer ligand. The Homers likely recruit the neuronal L-
type Ca2+ channel Cav1.3 to the PSD since disruption of Homer complexes in striatal spiny
neurons with an inhibitory peptide disrupted the modulation of Cav1.3 by stimulation of the
D2 dopaminergic and M1 muscarinic receptors [24], and Cav1.3 expresses Homer binding
ligand in its C-terminus.

The role of Homers in neuronal activity is less clear. For example, over-expression of H1a in
Purkinje Cells decreased the rate and amplitude of the [Ca2+]i rise in response to stimulation
of mGluRs [43,44]. Similarly, H1a strongly attenuated the Ca2+ increase activated by DHPG,
glutamate and NMDA in spinal cord neurons [45]. By contrast, H1a markedly increased the
spontaneous activity of mGluRs and the amplitude of the mGluRs-evoked [Ca2+]i rese in
cerebellar granular cells, while the long H1b strongly inhibited the response [44,46]. These
effects could be partially recapitulated by expressing the mGluRs and Homers in HEK cells,
in which H1a enhanced and H1c attenuated the mGluRs-evoked Ca2+ response [47].

The reason for the opposite effects of the Homers in different neurons is not entirely clear. This
can result from different degree of interruption of the mGluRs signaling complexes in the
different neurons and from different composition of the signaling complexes. For example, in
complexes that include Cav1.3, disruption of the complexes will affect the voltage regulated
Ca2+ influx. This is not the case for mGluRs complexes that include other Ca2+ channels that
do not bind Homer, such as the N-type channels. It should be possible to resolve this issue with
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the availability of mice from which single and combination of the Homers are deleted. The
knockout mice were instrumental in discovering the acceleration of RGS proteins GAP activity
by Homer2 [30] and the role of Homer1 in conformational coupling and excitation-contraction
coupling (see below and [15,18]). These studies showed that H1a facilitates, while H1b/c
impedes Ca2+ signaling by regulating communication between Ca2+ release channels at the
ER/SR and Ca2+ influx channels at the plasma membrane.

Homer1 and gating of TRPC channels
A role of Homer1 in the regulation of Ca2+ influx in non-excitable cells became evident when
Ca2+ signaling was analyzed in Homer1−/− pancreatic acini. Deletion of Homer1 resulted in
increased spontaneous Ca2+ influx [15]. Since these cells express TRPC channels and TRPC
channels express the Homer binding motif PPXF in their C-terminus, we examined regulation
of TRPC channels by Homer1. We also tested whether Homer1 mediates interaction between
TRPC channels and IP3Rs to regulate channel gating by conformational coupling and by
translocation of the channels to the plasma membrane. Indeed, Homer binds all TRPC channels
and assembles a complex of TRPC channels-Homer-IP3Rs [15]. Disruption of the TRPC1 C-
terminal Homer binding ligand weakens (P645L) or prevents (F648R) its binding to Homer.
Analysis of the P645L mutant revealed that TRPC1 (but not other TRPC channels) expresses
a second, novel, Homer binding ligand, LPSSP, in the N terminus [15]. An important finding
is that disruption of the TRPC1-Homer-IP3Rs complex, by mutation in the Homer ligand or
by expression of H1a, prevents the gating of TRPC1 by IP3Rs, resulting in spontaneously active
TRPC1 [15]. These findings are interpreted in the model in Fig. 3. Under resting conditions
TRPC channels are present in a complex with IP3Rs that is stabilized by the long H1b/c. Upon
cell stimulation that upregulates H1a the complexes are dissociated to prevent inhibition by
IP3Rs and increase Ca2+ influx. During the interval of H1a expression, we hypothesize that
the duration of dynamic TRPC channel opening may be relatively prolonged, and Ca2+ that
enters the cell maintain high Ca2+ levels just underneath the plasma membrane microdomain
and may be differentially available for entry into stores.

Homer1 and translocation of TRPC channels
In recent years, it became clear that the activity of several TRPC channels is regulated by
translocation from an intracellular pool into the plasma membrane. For the most part, receptor-
mediated translocation of TRPC channels has been studied with over-expressed TRPC
channels. Receptor-stimulated translocation of TRPC1 was reported to be dependent on the
small GTP-binding protein RhoA, [48], which is a regulator of vesicle trafficking and
exocytosis. Similarly, stimulation of the M3 receptor results in translocation of TRPC3 [18,
49] and requires the function of the SNARE protein VAMP2 [49]. Another study reported
translocation of TRPC3 in response to stimulation of the EGF receptor but failed to observe
translocation of TRPC3 in response to M3 receptor stimulation [50]. Stimulation of the M3
receptor causes the translocation of TRPC6 to the plasma membrane [51], and stimulation EGF
receptor caused the translocation of TRPC4 [52] and TRPC5 [53] to the plasma membrane.
The PI3-kinase pathway and its downstream effector Rac1 are implicated in the EGF-
stimulated translocation of TRPC5 [53], which may be a general mechanism mediating
Tyrosine kinase receptor mediated translocation of TRPC channels.

We asked whether the activity of the native and not only the over-expressed, TRPC channels
is regulated by translocation, and the role of Homer1 in this translocation. This study showed
that in resting cells, the expressed and native TRPC3 exist as TRPC3-H1b/c-IP3Rs complexes
that are located, in part, at the plasma membrane and in intracellular vesicles. Receptor
stimulation and binding of IP3 to the IP3Rs triggers the dissociation of the complexes. Binding
of IP3 to the IP3Rs dissociates the interaction between IP3Rs and Homer1 but not between
Homer1 and TRPC3 to form IP3Rs-TRPC3-H1b/c complexes. Dissociation of the complexes
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results in robust translocation of the TRPC3 to the plasma membrane and their retrieval upon
termination of cell stimulation [18]. Analysis of TRPC3 translocation in WT and Homer1−/−

pancreatic acinar cells showed that Homer1 regulates the rate of translocation and retrieval of
TRPC3 channels from the plasma membrane. Hence, Homer1 has dual roles in TRPC channels
function. Homer1 mediates both, the gating of TRPC channels by IP3Rs and their translocation
to the plasma membrane. Fig. 3B illustrates a possible mechanism by which the assembly of
the TRPC3-H1b/c-IP3Rs complexes by H1b/c mediates both the translocation of TRPC3-
containing vesicles to the plasma membrane and gating of TRPC3 by IP3Rs [18].

It is interesting to note that the Homer1-regulated translocation of TRPC channels to the plasma
membrane required Ca2+ depletion of intracellular stores [18]. Similarly, store-depletion is
required for coalescence of stromal interacting molecule 1 (STIM1) to plasma membrane
punctae and activation of TRPC channels by STIM1 [54]. It will be of interest to determine
how the two TRPC channels regulatory mechanisms are related to each other and are integrated
to regulate TRPC channels activity.

Homer1 and RyRs
A role of Homer proteins in E–C coupling is suggested by the presence of a Homer-binding
motif in ryanodine receptors (RyRs) and the α1C subunit of Cav1.2 and α1D subunit of
Cav1.3 L type Ca2+ channels [24,25]. Indeed, measurement of Ca2+ release in permeabilized
skeletal muscle fibers and the activity of RyRs reconstituted into lipid bilayers show that
Homer1 activates the skeletal and cardiac muscle RyR isoforms RyR1 [19-21] and RyR2
[22]. In addition, infusion and expression of H1a, but not H1b, activates the L-type Ca2+ current
in neocortex pyramidal neurons [23]. However, whether Homer1 similarly affects the channels
in vivo and how these potential effects of Homer1 are translated to a role of Homer1 in E–C
coupling has been resolved only recently [25].

There are three forms of E–C coupling, depending on muscle and cell type. The first type is
the skeletal muscle E–C coupling, in which the skeletal muscle L-type Ca2+ channel isoform
Cav1.1 is mechanically coupled to RyR1. In this form of coupling the Ca2+ release units are
organized in tetrads that are formed by physical interaction between the cytosolic domains of
RyR1 and Cav1.1 [55,56]. Depolarization of the plasmalemma in the T-tubule is sensed by
Cav1.1 and is mechanically conveyed to the coupled RyR1 to initiate Ca2+ release. The Ca2+

signal then propagates by a Ca2+-induced Ca2+ release (CICR) mechanism that activates RyR1
deep in the SR. In cardiac muscle, RyR2 and Cav1.2 do not physically interact. Rather, in
cardiac muscle, CICR is initiated by Ca2+ influx through Cav1.2 that then activates RyR2
[57]. In the cardiac Ca2+ release units, RyR2 and Cav1.2 are in close proximity, which ensures
rapid and efficient CICR [57,58]. Several RyRs isoforms may participate in smooth muscle
E–C coupling, although the predominant isoform in this muscle is also RyR2 [59,60] and the
predominant L type channel in Cav1.2 [61]. However, E–C coupling in smooth muscle displays
loose coupling, as reflected by the relatively slow rate of activation of CICR [62].

The properties of E–C coupling and CICR in cardiac and smooth muscle led to the dogma that
Cav1.2 and RyR2 do not directly communicate either passively or dynamically during E–C
coupling. We recently examined several aspects of this notion by studying E–C coupling in
the urinary bladder detrusor muscle of WT and Homer1−/− mice. We discovered a role of
Homer1 in E–C coupling, in which Homer1 mediates a dynamic communication between
Cav1.2 and RyR2 to reduce the intensity of CICR and leads to revision of this dogma [25].
While these studies confirmed some of the finding made in isolated system, they also revealed
important differences.

A role for Homer1 in E–C coupling in vivo is evident from the aberrant urination pattern of
the Homer1−/− mice. A specific effect on Homer1 in E–C coupling is suggested by the finding
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that the deletion of Homer1, but not Homer2 or Homer3, causes an aberrant urination pattern
[25]. Measurement of muscle contraction and [Ca2+]i revealed that deletion of Homer1
increased, rather than decreased, the efficiency of E–C coupling in response to membrane
depolarization and stimulation of the muscarinic receptor [25]. These findings were unexpected
in view of the stimulation of Cav1.2 channel activity by Homer1 [25].

Examining the role of Homer1 in the regulation of RyR2 in vivo and of Cav1.2 in vivo and in
vitro, we could not demonstrate an effect of Homer1 on the activity of RyR2. On the other
hand, Homer1 directly interacts with the α1C subunit of Cav1.2 and activates Cav1.2 channel
function. However, unlike the finding in neurons [23], both H1a and H1b activated the
expressed Cav1.2 and the native Cav1.2 in detrusor muscle cells [25]. The activation is mediated
by binding of the α1C subunit of Cav1.2 with the EVH domain of the Homers, since point
mutations in the EVH1 domain that destroy binding of the PPXXF ligand to the EVH1 domain
prevented activation of Cav1.2 by the Homers.

The conundrum of a lack of an apparent effect of Homer1 on RyR2 function and stimulation
of Cav1.2 in vivo, yet reduced efficiency of E–C coupling in Homer1−/− detrusor muscle, was
solved by examining the role of Homer1 in the communication between Cav1.2 and RyR2.
Expression of RyR2, Cav1.2 in HEK cells resulted in CICR. Co-expression of H1a with the
RyR2 and Cav1.2 enhances, whereas co-expression of H1b with the RyR2 and Cav1.2 reduces
the efficiency of CICR, similar to the findings with WT and Homer1−/− detrusor muscle strips
[25]. Tagging the Homer motif-expressing N-terminus of RyR2 and C terminus of Cav1.2 with
a complementary N and C halves of GFP was used to show that H1a prevents and H1b mediates
the interaction between RyR2 and Cav1.2 [25]. Importantly, the Homer1-mediated interaction
between RyR2 and Cav1.2 is dynamic in that it changes in response to membrane depolarization
and receptor stimulation and correlates with the role of Homer1 on CICR [25].

It is interesting to note that the urinary bladder detrusor muscle and the cardiac muscle express
the same RyR2 and Cav1.2 isoforms [57,59-61], and both muscle types express Homer1 [63].
It is thus likely that the two muscle types are regulated by the same mechanisms. This implies
that Homer1 also regulates cardiac function. Future testing of cardiac function in Homer1−/−

mice should reveal whether Homer1 participates in cardiac function.

The in vitro and in vivo findings define the molecular basis of a “2-state” model by which
Homer1-mediated interaction between Cav1.2 and RyR2 regulates E–C coupling to reduce the
responsiveness of the muscle to cell stimulation. This is illustrated in the model in Fig. 4 5. In
state one, Cav1.2 couples to RyR2 by H1b/c to reduce the sensitivity of activation of CICR by
membrane depolarization. In state two, H1a uncouples Cav1.2 and RyR2 to enhance
responsiveness to membrane depolarization to induce CICR. This model predicts that in
smooth muscle cells that upregulate H1a, such as might occur in response to vascular injury
or irritation of the bladder, agonists and membrane depolarization will result in enhanced
contraction. If so, this mechanism could contribute importantly to vasospasm or irritable
bladder syndrome. Understanding the dynamic nature of the effect of Homer1 on the interaction
between the channels should clarify important aspects of E–C coupling in cardiac and smooth
muscle function.

The Homers as negative regulators of Ca2+ signaling
The findings summarized in this short review indicate that the Homers are unique adaptors or
scaffolding proteins that are involved not only in the targeting and localization of Ca2+

signaling proteins (such as the mGluRs), but also in regulating the activity of several Ca2+

signaling proteins that reside within the Ca2+ signaling complex (such as RGS proteins, TRPC
channels, Cav1.2, Cav1.3 and RyRs). The Homers regulate the function of diverse forms of
Ca2+ signaling in both excitable and non-excitable cells. In many cases the Homers function

Worley et al. Page 7

Cell Calcium. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



as negative regulators that reduce the intensity of Ca2+ signaling. In the case of GPCR-mediated
Ca2+ signaling, the Homers act on the two components of the Ca2+ signal. Homer2 controls
the biochemical component of the Ca2+ signal by increasing the activity of the inhibitors of
Gαq to reduce IP3 production. Homer1 controls the biophysical component of the Ca2+ signal
by solidifying the interaction between the Ca2+ release and influx channels and reduce their
activation. These effects of the Homers suggest that the Homers function as buffers of Ca2+

signaling. Buffering activation of the Ca2+ signal has the important effect of reducing the
spontaneous activity of Ca2+ signaling complexes and high spatial and temporal fidelity of the
Ca2+ signaling and activation of downstream effects. Such a function highlights the critical
role of Homer proteins in Ca2+ signaling by excitable and non-excitable cells.
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Fig. 1.
Panel (A) shows the Homer domains and known interacting Ca2+ signaling proteins. Isoform-
specific localization of Homer1 (B), Homer2 (C) and Homer3 (D) is demonstrated in pancreatic
acini. Similar localization of type 1 IP3R in observed in WT cells (E) and cells from which all
Homer isoforms were deleted. Panels (B–D) are reproduced from [30] with permission.
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Fig. 2.
Panel (A) depicts the turn over cycle of Gq is response to receptor stimulation and the function
of RGS proteins (RGSP) as Gαq GTPase activating proteins (GAP). Panel (B) show the
stimulation of RGS4 GAP activity by Homer2, but not by Homer1, in reconstituted microsomes
composed of Gq, the M1 receptor and RGS4 and stimulated with carbachol. The results in (B)
were taken from [30] with permission.
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Fig. 3.
Panel (A) shows a model of a potential mechanism by which Homer1 gates TRPC channels.
TRPC channels and IP3Rs have Homer binding ligands. In resting state, TRPC channels are
bound to the long H1b/c through their single (all TRPCs, except TRPC1) or two (TRPC1)
Homer binging ligands and to the IP3Rs. In this complex, H1b/c solidifies interaction between
the channels and the channels are not active. In stress, H1a is up-regulated and replaces H1b/
c. This results in relaxation of the interaction between the channels to prevent inhibition of
TRPC channels activity by the IP3Rs, resulting in spontaneously active TRPC channels. Panel
(B) shows a model of a potential mechanism for regulation of TRPC channels translocation by
Homer1. The intracellular, vesicular pool of TRPC channels exists in TRPCs-H1b/c-IP3Rs
complexes. Cell stimulation generates high level of IP3. Binding of IP3 to the IP3Rs dissociate
the binding of IP3Rs to H1b/c, but H1b/c remains bound to the TRPCs. This results in activation
of TRPC channels and allows the rapid re-binding of IP3Rs to H1b/c and reassembly of the
complex upon termination of cell stimulation. Store depletion and H1a can also dissociate the
TRPCs-H1b/c-IP3 receptors complexes to activate TRPC channels and Ca2+ influx.
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Fig. 4.
Homer1 regulates E–C coupling in a mechanism equivalent to that of conformational-coupling
found for TRPC channels. H1b/c binds Cav1.2 (and Cav1.3 in neurons) and RyR2 to form the
complex Cav1.2-H1b/c-RyR2. In this complex H1b/c solidifies the interaction between the
channels to hinder the conformational transmission between Cav1.2 and RyR2 in response to
membrane depolarization and reduce muscle (and neuronal) excitability. When H1a is up-
regulated, it binds to the channels to relax the interaction between Cav1.2 and RyR2 and
facilitate the conformational transmission between Cav1.2 and RyR2. Furthermore, H1a
activates Cav1.2 (and Cav1.3) to further enhance Ca2+ influx and activation of CICR. The two
effects of H1a result in increase muscle (and neuronal) excitability and increasing spontaneous
contraction (and perhaps firing of spontaneous action potentials).
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