
1454  ｜NEURAL REGENERATION RESEARCH｜Vol 17｜No. 7｜July 2022

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Homer signaling pathways as effective therapeutic 
targets for ischemic and traumatic brain injuries and 
retinal lesions
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Abstract  
Ischemic and traumatic insults to the central nervous system account for most serious 
acute and fatal brain injuries and are usually characterized by primary and secondary 
damage. Secondary damage presents the greatest challenge for medical staff; however, 
there are currently few effective therapeutic targets for secondary damage. Homer 
proteins are postsynaptic scaffolding proteins that have been implicated in ischemic and 
traumatic insults to the central nervous system. Homer signaling can exert either positive 
or negative effects during such insults, depending on the specific subtype of Homer 
protein. Homer 1b/c couples with other proteins to form postsynaptic densities, which 
form the basis of synaptic transmission, while Homer1a expression can be induced by 
harmful external factors. Homer 1c is used as a unique biomarker to reveal alterations in 
synaptic connectivity before and during the early stages of apoptosis in retinal ganglion 
cells, mediated or affected by extracellular or intracellular signaling or cytoskeletal 
processes. This review summarizes the structural features, related signaling pathways, and 
diverse roles of Homer proteins in physiological and pathological processes. Upregulating 
Homer1a or downregulating Homer1b/c may play a neuroprotective role in secondary 
brain injuries. Homer also plays an important role in the formation of photoreceptor 
synapses. These findings confirm the neuroprotective effects of Homer, and support the 
future design of therapeutic drug targets or gene therapies for ischemic and traumatic 
brain injuries and retinal disorders based on Homer proteins.  
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Introduction 
An investigation into the global burden of diseases identified 
neurological injuries and diseases, such as acute brain injury 
and neurodegenerative diseases, as significant threats to 
humans (Wang, 2017). The main acute brain injuries are 
ischemic and traumatic brain injuries, both of which are 
associated with high morbidity and mortality. The pathology 
of acute brain injury progresses from primary to secondary 
damage. It is usually difficult to prevent the primary brain 
injury, which is largely determined by external forces or other 
primary disease, and the roles of medical staff and researchers 
are thus to mitigate secondary brain damage, including brain 
edema, ischemic injuries, epilepsy, and cognitive disorders 
(Baratz et al., 2015; Hausott and Klimaschewski, 2019; 
Ferrara et al., 2020; Rauen et al., 2020). However, the unclear 
pathophysiological mechanisms underlying secondary brain 
damage and the poor efficacy of neuroprotective factors mean 
that there are currently no reliable and effective treatments. 
It is therefore necessary to elucidate the pathophysiological 
mechanisms responsible for these fatal conditions.

Homer proteins may play important roles in the development 

of secondary brain damage after acute brain injury. The 
Homer protein family includes three main members (Homer1, 
Homer2, Homer3), each encoded by several transcript 
variants due to alternative mRNA splicing. Homer proteins are 
divided into short (Homer1a (Vesl-1s), 2c and d, and 3c) and 
long Homers (Homer1b–d, 2a and b, and 3a and b), according 
to the length of the amino acid chains (Reibring et al., 2020). 
The most extensively researched short Homer, Homer1a, was 
first discovered and identified as an immediate-early gene 
(IEG) normally induced by neuronal activation (Brakeman et 
al., 1997; Kato et al., 1997). In contrast, long Homers form 
vital components of postsynaptic densities (PSDs) and are 
constitutively expressed at the postsynaptic zones of neurons, 
where they form protein complexes mediating downstream 
intracellular signaling pathways. Accumulating evidence 
suggests that regulation of Homer expression, especially 
Homer1, could exert a biological role in many central nervous 
system pathologies, and may thus act as a potential novel 
therapeutic target. This review summarizes recent advances in 
our understanding of the roles of Homer proteins in ischemic 
and traumatic brain injuries and retinal disorders. 
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Search Strategy 
We searched the PubMed database for papers describing 
Homer proteins published from 1946 to 2021 using the 
sequential queries shown in Figure 1. We screened the results 
of each step by abstract and title and excluded non-Homer-
related experiments and reviews. We then reviewed the roles 
of Homer proteins in physiological and pathological processes 
based on the selected publications. 

Structural Characteristics of Homer Proteins
All Homer proteins share a common amino-terminal domain, 
called the enabled/vasodilator-stimulated phosphoprotein 
homology 1 (EVH1) domain (Buonaguro et al., 2020). Long 
Homers also have a carboxy-terminal coiled-coil (CC) domain 
and leucine zipper (Lzip) motif (Hayashi, 2019), which are 
lacking in short Homers (Wang et al., 2020).

The EVH1 domain can bind to the proline-rich sequence 
PPXXF in various proteins, such as metabotropic glutamate 
receptors (mGluRs), inositol trisphosphate receptors (IP3R), 
transient receptor potential canonical (TRPC) channels, 
drebrin, and dynamin3 (Hassani and Kreienkamp, 2018; 
Orgovan et al., 2019; Chen et al., 2020; Luo et al., 2020; 
Ahumada-Castro et al., 2021). In addition, the CC domain 
mainly mediates self-assembly or multimerization among 
long Homers (Figure 2) to form dimers or polymers, and the 
EVH1 domains of these resulting multimers then interact 
with other target proteins with P motifs. The presence 
of long Homers at the postsynaptic area thus results in 
the creation of diverse protein complexes, which in turn 
facilitate intracellular signal transduction. In contrast, short 
Homers lack the carboxy-terminal domains required to form 
multimers, but tend to compete by interacting with the 
target proteins of long Homers via their EVH1 domains. For 
instance, the first-discovered Homer protein, Homer1a, is a 
short-type Homer that disrupts the clustering of postsynaptic 
molecules mediated by long Homers and plays a dominant-
negative role in regulating related signaling pathways (Table 1). 
Moreover, Lzip motifs are also involved in the multimerization 
of Homer1c, mGluR1, and N-methyl-D-aspartate (NMDA) 
receptors (NMDARs) (Osmankovic et al., 2018).

Homer Signaling in Nerve Cells
Protein function is determined by its structure. Homer-related 
signaling depends largely on upstream and downstream 
signaling by target proteins that bind to Homer proteins. We 
classified Homer-associated signaling into three categories: 
glutamate receptor signaling, calcium signaling, and dendritic 
spine morphogenesis signaling. These three types of signaling 
are inter-related (Figure 3), and are closely involved in 
secondary brain damage after ischemic and traumatic insults. 
For example, glutamate receptor signaling contributes to 
the formation of brain edema after cerebral ischemia (Shi et 
al., 2017; Sladojevic et al., 2020); calcium signaling plays an 
important role in TBI-induced inflammation (Wofford et al., 
2019); and dendritic spine morphogenesis is a key factor in 
neurite outgrowth and synapse recovery following ischemic 
and traumatic insults (Yang et al., 2020; Zhao et al., 2021). 
Homer proteins can thus have major impacts on these types 
of damage via regulation of the associated signaling pathways.

Figure 1 ｜ Flowchart for literature retrieval.

Figure 2 ｜ Primary structures of Homer proteins. 
All Homer proteins share a common enabled/vasodilator-stimulated 
phosphoprotein homology 1 (EVH1) domain at their amino terminal, as well 
as a carboxy-terminal coiled-coil (CC) domain and leucine zipper (Lzip) motif. 
The EVH1 domain binds the proline-rich sequence PPXXF in various proteins, 
such as metabotropic glutamate receptors (mGluR), inositol trisphosphate 
receptors (IP3R), and transient receptor potential canonical (TRPC) channels. 
The CC domain mainly mediates self-assembly or multimerization among long 
Homers.

Figure 3 ｜ Homer signaling underlying physiological and pathological 
states.
In the physiological state, long Homers mediate the formation of various protein 
complexes with N-methyl-D-aspartate receptors (NMDARs), metabotropic 
glutamate receptors 1/5 (mGluR1/5), α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPAR), L-voltage-dependent calcium 
channels (L-VDCC), transient receptor potential canonical (TRPC) channels, 
Shank3, ryanodine receptors (RyR), inositol trisphosphate receptors (IP3R), 
stromal interaction molecule (STIM), and drebrin. Conversely, Homer1a inhibits 
this process and regulates glutamate receptor, calcium, and dendritic spine 
morphogenesis signaling. In pathological states, induced Homer1a facilitates 
cell survival through disrupting Homer1b/c-mediated protein complexes at the 
postsynaptic density (PSD), inhibiting protein kinase-like ER kinase (PERK), IP3R, 
and extracellular signal-regulated kinase (ERK) pathways, and activating the AMP-
activated protein kinase (AMPK) pathway. Homer1a also exerts neuroprotection 
by mitigating endoplasmic reticulum stress (ERS), mitochondrial stress, and Ca2+ 
overload. DAG: diacylglycerol; GKAP: guanylate kinase-associated protein; GKIP: 
cGMP-dependent protein kinase interacting protein.

Table 1 ｜ Homer protein family structural characteristics 

Homers Homer subtypes Domain composition Main function

Long homers Homer1b–d, Homer2a/b, 
Homer3a/b

Amino terminal: enabled/vasodilator-stimulated 
phosphoprotein (Ena/VASP) homology 1 (EVH1) domain 
carboxy-terminal: coiled-coil (CC) domain

Form diverse protein complexes; Facilitate 
intracellular signaling transduction

Short homers Homer1a, Homer2c/d, 
Homer3c

Amino-terminal: enabled/vasodilator-stimulated 
phosphoprotein (Ena/VASP) homology 1 (EVH1) domain

Disrupt diverse protein complexes; Regulate 
intracellular signaling transduction

Exclude 
non-Homer 
experiments 
and reviews
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Role of Homer in glutamate receptor signaling
The excitatory neurotransmitter glutamate exerts a crucial 
role in determining neuronal activity. After release from 
the presynaptic membrane, glutamate binds to glutamate 
receptors at the postsynaptic membrane. Glutamate 
receptors include ionotropic glutamate receptors (iGluRs) 
and mGluRs. Of these iGluRs, α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, kainate receptors, 
and NMDARs are responsible for the induction of action 
potentials. As G protein-coupled receptors, mGluRs can be 
divided into three subgroups (І, II and III) and eight subtypes 
(mGluR1-mGluR8) on the basis of intracellular signaling, of 
which group I mGluRs, including mGluR1 and mGluR5, are the 
most extensively studied (Petzold et al., 2021). Long Homer 
proteins act as important scaffold proteins through binding 
glutamate receptors and other proteins. First, as constituent 
molecules of PSDs, Homer proteins bind proline-rich motifs 
in group I mGluRs, IP3Rs, Shank, and NMDARs and couple 
these proteins in a signaling complex (O’Neill et al., 2018; 
Schaffler et al., 2019; Petzold et al., 2021; Docampo and 
Huang, 2021). Shank can also function as a scaffold protein 
linking NMDARs and PSD-95 (Jin et al., 2021). Homer proteins 
may thus mediate the linkage of mGluRs and NMDARs via 
direct binding of NMDARs or indirect binding of Shank. 
Moreover, the Homer-dependent mGluR-NMDAR link has 
been shown to have a bearing on synaptic potentiation 
(Sylantyev et al., 2013). Homer proteins may play an essential 
role in bridging glutamate transmission and intracellular 
signaling transduction, and downregulation of Homer1b/c was 
previously shown to decrease extracellular signal-regulated 
kinase (ERK) phosphorylation mediated by mGluR5, suggesting 
that Homer1b/c forms a central signaling pathway linking 
mGluR5 to ERK (May et al., 2021).

In contrast to long Homer proteins, short Homer proteins, 
particularly Homer1a, play a key role in regulating synaptic 
glutamate receptor signaling. Homer1a, which lacks a 
CC domain, functions as a dominant-negative factor via 
competitively binding to receptors with long Homers. For 
example, upregulating endogenous Homer1a by applying 
brain-derived neurotrophic factor or a proteasome inhibitor 
resulted in the reduction of clusters of Homer1c and F-actin 
(Zuo et al., 2020). Moreover, Homer1a modulated mGluR–
NMDAR communication by disrupting the Homer-Shank3 
interaction (Zhu et al., 2020). Second, Homer1a constitutively 
activated group I mGluRs including mGluR1a and mGluR5, 
independent of an agonist (Martin et al., 2019), and affected 
homeostatic scaling by regulating group I mGluR activation 
and contributing to neuronal excitability and neural plasticity 
(Witharana et al., 2019). Homer1a also affected long-term 
potentiation in hippocampal CA1 pyramidal neurons by 
decreasing AMPA/NMDA current ratios, which was dependent 
on uncoupling the binding between Homer1b/c and the AMPA 
receptor subunit GluA2 (Rozov et al., 2012). As indicated 
above, activity-dependent Homer1a is essential for excitatory 
synaptic transmission via regulation of glutamate receptor 
signaling. 

Role of Homer in calcium signaling
Homer proteins play an essential role in regulating calcium 
homeostasis by binding calcium signaling proteins, such as 
mGluRs, TRPC channels, IP3Rs, ryanodine receptors (RyRs), 
and some L-type calcium channels.

Homers may contribute to intracellular calcium signaling 
through glutamate receptor signaling. Group I mGluRs 
activated phospholipase C (PLC) β, leading to activation of 
a diacylglycerol-mediated protein kinase C pathway and 
calcium signaling, including the opening of membrane calcium 
channels and the release of calcium from intracellular calcium 
stores (Mahato et al., 2018). Homer proteins can bind to 
mGluRs, resulting in calcium signaling changes; however, 

the effects of Homer proteins on mGluR-mediated calcium 
signaling depend on the cell type. For example, long Homers 
cross-linked group I mGluRs and the intracellular calcium 
pool depending on IP3Rs in rat superior cervical ganglion 
sympathetic neurons, while Homer1a disrupted this coupling 
and caused calcium release from intracellular stores (Sato et 
al., 2020). In addition, overexpression of Homer1b caused the 
translocation of IP3Rs accompanied by increased endoplasmic 
reticulum (ER) calcium ATPase, calreticulin, and calbindin 
(Lee et al., 2021). In contrast, upregulating Homer1a reduced 
group I mGluR-induced intracellular calcium responses in rat 
autaptic hippocampal cultures (Shan et al., 2018). The reasons 
why Homer proteins have different impacts on mGluR-
mediated calcium signaling in different cells remain unclear, 
but may be partly explained by the different composite forms 
of mGluRs and Homers in distinct neurons, as well as the 
different activities of Homer1a. In addition to mGluR, Homer 
proteins may affect calcium signaling through other pathways. 
Long Homers cross-linked TRPC1 and IP3R to form TRPC1–
Homer–IP3R complexes, and Homer1a activated calcium influx 
via blocking this linkage and promoting the opening of TRPC1 
channels (Sun et al., 2020). In addition, Homer 1a increased 
the expression of voltage-dependent calcium channels and 
enhanced spike-induced calcium increase depending on IP3Rs 
(Colecraft, 2020). Homer1b/c also reduced the sensitivity 
of the cell to membrane depolarization-induced calcium 
elevations by facilitating the interaction between RyR2 and 
Cav1.2 calcium channels, whereas Homer1a increased the 
sensitivity by disrupting this interaction (Perni and Beam, 
2021). These results suggest that Homer1a acts as an inducer 
of calcium signaling, while long Homers seem to stabilize the 
process. Recent evidence suggests that Homer proteins also 
play an important role in store‑operated calcium entry (SOCE), 
mediated by STIM and Orai proteins: Homer1b/c mediated the 
interactions between stromal interaction molecule 1 (STIM1) 
and Cav1.2 channels and between Orai1 and TRPC channels, 
and downregulation of Homer1b/c partially inhibited SOCE 
(Dionisio et al., 2015; Jia et al., 2017). Disruption of the TRPC–
Homer–IP3R complex allowed STIM1 to open TRPC channels 
(Yuan et al., 2012). Furthermore, we found that Homer1a was 
also involved in the regulation of SOCE, and overexpression 
of Homer1a suppressed SOCE by disrupting the STIM1–Oria1 
association (Rao et al., 2016).

Role of Homer in dendritic spine morphogenesis
The dendritic spine forms the basis of the synapse, which 
receives stimulation and transmits impulses into the cell 
body. Dendritic spine morphogenesis is associated with 
the formation of learning and memory. In addition to being 
distributed at the PSD, some Homer proteins are concentrated 
in the dendritic spine and play an important role in dendritic 
spine morphogenesis, with different Homer proteins exerting 
distinctive functions during the process.

Drebrin functions as a crucial molecule in dendritic spine 
morphogenesis. Long Homers interact with drebrin at the 
dendritic spine through their EVH1 domains, resulting in the 
formation of a tetramer (Hayashi, 2019), which facilitates 
the actin-bundling activity of drebrin resulting in filopodia 
formation and elongation in neurons (Li et al., 2019). In 
addition to drebrin, the small GTPase Cdc42 also boosts 
dendritic spine morphogenesis, and Homer2 contributed 
to spine morphogenesis by coupling Shank, drebrin, and 
activated Cdc42 (Pichaud et al., 2019). Based on these 
two aspects, long Homers can enhance dendritic spine 
morphogenesis by mediating the interaction with drebrin and 
Cdc42.

In contrast, Homer1a may play a negative-dominant role 
in this process. Homer1a reduced the density and size of 
dendritic spines in cultured hippocampal neurons (Witharana 
et al., 2019), and although the exact mechanisms remain 
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to be elucidated, this may be partially attributed to the 
inhibition of long Homers mediated by Homer1a. Moreover, 
the complementary effects of long Homers and Homer1a 
may work as a “molecular switch” to regulate dendritic spine 
morphogenesis.

Homer Signaling in Ischemic and Traumatic 
Brain Injury
Homer signaling not only plays an important role in 
physiological processes, but is also involved in various 
pathological conditions. Recent studies have indicated that 
Homer signaling is closely associated with the pathologies 
and development of acute brain injury, especially ischemic 
and traumatic brain injuries. Moreover, upregulating or 
downregulating the expression of Homer1 may have beneficial 
or detrimental effects, respectively, in secondary brain injury 
after primary insults from stroke or injuries. Here, we focus on 
the roles of Homer1 and other related intracellular signaling 
pathways in these processes.

The process of acute brain injury often consists of primary 
and secondary brain injuries. Because the primary brain 
injury is uncontrollable, medical staff are concerned with 
attenuating secondary brain injury and protecting the brain. 
It is therefore important to understand the mechanism 
of secondary brain damage and identify clues for the 
development of ideal treatment modalities. There are 
many common pathophysiological changes underlying 
secondary brain damage, such as apoptosis, oxidative stress, 
mitochondrial dysfunction, ER stress (ERS), calcium overload, 
and inflammation. Numerous studies have implicated Homer1 
in these processes and have shown that regulation of Homer1 
expression can affect the outcome of secondary brain damage. 
Importantly, upregulating Homer1a or downregulating 
Homer1b/c can exert neuroprotective roles in the process of 
secondary brain injury, although the mechanisms differ among 
experimental models.

Role of Homer in ischemic brain damage
Homer1a expression was shown to increase after ischemic 
brain injury and may be involved in secondary brain injury. 
Su et al. (2014) investigated the effect of ischemic brain 
injury on the expression of Homer1a using quantitative 
reverse transcriptase-polymerase chain reaction (RT-PCR) in 
a middle cerebral artery occlusion model, and showed that 
Homer1a mRNA levels peaked at 1 hour, and high levels were 
maintained up to 24 hours after cerebral reperfusion in rat 
brain cortex. Wei et al. (2019) also explored the expression 
pattern of Homer1a protein in cultured mouse cortical 
neurons using western blot assay after oxygen and glucose 
deprivation/reperfusion (OGD/R), and revealed that Homer1a 
expression increased significantly at 6, 12, 24, and 48 hours 
after reperfusion. Homer1a expression thus increased 
after ischemic brain injury at both the transcriptional and 
translation levels.

The role of Homer1a expression following ischemic brain 
injury remains unclear; however, accumulating evidence 
suggests that overexpression of Homer1a confers a 
neuroprotective function. To clarify the role of Homer1a 
in ischemic brain injury, Wei et al. (2019) investigated the 
effects of Homer1a via detecting lactate dehydrogenase, 
reactive oxygen species production, mitochondrial membrane 
potential, and ATP levels in neurons in an OGD/R model. 
Homer1a protected against neuronal ischemia/reperfusion 
damage via inhibiting ERS to conserve mitochondrial function. 
This suggests that the mechanism by which Homer1a reduces 
ERS to preserve mitochondrial function is dependent on 
the protein kinase-like ER kinase (PERK) pathway (Wei et al., 
2019). However, the exact molecular mechanism by which 
Homer1a affects the PERK pathway and its effect on the 

ultimate outcome of neurons remains unclear. In addition to 
its role in neurons, Paquet et al. (2013) reported that a cell 
permeable Tat-tagged peptide that disrupted mGluR-Homer1b 
binding reduced OGD-induced apoptosis of primary mouse 
cortical astrocytes, while Homer1a had the same effect on 
binding as the peptide. These findings suggest that Homer1a 
may act as an endogenous neuroprotector. In addition to in 
vitro and in vivo researches, Zhu et al. (2016) also investigated 
expression levels of Homer proteins in peripheral blood 
leukocytes using RT-PCR in a population-based study, and 
showed that mRNA levels of Homer1 and Homer2, but not 
Homer3, were positively correlated with the incidence of 
large-artery atherosclerosis strokes. Zhu et al. (2016) reported 
that Homer proteins were involved in the pathological process 
of ischemic brain injury, suggesting a diagnostic potential of 
Homers in ischemic cerebral diseases.

Importantly, evidence for the neuroprotective effect of 
Homer1a in ischemic brain damage has mainly come from 
experiments using primary, embryonic neuronal cultures, 
and the differences between embryonic and mature neurons 
indicate the need for further studies to elucidate the role of 
Homer1a in mature neurons, and to determine the roles of 
other Homer proteins.

Role of Homer in TBI
Recent studies have placed great emphasis on studying 
the relationship between Homer1 and TBI. In 2005, Huang 
et al. (2005) scratched primary rat neurons using a punch 
device consisting of 28 joined stainless steel blades to 
simulate traumatic injury in vitro. This traumatic stimulation 
increased Homer1a expression levels detected by both RT-
PCR and western blot, but there was no significant change 
in Homer1b/c expression. They also found that the increase 
in Homer1a was positively correlated with increased lactate 
dehydrogenase, further suggesting that Homer1a is involved 
in traumatic neuronal injury. Luo et al. (2014) subsequently 
used a sterile plastic pipette tip to scrape primary mouse 
cortical neurons to induce traumatic injury in vitro, and 
showed that traumatic insult upregulated Homer1a at both 
the transcriptional and translational levels. Furthermore, 
the results of western blot and immunostaining showed that 
Homer1a expression was upregulated in the cortex around the 
lesion in an in vivo weight-drop TBI model (Luo et al., 2014). 
These findings indicated that Homer1a increased dynamically 
whereas Homer1b/c stayed steady after TBI.

Accumulating evidence has verified that upregulating Homer 
1a or downregulating Homer1b/c has neuroprotective 
effects. Huang et al. (2012) reported that downregulating 
Homer1b/c using small interfering RNA protected primary 
rat cortical neurons against traumatic injury, partially as a 
result of decreased mGluR1a transfer and calcium influx. Fei 
et al. (2014) confirmed that downregulation of Homer1b/
c attenuated the intracellular calcium concentration and 
mGluR1a expression and improved neuronal survival after 
TBI. Importantly however, both these were in vitro studies, 
and further in vivo studies are required to confirm the 
neuroprotective role of Homer1b/c downregulation. Luo et 
al. (2014) accordingly found that overexpressing Homer1a via 
lentiviral transduction decreased cytotoxicity and cell death 
in neurons undergoing traumatic injury whereas inhibiting 
Homer1a exacerbated cell damage, and overexpression 
of Homer1a by infusing lentiviruses into ipsilateral cortex 
reduced TBI-induced brain edema and neurological deficits 
in vivo. These results confirmed that Homer1a acts as an 
endogenous neuroprotector against TBI. 

The neuroprotective molecular mechanisms involved in 
downregulating Homer1b/c and upregulating Homer1a 
appear to be closely associated with events such as alleviating 
calcium overload, glutamate excitotoxity, and oxidative stress. 
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On one hand, neuroprotection conferred by downregulating 
Homer1b/c is highly dependent on the modulation of ER-
associated signaling pathways. In 2012, Chen et al. (2012) 
found that knockdown of Homer1b/c attenuated glutamate-
induced intracellular calcium overload by modulating the 
group I mGluR–IP3R–ER axis in primary rat cortical neurons. 
They also reported that downregulating Homer1b/c repressed 
ERS, including PERK, C/EBP homologous protein, and 
caspase-12 pathways, and preserved mitochondrial function 
(Chen et al., 2012). Moreover, Guo et al. (2016) reported 
that downregulation of Homer1b/c attenuated tert-butyl 
hydroperoxide-induced oxidative stress by inhibiting IP3R/
RyR-mediated calcium release and ERS activation in brain 
endothelial cells. 

On the other hand, Homer1a may exert a neuroprotective role 
through diverse signaling pathways. Luo et al. (2014) showed 
that Homer 1a protected against traumatic neuronal injury 
through disruption of mGluR1-ERK signaling by inhibiting the 
release of intracellular calcium. In addition, Wang et al. (2015) 
reported that NMDA-induced neuronal injury was more severe 
in Homer1a-homozygous knockout mice compared with wild-
type mice, suggesting that Homer1a may attenuate NMDA 
excitotoxity by uncoupling NR2B-PSD95-neuronal nitric oxide 
synthase complexes and inhibiting the membrane distribution 
of NMDARs, in both in vivo and in vitro studies. Moreover, Luo 
et al. (2012a) reported that Homer1a prevented hydrogen 
peroxide-induced oxidative damage by inhibiting the 
accumulation of reactive oxygen species and mitochondrial 
apoptosis, and these protective effects were dependent 
on the regulation of intracellular calcium homeostasis. Wu 
et al. (2018) reported that Homer1a attenuated hydrogen 
peroxide-induced oxidative injury by upregulating autophagy 
by facilitating the phosphorylation of AMP-activated protein 
kinase.

Important Role of Homer in Retinal Disorders
Role of Homer in structural and functional formation of 
retina
The retina has evolved to manage different kinds of visual 
information including brightness, darkness, contrast, color, 
and motion, by developing a complex network of neurons 
releasing different neurotransmitters and expressing 
numerous receptor proteins that mediate their actions 
(Chakraborty and Pardue, 2015). The ribbon synapses of 
photoreceptor and bipolar cells involve glutamatergic signals 
transmitted at a single presynaptic site to several postsynaptic 
elements, heterogeneously expressing different types of 
iGluRs and mGluRs. Homer1 has been shown to act as a 
central organizer at different PSDs in glutamatergic retinal 
synapses, to bridge different types of glutamate receptors 
and link them to the cytoskeleton and downstream signaling 
pathways (Chokshi et al., 2019a, b).

Homer may play an important role in photoreceptor 
synaptogenesis. Wahlin et al. (2008) investigated changes in 
photoreceptor presynaptic components during chick embryo 
retinal development and early post-hatching life using RT-
PCR, dissociated retinal cells, laser-capture microdissection, 
immunocytochemistry, and confocal microscopy. No mRNAs 
for synaptic molecules such as Homer1 and Homer2 were 
detected before the onset of photoreceptor synaptogenesis 
on embryonic day 13, but they became readily detectable 
thereafter, even before the appearance of visual pigments 
such as red and green opsins. By using the laser-capture 
microdissection approach, Homer1 was observed in both 
the outer nuclear layer and inner retina in samples of retinas 
on embryonic day 21, while Homer2 was only found in the 
inner retina. This study showed a very precise timeline of 
Homer expression during photoreceptor synaptogenesis 
in the chick retina (Wahlin et al., 2008). Brandstatter et 
al. (2004) further reported that Homer1 worked as a 

central organizer at different PSDs in glutamatergic retinal 
synapses. Using immunocytochemistry and light and electron 
microscopy, they examined the cellular, synaptic, and 
postnatal developmental expression of ProSAP1/Shank2 at 
synapses in the rat retina, and showed that ProSAP1/Shank2 
was present postsynaptically at the glutamatergic ribbon 
synapses of photoreceptor and bipolar cells. However, double-
labeling experiments revealed a high rate of co-localization 
of ProSAP1/Shank2 with Homer1 (Brandstatter et al., 2004). 
Little is known about the role of Homer1 in the retina, except 
for the study by Kaja et al. (2003), and Brandstatter et al. 
(2004) were thus the first to determine the distribution and 
synaptic localization of Homer1 in the rat retina. In addition, 
they further showed that ProSAP1 and Homer1 were present 
postsynaptically in dendrites of ON and OFF bipolar cells 
and in the processes of horizontal cells of rod and cone 
photoreceptor ribbon synapses. ProSAP1 and Homer1, 
mGluR1, mGluR5, and IP3 receptors have also been detected 
in ON bipolar cell dendrites, where Homer1 might physically 
and functionally connect with mGluR1 (Li et al., 2020), 
mGluR5, and IP3Rs to activate their downstream effectors and 
release intracellular calcium. The high rate of co-localization 
between ProSAP1 and Homer1 at bipolar cell ribbon synapses 
in the inner plexiform layer (IPL) thus suggests roles for 
ProSAP1 and Homer1 as central organizers at different PSDs 
in glutamatergic retinal synapses (Brandstatter et al., 2004). 
Homer may also contribute to the functional interplay 
of pituitary adenylate cyclase activating polypeptide and 
glutamate, which are co-stored in the rat retinal hypothalamic 
tract and are involved in photic entrainment of the circadian 
pacemaker (Prosser et al., 1989). Using quantitative in situ 
hybridization histochemistry, Nielsen et al. (2001) found that 
light stimulation of rats early and late at night induced Homer1 
gene expression in the suprachiasmatic nucleus (SCN) at time 
points where light induced phase-delay or phase-advance, 
respectively (Nielsen et al., 2001). Homer1 mRNA levels in the 
SCN also displayed modest diurnal variation in a rat brain-slice 
model, similar to that in vivo, suggesting that the Homer1 
gene could be clock-controlled. Interestingly, Homer1 mRNA 
levels tended to be high at mid-subjective day, coinciding with 
the peak of neuronal activity of the SCN (Prosser et al., 1989) 
and expression of the important clock gene, period1 (Per1) 
(Masis-Vargas et al., 2020). The mitogen-activated protein 
kinase (MAPK)/ERK kinase-ERK cascade was shown to play 
a role in glutamate-stimulated induction of Homer1a mRNA 
in cerebellar granule cells (Denkena et al., 2020). Given that 
light has been shown to activate ERK/MAPK signaling in the 
SCN, attenuated by glutamate receptor antagonists (Huang et 
al., 2020), this signaling mechanism may be responsible for 
the activity-dependent Homer1a mRNA induction in the SCN 
(Nielsen et al., 2002).

Role of Homer in retinal ischemic disorders
Homer proteins have been shown to link neurotransmitter 
receptors, plasma membrane ion channels, intracellular 
calcium channels, and the cytoskeleton, as a postsynaptic 
clustering molecule (Rybchyn et al., 2019; Zhu et al., 2019; 
Bridi et al., 2020; Fjell et al., 2020; Yoon et al., 2021). The 
Homer protein, Homer1c, was thus used as a unique biomarker 
to reveal alterations in synaptic connectivity preceding 
apoptosis and during the early stages of apoptosis in retinal 
ganglion cells (RGCs), mediated or affected by extracellular 
signaling, intracellular signaling, or cytoskeletal processes. Kaja 
et al. (2003) quantitatively analyzed the effects of estrogen 
administration on synaptic connections of neurons in the 
ganglion cell layer (GCL) of the retina in a model of mild retinal 
ischemia, affecting only a small percentage of neurons in the 
GCL, including RGCs. This model resembled pathophysiological 
processes with slow progression or mild onset characteristics 
(glaucoma, retinal ischemia during diabetic retinopathy, sickle 
cell retinopathy, carotid artery stenosis) (Abdalla et al., 2019; 
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Zhang et al., 2021). Interestingly, there was a significantly 
higher percentage reduction in Homer1c-positive synapses in 
the IPL compared with terminal deoxynucleotidyl transferase 
dUTP nick-end labeling (TUNEL)-positive apoptotic neurons 
in the GCL, and estrogen prevented both ischemia-induced 
loss of Homer1c-immunoreactive synapses in the IPL and 
apoptosis of cells in the GCL. This indicated that Homer1c-
immunoreactive synapses can function as an early indicator 
of neurodegeneration, and the protective effects of estrogen 
on neurons in the GCL, especially Homer1c-positive contacts 
of RGCs to cone bipolar cells in the IPL, are highly specific 
and reproducible. This may support the development of 
novel treatments for neurodegenerative diseases and acute 
neurotoxic insults to RGCs (Kaja et al., 2003). In an in vitro 
study, Wang et al. (2017) also used Homer1c as a biomarker 
of PSD, and showed that elevated hydrostatic pressure in 
retinal neuron cultures had no effect on the expression of 
presynaptic or postsynaptic proteins like Homer1c, while the 
addition of recombinant thrombospondin 2 protein to retinal 
neuron cultures upregulated the level of presynaptic proteins. 

Kaja et al. (2014) further studied mild retinal ischemia by 
measuring molecular determinants in the retina responsible 
for elevated susceptibility of RGCs to degeneration during 
glaucoma. They measured and assessed the effects of Homer 
expression in the retina of DBA/2J mice using behavioral 
analyses, quantitative gene expression, quantitative 
immunoblotting, immunohistochemistry, and microfluorimetry. 
They showed that Homer proteins were differentially 
expressed in aged and glaucomatous DBA/2J retinas, at both 
the transcriptional and translational levels. Immunoreactivity 
for the long Homer1c isoform, but not the IEG product 
Homer1a, was increased in the synaptic layers of the retina, 
and increased Homer1c protein levels were correlated with 
increased disease severity and decreased visual performance. 
IP3Rs and RyRs in the membranes of the ER and mGluRs at 
the plasma membrane were identified as binding partners of 
Homer proteins (Serwach and Gruszczynska-Biegala, 2020), 
and in addition to providing a critical clustering role, Homer 
isoforms also differentially altered the biophysical properties 
of RyRs (Del, 2013). It was speculated that increased Homer1c 
expression would result in increased calcium release, and 
an increased Homer1c:1a ratio in the aged DBA/2J retina 
would favor synaptic coupling that was likely to contribute to 
overall hyperexcitability and calcium toxicity (Umanskaya et 
al., 2014), whereas a lower ratio, as observed in young, non-
glaucomatous DBA/2J mice, would promote homeostasis. 
Furthermore, the effect of elevated Homer1c levels was 
potentially exacerbated by increased release of calcium 
from intracellular stores following cellular oxidative stress 
(Lencesova and Krizanova, 2012; Chrysostomou et al., 2013; 
Guo et al., 2016), as occurs during glaucoma and related 
neurodegenerative pathologies (Droge and Kinscherf, 2008), 
and may be amplified through polycystin-2 intracellular calcium 
release channels present on the ER in the mouse retina (Kaja 
et al., 2014). Synaptic clustering of Homer1c was strongly 
correlated with functional markers of the severity of glaucoma 
in DBA/2J mice (Umanskaya et al., 2014). Homer1c represents 
a novel, potential drug target for the future development of 
anti-glaucoma therapies aimed at reducing hyperexcitability 
and aberrant neuronal calcium signaling in the glaucomatous 
retina (Kaja et al., 2014).

Homer1a and Homer1b/c have been shown to play important 
roles in the development of TBI via the regulation of group I 
mGluRs (Luo et al., 2011, 2014; Chen et al., 2012; Fei et al., 
2014), and Homer1 proteins were also shown to be involved 
in the regulation of neuronal injury in models of inflammation 
(Luo et al., 2012b) and oxidative stress (Luo et al., 2012a). Fei 
et al. (2014) investigated changes in the expression and effects 
of Homer1a in RGCs both in vitro and in vivo after ischemia/
reperfusion (I/R) injury using western blot and TUNEL assays, 

gene interference and overexpression, and gene knockout 
procedures. Levels of Homer1a and phosphorylated ERK 
(p-ERK) increased in RGCs and retinas after I/R injury. 
Upregulation of Homer1a in RGCs after I/R injury decreased 
p-ERK and mitigated RGC apoptosis, while downregulation 
of Homer1a increased p-ERK and augmented RGC apoptosis. 
Inhibition of p-ERK reduced RGC apoptosis and increased 
the expression of Homer1a after I/R injury. Finally, there 
were significantly fewer dendrites and RGCs in the retinas 
of Homer1a-knockout mice following I/R injury compared 
with Homer1a-wild-type mice. These results suggested that 
Homer1a may contribute to RGC survival after I/R injury by 
interacting with the ERK pathway (Fei et al., 2015).

Limitations
Importantly, this review had several limitations. First, the 
current review mainly focused on Homer1b/c and Homer1a, 
and an integrated understanding of other Homer proteins 
is also needed. Second, the role of Homer proteins in 
hemorrhagic strokes has rarely been discussed. This review 
therefore did not consider hemorrhagic stroke, and the roles 
of Homer proteins in hemorrhagic brain injuries thus deserves 
further study. Third, we mainly reviewed the effects of Homer 
proteins in acute brain injuries, and their roles in psychiatric 
disorders and neurodegenerative diseases were not reviewed. 
Fourth, Homer1b/c and Homer1a conditional knockout mice 
have rarely been used in research, and further studies are 
therefore needed to review the role of Homer in specific brain 
regions and nerve cells in vivo in the context of acute brain 
injury.

Conclusion
Ischemic and traumatic brain injury and retinal disorders 
are relatively common and can lead to serious social and 
economic burdens. These conditions are usually characterized 
by primary and secondary damage, and it is essential to 
inhibit secondary damage to improve neuronal survival; 
however, there is currently a lack of reliable and effective 
molecular targets for preventing secondary damage, 
particularly in relation to endogenous neuroprotective factors. 
Accumulating evidence suggests that Homer proteins play 
crucial roles ischemic and traumatic brain injuries and retinal 
lesions (Table 2). This review thus summarized the structural 
features, important related signaling pathways, and diverse 
roles of Homer proteins in both physiological and pathological 
processes. Specifically, we addressed the neuroprotective 
effects of downregulating Homer1b/c and upregulating 
Homer1a. As a key scaffolding protein, Homer1b/c couples 
with other proteins to form PSDs, which act as the basis of 
synaptic transmission, suggesting that extrinsic modulation 
of Homer1b/c expression might have some adverse effects. 
Interestingly, as an IEG, Homer1a expression is induced by 
detrimental external stimuli. Given the increasing therapeutic 
use of adeno-associated viruses in clinical practice, it 
is necessary to verify the effects of modulating Homer 
expression using adeno-associated virus transduction.

In summary, the roles of Homer proteins in ischemic and 
traumatic brain injuries and retinal disorders are interesting 
and complex. The current review indicated that both 
downregulating Homer1b/c and upregulating Homer1a may 
offer promising therapeutic approaches. However, further 
studies are needed to investigate many aspects of the 
neuroprotective effects of Homer1 and to clarify its potential 
role as a therapeutic target for clinical translational research.
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