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carcinomas. Implicated in several other pathologies, like 
cardiac dys-functioning, muscular dystrophies, diabetes, 
etc., these proteins provide a lot of scope for further stud-
ies. The present review focuses on the role of syntrophins 
in membrane targeting and regulation of cellular proteins, 
while highlighting their relevance in possible development 
and/or progression of pathologies including cancer which 
we have recently demonstrated.
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Introduction

Cell signaling is a very complex system of cell communi-
cation that governs and coordinates the basic activities of 
a cell and coordinates its varied cellular actions. The abil-
ity of a cell to perceive and correctly respond to its micro-
environment is the basis of its development and normal  
tissue homeostasis. Despite the multiple studies carried out 
all over the world, it is still unclear how exactly cells regu-
late the mechanisms that control the cross-talk between sign-
aling cascades and how specificity in these signaling events 
is achieved. However, it is quite evident that an efficient 
cellular response would ask for a precise localization of its 
various participating components, such as cell receptors, sig-
nal transduction proteins, and the secondary effectors, and 
a coordinated coupling of these components would result 
into a functional signaling event. Any subversion in such a 
delicate and highly controlled signaling system may result in 
errors in cellular processing, responsible for serious patholo-
gies. Adaptor proteins, e.g., Grb2, Sos1, Erk, etc., that play 
a crucial role in co-ordination of signaling events may act as 
the rescuers in such situations. Responsible for the proper 

Abstract  Syntrophins are a family of cytoplasmic  
membrane-associated adaptor proteins, characterized by  
the presence of a unique domain organization comprised 
of a C-terminal syntrophin unique (SU) domain and an 
N-terminal pleckstrin homology (PH) domain that is split 
by insertion of a PDZ domain. Syntrophins have been 
recognized as an important component of many signaling 
events, and they seem to function more like the cell’s own 
personal ‘Santa Claus’ that serves to ‘gift’ various signaling 
complexes with precise proteins that they ‘wish for’, and at 
the same time care enough for the spatial, temporal control 
of these signaling events, maintaining overall smooth func-
tioning and general happiness of the cell. Syntrophins not 
only associate various ion channels and signaling proteins 
to the dystrophin-associated protein complex (DAPC), via 
a direct interaction with dystrophin protein but also serve 
as a link between the extracellular matrix and the intracellu-
lar downstream targets and cell cytoskeleton by interacting 
with F-actin. They play an important role in regulating the 
postsynaptic signal transduction, sarcolemmal localization 
of nNOS, EphA4 signaling at the neuromuscular junction, 
and G-protein mediated signaling. In our previous work,  
we reported a differential expression pattern of alpha-1- 
syntrophin (SNTA1) protein in esophageal and breast 
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clustering and anchoring of proteins at specific sub-cellular 
sites, adaptor proteins are thus emerging as the major con-
tributors and regulators of cell signaling processes [1].

Adaptor proteins are an important class of proteins that 
lack any intrinsic enzymatic activity but may possess sev-
eral binding domains, such as collagen homology 2 domain 
(CH2), pleckstrin homology domain (PH), Src homology 2 
domain (SH2), Src homology 3 domain (SH3), etc., which 
confer on them the property of binding to and interacting 
with their specific binding partners, which are usually other 
cellular proteins, lipids, lipo-proteins, or glycoproteins, etc. 
Adaptor proteins thus serve to act as a scaffold for the forma-
tion of various signaling complexes, facilitating the correct 
sub-cellular localization and proximity of their partners, and 
thereby regulating and coordinating the respective signaling 
events spatially as well as temporally. Syntrophin, as a fam-
ily of cytoplasmic adaptor proteins, provides an excellent 
example of such rescue proteins that in recent times have  
been shown to emerge as key players in the membrane  
targeting of several proteins and the regulation of many 
important intracellular signaling events [2]. In general, 
these proteins, via their multiple protein–protein interac-
tion motifs, serve to dock cellular proteins to their specific 
working sites, i.e. regulate their intracellular targeting and 
thereby also their functioning. This postman’s nature of syn-
trophins, particularly alpha-1-syntrophin, co-incidentally 
also coined as ‘SNTA1’, relates more to a ‘Santa Claus’-like 
functioning of protein delivery within the cell.

What are syntrophins?

Syntrophins are a multigene family of membrane-associated  
adaptor proteins. They represent a biochemically hetero-
geneous group of 58- to 60-kDa intracellular membrane-
associated proteins that are characterized by the presence 
of a PDZ (postsynaptic density protein-95/disc large/zona 
occludens-1) split PH (pleckstrin homology) domain and a 
SU (syntrophin unique) domain [3, 4] within their structure. 
The term ‘syntrophin’ has been derived from the greek word 
‘syntrophos’ meaning companion or associate [5]. Syntro-
phins were first identified in the postsynaptic membranes of 
the Torpedo electric organ [6] and later shown to be present 
in many mammalian tissues [7, 8]. Interest in the protein first  
came from its location at the neuromuscular junction and 
later from the demonstration that it is directly associated 
with dystrophin, the protein product of Duchenne muscular 
dystrophy gene locus [9–11], within the dystrophin signal-
ing complex, implicating its involvement in some impor-
tant cellular mechanisms such as cell synapses and signal 
transduction.

The syntrophin family of scaffold proteins serves to 
provide a platform for the formation of signal transduction 

complexes to direct the various participating signaling com-
ponents to their specialized membrane domains, and to link 
various cell surface receptors, ion channels, and downstream 
effectors to these signaling complexes. Primarily, they serve 
to link several cell components to the dystrophin protein 
complex via a direct interaction with the dystrophin protein 
[10, 11] and dystrophin-related proteins like utrophin and 
dystrobrevin [9, 12–14]. The presence of multiple binding 
domains like PH, SU, and PDZ in syntrophins allows them 
to interact simultaneously with varied cellular components, 
clustering cell proteins, neurotransmitters, receptors, glyco-
proteins, and lipids, etc. into appropriate functional networks 
at specific subcellular compartments and orchestrating these 
signal transduction complexes. By controlling their specific 
spatial and temporal distribution, these proteins thus help 
in coordinating and regulating various crucial cellular pro-
cesses and intracellular signaling events [2].

Syntrophin family

The syntrophin family of proteins consists of five known 
homologous isoforms: alpha-1- (α-1-) syntrophin, beta-1-  
(ß-1-) syntrophin, beta-2- (ß-2-) syntrophin, gamma-1-  
(γ-1-) syntrophin, and gamma-2- (γ-2-) syntrophin [7, 12, 
15]. The nomenclature of these isoforms is based on the 
fact that, while α-1-syntrophin is acidic, ß-1-syntrophin 
and ß-2-syntrophin are the basic forms of this protein [5]. 
Of all these known isoforms, α-1-syntrophin was the first 
to be discovered in postsynaptic membranes of torpedo,  
followed by ß-1- and ß-2-syntrophin [3, 6, 7], while the two 
syntrophin isoforms, γ-1-syntrophin, and γ-2-syntrophin, 
have been recently identified [16]. All isoforms of syntro-
phin family may exist as monomers or dimers within the 
cell and almost all of these isoforms have been shown to 
bind to each other.

Alpha-1-syntrophin encoded in humans by the SNTA1 
gene, represents a 58-kDa, acidic isoform with PI 6.7 and 
505 amino acids length (unprocessed protein). This mem-
brane protein is found mostly as a peripheral cytoplasmic 
membrane protein associated with dystrophin protein and 
dystrophin-related proteins, e.g., utrophin, dystrobrevin, 
glycoproteins, etc. in a complex called dystrophin-associ-
ated protein complex (DAPC) or dystrophin glycoprotein 
complex (DGC) [9, 10, 14] in muscle cells or concentrated 
at the neuromuscular junction in brain. The beta isoforms, 
i.e. ß-1- and ß-2-syntrophins, are encoded by the SNTB1 
and SNTB2 genes, respectively, in humans. While ß-1-syn-
trophin is a 538 amino acids long protein, ß-2-syntrophin is 
540 amino acids in length. The complete proteins represent 
a nearly 58- to 59-kDa dystrophin-associated protein A1 
basic components 1 and 2, respectively, with PI in the range  
of 8.3–8.6. Both these ß-1- and ß-2-syntrophin isoforms 
are ubiquitously expressed in mammalian tissues; however,  
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ß-1 is the predominant isoform [14]. Weak levels of isoform 
ß-2 are present in all mammalian tissues, except in liver and 
heart, where it is highly expressed. Both these isoforms have 
been shown to bind to dystrophin and the related proteins 
of DAPC [14, 17, 18]. The gamma isoforms, i.e. γ-1- and  
γ-2-syntrophin proteins, are encoded by SNTG1 and 
SNTG2 genes in humans. These γ-1- and γ-2-syntrophin 
genes encode for 517 and 539 amino acids long proteins of 
nearly 58 and 60 kDa molecular weight, respectively. While 
γ-1-syntrophin has been shown to interact with the dystro-
phin protein [16] and a very few of its related proteins, the 
γ-2 isoform has not been shown to bind to dystrophin or its 
related proteins. Both these isoforms have only been recently 
identified and, though they have been found to be present in 
abundance in brain tissues, only a few of their interacting 
partners have yet been identified and there is huge scope for 
further investigation into their possible interacting partners 
or the functioning of these syntrophin isoforms.

Each of the five syntrophin isoforms has been found to 
have a unique tissue expression (Fig. 1) and developmental 
pattern [4, 7, 12], and has also been shown to selectively 
interact with different dystrophin family proteins [9, 13, 19].  
Alpha-1-syntrophin is primarily expressed in skeletal  
muscles [7] in addition to being expressed in other mam-
malian tissues, like heart, brain, stomach, breasts, colorec-
tal tissues, etc. [20], ß-1-syntrophin and ß-2-syntrophin are 
ubiqutiously expressed and are present in almost all mam-
malian tissues [7], while γ-1-syntrophin has been shown to 
be expressed uniquely in the brain, specifically localized 
in hippocampal pyramidal neurons, purkinje neurons in  
cerebellum, and cortical neurons [21], and γ-2-syntrophin is 
also present in the brain but is considered to have a broader 
distribution in mammalian tissues including skeletal mus-
cles, liver, testis, etc. [16, 21]. In addition to their differ-
ence in expression in mammalian tissues, these syntrophin 
isoforms have also been shown to reveal a marked differ-
ence in their subcellular location and distribution within 

the cells [18]. Thus, although more than one syntrophin  
isoform protein has been shown to be expressed in a single  
cell type, their subcellular localizations are effectively dif-
ferent and very tightly regulated [22]. For instance, in neu-
rons/muscles, both the γ-isoforms are found to be localized 
to the endoplasmic reticulum, while in skeletal muscle,  
α-1-syntrophin has been shown to be distributed over the 
entire sarcolemma, present throughout the folds at neuro-
muscular junctions, whereas ß-1 has found to be present 
only at the neuromuscular junction folds and ß-2-syntro-
phin is found to be almost exclusively restricted to the neu-
romuscular junctions and confined to the lower portion of 
these folds [18, 21–23], while the γ-2-syntrophin localizes 
in the subsynaptic space beneath the neuromuscular junc-
tion in skeletal muscles [21]. The tightly regulated cellular 
and subcellular localization of the different isoforms of syn-
trophin proteins is indicative of distinct functional roles for 
these different isoforms within the cell [4, 12–14, 23]. For 
example, α-1-syntrophin, via its association with DAPC in 
skeletal muscles, has been shown to serve as a link between 
the extracellular matrix and internal cell signaling appara-
tus and cell cytoskeleton [24], and is also important for the 
proper targeting of proteins like utrophin, nNOS, etc. to the 
postsynaptic membrane of skeletal muscle [22–24]. Simi-
larly, α-1-syntrophin, ß-1- and ß-2-syntrophins have been 
shown to bind to neuronal nitric oxide synthase (nNOS) and 
microtubule-associated serine/threonine kinases (MAST) 
for the membrane association of these proteins in brain cells 
[24–28], and the γ-1-syntrophin has been shown to bind to 
and regulate the subcellular localization of diacylglycerol 
kinase ζ (DGK-ζ) and is involved in cellular synaptic func-
tion [29].

Chromosomal location and homology

All the isoforms of syntrophin family have been identi-
fied as the products of different genes [12, 13]. The full-
length cDNA of α-1-syntrophin is 2,136  bp long and 
encodes a single large open reading frame that maps to 
the chromosome 20q11.2 [7]. The chromosomal location 
of β-2-syntrophin maps to chromosome 16q22-23 while 
β-1-syntrophin is located at 8q23-24. The γ-1 isoform of 
syntrophin maps to 8q11-12 and γ-2 isoform is located 
at 2p25.3. While α-1-syntrophin is encoded by a single 
mRNA, multiple species of mRNA have been shown to 
encode for the β-syntrophins [7, 12]. The deduced amino 
acid sequences of human α-1- and β-2-syntrophins are 
nearly identical to their homologues in mouse, suggesting 
a strong functional conservation among the individual iso-
forms. At the amino acid level, the human α-1-syntrophin 
isoform is 94 % identical to its mouse sequence and 93 % 
identical to the corresponding rabbit sequence [4, 7]. Also, 
for a particular isoform of syntrophin proteins, a high 

Fig. 1   Schematic representation of the various members of syn-
trophin family proteins and their general distribution in mammalian  
tissues
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degree of interspecies conservation has been observed, 
with 96 % identity for β-2-syntrophin and at least 93 % 
for α-1-syntrophin [7, 12]. However it has been observed 
that the three human syntrophins, i.e. α-1, β-1 and β-2, are 
less strongly conserved with respect to each other, e.g.,  
the human α-1-syntrophin peptide sequence is nearly 54 
and 50  % identical to human β-1- and β-2-syntrophins, 
respectively, while the human β-2-syntrophin peptide has 
been shown to be 57 % identical to human β-1-syntrophin 
[3, 4]. The amino acid sequence of the two γ-syntrophin 
isoforms is found to be more similar to each other than to 
the α- or β-syntrophin isoforms. In fact, the γ-1-syntrophin 
and γ-2-syntrophin isoforms have been shown to possess 
a C-terminal tail of nearly 23 and 14 amino acids, respec-
tively, extending their SU domain, and their amino acid 
sequence shows only 15–22 % substantial homology to the 
amino acid sequence of α- and β-syntrophin isoforms [21]. 
The difference between the γ-syntrophin isoforms and the 
α-/β-syntrophins in their amino acid sequence and in their 
interaction/association with other proteins, in fact quali-
fies them to be considered as a subfamily of syntrophin 
isoforms.

Structure

Structurally, all the members of syntrophin family share a 
common domain organization (Fig.  2). All the syntrophin 
isoforms contain two tandem PH domains, i.e. one N-ter-
minal split PH domain (PH1) and one central PH domain 
(PH2), as well as a C-terminal SU domain. However, the 
γ-1- and γ-2-syntrophin isoforms differ slightly in their 
structure from the other syntrophin isoforms in the sense 
that, in addition to these conserved domains, they possess 
an extended 23 and 14 amino acids tail at their C-terminals, 
respectively. This C-terminal tail has been shown to form a 
putative P-loop that could be important in their dystrophin 
binding [21, 30]. All these domains play an important role in 
cytoskeletal dynamics as well as in diverse signal transduc-
tion mechanisms. The first PH domain is interrupted by a 
PDZ domain [3], and this split PH1 domain, and the C-ter-
minal syntrophin-specific domain called the syntrophin 
unique domain, are responsible for the interactions between 
syntrophin and the DGC [4, 12–17]. Since none of these 
domains contains any intrinsic enzyme activity, syntrophins 
are therefore thought to function as adaptors that serve to 
target their binding partners to specific locations (Fig. 3) on 
the cell membrane [31].

PH1 domain

Pleckstrin homology domains are abundant protein mod-
ules shown to play critical roles in cellular signaling and 
cytoskeletal organization [32]. They are called pleckstrin 
homology domains as they show homology to a region 
repeated in the pleckstrin protein. PH domains are regarded 
as lipid-binding modules that are capable of targeting sev-
eral PH-containing proteins to the cell membrane and are 
involved in recognition of lipid signal transduction. There 
are two PH domains present within the syntrophin proteins. 
Although it has been shown that the first PH domain of 
the two γ-isoforms of syntrophin proteins does not fit the 
consensus sequence for PH domains and is different from 
the PH1 domain sequence of their α- or the β-counterparts, 
the basic key elements of a PH domain, such as the pres-
ence of certain charged/hydrophobic amino acid residues 
at specific positions, are found to be conserved in the 
PH1 domain of both these γ-syntrophin isoforms [33]. 
Several signaling proteins are known to possess these 
PH domains; however, the structural organization of the 
first PH1 domain in syntrophins with this PDZ-split-PH 
domain organization is quite unique. Protein domain 
searching using SMART program identifies phospholipace 
Cγ1 (PLCγ1), myosin X, as some of the proteins having a 
split PH domain organization with one or more intact mod-
ules in the middle of their PH domains [34, 35], e.g., the 
C-terminal domain of PLCγ1 contains an insert of a ten-
dem array of the SH2-SH2-SH3 domains [32, 36–38]. The 
PH-1 domain of syntrophin protein is split into two halves 
with one half, i.e. the N-terminal half of the PH1 domain 
extending from amino acids 1–77, and the other half, i.e. 
the C-terminal half of the PH1 domain extending from 
amino acids 162–271. Between these two PH1 halves lies 
a highly conserved globular structure, of nearly 80 amino 
acids in length, called PDZ domain [2, 3, 32]. The inser-
tion of the PDZ domain in the middle of the N-terminal PH 
domain is a highly conserved molecule characteristic of 
all isoforms of syntrophin proteins and signifies the func-
tional importance of this peculiar structural arrangement 
[37–39]. The NH2 terminus of this pleckstrin homology 
1 domain and the NH2 terminus of the PDZ domain have 
been reported to bind calmodulin [39] in a Ca2+-independ-
ent manner [40–42]. This domain has also been shown to 
be involved in the oligomerization of syntrophin proteins 
in vitro in a Ca2+-dependent manner. Calmodulin inhibits 
oligomerization in a Ca2+-independent manner [41–43]. 

Fig. 2   Common structural 
organization of the syntrophin 
proteins
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The PH1 domain of syntrophins is also involved in bind-
ing to the membrane phospho-lipids and is implicated in 
lipid signaling mechanisms [43], e.g., the PH1 domain of 
alpha-1-syntrophin has been shown to interact with phos-
photidylinositol 4,5-bisphosphate for its own membrane 
localization [43].

Structurally, PHN–PDZ–PHC is composed of two sepa-
rate domains, i.e. PHN and PHC of the PH domain, and the 
PDZ domain. The NMR studies reveal that the PHN half is 
composed of three β-strands while the PHC half contains  
four β-strands and a C-terminal α-helix. The PDZ 
domain is inserted in the β3/β4-loop of the PH domain 
Thus, the PHN–PDZ–PHC tandem forms a functionally 
unique supra-module structure in which the split PH 
domain and the PDZ domain function synergistically in 
binding to membrane lipids, e.g., inositol phospholipid  
[39, 43]. The split PH domain of syntrophin proteins 
adopts a canonical PH domain fold that has been impli-
cated in several interactions with the PH and PDZ domains 
of several other proteins, and may also interact with the 
complementary partial PH/PH-like domains present hid-
den in the primary sequence of many proteins [7, 39, 44].  
In α-1-syntrophin, this intra-molecular association between 
the two PH domain halves has been observed [36, 39]. The 
insertion of the PDZ domain does not affect the confor-
mation or interactions of the PH1 domain in syntrophin.  
The two complementary partial PH domains within one 
or between two different proteins or the two halves of a 
split PH domain have been shown to associate with each 
other to form an intact complete PH domain [39, 42–44]. 
However, the PHN–PDZ–PHC tandem has a higher avid-
ity in binding to lipids as compared to the PHN-PHC or 
PDZ domains [37–39], and the lipid binding affinity of this 
PHN–PDZ–PHC tandem has been shown to depend on the 
position of the PDZ domain insertion [36, 39].

PDZ Domain

The name PDZ comes from the first three proteins found 
to contain repeats of this domain, i.e. postsynaptic density 
protein-95, Drosophila discs large protein, and the zona 
occludens protein 1. PDZ domains represent the most  
abundant interaction domains in the human genome, being 
present in bacteria to plants as well as in vertebrates [45]. The 
PDZ domain-containing proteins are essentially involved in 
the dynamic organization of the molecular architectures and 
anchoring of the cellular proteins, kinases, enzymes, etc. at 
specific membrane sites, thereby regulating the signal trans-
duction between the extracellular and intracellular spaces 
[38–41]. To date, approximately 250 PDZ domains present 
in more than 150 different human proteins have been rec-
ognized [45]. These evolutionarily conserved domains have 
been shown to recognize certain amino acid regions for 
their interaction with other proteins, known as PDZ bind-
ing motifs (PBM). Interactions between these PDZ domains 
and their binding motifs play a very significant role in signal 
transduction mechanisms. The PDZ binding motifs are more 
often present at or near the C-terminal end of proteins, as 
these C-terminals are thought to aid in the binding between 
PDZ and PBM. However, in some cases, these PBM’s are 
also present in the internal regions of their binding partners 
[2, 45–48].

The PDZ domain stretches nearly inbetween amino acids 
75–170 of the PH1 domain of syntrophin proteins. Consist-
ing of seven β-strands and two α-helices, the well-folded 
PDZ domain is inserted at the β3–β4 loop within two long 
linker regions of the PH1 domain of syntrophins [37–39]. 
The PDZ domain of syntrophins acts as an adaptor for 
recruiting several membrane proteins, ion channels, recep-
tors, and kinases, etc. to the membrane [31], and these inter-
actions play a central role in organizing diverse signaling 

Fig. 3   Diagrammatic represen-
tation of the various interactions 
shown within the cell
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pathways. Studies reveal that the majority of PDZ interac-
tions occur through the recognition of the C-terminal PBM 
and that the terminal carboxylate group is important for 
binding to take place [45–48]. The structural studies of the 
PDZ domain have revealed that this canonical mode of PDZ 
recognition is achieved through an extended binding groove 
that terminates in a conserved carboxylate binding loop 
[49–51]; however, there are still many queries regarding  
the selectivity or promiscuity of their binding that remain 
to be investigated. Generally, on the basis of the two amino 
acids present at positions 0 and -2, these C-terminal PBM’s 
are categorized into three major groups, i.e. Type I PBM, 
Type II, and Type III PBM [2, 48–52]. Type-I PBM is of  
S/T-X-I/L/V type, where the -2 position is occupied by either  
serine (S) or threonine (T), the -1 position can be occupied 
by any amino acid (X) while the 0 position is occupied by 
any of the three amino acids, i.e. isoluecine (I), leucine (L), 
or valine (V). Type-II PBM is of ϕ-X-ϕ type, where the -2 
and 0 positions are occupied by any hydrophobic amino 
acid (ϕ) and the -1 position is occupied by any amino acid 
X. Type- III PBM is of D/E-X-ϕ type, where the -2 position 
is occupied by either by aspartate (D) or glutamate (E) resi-
due, the -1 position is occupied by any amino acid (X) and 
the 0 position is occupied by any hydrophobic amino acid 
(ϕ) [47–52]. A classical example of PDZ domain binding 
with the C-terminal PBMs is exhibited by the PDZ domain 
of the α-1-syntrophin protein. Its PDZ domain interacts with 
the carboxyl termini type-I consensus sequence -E(S/T)XV 
of stress-activated protein kinase-3 (SAPK-3) [52–54]. A 
large number of other signaling proteins possessing C-ter-
minal PBM that bind to the PDZ domain of alpha-1-syn-
trophin proteins have been identified [55]. These proteins 
may include aquaporin-4 [56], voltage-gated sodium chan-
nels [57, 58], potassium channels [59, 60], calcium chan-
nel TRPC1 [61], serine/threonine protein kinases [28, 62], 
the ATP-binding cassette transporter A1 [63], etc. Also, the 
PDZ domain of β2-syntrophin has been recently shown to 
bind to the microtubule-associated serine/threonine kinase 
[28], whereas the PDZ domain of the γ-1 and γ-2-syntrophin 
proteins has been shown to bind to diacylglycerol kinase 
ξ and sodium channel SCN5A [29, 58]. The PDZ domain 
of β-2-syntrophin has been reported to show some unusual 
features, e.g., the thermal unfolding of the PDZ domain of 
β2-syntrophin at different pH and denaturing conditions 
reveals that, unlike the PDZ domains of other proteins, it is 
marginally stable. The higher stability at pH >9, conforma-
tional plasticity, and comparatively more stable behavior of 
the PDZ domain of β-2-syntrophin has been related to its 
charge distribution. These properties of the β-2-syntrophin 
PDZ domain play an important role in the insulin granule  
mobilization in pancreatic beta cells via its interaction 
with the protein tyrosine phosphatase known as ICA512  
(discussed later) [64, 65].

In addition to the C-terminal PBM, PDZ domains have 
also been reported to bind to certain internal motifs of their 
binding partners; however, such interactions are governed 
by very strict pre-requisites, e.g., proteins with internal 
sequences, structurally resembling a C-terminal end, such 
as a beta-hairpin finger-like structure or an aspartate residue, 
have been shown to bind to the PDZ domains [45–48]. In 
other words, internal PBMs are recognized by PDZ domains 
if they are presented with a secondary structure that is simi-
lar to a carboxylate group or sterically compatible with the 
PDZ binding groove [49]. Intermolecular binding of such 
an internal PBM with a PDZ domain has been character-
ized for the interaction between neuronal nitric oxide syn-
thase, i.e. nNOS and the PDZ domain of alpha-1-syntrophin 
[66]. Although the PDZ domain of α-1-syntrophin interacts 
with the PDZ domain of nNOS and causes its membrane 
localization, crystallographic studies have revealed that an 
internal peptide sequence-ETTF-flanking the PDZ domain 
of nNOS, that forms a hairpin β-finger structure, is actu-
ally responsible for binding to the PDZ domain of α-1-
syntrophin, although the presence of the PDZ domain near 
this internal motif of nNOS is also considered to be very 
important for the stabilization of the interaction between the 
two proteins [49, 67]. This internal motif having a β-finger 
structure is thus thought to replace the carboxylate group in 
binding to the pocket of the PDZ domain used for -COOH 
terminal binding [49]. Another example of proteins exhib-
iting such PDZ domain binding internal sequences is that 
of G-protein-coupled receptors (GPCR). Several GPCRs 
have been shown to possess type-I as well as type-II PBM 
in their sequence and, in addition to these typical C-terminal 
PBMs, the presence of internal PBM in nearly 27 differ-
ent GPCRs has also been confirmed [66–69]. In addition 
to these PDZ–PBM interactions, PDZ–PDZ interactions 
between PDZ domain containing proteins has also been 
observed. An example of such an interaction is that of the 
β-2-syntrophin with microtubule-associated serine/threo-
nine kinase-205 (MAST205) and syntrophin-associated ser-
ine/threonine kinase (SAST) [28]. The binding between the 
β-2-syntrophin isoform and MAST/SAST has been shown 
to involve a PDZ–PDZ domain interaction. Both these 
kinases are thought to link the dystrophin/utrophin proteins 
in DGC with microtubule filaments via syntrophins [28]. 
Several proteins containing PDZ domains have been shown 
to play a fundamental organizational role at both pre- and 
postsynaptic plasma membrane [39], thus further advocat-
ing the role of syntrophin proteins in cell synapse. All these 
findings indicate that, via the PDZ domain, syntrophins 
recruit several signal transduction molecules to the mem-
brane, regulate the efficiency of intracellular signaling of 
G-proteins, phopholipids or the channel proteins, and have 
an involvement in the cell synaptic function which we will 
discuss further in the later sections of this review.
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PH-2 domain

The second Pleckstrin homology, i.e. the PH-2 domain, 
lies at the C-terminus of syntrophin proteins. Unlike PH-1, 
it is not split by any embedded PDZ domain and exists as 
an intact PH domain. The PH-2 domain stretches between 
amino acids 281 to 406 of syntrophin proteins. The PH-2 
domain consists of a conserved core structure composed of 
a partially open, two-sheeted β-barrel with one end of the 
barrel capped with a C-terminal α-helix [70–73]. The first 
β-sheet is composed of four anti-parallel β-strands (β1–β4), 
and the second β-sheet contains three strands (β5–β7). The 
PH2 domain of syntrophins has been shown to bind several 
lipid/proteins bound to the plasma membrane, and the best 
characterized function of PH2 domains is binding to inosi-
tol phospholipids [32, 36–39]. The PH-2 domain in syntro-
phins is mostly involved in the targeting of the PH domain 
containing proteins via PH–PH interaction, in detecting 
the lipid signals generated in cellular processes, and in 
the recruitment of signaling proteins to the sarcolemma  
[73, 74].

SU domain

The C-terminal 57 amino acids, within all isoforms of this 
family of proteins, exhibit a region of strong homology, 
while lacking homology to other characterized proteins. 
This highly conserved 57-amino acid sequence is hence 
known as the syntrophin unique or SU domain [4, 12, 13]  
and has been predicted to consist of from three to five 
strands of β-sheet separated by as many turns [7]. The PH2 
and SU domains of syntrophins are responsible for binding 
to dystrophin, utrophin, and dystrobrevin, and it is this SU 
domain that links syntrophin proteins to the membrane via 
its interaction with the DGC [9, 17, 75, 76]. In addition to 
this, the two γ-syntrophins possess an additional amino acid 
tail at their C-terminus that encodes for a P-loop that is con-
sidered to be a potential nucleotide (ATP/GTP) binding site 
[21, 30]. Also, this P-loop is considered to aid in the binding 
of γ-syntrophins to the dystrophin protein in DAPC, and it 
has been shown that the splice variant of γ-1-syntrophins 
lacking this P-loop fails to bind dystrophin in vitro [21, 30]. 
Many details regarding the functional importance of the 
SU domains are currently poorly understood and thus leave 
scope for further investigations.

Syntrophins in cytoskeletal organization:

In skeletal muscles, the DAPC has been shown to form a 
link between the extracellular matrix and actin cytoskeleton, 
and is thought to have a role in providing structural stability 
to the cell membrane. In muscle cells, the DAPC provides 
stability against the forces of contraction or relaxation [77] 

and has been implicated in modulating the actin cytoskel-
eton by effecting the recruitment of proteins involved in 
actin cytoskeleton organization at the membrane [77–80]. 
Syntrophins being an important component of DAPC have 
been shown to play a critical role in executing this func-
tion of DAPC, while these proteins, in themselves, have 
been characterized as actin binding proteins whose subcel-
lular localization is in turn regulated through cytoskeletal 
reorganization within the muscle cells [81]. α-, β-1- and 
β-2-syntrophins have been shown to bind to F-actin [81]. 
Although this binding involves several sites on syntrophin 
proteins, the second PH domain and the SU carboxyl-ter-
minal are especially considered to be important. These pro-
teins have also been implicated in the actin stabilization at 
the membrane and the inhibition of the actin-activated myo-
sin ATPase activity [81].

Syntrophins serves to regulate the intracellular locali-
zation and activity of the downstream signaling targets of 
DAPC, e.g., the lipid proteins such as phosphoinositol-
3-phosphate (PI3K) and diacylglycerol-ζ (DGK-ζ) have 
been shown to bind to syntrophins on the inner surface of 
the cell membrane [43, 78]. Both these lipid proteins are 
involved in the regulation of cytoskeletal organization. The 
γ-1-syntrophin isoform has been shown to bind to and regu-
late the subcellular localization of diacylglycerol kinase-ζ 
(DGK-ζ). DGK-ζ is an enzyme that phosphorylates diacyl-
glycerol (DAG) to yield phosphatidic acid [29] and has also 
been implicated in the functioning of the actin remodeling 
and cytoskeletal dynamism. The C-terminal consensus 
PDZ-binding sequence of DGK-ζ has been shown to bind to 
the PDZ domain of γ-1-syntrophin. The interaction between 
DGK-ζ and γ-1-syntrophin thus provides a mechanism for 
the localization of DGK-ζ at the membrane. This membrane 
localization of DGK-ζ is in turn important for regulating the 
DAG concentration and the production of phospholipids at 
the membrane. DAG, on the other hand, is considered to be 
an important intermediate in the synthesis of many phospho-
lipids and triglycerides [78, 82]. DGK-ζ is also seen to be 
highly enriched in PDGF-induced circular ruffles in fibro-
blasts. Also, γ-1-syntrophin and DGK-ζ have been shown to 
co-localize along with F-actin in the peripheral ruffles and 
lamellipodia of skeletal muscle cells [29, 79].

Changes in the actin organization are tightly linked to the 
production of signaling phospho-inositides such as phos-
phoinositol 3,4-bisphosphate [PI(3,4)P2] and phosphati-
dylinositol 3,4,5-trisphosphate [PI(3,4,5)P3], which recruit 
PH domain-containing proteins to the sites of receptor acti-
vation at the plasma membrane [79]. These lipid signaling 
proteins control the actin cytoskeleton organization of the 
cells in response to growth factor stimulation. PI3K is a key 
component of multiple signaling pathways, including those 
that regulate cell survival, growth, and motility [80]. PI3K 
catalyzes the transient production of phosphatidylinositols 
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like phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3], 
which triggers the activation of downstream signaling path-
ways by recruiting PH domain-containing signaling proteins 
to the plasma membrane. TAPP1 (i.e. tandom PH domain-
containing proteins1) is one of the PH domain-containing 
adapter proteins recruited to the plasma membrane of cells 
in response to phosphoinositol 3-kinase (PI3K) activation 
by growth factors like PDGF. The C-terminal PH domain 
of TAPP1 has been shown to interact with PI(3,4)P2 and 
translocate it along with itself to the plasma membrane 
[83]. At the membrane, these signaling proteins are then  
activated and thereby initiate various local responses includ-
ing reorganization of the actin cytoskeleton. This phospho-
inositol 3,4-bisphosphate-binding protein, i.e. TAPP1, has 
also been shown to interact with syntrophins and to regu-
late the actin cytoskeletal organization of the cell [83–87]. 
The C-terminal PDZ binding sequence of TAPP1 has been 
shown to preferentially bind to the PDZ domain of α-1-, 
β-2- and γ-1-syntrophins suggesting that these syntrophins 
contribute to the regulation of its intracellular localization 
[83]. The PI3K-driven signaling pathways downstream of 
PDGF stimulation have been shown to induce a rapid reor-
ganization of the actin cytoskeleton, which may manifest 
as plasma membrane specializations such as lamellipodia, 

filopodia, and membrane ruffles, and it has been shown that 
DGC components are involved in the regulation of actin 
organization in response to PDGF signaling [88–90].

Thus, syntrophins and DGC together help in organizing 
signaling components that remodel the actin cytoskeleton. 
It has been shown that four different syntrophin proteins 
may associate with the DGC at a time and help in recruiting 
signaling proteins having PDZ binding motifs to the PDGF-
induced circular ruffles on the membrane [19, 88]. Together, 
DGC and syntrophins work to act as a scaffold to promote 
the formation of a signaling complex, which includes 
TAPP1 and the other downstream effectors of pathway,  
and stabilize the association of TAPP1 with the membrane 
[79, 89]. Syntrophins, thereby regulating the localiza-
tion and activity of the lipid proteins like PI3K, PI(3,4)P2 
and DGK-ζ, TAPP1, play a central role in modulating the 
cytoskeleton organization within the cell (Fig. 4).

Regulation of channel proteins

Syntrophin proteins have been implicated in regulation and 
localization of various ionic channels and membrane bind-
ing proteins (Fig. 5). The presence of a PDZ domain bestows 
syntrophins the ability to interact with several receptor mol-
ecules, muscle, and nerve voltage-gated Na+ channels and 
link them to the actin cytoskeleton and extracellular matrix 
via the DAPC [57]. The PDZ domain interacts with the 
C-terminal consensus sequence motif E(S/T)XV, where X 
represents any amino acid present in various skeletal muscle  
Na+ channels [56–58]. Two voltage-gated sodium channels  
of skeletal and cardiac muscle, i.e. SkM1 and SkM2  
possessing this consensus sequence in their C-terminal, 
have been shown to bind to the PDZ domain of α-1-, ß-1-, 
and ß-2-syntrophin [57]. Moreover, the sodium channels 
in brain (NaChs) which lack this E(S/T)XV consensus 
sequence have also been shown to interact with syntro-
phins, although this interaction is not mediated via the PDZ 
domain of syntrophins.

Nav1.5 is the main cardiac voltage-gated sodium channel 
that generates the fast depolarization of the cardiac action 
potential, and plays a key role in cardiac conduction. Nav1.5 
is part of a multi-protein complex in which dystrophin and 
syntrophin proteins play an important role in determining 
its expression levels [90]. The Nav1.5 C-terminus consists 
of the PDZ domain-binding motif formed by its last three 
residues (Ser-Ile-Val). The C-terminus of Nav1.5 thus binds 
with the dystrophin of DGC and this interaction is mediated 
by α- and β-syntrophin proteins [90]. Syntrophin proteins 
are thus required for the proper localization, expression, and 
functioning of Nav1.5 (Fig. 5).

Aquaporin-4 (AQP4) is a type of integral membrane 
channel protein that regulates the homeostasis and flow of 
water in brain. It belongs to the family of major intrinsic Fig. 4   Regulation of cytoskeleton organization by syntrophins



2541Syntrophin proteins as the Santa Claus	

1 3

proteins (MIP) that form pores in the cell membranes and is 
concentrated in the astrocyte membranes facing the blood–
brain barrier in brain and the brain–cerebrospinal fluid 
interfaces in the mammalian central nervous system (CNS) 
[91–93]. AQP4 has also been shown to express in the sar-
colemma of fast-twitch fibers in skeletal muscle [91] and 
in the basolateral membranes of collecting duct epithelium 
[94] sites. The cellular distribution of this channel protein 
is thus in close agreement with the distribution of the dys-
trophin protein complex, which is also found in abundance 
at these sites [95–97]. Also, AQP4 has been shown to pos-
sess a type-I C-terminal PDZ domain binding sequence, i.e. 
Ser-Ser-Val (-SSV) that associates with the PDZ domain of 
the α-1-syntrophin protein [97, 98]. It has been observed 
that the subcellular localization of AQP4 is altered in α-1-
syntrophin knocked out skeletal muscles (α-Syn−/−) but 
the total level of AQP4 protein in α-Syn−/− skeletal mus-
cles does not change [56, 99], implicating that the subcel-
lular localization and thus the functioning of these AQP4 
channel proteins depends on the C-terminal-SSV/PDZ 
interaction between AQP4 and α-1-syntrophin protein. 
However α-1-syntrophin has no effect on the expression of 
AQP4 protein and the interaction between these two pro-
teins represents a potential mechanism to sequester AQP4 at 
the plasma membrane by affecting its association with the 
dystrophin complex. α-1-syntrophin, via its PDZ domain, 
thus serves to regulate the functioning of AQP4 by retaining 
it on the membrane [55]. A further understanding of this 
interaction could help us in further elucidation of important 
cellular processes like the polarization mechanism, as well 
as the general functioning of astrocytes in CNS.

Inward rectifier potassium channels (Kir) represent 
a family of channel proteins, involved in the transport of 
potassium ions that play important roles in the maintenance 
and control of cell excitability. Many members of this fam-
ily, e.g., Kir2.1, Kir2.2, Kir2.3, and Kir4.1, have been shown  

to bind to the components of DAPC [60]. One of the major 
physiological roles of these Kir potassium channels in glial 
cells is to promote potassium spatial buffering in the central 
nervous system, a process necessary to maintain an optimal 
potassium concentration in the extracellular environment 
[100–103]. Among these, Kir4.1, an important potassium 
channel expressed in the CNS tissues, primarily expressed in  
glial cells, astrocytes within the brain [100], and muller cells 
of the retina. Kir4.1 has been shown to be localized in glial 
cells by its association with the dystrophin DGC through a 
PDZ domain-mediated interaction with its α-1-syntrophin 
component. The presence of consensus PDZ domain binding  
motif (SNV) at the last three amino acids of the Kir4.1 
potassium channel allows it to interact with the DGC  
complex, via the PDZ domain of α-1-syntrophin [59, 101]. 
Similarly, α-1-, β-1-, and β-2-syntrophin have been shown 
to interact with Kir2 channels via PDZ–PBM interactions 
[60]. The interaction between Kir4.1 and syntrophins is 
considered to be very important for their precise distribu-
tion in discrete subdomains of cell membranes as well as 
for the stability and proper functioning of these channels at 
the cell membranes. Syntrophins are thus involved in both 
the intracellular trafficking as well as the modulation of Kir 
channel activity. These interactions are thus suggestive of 
an important role for the DGC and syntrophins in nervous 
system physiology.

Transient receptor potential canonical channels (TRPC) 
are a family of membrane channels that belong to the TRP 
channel superfamily [104]. There are seven TRPC chan-
nels (TRPC1–TRPC7), each consisting of six transmem-
brane domains surrounding a central membrane pore. These 
TRPC channels play an important role in maintaining  
calcium homeostasis in striated muscles and in cardiac muscle 
cells [105]. TRPC channels (TRPC1, TRPC4, and TRPC5) 
are involved in the formation of certain store-operated chan-
nels and stretch-activated Ca2+ channels in the muscle cell 

Fig. 5   Role of syntrophins in the membrane localization of ionic channel
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membrane [104, 105] that are activated by the depletion 
of calcium stores and membrane stretching, respectively. 
These TRPC-involved channels help in the regulation of  
capacitative calcium entries (CCE) in muscles and long-
term calcium homeostasis [61]. In skeletal muscles TRPC 
channels, particularly TRPC1 and TRPC4 have been shown 
to form a costameric macromolecular complex along with 
α-1-syntrophin and dystrophin proteins. This complex has 
been implicated in regulating the normal calcium entry into 
the skeletal muscle cells [106]. The PDZ domain of α-1-
syntrophin is thought to mediate the association between 
α-1-syntrophin and TRPC channels as these TRPC chan-
nels possess a C-terminal consensus PDZ binding domains. 
Within this macromolecular complex, α-1-syntrophin 
serves as an adaptor that anchors theTRPC1/TRPC4 chan-
nels to the dystrophin-associated protein complex (DAPC) 
which in turn may connect them to the cell cytoskeleton or  
extra-cellular matrix, assuring the normal activation and 
modulation of these cation channels. α-1-syntrophin, via its 
multiple binding domains, may also aid in recruiting other 
signaling proteins to this complex, thus building a whole 
signalosomes responsible for regulating the activity of these 
TRPC channels and maintaining normal calcium homeosta-
sis in muscle cells.

Role within the cell

The dystrophin glycoprotein complex is thought to be a 
signal transduction complex that serves as a link between 

the extra-cellular matrix and inner signaling pathways and 
cell cytoskeleton [107]. The presence of as many as four 
syntrophin binding sites in close proximity within a single 
DGC indicates that syntrophins play an important role in 
tethering of multiple signaling molecules together to form 
signalosomes at specific membrane sites [3]. Syntrophin 
proteins have been shown to play a central role in traffick-
ing and organization of molecular architectures containing 
several signal transduction proteins. They have been seen to 
be involved in the precise localization and/or regulation of 
many transduction proteins such as stress-activated protein 
kinase 3, ankyrin repeat-rich membrane spanning protein, 
Grb2, calmodulin, G-proteins, n-NOS, ABCA1, and many 
other signaling proteins within the cell (Fig.  6). All these 
associations have led to the conclusion that the syntrophins 
function to recruit signaling proteins to the dystrophin-
based cytoskeletal complex and thereby regulate its down-
stream signaling.

Stress-activated protein kinase 3 (SAPK-3) belongs to 
the family of mitogen-activated protein kinases (MAPK). 
These MAP Kinases are essentially protein kinases that are 
activated by a dual threonine/tyrosine phosphorylation elic-
ited by certain conditions such as cellular stresses, bacterial 
endotoxins, or inflammatory cytokines [108]. SAPK-3 (also 
called ERK6/P38γ) is a more recently identified stress-
activated protein kinase that is abundantly expressed in 
the skeletal muscles. The downstream targets of this MAP 
kinase are yet to be identified. However, α-1-syntrophin 
has been recently identified as a substrate for SAPK-3 [62].  

Fig. 6   Schematic representation of the many roles of syntrophin proteins in cell signaling
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In skeletal muscles, both these proteins are found in abun-
dance at the neuromuscular junctions. SAPK-3 has been 
shown to bind to the PDZ domain of α-1-syntrophin through 
its C-terminal-KETXL sequence. SAPK-3 has been shown 
to phosphorylate α-1-syntrophin at two different serine resi-
dues, S193 and S201, in vitro [62]. The SAP kinases regu-
late the cell proliferation, gene expression, differentiation, 
mitosis, cell survival, and apoptosis within the cell, and 
the finding that SAPK-3 binds to the PDZ domain of α-1-
syntrophin and that the phosphorylation of α-1-syntrophin 
depends on this interaction thus supports the involvement 
of α-1-syntrophin in these important cellular processes 
[62, 108]. Also, SAPK-3 is unique in the sense that it is the 
only member of its family having a carboxyl-terminal PDZ 
binding motif. The presence of a C-terminal PDZ binding 
sequence (-KETPL) in SAPK-3 thus provides a mechanism 
for its selective targeting to the specific subcellular sites, 
like cell synaptic junctions in skeletal muscles, as well as its 
specificity for α-1-syntrophin protein as a substrate pointing 
towards a more distinct physiological role for this isoform 
of stress-activated protein kinases within the skeletal mus-
cles [62].

Ankyrin repeat-rich membrane spanning (ARMS) is 
a novel downstream substrate for protein kinase D and 
receptor tyrosine kinases, like ephrin (Eph) receptors and 
tropomyosin-related kinase (Trk) receptors that play a cen-
tral role in neural development and cell synaptic funtion 
[109–111]. ARMS is a 220-kDa multidomain protein and, 
just like certain syntrophins isoforms, it is also expressed 
in muscles and found concentrated at the neuromuscular 
junction (NMJ) [112]. The C-terminus of ARMS possesses 
a typical class-I PDZ-domain binding conserved motif 
(-RESIL) that has been shown to bind to the PDZ domain 
of α-1-syntrophin and β-2-syntrophin isoforms. These syn-
trophin isoforms thus help to anchor ARMS proteins to the 
synaptic DGC and stabilize ARMS protein clusters at the 
NMJ and are also implicated in regulating the localization 
of ARMS during NMJ differentiation. Since ARMS func-
tions as an important RTK downstream target and has been 
shown to enhance the Eph receptor signaling by increasing 
EphA4-induced Jak and Stat phosphorylation, it is likely 
that these syntrophins are also involved in enhancement of 
Eph signaling by effecting the specific subcellular locali-
zation of these protein complexes [110–112]. Over-expres-
sion of α-1-syntrophin induces ARMS clustering in a PDZ 
domain-dependent manner, while co-expression of ARMS 
enhances EphA4 signaling [112]. EphA4 signaling has 
recently been implicated in the regulation of synapse for-
mation and plasticity, and, recently, ARMS has been shown 
to mediate sustained MAPK signaling, elicited by neurotro-
phins, implicating ARMS as an important target for receptor 
tyrosine kinase (RTK) signaling [113]. Thus, syntrophins 
play an important role in RTK-signaling events by aiding 

the localization of ARMS [112] which is essential for the 
NMJ development.

Growth factor receptor bound 2 (Grb2) is an important 
adaptor protein identified as a potentially important media-
tor of several signaling pathways that may elicit crucial  
cellular responses during cellular growth and development. 
Grb2 consists of two SH3 (src homology 3) domains flank-
ing a SH2 (Src homology 2) domain within its structure. 
The presence of these binding domains, SH2 and SH3, has 
important functional implications for Grb2. Grb2, via its 
SH3 domains, can interact with proteins possessing pro-
line-rich motif (PXXP), e.g., p66shc, while its SH2 domain 
allows it to interact with phosphor–tyrosine proteins. The 
Grb2 SH2 domain binds to different growth factors and 
receptors directly through tyrosine phosphorylated motifs as 
well as binding to other adapter proteins which mediate the 
indirect docking of Grb2 to cell receptors. α-1-syntrophin, 
via its proline-rich regions, has been shown to bind to this 
important adaptor protein [114]. In syntrophins, there are 
two different PXXP sequence-containing regions between 
amino acids 44–75 and 181–229, and both of these have 
been shown to bind each of the two Grb2 SH3 domains in 
vitro with high affinity [114]. Interaction of syntrophins with 
Grb2 has served as the basis of its involvement in the acti-
vation of an important Rho family GTPase Ras-related C3 
botulinum toxin substrate 1, i.e. the Rac1 protein activation 
pathway. It has been shown that α-1-syntrophin phospho-
rylation on a tyrosine residue may result in a conformation 
change in its structure leading to an altered Grb2 binding. 
The C-terminal SH3 domain of Grb2 (C-SH3) binds to  
non-phosphorylated α-1-syntrophin, and this complex 
is envisioned as being unable to bind Son of Sevenless 
homolog 1 protein (Sos1), while phosphorylation causes it 
to bind to the SH2 domain of Grb2 and prevents its associa-
tion with SH3 domain and activates Sos1, which in turn may 
activate Rac1 and the remainder of the pathway [107].

Recently, a signaling pathway has been described [112] 
that links the matrix laminin binding on the outside of the 
sarcolemma to the binding of Grb2 to α-1-syntrophin on the 
inside surface of the sarcolemma. The downstream signal-
ing pathway has been elucidated as Grb2-Sos1-Rac1-PAK1-
JNK. This leads to the activation of c-jun via the phos-
phorylation of its Serine residue, S65, and the downstream 
pathways thereby. The DGC connects to the extracellular 
matrix laminin via α-dystroglycan (αDG) and spans the sar-
colemma by way of proteins such as β-DG, α-, β-, γ-, and 
δ-sarcoglycan (δ-SG), and sarcospan (SSPN) [115–118].  
In cell signaling mediated by Grb2, normally Grb2 binds 
to a phosphorylated tyrosine-containing sequence, via its 
SH2 domain, while the N-terminal SH3 (N-SH3) domain 
of Grb2 binds Sos1 and activates it [112]. Syntrophin bind-
ing to Grb2 has been shown to activate the Sos1 protein and 
Rac1 protein [114–120]. The Grb2 protein has also been 



2544	 H. F. Bhat et al.

1 3

shown to bind to both α-1-syntrophin protein [113] and 
βDG via its SH3 domain [121]. Laminin binding on the 
outer sarcolemma has been shown to induce a conforma-
tional change in α-1-syntrophin on the inner surface of the 
membrane leading to the phosphorylation of α-1-syntrophin 
on a tyrosine residue. When syntrophin is tyrosine-phos-
phorylated, it no longer binds to the C-SH3 domain but this 
phophorylated syntrophin now binds to the SH2 domain of 
the Grb2 adaptor protein, [115] leaving the Sos1 protein free 
from Grb2 to interact with the E3B1/EPS8 protein complex 
which results in Rac1 activation. It has also been confirmed 
that the presence of syntrophin proteins is important for the 
recruitment of Rac1 to this complex as well as the func-
tioning of this signaling complex [114–121]. Earlier, we 
have shown that p66shc, an adaptor protein that promotes 
oxidative stress, increases Rac1 activity through the media-
tion of the Sos1 protein [122, 123]. P66shc decreases Sos1 
bound to the Grb2 protein and increases the formation of the 
Sos1-eps8-e3b1 tri-complex which eventually leads to Rac1 
activation. This P66shc-induced dissociation of Sos1 from 
Grb2, formation of the Sos1-eps8-e3b1 complex and Rac1 
activation have been shown to be mediated by the proline-
rich (PPLP) motif in the CH2 domain of the P66shc protein. 
The relationship between p66shc, Grb2, and Sos1 provides 
us chances of proposing a novel mechanism for the acti-
vation of Rac1 through this review. Thus, though the exact 
mechanism of Rac1 activation by syntrophin has not been 
deduced completely, it is possible that the syntrophin-medi-
ated Rac1 activity might involve the role of p66shc which 
we are trying to investigate.

Guanine nucleotide binding proteins (G-proteins) are an 
important class of signal transducing proteins that are bound 
to the inner surface of the cell membrane and are associated 
with a transmembrane receptor. These proteins along with 
their coupled receptors, i.e. G-protein-coupled receptors 
(GPCR), function by transmitting the outer cell signals, e.g., 
hormones, neurotransmitters, etc., to the inner cell compart-
ment and by communicating these signals to downstream 
signaling targets, leading to the desired changes within 
the cell [124]. Heterotrimeric G-proteins, also belonging 
to G-protein family, are composed of two subunits, i.e. 
one Gα subunit and a Gβγ heterodimeric subunit. Studies 
have revealed that syntrophin proteins, particularly α-1-
syntrophin, plays a major role in the regulation of these 
heterotrimeric G-protein signaling mechanisms. Interaction 
of the α-1-syntrophin protein with heterotrimeric G-pro-
teins has been confirmed before [115, 125]. Also, laminin 
α1, an extracellular matrix component, has been shown to 
induce G-protein binding to the PDZ domain of the α-1-
syntrophin protein which has the consequences of altering 
the intracellular Ca2+ concentration in the muscle cells. In 
the absence of laminin, when the heterotrimeric G-proteins 
hydrolysis into its constituting subunits, Gα and Gβγ, Gα 

remains free to be activated by guanine nucleotide exchange 
factors (GEF). In its active form, i.e. GTP-bound form, the 
Gα subunit can bind to and cause activation of the L-type 
Ca2+ channels called dihydropyridine receptors (DHPR), 
thereby stimulating the Ca2+ influx into the muscles cells 
[126]. However, laminin binding to the α-dystroglycan 
protein of the dystrophin complex on the outer membrane 
induces an association of these trimeric G-proteins with the 
PDZ domain of α-1-syntrophin. The Gβγ heterodimeric 
subunit in G-proteins has been shown to bind to the PDZ 
domain of the α-1-syntrophin protein. The β component of 
the Gβγ subunit has a binding motif -LWL- or -IWN- at 
its C-terminus, while several Gγ components of this subu-
nit, e.g., Gγ4, Gγ12, etc., have TIL similar to the S/TXL 
type class-I binding motif as their C-terminus. The binding  
between the PDZ domain of α-1-syntrophin and Gβγ may 
thus be involving the C-terminus of the Gγ component or Gβ 
component or may even involve some internal PDZ binding 
motif present within any of the two components of the Gβγ 
subunit. Laminin binding increases the Gβγ binding to α-1-
syntrophin, sequestering the G protein in its inactive form 
on the cell membrane. Thus, the Gα subunit is no longer free 
to bind to or activate DHPR Ca2+ channels, due to which 
the Ca2+ concentration within the muscle cell decreases 
drastically. This regulation of G-proteins by α-1-syntrophin 
has important implications in muscular dystrophies, such 
as ducchennes muscular dystrophy, which predominantly 
involve irregularities in cell Ca2+ concentrations. Further, 
the Gβ subunit is in itself involved in modulating the activi-
ties of several protein kinases, cyclases, or ion channels, 
e.g., it regulates the activation of some isoforms of the PI3K 
(PI3Kγ, PI3Kβ). Thus, G-protein binding to α-1-syntrophin 
could be regulating several other kinds of cell signaling 
pathways such as the Akt/PI3K pathway.

Interaction of α-1-syntrophin protein with the Gα subu-
nit of heterotrimeric G-proteins has also been confirmed 
[125]. The Gαi, Gαs, Gαo and Gαq subtypes of the Gα 
component of the G-protein have been shown to associate 
with the α-1-syntrophin protein, which suggests that α-1-
syntrophin may be involved in regulating G-protein signal-
ing via a wide variety of GPCRs. The N-terminal half of the 
first PH domain in α-1-syntrophin as well as the C-terminal 
SU domain have been shown to contribute to the binding 
with the Gα subunit of heterotrimeric G-proteins [125]. An  
ordinary PH domain has a typical sandwich structure with 
seven β strands and an α-helix. However, the PH1 domain  
of syntrophins is split into an N-terminal half and a  
C-terminal half and each half forms a stable structure with 
PHN, possessing the first three β strands and PHC having the 
other three β strands and a helix. Thus, the N-terminal three 
β-strands of PHN are thought to be involved in binding to the 
Gα subunit of G-proteins. Along with PHN, the SU domain 
of α-1-syntrophin has also been shown to bind to the Gαs 
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subunit, pointing towards a possible cooperative binding 
mechanism. Also, the binding has been found to be inde-
pendent of the activation state of the Gα subunit, i.e. both 
the GTP- as well as the GDP-bound forms of Gα can form 
a complex with the α-1-syntrophin protein in the presence 
or absence of the GPCR ligands. Alpha-1-syntrophin may 
thus form a complex with G-proteins, by interacting with 
either its Gα or Gβγ heterodimeric subunit, and regulate the 
efficiency of signal transduction mediated by the GPCRs 
[125, 126]. The fact that the PDZ domain binds to both the 
C-terminal as well as the internal PBM sequences in GPCRs 
points towards the possibility that syntrophin proteins could 
possibly have diverse functions in the regulation of GPCR 
trafficking. Taken together, these findings suggest that syn-
trophins have multiple functions in G-protein-mediated 
intracellular signaling.

Further syntrophins have also been shown to bind calmo-
dulin (CaM), which is a calcium binding messenger protein 
that mediates the function of Ca2+ in the cell by regulat-
ing its concentration within the cell. Calmodulin transduces 
calcium signals by binding to Ca2+ ions and then interact-
ing with its downstream target proteins [127, 128]. These 
interactions thus suggest a potential role for syntrophins in 
cell signaling.

Nitric oxide (NO) is an endogenous signaling molecule 
synthesized from l-arginine by the enzymes called nitric 
oxide synthases (NOS). These NO synthases have been 
characterised as neural NOS, i.e. nNOS or NOS-1, inducible 
NOS, i.e. iNOS or NOS-2, and endothelial NOS, i.e. eNOS 
or NOS3 [129]. While nNOS and eNOS are expressed con-
stitutively throughout the heart, the inducible one, iNOS, 
is expressed under patho-physiological conditions. In the 
human body in general, and within the heart in particular, 
NO has several functions, e.g., it affects contractility and 
normal muscle functioning [130], and thus the importance 
of NOS-1 signaling in the heart is well established. NOS-1 
ablation enhances basal contractility [130, 131] and NOS-
1-derived NO has been shown to increase as a consequence 
of experimental and pathological human heart failure [132]. 
In skeletal muscle cells, the muscle-specific isoform of neu-
ronal nitric oxide synthase (nNOS), i.e. NOS-1μ, has been 
shown to bind to α-1-syntrophin protein which ensure its 
localization to the sarcolemma via the dystrophin complex 
(DGC) [132]. In fact, these proteins are thought to be a 
part of a macromolecular complex in which the sarcolem-
mal calcium pump, syntrophin proteins, and the neuronal 
nitric oxide synthase form a ternary association with each 
other. A physical interaction between the plasma mem-
brane Ca2+/calmodulin-dependent ATPase 4b (PMCA4b), 
α-1-syntrophin, and NOS-1 in cardiac cells has been  
confirmed [133, 134]. The interaction between nNOS and 
α-1-syntrophin is, however, not dependant on the recognition 
of a COOH-terminal motif, rather it involves a PDZ–PDZ 

interaction [49]. The PDZ domain of nNOS specifically  
heterodimerizes with the PDZ domain of α-1-syntrophin 
protein [26, 133], and this interaction is a typical representa-
tive of an alternate class of PDZ domain binding, i.e. via 
the recognition of internal PBMs [133–135]. The interaction 
between the PDZ domains of these two proteins takes place 
in a linear head-to-tail fashion having a two-faced unusual 
polarized structure with a receptor face and a ligand face. 
The ligand face has a β-hairpin structure that acts as the PDZ 
ligand, binding the receptor face, i.e. the peptide binding 
site of the syntrophin PDZ domain [49], while the peptide 
binding groove of the nNOS PDZ domain remains available 
for binding with additional proteins. Such PDZ–PDZ inter-
actions are proof that a terminal carboxylate group is not an 
absolute requirement for binding to the PDZ domains. Also, 
α-1-syntrophin interacts with the distal region of the large 
intracellular loop within PMCA4b, and the linker region 
between the PH2 domain and SU domain, corresponding  
to amino acids 399–447 of α-1-syntrophin, have been 
shown to be very important for this interaction to take place 
[135]. Thus, a ternary complex interaction between PMCA,  
α-1-syntrophin, and NOS-1 in cardiac cells has been proposed  
[134]. In this complex, PMCA acts as a negative regula-
tor of NOS-1, and an over-expression of α-1-syntrophin 
and PMCA4b has been shown to strongly inhibit the NO 
production [132–134]. PMCA4b is shown to be linked to 
NOS-1 through interactions between the COOH-terminal 
tail of PMCA and the PDZ domain of NOS-1 [136], and 
α-1-syntrophin is shown to be bound to this complex via an 
interactions between its linker region (i.e. the region inbe-
tween the PH2 and SU domains) and the large intracellular 
loop (between regions four and five) of PMCA4 (Fig.  7) 
[134–136]. PMCA and α-1-syntrophin negatively regulate 
the NOS-1 activity in a synergistic manner (Fig. 7), which 
further supports some significant functional implications for 
this complex formation on nitric oxide-regulated signaling 
pathways.

The ATP-binding cassette transporter A1 (ABCA1) 
mediates the release of cellular cholesterol and phospho-
lipids to form high density lipoprotein [137, 138]. ApoA-
I-mediated cholesterol efflux is a major event in reverse 
cholesterol transport which serves to generate HDL and 
transports the excess cholesterol from the peripheral tissues 
to the liver for biliary secretion [139–141]. The PDZ domain 
of the α-1-syntrophin protein has been shown to inter-
act strongly with ABCA1 via the C-terminal three amino 
acids SYV of ABCA1. Co-expression of α-1-syntrophin 
has been shown to increase the half-life of ABCA1, down-
regulating the degradation process of ABCA1, and also 
to increase the apoA-I-mediated release of cholesterol in 
human cell lines [142–145]. Binding of α-1-syntrophin 
to the C terminus of ABCA1 has been proposed to cause 
a conformational change in ABCA1 making it resistant to 
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proteolysis by calpain [142–144]. Syntrophins have thus 
been implicated to be involved in lipid homeostasis in the 
brain [143]. Also, a novel interaction of ABCA1 with the 
PDZ protein β1-syntrophin has been identified. SiRNA-
mediated down-regulation of β1-syntrophin has been shown 
to decrease ABCA1 protein levels, whereas over-expression 
of β1-syntrophin increases ABCA1 cell-surface expression 
and stimulated efflux to apoA-I [140–143]. These findings 
indicate that syntrophins are involved in the intracellular 
signaling pathways that regulate the cellular distribution, 
stability, and activity of this important transporter protein 
ABCA1 within cells.

Syntrophin-associated disorders/pathologies

Although the function of syntrophins is not yet fully under-
stood, they have been implicated to have a regulatory role 
in diverse biological processes such as muscular develop-
ment, neuronal and immunological cell synapses, etc., 
and are involved in several important signaling pathways 
like SAPK/MAPK pathway, Ca2+ concentration regula-
tion in muscle cells, Rac1 activation, generation of reac-
tive oxygen species (ROS), apoptosis, etc. The absence or 
aberrant/altered expression of syntrophins has been asso-
ciated with several disorders particularly those related to 

muscles or neuromuscular development [146, 147], e.g., 
α-1-syntrophin-deficient skeletal muscles have been shown 
to exhibit hypertrophy and aberrant formation of neuro-
muscular junctions. Several structural abnormalities in the 
formation of neuromuscular junctions or synaptic function 
have been described in mice models [148], and the impor-
tance of α-, β-2-syntrophin proteins in the formation of 
these neuromuscular junctions (NMJ) is evident in α-1-/β-2 
null mice which have been shown to develop aberrant NMJ  
with few or irregular junction folds. It has been seen that  
α-1-syntrophin and α-dystrobrevin are either absent or mark-
edly reduced at the sarcolemmal membranes in Duchenne 
muscular dystrophy (DMD) or in denervation disorders 
[148–150]. α-1-syntrophin has been shown to play an impor-
tant role in regulating the myogenesis, by modulating the 
myogenin expression, and the absence of this isoform has 
been shown to cause reduced and delayed myogenin expres-
sion in differentiating myoblasts [150]. In several muscle 
dystrophies, the expression profile of syntrophin proteins 
show a difference from the normal pattern, e.g., in Duch-
enne muscular dystrophy (DMD) and fukuyama muscular 
dystrophies (FMD), and altered/decreased expression of 
α1-syntrophin has been observed in myofibers [150–153]. 
β-1-syntrophin has been found to be the predominant iso-
form in developing muscle membranes, and its expression 

Fig. 7   Diagrammatic representation of the multi-complex formation 
between PMCA, α-1-syntrophin, NOS, and the SCNA5 sodium chan-
nel. PMCA via its intracellular loop, located between trans-mem-
brane domains 4 and 5, binds to the linker region of syntrophin, and 

via its COOH terminus binds to the PDZ domain of NOS-1. Syntro-
phin also connects the SCN5A sodium channel to the nNOS–PMCA 
complex and regulates NO concentration at the membrane
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up-regulated in response to the loss of α-1-syntrophin in 
DMD and in other denervation disorders [149].

A sustained increase in the Ca2+ concentration has been 
observed in several muscular dystrophies, e.g., DMD. Due 
to this sustained increase in the cellular Ca2+ concentra-
tion, various Ca2+-sensitive proteolytic and phospholipol-
ytic enzymes are activated that may lead to the degradation 
of muscle fibers in themselves [61, 153]. Calcium mis-
handling in DMD is thought to be due to the uncontrolled 
stretch-activated and store-operated Ca2+ influx supported 
by TRPC cationic channels in muscle cells. The molecu-
lar association between the TRPC channels and the α-1-
syntophin/dystrophin complex has been implicated in the 
development of the calcium mishandling observed in sev-
eral dystrophies, including DMD. Also, normal regulation 
of capacitative calcium entries (CCE), which is considered 
to be very important for maintaining Ca2+ homeostasis and 
long-term activity of muscle cells, is thought to depend on 
the association between TRPC channels (TRPC1, TRPC4) 
and the α-1-syntrophin protein. As has been discussed ear-
lier, α-1-syntrophin anchors these cationic channels to the 
DAPC by interacting with dystrophin, and via dystrophin 
they can associate with the cell cytoskeleton. Any loss or  
disruption in this molecular association may result in calcium 
alterations, characteristic of many muscular dystrophies 
[61]. Similarly, it has been shown that in multisystemic dis-
order myotonic dystrophy type 1 (DM1), the dysregulation 
in alternative splicing of the α-dystrobrevin protein results 
in the localization of an aberrantly spliced α-dystrobrevin 
isoform to the sarcolemma, which shows increased binding 
to α-1-syntrophin and thus results in changes in the α-1-
syntrophin concentration at the sarcolemma. This accounts 
for the increased levels of α-1-syntrophin associated with 
DGC, as has been observed in DM1 muscles [152].

In addition to muscle dystrophies, syntrophins have 
also been linked with some cardiac pathologies, e.g., long 
QT syndrome (LQTS) [154] and sudden infant death syn-
drome (SIDS). SIDS is a leading cause of deaths of infants 
below 1  year of age, and about 5–10  % of SIDS stem 
from LQTS [155]. LQTS is an inherited cardiac disorder 
characterized by QT phase prolongation and syncope or 
death from arrhythmia [156]. Alpha-1-syntrophin acts as 
molecular scaffold for complex formation between nNOS 
and plasma membrane Ca/calmodulin-dependant ATPase 
(PMCA) isoforms 1 and 4b (discussed earlier), and this 
association is very important for the proper membrane 
localization of NOS-1 and the regulation of NO synthesis 
[157]. α-1-syntrophin and PMCA have been shown to work 
synergistically to negatively regulate NOS-1 activity. The 
importance of NOS-1 signaling is well established in heart 
and muscle cells [41, 42, 134]. Association of nNOS with 
α-1-syntrophin in muscles localizes nNOS to the DGC, 
coupling NO production to the muscle contraction [133], 

which exerts a protective effect by increasing the blood flow 
to cope with the high metabolic requirements of contracting 
muscles. It has recently been shown that NOS-1 is important 
in protecting the heart against myocardial infarction, and its 
expression is up-regulated in the final stages of late-phase 
ischemic preconditioning [158]. In dystrophic muscles, that 
show a very low or an irregular α-1-syntrophin expression 
pattern, or in α-1-syntrophin knock-out mice, an irregular 
nNOS distribution at the sarcolemma has been observed, 
although the cytoplasmic reserve of nNOS is not affected. 
Since, in the sarcolemma, nNOS regulates the homeosta-
sis of reactive free radical species (NO), any alteration in 
α-1-syntrophin protein expression would thus result in the 
alteration of syntrophin-mediated membrane localization of 
nNOS, having serious functional implications contributing  
to muscle degeneration, and may be responsible for the  
oxidative damage to muscle protein in diseases such as 
Duchenne muscular dystrophy [90, 158]. SNTA1 has also 
been shown to interact with the pore-forming α subunit 
SCN5A, also known as NaV1.5, of the cardiac sodium 
channel macromolecular complex [90]. It has been shown 
that SNTA1 connects SCN5A to the nNOS–PMCA com-
plex in the heart, and that a perturbation in SNTA1 [159] 
stemming from a rare missense mutation (A390V-SNTA1) 
disrupts this association with PMCA4b causing increased 
late sodium current (INa), via S-nitrosylation of the cardiac 
sodium channel. These findings thus suggest that SNTA1 
be considered as a rare LQTS-susceptibility gene [90, 159].

In recent times, β-2-syntrophin has been implicated 
in type-2 diabetes mellitus. Type-2 diabetes mellitus, or 
non-insulin-dependent diabetes mellitus (NIDDM), is a 
metabolic disorder that is often referred to as adult onset 
diabetes. Certain genetic factors, and in particular the seden-
tary lifestyle or excessive food consumption, are primarily  
responsible for the increasing rate of this metabolic disorder all  
over the world. Characterized by high blood glucose levels, 
i.e. hyperglycemia, NIDDM occurs due to an insufficient 
insulin production from the β cells in the pancreas to meet 
the metabolic demand, i.e. a relative insulin deficiency. Very 
often, NIDDM leads to insulin resistance in the body, i.e. 
the body cells are unable to respond to the normal actions of 
the insulin hormone or to maintain the normal glucose levels 
in blood [160, 161]. Insulin production from the pancreatic 
β cells occurs via insulin granules exocytosis and is stimu-
lated by the raised levels of glucose in blood. This mecha-
nism of insulin granule secretion by pancreatic β cells is not 
yet completely understood. However, recently, an islet cell 
auto-antigen 512 (ICA512), which is an intrinsic granule 
membrane protein in association with the β-2-syntrophin 
isoform, is thought to regulate the insulin granule turnover 
in pancreatic β cells. The β 2 isoform of syntrophins plays 
an important role in regulation of insulin granule mobiliza-
tion in pancreatic β cells, as it interacts with the ICA512 
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protein connecting it to the β cell cytoskeletal (F-actin) via 
its interaction with the utrophin protein in the dystrophin 
complex, and thereby restrains the mobility of these insulin 
granules [162].

Islet cell auto-antigen 512 is a receptor protein tyrosine 
phosphatase, lacking any phosphatase activity that serves 
to tether the insulin granules to actin microfilaments via 
its association with the β-2-syntrophin protein [163]. Dur-
ing granule maturation, cleavage of ICA512 is caused by 
furin-like convertases, which generates an ICA512-trans-
membrane fragment (ICA512-TF) [162, 163]. The ICA512-
cytoplasmic fragment (ICA512-CF) binds to the PDZ 
domain of β-2-syntrophin, which is in turn associated with 
F-actin through utrophin [31]. The phosphorylation pat-
tern of β-2-syntrophin has been shown to change in relation 
to stimulation of insulin secreation [65]. Hyperglycemia  
conditions stimulate phosphorylation of the β-2-syntrophin 
protein which causes the dissociation of ICA512-TF from 
β-2-syntrophin/F-actin and leads to an increase in the mobil-
ity of insulin granules, promoting β cell insulin production 
[164]. The phosphorylation of serine residues S75 and the 
dephosphorylation of S90 within β-2-syntrophin has been 
shown to weaken its interaction with ICA512, causing an 
increased granule mobility and insulin secretion [65]. The 
dissociation of ICA512-TF from β-2-syntrophin is further 
enhanced by the intracellular cleavage of ICA512 at the 
plasma membrane by Ca2+-activated protease calpian-1 and 
the generation of an ICA512-cytosolic fragment (ICA512-
CF). This ICA512-CF can bind to both the components of 
the ICA512-TF/β-2-syntrophin complex and thereby disrupt 
their association. This leads to the increased displacement 
and increased mobility of insulin granules from cytoskel-
etal filaments and also increases their chances of reaching 
the apt membrane sites for exocytosis. However, with the 
increase in the insulin granule exocytosis, a feedback loop is 
thought to exist, whereby the newly generated ICA512-CF 
are targeted to the nuclease for enhancing the transcription 
of insulin gene, insulin granule genes, granule biogenesis, 
and β cell proliferation [161–163]. By this feed-back mech-
anism, the β cells are thought to balance the insulin granule 
storage and consumption as per the blood glucose levels 
in the body. Also, β-2-syntrophin has been confirmed as a 
Cdk5 substrate which has been shown to cause the phospho-
rylation of S75 in β-2-syntrophin [65]. Thus, the Cdk5-medi-
ated phosphorylation state of β-2-syntrophin, especially S75, 
allosterically modulates the interaction between its PDZ 
domain and ICA512 and regulates the intracellular compart-
mentalization and functioning of β-2-syntrophin, while the 
disruption of this interaction stimulates the mobilization of 
insulin granules and regulation of insulin secreation from β 
cells [65, 162].

Also, syntrophins are thought to be involved in regu-
lating blood pressure by mediating the formation of  

a α1D-adrenergic receptors/dystrophin signalosome.  
α1-Adrenergic receptors (α1-ARs)2 are G protein-coupled 
receptors that mediate various important physiological func-
tions of nor-epinephrine (NE) and epinephrine, particularly 
in the cardiovascular system where they are responsible  
for regulating vascular tone and peripheral resistance [165, 
166]. Alpha-1-syntrophin specifically interacts with the 
C-terminal domain (containing the amino acids sequence 
-RETDI) of α1D-ARs through a PDZ domain-mediated 
interaction [167] and serves to anchor α1D-AR to the 
dystrophin–utrophin cytoskeleton via its SU domain [75]. 
This dystrophin–utrophin complex can bind up to four 
syntrophins, allowing other syntrophins in the complex 
to scaffold additional regulators of signal transduction in 
close proximity to α1D-AR (i.e. plasma membrane calcium 
ATPase, nNOS, and/or TRPC) [134, 148] resulting in the 
formation of a complete signalosome to enable efficient 
functioning. The α1-adrenergic receptors are important 
clinical targets for the treatment of cardiovascular disease 
and benign prostatic hypertrophy, and also play a critical 
role in the regulation of blood pressure and cardiac func-
tion [168–170].

Autism is a neuronal developmental disorder that is 
characterized by an impaired reciprocal social interaction 
and communication, a restricted stereotyped pattern of 
interests, and often a repetitive behavior [171]. Although 
the real causes for this disorder are not yet clear, certain 
genetic factors are believed to play a role and certain rare 
types of mutations have been implicated with autism, e.g., 
in recent times, neuroglins have been implicated as autism-
related genes. Neuroligins (NL) are certain neuronal cell 
membrane-adhesion molecules that have been recognized 
as the ligands for neurixins, e.g., NL-1 has been shown to 
be a splice site-specific ligand for β-neuroxins [172]. Neu-
rexins in association with neuriligins are thought to play a 
crucial role in the assembly, differentiation, and maturation 
of pre- and postsynaptic terminals, and mutations in these 
neuroxins have been implicated in autism and other neu-
ronal disorders [173–175]. Certain autism-related isoforms 
of these neuroglins, like neuroligin 3 (NL3), neuroligin 
4x (NL4X), and neuroligin 4y (NL4Y), have been shown 
to interact with the γ-2-isoform of syntrophin. This γ-2-
isoform of syntrophin is thus considered to be a putative 
inhibitory synaptic scaffolding protein for neuroligins. The 
PDZ domain of γ-2-syntrophin has been shown to bind to 
the PDZ domain binding sequence present within neuroli-
gins. Further, the interaction between these neuroligins and 
γ-2-syntrophin have been shown to be influenced by some 
autism-related mutations, i.e. the binding between NL3 
and γ-2-syntrophin is impaired in autism-related mutations 
[171, 172]. That is why the interaction between NLs and 
γ-2-syntrophin is considered to be very important in terms 
of etiology of autism, as the impaired interaction between 
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these two seems to be contributing to the etiology of autism 
[171]. However, much work needs to be done before 
we can completely understand the association between  
γ-2-syntrophin and neuroligins or the role played by these 
proteins in autism.

The expression of several PDZ-containing proteins has 
been shown to alter in diverse human diseases, as these 
proteins are often involved in the regulation of such cru-
cial intracellular pathways whose abnormal regulation 
can result in the development of pathologies, including 
various types of cancers [45, 176]. Interestingly, the pres-
ence of a PDZ domain binding sequence at the C-termi-
nal of viral oncoproteins, such as E6 oncoproteins [177] 
found in the cancer causing human papillomavirus (HPV), 
further provides us a proof for the involvement of PDZ 
domain-containing proteins in cancer development/pro-
gression. Differential expression of the syntrophin protein 
has been implicated in human cancers like breast carcino-
mas, esophageal squamous cell carcinoma, or colon can-
cers, and it is suspected that the protein might be involved 
in regulating cancer cell proliferation or involved in car-
cinogenesis. In our study, we reported, for the first time, 
the expression profile of α-1-syntrophin protein in histo-
logically confirmed human esophageal, stomach, lung, 
colon, rectal, and breast cancerous tissue samples [20]. 
Our results suggest a significant decrease in the expression 
level of the SNTA1 protein in both esophageal squamous 
cell carcinoma (ESCC) and esophageal adenocarcinoma 
(EAC) compared with their respective normal controls, 
while a significant increase in expression of the SNTA1 
protein compared with normal tissue was observed in the 
case of breast carcinoma samples. In one of the studies 
of the American Association for Cancer Research, it has 
been shown that syntrophin expression predicts colon 
cancer outcome [178]. The study was done by construc-
tion of tissue microarrays, using tumor samples and 
metastatic lymph nodes, to evaluate the prognostic sig-
nificance of syntrophin expression in colon carcinoma. In 
another such study, several genes differentially expressed 
in tumor progression, which can potentially help in better 
classifying pre-malignant lesions, and tongue squamous 
cell carcinomas (SCCs) were identified [179]. Among 
these potential markers of metastases, α-1-syntrophin 
was found to be one of those identified proteins. All these 
studies point towards a possible role of syntrophin pro-
teins in cancer development and/or its progression. There 
is a strong possibility that the proteins could be used as a 
novel diagnostic or prognostic marker. However, further 
studies are required to be done regarding this issue that 
may help us to depict the possible signaling mechanism 
of this protein in cancer development and its possible use 
as a therapeutic target.

Concluding remarks

Since the discovery of syntrophin proteins, a number of 
the details of their function have been elucidated. It is now 
well established that these adaptor proteins help to recruit 
various signaling molecules into a complex. Unraveling the 
relationships between syntrophin proteins and their bind-
ing partners will help us to better understand these cellular 
signaling pathways. It can be anticipated that further pro-
gress in the field will allow us to understand the sequential 
molecular events that may include the regulation of cellular 
growth, muscle development, synapses, survival, prolifera-
tion, etc., and the functions that are presumably elicited 
by the coordination of signaling events by these adaptor 
proteins. In the next few years, we are likely to see further 
progress in defining the molecular mechanisms of the cel-
lular processes involving syntrophin proteins. A complete 
understanding of the functioning of these proteins would be 
of great value for the design of novel therapeutics, so that 
these proteins could possibly be used as a biological marker 
for scientific purposes or possibly be used as a therapeutic 
target aimed at the prevention of common pathologies such 
as cancer.
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