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Abstract

Leucine-rich repeat-containing proteins (LRR proteins) are involved in supporting a large number 

of cellular functions. In this review, we summarize recent advancements in understanding 

functions of the LRR proteins as signaling scaffolds. In particular, we explore what we have 

learned about the mechanisms of action of the LRR scaffolds Shoc2 and Erbin and their roles in 

normal development and disease. We discuss Shoc2 and Erbin in the context of their multiple 

known interacting partners in various cellular processes and summarize often unexpected 

functions of these proteins through analysis of their roles in human pathologies. We also review 

these LRR scaffold proteins as promising therapeutic targets and biomarkers with potential 

application across various pathologies.
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Introduction

Nonenzymatic signaling scaffolds

Studies over the past two decades have revealed that proteins that act as signaling scaffolds 

are indispensable for the spatial and temporal regulation of intracellular signaling [1,2]. 

Scaffolding properties are often attributed to nonenzymatic, structural components within 

the signaling network that tether core signaling enzymes in order to optimize signal 

transduction. These proteins serve as molecular platforms that enhance control over the 

signaling processes and organize signaling activity at a desired site of action [2]. 

Nonenzymatic signaling scaffolds are a structurally diverse group of proteins. Finding a 
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unifying pattern in molecular mechanisms by which these protein scaffolds exert their 

control over signal propagation is challenging and often relies on a broad range of 

methodologies. Yet, identifying common features within a large diverse class of proteins will 

improve our overall understanding of molecular mechanisms orchestrating signal 

transmission. In this review, we focus on two signaling scaffolds that use tandem leucine-

rich repeats (LRRs) to build extended surfaces that are suitable for protein recognition and 

assembly of signaling modules.

Leucine-rich repeat proteins

Leucine-rich repeats are apparently simple structural units that are present in over 14 000 

proteins and are found in various organisms (e.g., plants, invertebrates, viruses, bacteria, 

archaea, and eukaryotes). Most LRRs are conserved stretches of 20 to 30 amino acids rich in 

hydrophobic leucine residues [3]. Individual LRR units are generally divided into highly 

conserved and variable segments with conserved segments usually containing an 11 

(LxxLxLxxNxL) or a 12 (LxxLxLxxCxxL) amino acid sequence where L is Leu, Ile, Val, or 

Phe; N is Asn, Thr, Ser, or Cys; and C is Cys, Ser, or Asn [4]. Multiple LRRs are often 

found in tandems of 2 to 30 repeats and form helically twisted solenoid-like curved 

structures creating convex and concave surfaces [5]. The concave side of the LRR solenoid 

is lined with a parallel β-sheet in which each LRR contributes one strand. Each strand then 

is interconnected by various secondary structures that form the convex surface. Structural 

studies have determined that the hydrophobic core of the first and the last LRR of this 

solenoid is protected by a flanking N-terminal (LRRNT or N-cap) and C-terminal (LRRCT 

or C-cap) capping motifs [6]. Several studies that undertook classification of the large 

repertoire of LRR-containing proteins divided them into eight classes based on different 

lengths and the consensus sequence of the variable LRR segments [7]. The structural 

properties of LRR domains are extensively reviewed by Bella et al. [3].

Leucine-rich repeat-containing proteins are remarkably diverse functionally. They are one of 

the most commonly occurring units in proteins associated with innate and adaptive 

immunity [7–9]. Beyond immune response, LRR-containing proteins are involved in diverse 

cellular functions including ubiquitin-related cellular processes, apoptosis, autophagy, 

nuclear mRNA transport, and neuronal development. To date, more than 60 human diseases 

have been associated with mutations in LRR-containing proteins [10]. Examples include 

Crohn’s disease (mutation in NOD2 and TLR4) [11,12], rheumatoid arthritis (CIITA) [13], 

Legionnaire disease (TLR5) [14], and a number of cancers (LRRC28) [15]. Importantly, 

despite the large functional diversity, most LRR-containing proteins are involved in protein–

ligand and protein–protein interactions thus allowing remarkable scaffolding opportunities. 

In the present article, we discuss recent advances in our understanding of the two LRR-

containing signaling scaffolds: Erbin and Shoc2 and outline the molecular underpinnings 

connecting these scaffolds.
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SHOC2 (SUR-8/SOC2, suppressor of clear): domain organization and its 

partners

Shoc2 is a case of a signaling scaffold that is almost entirely built of LRRs. All known 

orthologues preserve a striking sequence conservation throughout evolution and are 

comprised of two major domains: a short, unstructured N-terminal domain (length from 56 

to 145 amino acids in different taxa) that is followed by a long stretch of LRRs [16,17]. 

Shoc2 lacks apparent intrinsic enzymatic activity, but is capable of partnering with a 

continuously growing number of proteins with various enzymatic activities (Fig. 1). Both the 

N terminus and the LRR domain of Shoc2 are involved in protein binding. The N-terminal 

domain of Shoc2 interacts with several isoforms of canonical RAS GTPases [17–19]. The 

repertoire of Shoc2 partners recognizing the LRR domain is larger. Shoc2’s LRRs were 

shown to interact with the catalytic subunits of the protein phosphatase 1 (PP1c) as well as 

with quite a few proteins of the ubiquitin machinery. Binding to the LRRs are the E3 ligases 

HUWE1 (also known as LASU1, UREB1, and Mule), FBXW7 (also known as FBX30, 

SEL-10, and hCdc4), two AAA + ATPase (the ATPase associated with diverse cellular 

activities) known as PSMC5 (rpt6 or Sug1), and the AAA + ATPase VCP (also known as 

Cdc48 or p97) (Fig. 1). Other partners of Shoc2 that bind the scaffold indirectly or with yet 

undetermined binding properties are the serine/threonine-protein kinase RAF-1, the protein 

phosphatase PP1a (PP1-87B in drosophila), the p110alpha subunit of phosphatidylinositol 3-

kinase (PI3K), the MTOR binding protein Raptor, and a transcriptional repressor and 

pacemaker protein PERIOD (PER). Whether all these partners interact with Shoc2 

simultaneously or even in the same cell type is not clear. Data regarding the nature of the 

interactions within the Shoc2 macromolecular complex, post-translational modification, and 

specific examples of how the Shoc2 scaffold regulates cellular signaling are discussed in the 

following sections.

Thus far, the best-studied role of Shoc2 is in modulating signals of the extracellular signal-

regulated kinase 1/2 (ERK1/2) pathway. Shoc2 tethers RAS and RAF-1 proteins to a close 

proximity and thus accelerates transmission of signals through the pathway [20,21]. 

Restricted to its interaction with M-RAS, Shoc2 was reported to form a holoenzyme with the 

catalytic subunit of protein phosphatase 1 (PP1c) [19]. PP1c, which is known to cooperate 

with various regulatory proteins, then targets RAF-1 stimulating its kinase activity through 

dephosphorylation of the RAF-1S259 inhibitory site. The M-RAS/Shoc2/PP1c complex-

activated RAF-1 then may be recruited by other RAS proteins or RAS family GTPases [19]. 

Dephosphorylation of S259 by the M-RAS/Shoc2/PP1c holoenzyme is shown to be critical 

for RAF heterodimerization—an event essential for the activation of RAF kinase [22,23]. 

Whether corresponding Shoc2-phosphatase complexes are formed with other RAS 

homologues (H-RAS, K-RAS, and N-RAS) remains an open question, and future studies are 

needed to reach a consensus in this regard.

Several of the Shoc2 partners recognizing its LRR domain are involved in fine-tuning of the 

signals transmitted via the Shoc2 module. We showed that the enzymatic machinery 

consisting of the HECT-domain E3 ubiquitin ligase HUWE1 and the AAA + ATPases 

VCP/p97 and PSMC5 allows for a highly coordinated feedback mechanism. In this 
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mechanism, the amplitude of Shoc2-mediated ERK1/2 signals is modified by inducing post-

translational modifications [24–26]. Shoc2 ubiquitination mediated by HUWE1 is triggered 

by growth factor activation of the ERK1/2 pathway and is a prerequisite for the subsequent 

ubiquitination of the RAF-1 kinase associated with Shoc2 [24]. Current data suggest that 

these ubiquitin modifications serve as a negative feedback that reduces the amplitude of 

RAF-ERK1/2 signals. The diversity of ubiquitin chains ligated to Shoc2 by HUWE1 [K63, 

K48, K6, K11 ([24], unpublished data)] suggests that ubiquitin modifications may play 

multiple roles in controlling Shoc2 function.

Shoc2 partners and well-known ‘remodelers’, the AAA + ATPases PSMC5 and VCP/p97, 

make the HUWE1-modulated ubiquitination of Shoc2/RAF highly coordinated and precise. 

Analogous to its non-proteolytic function as an unfoldase/remodeler of AAA proteins 

independent of 20S (APIS) complexes [27,28], in the Shoc2 assembly, PSMC5 does not 

modulate stability of Shoc2 or its known partners. Interestingly, similar to other AAA + 

ATPase remodelers, PSMC5 recognizes the extreme carboxy terminal residues within the 

last LRR of Shoc2. This unique stretch of ~ 20 amino acids is also essential for the targeting 

of Shoc2 to late endosomes [25,29]. However, the mechanistic connection between the 

remodeling and cellular distribution events is not clear and will require further studies. 

Nevertheless, PSMC5 was shown to facilitate recruitment of Shoc2 complexes to endosomes 

where ubiquitin links are recognized by yet another unfoldase: AAA + ATPase VCP/p97 

[26]. Experiments using structural mutants of Shoc2 have demonstrated that PSMC5 binding 

and Shoc2 targeting to endosomes is essential for remodeling of the complex by VCP/p97 

[26]. Thus, by incorporating these two mechanoenzymes, the Shoc2 complex acquires 

another layer of control over the amplitude of the ERK1/2 signals transmitted through the 

module. Whereas HUWE1-mediated ubiquitination of Shoc2 and RAF-1 fine-tunes the 

dynamic range of RAF-1 phosphorylation, VCP/p97 controls the levels of ubiquitination by 

modulating the assembly of molecules in the complex [24,25]. Although some aspects of 

this feedback mechanism can be explained by existing data, many questions remain. The 

lack of a clear understanding of how HUWE1 activity in the complex is initiated and the 

nature of structural changes occurring in the complex upon remodeling makes it difficult to 

fully appreciate protein dynamics within the module.

Recently, Xie et al. [30] reported crosstalk between Raptor and RAS/RAF signaling via a 

Shoc2-dependent mechanism that also involves post-translational modifications. In this 

Shoc2-Raptor axis, Raptor appears to inhibit signals transmission by Shoc2-RASERK1/2. 

Moreover, the authors show that activation of the ERK1/2 pathway by epidermal growth 

factor (EGF) results in Shoc2 phosphorylation on Thr-507 by MEK1. Phosphorylated Shoc2 

is then ubiquitinated by the E3 ligase FBXW7 leading to Shoc2 degradation. The FBXW7 

E3 ligase appears to be involved in balancing the ERK1/2 and MTOR signals for cell 

proliferation and autophagy. An additional instance of Shoc2 phosphorylation by PKC-alpha 

and PKC-delta (PKCα/δ) was reported by Lee et al. [31]. It appears that PKCα/δ 
phosphorylates Shoc2 at Thr-71 and Ser-297 to control the stability of Shoc2 upon FGF2 

signaling. This study provides another mechanism for regulation of the stability of Shoc2. 

Interestingly, the same group reported that Shoc2 interacts with p110α subunit of PI3K and 

under pathological conditions activates the PI3K-AKT pathways [32]. The connection 

between these two studies is not clear. As the interplay between ubiquitination and 
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phosphorylation events has become a recurrent theme in the regulation of cell signaling [33], 

it will not be surprising if future studies uncover an additional crosstalk between the two 

modifications in terms of mechanisms regulating RAS-Shoc2-ERK1/2 signal propagation.

The role of Shoc2 in normal physiology

Given the critical implications of ERK1/2 signals for a number of cellular processes, several 

studies have explored the biological significance of Shoc2 in embryonic development. 

Model organisms, such as Mus musculus (mice) and Danio rerio (zebrafish), have been used 

to delineate the role of the Shoc2-RAS-ERK1/2 pathway in development. Shoc2 is widely 

expressed in all tissues. Ablation of Shoc2 in zebrafish results in marked defects in 

development of facial cartilage, bone, and pigment cells as well as a profound loss of 

circulating blood cells [34]. Conventional SHOC2−/− (sur-8 in mice) knockout mice died due 

to an early-stage embryonic lethality and partial absorption of mutant embryos at E8.5 [35]. 

The conditional disruption of the mouse SHOC2 gene in endothelial cells led to multiple 

cardiac defects, smaller body size, subcutaneous edema in their dorsal body, fetal lung 

congestion, and nonsurvival past E14.5. These SHOC2-deficient mice had abnormalities in 

the transposition of the great arteries, as well as a number of defects in heart morphogenesis 

[35].

Several studies have utilized cell models to examine the role of Shoc2 in cell proliferation, 

differentiation, and motility. Shoc2-ERK1/2 signals were shown to stimulate proliferation of 

neuronal progenitor cells (NPCs), as well as leukemia, pancreatic, and lung cancer cell lines 

[22,36–38]. These studies connected Shoc2 proliferative functions to the cellular 

mechanisms controlling the stability of Shoc2 protein. Xie et al. [30] implicated Shoc2 in 

promoting autophagy via inactivation of the mTORC1 pathway. Several studies also 

addressed the function of Shoc2 in regulating cell motility [32,39–41]. Shoc2-ERK1/2 

signals have been shown to control collective cell migration by modulating turnover of E-

cadherin, phosphorylation of p120-catenin, and cell–cell adhesion [39]. Other studies 

demonstrated that Shoc2-ERK1/2 signals can also regulate cell attachment and motility by 

controlling expression of a number of proteins of extracellular matrix, including lectin 

galactoside-binding soluble 3-binding protein (LGALS3BP) [41,42]. This secreted 

glycoprotein forms oligomers in the extracellular milieu and promotes cell adhesion to 

matrix proteins.

Interestingly, elevated expression of Shoc2 was reported in human macrophages infected 

with several different pathogens [7]. Unfortunately, at the moment, we can only speculate in 

regard to the possible mechanism of this response. An unexpected role of Shoc2 in the 

regulation of circadian rhythms in Drosophila was recently identified by Xue and co-authors. 

They showed that Shoc2 is involved in regulation of PER stability through PP1-87B-

mediated dephosphorylation [43]. Given that many of the Shoc2 partners are affected in 

various human pathologies, it is reasonable to expect that cellular signals mediated via the 

Shoc2 axis are possibly contributing to other pathological conditions. For example, 

abnormal Shoc2 ubiquitination is found in primary fibroblasts from patients with inclusion 

body myopathy with Paget’s disease of bone and frontotemporal dementia (IBMPFD) 

caused by congenital mutation in the Shoc2 partner, VCP/p97 [26]. Altogether, a growing 
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body of evidence emphasizes the key role Shoc2-mediated signals have in maintaining 

normal physiological functions.

Shoc2 pathologies

Considering the plethora of processes in which Shoc2-ERK1/2 signals are involved 

potentially, it is not difficult to appreciate the pathological effects upon its dysregulation 

(Table 1). Germline mutations in the SHOC2 gene (c.4A>G, p.S2G, c.519G>A; p.M173I 

and c.807_808delinsTT, p.Gln269_His270delinsHisTyr mutation) cause a distinctive 

hereditary disorder termed Noonan-like syndrome with loose anagen hair (NSLAH) [44–

46]. NSLAH belongs to the group of congenital syndromes that are caused by mutations in 

genes of the ERK1/2 pathway. Cumulatively, these syndromes with overlapping features are 

called RASopathies. Patients carrying Shoc2 mutations are reported to have an unusual 

combination of features including reduced growth associated with growth hormone 

deficiency, cognitive deficits, distinctive hyperactive behavior, and a unique hair anomaly 

(i.e., loose anagen hair). Over the past several years, characteristics such as variable 

neurocognitive impairments, brain anomalies, epilepsy, severe hydrops fetalis, Moyamoya 

syndrome, and even an autoimmune disorder were added to the distinctive craniofacial 

dysmorphisms and a wide spectrum of congenital heart defects [47–55]. This biological 

complexity of Shoc2 S2G patients was explored using transcriptome analysis of peripheral 

blood mononuclear cells [56]. A large transcriptional signature characterized for the Shoc2 

S2G mutation further indicated a unique, Shoc2-specific signaling axis. Interestingly, the 

alterations in the expression of transcription factors (TFs) found in Shoc2 (S2G) patients had 

very little overlap with the TFs expression pattern affected by the depletion of Shoc2 in 

cells, emphasizing the selective effect point mutations may have on ERK1/2 activity [41]. 

Unfortunately, no studies to determine whether other Shoc2 NSLAH mutations affect 

ERK1/2 signals differently have been performed. Also, recognizing phenotypic variability in 

patients with NSLAH and apparent phenotypic overlap with patients carrying other 

mutations in the ERK1/2 pathway, it is likely that individuals with no molecularly confirmed 

mutations carry different Shoc2 substitutions [57]. Yet, current genetic panels that test for 25 

known RASopathy genes only assess the Shoc2 S2G substitution thus preclude us from fully 

appreciating the frequency of Shoc2 mutations in RASopathy patients.

Shoc2 deregulation is not limited to developmental pathologies, and links have been shown 

between Shoc2 and cancer. Analysis of publicly available data from the TCGA, COSMIC, 

and cBioPortal highlights the variability of Shoc2 expression and the presence of Shoc2 

mutations or other genomic alterations across different cancer subtypes [58]. Shoc2 is shown 

to increase ERK1/2 signals in various types of malignant cells (e.g., pancreatic, colon, breast 

and non-small-cell lung carcinoma, melanoma, neuroblastoma, fibrosarcoma, leukemia, and 

hepatoma cells) including cells that carry tumorigenic K-Ras, N-Ras, and B-RAF mutations 

[19,32,41,42]. Importantly, Shoc2 contributes to the acquired drug resistance of cancer cells 

with K-Ras, N-Ras, and B-RAF oncogenic mutations [23,37,59], possibly by altering 

signaling connections and re-routing oncogenic signals to other RAF-1 isoforms [59]. Other 

mechanisms suggested to contribute to Shoc2-mediated RAF and MEK resistance include 

regulation of contact inhibition, anchorage-independent proliferation and orientation of the 

microtubule-organizing center of these cells, expression of extracellular matrix proteins [40], 
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and activation of Rac and matrix metalloproteinases (MMPs) through the PI3K pathway 

[32]. Several recent studies have indicated that Shoc2 might have prognostic value for 

patients with breast, thyroid, and pancreatic cancers [58,60,61], but further studies are 

needed to confirm its suitability as a biomarker. With its diverse function in disease 

progression and prognosis, Shoc2 presents an exciting possibility as a therapeutic target. A 

recent study by Sulahian et al. in which a search was made for novel targets to sensitize 

MEK inhibitors highlighted the therapeutic benefit of Shoc2 depletion [37]. Another group 

has identified Shoc2 as a target of a natural proteasome inhibitor with antitumor activity, 

Celastrol [62]. Yet, the Shoc2 scaffold remains largely unexplored as a drug target due to the 

challenges associated with deciphering the organizational complexity of nonenzymatic 

scaffolds. The lack of available crystal structures for Shoc2 impedes investigation of 

structural changes as ‘druggable’ targets in these proteins. Such studies investigating the 

dynamics within scaffold complexes will broaden our understanding of the molecular 

mechanisms supporting Shoc2’s role in signal transmission and will outline how 

conformational changes in the Shoc2 structure regulate its function.

Synergy with other LRR scaffolds

An unexpected feature of the Shoc2 scaffold is its cooperativity with other LRR scaffolds. 

For instance, Young et al. showed that the M-RAS and Shoc2 dimer competes for PP1c 

binding with Scribbled homolog (SCRIB) [40]. SCRIB, a member of the LAP (LRR And 

PDZ domain) proteins family, is a known regulator of the ERK1/2 pathway. The study by 

Young et al. showed that SCRIB antagonizes Shoc2-mediated RAF1 dephosphorylation by 

competing for PP1 within the same scaffolding complex. Competition of Shoc2 and SCRIB 

for PP1c binding allows for a multilayered mechanism controlling the frequency and 

amplitude of Shoc2-transduced ERK1/2 activity and as a consequence affects establishment 

of cell polarity and tumorigenic growth [40].

In addition, Shoc2 has been shown to compete with Erbin (also known as ERBB2IP), 

another member of the LAP protein family [63,64], for binding to the RAS/RAF complex. 

Both SCRIB and Erbin appear to provide an essential mechanism to control the signaling 

strength of Shoc2-ERK1/2 activation. A comprehensive review of SCRIB, the most studied 

LAP protein, has recently been published elsewhere [65]. Here, we focus on discussing the 

role of Erbin in regulating a number of signaling pathways, including its functional interplay 

with Shoc2 in fine-tuning RAS/RAF/ERK signaling (Fig. 2).

Erbin, a lap family protein that interacts with ERBB2

Building upon the protein–protein interaction platform provided by tandem repeats of LRR 

domains, members in the LAP protein family contain additional protein–protein interaction 

modules that expand their capacity for binding diverse groups of ligands. In addition to 

SCRIB and Erbin, other LAP proteins include vertebrate Densin-180 (LRRC7) and Lano 

(LRRC1),C. elegans LET-413 and Drosophila Scribble, and Lap1 (Fig. 3). The known LAP 

proteins contain 16 canonical LRRs located at their amino terminus followed by two 

conserved LRR-like domains (called LAPSD) and either one or four PDZ domains [66,67]. 

Despite containing no PDZ domains, Lano has also been classified as a LAP protein as it 

shares highly conserved LRRs and LAPSDs with other family members [67,68]. The LRR 
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motifs found in Erbin share 38% identity with the LRRs of Shoc2 proteins [63]. However, 

unlike Shoc2, Erbin is found only in vertebrates. Similar to LRRs, PDZ domains are found 

in 200–300 proteins within the human genome. These domains are about 80–90 amino acids 

in length folding into a globular structure that is comprised of six β-strands and often capped 

by two α-helices [69]. Functionally, PDZ domains mediate protein–protein interactions by 

binding to specific peptide sequences located at the C-terminal tail of other proteins [70]. 

Together, LRR and PDZ domains allow Erbin to interact with multiple proteins, possibly 

simultaneously. Figure 4 summarizes the known binding proteins of Erbin to date.

The human Erbin gene is located on the long arm of chromosome 5 and comprised of 26 

exons [63]. Splicing variants of Erbin can lead to alterations in the linker region between 

LRR and PDZ domains. The expression of Erbin mRNA and protein is detected in most 

human and mouse tissues, including brain, liver, kidney, spleen, intestine, and skeletal 

muscle [63,71]. Erbin was first identified by Jean-Paul Borg and colleagues in 2000 in the 

search for ERBB2-interacting proteins that are involved in organizing signaling downstream 

of the receptor tyrosine kinase [63]. Erbin, specifically its PDZ domain, was found to 

interact with the C-terminal tail of the ERBB2 receptor, but interestingly not with any other 

ERBB family members. Conversely, only the PDZ domain of Erbin was able to interact with 

ERBB2 despite up to 70% sequence identity among all PDZ domains within the LAP family 

[63]. This binding specificity was confirmed in a similar study in which Erbin was found to 

interact with ERBB2 and PSD-95 at the postsynaptic membranes [71]. In addition, Erbin 

concurrently interacts with ERBB2 and another receptor tyrosine kinase, MUSK, at 

neuromuscular junctions [72].

Although Erbin contains a class I PDZ domain, it preferentially interacts with the C terminus 

of ERBB2, a class II type PDZ ligand. To better understand the binding specificity between 

Erbin and ERBB2, several studies have examined the structure of the Erbin PDZ domain 

bound to the C-terminal peptide of ERBB2. Intriguingly, Erbin PDZ domain has an 

unusually long β2-β3 loop which partially accounts for its unique binding specificity for 

PDZ ligands [73,74]. A structural comparison analysis of the Erbin PDZ domain with the 

first PDZ domain of ZO-1 has provided additional evidence supporting the selectivity of 

Erbin PDZ [75]. Interestingly, the phosphorylation of ERBB2 at a tyrosine residue at the −7 

position of ERBB2 C-terminal peptide (EYLGLDVPV) reduces its interaction with Erbin 

[63]. The crystal structure of Erbin PDZ and ERBB2 peptide ligand complex revealed that 

this tyrosine residue fits into the binding pocket formed by the β2-β3 loop of Erbin PDZ; 

and phosphorylation abolishes its interaction with the pocket without affecting the binding 

of the last four C-terminal residues of ERBB2 with Erbin PDZ [73]. Since ERBB2 is known 

to be phosphorylated at this tyrosine residue during activation, the preference of Erbin for 

binding unphosphorylated ERBB2 potentially provides a regulatory mechanism to control 

cellular signaling downstream of ERBB2 [63,73].

Following the initial biochemical characterization of the interaction between Erbin and 

ERBB2, the function of Erbin-mediated regulation of ERBB2 has been investigated using a 

global Erbin knockout mouse model developed by the Borg group. While the whole-body 

knockout of SCRIB in mice results in perinatal lethality due to a neural tube closure defect, 

mice that carry homozygous deletion of both Erbin alleles (Erbin−/− mice) are viable with no 
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apparent developmental defects. Upon closer examinations, Erbin null mice were found to 

have decreased myelination and aberrant ensheathment of axons in sciatic nerves, which 

results in decreased nerve conduction velocity [76]. Neuregulin 1 (NRG1) is known to play 

an important role in myelination by signaling through ERBB family tyrosine kinase 

receptors. Erbin loss reduces ERBB2 and ERBB3 expression in sciatic nerves and 

suppresses NRG1 signaling. Interestingly, this Erbin-dependent regulation of myelination 

and NRG1 signaling relies on its interaction with ERBB2 as mutant ErbinΔC/ΔC mice (the 

Erbin ΔC allele contains amino acids 1–693 of Erbin fused with β-gal) showed similar 

phenotypes as Erbin null mice [76]. Moreover, the expression of Erbin has been shown to 

promote remyelination of regenerating neurons after injury [77].

Erbin-dependent negative regulation of RAS/RAF signaling

The role of Erbin on regulating RAS/RAF signaling was first described in 2003 in a study 

that discovered the interaction between Erbin and the active form of RAS. The expression of 

Erbin disrupts the RAS-RAF interaction and inhibits downstream ERK signaling and NGF-

induced neuronal differentiation of PC12 cells [78]. Mechanistically, Erbin inhibits the 

activation of RAS/RAF signaling by directly interacting with Shoc2 via its LRR domain and 

displacing Shoc2 from the RAS/RAF complex [64]. It has been shown that knockout of 

Erbin in mice exacerbated isoproterenol-induced cardiac hypertrophy and pressure overload-

induced heart failure. An examination of heart tissues from Erbin−/− mice revealed that ERK 

phosphorylation was increased both basally and upon isoproterenol treatment. The 

interaction between RAF-1 and Shoc2 was markedly enhanced in Erbin−/− mice, suggesting 

that Erbin sequesters Shoc2 away from RAF-1 to inhibit RAF-1 phosphorylation. In 

addition, decreased Erbin expression was observed in mouse models of cardiac hypertrophy 

and in biopsies of human failing hearts [79]. Similarly, decreased expression of Erbin and 

corresponding activation of ERK were found in mouse models of diabetic peripheral 

neuropathy [80]. Furthermore, the expression of Erbin mRNA was shown to be regulated by 

microphthalmia-associated transcription factor (MITF) and FHL2 under both physiological 

and pathological conditions in heart [81].

Studies exploring the functional importance of Erbin in modulating RAS/RAF signaling in 

Schwann cells have shown that silencing Erbin expression disrupts cell–cell contact as a 

result of increased ERK phosphorylation and cell proliferation [82]. Treating cells with 

MEK inhibitor reverses the phenotypes induced by decreased Erbin expression. In addition, 

Erbin forms a complex with NF2 (the protein product encoded by NF2 is often called 

merlin) and EBP50 (gene name SLC9A3R1) via directly binding to EBP50 in Schwann 

cells. Given that the phenotypes observed in Erbin knockdown cells are similar as those 

induced by NF2 loss, it has been suggested that Erbin may regulate NF2 function by 

targeting NF2 to the adherens junction [82]. Since membrane-localized NF2 inhibits RAS 

activation [83], it is tempting to speculate that Erbin expression at the adherens junction is 

required for NF2 to function as a tumor suppressor.

The involvement of Erbin in RASopathies has been demonstrated in studies of desmoglein 1 

(DSG1) and a rare autosomal dominant disorder, a striate palmoplantar keratoderma (SPPK), 

characterized by a thickening of the skin on the palms and soles [84]. SPPK is a RASopathy-
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like disease where keratinocytes fail to differentiate correctly due to dysregulations in the 

ERK1/2 pathway. DSG1 is required for maintenances of epidermal tissue integrity by 

forming cell–cell contact via its extracellular domains. In addition, DSG1 promotes 

keratinocyte differentiation by suppressing EGFR/ERK1/2 signaling [85]. Loss of DSG1 as 

a result of mutations in the DSG1 gene (including premature termination codons and 

frameshift mutations) leads to the development of SPPK. In searching for mechanisms 

underlying DSG1-mediated inhibition of ERK, Erbin was identified as an interacting protein 

of DSG1 through a yeast-2-hybrid screen [86]. Colocalization of Erbin and DSG1 was 

observed at the plasma membrane of cultured epidermal keratinocytes and human skin 

biopsies. Silencing Erbin in keratinocytes disrupted cell differentiation which recapitulates 

the phenotypes seen in SPPK patients carrying DSG1 mutations. Co-immunoprecipitation 

studies showed that Erbin binds Shoc2 and prevents Shoc2-facilitated formation of the 

RAS/RAF complex. Thus, by providing an anchoring site for Erbin, DSG1 functions to 

suppress ERK signaling via an Erbin-dependent mechanism [86].

Regulation of membrane localization of Erbin

Multiple studies have demonstrated that Erbin is a plasma membrane-associated protein. The 

PDZ domain of Erbin recognizes the plasma membrane protein ERBB2 as well as the 

several members of the p120-catenin/plakophilin subfamily of Armadillo-like proteins, 

including PKP4, δ-catenin (CTNND2), and ARVCF [87–90], at the adherens junction. 

Interestingly, the PDZ domain of Erbin is not required for its membrane targeting. Instead, 

the LRR domain of Erbin has been found as a critical determinant for the membrane 

localization as mutating a conserved proline residue in the LRR domain to leucine (P315L) 

results in cytoplasmic expression of Erbin [91,92]. Similarly, LRR domains of other LAP 

proteins, such as SCRIB, Lano, and LET-413, but not the LRR domain of Shoc2, are 

required for targeting LAP proteins to the basolateral membrane of epithelial cells [91,92]. 

In addition, it has been shown that Erbin can be palmitoylated at two Cys residues (Cys14 

and Cys16) at its N terminus and the palmitoylation is necessary for its plasma membrane 

localization [93]. However, since Erbin carrying the LRR domain mutation (P315L) is 

deficient in palmitoylation, it is likely that both the LRR domain and subsequent 

palmitoylation are required to maintain a stable membrane pool of Erbin [93]. Moreover, 

colocalization of Erbin with the adherens junction has been confirmed by a quantitative 

proteomics study in which Erbin was found to be one of the most abundant proteins 

associated with E-cadherin containing cell–cell junctions in epithelial cells [94].

It has been well documented that SCRIB plays an evolutionarily conserved role in 

facilitating the establishment of apical–basolateral polarity in epithelial cells [65]. Given the 

similar localization of Erbin and SCRIB at the adherens junctions, it is not surprising that 

recent studies have identified Erbin as another LAP protein that regulates epithelial cell 

polarity. While a combined knockout of SCRIB, Erbin, and Lano in colon cancer DLD1 

cells disrupted the apical–basolateral organization of cell–cell junctions, the expression of 

Erbin alone was sufficient to maintain normal cell–cell contact suggesting overlapping 

functions of Erbin and SCRIB [92]. In addition, silencing Erbin expression prevented the 

formation of acini-like structures in Caco2 cells grown in a 3D matrix indicating a defect in 

establishing apical–basolateral polarity [95]. Erbin has also been found to interact with cell–
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cell junction proteins, including bullous pemphigoid antigen 1 (eBPAG1, gene name DST) 

and the cytoplasmic tail of the β4 integrin (ITGB4) [96]. However, the functional 

implication of these interactions has not been investigated and the molecular mechanisms by 

which Erbin regulates epithelial polarity are currently unknown.

The interaction between Erbin and other signaling proteins

In addition to its role in regulating ERBB2 and RAS/RAF signaling, recent studies have 

identified other signaling molecules that interact with Erbin. Through a yeast two-hybrid 

screen, Erbin was found to bind the MH2 domain of Smad3. In addition, Erbin interacts with 

MH2 domains of other Smads, including Smad1, Smad2, Smad4, and Smad7 [97]. A region 

immediately upstream of the PDZ domain in Erbin has been identified as the Smad-

interacting domain (SID) [98]. However, a later study showed that a positively charged 

residue within the PDZ domain of Erbin may also contribute to an electrostatic interaction 

with the MH2 domain of Smad3 [99]. Functionally, Erbin negatively regulates TGFβ-

dependent transcriptional responses without altering the phosphorylation levels of Smad2 or 

Smad3; instead, Erbin acts as a sink to sequester Smad2/Smad3 from binding Smad4 and 

transducing TGFβ signaling [98].

To add another layer of complexity, Erbin has been shown to interact with SARA (Smad 

anchor for receptor activation) to regulate TGFβ signaling [100]. SARA binds to 

nonphosphorylated Smad2/Smad3 and recruits them to activated receptors. SARA is 

localized at the plasma membrane and early endosomes where it was found to interact with 

Erbin. Interestingly, the previously identified SID region in Erbin is also responsible for 

binding SARA. SARA competes with Smads for binding Erbin, and the SARA-Erbin 

interaction attenuates Erbin-mediated inhibitory effects on Smads. Thus, the balance 

between Erbin-SARA and Erbin-Smad complexes likely dictates the signaling output of 

TGFβ and activin receptor pathways [100].

Furthermore, the physiological importance of Erbin-mediated regulation of TGFβ signaling 

has been shown in patients with atopy, a disease associated with increased allergic reactions 

or immune responses and connective tissue abnormalities. A rare disease-segregating variant 

in the Erbin gene has been identified in a family with dominantly inherited symptoms that 

shared both allergic and nonimmunological connective tissue features with patients carrying 

mutations in the STAT3 gene [101]. Interestingly, this single nucleotide alteration results in a 

missense mutation (c.1588G>Tp.D530Y) in the nonconserved linker region downstream of 

the LRR domain in Erbin. The expression of mutant Erbin protein was significantly 

decreased in fibroblasts and naïve and memory CD4 T cells isolated from patients carrying 

the c.1588G>T substitution. This loss-of-function mutation in Erbin disrupts the interaction 

between Erbin and STAT3 and reduces Erbin’s ability to attenuate TGFβ signaling as shown 

by increased levels of nuclear phosphorylated Smad2/3. This aberrant activation of TGFβ 
signaling in Erbin mutant lymphocytes leads to elevated levels of T helper type 2 cytokine 

and IgE production, highlighting the importance of Erbin in mediating signaling crosstalk 

between STAT3 and Smad in human disease [101].

Studies to define the specificity of signaling activation downstream of TGFβ identified Erbin 

as a key determinant of epithelial resistance to TGFβ signaling [102]. TGFβ activates PAK2 
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via a Smad2/3-independent, but Rac1-/Cdc42-dependent mechanism, to stimulate the 

proliferative and profibrotic response in mesenchymal cells [103]. In a search for 

epithelialspecific factors preventing TGFβ-induced activation of PAK2, Erbin was found to 

block the interaction between PAK2 and its upstream activators Cdc42 as part of the 

Erbin/NF2 complex [102]. In addition, Erbin inhibited TGFβ-induced EMT and ERK 

signaling in kidney epithelial cells to prevent renal interstitial fibrosis [104]. Taken together, 

multiple studies have identified Erbin as a negative regulator of TGFβ signaling. Although 

the binding partners vary under different experimental settings, Erbin functions consistently 

by sequestering effectors from signaling activation and propagation.

Additionally, Erbin was found to interact with the nucleotide-binding oligomerization 

domain containing protein (Nod2) in regulating inflammatory responses [105,106]. Both the 

LRR domain and the C-terminal portion of the linker region in Erbin are responsible for 

binding Nod2, while the caspase recruitment domains (CARDs) in Nod2 are necessary and 

sufficient for interaction with Erbin. Improper activation of Nod2 leads to Crohn’s disease 

and Blau syndrome. Overexpression of Erbin inhibits, whereas Erbin loss increases Nod2-

dependent activation of NFκB and proinflammatory cytokine secretion in response to MDP 

stimulation [105]. The Walker B box mutant of Nod2 (K305R) and a Crohn’s disease-

associated frameshift mutant of Nod2 (L1007fs) fail to interact with Erbin [106]. 

Collectively, these studies identify Erbin as a negative regulator of Nod2-dependent 

activation of proinflammatory NFκB signaling [105].

Recent findings revealed a novel role of Erbin in regulating Cav1.3 channel activity at the 

synapse in a PDZ domain-dependent manner. While defining the regulatory mechanism of 

Ca2+ signaling at excitatory synapses, Calin-Jageman et al., found that Erbin interacts with 

the L-type voltage-gated Ca2+ channel Cav1.3 subunit (gene name CACNA1D) [107]. The 

Cav1.3 subunit contains a PDZ ligand sequence (ITTL) at the C terminus of the protein, 

which is responsible for binding the PDZ domain of Erbin. This interaction is specific as the 

Cav1.2 subunit of L-type Ca2+ channel and a splicing variance of Cav1.3, a short Cav1.3b 

lacking the C-terminal PDZ ligand sequence, are unable to bind Erbin. Co-expression of 

Erbin augments the voltage-dependent facilitation (VDF) of Ca2+ current through Cav1.3 

channels.

Following their initial discovery of impaired nerve myelination phenotype in Erbin null mice 

[76], Mei and co-workers subsequently reported that loss of Erbin results in abnormal 

locomotive behavior and dysfunction of GABAergic interneurons in mice [108]. The 

expression of Erbin was found in select GABAergic neurons and the loss of Erbin decreased 

AMPA receptor (AMPAR)-mediated synaptic transmission. Furthermore, Erbin was found 

to interact with TARP γ-2 (gene name CACNG2), an auxiliary subunit of AMPAR required 

for AMPAR membrane trafficking, and the binding domain for γ-2 was mapped to the linker 

region immediately upstream of the PDZ domain in Erbin. The interaction between Erbin 

and γ-2 increased γ-2 stability and AMPAR expression at the cell surface. Similar to what 

was observed in Erbin null mice, the surface expression and function of AMPAR are 

decreased in ErbinΔC/ΔC mice confirming the importance of the PDZ domain-dependent 

interaction [108]. Together, these studies provide additional evidence supporting the role of 

Erbin as a signaling scaffold in neuronal cells.
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A complex role of Erbin in cancer

Given its role in the regulating ERBB2 tyrosine kinase receptor and RAS/RAF signaling 

pathways, it is not surprising that a number of studies have focused on elucidating the 

functional importance of Erbin in different cancer types. Upon surveying the COSMIC 

collection of cancer mutations, we found that the frequency of Erbin mutations ranges from 

no mutations found in several cancer types to up to 8% in liver cancer. Among 

nonsynonymous mutations, the most common type is a missense substitution followed by a 

small percentage of nonsense and frameshift mutations. Interestingly, these mutations are 

evenly distributed throughout the entire coding sequence of Erbin with no particular hotspots 

(the highest number of a single site mutation found is 4). This type of mutation pattern is 

often associated with tumor suppressor genes. A number of in vitro and in vivo studies on 

characterizing the expression and function of Erbin in different cancers have revealed 

conflicting findings depending on the cancer type and experimental settings. Here, we 

summarize studies that have implicated Erbin as a tumor suppressor as well as studies 

showing oncogenic functions of Erbin.

Erbin as a tumor suppressor—Supporting a tumor suppressor role of Erbin, silencing 

of Erbin expression decreased ERBB2-mediated phosphorylation of Akt and increased the 

sensitivity of breast cancer MCF7 cells to TRAIL-induced apoptosis [109]. In addition, loss 

of Erbin rendered cervical cancer cells resistant to cell-detachment-induced anoikis by 

upregulating nuclear translocation and activation of STAT3 [110]. Moreover, Erbin was 

found to interact with Tax1, an oncoprotein encoded by human T-cell leukemia virus type I 

(HTLV-I). Possibly, Tax1 activates RAS/RAF signaling by disrupting Erbin-mediated 

suppression of this pathway [111–113]. Decreased expression of Erbin protein and mRNA 

was detected in breast cancer patient samples when compared to normal controls. Silencing 

of Erbin resulted in increased amplitude and duration of both Akt and ERK1/2 

phosphorylation downstream of heregulin stimulation in ERBB2-overexpressing breast 

cancer cells [114]. More recently, the interaction between Erbin and DSG1 has been shown 

to inhibit invasion and metastasis of head and neck squamous cell cancer cells by 

suppressing the formation of invadopodia and EGFR/ERK signaling [115].

Studies on characterizing the expression of Erbin in cancer have identified Erbin as one of 

the genes that was strongly induced by BRCA1 expression in breast cancer cells using the 

suppression subtractive hybridization technique [116]. Additionally, it was found that the 

promoter region of the Erbin gene contains a consensus sequence for binding the 

transcription factor c-Myb which controls Erbin expression in a cell cycle-dependent 

manner. Erbin expression peaks in the G2/M phase. The loss of Erbin led to the formation of 

multipolar spindles and ultimately abnormal chromosome division, suggesting that Erbin is 

required for the maintenance of chromosomal stability [117]. Moreover, Erbin expression is 

regulated by the SCFSkp2 ubiquitin ligase. Although an interaction between Erbin and Skp2 

was not detected, knockdown of Skp2 increased Erbin protein expression in Hela cells. 

Functionally, silencing Erbin enhanced signaling through the Akt/Skp2 axis to promote the 

degradation of p27, a known substrate of Skp2, and cell proliferation. While additional 

studies are needed to determine whether Erbin is a target of SCF-Skp2, results from this 

study support a tumor suppressor role for Erbin [118]. More recently, miR-183-5p has been 

Jang et al. Page 13

FEBS J. Author manuscript; available in PMC 2021 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identified as a negative regulator of Erbin mRNA expression in AML cells [119]. 

Overexpression of miRNA-183 increased Erbin mRNA and protein expression and inhibited 

cell proliferation, whereas a miRNA-183 mimic had the same effect as knocking down 

Erbin. In addition, Erbin was found to interact with Grb2, decrease Grb2 stability, and 

inhibit both PI3K/Akt and RAS/RAF signaling [119]. Taken together, these studies indicate 

that Erbin expression can be regulated at both mRNA and protein levels in different cancer 

types and downregulation of Erbin promotes cell growth downstream of oncogenic signaling 

in these cancers.

To elucidate the functional importance of Erbin in colon cancer in vivo, Stevens et al. 
showed that the expression of Erbin is significantly downregulated at both mRNA and 

protein levels in colon cancer patient specimens [95]. While Erbin expression was detected 

along the epithelial cell–cell junction in normal human colon tissues, the expression of Erbin 

was markedly reduced and mislocalized to the cytoplasm in tumor tissues. Knockdown of 

Erbin disrupted epithelial cell polarity and induced EMT. As a consequence, the 

proliferation in 3D cultures as well as migration and invasion of colon cancer cells were 

increased. Mechanistically, Erbin interacted with KSR1 and displaced it from the 

RAF/MEK/ERK complex thereby preventing signaling propagation. Silencing Erbin 

enhanced the amplitude and duration of signaling through both Akt and RAS/RAF 

pathways. Furthermore, crossing Erbin−/− mice to the Apc-driven mouse model of colon 

cancer significantly accelerated tumor progression and reduced survival. Tumor organoids 

derived from Erbin/Apc double knockout mice acquired increased cancer stem cell 

properties and tumor initiation potential. Collectively, these studies identify Erbin as a 

negative regulator of colon cancer tumorigenesis by suppressing Akt and RAS/RAF 

signaling in vivo.

Erbin as an oncogenic protein—In contrast to what is described above, others showed 

that increased Erbin expression promotes tumorigenesis. Earlier in vitro studies showed that 

knockdown of Erbin in HT29 cells reduced the formation of multicellular tumor spheroids in 

3D [120]. In addition, increased Erbin has been associated with paclitaxel resistance in 

gastric cancer cells [121]. Subsequently, Erbin was found to bind the E3 ligase c-Cbl via its 

PDZ domain and decrease c-Cbl-mediated ubiquitination and degradation of EGFR in colon 

cancer cells. As a result, knockdown of Erbin led to decreased phosphorylation of Akt and 

ERK. Moreover, overexpression of Erbin enhanced xenograft tumor growth; and deletion of 

Erbin C terminus in vivo reduced the average size of colon tumors induced by AOM 

treatment in ErbinΔC/ΔC mice. These results suggest that Erbin functions to promote 

tumorigenesis by disrupting c-Cbl-mediating downregulation of EGFR signaling [122].

Consistent with their finding of Erbin as an oncogenic protein, the same research group 

demonstrated the tumor promoting function of Erbin in hepatocellular carcinoma (HCC) 

[123]. Analysis of HCC patient samples revealed a stage-dependent increase of Erbin 

expression in HCC patients. Erbin was found to interact with nuclear receptor ERα, and this 

interaction enhances the association between ERα and Chip, a known E3 ligase of ERα, and 

Chip-dependent ubiquitination and degradation of ERα. Since ERα signaling plays a 

protective role in attenuating HCC development, Erbin attenuates ERα expression and its 

transactivation activity to drive tumorigenesis [123,124]. Supporting the tumor promoting 
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function of Erbin in HCC, a recent study identified Erbin as a direct target of miR-23c, in 

that overexpression of miR-23c suppressed Erbin expression to inhibit HCC cell 

proliferation in vitro and tumor growth in vivo [125].

4324460480706000In an effort to investigate the function of Erbin in breast cancer, Tao et 
al. [126] showed that deletion of Erbin or its C terminus delays mammary tumor 

development and prolongs the survival of MMTV-Neu mice. Interestingly, Erbin loss 

decreased the expression of ERBB2 protein without affecting ERBB2 mRNA in vivo. Erbin 

was found to form a ternary complex with ERBB2 and HSP90. In this complex, Erbin 

stabilized the interaction between HSP90 and its protein client ERBB2 and blocked ERBB2 

ubiquitination. Silencing of Erbin decreased the proliferation of ERBB2-dependent human 

breast cancer cells in both 2D and 3D cultures. Nevertheless, crossing Erbin−/− or 

ErbinΔC/ΔC mice to MMTV-PyVT-driven breast cancer models did not alter tumor 

development and progression, suggesting that the tumor promoting function of Erbin is 

unique to ERBB2-driven breast cancer [126]. Based on the finding that Erbin stabilizes 

ERBB2 expression by disrupting ERBB2-HSP90 interaction, it has been postulated that 

peptide inhibitors may be developed to treat ERBB2-driven breast cancer by specifically 

blocking the PDZ domain-dependent interaction between Erbin and ERBB2 [127]. However, 

given the multifunctional role of Erbin PZD domain beyond its ability to regulate ERBB2, 

the specificity for such an interference strategy is likely difficult to achieve.

Furthermore, in a study to determine the role of SAG (gene name RNF7), an essential 

component of the SCF ubiquitin E3 ligase, in KRASG12D-induced papillomagenesis, Erbin 

was identified as a substrate of SAG-β-TrCP complex [128]. In KRASG12D-expressing 

primary keratinocytes, SAG deletion significantly accelerates the formation of skin 

papillomas in vivo. Interestingly, knockout of SAG decreased the activation of RAS/RAF 

signaling by increasing Erbin expression. The interaction between Erbin and βTrCP was 

mediated through an evolutionarily conserved consensus binding motif (DSGXXS) at amino 

acids 958–963 (TSGPQS) in Erbin. In this KRAS-driven tumor model of skin cancer, Erbin 

functions consistently as a negative regulator of the RAS/RAF pathway. However, because 

hyperactivation of RAS/RAF signaling induces senescence of keratinocytes, increased Erbin 

expression downstream of SAG deletion essentially bypasses KRASG12D-induced 

senescence and promotes papillomagenesis. Indeed, heterozygous deletion of Erbin in 

KRASG12D/SAG−/− double mutant mice attenuates tumor progression [128].

Collectively, studies on elucidating the role of Erbin in cancer have led to seemingly 

conflicting conclusions. In seeking for consensus, the following variables in experimental 

systems need to be taken into consideration. First, Erbin is a membrane-localized protein 

associated with the adherens junctions in polarized epithelial cells. The function of Erbin 

likely changes as the epithelial polarity and cell–cell junction are progressively disrupted 

during tumor progression. This may also explain the functional differences of Erbin in 

cancer cells of epithelial origins vs. leukemia cells. Second, alterations of Erbin expression 

or mutations in the Erbin gene are generally not considered drivers of tumorigenesis. 

Depending on the predominant pathways that drive tumorigenesis, specific phenotypes 

associated with altered Erbin expression are likely different. For example, Erbin may 

promote ERBB2-dependent breast cancer by stabilizing ERBB2 expression, whereas it 
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inhibits RAS/RAF signaling to prevent colon cancer progression. In addition, since in vivo 
tumorigenesis studies have been conducted using whole-body Erbin knockout or mutant 

mice, the functional contribution of Erbin loss in controlling inflammatory responses has not 

been integrated into the analysis of tumor phenotypes. Finally, as discussed above Erbin 

contains multiple protein–protein interacting modules. The overall signaling outcome 

downstream from Erbin is expected to vary in a cell-type- and cell-context-dependent 

manner based on the expression of its binding partners.

Conclusions and Closing remarks

Critical roles of scaffolding proteins have been reported in a large number of biological 

signaling processes [1]. Scaffolds show remarkable diversity in the ways by which they 

facilitate transmission of intracellular signals. These ways extend beyond a simple concept 

of bringing signaling proteins to close proximity and increasing an efficiency of their 

interaction [129]. As discussed above, a collection of functional studies has linked aberrant 

Shoc2 and Erbin expression with a multitude of human diseases (Table 1). Given the 

multipotent role of these scaffolding proteins, we anticipate that future studies will continue 

to dissect the molecular mechanisms underlying the specificity of signaling dynamics.

Studies of Shoc2 over the past decade have exposed the intricacy of the mechanisms 

regulating assembly of the scaffolding complex and the cellular function of Shoc2-mediated 

signals. Not only have they have further emphasized the central position of Shoc2 in the 

ERK1/2 pathway, but also uncovered its role in other intracellular signaling cascades. 

Nevertheless, our understanding of the multifaceted Shoc2 machinery and biological 

activities controlled by the module remains incomplete. It would be important to identify all 

the proteins supporting the process of the Shoc2 scaffold assembly and remodeling. Several 

gaps remain to be filled in order to understand the stimuli that activate assembly of the 

scaffolding complex as well as mechanisms that guide subcellular distribution of the Shoc2 

scaffolding complex. The final effects of the subcellular redistribution of the complexes and 

how it affects ERK1/2 signals are yet to be determined. Given the already existing interest in 

the development of therapeutics agents targeting Shoc2 in cancer, we anticipate to see an 

expansion of these efforts in identification of novel pharmaceutical agents targeting Shoc2.

Following the first identification of Erbin as a binding partner of ERBB2 two decades ago, 

more than 20 proteins have been found to interact with Erbin under various experimental 

conditions (Fig. 3). The structure of the Erbin PDZ domain in complex with the C-terminal 

PDZ ligand derived from ERBB2 has been solved to explain the binding specificity between 

the two proteins [73]. However, more studies are needed not only to resolve the controversial 

role of Erbin in cancer, but also to address other outstanding questions. For example, the 

molecular mechanisms underlying Erbin-mediated regulation of epithelial cell polarity are 

currently unknown. It remains an open question if Erbin forms a complex with polarity 

proteins (such as PAR3 or PAR6) at the adherens junction to facilitate the establishment of 

apical–basolateral polarity. In addition, structural studies of the LRR domain and linker 

region of Erbin are needed to better understand how Erbin utilizes different structural 

elements for interacting with diverse signaling molecules. Moreover, as numerous Erbin 

mutations are found in various cancer types, studies focusing on determining the functional 
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contribution of these mutants will further advance our understanding of Erbin’s role in 

cancer.

In summary, by nucleating a large number of protein complexes in cells, Shoc2 and Erbin 

share an ability to function as signaling scaffolds. Each protein has been shown to regulate 

multiple signaling pathways and loss-of-function mutations contribute to the development of 

human disease. Importantly, the intricate interplay between Shoc2 and Erbin in regulating 

signaling propagation through the RAS/RAF/ERK pathway highlights the importance of 

balancing signaling outcomes with scaffolding proteins (Fig. 2). Future studies of Shoc2 and 

Erbin will provide fundamental insights into our understanding of the mechanisms by which 

other scaffolds may be controlled.
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Abbreviations

AAA+ ATPase-associated with diverse cellular activities

APIS AAA proteins independent of 20S

BRCA1 breast cancer 1

DSG1 Desmoglein 1

EGF epidermal growth factor

Erbin ERBB2-interacting protein

EMT epithelial–mesenchymal transition

ERK1/2 extracellular signal-regulated kinase

HNSCC head and neck squamous cell cancer

HTLV-I human T-cell leukemia virus type I

HCC hepatocellular carcinoma

HUWE-1 HECT, UBS, and WWE domain containing 1

IBMPFD inclusion body myopathy with Paget’s disease of bone and 

frontotemporal dementia

LRR leucine-rich repeat

LAP LRR And PDZ domain

LGALS3BP lectin galactoside-binding soluble 3-binding protein
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MITF microphthalmia-associated transcription factor

MMPs matrix metalloproteinases

NSLAH Noonan syndrome with loose anagen hair

NRG1 Neuregulin 1

PP1C protein phosphatase 1c

PSMC5 proteasome 26S subunit ATPase 5

SARA SMAD anchor for receptor activation

SCRIB Scribbled homolog

SID Smad-interacting domain

SPPK Striate palmoplantar keratoderma

TGFβ Transforming growth factor beta

VCP Valosin-containing protein

VDF voltage-dependent facilitation
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Fig. 1. 
Known Shoc2-interacting proteins, mapped to the N- or C-terminal region of Shoc2. Direct 

interaction of proteins in I and II with individual domains of Shoc2 was measured by yeast 

two-hybrid assay, binding assays using recombinantly expressed and purified GST-fusion 

proteins, or another biochemical strategy. Shoc2 LRR domain contains binding regions for 

PP1c (LRR4), the E3 ligases HUWE1 (LRR12-14), FBXW7 (LRR18), PSMC5 (LRRC), 

and VCP/p97 (LRR12-14). Proteins listed in III as ‘coimmunoprecipitated with Shoc2’ have 

not been shown to bind Shoc2 directly.
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Fig. 2. 
Simplified model for signaling pathways linked to the scaffold proteins Shoc2 and Erbin.
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Fig. 3. 
The schematic diagram of the domain composition of LAP family proteins. The LAP family 

contains vertebrate Erbin, LRRC7, SCRIB, and LRRC1 together with Drosophila Scribble, 

Lap1, and C. elegans LET-413. All known LAP proteins contain N-terminal LRR domains 

followed by two conserved LAPSD domains. With the exception of LRRC1, other LAP 

proteins contain either one or four PDZ domains. The C terminus of LRRC1 contains a PDZ 

ligand sequence.
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Fig. 4. 
Known Erbin-interacting proteins mapped to the LRR, PDZ, or linker region of Erbin. 

Erbin-interacting proteins identified to date are subdivided into four groups based on where 

they bind in Erbin. Proteins listed in group IV were found to interact with Erbin by co-

immunoprecipitation experiments but no specific binding sites were identified. Note that 

Nod2 was found to interact with both the LRR domain and the linker region of Erbin. The 

interaction site for DSG1 also includes a portion of the linker region upstream of the PDZ 

domain.
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Table 1.

Cancer subtypes and other clinical pathologies associated with Shoc2 and Erbin.

Protein Associated Pathologies Key reference

SHOC2 Noonan-like syndrome with loose anagen hair [44]

Breast cancer [60]

Colorectal cancer [31]

Non-small-cell lung cancer [22]

Pancreatic cancer [37]

ERBIN Atopy [101]

Cardiac hypertrophy [79]

Diabetic peripheral neuropathy [80]

Inflammatory bowel disease (Crohn’s disease) [105]

Renal interstitial fibrosis [104]

Striate palmoplantar keratoderma [86]

Acute myeloid leukemia [119]

Breast cancer [126]

Cervical cancer [110]

Colorectal cancer [95]

Head and neck squamous cell cancer [115]

Hepatocellular carcinoma [123]
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