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Abstract

:

The activation of members of the Epidermal Growth Factor Receptor (EGFR) family (including ErbB) triggers pathways that have significant effects on cellular processes and have profound consequences both in physiological and pathological conditions. Within the nervous system, the neuregulin (NRG)/ErbB3 signaling plays a crucial role in promoting the formation and maturation of excitatory synapses. Noteworthy is ErbB3, which is actively involved in the process of cerebellar lamination and myelination. All members of the ErbB-family, in particular ErbB3, have been observed within the nuclei of various cell types, including both full-length receptors and alternative variants. One of these variants was detected in Schwann cells and in glioblastoma primary cells where it showed a neuregulin-dependent expression. It binds to promoters’ chromatin associated with genes, like ezrin, involved in the formation of Ranvier’s node. Its nucleolar localization suggests that it may play a role in ribosome biogenesis and in cell proliferation. The regulation of ErbB3 expression is a complex and dynamic process that can be influenced by different factors, including miRNAs. This mechanism appears to play a significant role in glioblastoma and is often associated with a poor prognosis. Altogether, the targeting of ErbB3 has emerged as an active area of research in glioblastoma treatment. These findings highlight the underappreciated role of ErbB3 as a significant receptor that can potentially play a pivotal role in diverse pathologies, implying the existence of a shared and intricate mechanism that warrants further investigation.
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1. The Family of ErbB Receptors


The Epidermal Growth Factor Receptors (EGFRs) are four tyrosine kinases that can establish a wide network of communication among them and between different cellular pathways. Thus, they regulate and control, in turn, either physiological or pathological conditions. The family of EGFRs consists of four members, ErbB1, ErbB2, ErbB3, and ErbB4 (ErbB: erythroblastic leukemia viral oncogene homolog), also called Her1, Her2, Her3, and Her4 respectively (Her: Human epidermal growth factor). These glycoproteins are transmembrane tyrosine kinase receptors that, once activated, regulate important intracellular pathways involved in cell division, proliferation, differentiation, migration, angiogenesis, apoptosis, and survival. They can also influence cellular behavior in response to extracellular signals [1]. Substantial evidence supports the involvement of ErbB family in the development and progression of various types of cancer. ErbBs are frequently found in elevated levels in tumors [2,3]. In numerous cells, multiple members of the ErbB receptor family are co-expressed. Upon stimulation with growth factor ligands, these receptors can form both homo- and heterodimers [4]. Specifically, ErbB receptors can arrange into homodimers (ErbB1 and ErbB4) or, predominantly, heterodimers (ErbB1/ErbB2, ErbB3/ErbB2, and ErbB4/ErbB2), initiating unique intracellular signaling pathways. There are more than ten distinct ligands that activate ErbB receptor family members. Among them, three have been categorized as EGF agonists due to their specific binding to ErbB1 (EGF, TGF-α, and amphiregulin), four are specific to ErbB3 and/or ErbB4 (neuregulins (NRGs) also known as heregulin (HRG), while another three are bispecific, capable of binding to both ErbB1 and ErbB4 (betacellulin, epiregulin, and heparin-binding EGF-like) [4,5,6] (Figure 1). The NRG gene family comprises four members: NRG-1, NRG-2, NRG-3, and NRG-4. Within this gene family, numerous isoforms are generated through alternative exon splicing. These isoforms exhibit diverse tissue distributions and have various biological activities [7]. In most cases, these NRG proteins are initially synthesized as precursors and subsequently undergo activation and release from the cell membrane through specific proteolytic processes, [8]. The subsequent activation of various pathways and crosstalk between them, either within the same family or among different receptors, remains an intriguing challenge [9,10].



They are functionally dependent and complementary, playing a significant role in heterodimer formation following ligand binding. This process is tightly controlled and is involved in various physiological conditions including embryonic development, as well as aggressive tumor scenarios like mammary lung cancer and glioblastoma [11]. Of particular interest is the relationship between ErbB2 and ErbB3, which, when functioning independently, are incomplete (with ErbB2 lacking the ligand binding site and ErbB3 lacking tyrosine kinase activity). However, when they bind with the NRG, they undergo heterodimerization and generate a potent activation signal. Furthermore, the interaction between ErbB3 and ErbB1 can have important implications for cancer biology and therapeutic strategies. Studies have shown that both ErbB3 and ErbB1 are frequently overexpressed in glioblastoma, the most common and aggressive form of glioma [11]. This receptor’s overexpression can lead to heterodimer formation and the activation of downstream signaling pathways, including the PI3K (phosphatidylinositol 3-kinases)-AKT (PKB—protein kinase B) and MAPK (mitogen-activated protein kinase) pathway, which can promote cell survival, proliferation, and invasion, and can contribute to glioma development and progression [12]. Overall, the interaction between ErbB3 and ErbB1 in glioblastoma is complex and multifaceted. Further research is needed to fully understand the nature and significance of this interaction and its potential as a therapeutic target.



To conclude, this family of receptors, along with its downstream pathway encompassing ligands and targets, holds significant relevance in numerous contexts, both physiological and pathological. Despite the multitude of studies dedicated to unraveling these intricate crosstalk interactions, further endeavors are required to fully comprehend the breadth of this mechanism.




2. ErbB Receptor Structure


Studies of the structures of the EGFR family allow us to understand conserved strategies of action, introducing strengths and weaknesses of the pathways and of targeting both. The general structure of the EGFRs is made of an endo-domain and an ecto-domain. The first domain is in turn composed of a transmembrane domain (23 aa), a juxta membrane domain (40 aa), and a tyrosine kinasic domain with the C-terminal tail (232 aa). The last domain is involved in the interaction between the receptor and the ligands and is composed of the N-terminal glycosylated extracellular domain (620 aa) [13]. After ligand binding, EGFRs interact with each other and form homo- or heterodimers, which then activate the intrinsic tyrosine kinase activity. This leads to the trans-phosphorylation of the receptors’ intracellular domains, which in turn recruit proteins involved in cytoplasmic signaling pathways associated with domain phosphorylation. Otherwise, with a partial homology sequence, the precise domain sequences vary in the EGFRs and lead them to acquire unique features. Higher analogy domain sequences are those that perform more similar functions in the four receptors, hence, less conserved domain sequences are those that perform different functions [10]. The highest grade of homology (64–67%) is verifiable in catalytic domains which form the essential structure for the tyrosine kinase activity [14]. This explains why several molecular inhibitors that bind to STP-binding cassettes target more than one ErbB-receptor [15]. The domains responsible for the interaction with the ligand show 43–45% homology between ErbB3, ErbB2; and ErbB1; in fact, they interact with similar ligands. The extracellular domains of ErbB3 show 50 conserved cysteine residues compared to ErbB2 and ErbB1, as well as ten partially conserved glycosylation sites. Interestingly, up to 30% of the entire molecular weight of ErbB3 is composed of the glycosidic groups. Just one of those glycosylation sites is conserved, which suggests that this modification contributes to the functional uniqueness of this receptor [16]. Glycosylation is important for ligand-dependent and -independent function of ErbB receptors, but also for protein stability and signaling. Mutation in the conserved glycosylation site (Asn to Gln) in a CHO cell line led to auto-dimerization and heterodimerization with ErbB2 even in the absence of the ligand and to the acquisition of neoplastic features by the cells [16]. Glycosylation in Asn-418 hampers tumor progression, stopping aberrant ErbB2-ErbB3 heterodimerization [10]. The proximal site of the transmembrane domain (21 aa) is very conserved. The cytoplasmic domain (277 aa) shows 60–62% sequence homology between ErbB3, ErbB1, and ErbB2 and overlaps with the tyrosine kinase catalytic domain. There is also one binding site for ATP (position 716–721) and a lysine residue with the C-terminal part conserved compared to the other members of the EGFR family. The most divergent region between ErbB3, ErbB2, and ErbB1 comprises 364 aa: Tyrosine residues (position 1197, 1199, and 1262) in proximity of phosphorylation sites and YEYMN repeated sequences (position 1260–1264). These hallmarks make this region the possible auto-phosphorylation site of ErbB3 protein [14]. ErbB4 is unique among ErbB receptors because it goes through alternative splicing. There are four different versions of ErbB4 mRNA obtained by two splicing locations: one in the outer part near the membrane and the other in the inner part, beyond the tyrosine kinase domain.



In summary, EGFRs share a common structural framework and a universal mechanism of activation and signaling, consisting of the following steps: ligand binding, homo- or heterodimerization, activation of the intrinsic tyrosine kinase activity, trans-phosphorylation of the intrinsic domain, and recruitment of associated proteins. It is worth noting that sequence variations lead the receptor to acquire distinctive characteristics alongside their shared functions. Among these shared features, certain targeting strategies can be advantageous or detrimental. These diversifications are prominently exemplified in the glycosylation sites of ErbB3, which can affect both ligand-dependent and -independent functions, as well as stability and signaling. Additionally, tyrosine residues near the phosphorylation site play a role as auto-phosphorylation sites, further illustrating the complexity of these receptors.




3. ErbB Receptors and Neural Development


Neuregulin/EGFR signaling is heavily involved in various aspects of neural development, from synapse formation to cellular differentiation, myelination, and establishment of pathways involved in psychiatric disorders. The members of the ErbB receptors family have been implicated in various aspects of neural development. NRG/ErbB signaling has been implicated in neural development, including circuit generation, axon lining, neurotransmission, and synaptic plasticity. Several members of this signaling network are encoded by genes involved in psychiatric disorders [17]. NRG/ErbB signaling also contributes to synapse formation and promotes the formation and maturation of excitatory synapses on GABAergic interneurons [18,19,20,21]. NRGs function by activating ErbB tyrosine kinases, such as ErbB2, ErbB3, and ErbB4 [22]. Specifically, the ErbB2 and ErbB4 receptors are involved in glial differentiation, which is necessary for the radial migration of neurons in the cortex and cerebellum, respectively [23]. Undifferentiated neural stem cells in the nervous system express high levels of ErbB1 or ErbB2 [24]. Following neural development and maturation, the level of ErbB1 decreases, and ErbB4 expression is elevated, both of which are limited to midbrain dopaminergic neurons and GABAergic cells [25]. In the glial lineage, ErbB1 expression is replaced by ErbB3 during development. The interactions of NRGs expressed on the neuronal surface with ErbB3 in oligodendrocytes promote their differentiation and myelination [26]. ErbB1 is distributed in dopaminergic neurons in the substantia nigra compacta, as well as in the ventral tegmental area [24]. Similarly, ErbB4 is expressed in the same regions but not always in the same dopaminergic cell population [25]. NRG1 has been linked to neural development and brain activity homeostasis. Nevertheless, the simultaneous knockout of ErbB2 and ErbB4 has no effect on cortical and cerebellar lamination [27,28]. Conversely, ErbB4 plays a critical role in the assembly of GABAergic circuitry [29,30,31,32], while ErbB3 is necessary for myelination in the central and peripheral nervous systems [33,34,35] (Figure 2). Although ErbB3 is expressed in the developing brain, its role in central nervous system development remains unknown due to the embryonic lethality caused by null mutation [36]. The NRG-ErbB signaling pathway appears to be common among mammals, functioning in both mice and humans. NRG plays a crucial role as a neuronally-released factor that activates microglia in the central nervous system (CNS). This activation is observed in response to experimental peripheral nerve injuries and degenerative diseases in both human and mouse models.



In brief, the signaling pathways activated by NRGs and ErbB receptors play a crucial role in various aspects of neural development, maturation, and the maintenance of proper function and homeostasis, both in the central nervous system and the peripheral nervous system. These receptors are dedicated to distinct functions, leading to their expression in different locations and at various developmental stages, all highly coordinated. However, a comprehensive understanding of the precise roles that these receptors play in the brain remains a formidable challenge, as variations in their expression can potentially result in significant disorders.




4. Focusing on ErbB3


ErbB3 is the one receptor of the family that shows unique features that are worth focusing on. The ErbB3 gene is localized on human chromosome 12q13.2, a region of particular interest for specific translocation [37,38,39]. It is characterized by 28 exons and 28.2 kb, approximately 75 kb of genomic DNA (NCBI Gene ID2065) (Figure 3). The ErbB3 mRNA consists of 6.2 kb, 4080 nucleotides, and 1342 codons. The reading frame is from position 46 to 4126. The first ATG is in the 100th position contributing to the formation of a 148 kDa polypeptide that represents the full-length transmembrane receptor that is strictly correlated to ErbB1 and ErbB2. ErbB3 usually weighs around 185 kDa because it undergoes significant glycosylation at ten possible N-linked glycosylation sites [37,38,39,40].



Nevertheless, nucleotide analysis reveals three reading frames. ErbB3 gene expression is under control of its promotor characterized by high contents of GC nucleotides (about 65%), by the absence of a TATA box, and by the presence of more than one starting transcription site [41]. Furthermore, the promoter region of the ErbB3 gene contains multiple regulatory elements that control its transcriptional activity, including binding sites for various transcriptional factors such as AP-1 (Activator Protein-1), NF-KB (nuclear factor kappa-light-chain-enhancer of activated B cells), and E2F transcriptional factor. The promoter is more active in cells that show major ErbB3 expression that could be regulated by a variety of stimuli, including growth factors, hormones, and environmental stress [42,43]. The extracellular domain of ErbB3 (from aa 20 to 630) has some unique features that could be triggered for its different functions. It is made of four sub-domain b-helix right-handed or solenoid structures: I-L1, II-C1, III-L2, IV-C2. Sub-domain I and III are Leucine Rich Repeat members and are the deputies to interact with the ligands. Subdomains II and IV are rich in cysteine and are characterized by extended structures with disulfide bonds that set up the structure [13]. When the ligand is absent, domains I and IV interact with each other, making up a β-hairpin structure that confers a closed conformation that does not lead to ligand-binding and dimerization. Instead, when the ligand is present, the extracellular domain takes a more extended conformation that permits binding the ligand, and then heterodimerization with ErbB2, producing strongly mitogenic signals [13,44]. The wide conformation may require additional events or the simultaneous binding of two ligand molecules for its final action. It has been suggested that inactive ErbB3 exists in oligomerized pools that are built via ligand-independent mechanisms in the plasma membrane. NRG1β binding to ErbB3 can destabilize these oligomers, freeing ErbB3 to heterodimerize with a partner (typically ErbB2). The affinity of the binding between ErbB3’s extracellular domain and its favorite ligand NRG is very high and increases after heterodimerization with ErbB2. It remains high even at endosomal pH (pH 5.5) [3,45]. The transmembrane domain is characterized by a single a-helix chain which seems to interfere with the setting up of ligand binding and the induction of the receptor’s dimerization [46]. In this action, the GXXXG motifs appear important: they permit a wide interface area between adjacent helix, bring them near each other and create a plane surface that allows binding between the side chains. ErbB3 is the only one in the family that has a unique sequence like the one mentioned above, namely TXXXG, in the transmembrane domain. It seems to be the motif that reflects less aptitude to form oligomers as to promote heterodimerization [47]. Protein kinase enzymes show a catalytic domain with a great number of conserved amino acids suggesting their role in the catalytic function. Otherwise, ErbB3 presents some variation in three residues of this domain, suggesting a lower kinase activity but also new possibility of interaction with ErbB2 [48,49]. The catalytic domain of c-erbB3 (cloned form of ErbB3) shows a homology sequence of about 60–63% compared to the other ErbB family members [50]. The gene encoding c-erbB-3 was cloned almost simultaneously by two groups [50,51]. It encodes a 160–180 kDa glycoprotein which has all of the structural features of the EGF family of tyrosine kinase receptors [52]. The highest proportion of sequence identity with c-ErbB-3 is within the catalytic domains of EGFR (60%), c-erbB-2 (cloned form of ErbB2) (62%), and c-erbB-4 (cloned form of ErbB4) (63%). The substitution in E740N and D815N leads to a reduction in the auto-catalytic function as compared to the wild type of the receptor either in vitro or in vivo [53]. Mutations significantly increase the ability to interact with the SH2 (Src-Proto-oncogene tyrosine-protein kinase—Homology 2) domain of Syp and PI3K. Furthermore, ErbB3 escapes from Protein Kinase C (PKC) regulation because of the lack of regulatory threonine which is present in the other Ebbs’ members [51]. Based on these observations, it is suggested that ErbB3 is a pseudo-kinase that acts like a scaffold protein that mediates the assembly of signaling complexes or as an allosteric regulator of other proteins. Lacking tyrosine kinase activity, ErbB3’s cytoplasmic region is preserved, and it is thought to play a role in the interaction between ErbB3 with other proteins thanks to the consensus sequence for ATP binding (aa 716–721). c-ErbB3 interacts with SHC-transforming protein 1 [51], which is involved in apoptosis, drug resistance, mitogenesis, carcinogenesis and metastasis. Another possible interaction is between c-ErbB3 and the p85-PI3K subunit that is involved in cell growth, proliferation, differentiation, motility, and survival. c-ErbB3 contains six potential binding sites (“YMXM” or “YXXM” sequences) with p85-PI3K in the C-terminal domain and one of these in the tyrosine kinase domain [52]. Numerous tyrosine residues situated proximally to phosphorylation sites, along with recurring YEYMN sequences, potentially associated with auto-phosphorylation or uncharacterized functions, may initiate transduction pathways.



In summary, full-length ErbB3 represents a predicted 148 kDa polypeptide intimately linked to its family counterparts. The extracellular domain, entrusted with ligand binding, demonstrates robust affinity, and possesses distinctive features that can be harnessed for diverse functional roles. This can result in reduced kinase activity and affect interactions not only with ErbB2 but also with Syp and PI3K. Furthermore, the absence of regulatory threonine allows ErbB3 to elude PKC regulation. The interactions it orchestrates, thanks to these distinctive features, play pivotal roles in numerous critical cellular events.




5. Erbb3 and Glial Cells


The EGFRs are committed in different functions in the central nervous system (CNS) and peripheral nervous system (PNS), so that they are expressed in different localization, at different stages of development in a very coordinated way [54,55,56]. Rat models suggest that the Erbb3 receptor plays a critical role in brain development, and its expression begins as early as E16 in the brain, reaching a peak around P20. This temporal expression pattern correlates with the process of cerebellar lamination, which takes place from E15 to P21 [32,56]. However, as they age, the mutants show a smaller increase in brain weight compared to controls. Approximately 90% of mutant mice had significantly smaller brains than controls, indicating that Erbb3 mutant mice have impaired motor skills [57,58]. Interestingly, mice Erbb3 heterozygous mutants are healthy and fertile at birth. These findings suggest that brain regions involved in motor control and coordination might be altered by ErbB3 mutation. Motor impairments are often caused by disorders of the cerebellum [57,58,59,60]. The results suggest that the phenotypes of the Erbb3-mutants may be due to the lack of Erbb3 in glial cells in the cerebellum. Cerebellar glial cells are derived from glial precursors in the ventricular zone of the fourth ventricle and express glial fibrillary acidic protein (GFAP) [57,58]. Erbb3 was detected in GFAP + astroglial cells and was absent in astrocytes purified from the cerebella of GFAP: Cre; Erbb3F/F mice. The Erbb3 receptor is expressed in cerebellar astrocytes but not in granule neurons (GNs) [59,60]. Erbb3 ablation impairs the expansion of cerebellar glial cells. The number of mutant cerebellar astroglial cells is only 50% of the control at DIV12. The decrease in the number of mutant Erbb3 cerebellar astroglial cells is caused by impaired proliferation rather than increased apoptosis. The existence of multiple NRG ligands for ErbB3 suggests functional redundancy, which adds a layer of complexity in delineating the role of each NRG in neural development. In addition to NRG1, two other NRG proteins, namely NRG2 and NRG6, bind to ErbB3 and are expressed in the cerebellum [61,62,63]. Nevertheless, previous studies indicated that ErbB2 and ErbB4 are not essential for cerebellar lamination [27,28]. Therefore, it is possible that ErbB3’s role in regulating cerebellar lamination operates independently from the other ErbB receptors.



The distribution and significance of ErbB receptors have been extensively investigated within the avian and murine central nervous systems [63,64]. A recent study has extended this inquiry to the primate nervous system, elucidating the distribution of ErbB2, ErbB3, and ErbB4 mRNA and protein in the primate brain, uncovering significant variations in mRNA expression. Notably, that research unveiled the presence of ErbB proteins in both neurons and glial cells within the frontal cortex, with distinct ErbB antibodies strongly staining the neuronal nucleus. This distribution was widespread, encompassing cortical, hippocampal, and subcortical regions throughout the primate brain. The coexistence of ErbB2 and ErbB4 in multiple brain areas, including the cortex, hippocampus, and basal ganglia, suggests the potential for ErbB2 and ErbB4 dimerization across various brain regions [65]. In contrast to the pronounced ErbB2 mRNA levels in grey matter regions, ErbB3 mRNA expression exhibited a lower, more uniform distribution. Remarkably, unlike prior reports, several studies revealed comparable ErbB3 mRNA expression levels in both grey and white matter in juvenile and adult monkeys [65]. Nevertheless, they did observe a stronger ErbB3 mRNA signal in white matter, particularly in one infant monkey and several adult human brains. This hints at the possibility that ErbB3 mRNA may exist at reduced levels in the white matter of post-neonatal macaque brains relative to other species. Importantly, all three ErbB receptor proteins were detected in both pyramidal and non-pyramidal neuron types throughout the brain, aligning with previous observations in rats.



Collectively, these findings underscore the widespread and abundant expression of ErbB receptors, suggesting their ongoing involvement in modulating neurotransmission in the postnatal primate brain [66]. Of note is the pivotal role played by the ErbB3 receptor in brain development, with its expression pattern correlating closely with cerebellar lamination processes, where it appears to be the sole receptor within the ErbB family overseeing this crucial function. However, as they aged, a notable increase in brain weight and motor skill impairments emerged, potentially attributed to the absence of ErbB3 in cerebellar glial cells, leading to compromised cellular proliferation. Adding another layer of complexity, it is worth noting the variety of NRGs that can bind to ErbB3 receptors.




6. ErbB3 and Myelination


NRG/ErbBs signaling is also involved in the myelination process. An alteration at this level can have important impacts on neural development. In higher vertebrates, myelin sheaths play a crucial role in facilitating the transmission of nerve impulses, which are essential for normal motor and sensory functions. Myelin enables rapid propagation of impulses along axons, allowing for long-distance connectivity [66,67]. The ErbBs signaling pathways are important in facilitating communication between projection neurons and axon-associated glial cells to promote myelination. Schwann cells express both ErbB2 and ErbB3 but not ErbB4. During the myelination process, oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS) are engaged in complex interactions with axonal segments, leading to the formation of myelin sheaths around the axons [67]. This results in the formation of internodes that are regularly separated by nodes of Ranvier [68,69,70]. In the PNS, axonal NRG1 serves as a crucial signaling molecule that regulates the behavior of myelinating Schwann cells. When Schwann cells are cultured, they can be stimulated by purified axonal membranes, leading to their proliferation [71,72,73,74]. In vivo, the Schwann cell critical growth factor is NRG1 Type III, which remains associated with axonal membranes [74,75]. It is the most prominent isoform of NRG1 in motoneurons of the spinal cord and sensory neurons of the dorsal root ganglia. In fact, NRG1 null mutant mice die with developmental heart failure at E11 without significant nervous pathology. The mutant not only lacks Schwann cells but also exhibits a loss of ErbB3-negative sensory dorsal root ganglia (DRG) neurons and spinal motor neurons [76,77,78]. The first in vivo evidence for the critical function of NRG1/ErbB signaling in the PNS came from mutant mice lacking Erbb3 [36]. Some mutant embryos develop until birth but die shortly after, exhibiting lethal neuropathy characterized by breathing defects and defects in the regulation of functional Transient Receptor Potential Vanilloid 1—Receptor (TRPV1) along sensory neuron axons [78]. However, the most important role of Neuregulin 1 (NRG1) lies in controlling Schwann cell development and peripheral myelination. Mutant embryos lacking in specifically this membrane-associated isoform can develop to term [79,80,81,82]. However, perinatal death in these mice is caused by a significant absence of Schwann cells and a severe reduction in dorsal root ganglia (DRG) neurons and motor neurons, as observed in Erbb3 mutants. In a gene-targeting experiment, the floxed ErbB2 gene was selectively eliminated in Schwann cells expressing a Krox20-Cre (also called Early Growth Response Protein 2, EGR2) transgene, resulting in a severe neuropathy phenotype that confirmed the critical role of ErbB2 signaling during cell myelination [83]. Inactivation of the floxed Erbb3 gene in Cnp-Cre mice led to even more severe peripheral dysmyelination [32], suggesting that the absence of ErbB2 in Schwann cells can be partially compensated by the presence of ErbB3 [84]. NRG1 Type III is targeted to long axonal projections and serves multiple functions [84].



In summary, ErbB signaling pathways, particularly involving ErbB2 and ErbB3, play a crucial role in facilitating communication between projection neurons and axon-associated glial cells to support the process of myelination. A pivotal player in this intricate process is NRG1, which associates with axonal membranes and is deemed the critical growth factor in vivo. Its primary function is to regulate the development of Schwann cells and peripheral myelination. This isoform exhibits prominent expression in motor neurons of the spinal cord and sensory neurons within the dorsal root ganglia. The inactivation of ErbB3 leads to more severe peripheral dysmyelination compared to ErbB2, implying a compensatory role of ErbB3, but not ErbB2, in this vital signaling pathway.




7. ErbB3 and Alternative Variants


In addition to the specific features, there are additional layers of complexity presented by various ErbB isoforms and protein variants, each with unique cellular localizations. It is worth noting that all members of the ErbB family have been identified within the nuclei of various cell types, including both full-length receptors and alternative nuclear variants [85]. Nuclear variants of ErbB3 are generated through alternative transcription initiation and encode a portion of the cytoplasmic domain of the full-length ErbB3. ErbB3 demonstrates distinct bands of various molecular weights (120 kDa, 80 kDa, and 50 kDa) in addition to the full- length receptor (180 kDa) [85]. Specifically, one of these variants has been identified in Schwann cells, and its expression is dependent on neuregulin signaling [86]. Notably, the 180 kDa full-length ErbB3 band is exclusively detected in cytoplasmic extracts, while the 50 and 80 kDa band are exclusively present in nuclear extracts [86]. The nuclear ErbB3 binds to the chromatin of promoters associated with genes expressed in Schwann cells. Among these genes, ezrin has been identified as a component of Schwann cell microvilli and plays a role in the formation of the nodes of Ranvier [86,87,88,89,90]. The expression of ErbB3 can be regulated by a variety of stimuli, including growth factors, hormones, and environmental stress. It undergoes alternative splicing, to generate multiple isoforms of the protein. These isoforms have different functions and may play distinct roles in various cellular processes. ErbB3 is frequently overexpressed in various types of cancer, including breast, ovarian, and glioblastoma. This overexpression is thought to contribute to tumor growth and progression by activating signaling pathways that promote cell proliferation, survival, and invasion. The genomic analysis of the partial structure of c-ErbB3 (cloned form of ErbB3) shows that ErbB3 gene encodes the transmembrane receptor mentioned above and a secreted isoform by alternative splicing mechanism [15,91]. It is a 1.4 kb transcript that represents the secreted receptor. Its N-terminal is glycosylated (58 kDa) and is unable to bind NRG1b [92,93]. Four other cDNAs have been isolated (1.6, 1.7, 2.1, 2.3 kb) in ovarian cancer cell lines. Those four are synthesized from a non-codification region and use alternative polyadenylation signals [93].



Similar isoforms of ErbB3 have been identified in human non pathological placenta. The expression of these alternative isoforms seems to be tissue-specific and could play a specific role in cellular growth or in cell transformation [93]. In fact, some of these, such as p45-sErbB3 and especially p85-sErbB3 (secreted form of the human ErbB3 receptor), can bind NRG with high affinity, thereby inhibiting heterodimerization of ErbB2-ErbB3 and phosphorylation, and then cause a lack of pathway activation (PI3K, MAPK, Akt) [93]. One of these protein’s isoforms includes a truncated one known as ErbB3 50 kDa that lacks most of the extracellular domain. A recent study suggests that it may play a role in nucleolar function and ribosome biogenesis [94]. Here it could modulate ribosome biogenesis and cell proliferation, suggesting that it may contribute to tumor growth [94]. This variant of ErbB3 was found to interact with nucleolar proteins such as nucleolin (C23) and upstream binding factor (UBF), which are both involved in ribosome biogenesis [94]. Further research is needed to fully understand the functions of this short variant of ErbB3 in the nucleolus and its potential as a therapeutic target. Understanding the structure and function of this short variant of ErbB3 is therefore crucial for comprehending its role in downstream signaling pathways and for developing targeted therapies capable of inhibiting its activity (Figure 4).



In conclusion, all members of the EGFR family have been detected within the nuclei of various cell types, occurring either in the full-length isoform or as alternative variants. In the case of ErbB3, these variants are generated through alternative transcription initiation or splicing processes. These diverse isoforms are likely to serve distinct roles in cellular processes. For instance, one of these variants has been observed in Schwann cells, with its expression dependent on NRG signaling. Furthermore, the shorter isoforms exhibit a unique affinity for the nucleus, where they can interact with the chromatin promoters of genes such as ezrin, a protein involved in the formation of nodes of Ranvier. Other studies suggest their potential roles in cell growth, transformation, or as transcription factors. Within the nucleolus, these isoforms may influence ribosome biogenesis.




8. ErbB3 in Glioblastoma


When considering various diseases associated with abnormal EGFRs/NRG signaling, one particularly significant example is glioma. Glioma is a prevalent primary cancer occurring in the brain and central nervous system (CNS) [95,96]. Constituting nearly 80% of primary malignant brain tumors, gliomas originate from brain tissue and glial cells. The current World Health Organization (WHO) classification distinguishes four main glioma groups: adult diffuse glioma, pediatric diffuse low-grade glioma (LGG), pediatric diffuse high-grade glioma (HGG), and circumscribed astrocytic glioma. Based on proliferation extent, mitotic index, and necrotic levels observed histologically, gliomas are categorized into four grades: Grades I and II as LGGs, potentially manageable through resection based on location; Grades III and IV as HGGs, associated with an unfavorable prognosis and high malignancy [97,98]. Following the discovery of neurogenesis in the adult brain, neural stem cells have gained attention as potential glioma sources. Adult neurogenesis supports neuron and glial cell replacement, aiding cellular replenishment, remodeling, and injury response [96,99]. It is acknowledged that adult gliomas emerge from the neuroglial lineage postnatally, supported by evidence from glioma histology, molecular patterns, and murine glioma models targeting the neuroglial lineage. The mature mammalian brain houses two recognized neurogenic niches: the subventricular zone (SVZ) and the subgranular zone [96]. While an exact cause remains unclear for most malignant gliomas, exposure to ionizing radiation is an established risk factor [100]. Furthermore, suggestive data imply a link between immunologic factors and gliomas. Individuals with atopy show reduced glioma risk [101], and glioblastoma (Grade IV, the highest in the WHO brain tumor classification) patients with elevated IgE levels have extended survival [102]. Common molecular changes in glioblastoma include mutations in genes governing receptor tyrosine kinase (RTK)/rat sarcoma (RAS)/phosphoinositide 3-kinase (PI3K), p53, and retinoblastoma protein (RB) signaling [103]. Additionally, gene polymorphisms influencing detoxification, DNA repair, and cell-cycle regulation are implicated in glioma development [104]. Roughly 5% of malignant glioma patients have a familial glioma history, some linked to rare genetic syndromes like neurofibromatosis types 1 and 2, Li–Fraumeni syndrome, and Turcot’s syndrome [101,105]. Distinct mutations in isocitrate dehydrogenase (IDH1 or IDH2) genes seem to define glioma tumors, linked to younger age and better outcomes. Mutations in IDH1, a key Krebs cycle enzyme, occur in 12% of glioblastomas and predict a more favorable prognosis than IDH wildtype [101,106,107]. IDH2, a related enzyme in mitochondria, also correlates with longer survival [107]. Studies show IDH1 and IDH2 mutations are common in most low-grade gliomas. The underlying theory attributes the improved prognosis to reduced NADPH production, rendering mutated tumor cells more susceptible to reactive oxygen species (ROS) damage, compared to the resistance observed in non-mutated tumors, leading to a more aggressive behavior [107]. Glioblastoma (GBM) is the most common malignant brain tumor in adults, and among the most lethal of all cancers with a median survival of only 13–15 months [108,109]. GBMs are classified into primary tumors that arise de novo (90% of all cases) and secondary tumors that progress from low-grade gliomas [110]. According to differences in expression patterns, GBMs are divided into four subtypes: classical, proneural, mesenchymal, and neural, with intratumoral heterogeneity observed in single-cell RNA-sequencing studies [111]. In GBMs, the overexpression of ErbBs is often sustained by gene amplification, significantly contributes to tumorigenesis, and provides potential therapeutic targets [112]. ErbB1 (EGFR) amplification is enriched in the classical subtype [104]. Amplification of the ErbB1 (EGFR) gene occurs in 57.4% of primary GBM patients compared to 8% of secondary GBM patients and is associated with high levels of ErbB1 (EGFR) protein [113]. GBMs exhibit a distinct set of ErbB1 (EGFR) deletions and point mutations. These GBM-associated ErbB1 (EGFR) deletions include EGFRvI (N-terminal deletion), vII (deletion of exons 14–15), vIII (deletion of exons 2–7), vIV (deletion of exons 25–27), and vV (deletion of exons 25–28). Among these, vII and vIII are known to be oncogenic. Additionally, point mutations in the extracellular region of ErbB1 (EGFR), such as R108K, A289V/D/T, G598D, and other extracellular domain mutations, have been detected in 24% of GBM samples. These point mutations sustain ErbB1 (EGFR) in an active conformation. Notably, among the ErbB1 (EGFR) mutants found in GBM, EGFRvIII is the most prevalent. EGFRvIII lacks amino acids 6–273, with the deletion of these 268 amino acids leading to a junction site with a new glycine residue positioned between amino acids 5 and 274. Analysis of other members of the EGFR family has highlighted the significance of ErbB4 as the second most prevalent member within GBMs. ErbB4 is notably expressed in neuron-like elements and, interestingly, in some GBM cell lines as well. Furthermore, the ErbB2 receptor is detectable in the tissue of primary patients affected by glioblastoma, with a high ErbB2 expression rate of 21.5% among samples, while moderate and absent ErbB2 expression is observed in 19.6% and 58.9% of cases, respectively [114,115,116,117] Recent discoveries have also shed light on the involvement of ErbB3, yet another member of the EGFR family, in the progression of GBM [118]. Using a model that utilizes patient-derived stem-like cells, researchers identified a specific subgroup of human GBMs, characterized by excessive ErbB3 expression and its accumulation in the cell nucleus.



Finally, glioma, brain, and central nervous system cancers are significant examples of diseases associated with abnormal EGFRs/NRG signaling. Gliomas constitute nearly 80% of primary malignant brain tumors. They are classified into four groups based on the World Health Organization (WHO) classification and categorized into four grades based on histological features, with Grades III and IV (HGGs) having an unfavorable prognosis. In GBM (Grade IV of glioma), the overexpression of ErbBs, often due to gene amplification, significantly contributes to tumorigenesis and presents potential therapeutic targets. EGFR amplification is particularly enriched in the classical subtype and occurs in a majority of primary GBM patients compared to secondary GBM patients. GBM also exhibits distinct EGFR deletions and point mutations. Among these mutations, EGFRvIII is the most prevalent. Recent research has highlighted the role of ErbB3, a member of the EGFR family, in GBM progression. A specific subgroup of GBMs characterized by excessive ErbB3 expression and its accumulation in the cell nucleus has been identified.




9. ErbB3 and miRNA in Glioblastoma


MicroRNAs are small non-coding RNAs that regulate gene expression at the post-transcriptional level by binding to the 3′ untranslated region (UTR) of target mRNAs. It has been proven that miRNAs play a significant role in various biological processes, including the cell cycle, apoptosis, proliferation, and differentiation [119,120]. Aberrant miRNA expression has been implicated in various diseases, including cancer [121,122]. There is growing evidence that miRNAs can regulate ErbB3 expression and function. Several miRNAs have been identified as regulators of ErbB3 expression in cancer cells, including miR-125a, miR-125b, miR-205, miR-708, and miR-1224 [118,123]. These miRNAs have been shown to inhibit ErbB3 expression by binding to its 3′ UTR and reducing mRNA stability and/or translation. Overall, the regulation of ErbB3 expression and function by miRNAs is a complex and dynamic process that is likely to play a significant role in cancer pathogenesis, including glioma cancer. Notably, miRNAs have emerged as significant players in cancer and their association with gliomas has gained increasing attention [118,123,124,125]. In gliomas, miRNAs have also been found to regulate ErbB3 expression and function. For example, miR-34a has been shown to target ErbB3 and inhibit glioma cell proliferation and invasion [126]. In addition, miR-125b has been found to regulate ErbB3-mediated PI3K-AKT signaling in glioblastoma cells, and its downregulation is associated with glioma progression and poor prognosis [127]. Interestingly, ErbB3 has been found to regulate miRNA expression in turn. Overall, the regulation of ErbB3 expression and function by miRNAs is a complex and dynamic process that is likely to play a significant role in cancer pathogenesis, including gliomas. Further research is needed to fully understand the nature and significance of these interactions and to develop effective miRNA-based therapies for glioma patients. The overexpression of ErbB3 can be driven by hereditary promoter methylation or post-transcriptional silencing of miR-205, thereby sustaining the malignant phenotype in glioblastoma [118]. Furthermore, ErbB3 is recognized as a driver of drug resistance against EGFR inhibitors in cancer through various mechanisms [128,129].



In sum, these studies offer important avenues for exploration to gain a comprehensive understanding of the pathogenesis and mechanisms of drug resistance. They also present a challenge in identifying patients with specific molecular characteristics and offer prospects for new therapeutic strategies that are yet to be developed. In gliomas, miR-34a inhibits glioma cell growth and invasion by targeting ErbB3. MiR-125b regulates ErbB3-mediated signaling and its downregulation is linked to glioma progression. Interestingly, ErbB3 can reciprocally affect miRNA expression. Overall, understanding these interactions is crucial for cancer pathogenesis, particularly in gliomas, and for developing miRNA-based therapies. ErbB3 overexpression can result from hereditary promoter methylation or miR-205 silencing, sustaining the malignant phenotype. Further research is needed to unravel the significance of these interactions.




10. ErbB3 Receptor and Nucleolus in Glioblastoma


The nucleolus is a vital subcompartment that plays a central role in maintaining cell homeostasis and facilitating ribosome biogenesis. Mounting evidence suggests its function as a stress sensor, with changes in its morphology linked to aggressive cancers [130]. Tumor suppressors, such as retinoblastoma (pRB) and p53, exert negative regulation on RNA polymerase I and disrupt the assembly of transcriptional machinery at the rDNA promoter [131]. The nucleolus, a subnuclear compartment responsible for ribosome biogenesis, not only plays a critical role in cellular homeostasis. Proper coordination of ribosome production with cell-cycle progression relies on cell cycle checkpoints [132,133]. Additionally, several tumor suppressor agents, including p53, PTEN, pRB, and ARF (alternative reading frame), localize within the nucleolus in cancer, including glioblastoma [134]. In recent studies, the presence of ErbB family members has been detected within the nucleus and nucleolus of cells [85,95,135,136,137].



This intriguing localization of ErbBs holds the promise of uncovering fresh insights into their functions in pathological contexts, potentially offering valuable markers and targets for innovative interventions. In physiological conditions, all members of the EGFR family, along with their ligands, have been observed in the nucleoplasm or nucleolus of cells. However, this localization persists even in cancer cells [135]. The nucleolar presence of ErbB3 has been demonstrated in cell lines and in primary glioblastoma cells obtained from biopsies of affected patients [94]. In high-grade glioblastoma, where the concentration of NRG1 increases, ErbB3 and the nucleolar protein nucleolin (C23) can be released from the nucleolus and translocate to the cytoplasm, thereby positively influencing cell proliferation. The binding of actinomycin D disrupts this mechanism, causing the nuclear accumulation of ErbB3 and C23. This disruption leads to a decrease in ribosome biogenesis and subsequently inhibits cell proliferation. It is noteworthy that in glioblastoma, the overexpression of C23 is linked to its cytoplasmic localization, and this localization increases proportionally with the tumor grade [94,95]. Thus, the interaction between ErbB3 and C23 might play a role in tumor growth. Earlier studies hinted at C23’s direct influence on ErbB receptors [138]. Recent research has revealed the presence of additional ErbB family members within the nucleus and nucleolus of cancer cells. Specifically, ErbB1 has been observed to migrate into the nucleus in response to stress, during cell proliferation, or under tumor conditions. In contrast, the unique localization pattern of ErbB4 stems from proteolytic cleavage, a mechanism commonly shared among receptors in this family [137]. Regardless of the scenario, it is important to highlight that these receptors possess unique nuclear and nucleolar localization motifs, which strongly suggests their involvement in authentic cellular functions within these compartments. ErbB3, even more intriguingly, demonstrates localization within the nucleolus across various cell types, including those afflicted by cancers like breast cancer and cervical cancer, and in both cell lines and primary cells of glioblastoma [94]. This variant of ErbB3 exhibits a molecular weight of 50 kDa and has been found to engage with nucleolar proteins, notably C23 and UBF, both of which play pivotal roles in ribosome biogenesis [94]. Intriguingly, silencing ErbB3 has been shown to block the cell cycle and impact cell proliferation. Recently, mitogenic growth factors, which are typically cell-surface or secreted proteins, have also been discovered in the nucleus and potentially influence transcription. Neuregulin1 is found in the nuclei of human breast cancer cells. Furthermore, an isoform of this ligand, neuregulin1-β3, is found in the nucleoli of the cells [139].



In conclusion, despite these compelling findings, the precise functions of ErbB3 within the nuclear domain remain incompletely understood, necessitating further in-depth investigations. ErbB receptors have been detected in both the nucleoplasm and nucleolus of both normal and cancer cells, indicating their potential roles in diverse cellular contexts. This observation is reinforced by the presence of nuclear and nucleolar localization sequences within these receptors. Notably, in high-grade glioblastoma (GBM), a variant of ErbB3 with a molecular weight of 50 kDa has been identified within the nucleolus, potentially influencing ribosome biogenesis and cell proliferation.




11. ErbB3 Signaling and Target Therapies


Aberrant signaling by ErbB family members plays a pivotal role in initiating tumors and facilitating the evasion of anti-tumor immune responses across a spectrum of malignancies. Studies have demonstrated the strong therapeutic potential of drugs designed to target these signaling pathways. Nevertheless, a recurring challenge arises as patients frequently develop acquired resistance to these treatments over time [140]. The current therapeutic approach for glioblastoma (GBM), a WHO grade IV glioma, still relies on a standard protocol established in 2005. This protocol involves surgery which is often limited due to the infiltrative nature of the tumor, followed by radiotherapy and chemotherapy with temozolomide [141,142,143,144]. Glioblastoma commonly exhibits genetic alterations, including changes in the EGFR gene, such as amplification and EGFRvIII mutations [112,113]. Amplification of the EGFR gene leads to the activation of downstream signaling pathways that play a significant role in driving tumorigenesis. Additionally, ErbB3 is frequently overexpressed in glioma, particularly in glioblastoma [118]. Notably, the expression of ErbB3 is correlated with a bleak prognosis in glioma patients [143]. In fact, ErbB3 signaling in gliomas is believed to trigger numerous downstream signaling pathways that enhance tumor growth, invasion, and resistance to therapy [143]. Additionally, studies have demonstrated that ErbB3 expression in glioblastoma cell lines can occur in two forms: the full-length receptor and a shorter variant (50 kDa), which is associated with the presence of NRG [94]. Moreover, this variant is also observed in the nucleolus of primary cultures of patients affected by glioblastoma. It is thought to translocate to the nucleolus, where its presence is linked to altered expression of pre-rRNA 47S. Furthermore, silencing this variant of ErbB3 leads to cancer cell death and cell cycle arrest. Given its role in glioma progression and resistance to therapy, ErbB3 has emerged as a promising therapeutic target in glioma. Several drugs that target ErbB3 are currently in development, including monoclonal antibodies and small molecule inhibitors with inhibitor effect on different cancers [144,145]. A monoclonal antibody called lumretuzumab (also known as RG7116, RO5479599, and GEhuMabHER3) is currently under clinical development. Two clinical trials hinge on it: NCT01918254 and NCT01482377, in combination with other drugs it targets HER2+, HER2+ metastatic breast cancer or HER3+ solid tumor of epithelial origin (completed phase I—clinicaltrial.gov) [146]. Lumretuzumab targets the ErbB3 receptor and belongs to the IgG1 class of humanized glycoengineered antibodies. It specifically binds to subdomain I of the extracellular domain of ErbB3 [145]. When used alone or in combination with other anti-ErbB therapies, this antibody has demonstrated significant inhibition of tumor growth [147]. In addition, lumretuzumab demonstrates a great affinity for human FcγRIIIa receptors on immune effector cells. Another promising antibody currently in early clinical development is ISU104, a human anti-ErbB3 antibody. ISU104 specifically targets subdomain III of ErbB3. Its effect was studied in vitro and in vivo. In the first case, the experiment was performed in BxPC3 and SKBR3 cell lines, which are models for NRG1-dependent and -independent cell proliferation, respectively. In vivo studies have shown that ISU104 achieves more than 70% inhibition of tumor growth in various cancer models. In vivo efficacy of ISU104 was investigated using different cancer cell–derived xenograft models, including head and neck squamous cell carcinomas (HNSCC), lung, pancreatic, colon, skin, and breast cancers, which are known to be related to ErbB3 oncogenic signaling [148]. It is being evaluated in a Phase I, open-label, dose-finding study to assess its safety, tolerability, and pharmacokinetics in patients with advanced solid tumors. It functions by downregulating ErbB3 and inhibiting NRG binding, blocking dimerization with other ErbB partners, and inactivating downstream signaling. Antibody-drug conjugates (ADCs) represent a novel class of antitumoral agents that combine the selectivity of monoclonal antibodies (mAbs) with the cell-killing properties of cytotoxic drugs. These drugs are attached to the mAbs through a linker. One example of an ADC is U3-1402, also known as patritumab deruxtecan or ErbB3-DXd. U3-1402 is composed of patritumab, which is covalently conjugated to a drug-linker containing deruxtecan, a topoisomerase I inhibitor. A second example is RG7116 bound potently and selectively to domain 1 of human ErbB3. Heregulin binding was prevented by RG7116 at concentrations of more than 1 nmol/L as was nearly complete inhibition of ErbB3 heterodimerization and phosphorylation, thereby preventing downstream AKT phosphorylation. In vivo, RG7116 treatment inhibited xenograft tumor growth up to 90% relative to controls in a manner accompanied by downregulation of cell surface ErbB3. RG7116 efficacy was further enhanced in combination with anti-EGFR (RG7160) or anti-ErbB2 (pertuzumab) mAbs. Furthermore, the ADCC potency of RG7116 was enhanced compared with the non-glycoengineered parental antibody, both in vitro and in orthotopic tumor xenograft models, where an increased median survival was documented [149]. U3-1402 efficiently internalized, induced ErbB3 degradation and showed growth inhibition activity in HER3+ breast, gastric, and colorectal cancers. Recent studies have shown that U3-1402 can sensitize ErbB3+ tumors to programmed cell death-1 (PD-1) blockade [150,151,152]. Data are available under clinical trial NCT03260491 phase I for metastatic or unresectable NSCLC and NCT02980341 phase II and III for breast cancer. This combination therapy works by blocking the activation of ErbB3 and downstream signaling pathways, effectively inhibiting cancer cell growth and promoting cell death (Figure 5).



In sum, the conventional therapeutic approach for glioblastoma, established in 2005, has inherent limitations. Multiple monoclonal antibodies targeting ErbB3 have been developed and demonstrated to effectively block ErBR3’s downstream signaling. This blocking action is achieved by preventing ligand binding, inhibiting heterodimerization, maintaining ErbB3 in an inactive state, and potentially inducing ErbR3 internalization.




12. Discussion


There is mounting evidence highlighting the crucial role of ErbB receptor family members in the development of the nervous system. Furthermore, they exert significant influence on the neoplastic transformation and progression of various tumors, including brain tumors like glioblastoma. ErbB3 is commonly observed to be overexpressed in cancer cells. Despite its functional deficiency in the tyrosine kinase activity, it can activate crucial signaling pathways that significantly contribute to various mechanisms driving cancer progression. Given its role in cancer progression and resistance to therapy, ErbB3 has emerged as a promising target for cancer therapy. Several drugs that target ErbB3 are currently in clinical development, including small molecule inhibitors and monoclonal antibodies such us ISU104 and U3-1402. U3-1402 is a potential anti-ErbB3 under development that could be safely administered and has demonstrated promising antitumor efficacy in treated ErbB3-expressing metastatic breast cancer. These drugs work by blocking the activation of ErbB3 and downstream signaling pathways, thereby inhibiting cancer cell growth. Additionally, ErbB3 is recognized as a key driver of drug resistance in various cancers, including glioblastoma [140,141,142,143]. Its activation becomes particularly pronounced in response to targeted therapies aimed at inhibiting other members of the EGFR family, such as ErbB2. There are several mechanisms by which cancer cells can develop resistance to drugs that target ErbB3, and researchers have been developing strategies that target alternative signaling pathways. One approach involves the development of drugs that specifically target ErbB3-independent signaling complexes. These drugs may disrupt the formation of homodimers or heterodimers between EGFR family members or inhibit downstream signaling pathways that are activated independently of ErbB2. In addition, strategies such as the use of immunotherapy or combination therapies that target multiple cancer cell pathways simultaneously are being explored to overcome ErbB3 drug resistance.




13. Conclusions


The signaling of NRG-ErbB3 and its impact on the nervous system has attracted substantial attention, acknowledging the profound implications it possesses. Delving into the intricate mechanisms and outcomes of NRG-ErbB signaling within the context of the nervous system holds potential for advancing our comprehension of neural development, function, and pathologies, including brain tumors.




14. Future Directions


The direction of future research on the NRG-ErbBs signaling pathway in the nervous system holds promise for advancing our understanding of neural development and gaining insights into brain cancers like glioblastoma. This knowledge paves the way for the development of targeted therapies that can improve the treatment of neurological disorders and cancer. In this context, the targeting of ErbB3 is an active area of research for glioblastoma treatment. Various drugs, including monoclonal antibodies and small molecule inhibitors, are currently being developed to specifically inhibit ErbB3 and its signaling pathways. Furthermore, the combination of ErbB3 targeting with other treatment modalities such as chemotherapy or radiation therapy will enhance treatment effectiveness and improve patient outcomes.
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Figure 1. The receptor tyrosine kinases family (RTKs). The members of the Receptor Tyrosine Kinase (RTK) family (ErbB1, ERbB2, ERbB3 and ErbB4), play pivotal roles in a wide array of biological processes, encompassing apoptosis, cell cycle regulation, cell division, cytoskeletal organization, cell differentiation, developmental processes, immune responses, and dynamics within the nervous system. These receptors achieve their functions by interacting with specific ligands, making them some of the most extensively studied receptors in signal transduction and their involvement in oncogenesis. In the diagram, the Epidermal Growth Factor Receptor (ErbB1/EGFR, depicted in grey) is surrounded by its potential ligands, including amphiregulin (AREG), epiregulin (EREG), epigen (EPGN), epidermal growth factor (EGF), heparin-binding epidermal growth factor (HB-EGF), betacellulin (BTC), and transforming growth factor-alpha (TGF-a). ErbB2 (shown in green) is in its active conformation. ErbB3 (colored blue) is presented in conjunction with its ligands neuregulin (NRG-1) and neuregulin-2 (NRG-2), while ErbB4 (in yellow) is surrounded by its specific ligands, which include EREG, HB-EGF, NRG-1, NRG-2, NRG-3, and NRG-4. 
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Figure 2. Expression of ErbBs mRNA in the Central Nervous System (nTPM: normalized transcript expression) https://www.proteinatlas.org/ (access on 2 October 2023). 
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Figure 3. Genomic location of human ErbB3 gene. The exons are in black and the introns in blue. 
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Figure 4. Schematic diagram showing ErbB3 Variants’ locations and functions inside and outside cells. 
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Figure 5. Schematic diagram of the ErbB3 inhibition in cancer cells (BxPC3 and SKBR3 cell lines, which are models for NRG1-dependent and -independent cell proliferation, respectively). The ErbB3 inhibitors directly bind the receptor and prevent conformational changes necessary for heterodimerization. Following NRG-1 binding, ErbB3 forms heterodimers with other members of the EGFR family, initiating phosphorylation cascades that stimulate cell proliferation, differentiation, and survival. Among these dimers, the ErbB2–ErbB3 complex is the most active. ErbB3 plays a pivotal role in cancer progression by mediating resistance to EGFR inhibitors and promoting metastasis. Two anticancer drugs, Cetuximab targeting ErbB1(EGFR) and Trastuzumab targeting ErbB2, have been utilized in cancer treatment. These drugs have shown clinical benefits, but a substantial number of patients do not respond or develop resistance to them. 
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