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Notably, 5% of metastatic colorectal cancer (MCRC) cases harbor Erb-B2 receptor tyrosine kinase 2 (ERBB2)
alterations. ERBB2, commonly referred to as human epidermal growth factor receptor 2, is a member of the human
epidermal growth factor receptor family of protein tyrosine kinases. In addition to being a recognized therapeutic
target in the treatment of gastric and breast malignancies, it is considered crucial in the management of colorectal
cancer (CRC).

ERBB2 HER2 targeted therapy colorectal cancer

| 1. Structural Features of the ERBB2 Receptor

The four ERBB (or EGFR) proteins are members of subclass | of the RTK superfamily; they include
EGFR/ERBB1/HER1, ERBB2/HER2, ERBB3/HER3, and ERBB4/HER4. These receptors are essential for a variety
of cellular processes, including cell growth, proliferation, differentiation, and migration . In addition to an
extracellular domain (ECD) or ligand-binding area and a single transmembrane domain (TMD), all receptors
comprise a cytoplasmic/intracellular region composed of a juxtamembrane domain (JMD), a kinase domain, and a
C-terminal tail domain (Figure 1) &8 The ECD comprises four subdomains (I-IV); in the absence of a ligand,
domains Il and IV adopt an auto-inhibited tethered (closed) conformation. Upon ligand interaction between
domains | and lll, the dimerization arm in domain Il unhinges, leading to receptor homo- or heterodimerization,
allosteric kinase activation, and C-terminal tail domain phosphorylation . This process recruits and activates
various downstream signaling proteins containing Src homologous structure-2 (SH2) or phosphotyrosine binding
structural domains and engages downstream mediators to drive important cellular signaling pathways . Despite
comparable levels of total phosphotyrosine, EGF-activated Erb-B2 receptor tyrosine kinase 2 (ERBB2) binds Shc
considerably weakly compared to ERBB2 that has been dimerized consequent to mutations in the transmembrane
structural domain [l Therefore, the signal produced by receptor heterodimers is distinctive; instead of being the

simple sum of individual dimer partner signaling proper ties, it reflects the properties of the heterodimers.
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Figure 1. Molecular structure of the ERBB2/HER2 receptor and the mechanism of action of novel therapeutic
agents. (a) Monoclonal antibodies that target binding to the extracellular structural domain of HER2, including
single-epitope monoclonal antibodies (trastuzumab, pertuzumab) and bispecific HER2 antibodies (ZW25, ZW49).
The antitumor effects of these drugs are mediated through a variety of mechanisms: inhibition of downstream
signaling pathways, involvement in antibody-dependent cellular cytotoxicity or inhibition of receptor dimerization.
(b) Antibody-drug conjugates targeting HER2, such as trastuzumab emtansine and trastuzumab deruxtecan,
release and deliver cytotoxic drugs while binding antibodies and thus exert anti-tumor effects. (¢) Small molecule
inhibitors, such as neratinib and tucatinib, inhibit activation of the PI3K pathway by binding to the tyrosine-kinase
domain of the HER2 receptor. (d,e) HER2-targeted immunotherapies, such as HER2-specific chimeric antigen
receptor immune cells or modified oncolytic virus, enhance immune cell activity and stimulate anti-tumor immune
responses. (f) Tumor-targeting nanoparticles, such as nanodelivery systems with internal encapsulation of
tamoxifen and external loading of anti-HER2 antibodies, can efficiently kill HER2 overexpressing breast cancer

cells by penetrating the tumor microenvironment.

Numerous ligands bind to the ECD of the ERBB receptor; these include EGF, neuregulin, and transforming growth
factor-a, among others [, Growth factors that cause receptor dimerization and/or oligomerization upon binding to
extracellular areas of the receptor represent receptor-specific ligands which typically activate ERBB family
members [, However, ERBB2 is a unique member of the ERBB family, as it has a completely different
extracellular structural domain from other receptors and no high-affinity ligands. ERBB2 possesses a stable

conformation that mimics the ligand-activated state, with an absent domain IlI-V link and an exposed dimerization
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loop in domain Il 19, Structural domains | and IIl are in close proximity in the “open” conformation, preventing
ligand binding to EGF-related peptides; this structure explains why ERBB2 lacks a ligand 2. Notably, ERBB2 is
unable to bind to any growth factor, making it impossible to induce the production of functional ERBB2/ERBB2
homodimers. Only non-physiological ERBB2 overexpression leads to the production of functional homodimers 111,
All other ERBB family members favor ERBB2 as a dimer partner and have varying signaling capacities 1223l jn
this context, homodimers have lower signaling continuity than heterodimers 4], ERBB heterodimerization enables
the incorporation of kinase-deficient ERBB3 and ligand-free ERBB2 into the signal transduction cascade. Based on
this finding, this ERBB pair is believed to function as an oncogenic unit; it is the most effective in terms of contact
strength, ligand-induced tyrosine phosphorylation, and downstream signaling 2213 Studies indicate that ERBB2

oncogenic activity from tumor ERBB2 overexpression may depend on the presence of ERBB3 [18IL7],

Interestingly, ligand-induced ERBB receptor heterodimerization adheres to a rigid hierarchy. The fact that the
activation of ERBB3 is hindered in the absence of ERBB2 suggests that the latter plays a part in the lateral transfer
of signals between other ERBB receptors [, Additionally, a member of the mucin family modifies the location of
ERBB2 (particularly of a phosphorylated form) in epithelial cells of the colorectum while acting as an
intramembrane regulator of ERBB2 activity; this indicates that it is particularly important in the regulation of ERBB2
signaling 18, Therefore, although none of the EGF-related peptides directly bind to ERBB2, they all cause
heterodimerization and cross-phosphorylation; this in turn leads to tyrosine phosphorylation. The signal flow is
accomplished via phosphorylation cascades, which begin with receptor alterations and conclude at the level of

specific transcription factors.

| 2. ERBB2 Downstream Signaling Pathways

The characteristics of the activating ligand and the heterodimer partner are the most critical elements that decide
which of the several downstream adaptor proteins will be engaged, and consequently, which pathway will be
activated (141, The C-terminal tyrosine residues of each ERBB receptor exhibit a distinctive autophosphorylation
pattern, which serves as a docking site for SH2 or phosphotyrosine binding domains. Shc, Crk, Grb2, Grb7, and
Gabl are examples of adaptor proteins; Src, Chk, and phosphatidylinositol 3-kinase (PI3K; via the p85 regulatory
subunit) are kinases; and SHP1 and SHP2 are protein tyrosine phosphatases. The signaling pathways triggered by
the four ERBB receptors have been found to demonstrate considerable overlap. At least two important pathways
are engaged in the downstream propagation of active ERBB2 signaling: the RAS/mitogen-activated protein kinase
(MAPK)-dependent pathway and the PI3K-dependent pathway (Figure 2) (12l The activation of ERBB2 signaling
initiates multiple coordinated biological reactions, including mitogenesis, apoptosis, cellular motility, angiogenesis,

and differentiation regulation (141,
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Figure 2. Schematic diagram of ligand binding activation of the ERBB2 signaling pathway leading to drug
resistance. Uncontrolled formation of homo- or heterodimers, upon ERBB2 activation under physiological
conditions, leads to the activation of two key downstream signaling pathways (the MAPK and PI3K-Akt pathways)
and initiation of a series of cellular processes such as survival and migration. Mechanism of inhibition of the
signaling pathway by various novel ERBB2 drugs (left), and the mechanisms of resistance to anti-EGFR therapy
and immunotherapy due to activating of ERBB signaling pathway (right). Abbreviations: CAR-T: chimeric antigen
receptor T-cell, CAFs: cancer associated fibroblasts, PD-L1: programmed cell death ligand 1, EGF: epidermal
growth factor, NRG: neuregulin, CR-CSC: colorectal cancer stem cell, VEGFA: vascular endothelial growth factor
A, TFs: tumor factors.

ERBB2 participates in the MAPK signaling pathway, one of the most crucial channels for cell proliferation. The
three main subfamilies of MAPK include the extracellular-signal-regulated kinases (ERK MAPK,
Ras/Rafl/MEK/ERK), the c-Jun N-terminal or stress-activated protein kinases (JNK or SAPK), and MAPK14 29]
The MAP kinase enzymes are notable in that dual specificity kinases (also termed MAP/ERK kinases [MEKSs] or
MAP kinase kinases) need to be activated to phosphorylate both threonine and tyrosine sites 2. Their activity is
regulated by phosphorylation, which enzymatically activates MEKs. The phosphorylation state is tightly controlled
by a family of proteins known as the MAP kinases (MAPKKK, MKKK, or MEKK), of which the c-Raf proto-oncogene
is the most notable member 2. Activated MAP kinases phosphorylate and activate transcription factors that are

already present in the cytoplasm or nucleus; this results in the expression of certain target genes and a biological
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response. Responses to moderate outputs are integrated via numerous connections between several MAP kinase
cascades.

The PI3K-dependent pathway is another signaling pathway associated with ERBB2. PI3Ks are divided into three
classes (I-111) based on their preferred substrates and sequence homology [22. The various isoforms within each
class of PI3K and the various classes of PI3K play specific functions in cellular signal transduction. ERBB2
activates class IA PI3Ks, which are heterodimers containing a p110 catalytic subunit and a p85 regulatory subunit
(23 A lipid second messenger, namely, phosphoinositol-3,4,5-trisphosphate, binds to the pleckstrin-homology
domains of numerous downstream molecules to activate them [24]; protein serine/threonine kinase AKT, commonly
known as PKB, is one of its primary targets [22l26]. The mammalian targets of rapamycin-rictor kinase complex and
3-phosphoinositide-dependent kinase then recruit phosphoinositol-3,4,5-trisphosphate-bound AKT to the
membrane [, where it is subsequently phosphorylated (28], These events lead to the full activation of AKT, which
in turn phosphorylates multiple target proteins and regulates a number of cellular activities. The forkhead family of
transcription factors is a significant AKT target; following phosphorylation by AKT, 14-3-3 proteins sequester them
in the cytoplasm, rendering them inactive (22, The key biological activities of the PI3K-dependent pathway include
cell metabolism, cell cycle and cell survival related functions, protein synthesis, cell polarity and motility, and

vesicle sorting, among others.

| 3. ERBB2 Gene Alterations in mCRC

The ERBB2 gene, which is found on chromosome 17921, encodes the 185-kDa transmembrane protein ERBB2,
also referred to as HER2. Expression of this protein and activation of signaling promotes a number of cellular
processes including cell migration, growth, adhesion, and differentiation, that are linked to tumorigenesis 229,
Various solid tumors demonstrate different ERBB2 gene alterations including overexpression, amplification, and
other mutations. Approximately 7% of patients with CRC have ERBB2 mutations; according to the Cancer Genome
Atlas data, these are most frequently found in RAS and BRAF WT tumors Y. In this context, ERBB2 gene
amplification is the typical cause of ERBB2 protein overexpression in 4-5% of metastatic colorectal cancer
(MCRC) cases [BYBUE2 Although reports are conflicting, ERBB2 overexpression has been observed more
commonly in tumors with an advanced T stage and high tumor mutational burden B2, In this context, some studies
have demonstrated a substantial difference between primary tumors and metastases, indicating a decline in
ERBB?2 positivity with disease progression 3435, ERBB2 status is also related to tumor sidedness; the rectum and
left colon are frequently the sites of early-stage malignancies with ERBB2 amplification, which most likely results
from variables affecting germinal developmental differences B8IEZ38] However, the impact of ERBB2 amplification

on the prognosis of mMCRC has been debated.

Somatic activating mutations of ERBB2 have also recently been identified as contributors to the development of
cancer. These mutations were first noticed in non-small cell lung cancer, followed by a number of other
malignancies 2. In all malignancies, the majority of mutations (46%) occur in the ERBB2 tyrosine kinase domain,
which includes exon 20 (20%), exon 19 (11%), and exon 21 (9%) [2%. The ECD harbors 37% of ERBB2 mutations,
with those of S310F/Y, Y772dupYVMA, L755P/S, V842l, and V777L/M being the most prevalent 9. In CRC,
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ERBB2 mutations are most prevalent in exon 21 (23%) and the ECD (23%); the V842l variation in exon 21 is the
most frequent (19%) (49 |n an in vitro study, the introduction of ERBB2 mutations at S310F, L755S, V777L, V842l,
and L866M of colonic epithelial cells activated the HER2 signaling pathway and promoted non-anchored cell

proliferation; this indicated that these were activating mutations 11,

Diverse ERBB2 mutations have been found in all ERBB2 gene exons including extracellular, transmembrane, or
tyrosine kinase cytoplasmic domains. Downstream signaling pathways are therefore activated even in cases with
normal gene copy numbers 2. In their analysis on 111,176 tumors, Pahuja et al. found that the extracellular and
kinase domains account for the majority of these changes (approximately 40% each), whereas the TMD and JMD
account for 2.8% and 7.7% of the mutations, respectively 43, In this context, G660D, R678Q, E693K, and Q709L
are frequent mutations in the TMD and JMD of HER2 2], pahuja et al. also evaluated the heterozygous germline
HER2 TMD mutation (G660D), which was found in an Indian family; those with the mutation experienced early-
onset lung cancer 43, The majority of HER2 somatic mutations result in receptor activation, based on their capacity
to boost intracellular signaling, trigger oncogenic transformation, and accelerate the growth of xenograft tumors 4!
451 However, certain HER2 mutants such as V773M have a reduced propensity for cellular activation owing to the

lower quantities of phosphorylated HER2 and downstream signaling molecules that result from their synthesis 48],
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