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Aberrant activation of the epidermal growth factor receptor (EGFR/ERBBL1) by erythroblastic leukemia viral
oncogene homolog (ERBB) ligands contributes to various tumor malignancies, including lung cancer and colorectal
cancer (CRC). Epiregulin (EREG) is one of the EGFR ligands and is low expressed in most normal tissues.

Elevated EREG in various cancers mainly activates EGFR signaling pathways and promotes cancer progression.

epidermal growth factor receptor (EGFR) epiregulin (EREG) tumor microenvironment

| 1. Introduction

Erythroblastic Leukemia Viral Oncogene Homolog Signaling

The expression of the erythroblastic leukemia viral oncogene homolog (ERBB) family is closely linked to tumor
progression through the constitutive activation of downstream signaling, such as the epidermal growth factor (EGF)
receptor (EGFR) pathway or through a somatic mutation; ERBB expression is enhanced during tumor
microenvironment (TME) formation, cancer progression, and drug-resistance . The ERBB family comprises
transmembrane receptor tyrosine kinases, including the ERBB1/ EGFR)/HER (human EGF receptor) 1,
ERBB2/HER2/Neu, ERBB3/HER3, and ERBB4/HER4 2. Activated ERBB mediates various signaling pathways
including the RAS (rat sarcoma)/RAF (rapidly accelerated fibrosarcoma), phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K)/AKT (a serine/threonine protein kinase), phospholipase C (PLC)-y1, and signal transducer and
activator of transcription (STAT) pathways [l Several ligands can bind to EGFR, including EGF, epigen,
transforming growth factor (TGF)-a, amphiregulin (AREG), epiregulin (EREG), betacellulin (BTC), and heparin-
binding EGF (HB-EGF) (Figure 1). The simplified representation of these ligands with distinct functional domains
are shown in Figure 1. The transmembrane EGFR ligands comprise an N-terminal signal peptide, pro-peptide
region, the EGF-lik short juxtamembrane stalk, a hydrophobic transmembrane domain, and a cytoplasmic domain
(Figure 1A). Neuregulins (NRGs) are a family containing the EGF-like domain proteins; they play an essential role
in the development of the adult brain © and various cancers BIEIZ The most studied NRGs, such as
the NRG1 gene, produce six different types and 33 spliced isoforms, due to different transcriptional initiation sites
and alternative splicing 4. NRG proteins mainly contain EGF-like and transmembrane domains; however, the type-
specific N-terminal region (type |, I, and IV-VI NRG1), an immunoglobulin-like domain, and the glycosylation site
are dependent on the isoform B2, Additionally, the identity of the overall protein sequence in these ligands is low
(191 and a conserved EGF module including six cysteines is arranged as three disulfide bridges (Figure 1B). The

spacing of EGF-motif in seven EGFR ligands can be represented as in the cysteines pattern CX;CX4_
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5CX1pCXCXgC (X can be any amino acid). Notably, recent studies demonstrated that the N57 residue of EREG is
pivotal for the interaction with the domains | and Il of EGFR 1. EGF is unique in that there are nine EGF motifs,
although only the one adjacent to the cell membrane has the function of the EGFR binding domain (Figure 1C).
EREG and HB-EGF contain an additional heparin-binding domain. The functional EGF module is located within
approximately 25 residues of the transmembrane domain. The presence and spacing of additional specific
residues further distinguishes EGFR ligands from NRGs containing EGF modules at the structural level, and
defines high-affinity binding to EGFR 2. Moreover, NRG1 and 2 selectively bind to ERBB3 (Figure 1D). Ligands
such as BTC, HB-EGF, EREG, and NRG1-4 interact with the ERBB4. ERBB ligands bind to the extracellular
domain of ERBB1, ERBB3, and ERBB4 receptors to form active homodimers or heterodimers. However, ligands do
not directly bind to ERBB2 in the ligand-activated state, favoring homodimerization. In addition, ERBB2 proteins
can be activated through interaction with other ERBBs. G-protein-coupled receptors (GPCRs) stimulate specific
metalloproteinases, such as disintegrin and metalloproteinase (ADAM) family members, resulting in EGFR pro-
ligand cleavage and transactive EGFR downstream cascade (31 (Figure 1E). Ectodomain shedding arises in
diverse physiological responses, and the cleavage efficiency is mainly determined by the specific sequence in the
cleavage site and the length of the membrane-proximal domain 24!, Soluble ligands bind to receptors, activating
intracellular signaling on the original cell, neighboring cells, and distant cells through autocrine, paracrine (or
juxtacrine), and endocrine pathways, respectively 2. EGFR-medaited signaling pathways can be activated by
binding to soluble ligands or membrane-anchored ligands by the juxtacrine pathway. In addition to the actions of
soluble ligands, the free cytoplasmic tail (CT) of these ligands (e.g., pro-AREG CT) are required for basolateral
sorting X3 and pro-HBE-GF CT can directly regulate gene expression 1€ The efficacy and specificity of
intracellular signaling pathways are regulated by specific ligands, receptor dimerization, and interacting proteins
that bind to the phosphorylated domains of ERBB 17,
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Figure 1. Protein domains, corresponding receptors of ERBB ligands and the possible activation pathways. (A)
Erythroblastic leukemia viral oncogene homolog (ERBB) ligands include a signal peptide, a propeptide region, an
epidermal growth factor (EGF)-like domain, a juxtamembrane, a transmembrane, and a cytoplasmic tail. Schematic
representation of the membrane-anchored precursor form of the seven human EGF receptor (EGFR) ligands: EGF,
transforming growth factor-a (TGFA), heparin-binding EGF-like growth factor (HB-EGF), amphiregulin (AREG),
betacellulin (BTC), epiregulin (EREG), and epigen (EPGN). Amino acid residues that constitute the domains in the
individual EGFR ligands are listed. EGF consists of nine EGF-like repeats. (B) The yellow region includes aligned
amino acid sequences of EGF-like domains in seven EGFR ligands and neuregulin 1-4 (NRG1-4). Asterisks (*)
indicate strictly conserved residues. The domains | and Ill EGFR interacted with the N57 residue of EREG. (C)
Arrowheads indicate proximal and distal sites of cleavage in the EGF-like domains, which release to soluble
ligands. (D) The ligand binds to the ERBB receptor to form receptor homodimers and heterodimers, and activates
the intrinsic kinase domain that recruits proteins to activate intracellular signaling pathways. (E) Soluble ERBB
ligands can bind to and activate their receptors (such as EGFR) through endocrine (distant cells), paracrine

(adjacent cells), or autocrine (same cell) ways.

2. The Expression Levels of EREG during Cancer
Progression
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2.1. The Outcomes of EREG Expression and KRAS Mutation

The survival outcomes of patients with lung cancer are substantially related to EGFR mutations (such as L858R
and exon 19 deletion or insertion) or overexpressed ERBB family members that promote EGFR activity by
increasing dimerization or ATP affinities (18191 The specific inhibition of EGFR through treatment with tyrosine
kinase inhibitors (TKIs), such as gefitinib and erlotinib, initially showed satisfactory clinical outcomes 2%, Although
patients with metastatic colorectal cancer (MCRC) exhibited a high efficacy to anti-EGFR antibodies such as
cetuximab or panitumumab, drug resistance was also observed in cancer cells 2122 Most patients with CRC who
undergo anti-EGFR therapy exhibit an increased EGFR copy number; however, the degree of EGFR expression
does not seem to correlate with the blockade of EGFR signaling. The increased EGFR gene copy number is mostly
associated with a better outcome of anti-EGFR monoclonal antibodies treatment, particularly among those patients
with wild-type KRAS 28], However, in KRAS-mutated patients, the difference often did not exist. The compensation
of alternative signaling pathways in various oncogenic mutations and different cell contexts, including aberrant

EREG expression, may lead to the unfavorable outcomes of anti-EGFR therapies in various cancer cells [22124],

In NSCLC cells, EREG acts as an ERBB ligand and a potential transcription target of oncogenic KRAS signaling
(23] The oncogenic activation of the MEK (mitogen-activated protein kinase)/ERK (extracellular signal-regulated
kinase) signaling pathway by mutant EGFR, KRAS, or BRAF genes may induce EREG overexpression 281, When
the number of EGFR ligands is increased, these ligands can bind to EGFR/ERBB and activate downstream
signaling pathways, including MEK/ERK and PI3K/AKT, through an autocrine loop mechanism (Figure 2). Patients
with NSCLC exhibiting high EREG expression and KRAS mutations had shorter OS and disease-free survival than
did patients with low EREG expression and wild-type KRAS 28] |n addition, EREG mRNA levels are higher in
pancreatic ductal adenocarcinoma (PDA) tissues than in normal and chronic pancreatitis tissues 24. The findings
of whole-exome sequencing analysis also indicated that EREG expression is induced in oncogenic KRAS-driven
PDAs (28] Notably, the oncogenic driver mutations, such as EGFR and KRAS, are commonly observed in lung
adenocarcinoma 22, Moreover, tumor-promoting functions were blocked by anti-EREG antibodies or an EGFR-
tyrosine kinase inhibitor (EGFR-TKI, gefitinib or erlotinib) in NSCLC BY. Thus, it is regarded as likely that a subset
of NSCLC patients with high EREG expression and driver mutation are beneficial for anti-EGFR or targeting EREG

treatments.
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Figure 2. The EGFR/ERBB signaling pathway mediated by EREG leads to the cancer development and distinct
drug response. G-protein-coupled receptor (GPCR) activation induces the cleavage of transmembrane epiregulin
(EREG) protein and then secretes mature EREG. Soluble EREG binds to ERBB, such as epidermal growth factor
receptor (EGFR) and ERBB4, which initiate the downstream signaling cascade, whereas the ligand protein is
cleaved by a disintegrin and metalloproteinase enzyme (ADAM). The homodimerized or heterodimerized ERBB
activate RAS (rat sarcoma)/RAF (rapidly accelerated fibrosarcoma) and phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K)/AKT (a serine/threonine protein kinase) signaling cascades and synergistically activate, signal
transducer and activator of transcription (STAT) 3 signaling pathways, which then induced the upregulation
of EREG downstream signaling pathways. Oncogenic mutations in EGFR, KRAS, or BRAF genes in non-small cell
lung cancer (NSCLC) cells lead to the constitutive activation of the downstream signaling, which in turn
upregulates EREG expression. Treatment with anti-EGFR antibodies, such as cetuximab or panitumumab, in
patients with metastatic colorectal cancer (MCRC) with wild-type RAS improved patient outcomes. EREG
overexpression was found in wild-type, mutant EGFR (mtEGFR), or mutant BRAF (mtBRAF) NSCLC cells that are
sensitive to anti-EREG antibodies or an EGFR-tyrosine kinase inhibitor (EGFR-TKI, gefitinib or erlotinib). EREG
might diminish TKI-induced NSCLC cell apoptosis through EGFR/ERBB2 and AKT signaling pathways. However,

the low-level expression of AREG and EREG in CRC cells indicates that tumors are less dependent on EGFR,
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which is particularly prone to cause EGFR inhibitors resistance. Aberrant genetic alterations, including mutant RAS
(mtRAS) and mtBRAF in CRC, induce resistance to anti-EGFR therapy. Low EREG expression was caused by
aberrant histone modification and DNA methylation in a subset of cancer patients, such as those with gastric
cancer, which cause resistance to anti-EGFR therapy. The miR-186-3p/EREG axis as a key regulatory pathway
can induce the Warburg effect through EGFR signal activation, thereby increasing the expression of glycolytic
genes, including glucose transporter 3 (GLUT3), hexokinase 2 (HK2), and pyruvate dehydrogenase kinase 1
(PDK1) in breast cancer cells resistant to tamoxifen. In addition, Rab27b mediates radioresistance in highly

malignant glioblastoma (GBM) cells through the EREG-mediated paracrine pathway.

2.2. Alternative Signaling Pathways

Low AREG and EREG mRNA levels in mCRC tumor tissues are associated with BRAF mutations and correlated
with shorter OS in patients with cancer-receiving oxaliplatin/fluoropyrimidine and bevacizumab as combinational
treatment B, The expression levels of AREG and EREG ligands are coordinately regulated, and EGFR
downstream signaling pathways can be activated by the autocrine/paracrine ligand loop to promote cancer
progression (Figure 3A). The low-level expression of AREG and EREG indicate that tumors are less dependent on
EGFR; thus, it is particularly prone to drug resistance to EGFR inhibitors (Figure 3B). However, in certain tumors
(such as CRC) with aberrant genetic alterations, including RAS B2, BRAF Bl PIK3CA B3 EGFR S492R
mutations 24, PTEN loss 33, and STAT3 phosphorylation B8 confer insensitivity to anti-EGFR therapy through
constitutive activation of EGFR downstream signaling cascades regardless of EGFR blockade (Figure 3C).
Additionally, EGFR downstream pathways can be activated by compensatory activation of growth factor receptors,
including insulin-like growth factor 1 receptor (IGF-1R) 24, MET (MET proto-oncogene, receptor tyrosine kinase)
8] ERBB2 B9 and VEGFR 49 (Figure 3D). These alternative pathways may trigger intracellular signaling
pathways to bypass EGFR and induce tumor cell growth and proliferation, leading to resistance to anti-EGFR
therapies. High AREG and EREG expression levels in patients with mCRC with wild-type RAS could indicate the
better efficacy of anti-EGFR therapies [ Furthermore, BRAF mutation, accompanied by
low AREG and EREG mRNA expression levels, was correlated with poor survival outcomes in patients with mCRC

treated with oxaliplatin/fluoropyrimidine and bevacizumab 211,
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Figure 3. The alternative pathways and mechanisms bypass targeting EREG-mediated EGFR signal activation in
colorectal cancer cells. (A) The expression of AREG and EREG are coordinately regulated by an autocrine loop
through EGFR downstream signaling activation, which plays an important role in tumor growth and survival. The
EGFR ligand binds to the EGFR and causes downstream signaling pathways that are essential for cell growth and
proliferation. Cetuximab or panitumumab prevents the ligand from binding to EGFR, thereby blocking EGFR
signaling. (B) Low AREG and EREG gene expression levels are associated with resistance to anti-EGFR therapy.
The low expression levels of AREG and EREG indicate that tumor progression is less dependent on EGFR
activation; therefore, the cancer cells are particularly prone to less response to EGFR inhibitor treatment. (C)
Aberrant genetic alterations, including RAS, BRAF, PIK3CA, EGFR S492R mutations, PTEN loss, and STAT3
phosphorylation in the EGFR signaling pathways induce resistance to anti-EGFR therapy. These constitutively
activate the downstream signal cascade of EGFR leading to resistance to anti-EGFR therapy, regardless of EGFR
blockade. (D) Aberrant activation of the alternative pathways can induce resistance to anti-EGFR therapy. EGFR
downstream effectors can be activated by activating compensatory membrane growth factor receptors, including
IGF-1R, MET, HER2 and VEGFR. The stimulation of the corresponding growth factors causes the intracellular
signaling pathway to bypass EGFR and induce tumor cell growth and proliferation, leading to resistance to anti-
EGFR therapy.

| 3. Actions of EREG in the TME
3.1. EREG Promotes Tumorigenicity

In a COX2-overexpression mouse model, EREG was the most highly expressed growth factor in bladder

carcinoma and promoted cancer cell proliferation #2. Dual knockdown of EREG and N-RAS induces cell cycle

https://encyclopedia.pub/entry/16962 7/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

arrest and suppresses liver cancer cell growth through AKT, ERK, and retinoblastoma protein (Rb) pathways 43!,
Salivary adenoid cystic carcinoma (SACC) cells showed high EREG expression that promoted migration and
invasion through activated AKT and ERK signaling pathways [44. EGFRs were constitutively activated by autocrine
EREG expression in SACC cells that conferred metastatic ability through downstream AKT/ERK and STAT3
signaling pathways and snail/slug protein stabilization £2. AREG and EREG mediate the activation of the EREG
downstream signaling pathway, and the overexpression of both ligands promoted basal cell clonogenic survival,
which was blocked by cetuximab in basal-like HNSCC (Figure 4A) 48l EREG activated EGFR-ERK signaling
pathway and induced C-Myc expression, thus promoting oncogenic transformation in patients with HNSCC and
increasing sensitivity to erlotinib 11, Cytoplasmic EREG accumulating in ovarian cancer tissues may act through
autocrine and paracrine release and bind to EGFR in the TME 47, EREG derived from fibroblasts promotes the
proliferation of intestinal epithelial cells through the ERK pathway in colitis-associated tumor development 8],
Depletion of MUC1 deficiency in fibroblasts and epithelial cells led to increased EREG expression that promoted
lung cancer development through the EGFR/AKT pathway 9. This finding suggested that the tumor-promoting
role of MUCL1 is compensated by increased EREG production in the TME. Depletion of tumor suppressor gene-
Indian hedgehog increased EREG/Adenoma Polyposis Coli (Apc) pathway-driven intestinal epithelial
transformation in colonic stromal cells B9, Collectively, the results indicate that autocrine and paracrine EREG may

mainly activate EGFR downstream pathways in various cancer TMEs that contribute to tumorigenesis (Figure 4).
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Figure 4. Elevated EREG expression in certain cell types may alter tumorigenesis and therapeutic response in the
tumor microenvironment. (A) Inter-tumor heterogeneity may hinder the therapeutic efficiency of anti-EGFR
treatments in head and neck squamous cell carcinomas (HNSCC). This may be caused by the dysregulated
expression of factors, such as EREG, involved in the EGFR signaling pathway. Notably, basal-like cell lines are
more sensitive to EGFR blockade alone or in combination with treatments targeting MEK, mTOR, or ERBB2.
Additionally, EREG expression may be a predictive functional marker of anti-EGFR therapy in basal-like HNSCC.
(B) The local resident normal fibroblasts (NFs) are converted to cancer-associated fibroblasts (CAFs) in oral
squamous cell carcinoma (OSCC), which exhibit tumor-supportive properties. EREG is the most remarkably
upregulated gene in CAFs. Overexpression of EREG in NFs activated the CAF phenotype. Mechanistically, the
JAK2/STAT3 pathway was enhanced by EREG in parallel with increased IL-6 expression. IL-6 induced the
JAK2/STAT3/EREG pathway in a feedback loop. Moreover, EREG-induced CAF activation promotes the epithelial-
mesenchymal transition (EMT) necessary for migration and invasion, which depends on JAK2/STAT3 signaling and
IL-6. (C) Among EGFR ligands, EREG significantly reduces the sensitivity of cells to EGFR TKI, which may be
correlated with the resistance to erlotinib in NSCLC patients. EREG induces AKT phosphorylation in an ERBB2-
dependent manner and attenuates TKI-induced apoptosis. Regardless of treatment, EREG induces the formation
of EGFR/ERBB2 heterodimers. However, overexpression or knockdown of EREG in cancer cells has little effect on
TKI sensitivity. EREG-rich macrophage conditioned medium induces EGFR-TKI resistance. (D) Rab27b mediates
radioresistance in highly malignant glioblastoma (GBM) cells. In addition, Rab27b promotes the proliferation of

neighboring cells through EREG-mediated paracrine signals after irradiation.

3.2. EREG Mediates Tumor Metastasis

EREG promotes tumor progression and metastasis in various cancers. EREG is overexpressed in bladder cancer,
which leads to a high risk of lung metastasis 1. A set of lung metastasis signature (LMS) genes, including EREG,
COX2, and MMP1/2, was identified in breast cancer cells with lung metastasis potential B2. LMS genes mediate
primary tumor growth, angiogenesis, and metastatic extravasation in breast cancer 23, Moreover, the blockade of
these mediators by combination drugs (cetuximab/celecoxib/GM6001) significantly reduced metastatic progression.
KAP1 overexpression activates EREG, COX2, and MMPs, that stimulated tumor cell proliferation B4, K14 is highly
expressed in breast epithelial tumor cell clusters that are a key regulator of distant organ metastasis through the
activation of EREG signaling 2. In colon cancers with liver metastasis, EREG was identified as a metastasis-
associated gene through gene expression analysis €. In addition, up-regulation of EREG/ERK/AKT signaling in
SACC cells increased the potential of lung metastasis [44. EREG overexpression in normal fibroblasts mediated
the cancer-associated phenotype, which promoted EMT through JAK2/STAT3 and IL-6 signaling pathways
(Figure 4B). The findings suggest that EREG is required for fibroblast transformation in OSCC progression and
that EREG-mediated OSCC migration and invasion can be therapeutically targeted in the TME. Anti-EREG
antibody significantly repressed cell adhesion and spread in EREG-expressing colon cells, but exerted a slight
effect on their growth B8, Moreover, the anti-EREG antibody efficiently inhibited downstream EGFR signaling
activated by EREG, but not by EGF. These findings indicated that EREG—EGFR signaling is associated with cell

adhesion and migration.
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3.3. EREG Expression Correlates with Cancer Stem Cell Characteristics

EREG expression was increased in CRC cells and was associated with cancer stem cell (CSC) characteristics 22,
In lung adenocarcinoma, LGR5 expression was examined through IHC staining, and its expression was
significantly correlated with large tumor size, TNM stage, and poor prognosis 8%, LGR5-positive cells with CSC
properties with increased cell proliferation ability and were converted to LGR5-negative cells with drug resistance
state when exposure to chemotherapy drugs treatment. EREG protein expression levels were both detected in
LGR5-positive and drug-resistant LGR5-negative colon cancer cells. Besides, the anti-EREG antibody exhibited
antitumor activity against tumors derived from the LGR5-positive and LGR5-negative cells in a metastatic model.
This is the first demonstration of the establishment of stable cell lines having CSC properties and the ability to
transition between the two distinct states, a proliferating and a drug-resistant state. In addition, treatment with anti-
EREG antibodies could effectively combat tumor metastasis when CSCs are abundant in the early stages of
cancer development, indicating that targeting EREG may be an option for CSC and drug resistance therapy.
Analysis of the epigenetically regulated mRNA expression-based stemness index (MRNAsi) in The Cancer
Genome Atlas data set revealed that a higher EREG-mRNASsi score was correlated with shorter OS in patients with
glioma B, Collectively, EREG overexpression results in CSC properties and plays a critical role in metastasis
during tumor progression. EREG expression is potentially induced in colon CSCs and associated with drug
resistance. EREG is usually overexpressed in various cancers, including glioma and lung cancer; however,
whether the expression of EREG plays a critical role in distinct types of cancers with CSC properties that confer

tumor metastasis and drug resistance remains unclear.

3.4. EREG Mediates Drug Resistance

EGFR-TKI, gefitinib, and targeted therapy in Asian patients with NSCLC with EGFR mutations yielded more
favorable outcomes in terms of the objective response rate and median PFS relative to carboplatin/paclitaxel
chemotherapy 82, However, acquired resistance within 9—14 months still occurred, although EGFR-TKI treatment
demonstrated an initial improvement in clinical outcomes 6283, Thus, studies should examine how to overcome
EGFR-TKI resistance in cancer therapies. A recent study revealed that the EREG ligand causes TKI (such as
erlotinib) resistance in patients with NSCLC 4] (Figure 4C). EREG reduced TKI-induced cellular apoptosis through
EGFR/ERBB2 and AKT signaling pathways. However, no significant difference was noted in TKI resistance after
EREG overexpression or knockdowns. EREG was mainly expressed in macrophages in the NSCLC TME, as
observed through single-cell RNA sequencing [€4l. Notably, EGFR-TKI resistance increased after treatment with
conditional medium obtained from EREG-enriched macrophages. EREG produced by tumor-associated
macrophages (TAMs) causes NSCLC cell drug resistance in the TME; however, the interplay of critical factors such
as EREG expression in various TMEs in terms of different space, time, boundaries, cell types, and contexts

remains unclear.

References

https://encyclopedia.pub/entry/16962 10/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

10.

11.

12.

13.

14.

. Jin, W. ErBb Family Proteins in Cholangiocarcinoma and Clinical Implications. J. Clin. Med. 2020,

9, 2255.

. Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol.

2001, 2, 127-137.

. Yarden, Y.; Pines, G. The ERBB network: At last, cancer therapy meets systems biology. Nat.

Rev. Cancer 2012, 12, 553-563.

. Ledonne, A.; Mercuri, N.B. On the Modulatory Roles of Neuregulins/ErbB Signaling on Synaptic

Plasticity. Int. J. Mol. Sci. 2019, 21, 275.

. Berdiel-Acer, M.; Maia, A.; Hristova, Z.; Borgoni, S.; Vetter, M.; Burmester, S.; Becki, C.; Michels,

B.; Abnaof, K.; Binenbaum, I.; et al. Stromal NRG1 in luminal breast cancer defines pro-fibrotic
and migratory cancer-associated fibroblasts. Oncogene 2021, 40, 2651-2666.

. Zhao, W.J.; Ou, G.Y,; Lin, W.W. Integrative Analysis of Neuregulin Family Members-Related

Tumor Microenvironment for Predicting the Prognosis in Gliomas. Front. Immunol. 2021, 12,
682415.

. Zhang, Z.; Karthaus, W.R.; Lee, Y.S.; Gao, V.R.; Wu, C.; Russo, J.W.; Liu, M.; Mota, J.M.; Abida,

W.; Linton, E.; et al. Tumor Microenvironment-Derived NRG1 Promotes Antiandrogen Resistance
in Prostate Cancer. Cancer Cell 2020, 38, 279-296.

. Falls, D.L. Neuregulins: Functions, forms, and signaling strategies. Exp. Cell Res. 2003, 284, 14—

30.

. Ou, G.Y,; Lin, W.W.; Zhao, W.J. Neuregulins in Neurodegenerative Diseases. Front. Aging

Neurosci. 2021, 13, 662474.
Harris, R.C.; Chung, E.; Coffey, R.J. EGF receptor ligands. Exp. Cell Res. 2003, 284, 2-13.

Liu, S.; Wang, Y.; Han, Y.; Xia, W.; Zhang, L.; Xu, S.; Ju, H.; Zhang, X.; Ren, G.; Liu, L.; et al.
EREG-driven oncogenesis of Head and Neck Squamous Cell Carcinoma exhibits higher
sensitivity to Erlotinib therapy. Theranostics 2020, 10, 10589-10605.

Schneider, M.R.; Wolf, E. The epidermal growth factor receptor ligands at a glance. J. Cell
Physiol. 2009, 218, 460-466.

Prenzel, N.; Zwick, E.; Daub, H.; Leserer, M.; Abraham, R.; Wallasch, C.; Ullrich, A. EGF receptor
transactivation by G-protein-coupled receptors requires metalloproteinase cleavage of proHB-
EGF. Nature 1999, 402, 884—-888.

Hinkle, C.L.; Sunnarborg, S.W.; Loiselle, D.; Parker, C.E.; Stevenson, M.; Russell, W.E.; Lee, D.C.
Selective roles for tumor necrosis factor alpha-converting enzyme/ADAML17 in the shedding of the
epidermal growth factor receptor ligand family: The juxtamembrane stalk determines cleavage
efficiency. J. Biol. Chem. 2004, 279, 24179-24188.

https://encyclopedia.pub/entry/16962 11/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

Brown, C.L.; Coffey, R.J.; Dempsey, P.J. The proamphiregulin cytoplasmic domain is required for
basolateral sorting, but is not essential for constitutive or stimulus-induced processing in polarized
Madin-Darby canine kidney cells. J. Biol. Chem. 2001, 276, 29538-29549.

Higashiyama, S.; lwabuki, H.; Morimoto, C.; Hieda, M.; Inoue, H.; Matsushita, N. Membrane-
anchored growth factors, the epidermal growth factor family: Beyond receptor ligands. Cancer
Sci. 2008, 99, 214-220.

Arteaga, C.L.; Engelman, J.A. ERBB receptors: From oncogene discovery to basic science to
mechanism-based cancer therapeutics. Cancer Cell 2014, 25, 282—-303.

Sharma, S.V.; Bell, D.W.; Settleman, J.; Haber, D.A. Epidermal growth factor receptor mutations
in lung cancer. Nat. Rev. Cancer 2007, 7, 169-181.

Sharma, S.V.; Settleman, J. ErbBs in lung cancer. Exp. Cell Res. 2009, 315, 557-571.

Jacobi, N.; Seeboeck, R.; Hofmann, E.; Eger, A. ErbB Family Signalling: A Paradigm for
Oncogene Addiction and Personalized Oncology. Cancers 2017, 9, 33.

Li, Q.H.; Wang, Y.Z.; Tu, J.; Liu, C.W.; Yuan, Y.J.; Lin, R.; He, W.L.; Cai, S.R.; He, Y.L.; Ye, J.N.
Anti-EGFR therapy in metastatic colorectal cancer: Mechanisms and potential regimens of drug
resistance. Gastroenterol. Rep. 2020, 8, 179-191.

You, K.S.; Yi, YYW.; Cho, J.; Park, J.S.; Seong, Y.S. Potentiating Therapeutic Effects of Epidermal
Growth Factor Receptor Inhibition in Triple-Negative Breast Cancer. Pharmaceuticals 2021, 14,
589.

Yang, Z.Y.; Shen, W.X.; Hu, X.F.; Zheng, D.Y.; Wu, X.Y.; Huang, Y.F.; Chen, J.Z.; Mao, C.; Tang,
J.L. EGFR gene copy number as a predictive biomarker for the treatment of metastatic colorectal
cancer with anti-EGFR monoclonal antibodies: A meta-analysis. J. Hematol. Oncol. 2012, 5, 52.

Zhao, B.; Wang, L.; Qiu, H.; Zhang, M.; Sun, L.; Peng, P.; Yu, Q.; Yuan, X. Mechanisms of
resistance to anti-EGFR therapy in colorectal cancer. Oncotarget 2017, 8, 3980-4000.

Sunaga, N.; Kaira, K.; Imai, H.; Shimizu, K.; Nakano, T.; Shames, D.S.; Girard, L.; Soh, J.; Sato,
M.; Iwasaki, Y.; et al. Oncogenic KRAS-induced epiregulin overexpression contributes to
aggressive phenotype and is a promising therapeutic target in non-small-cell lung cancer.
Oncogene 2013, 32, 4034-4042.

Sunaga, N.; Kaira, K. Epiregulin as a therapeutic target in non-small-cell lung cancer. Lung
Cancer 2015, 6, 91-98.

Zhu, Z.; Kleeff, J.; Friess, H.; Wang, L.; Zimmermann, A.; Yarden, Y.; Buchler, M.W.; Korc, M.
Epiregulin is Up-regulated in pancreatic cancer and stimulates pancreatic cancer cell growth.
Biochem. Biophys. Res. Commun. 2000, 273, 1019-1024.

https://encyclopedia.pub/entry/16962 12/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Witkiewicz, A.K.; McMillan, E.A.; Balaji, U.; Baek, G.; Lin, W.C.; Mansour, J.; Mollaee, M.; Wagner,
K.U.; Koduru, P.; Yopp, A.; et al. Whole-exome sequencing of pancreatic cancer defines genetic
diversity and therapeutic targets. Nat. Commun. 2015, 6, 6744.

Chevallier, M.; Borgeaud, M.; Addeo, A.; Friedlaender, A. Oncogenic driver mutations in non-small
cell lung cancer: Past, present and future. World J. Clin. Oncol. 2021, 12, 217-237.

Zhang, J.; lwanaga, K.; Choi, K.C.; Wislez, M.; Raso, M.G.; Wei, W.; Wistuba, I.1.; Kurie, J.M.
Intratumoral epiregulin is a marker of advanced disease in non-small cell lung cancer patients and
confers invasive properties on EGFR-mutant cells. Cancer Prev. Res. 2008, 1, 201-207.

Stintzing, S.; Ivanova, B.; Ricard, I.; Jung, A.; Kirchner, T.; Tannapfel, A.; Juette, H.; Hegewisch-
Becker, S.; Arnold, D.; Reinacher-Schick, A. Amphiregulin (AREG) and Epiregulin (EREG) Gene
Expression as Predictor for Overall Survival (OS) in Oxaliplatin/Fluoropyrimidine Plus
Bevacizumab Treated mCRC Patients-Analysis of the Phase Il AIO KRK-0207 Trial. Front. Oncol.
2018, 8, 474.

Misale, S.; Yaeger, R.; Hobor, S.; Scala, E.; Janakiraman, M.; Liska, D.; Valtorta, E.; Schiavo, R.;
Buscarino, M.; Siravegna, G.; et al. Emergence of KRAS mutations and acquired resistance to
anti-EGFR therapy in colorectal cancer. Nature 2012, 486, 532—-536.

Mao, C.; Yang, Z.Y.; Hu, X.F.; Chen, Q.; Tang, J.L. PIK3CA exon 20 mutations as a potential
biomarker for resistance to anti-EGFR monoclonal antibodies in KRAS wild-type metastatic
colorectal cancer: A systematic review and meta-analysis. Ann. Oncol. 2012, 23, 1518-1525.

Esposito, C.; Rachiglio, A.M.; La Porta, M.L.; Sacco, A.; Roma, C.; lannaccone, A.; Tatangelo, F.;
Forgione, L.; Pasquale, R.; Barbaro, A.; et al. The S492R EGFR ectodomain mutation is never
detected in KRAS wild-type colorectal carcinoma before exposure to EGFR monoclonal
antibodies. Cancer Biol. Ther. 2013, 14, 1143-1146.

Perrone, F.; Lampis, A.; Orsenigo, M.; Di Bartolomeo, M.; Gevorgyan, A.; Losa, M.; Frattini, M.;
Riva, C.; Andreola, S.; Bajetta, E.; et al. PI3KCA/PTEN deregulation contributes to impaired
responses to cetuximab in metastatic colorectal cancer patients. Ann. Oncol. 2009, 20, 84-90.

Ma, X.T.; Wang, S.; Ye, Y.J.; Du, R.Y.; Cui, Z.R.; Somsouk, M. Constitutive activation of Stat3
signaling pathway in human colorectal carcinoma. World J. Gastroenterol. 2004, 10, 1569-1573.

Weber, M.M.; Fottner, C.; Liu, S.B.; Jung, M.C.; Engelhardt, D.; Baretton, G.B. Overexpression of
the insulin-like growth factor | receptor in human colon carcinomas. Cancer 2002, 95, 2086—2095.

Bardelli, A.; Corso, S.; Bertotti, A.; Hobor, S.; Valtorta, E.; Siravegna, G.; Sartore-Bianchi, A.;
Scala, E.; Cassingena, A.; Zecchin, D.; et al. Amplification of the MET receptor drives resistance
to anti-EGFR therapies in colorectal cancer. Cancer Discov. 2013, 3, 658-673.

Richman, S.D.; Southward, K.; Chambers, P.; Cross, D.; Barrett, J.; Hemmings, G.; Taylor, M.;
Wood, H.; Hutchins, G.; Foster, J.M.; et al. HER2 overexpression and amplification as a potential

https://encyclopedia.pub/entry/16962 13/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

therapeutic target in colorectal cancer: Analysis of 3256 patients enrolled in the QUASAR,
FOCUS and PICCOLO colorectal cancer trials. J. Pathol. 2016, 238, 562-570.

Bianco, R.; Rosa, R.; Damiano, V.; Daniele, G.; Gelardi, T.; Garofalo, S.; Tarallo, V.; De Falco, S.;
Melisi, D.; Benelli, R.; et al. Vascular endothelial growth factor receptor-1 contributes to resistance
to anti-epidermal growth factor receptor drugs in human cancer cells. Clin. Cancer Res. 2008, 14,
5069-5080.

Jing, C.; Jin, Y.H.; You, Z.; Qiong, Q.; Jun, Z. Prognostic value of amphiregulin and epiregulin
MRNA expression in metastatic colorectal cancer patients. Oncotarget 2016, 7, 55890-55899.

Wang, X.; Colby, J.K.; Rengel, R.C.; Fischer, S.M.; Clinton, S.K.; Klein, R.D. Overexpression of
cyclooxygenase-2 (COX-2) in the mouse urinary bladder induces the expression of immune- and
cell proliferation-related genes. Mol. Carcinog. 2009, 48, 1-13.

Zhao, M.; He, H.W.; Sun, H.X.; Ren, K.H.; Shao, R.G. Dual knockdown of N-ras and epiregulin
synergistically suppressed the growth of human hepatoma cells. Biochem. Biophys. Res.
Commun. 2009, 387, 239-244.

Hu, K.; Li, S.L.; Gan, Y.H.; Wang, C.Y.; Yu, G.Y. Epiregulin promotes migration and invasion of
salivary adenoid cystic carcinoma cell line SACC-83 through activation of ERK and Akt. Oral
Oncol. 2009, 45, 156-163.

Liu, S.; Ye, D.; Xu, D.; Liao, Y.; Zhang, L.; Liu, L.; Yu, W.; Wang, Y.; He, Y.; Hu, J.; et al. Autocrine
epiregulin activates EGFR pathway for lung metastasis via EMT in salivary adenoid cystic
carcinoma. Oncotarget 2016, 7, 25251-25263.

Job, S.; Reynies, A.; Heller, B.; Weiss, A.; Guerin, E.; Macabre, C.; Ledrappier, S.; Bour, C.;
Wasylyk, C.; Etienne-Selloum, N.; et al. Preferential Response of Basal-Like Head and Neck
Squamous Cell Carcinoma Cell Lines to EGFR-Targeted Therapy Depending on EREG-Driven
Oncogenic Addiction. Cancers 2019, 11, 795.

Amsterdam, A.; Shezen, E.; Raanan, C.; Slilat, Y.; Ben-Arie, A.; Prus, D.; Schreiber, L. Epiregulin
as a marker for the initial steps of ovarian cancer development. Int. J. Oncol. 2011, 39, 1165—-
1172.

Neufert, C.; Becker, C.; Tureci, O.; Waldner, M.J.; Backert, I.; Floh, K.; Atreya, I.; Leppkes, M.;
Jefremow, A.; Vieth, M.; et al. Tumor fibroblast-derived epiregulin promotes growth of colitis-
associated neoplasms through ERK. J. Clin. Investig. 2013, 123, 1428-1443.

Xu, X.; Chen, W.; Leng, S.; Padilla, M.T.; Saxton, B.; Hutt, J.; Tessema, M.; Kato, K.; Kim, K.C.;
Belinsky, S.A.; et al. Mucl knockout potentiates murine lung carcinogenesis involving an
epiregulin-mediated EGFR activation feedback loop. Carcinogenesis 2017, 38, 604—614.

Westendorp, F.; Karpus, O.N.; Koelink, P.J.; Vermeulen, J.L.M.; Meisner, S.; Koster, J.; Buller, N.;
Wildenberg, M.E.; Muncan, V.; van den Brink, G.R. Epithelium-derived Indian Hedgehog restricts

https://encyclopedia.pub/entry/16962 14/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

51.

52.

53.

54.

55.

56.

S57.

58.

59.

60.

stromal expression of ErbB family members that drive colonic tumor cell proliferation. Oncogene
2021, 40, 1628-1643.

Nicholson, B.E.; Frierson, H.F.; Conaway, M.R.; Seraj, J.M.; Harding, M.A.; Hampton, G.M.;
Theodorescu, D. Profiling the evolution of human metastatic bladder cancer. Cancer Res. 2004,
64, 7813-7821.

Minn, A.J.; Gupta, G.P.; Siegel, P.M.; Bos, P.D.; Shu, W.; Giri, D.D.; Viale, A.; Olshen, A.B.;
Gerald, W.L.; Massague, J. Genes that mediate breast cancer metastasis to lung. Nature 2005,
436, 518-524.

Gupta, G.P.; Nguyen, D.X.; Chiang, A.C.; Bos, P.D.; Kim, J.Y.; Nadal, C.; Gomis, R.R.; Manova-
Todorova, K.; Massague, J. Mediators of vascular remodelling co-opted for sequential steps in
lung metastasis. Nature 2007, 446, 765—770.

Addison, J.B.; Koontz, C.; Fugett, J.H.; Creighton, C.J.; Chen, D.; Farrugia, M.K.; Padon, R.R.;
Voronkova, M.A.; McLaughlin, S.L.; Livengood, R.H.; et al. KAP1 promotes proliferation and
metastatic progression of breast cancer cells. Cancer Res. 2015, 75, 344—-355.

Cheung, K.J.; Padmanaban, V.; Silvestri, V.; Schipper, K.; Cohen, J.D.; Fairchild, A.N.; Gorin,
M.A.; Verdone, J.E.; Pienta, K.J.; Bader, J.S.; et al. Polyclonal breast cancer metastases arise
from collective dissemination of keratin 14-expressing tumor cell clusters. Proc. Natl. Acad. Sci.
USA 2016, 113, E854—-E863.

Watanabe, T.; Kobunai, T.; Yamamoto, Y.; Kanazawa, T.; Konishi, T.; Tanaka, T.; Matsuda, K.;
Ishihara, S.; Nozawa, K.; Eshima, K.; et al. Prediction of liver metastasis after colorectal cancer
using reverse transcription-polymerase chain reaction analysis of 10 genes. Eur. J. Cancer 2010,
46, 2119-2126.

Wang, Y.; Jing, Y.; Ding, L.; Zhang, X.; Song, Y.; Chen, S.; Zhao, X.; Huang, X.; Pu, Y.; Wang, Z.;
et al. Epiregulin reprograms cancer-associated fibroblasts and facilitates oral squamous cell
carcinoma invasion via JAK2-STAT3 pathway. J. Exp. Clin. Cancer Res. 2019, 38, 274.

lijima, M.; Anai, M.; Kodama, T.; Shibasaki, Y. Epiregulin-blocking antibody inhibits epiregulin-
dependent EGFR signaling. Biochem. Biophys. Res. Commun. 2017, 489, 83-88.

Kobayashi, S.; Yamada-Okabe, H.; Suzuki, M.; Natori, O.; Kato, A.; Matsubara, K.; Jau Chen, Y.;
Yamazaki, M.; Funahashi, S.; Yoshida, K.; et al. LGR5-positive colon cancer stem cells
interconvert with drug-resistant LGR5-negative cells and are capable of tumor reconstitution.
Stem Cells 2012, 30, 2631-2644.

Ryuge, S.; Sato, Y.; Jiang, S.X.; Wang, G.; Kobayashi, M.; Nagashio, R.; Katono, K.; lyoda, A.;
Satoh, Y.; Masuda, N. The clinicopathological significance of Lgr5 expression in lung
adenocarcinoma. Lung Cancer 2013, 82, 143-148.

https://encyclopedia.pub/entry/16962 15/16



The Role of EREG/EGFR Pathway in Tumor Progression | Encyclopedia.pub

61.

62.

63.

64.

Xia, P.; Li, Q.; Wu, G.; Huang, Y. Identification of Glioma Cancer Stem Cell Characteristics Based
on Weighted Gene Prognosis Module Co-Expression Network Analysis of Transcriptome Data
Stemness Indices. J. Mol. Neurosci. 2020, 70, 1512-1520.

Wu, Y.L.; Saijo, N.; Thongprasert, S.; Yang, J.C.; Han, B.; Margono, B.; Chewaskulyong, B.;
Sunpaweravong, P.; Ohe, Y.; Ichinose, Y.; et al. Efficacy according to blind independent central
review: Post-hoc analyses from the phase Ill, randomized, multicenter, IPASS study of first-line
gefitinib versus carboplatin/paclitaxel in Asian patients with EGFR mutation-positive advanced
NSCLC. Lung Cancer 2017, 104, 119-125.

Yu, H.A.; Arcila, M.E.; Rekhtman, N.; Sima, C.S.; Zakowski, M.F.; Pao, W.; Kris, M.G.; Miller, V.A.;
Ladanyi, M.; Riely, G.J. Analysis of tumor specimens at the time of acquired resistance to EGFR-
TKI therapy in 155 patients with EGFR-mutant lung cancers. Clin. Cancer Res. 2013, 19, 2240-
2247.

Ma, S.; Zhang, L.; Ren, Y.; Dai, W.; Chen, T.; Luo, L.; Zeng, J.; Mi, K.; Lang, J.; Cao, B. Epiregulin
confers EGFR-TKI resistance via EGFR/ErbB2 heterodimer in non-small cell lung cancer.
Oncogene 2021, 40, 2596-2609.

Retrieved from https://encyclopedia.pub/entry/history/show/40259

https://encyclopedia.pub/entry/16962 16/16



