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Abstract

The epidermal growth factor receptor (EGFR) and a co-receptor denoted HER2/ERBBZ2, are
frequently overexpressed or mutated in solid tumors, such as carcinomas and gliomas. In line with
driver roles, cancer drugs intercepting EGFR or HER2 currently outnumber therapies targeting
other hubs of signal transduction. To explain the roles for EGFR and HER2 as prime drivers and
targets, we take lessons from invertebrates and refer to homeostatic regulation of several
mammalian tissues. The model we infer ascribes to the EGFR-HER2 module pivotal functions in
rapid clonal expansion of progenitors called transient amplifying cells (TACs). Accordingly, TACs
of tumors suffer from replication stress, hence accumulate mutations. In addition, several lines of
evidence propose that in response to EGF and related mitogens, TACs might undergo de-
differentiation into tissue stem cells, which might enable entry of oncogenic mutations into the
stem cell compartment. According to this view, antibodies or kinase inhibitors targeting EGFR-
HER?2 effectively retard some solid tumors because they arrest mutation-enriched TACs and
possibly inhibit their dedifferentiation. Deeper understanding of the EGFR-HER2 module and
relations between cancer stem cells and TACs will enhance our ability to control a broad spectrum
of human malignancies.

A primer to tissue homeostasis

The numerical maintenance of normal morphology and function, tissue homeostasis, is
primarily accomplished by cell turnover. In this highly coordinated process, certain
differentiated cells are regularly eliminated and replaced by the expanded progeny of tissue-
specific stem cells. 1 The rate of cell turnover varies extensively among organs, averaging 5
days for the intestinal epithelium, 4 weeks for the epidermis, and 6 months for lung
epithelium 2 3. While it is commonly an ongoing process, cell turnover sometimes occurs in
intermittent cycles, such as the life-long cycles of growth, involution, and relative quiescence
exhibited by hair follicles 4 °. In addition to its general role in homeostasis, cell turnover
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contributes to several tissue-specific functions. For instance, adult neurogenesis and cell
death seem to be important for learning and memory. © Likewise, the mammary gland
exhibits cycles of growth and involution, regulated by the ovarian cycle, pregnancy, or
weaning. 7 Another tissue, the epidermis, is characterized by a sophisticated mechanism of
cell death, cornification, which maintains a physical barrier able to protect the body from
environmental insults. 8

Cell turnover might be considered a three-layered equation (Figure 1). One part of the
equation, physiological cell eradication, occurs essentially via programmed death of specific
cells (apoptosis), although additional death subroutines may also operate. ° The next part of
the equation is cell replication. While a few tissues, such as liver 19 and the endocrine
pancreas 11 appear to be maintained or regenerated by replication of differentiated cells,
homeostasis of most organs depends on replication of adult stem cells and their progeny.
Adult stem cells are characterized by the ability to self-renew, thereby maintain the stem cell
population, and also generate daughter cells able to differentiate into a single, a few
(oligopotent), or a large number (multipotent) of cell types. Depending on cell type and
organ in question, different strategies are employed for stem cell expansion. The daily
production of billions of blood cells is based on a hierarchically organized system, in which
the most primitive hematopoietic stem cells are highly quiescent, cycling only once every
145 days, on average. 12 The intestine, another tissue able to produce immense numbers of
cells every day, harbors mitotically active stem cells that cycle once every 24 hours. 13 In
both tissues, it is the massive expansion of undifferentiated, immediate derivatives of tissue-
specific stem cells, denoted transient amplifying cells (TACs), which permits daily
production of a colossal number of cells. Newly introduced models of tissue-specific TACs,
while conceptually straightforward, come with variations on the theme. In the epidermis, for
instance, a population of functionally equivalent cycling progenitors, all located in the basal
layer, underlays wound healing. 14 Independently of these differences, the third part of the
cellular turnover equation is differentiation, namely: the gradual adoption of a final fate and
incorporation into the host organ. One critical, almost universal factor regulating
differentiation is exit from the stem cell niche. In the intestine, direct contact to a Paneth cell
is necessary and sufficient to maintain the stem cell character, while loss of direct contact to
these cells causes stem cells to become TACs. 15

Some thirty years ago, Robert Lim and Stephen Hauschka reported that terminal
differentiation of mouse myaoblasts is accompanied by permanent loss of the epidermal
growth factor receptor (EGFR), but myoblasts that are prevented from differentiation bind
large amounts of EGF. 16 In the following years, it became clear that timely loss of receptors
for specific mitogens is a general regulatory mechanism that prevents continuous replication
and allows formation of specialized cell types. In fact, evasion from this regulatory
mechanism, propelled by sustained proliferative signaling, is a fundamental capability
acquired during the multistep development of tumors. 17 Here we review evidence from
invertebrates, rodent models, and tumor specimens, collectively supporting a role for EGFR,
and the co-receptor, HERZ2, in cell turnover, especially in clonal expansion of TACs and their
presumed conversion to stem cells in the context of malignancies.
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In invertebrates, EGFR primarily expands pools of epidermal and other

TACs

The simplest version of the EGFR module exists in Caenorhabditis elegans, a one
millimeter-long worm. The vulva of this hermaphrodite nematode is necessary for egg-
laying and for copulation with males, and its induction is one of the best understood
morphogenic events 18 (Figure 2, right panel). Vulval cell induction requires LIN-3, an EGF-
like factor, and LET-23, an EGFR ortholog, along with components of the RAS-MAP-kinase
pathway. Inactivation of this pathway results in the “vulvaless” phenotype, and conversely,
hyperactivation results in excessive vulval differentiation (“multivulva” phenotype). During
early larval development, a presumed epidermal stem cell generates 11 daughter cells, six of
which will form an equivalence group of vulval precursor cells (VPCs), called P3.p through
P8.p. Ablation experiments indicated that all six cells of the ventral epidermis have the
potential to generate vulva 19, Normally, P6.p receives LIN-3 from the anchor cell in the
overlying gonad, and adopts the primary vulval fate while undergoing several cell cycles. A
combination of weaker LIN-3 signals and lateral signaling by LIN-12, a Notch-like protein,
instructs the neighboring VVPCs, P5.p and P7.p, to adopt the secondary vulval fate. This
generates the 22 nuclei of the mature vulva. The remaining three VPCs (P3.p, P4.p, and
P8.p) divide once and fuse with the surrounding hypodermal syncytium. Importantly, the
Hox gene /in-39is a major determinant of VVPCs, which acts by inhibiting fusion and
stimulating cell division. In conclusion, the archaic EGFR form, along with Notch, regulates
precise expansion of a pool of undifferentiated, yet committed TACs that gradually reach
terminal differentiation.

Four EGF-like ligands bind to the insect EGFR molecule, and they regulate an especially
broad spectrum of intercellular inductive processes in Drosophila melanogaster. 2°
Development of the optic lobe exemplifies the principles of cell turnover (Figure 2, left
panel): Reminiscent of nematodes’ vulval development, an insect neuroepithelial stem cell
initiates a proneural wave of differentiation in the optic lobe. This is accomplished by an
EGFR-driven switch from symmetric to asymmetric stem cell divisions and allows both
renewal of the neuroepithelium and differentiation into neuroblasts. Oscillations of Notch
activation, and, eventually, simultaneous down-regulation of EGFR and Notch mark
completion of the switch and precede a phase of extensive neuroblast proliferation. 21 In this
way, EGFR activation controls a phase of neuroblast proliferation and gradual differentiation
into at least 63 distinct neuronal subtypes in the optic ganglia of the fly. 22 In summary, in
both C. elegans and Drosophila melanogaster EGFR acts upon pre-differentiated progenies
of tissue-specific stem cells, to numerically expand the cellular pool available for
differentiation. Whether or not EGFR-driven neuroblasts can revert to stem cells remains
unknown. It is notable, however, that de-differentiation of germ cell progenitors into
functional stem cells has been observed in the ovary of flies. 23

The hardware and software of the mammalian EGFR-HER2 module

Whole genome and single chromosome duplications, which occurred in the course of
evolution, expanded the primordial EGFR module, such that 4 receptors (EGFR, HER2/
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ERBB2, HER3/ERBB3 and HER4/ERBB4) and 11 growth factors exist in mammals.
Congruent with duplications, while the receptors’ genes are found in different chromosomes,
4 ligand genes (amphiregulin, epigen, epiregulin and betacellulin) reside in a single cluster
located at human chromosome 4 (4q13.3). And whereas EGFR and HER4 are functionally
autonomous, meaning that they can bind a growth factor and consequently their intrinsic
enzymatic activity undergoes dimerization and stimulation, the other two receptors are non-
autonomous: HER?2 (also called NEU) cannot bind any known growth factor with high
affinity, 24 whereas HER3 is almost devoid of catalytic activity. 25 The key for understanding
the logic of this configuration is the process of ligand-induced homo- and heterodimerisation
of receptor tyrosine kinases, first described in the context of EGFR and HER2. 26-28
Accordingly, due to a ligand-induced conformational change that projects a dimerization
arm, 22 ligand-occupied receptors undergo dimerization, such that the cytoplasmic domains
of the dimeric receptor complex are brought together and allow kinase activation, as well as
trans-phosphorylation. 3 In addition, the heterodimeric complexes are able to recruit sets of
receptor-interacting proteins, to instigate downstream signaling. For example, whereas
homodimers of EGFR and HER2 can strongly couple to the RAS-to-ERK pathway, both
neuregulin receptors, namely HER3 and HER4, can avidly recruit phosphotidylinositol 3’
kinase, thereby activate the AKT kinase cascade. Heterodimers like the robust HER2-HER3
complex, however, feed both pathways. 31

HER/ERBB signaling might be considered in context of a layered network that gains
robustness due to modularity, redundant components and multiple feedback regulatory
loops, the function of which is to regain steady state following bursts of activation. 32: 33
Both positive feedback, primarily up-regulation of ligand production, and negative feedback
loops contribute to robust function, and they are manipulated in disease states. The majority
of feedback regulation involves induction of specific genes, such as genes encoding
phosphatases specific to MAP-kinases, and transcriptional repressors, which act as inhibitors
of downstream signaling. 34 In addition, an immediate wave of feedback loops, which
precedes synthesis of new RNAs and proteins, involves posttranslational protein
modifications, such as EGFR phosphorylation at tyrosine-1045, which enables recruitment
of an E3 ubiquitin ligase, CBL, and subsequent conjugation of ubiquitin molecules to active
receptors. 3% 36 Ubiquitinated receptors are rapidly sorted for intracellular degradation
through a stepwise process orchestrated by ubiquitin- and GTP-binding proteins. 37: 38
Unlike EGFR, HER2 largely evades ubiquitination, hence undergoes internalization and
recycling, which prolongs signals generated by HER2-containing heterodimers. 39: 40
Another mechanism that enables HER2 to enhance signaling, despite its inability to directly
bind a ligand growth factor, entails inhibition of EGF dissociation from HER2-containing
heterodimers. For these reasons, such heterodimers are preferred and their signaling might
lead to uncontrolled growth. 41 42

Animal models attribute to EGFR-HER2 critical functions downstream to

tissue stem cells, at the level of TACs

In the 1930s, two spontaneous mutant mice displaying an unusually waved hair coat were
reported and termed waved-1 and waved-2 (reviewed in 43). Today we know that these
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classical mutant mouse lines carry point mutations in the genes encoding the EGFR ligand
TGF-alpha 44 or the EGFR itself 4°, respectively. EGFR can be activated by seven different
ligands, which display tissue-specific patterns of expression. 46 Accordingly, in contrast to
the multiorgan defects observed in mice lacking EGFR, knockout of individual ligands
resulted in either no phenotype or relatively mild, organ-specific defects. For example, TGF-
alpha deficiency resulted in hair follicle and eye abnormalities, 47 but different effects on
mammary gland development were observed in mice lacking amphiregulin or EGF. 48
Consistent with growth factor-induced expansion of diverse pools of undifferentiated cells,
neonatal mice lacking three ligands, amphiregulin, EGF and TGF-alpha, were growth
retarded. 4° Growth retardation was shared also by EGFR mutant mice that escaped in utero
death; 50-52 syrviving animals were smaller but displayed relatively normal tissue
architecture and cell type composition, °0-52 suggesting that insufficient proliferation of
committed progenitors might be responsible for the general hypoplastic phenotype. In
accordance, asymmetric EGFR distribution during mitosis of forebrain progenitors resulted
in daughter cells with different proliferative, migratory, and differentiation abilities. 53 These
and other lines of evidence (reviewed in ®#) indicate that EGFR promotes proliferation of
progenitors in many organs (e.g., lung, heart, liver, hair follicles and skin), as well as inhibits
terminal cell differentiation (e.g., chondrocytes and osteoblasts).

The non-autonomous function of HERZ2, the ligand-less member of the family, in clonal
expansion of specific progenitors is reflected by the phenotypes of animals homozygous for
a disrupted HERZ2 gene. For example, mice defective in HER2, HER4 or neuregulin 1, which
binds both HER3 and HER4, die at embryonic day 10.5 due to remarkably similar cardiac
defects. 55-57 Apparently, neuregulin 1 is secreted by the endocardium and stimulates
adjacent myocytes by binding with a complex comprising HER4 and HER2. This initiates
myocyte proliferation and formation of essential finger-like extensions called trabecula.
Gene knockout uncovered another early and essential co-receptor function of HER2, namely
an ability to assist neuregulin and HER3 in Schwann cell development and in axon
myelination: °8-60 due to the absence of Schwann cells in HER2 mutant animals, sensory
and motor neurons undergo extensive cell death. In conclusion, the traits of genetically
manipulated animals are consistent with an evolutionarily conserved function of HER/ERBB
receptors and their ligands, namely accelerating proliferation of subsets of undifferentiated
epithelial and other TACs, along with blocking terminal differentiation and enhancing
survival of partly differentiated cells.

Roles for EGFR-HER2 in renewal and regeneration of specific tissues

Several tissues exemplify the ability of EGFR to promote regeneration and derive
differentiated cells from stem cells. They include liver, 61 lung, 62 and bone 63-66,
Furthermore, EGFR signaling supports regeneration of hematopoietic cells after
myelosuppressive injury 87: high EGF levels in the bone marrow protect mice after a lethal
dose of irradiation, through a mechanism that requires EGFR activation in hematopoietic
stem cells and inhibition of apoptosis by repressing PUMA, a proapoptotic protein.
Similarly, EGFR is engaged during regeneration of adult tissues. Regeneration is a form of
tissue replacement due to pathological insults (e.g., injury), in which adult stem cells
respond to loss of particular cell types by activating dedicated division programs. For
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instance, prominent EGFR immunoreactivity appears after brain injury, in astrocytes
adjacent to the lesion. 68 In the same vein, transgenic mice overexpressing EGFR showed
accelerated re-myelination and functional recovery following experimental demyelination of
the corpus callosum. 59 In the latter model, EGFR enhanced proliferation of progenitors and,
at the same time, reduced the number of apoptotic cells. The converse effect was observed in
the intestinal mucosa of EGFR-deficient mice subjected to ionizing radiation: compared to
normal cells, proliferation capacity was reduced and apoptosis rates were increased in
enterocytes lacking EGFR. 79 Below and in Figure 3 we describe two well-characterized
examples of homeostatic regulation, which underscore roles for EGFR in amplification of
stem cell-derived, early progenitors.

Small intestinal stem cells

The intestinal stem cell compartment is one of the best-studied adult stem cell niches in
mammals (Figure 3, right panel). This compartment occupies the base of the crypt, whereas
the TAC compartment is located at the middle part, and the differentiation compartment,
containing post-mitotic, lineage committed cells, extends from the upper third of the crypt to
the villus tip. 71 Thus, the crypt is the sole source of cells for intestinal self-renewal; each
crypt generating more than 250 new cells per day. A small number of Lgr5* stem cells,
intermingled with Paneth cells, sustain renewal of the entire epithelium. Lgr5* stem cells
replicate once every 24 hours, while their progeny, the TACs, divide even more vigorously
(once per 12 hours). Paneth cells are longer-lived, and unlike the TACs, which migrate
upward, move downward into the crypt. In addition to secretion of antibacterial peptides,
Paneth cells provide essential niche signals. Gene expression profiling of Paneth cells
revealed expression of the EGFR ligands TGF-alpha and EGF, among other factors, and
EGF appears essential for in vitro growth of organoids derived from Lgr5* cells. 15 LRIG1
is a non-specific receptor tyrosine kinase inhibitor and its role in the intestinal crypt is still
obscure. Nevertheless, the identification of LRIG1™ progenitors within the crypt revealed
another level of EGFR-mediated regulation of intestinal homeostasis. LRIG1 inhibits EGFR/
ERBB signaling by direct interactions with all HER/ERBB proteins. /2 73, While the exact
position of LRIG1* cells in the crypt hierarchy and the interdependency of LRIG1* and
Lgr5* cells remain unclear, two studies recently proved that LRIG1 regulates cell
proliferation within the intestinal stem cell niche by tuning EGFR/ERBB signaling. 74 7>
Specifically, loss of LRIGL1 resulted in upregulation of EGFR, HER2 and HERS3, and,
depending on the model, either increased crypt size 7 or led to duodenal adenomas. 7>

Independent of these lines of evidence, it has long been known that luminal 78 or
subcutaneous administration 77 of EGF exerts trophic actions on the intestine of rodents.
Congruently, overexpression of an EGFR ligand, betacellulin, increased proliferation and
markedly enlarged the intestinal epithelium. 78 Conversely, as mentioned already, mice with
a targeted depletion of EGFR showed a reduction in intestinal crypt size and number, along
with reduced cell proliferation. 51 52 Interestingly, several studies have raised the possibility
that early TACs possess plasticity and can act as stem cells. For example, immediate
daughters of Lgr5-positive small intestinal stem cells commit to a secretory lineage by
expressing DII1, a ligand of Notch, but they regain stemness after stimulation by WNT
factors in vitro or after damage in vivo. 7° Taken together, it is becoming clear that HER/
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ERBB signaling provides a strong inductive signal for small intestinal SCs and promotes
proliferation of functionally plastic TACs.

cells

While additional sites seem to exist, the current consensus assumes that neural stem cell
niches are limited to two regions of the mammalian brain, the ventricular-subventricular
zone (V-SVZ) in the lateral ventricles and the subgranular zone (SGZ) of the

hippocampus. & In the V-SVZ, the better characterized niche, 81 stem cells correspond to
specialized astrocytes (B1 cells), which give rise to intermediate progenitors (C cells), a
TAC population that differentiates into neuroblasts (A cells), which divide and migrate out
of the niche (Figure 3, left panel). 82 While it was previously known that active EGFRs
promote in vitro growth of neural stem cell-derived neurospheres and expands, in vivo, the
number of proliferating V-SVZ cells, Doetsch and colleagues were the first to show that the
majority of EGFR-positive and EGF-responsive cells in this niche are in fact transit
amplifying C cells. 8 By infusing EGF into the lateral ventricles, they demonstrated that
exogenous EGF increased proliferation of C cells and simultaneously decreased the number
of neuroblasts. Since then, this effect has been confirmed in different experimental settings,
for instance during cerebral ischemia. 8 Doetsch and colleagues were also the first who
noted that, in addition to C cells, EGFR is expressed by a subset of astrocytes which are,
according to a later study, activated stem cells. 85 Interestingly, it was suggested that
enhanced EGFR signaling in C cells might suppress Notch signaling, a major B1 cell
pathway regulating identity and self-renewal of neural stem cells. 8 In the longer term, EGF
stimulation is particularly important for oligodendrogenesis. 8- 8 The EGFR ligand
betacellulin was recently shown to similarly stimulate proliferation of V-SVZ progenitor
cells. 89 However, in contrast to EGF, BTC infusion increased neurogenesis in vivo, an effect
attributable to the ability of this EGFR ligand to additionally activate neuroblasts’ HERA4. In
summary, similar to their roles in development of the optic lobe of flies, EGFR molecules
expressed in the V-SVZ not only mark committed neural stem cells and their direct progeny,
the transit amplifying C cells, but also dictate expansion of this class of TACs. As we
highlight below, the ability of EGFR-HER2 to expand the pool of neural and other TACs
might explain why genetic aberrations frequently activate this signaling module in tumors of
brain and other organs.

Mutational and other mechanisms frequently activate the HER/ERBB

network in solid tumors

In accordance with the ability of ERBB/HER signaling to expand pools of undifferentiated
progenitors, mutations and other aberrations that constitutively stimulate ERBB/HER are
frequently detected in cancer. This might create a harmful cycle, because EGF-induced rapid
proliferation of TACs not only ensures clonal expansion of mutation-bearing cells, but also
accelerates accumulation of additional mutations due to error-prone DNA replication. 9
Genetic alterations of HER/ERBB that have been detected in human cancer include gene
amplification, leading to receptor overexpression, activating kinase domain mutations, in-
frame deletions, and co-expression of receptors and their ligands. 33 Below we describe the
aberrant forms of the receptors and their clinical relevance. For the sake of brevity, this
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description excludes mutations affecting downstream effectors, such as RAS, BRAF and
PI3K.

EGFR aberrations in brain tumors

Genetic amplification, elevated expression, and mutations within the EGFR have been
widely implicated in various cancers, including breast, head and neck, prostate and non—
small cell lung cancer (NSCLC). Yet, EGFR aberrations are most frequently displayed by
high-grade brain tumors of glial origin. 91-93 Amplification of £GFR occurs in 40-60% of
primary glioblastoma multiforme (GBM), but lower-grade astrocytomas rarely show similar
aberrations %4. In addition, EGFR displays several internal deletions and missense
mutations. % The most abundant deletion, of exons 2 through 7, is termed EGFRvIII
(EGFRAIII). Although frequently detected in brain tumors (approximately 40% of
glioblastomas bear it), this mutation also occurs in various carcinomas. 96-98 Despite
inability to bind ligands, EGFRvIII exhibits constitutively high tyrosine phosphorylation,
activation of downstream signaling pathways, 9° as well as interactions with MET 100, 101
and regulation of HER? trafficking 192. Indeed, EGFRvIII molecules are basally dimerized
and confer high tumorigenic potential. 103 Importantly, EGFR aberrations in primary GBMs
are accompanied by mutations in tumor suppressors (p16/nk4a, p19Arf, and PTEN). Other,
less frequent EGFR deletions were identified: carboxyl terminal mutants, collectively termed
EGFRVIV, lack either three exons (numbered 25 to 27; EGFRvIVa) or two exons (25 and 26;
EGFRvIVb), 98. 104, 105 \yith the kinase-activating deletion initiating immediately
downstream to the enzymatic domain. 106

EGFR aberrations in lung and in other tumors

EGFR kinase domain mutations are almost exclusively found in a fraction of

NSCLCs, 107-109 with rare mutations also found in tumors of head and neck, colon, ovary,
esophagus, pancreas and breast. 110 111, The |L858R substitution in the activation loop (exon
21), along with short in-frame deletions in the N-terminus of the alpha-C-helix and the
preceding loop (exon 19), together account for up to 90% of EGFR mutations of lung
cancer. Weakening the hydrophobic interactions between the activation loop and the amino-
terminal lobe, these mutations interfere with kinase packing, thus destabilizing the inactive
conformation and leading to constitutive catalysis. 112 113 Correspondingly, the mutant
forms are catalytically more active than wild type EGFR, 114. 115 and transgenic mouse
models validated that they are sufficient for malignant transformation. 116-119 Another
mutation, T790M, is responsible for approximately 50% of cases of acquired resistance to
tyrosine kinase inhibitors (TKIs), but affected EGFR molecules remain sensitive to
irreversible TKls, 115, 118, 120-122

HER?2 aberrations in tumors

Although HER?2 is overexpressed in about 20% of NSCLC, gene amplification occurs in
only 2% of cases. 123 Similarly rare in NSCLC are in-frame insertions in exon 20 of HER?Z,
which are mutually exclusive with EGFR and KRAS mutations. HER?2 overexpression
and/or amplification was initially discovered in approximately one third of human breast
cancers and this was associated with more aggressive disease, the presence of metastasis,
reduced survival and shorter time to relapse. 124 125 Overall, HER2 gene amplification
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and/or overexpression at the messenger RNA or protein level occur in approximately 20% of
patients with early stage breast cancer 128. Subsequent studies have reported HER2
overexpression and/or amplification in colorectal, salivary gland, bladder, gallbladder,
extrahepatic cholangiocarcinomas, cervical, uterine, and testicular tumors. 127 Importantly,
up to a fifth of gastric carcinomas and up to a third of gastroesophageal junction
adenocarcinomas are positive for HERZamplification, but HERZ mutations are rare in
gastric cancers. 127,128

Aberrant forms of HER3/ERBB3 and HER4/ERBB4 in solid tumors

Early studies indicated that HER2 requires HER3 to drive breast tumor cell proliferation 129,
Moreover, recurrent somatic mutations in HER3 were later identified in approximately 11%
of colon and gastric cancers, as well as in hormone-positive breast cancer (4%), ovarian
(1%) and NSCLC (1%). 125 The identified mutants were able to transform colonic and
breast epithelial cells in a ligand-independent manner. 130 However, in line with the
defective catalytic function of HER3, oncogenic activity was dependent on HER2. Notably,
the majority of HER3 mutations cluster in the extracellular domain of HER3, but two
recurrent kinase domain mutations, S8461 and E928G, were identified in human tumors. 131
Unlike other HER-encoding genes, relatively rare mutations, which avoid clustering at
specific receptor’s domain, have been identified in HER4. Melanomas present the highest
rate of mutations (up to 19%). 132133 vet, considerable fractions of lung, 13* colorectal and
gastric tumors also present mutations, and other tumors are characterized by very low
frequencies (<1%; e.g., glioma, multiple myeloma, and both prostate and thyroid tumors).
Functional analyses performed in vitro, as well as the co-incidence of different mutations
and enrichment for non-synonymous mutations, propose that at least a fraction of the
identified HER4 mutations act as drivers of malignancy. 132 135

Aberrant expression of EGF-like growth factors and neuregulins in solid tumors

Based on their studies of tumor viruses, Sporn and Todaro noted that unlike the paracrine
(heterotypic) mode of action of EGF-family growth factors in embryogenesis and in wound
healing, an autocrine mode, meaning that cells secrete growth factors to which they respond,
dominates in solid tumors. 136 Autocrine secretion in tumors is the result of a positive
feedback loop acting downstream to activated receptors and stimulating the promoters of
several neuregulins and EGF-family ligands. 32 137 For example, EGFR overexpression and
ERK activation in primary brain tumors are often accompanied by increased abundance of
the cognate ligands, resulting in self-stimulatory loops and chronic EGFR activation. 138
Additionally, brain tumors display increased abundance of the disintegrin and
metalloprotease 12 metalloproteinase (ADAM12), leading to enhanced cleavage of the
precursor of the heparin-binding EGF-like growth factor (HB-EGF). 139 Thus, along with
prevention of apoptosis, autocrine growth factors of tumors fulfill another important
function, namely they potentially expand pools of TAC-like cells harboring oncogenic
mutations. For these reasons, high abundance of EGF-family ligands is considered a
prognostic factor that predicts aggressive disease course (reviewed in 140). Amphiregulin, a
low affinity EGFR ligand, well exemplifies the dual roles of autocrine ligands as TAC-
expanding growth factors in both development and cancer. 141 Whereas amphiregulin plays
pivotal roles in mammary gland development and in branching morphogenesis, 142 several
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characteristics associated with advanced cancer have been linked to increased abundance of
this ligand. The list includes chronic inflammation, 143 high serum levels of the
lysophosphatidic acid (LPA) 144 and expression of a mutant form of p53. 145 Congruently,
amphiregulin expression has been associated with worse prognosis of several cancers,
including prostate and head and neck tumors. 141 Moreover, high levels of amphiregulin and
another ligand of EGFR, epiregulin, predict relatively good responses of colorectal cancer
patients to treatment with anti-EGFR antibodies 146,

Clinically approved cancer drugs that directly intercept EGFR-HER2

The current attrition rate of new oncology drugs, which is significantly higher than in other
therapeutic areas, 147 is attributable to lack of preclinical models able to recapitulate disease
complexity and heterogeneity, and the possibility that targeting the bulk of tumor cells,
rather than the small population of stem cells, might underlay low rates of success. 148
Against this backdrop, the high success rate of drugs targeting the EGFR-HER2 module
provides a ray of hope. Since the 1998 approval of trastuzumab for the treatment of HER2-
positive metastatic breast cancers, 149 several more drugs have been approved, making
EGFR-HER?2 one of the most effective targets in medical oncology. Importantly, the
currently approved drugs are effective on a broad range of carcinomas, and some drugs are
active in more than one clinical indication, which is a rare situation in oncology. So far, only
two classes of drugs have been approved: (i) monoclonal antibodies (mAbs), either naked or
conjugated to a cytotoxic compound, and (ii) tyrosine kinase inhibitors (TKIs), which are
either reversible or irreversible (i.e. they covalently bind with the target kinase). In addition,
TKIs are either mono-specific or they are designed to inhibit both EGFR and HER?2.
Notably, while mAbs are absolutely specific to the target receptor, selectivity of TKIs varies
considerably. 150 Table 1 lists all clinically approved mAbs and Table 2 lists the currently
approved anti-EGFR/HER2 TKIs. Note that these lists leave aside numerous experimental
agents, some of which are in advanced clinical trials.

A scenario linking anti-EGFR/HER2 drugs to TACs and to dedifferentiation

According to a simple scenario, TKIs like lapatinib and antibodies like trastuzumab inhibit
expansion of EGFR/HER2-driven TACs, thereby limit tumor growth, as in the case of
HER2-positive breast cancer. Several lines of experimental evidence raise an alternative
scenario, which relates to dedifferentiation of TACs and models of cancer stem cell (CSC).
These latter models assume that only a small fraction of cancer cells can regrow a tumor,
while their progeny lack this ability. 151 One line of experimental evidence revealed a
correlation in mammary cancer between HERZ amplification and CSC frequency, as
assessed by assaying the ALDH-1 marker. 152 Another experimental line showed that
trastuzumab not only inhibits proliferation of breast cancer cells in vitro, but this mAb can
also reduce several characteristics of stemness. 123 Correspondingly, the emerging model has
two features: (i) oncogenic mutations like HERZ2amplification affect primarily TACs, rather
than CSCs, and (ii) TACs might dedifferentiate, either inducibly or stochastically, to enter
the stem cell state. 154 After dealing with the origin of oncogenic mutations, we will discuss
below potential roles played by EGFR-HER?2 as inducers of dedifferentiation.
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For several reasons oncogenic mutations might accumulate faster in TACs, as compared to
their accrual in tissue-specific stem cells. Unlike SCs, TACs are short-lived, but they are
rapidly dividing, and their numbers exceed by far numbers of stem cells. More frequent
mitoses of TACs translate to more abundant DNA damage generated endogenously by errors
during DNA replication (termed: replication stress 15%). This, according to some
calculations, accounts for two thirds of the variation in cancer risk among tissues, although
in some tumor types, such as skin and lung cancer, environmental risks might be more
dominant. 2 The dedifferentiation scenario is attractive because it means that anti-EGFR/
HER?2 drugs are endowed with a previously unrecognized feature: the drugs might block
entry of mutation-bearing TACs into the long-lived and self-renewing CSC compartment.
Hence, it is worthy asking whether there is enough evidence in support of dedifferentiation.

It has long been argued that dedifferentiation is a main source of functional stem cells during
tissue repair. For example, differentiating germ cells can revert into functional SCs in ovaries
of Drosophila melanogaster, probably as a mechanism that replenishes germ cells after
depletion by genotoxic chemicals, radiation or ageing. 23 Regeneration of the heart provides
a closer example as it diminishes after the first week of life (in mice), due to downregulation
of neuregulin and the co-receptor, HER2. 156 As expected, induction of a constitutively
active HER2 in neonatal and adult cardiomyocytes resulted in dedifferentiation and
proliferation mediated by ERK and AKT. In the context of tumors, dedifferentiation is likely
instigated by oncogenic mutations, since some mutations involve stem cell genes like WNT
and Notch, while mutations in proliferation-inducing genes, such as H-RAS, increase TAC
reversion to stem cells in model systems. 157 More relevant to this review, growth factors
and certain signaling pathways have been implicated as drivers of dedifferentiation. For
instance, as discussed previously in this review, neural SCs in the subventricular zone (SVZ)
continue to generate new neurons in the adult brain. This is likely due to the action of EGF,
which induces conversion of highly mitotic TACs into multipotent neural stem cells. 83
Reprogramming of non-stem mammary cancer cells was similarly induced by transforming
growth factor beta 198 or by irradiation, 1°9 and these events were accompanied by re-
expression of specific transcription factors, either OCT4 and KLF4, or ZEB1. Studying yet a
third cell lineage, intestinal stem cells, Greten and colleagues identified NF-xB stimulation
and inflammation as signaling events that enhance WNT activation and induce
dedifferentiation of non-SCs able to acquire tumor-initiating capacity. 160

Thus, the emerging roles for the EGFR/HER2 module in dedifferentiation and in acquisition
of stem cell characteristics expand their well-characterized actions in mitogenesis, originally
described by Carpenter and Cohen some 40 years ago. 161 According to the new hypothesis,
the module and the affiliated growth factors not only propel rapid enlargement of the TAC
compartment of some regenerating tissues, but they also drive conversion of TACs to a state
similar to stem cells (Figure 4). This scenario is especially relevant to solid tumors and
multistep accumulation of somatic mutations. Accrual of such mutations might start in the
self-renewing compartment of a tissue, 2 or it might affect TACs of epithelial, neural and
glial organs, 124 which are often controlled by EGFR-HER2. In case the latter mechanism is
correct, dedifferentiation of mutation-bearing TACs would enable cyclic accumulation of
oncogenic mutations, along with their clonal fixation. It is therefore logical assuming that
agents blocking EGFR or HER2 might arrest some tumors due to their effects on the TAC-
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to-CSC transition. At present, this mechanism of drug action remains a speculation.
However, the importance of this putative action may be exemplified by the dissemination of
primary tumor cells. According to the prevailing dogma, clusters of disseminated cancer
cells (micro-metastases) will evolve into life-threatening, drug-resistant secondary tumors
only if they contain CSCs. The model proposed herein offers an alternative format:
dedifferentiation of TACs into CSCs might be driven at sites of metastasis by active forms of
the EGFR-HER2 module. Hence, drugs targeting EGFR or HER2 might prevent both
expansion of TACs and their dedifferentiation, thereby inhibit disease recurrences. This
explanation proposes a mechanistic basis for the high recurrence inhibitory action of
trastuzumab when administered in an adjuvant setting (post main treatment), especially
within the early time window critical for seeding secondary tumors. 162

Concluding remarks

While our understanding of tumor cell hierarchies and the multistep genetic process that
initiates solid tumors is ever deepening, harnessing this knowledge for better treatment of
cancer patients remains unsatisfactory. Because the EGFR-HER2 module is one of the best-
explored signaling systems in both vertebrates and invertebrates, and it is also one of the
most fertile fields of new cancer drugs, the present review adopted this system in order to
contour a model bridging stem cells, tumor progression and opportunities for drug
interventions. And although we related here primarily to carcinomas, brain tumors are
equally relevant: EGFR is a major driver of glioblastoma multiforme (GBM), 163-165
including critical functions in brain CSCs 166 and, among several growth factors tested, only
EGF was essential for maintaining self-renewal of glioma-derived CSCs. 167 The paucity
and elusive nature of CSCs pose hurdles that would significantly inhibit attempts to test the
proposed model. This is especially difficult because current transgenic technologies
simultaneously induce oncogenic mutations in many cells (instead of a single cell) and
mimicking the successive mode of mutagenesis is technically difficult. Nevertheless, the
expected outcome of validating the model proposed herein, or in fact any model, is huge in
terms of our ability to precisely and timely eliminate very small populations of tumor
initiating cells and to block the dedifferentiation shunt that likely feeds them anew with
oncogenic mutations.
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Figure 1. Thethree-layered organization of cell turnover
Tissue-specific, adult stem cells are at the apex of the hierarchical three-layered

organization. Their asymmetric divisions enable both self-renewal and generation of transit
amplifying cells (TACs, or progenitors). TACs undergo several rounds of division
(symbolized by a circular arrow), and then differentiate to form the various specialized cells
of the tissue. Homeostatic regulation of tissues involves constant apoptosis and renewal, but
stem cells are relatively resistant to apoptosis. Note that both stem cells and terminally
differentiated cells (TDCs) are characterized by slow rates of mitoses, but the TACs are both
short lived and rapidly proliferating. Expansion of the TAC compartment is governed, in
some epithelial and neural organs, by the EGFR-HER2 module, which might inhibit both
apoptosis and differentiation of TACs’ descendants. Importantly, the process is considered to
be unidirectional. However, reversal (dedifferentiation) of TACs and TDC precursors might
take place under certain conditions. For example, as discussed in this review, TACs might
acquire some features of stemness once the EGFR-HER2 module is active.
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Figure 2. Well-studied developmental processes of invertebrates are controlled by EGFR-driven

progenitor cells

(Right panel) Vulval development in C. efegans is a multi-step process instigated by an
inductive signal provided by the gonad-derived anchor cell (AC), in the form of LIN-3, the
worm’s form of EGF. The secreted ligand travels a short distance to meet one of six
equipotent stem cells, called vulva precursor cells (VPCs; normally P6.p), which express
LET-23, the nematode EGFR. Following two divisions of the stimulated VPC and its two
neighbors, which might be considered the vulval TACs, 22 differentiated cells are generated
and form the vulva proper (lower panel). The other three VPCs form part of the body wall.
(L eft panel) In the Drosophila optic lobe, symmetrically dividing neuroepithelial stem cells
transform into asymmetrically dividing neuroblasts, which later differentiate into many types
of neurons. This sequential transformation involves two progenitor classes: type |
progenitors are maintained by the Notch pathway, whereas type Il progenitors are driven by
active EGFRs. Transition to the neuroblast state and terminal differentiation is permitted by
downregulation of the Notch and EGFR pathways,
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Figure 3. Transit amplifying cells of the intestine and central nervous system of mammalsare
driven by EGFR-HER2 signals

(Right panel) The intestinal epithelium is organized into crypt and villus regions, with the
stem cells and TACs localized to the crypt. Both quiescent and active stem cells exist in the
base of the crypt next to Paneth cells, which provide essential niche signals, including
specific EGFR ligands. EGFR is expressed by both SCs and TACs, and its mitogenic
function toward SCs is strongly inhibited by LRIG1, a transmembrane molecule that
physically binds with both EGFR and HER2. The TACs migrate toward the villus while
undergoing EGFR-dependent mitoses followed by differentiation. The differentiation
compartment, containing post-mitotic, lineage committed cells, such as goblet cells,
enteroendocrine, tuft and Paneth cells, extends from the upper third of the crypt to the villus
tip. Note that most differentiated cell populations migrate up the villi, but Paneth cells move
downward. A reverse arrow and a question mark show putative dedifferentiation of TACs to
SCs. (Left panel) A neural stem cell niche exists in the ventricular-subventricular zone (V-
SVZ) in the lateral ventricles of mammalian brains. Ependymal cells line the ventricular
surface and project cilia into the cerebrospinal fluid (CSF). The underlying type B1 cells are
good candidates for the true adult neural stem cell identity. Type C cells are putative
intermediate precursors (TACs) that differentiate to migrating neuroblasts (A cells). The
latter divide and migrate out of the niche to form terminally differentiated neurons and
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interneurons. Note that both B1 (putative SCs) and C cells (TACs) are self-renewable and
their mitoses are driven by EGFR signaling.
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Figure 4. The EGFR-HER2 module might propel repeated cycles of TAC dedifferentiation to
enable penetration of oncogenic mutationsinto the stem cell compartment and evolution of more
aggressivetumors

The cellular hierarchy shown in Figure 1 is adopted here. The model presented assumes that
active EGFR-HER?2 of TACs expands these progenitors and, at the same time, promotes
their dedifferentiation to stem cells. Due to their rapid rate of mitoses, the TACs, more than
stem cells, suffer more from DNA damage generated endogenously by errors during DNA
replication. Accordingly, the combination of frequent mutagenesis and dedifferentiation
repeatedly feeds the stem cell compartment with more oncogenic mutations, which gives
rise to progressively more aggressive tumors. Environmentally-induced and inborn
mutations directly affecting adult SCs likely exacerbate tumor initiation and progression.
Because the EGFR-HER?2 module controls proliferation and probably also dediffentitaion of
TACs, and these progenitors accumulate most mutations, it is predictable that
pharmacological interceptors of the module would inhibit mutation accrual by SCs of
epithelial and neural organs.
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Table 1
Clinically approved monoclonal antibodies specific to EGFR or to HER2

Listed are the approved antibodies according to the time of first approval.

Page 28

Drug Name Brand Name Year of Main Clinical Comments
Approval Indication
Trastuzumab (Anti-HER2 mAb) Herceptin 1998 Breast cancer (metastatic) Combined with CT; limited
to HERZ" tumors.
2006 Early breast cancer Adjuvant setting (after
surgery).
2010 Gastric or gastroesophageal Combined with CT; limited
junction adenocarcinoma to HERZ" cases.
Cetuximab (Anti-EGFR mAb) Erbitux 2004 & 2012  Colorectal cancer (metastatic) Combined with CT; limited
to EGFR-expressing, K-
RAS wild type tumors.
2006 & 2009  Locally or regionally advanced Combined with RT or CT.
head and neck cancer
Panitumumab (anti-EGFR mAb) Vectibix 2006 & 2009  Metastatic colorectal cancer Combined with CT; limited
to EGFR-expressing, K-
RASwild type tumors.
Pertuzumab (anti-HER2 mADb) Perjeta 2012 Breast cancer Combined with trastuzumab
and CT (prior to surgery).
Trastuzumab-DM 1 (anti-HER2 mAb)  Kadcyla 2013 Breast cancer (metastatic) Single agent; HERZ"

patients, who previously
received trastuzumab and
CT.

CT, chemotherapy; RT, radiotherapy
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Table 2
Clinically approved tyrosine kinase inhibitors (TKIs) specific to EGFR and/or HER2

Listed are the approved TKIs according to the time of first approval.

Page 29

Lapatinib (Anti-HER2 TKI)  Tykerb/Tyverb 2007 & 2010

Afatinib (anti-EGFR TKI) Gilotrif 2013

Breast cancer

Lung cancer (NSCLC)

Drug Name Brand Name  Year of Main Clinical Comments
Approval Indication
Erlotinib (Anti-EGFR TKI1)  Tarceva 2004 & 2013 Lung cancer (NSCLC)  Especially effective on tumors expressing
EGFR exon 19 deletions or an exon 21
(L858R) substitution.
2005 Pancreatic cancer Combined with CT.
Gefitinib (Anti-EGFR TKI)  Iressa 2003 & 2009 (in Lung cancer (NSCLC)
Europe)

Combined with CT; HERZ" tumors. Also
for hormone receptor positive tumors.

Patients with tumors expressing mutant
EGFR (exon 19 deletions or exon 21
mutations).

CT, chemotherapy.
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