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Human epidermal receptors (HER1/2/3/4) belong to the class of receptor-type tyrosine kinases. After 
binding a ligand, dimerization, it will ocurr activation of intracellular kinases after two-dimensional and 
cytoplasmic tail reciprocal transphosphorylation. This transphosphorylation recruits signaling pathways 
such as Ras/Raf/MEK/Erk1-2, PI3-K/AKT and JAK/STAT, which can affect the cell cycle, cytoskeleton 
reorganization, apoptosis, metastasis, differentiation, angiogenesis and transcription. HER deregulation 
is found in epithelial, mesenchymal and nervous neoplasms and is associated with poor prognosis and 
tumor severity. Since HER are promiscuous proteins when subjected to mutations, resultant modifications 
confer cellular metabolic superiority and activate complex, interconnected and overlapping networks of 
cytoplasmic signaling. Moreover, overexpression of HER1/2 is involved in tumor resistance to radiation 
and anti-hormone therapies. Indeed, HER2 expression is up to 100-fold higher in 25-30% of invasive 
breast cancers. These characteristics support the development of resistance to anti-HER1/2 chemotherapy 
such as monoclonal antibodies and tyrosine kinase inhibitors. Then, the challenges in research with 
HER-positive cancers include planning therapeutic strategies against known resistance mechanisms and 
identifying novel mechanisms as a way to overcome and control cell growth and malignant progression.

Uniterms: Human epidermal receptors/molecular biology. Tyrosine kinase. Cancers/resistance. 
Chemotherapy. Therapeutic strategies.

INTRODUCTION

Cancer is a worldwide public health problem 
characterized as a set of nearly 200 types of complex 
diseases with proliferative, mutational, metabolic and 
aberrant features and uncontrolled cell growth. Such 
transformed animal cells can migrate within a tissue and 
adjacent organs and even to distant areas of the body 
(metastasis). These properties are generally caused by 
chronic accumulation of mutations in oncogenes and 
tumor suppressor and DNA repair genes (Hanahan, 
Weinberg, 2011; INCA, 2014; Sullivan, Gui, Vander 
Heiden, 2016). 

The World Health Organization estimates 27 million 
cancer cases up to 2030, with 17 million deaths and 

75 million people living with cancer annually, mainly, in 
low- and middle-income families. Oceania (Australia and 
New Zealand) has about 313 cases per 100,000 population, 
the highest incidence of cases among all continents. South 
America and Brazil have an incidence of 172 cases per 
100,000 inhabitants (WHO, 2012). 

Epidemiological studies have confirmed the 
contribution of specific lifestyle factors for the etiology 
of cancer, making it a preventable disease in about 50% 
(Colditz et al., 1996). Moreover, it is estimated that genes 
contribute to the genesis in only 5% of cancers, while 
95% of cancers are related to environmental factors, 
primarily lifestyle (Anand et al., 2008). Environmental 
reasons greatly differ between populations and include 
diet, obesity, lack of physical activity, weight at birth, onset 
age of puberty, microbial infections, alcohol consumption, 
tobacco, drugs, occupational exposure (water and air) and 
reproductive causes. All these potentially carcinogenic 
factors might take years to transform cells and generate 
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clinically detectable tumors (Doll, Peto, 1981; Colditz et 
al., 1996; Dawson, Provenzano, Caldas, 2009).

Tumors have alterations in cell division and in 
transmission of membrane, cytoplasmic and nuclear 
signals. Thus, the neoplastic cell has higher biological and 
metabolic benefits when compared to non-transformed 
cells: a) genomic instability and chromosomal aberrations 
(type and number); b) loss of cell division control; c) 
escape from apoptosis; d) cell immortality due to the 
activation of telomerase; e) ability to invade nearby 
tissues or produce metastases; f) induction and formation 
of new blood vessels (angiogenesis); g) loss of adhesive 
properties of the plasma membrane that allow recognition 
and inhibition of cell movement by cell-cell contact; 
h) loss of function and the ability of differentiation or 
specialization; i) autocrine and paracrine signaling; j) 
self-activation of receptors; k) escape from immune 
destruction; l) promotion of inflammation; and m) cellular 
deregulation of metabolism, since changes in the levels of 
specific metabolites, such as 2-hydroxyglutarate, fumarate, 
succinate, aspartate and reactive oxygen species, can result 
in altered cell signalling, enzyme activity and/or metabolic 
flux. Of the some acquired hallmark capabilities, seven 
demonstrably involve contributions by stromal cells of the 
tumor microenvironment. Stromal cells can be divided into 
three general classes – infiltrating immune cells, cancer-
associated fibroblastic cells and angiogenic vascular 
cells – and provide multiple functional contributions to 
tumorigenesis. Notably, the importance of each stromal 
cell varies with tumor type and organ, controlled by 
parameters of the distinctive tumor microenvironment 
and underlying oncogenetic alterations in cancer cells and 
cancer stem cells that arise in primary tumors, and their 
invasive and metastatic colonizations (Weinberg, 2008; 
Hanahan, Weinberg, 2011; Hanahan, Coussens, 2012; 
Sullivan, Gui, Vander Heiden, 2016).

Most of assimilated capabilities and resistance by 
tumor cells are associated with alterations in receptors, 
such as human epidermal receptors (HER), G-protein-
coupled receptors (GPCRs), intracellular receptors 
(AR, androgen receptors; ER, estrogen receptors; GR, 
glucocorticoid receptors; TR, thyroid hormone receptor) 
and channel-linked receptors (also called ligand-gated ion 
channels). HER comprise a class of 4 members - HER1, 
HER2, HER3 and HER4 - also called ErbB (1, 2, 3 and 
4). They are essential for the maintenance and normal 
development of many organs and systems and belong to 
a very evolutionarily diverse family of proteins expressed 
in epithelial, mesenchymal and nervous tissues (Marmor, 
Skaria, Yarden, 2004; Burness, Grushko, Olopade, 
2010; Kingwell, 2016). HER are widely studied for their 

ubiquitous role in physiology and cancer (Lassus et al., 
2006). Given the importance of HER receptors in tumor 
progression, this study reviewed the biology of this class 
of receptors and molecular mechanisms responsible for the 
pathological activation pathways involved in malignant 
transformation.

HUMAN EPIDERMAL RECEPTORS: TYROSINE 
KINASE STRUCTURE, LIGANDS AND ACTI-
VATION OF RECEPTORS 

HER are membrane receptors classically belonging 
to the large family of protein-tyrosine kinases, which 
comprises 90 members, of which 58 act as membrane 
receptors (tyrosine kinases receptors - TKRs) (Lemmon, 
Schlessinger, 2010). These receptors possess: a) an 
amino-terminal extracellular domain with 643-652 
residues subdivided into 4 subdomains rich in leucine and 
cysteine used for recognition and binding of the ligand; 
b) a transmembrane domain with 19-25 hydrophobic 
amino acids that crosses the plasma membrane and c) an 
intracellular portion of approximately 550 amino acids 
with a juxtamembrane segment, a kinase subdomain and 
a carboxy-terminal cytoplasmic tail (Yarden, Sliwkowsk, 
2001; Lemmon, Schlessinger, 2010; Morel et al., 2014) 
(Figure 1). The JM segment has two cytoplasmic and two 
extracellular isorfoms, the latter being identified in several 
organs such as adrenal glands, heart, kidneys, cerebellum, 
cerebral cortex and eyes and in the spinal cord of rodents 
(Elenius et al., 1997). There is high homology in the kinase 
domain (59-81%) between the four types of receptors, 
with larger differences in the carboxy-terminal tail (only 
11-25% of parallelism) (Jin, Esteva, 2008).

HER genes are found in chromosomes 7 (HER1), 
17 (HER2), 12 (HER3) and 2 (HER4), and mutations 
in any of these genes can cause embryonic or perinatal 
lethality. HER1 gene inactivation in mice leads to the 
digestive tract, skin and lungs, and blocking of HER1-
dependent signaling pathways in cardiac myocytes 
causes changes (arrhythmias, for example) during 
rest and in situations of increased metabolic demand 

(Miettinen et al., 1995). HER2 and HER4 ligands are 
capable of inducing differentiation of ventricular tissue 
and HER3 knockout mice have dilated and thinner 
atrioventricular valves, which causes embryo deaths 
before the 15th day of pregnancy (Earp et al., 1995; 
Riethmacher et al., 1997). Astrogenesis occurs later 
in development than does neurogenesis, and nuclear 
HER4 signaling seems to play a central role in creating 
this delay by inhibiting the onset of astrogenesis (Sardi 
et al., 2006).
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Each member of the HER family can make 
combinations and create 28 homo- or heterodimers, 
resulting in a diversity of receptors. Combined with 11 
growth factors, 28 dimers can generate more than 600 
receptor-ligand complexes (Blobel, 2005). Although 
HER2 has no known specific ligand, it serves as an 
excellent “partner” for transphosphorylations, acting 
as a co-receptor for other HER members, which may 
or not have their extracellular ligands bound (Yarden, 
Sliwkowsk, 2001; Marmor, Skaria, Yarden, 2004). This 
high degree of flexibility allows distinct responses to 
external stimuli in different microenvironmental contexts 
and the integration of stimuli activate cellular functions.

HER1 is often stimulated by dimerization with 
other TKRs and also with heterologous receptors, such as 
GPCRs (Burness, Grushko, Olopade, 2010).

HER2 is the most common partner of the HER family 
due to intrinsic interactions that makes it constitutively 
available for dimerizations and the HER2 heterodimer 
combinations with HER1 or HER3 exhibit robust 
signaling activity. HER2 can stabilize the conformation 
of HER1 receptors, and it enhances dimerization and 
phosphorylation in the absence of ligands and alters the 
endocytosis process and traffic of intracellular vesicles 
(Prenzel et al., 2000). Furthermore, the production 
of HER2 heterodimers increases the affinity of other 

members of the family for their respective ligands (Citri, 
Yarden, 2006).

HER3 does not have intrinsic tyrosine kinase activity, 
and it generates inactive HER3/HER3 dimers, but it can 
form heterodimers and be phosphorylated by HER2 or 
HER4 when activated by HER3 ligands (neuregulin 1 and 
2) (Yarden, Sliwkowsk, 2001; Vlahovic, Crawford, 2003; 
Marmor, Skaria, Yarden, 2004). Although it is accepted 
that HER3 lacks functional residues (including aspartate 
catalytic action), studies have suggested that it conserves 
its capacity to phosphorylate its own intracellular domain 
(Shi et al., 2010). After dimerization with HER2, HER3 
has dramatically increased affinity for neuregulin and 
converts its inactive kinase C-terminal portion into 
an extremely active enzyme to transduce mitogenic 
signals and to offer many additional phosphorylation 
sites. HER3 is also a strategic partner, since it does not 
undergo intralysosomal degradation, being continuously 
rephosphorylated and recycled by HER2 overexpression 
and actively contributing to cell transformation (Citri, 
Yarden, 2006). Moreover, heterodimers such as HER2/
HER3 and HER3/HER3 are apparently non-functional. 
However, HER2 is the favorite partner for dimerization 
with other HER family members and heterodimers with 
HER1 and HER3 promote intense signaling activation. 
Moreover, despite the absence of tyrosine kinase HER3 

FIGURE 1 - General arrangement of receptors HER1/2/3/4 and their natural soluble ligands. The extracellular domain has four 
subdomains, and domains I and II are involved in binding the ligand. The carboxy-terminal tail contains tyrosine residues that 
can be phosphorylated. HER3 does not have a tyrosine kinase domain. To date, there are no known ligands for HER2. Epidermal 
growth factor (EGF), transforming growth factor alpha (TGF-α), amphiregulin, β-cellulin, growth factor similar to heparin-binding 
EGF, epiregulin (EPG) and neuregulin (NRG). 
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activity and failure to specifically activate cascades 
of cell cycle, apoptosis regulation, reorganization of 
the cytoskeleton and differentiation as seen with other 
members, HER3 might be functionally capable of 
autophosphorylation (Tzahar et al., 1996; Shi et al., 2010; 
Ghosh et al., 2011).

HER1 and HER4 are the only functionally complete 
receptors, they show larger numbers of interactions and 
probably display similar functions at different periods 
in response to their favored ligands (EGF and NRG, 
respectively) (Eccles, 2011). 

Two-dimensional reciprocal transphosphorylations 
take place at the cytoplasmic kinase C-terminal domain 
after dimerization. Thus, although no natural soluble 
ligands are known for HER2, this receptor also creates 
heterodimers, as detailed above. Genetically designed 
mice have shown that in bone marrow cells with 
mutations in HER genes, there are failures in EGF-
induced dimerization, autophosphorylation and activation 
of signaling pathways. These structural and functional 
analyses indicate that complementary portions of the two 
molecules called dimerization arms allow the formation of 
HER1 complexes because of the establishment of homo- 
and heterodimers (Garrett et al., 2002).

F o l l o w i n g  t w o - d i m e n s i o n a l  r e c i p r o c a l 
transphosphorylations, there is no obstruction in 
the catalytic cleft due to the phosphorylation of the 
activation loop (providing access to substrate molecules), 
phosphorylation of tyrosine residues in the C-terminal 
portion outside the kinase domain, which serve as binding 
sites for proteins containing the cytoplasmic SH2 (Src 
homology) domain, and migration of proteins to the inner 
plasma membrane. These specific proteins interact with 
plasma membrane phospholipids and proteins and allow 
activation of downstream signaling pathways and cellular 
responses (Weinberg, 2008; Wagner et al., 2013).

The juxtamembrane segment of HER1 also 
participates in the activation of protein kinases. Specific 
mutagenesis in C-terminal residues (664-682) of the 
juxtamembrane region prevents HER1 activation, 
especially at positions 664, 665, 667, 668, 670, 680, 
681 and 682 (Red Brewer et al., 2009). Leukemias and 
gastrinomas arise in dogs following mutations, deletions 
and/or substitutions of amino acids in the juxtamembrane 
domain due to activation of KIT receptor (TRKr) in the 
absence of ligands, suggesting that this domain has an 
inhibitory effect on KIT receptors. On the other hand, 
the Kit proto-oncogene is important for hematopoiesis, 
survival of melanocytes and development of Cajal cells 
in the gastrointestinal tract (Weinberg, 2008).

The first HER ligand identified was EGF, a 

polypeptide of 170 kDa, which binds to HER1. Therefore, 
it was classified as EGFR (epidermal growth factor 
receptor) and commonly overexpressed in carcinomas 
(Cohen, 1983). Over the years, many other ligands have 
been identified, including transforming growth factor 
alpha (TGF-α), amphiregulin, β-cellulin, growth factor 
similar to heparin-binding EGF, and epiregulin (EPG) that 
bind to HER1/HER1 homodimers. Neuregulins 1 and 2 
(NRG) (synonym: heregulins) bind to HER3/HER3, and 
β-cellulin, growth factor similar to heparin-binding EGF, 
epiregulin and neuregulins (1, 2, 3 and 4) bind to HER4/
HER4. Natural ligands for homodimers HER2/HER2 have 
not yet been identified (Marmor, Skaria, Yarden, 2004; 
Blobel, 2005; Eccles, 2011) (Figure 1).

HER ligands arise from transmembrane precursors 
anchored to the plasma membrane, whose extracellular 
portion is proteolytically cleaved by enzymes belonging 
to a family of zinc-dependent metalloproteinases 
called ADAM, particularly ADAM-10 and ADAM-17, 
resulting in the release of soluble factors that have been 
implicated in HER transactivations (Von Minckwitz, 2007; 
Higashiyama et al., 2008; Tural et al., 2014). HER factors 
generally bind to cells at short distances from the site of 
release and may act in autocrine (binding to receptors of 
the cell itself) or paracrine (binding to neighboring cells) 
ways (Blobel, 2005).

Signaling pathways

Human epidermal receptors recruit intracellular 
second messengers that activate enzymatic and 
metabolic pathways such as Ras/Raf/MEK/Erk1-2, 
phosphatidylinositol 3-kinase (PI3-K/AKT), JAK/STAT, 
phosphatase proteins such as protein tyrosine phosphatase 
(PTP), phospholipase C gamma (PLC-γ), and protein 
kinase C (PKC), among others. These pathways affect the 
growth and the cell cycle, reorganization of cytoskeleton 
and apoptosis (and its inhibition), migration, invasiveness, 
differentiation, angiogenesis, transcription, and other 
processes that lead to the formation and progression 
of malignant tumors (Yarden, Sliwkowsk, 2001; Citri, 
Yarden, 2006; Red Brewer et al., 2009; Wagner et al., 
2013; Park, 2014).

The presence of adapter proteins support theories 
to explain how growth factor receptors activate Ras and 
acquire specificity in biological responses. Ras (21 kDa) 
is an intermediate protein belonging to the transduction 
machinery of mitogenic signals triggered by growth 
factors known to bind and hydrolyze guanine nucleotides 
(Figure 2). These adapter proteins such as Grb2, Shc 
and Crk, have structural domains capable of binding the 
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phosphotyrosine C-terminal of ligand-activated receptors 
(via the SH2 domain). They have affinity for two sequences 
rich in proline within the Sos protein (via the SH3 domain), 
a second adapter protein that replaces Ras-GDP (guanosine 
diphosphate) (inactive state) by Ras-GTP, activating Ras 
(Weinberg, 2008). Thus, the activation of the mitogen 
activated protein kinase (MAPK) pathway – receptor 
> Grb2 > Sos > Ras/Raf/MEK/Erk1-2 – evokes most 
phenotypes induced by the transforming Ras oncoprotein, 
including growth genes, anchorage independence, loss of 
contact inhibition and morphological changes associated 
with malignant transformation. At the end of the cascade, 
Erk1/2 activate transcription factors to stimulate growth 
regulators responsible for expression of cyclin D1, Fos, 
Jun, p21Cip1 and phosphorylation and reconfiguration of 
proteins associated with chromatin (HGM-14 and histone 
H3) (Weinberg, 2008; Park, 2014).

Some lines of evidence show that different ligands 
may promote specific patterns of HER1 phosphorylation, 
which could dictate different patterns of signaling and 

cellular responses. For example, TGF-α and amphiregulin 
are more effective than EGF in inducing invasion and 
motility. Probably, there is a sustained activation of PLC-γ 
and the MAPK pathway by TGF-α and amphiregulin, 
while EGF promotes ubiquitination and faster degradation 
of EGFRs by proteolytic proteasome complexes (Eccles, 
2011). Amplifications of Ras/Raf are present in cancer 
cells continuously stimulated by growth factors such as 
HER-soluble ligands, autocrine signaling or constitutively 
activated mutant receptors. RAS gene mutations have been 
found in colon (45%), pancreatic (90%), ovarian (30%) 
and papillary thyroid (60%) carcinomas, and in 15% 
of melanomas and 35% of non-small-cell lung cancers 
(NSCLC) (Eccles, 2011; Wagner et al., 2013).

PI3-Ks are members of a well-conserved family of 
intracellular kinases, which phosphorylate the 3’-hydroxyl 
group of phosphoinositides. Signals that bind to the 
TKRs and activate PI3-K include platelet-derived growth 
factor (PGDF), neuronal growth factor (NGF), insulin-
like growth factor 1 (IGF-1), interleukin-3 (IL-3) and 

FIGURE 2 - Activation of the cytoplasmic signaling pathways Ras/Raf/MEK/Erk1-2 and phosphatidylinositol 3-kinase (PI3-K/
AKT) following dimerization of human epidermal receptors (e.g., HER1/HER2 heterodimer) resulting from recognition of the 
receptor extracellular domain by ligands. 
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extracellular matrix by binding to integrins (Vivanco, 
Sawyers, 2002).

Eight types of PI3-Ks found in mammals are 
classified into Class I (PI3-Kα, PI3-Kβ, PI3-Kγ and 
PI3-Kδ), II and III. Different classes have functions in 
cell signaling and activate distinct signaling pathways 
to regulate metabolism, survival, cell growth and 
differentiation and traffic of intracellular vesicles. 
Members of the PI3-Kα class, the most important from 
the point of view of clinical oncology, are activated 
by TKRs and heterodimers made up of a regulatory 
subunit (p85) and a 110-kDa catalytic subunit (p110α, 
p110β, p110γ and p110δ), being the regulatory subunit 
an essential component for this interaction. Meanwhile, 
Iβ components are activated by GPCRs, which are 
deprived from this subunit. The p110α catalytic subunit 
has a dominant role in tumorigenesis, angiogenesis 
and activation of stromal fibroblastos and is able to 
phosphorylate phosphatidylinositol 4,5-bisphosphate 
(PIP2) to produce phosphatidylinositol 3,4,5-trisphosphate 
(PIP3), a pharmacological activity not described for other 
PI3-K classes that differ in their ability to phosphorylate 
membrane lipids (Orcy et al., 2008; Fruman, Rommel, 
2014).

Lipids, such as PIP3, act as docking sites for 
intracellular proteins and serve to transmit information 
from the plasma membrane to the cytosol. Many of these 
molecules bind to cytosolic PIP3 by pleckstrin homology 
(PH) domains, especially protein kinase B (PKB, also 
known as AKT), a serine-threonine kinase that moves to the 
plasma membrane following PI3-K triggering. Next, the 
kinase domain of AKT/PKB is phosphorylated at positions 
473 (serine) and 308 (threonine) by phosphoinositide-
dependent kinase-1 (PDK-1), also recruited from the 
cytoplasm. Biological effects of AKT/PKB are reflected 
in: i) increased survival (reduced apoptosis) due to Bad 
protein inactivation; ii) induction of cell proliferation 
by inhibition of glycogen synthase kinase 3β (GSK-3β); 
and iii) intensification of cell growth, size and motility, 
accompanied by increased protein synthesis rate mediated 
by mTOR protein, a serine-threonine kinase involved 
in protein synthesis control (Weinberg, 2008; Vivanco, 
Sawyers, 2002; Fruman, Rommel, 2014). Studies show 
that about 1/3 of colon carcinomas have mutations within 
p110 subunits and 30-40% of the tumors do not exhibit 
PTEN phosphatase activity due to mutations or DNA 
methylation that suppresses the PTEN gene. Therefore, 
there is usually the coexistence of mutations in PI3KA 
genes (encoding p110α), PTEN loss and transforming 
changes in TKRs (Ludovini et al., 2011; Suda et al., 2012). 
Investigations have also shown that HER3 displays the 

PI3-K/AKT/PKB cascade as the most activated signaling 
pathways after binding of neuregulins (1 and/or 2) and has 
six binding sites for the regulatory p85 subunit (Eccles, 
2011).

JAKs (Janus kinases) are a family of four kinases 
(JAK1, JAK2, JAK3 and TYK2) of 110-140 kDa 
associated with different hematopoietic receptors. They 
mediate signaling processes by transphosphorylation of 
tyrosine residues of the C-terminal cytoplasmic tail of 
the receptor and phosphorylation of transcription factors 
collectively called STAT (signal transducer and activator of 
transcription) (Figure 3). In mammals, STAT proteins are 
represented by a family of seven members (STAT1, STAT2, 
STAT3, STAT4, STAT5A, STAT5B and STAT6) that 
bind to freshly phosphorylated tyrosine residues through 
SH2 domains. Following phosphorylation, they undergo 
dimerization (STAT-STAT) and translocation to the nucleus, 
where they recognize specific DNA regions to activate or 
repress transcription. Some proteins whose transcription 
is activated by STAT-STAT dimers include oncoprotein 
Myc, cyclins (D1, D2, D3) and antiapoptotic proteins such 
as BCL-XL, all involved in survival and cell proliferation 
(Vahedi et al., 2012; O’Shea, Holland, Staudt, 2013). 
STAT5, for example, is a partner for HER1 and HER4, and 
their interaction is required for lactation and embryonic 
alveolar differentiation (Schulze, Deng, Mann, 2005).

Inactivations of JAK1 and JAK2 genes in mice result 
in a lethal phenotype due to neurological disorders and 
absence of erythropoiesis, respectively (Neubauer et al., 
1998; Rodig et al., 1998), which probably explains the 
nonexistence of completely inactivated JAK isoforms 
in humans. Interleukins, interferons, erythropoietin and 
thrombopoietin are the most common ligands of JAK/
STAT receptors, explaining why changes in this pathway 
are associated with hematologic cancers. Hyperactivity 
of JAK1, JAK2, and JAK3 has been identified in patients 
with T-cell acute promyelocytic leukemia, B-cell acute 
myelocytic leukemia, acute myelogenous leukemia 
and lymphomas (O’Shea, Holland, Staudt, 2013). 
Amplification of the encoding JAK2 chromosome 9p24 
has been reported in 30 to 50% of Hodgkin lymphoma 
and mediastinal B-cell lymphoma cases (Joos et al., 
2000). In solid tumors, continuous phosphorylation of 
STAT1, STAT3, and STAT5 has been described in 
breast, lung, and head and neck cancers, suggesting 
facilitation by increased autocrine and paracrine release 
of cytokines and overexpression of JAK/STAT receptor 
(Sansone, Bromberg, 2012). In most breast and head and 
neck cancers, STAT3 is constitutively activated and its 
neutralization causes apoptosis in mammary tumors and 
melanomas (Weinberg, 2008). 
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MALIGNANCY AND DEVELOPMENT OF 
RESISTANCE

Investigations have suggested a new mechanism 
of action for HER in which receptors are translocated 
to the nucleus and participate in the signaling process. 
Analysis revealed that the nuclear binding protein EGF 
has similar molecular weight to the plasma membrane 
HER1. Monoclonal antibodies produced against the 
plasma membrane HER1 also recognize nuclear HER1, 
and the latter has comparable affinity to plasma membrane 
EGF, though the nucleus has about 10% fewer receptors 
(Carpenter, Liao, 2009). Brand et al. (2013) reported that 
HER3 is expressed in the nucleus of breast (SKBR-3, 
MCF-7, BT-474, HCC-1954 and BT-549), lung (H-
226), head and neck (SCC-6 and CCS-1) and colon 
(LoVo and Caco-2) cell lines. The disruption of HER 
receptors occurs by a variety of mechanisms, especially 
receptor overexpression (Mendelsohn, Baselga, 2003; 
Herbst, Heymach, Lippman, 2008; Lee et al., 2014), 
overproduction of agonists, receptor overexpression 
associated with overproduction of ligands, which 
results in autocrine activation (Mcintyre et al., 2010), 
mutations that cause constitutive activation of the tyrosine 
kinase domain (Jaiswal et al., 2013) and endocytosis 
defects during receptor internalization (Abella, Park,  
2009). 

HER1 overexpression is found in virtually all 
epithelial malignancies (lung, colon, prostate, breast, 
kidney, bladder, melanoma, glioblastoma and head and 
neck). However, only HER1 overexpression does not 
transform normal cells into cancer cells, since the HER1/
HER1 dimer is able to phosphorylate just when it binds 
one of its extracellular ligands. Tumors or adjacent non-
malignant cells, causing an autocrine or paracrine induction 
of cell division, can produce EGF or other members of the 
family of growth factors. In breast cancers, mutations of 
HER1 genes are rare but gene amplification is common (e.g., 
metaplastic subtypes) (Burness, Grushko, Olopade, 2010). 
On the other hand, breast cancer basal cells, a subset of 
triple negative cancers, exhibit elevated HER1 expression, 
high degree of malignancy, distinct patterns of metastasis 
(basically to the viscera, liver and brain) and poor prognosis 
(Dawson, Provenzano, Caldas, 2009). Around 10% of the 
Caucasian population and 30-40% of Asian patients with 
lung cancers were shown to have mutations in the HER1 
kinase domain, and its amplification was found in 15% of 
patients with adenocarcinomas and in 30% with squamous 
cell carcinomas (Herbst, Heymach, Lippman, 2008). 
Investigations of structural changes revealed that about 40% 
of glioblastomas have amplification and overexpression of 
the HER1 gene and that approximately half of the patients 
had a deletion of a specific DNA sequence between exons 
2-7, which results in the absence of HER1 domains I and 

FIGURE 3 - Signaling activation of JAK/STAT pathway by human epidermal receptors (HER). STAT-STAT dimerization may 
occur between identical or different dimers (e.g., STAT1/STAT2 or STAT5/STAT5). 
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II and inability to recognize and bind ligands (Wong et al., 
1992). This deletion leads to HER1 oncogenic activation in 
a similar manner as receptor stimulation in the absence of 
the extracellular domain.

Changes in HER2 receptors have been detected 
in 15-20% of human cancers, including 20% of ovarian 
tumors and 10-15% of gastric tumors. In breast cancer, 
overexpression of HER2 correlates with poor prognosis, 
resistance to hormonal treatment and severity of 
malignancy, and shows correlations with mutations in 
p53 protein (Mendelsohn, Baselga, 2003; Lassus et al., 
2006; Seoane et al., 2010). Many ligands, including NRG 
variants, are overexpressed, suggesting the possibility of 
autocrine signaling (Mcintyre et al., 2010). In diffuse types 
of gastric tumors, immunohistochemistry and fluorescence 
in situ hybridization (FISH) analysis demonstrated that 
21-32% of European and Asian patients exhibited HER2 
overexpression (Bang et al., 2010).

HER3 shows high expression in breast, prostate, 
bladder, colon, stomach and ovarian cancers, head and 
neck squamous cell cancer, and melanomas. Detailed 
studies revealed that the oncogenic activity in HER3 from 
mutations occurred in 11% of colon and breast carcinomas 
and depended on HER2 and HER3 changes and ligand-
independent activation of the kinase domain (Citri, Yarden, 
2006; Lee-Hoeflich et al., 2008; Jaiswal et al., 2013), 
indicating that HER3 is a key partner of HER2 and that its 
expression is a limiting factor for survival and proliferation 
induced by HER2 in breast cancer cells. Moreover, HER3 
seems to be the most common partner for dimerizing with 
HER1 in melanomas and pancreatic cancers (Reschke et 
al., 2008; Liles et al., 2010).

HER3 and HER4 are likely responsible for 
resistance to anti-hormone therapies (Sutherland, 2011) 
and to treatment with paclitaxel due to overexpression 
of the protein survinin via the PI3-K/AKT/mTOR 
pathway. Inhibition of HER4 expression may prevent 
the proliferation of estrogen receptor-positive breast 
carcinoma cell lines, suggesting a growth promoting 
effect that is estrogen receptor dependent (Eccles, 2011). 
Besides, HER4 gene mutation can be present in breast 
cancer, prostate cancer, and childhood medulloblastoma, 
and its downregulation has been demonstrated for all the 
alternatively spliced isoforms of this receptor in gastric 
cancer (Nielsen et al., 2014).

HER have also been implicated in all aspects of 
angiogenesis, invasion and metastasis: alterations in cell-
cell adhesion and cell matrix, deregulation of proteases 
and receptors (CXCR4, CD44, and integrins), vascular 
extravasation and organ-specific colonization (De Luca 
et al., 2011). HER1 and HER2 overexpression correlates 

with increased levels of vascular endothelial growth factor 
(VEGF)-A, -B and -C and microvasculature density. Thus, 
VEGF, the main angiogenic factor, is induced not only by 
hypoxia but by HER oncogenes as well, certainly by the 
PI3-K/AKT pathway. Some cancers have shown a direct 
association of malignity and invasiveness with cytokine 
receptors (CXCR-4), ligands (CXCL-12/SDF-1α) and 
HER2 expression (Eccles, 2011). HRG-HER3 complex 
is able to stimulate metastasis by PI3-K/AKT, since 
mutations in the regulatory domain of the p85 subunit 
inhibit the vascular and tissue motility and invasiveness 
of breast carcinoma cells (Smirnova et al., 2011).

Dissemination to lymph nodes, blood and bone 
marrow is indicative of a bad prognosis in the staging of 
breast cancers. These metastatic cells often overexpress 
HER1 and HER2 even when this expression does not exist 
in the primary tumors (Eccles, Paon, 2005). These findings 
suggest that the spread of cancer cells is a very early event 
and that HER proteins may contribute to the motility and 
escape of tumor cells from their primary site.

All genotypic and phenotypic changes in human 
epidermal receptors and in related cytoplasmic signaling 
pathways are primarily responsible for the development 
of resistance to different treatment protocols (Figure 
4). HER1 triggering stimulates the AKT/PKB and Ras/
Raf/MEK/Erk pathways, and this activation is present 
in multidrug resistance due to upregulation of MRP-like 
proteins (multidrug resistance protein) such as MRP1, 3, 5 
and 7. Amphiregulin expression has been associated with 
resistance of MCF-7 cells and breast tumors to cisplatin 
in patients due to the activation of the EGFR-AKT-MEK 
cascade. Furthermore, overexpression of HER1 and HER2 
is involved in tumor resistance to radiotherapy, since both 
receptors are overexpressed after exposure to ionizing 
radiation (Eccles, 2011).

TREATMENT: FROM SURGERY TO THE RE-
CEPTOR

In general, cancer therapy consists of the combination 
of surgical resection of the tumor with chemotherapy and/
or radiotherapy. In the 1970s, these classic approaches 
significantly changed with the introduction of the concept of 
adjuvant treatment. Intensive use of post-surgical protocols, 
including the combination of different chemotherapies (with 
different mechanisms of action) with radiotherapy and, 
more recently, the combination with monoclonal antibodies, 
has improved treatment outcomes of some types of cancers 
(Weinberg, 2008; Ferreira et al., 2013).

Progress in cancer biology has revealed that 
different subtypes of the disease have a distinct prognosis 
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and clinical features, which implies in changeable 
response profiles for each tumor subtype (Fernandes, 
Calabrich, Katz, 2009). These findings have been 
constantly evidenced by the fact that tumors with similar 
morphologies may have different molecular profiles that 
are undetectable by pathological examination (Dutra et 
al., 2009). Taking breast cancer into account, this section 
describes clinical treatment protocols currently used to 
treat malignant breast tumors (positive or negative for 
human epidermal receptors).

Surgery is the main modality of treatment for 
in situ breast cancers followed by chemotherapy, 
radiotherapy and adjuvant hormonal therapy (tamoxifen 
or aromatase inhibitor), but over 90% of patients with 
breast cancer undergo surgery. Receptors for estrogen 
and/or progesterone are present in about 79% of breast 
cancers (Wittliff, 1984). Around 30% of patients are 
treated with surgery and radiation, 15% with surgery and 
multidrug therapy and 21% with surgery, radiation and 
multidrug therapy. Chemotherapy may be used before 
surgery (neoadjuvant therapy), after it (adjuvant) or in 
replacement of palliative surgery in conditions where 
surgery is considered an unsuitable option (Weinberg, 
2008; Siegel, Naishadham, Jemal, 2013).

Various cytotoxic agents are used in the treatment 

of advanced breast cancer, especially for triple-negative 
cases and negative for estrogen and progesterone 
receptors, including doxorubicin, cyclophosphamide, 
docetaxel and paclitaxel. One of the most used and 
recommended protocols by the National Comprehensive 
Cancer Network (NCCN) includes the combination 
of doxorubicin and cyclophosphamide followed by 
paclitaxel. Others that are very often used in chemotherapy 
are gemcitabine, capecitabine, vinorelbine and pemetrexed 
(Von Minckwitz, 2007). Many patients who are hormone-
receptor positive have shown good clinical responses 
with tamoxifen. It binds to the estrogen receptor, but does 
not activate it. Anastrozole and letrozole are aromatase 
inhibitors that block the formation of the aromatic A ring 
of estradiol and can be used as alternative antiestrogenic 
compounds that have fewer side effects than tamoxifen 
(Xu et al., 2015; Ohno, 2016). 

Among the pharmacological innovations, the 
development of targeted therapies has substantially 
increased life expectancy, especially for HER2-positive 
patients and those with tumors that are highly aggressive 
and of undefined prognosis. Indeed, the search for 
alterations in breast cancers revealed that HER2 is 
up to 100-fold higher in 25-30% of invasive breast 
cancers, whereas 10-20% are triple-negative, negative 

FIGURE 4 - Most common alterations in human epidermal receptors to induce malignancy and development of resistance. 
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for estrogen and progesterone receptors and without 
overexpression of HER2 (Lee et al., 2014). All HER 
members are overexpressed in a wide variety of breast 
cancers, basically, in the following order: HER2> HER1> 
HER3> HER4 (Mcintyre et al., 2010). Breast cancers 
can express from 25 to 50 copies of HER genes and up 
to 2 million receptors per cell. This property makes the 
tumor (and its cells) a relatively selective therapeutic 
target, since normal tissue shows the absence or low 
expression of receptors. The heart is an exception, which 
explains the cardiotoxicity and cardiomyopathy related to 
the target-directed chemotherapy against HER proteins, 
indicating higher expression of these receptors in cardiac 
myocytes, especially when administered in combination 
with anthracyclines, which has discouraged this type of 
clinical procedure (Procter et al., 2010).

HER2-positive cancers exhibit unique biological 
characteristics, including increased sensitivity to 
doxorubicin (probably because of HER2 co-expression 
with topoisomerase II,  a target enzyme for this 
anthracycline) and relative refractoriness to antisteroid 
agents, partially showing an inverse relationship between 
HER2 expression level and estrogen receptors (Gatza et 
al., 2011).

Two classes of drugs against HER receptors have 
reached clinical phases: monoclonal antibodies against 
the extracellular portion of the receptor and tyrosine 
kinase inhibitors (TKIs). Trastuzumab is a humanized 
monoclonal antibody (Figure 5) directed to the domain 
IV of HER2 extracellular juxtamembrane segment 
(Eccles, 2011). In addition to the direct action on HER2, 
trastuzumab promotes its internalization and degradation 
by the ubiquitin-proteasome pathway and causes 
antibody-depedent cell-mediated cytotoxicity by natural 
killer (NK) leukocytes (Shuptrine, Surana, Weiner, 
2012). This drug was approved as part of the protocol 
to treat women with breast cancers that markedly 
overexpress HER2, which consists of a) doxorubicin, 
cyclophosphamide and paclitaxel or docetaxel; b) 
carboplatin, or docetaxel or c) anthracycline. In metastatic 
cancers, trastuzumab is combined with paclitaxel as 
first choice against tumors that overexpress HER2 or 
as single agent in cancers that overexpress HER2 in 
patients who have already received different treatment 
protocols. Pertuzumab is another humanized monoclonal 
antibody that recognizes the HER2 extracellular segment 
(domain II). It has been prescribed in clinical trials for 
patients who have not been treated with anti-HER2 
and anti-metastatic chemotherapies in association with 
trastuzumab and docetaxel against metastatic breast 
carcinomas (Franklin et al., 2004). As both HER2 and 

HER4 are expressed in adult cardiomyocytes and since 
NRG promotes survival of isolated cardiomyocytes, it is 
possible that ERBB4 has a role in trastuzumab-induced 
cardiotoxicity (Fuchs et al., 2003). The role of HER4 in 
cancer biology needs more study, with one important 
reason being to determine how the blockade of HER4 
by multitargeted HER-kinase inhibitors impacts clinical 
response.

TKIs are small molecules that interact with the 
kinase domain of HER. Gefitinib (Iressa®, AstraZeneca) 
reversibly inhibits the autophosphorylation of tyrosine 
kinase in EGFR and obstructs downstream signaling 
pathways (Figure 4). Meanwhile, lapatinib (Tykerb®, 
GlaxoSmithKline) is a reversible autophosphorylation 
inhibitor of tyrosine kinase in both HER1 and HER2 with 
oral effectiveness and was approved for clinical trials by 
the Food and Drug Administration (FDA) (Ryan et al., 
2008). Lapatinib also inhibits a form called p95HER2 or 
truncated HER2, whose extracellular domain that binds 
to trastuzumab is absent, which confers drug resistance 
(Scaltriti et al., 2007). After lapatinib showed antitumor 
activity in xenograft models and in phase I and II trials, its 
efficacy in combination with capecitabine was evaluated 
in phase III clinical trials in women with HER2-positive 
metastatic breast cancers who progressed after treatment 
with anthracyclines, taxanes and trastuzumab. This study 
concluded that combined therapy provided improved 
progression-free survival (8.4 vs 4.4 months, p < 0.001, 
n = 324) and higher response rate when compared to 
capecitabine monotherapy (Geyer et al., 2006).

The addition of lapatinib to letrozole trials resulted 
in a significantly lower risk for cancer progression in 
women with HER2+ tumors receiving first-line therapy for 
metastatic breast cancer in comparison with letrozole alone 
(Schwartzberg et al., 2010). Progression-free survival 
was also higher in patients who received chemotherapy 
or endocrine therapy plus lapatinib, but high levels of 
heterogeneity were found. Regarding adverse events, 
groups receiving chemotherapy or endocrine therapy plus 
lapatinib displayed higher rates of neutropenia, diarrhea, 
and rash (Schwartzberg et al., 2010; Botrel, Paladini, 
Clark, 2013).

Despite responses to treatment with trastuzumab 
for HER2-positive tumors, relapses after early responses 
were observed in 50-66% of HER2-positive patients 
(Rexer, Arteaga, 2012). When resistance has occurred, 
there is no effective drug able to block the progression of 
the disease. Accordingly, there has been much research 
invested to try to elucidate the mechanisms responsible 
for the development of resistance. Many mechanisms 
of resistance have been described. The most important 
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mechanisms include triggering the PI-3K/AKT/
mTOR pathway and alternative routes resulting from 
the activation of insulin-like growth factor receptor 
(IGFr), hepatic growth factor receptor (HGFr), loss 
of HER2 overexpression, reduction of PTEN activity, 
amplification of cyclin E, interaction of HER2 with 
other TKRs and presence of truncated receptors (e.g., 
p95HER2). The incidence of resistance for anti-HER2 
treatments is higher than the frequency of molecular 
alterations, showing that there are other ways to acquire 
resistance (Spector, Blackwell, 2009; Scaltriti et al., 
2011).

CONCLUSION

HER are promiscuous proteins regarding ligands 
and production of dimers, and their genes are habitually 
exposed to mutations that confer metabolic advantages 
to the cells. Cytoplasmic signaling networks involving 
receptors and resulting from phosphorylation are extremely 
multifaceted, intricate and overlapping. These biological 

characteristics promote the development of resistance 
even to anti-HER chemotherapies. Therefore, a chief 
challenge in the study of cancers with positivity for HER-
type receptors is, on the one hand, to design therapeutic 
strategies against known resistance mechanisms and, on 
the other hand, to identify novel mechanisms of resistance 
to provide approaches to control cell growth and malignant 
progression.
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