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A B S T R A C T

The EGFR family is among the most investigated receptor protein-tyrosine kinase groups owing to its general
role in signal transduction and in oncogenesis. This family consists of four members that belong to the ErbB
lineage of proteins (ErbB1–4). The ErbB proteins function as homo and heterodimers. These receptors contain an
extracellular domain that consists of four parts: domains I and III are leucine-rich segments that participate in
growth factor binding (except for ErbB2) and domains II and IV contain multiple disulfide bonds. Moreover,
domain II participates in both homo and heterodimer formation within the ErbB/HER family of proteins. Seven
ligands bind to EGFR including epidermal growth factor and transforming growth factor-α, none bind to ErbB2,
two bind to ErbB3, and seven ligands bind to ErbB4. The extracellular domain is followed by a single trans-
membrane segment of about 25 amino acid residues and an intracellular portion of about 550 amino acid
residues that contains (i) a short juxtamembrane segment, (ii) a protein kinase domain, and (iii) a carbox-
yterminal tail. ErbB2 lacks a known activating ligand and ErbB3 is kinase impaired. Surprisingly, the
ErbB2–ErbB3 heterodimer complex is the most active dimer in the family. These receptors are implicated in the
pathogenesis of a large proportion of lung and breast cancers, which rank first and second, respectively, in the
incidence of all types of cancers (excluding skin) worldwide. On the order of 20% of non-small cell lung cancers
bear activating mutations in EGFR. More than 90% of these patients have exon-19 deletions (746ELREA750) or the
exon-21 L858R substitution. Gefitinib and erlotinib are orally effective type I reversible EGFR mutant inhibitors;
type I inhibitors bind to an active enzyme conformation. Unfortunately, secondary resistance to these drugs
occurs within about one year owing to a T790M gatekeeper mutation. Osimertinib is an irreversible type VI
inhibitor that forms a covalent bond with C797 of EGFR and is FDA-approved for the treatment of patients with
this mutation; type VI inhibitors generally form a covalent adduct with their target protein. Resistance also
develops to this and related type VI inhibitory drugs owing to a C797S mutation; the serine residue is unable to
react with the drugs to form a covalent bond. Approximately 20% of breast cancer patients exhibit ErbB2/HER2
gene amplification on chromosome 17q. One of the earliest targeted treatments in cancer involved the devel-
opment of trastuzumab, a monoclonal antibody that interacts with the extracellular domain ErbB2/HER2
causing its down regulation. Surgery, radiation therapy, chemotherapy with cytotoxic drugs, and hormonal
modulation are the mainstays in the treatment of breast cancer. Moreover, lapatinib and neratinib are FDA-
approved small molecule ErbB2/HER2 antagonists used in the treatment of selected breast cancer patients. Of
the approximate three dozen FDA-approved small molecule protein kinase inhibitors, five are type VI irreversible
inhibitors and four of them including afatinib, osimertinib, dacomitinib, and neratinib are directed against the
ErbB family of receptors (ibrutinib is the fifth and it targets Bruton tyrosine kinase). Avitinib, olmutinib, and
pelitinib are additional type VI inhibitors in clinical trials for non-small cell lung cancer that target EGFR.
Secondary resistance to both targeted and cytotoxic drugs is the norm, and devising and implementing strategies
for minimizing or overcoming resistance is an important goal in cancer therapeutics.
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1. Introduction

The ErbB/HER receptor protein-tyrosine kinases are among the
most studied cell signaling families in biology [1]. Stanley Cohen
started this line of investigation when he described the epidermal
growth factor (EGF), its receptor (EGFR), and many of its biochemical
actions [2]. He discovered that EGFR exhibited protein-tyrosine kinase
activity and not protein-serine/threonine kinase activity, which was an
unexpected finding at the time (see Ref. [3] for a historical review).
Cohen et al. discovered that a solubilized 170-kDa polypeptide had both
EGF binding activity as well as protein kinase activity [4]. EGFR was
also the first receptor that provided evidence for a relationship between
mutation, overexpression, and cancer [5]. The EGFR family is among
the most investigated receptor protein-tyrosine kinase families owing to
its general role in signal transduction and in oncogenesis.

The human protein kinase superfamily consists of more than 500
members thus making it one of the largest gene families [6]. These
enzymes mediate the following reaction:

MgATP−1 + protein–OH → Protein–OPO32
− + MgADP + H+

Based upon the nature of the phosphorylated residue, these enzymes
are classified as protein-serine/threonine kinases (385 members), pro-
tein-tyrosine kinases (90 members), and tyrosine-kinase like proteins
(43 members). Of the 90 protein-tyrosine kinase members, 58 are re-
ceptors and 32 are nonreceptors. A small set of dual-specificity protein
kinases such as MEK1 and MEK2 catalyze the phosphorylation of both
tyrosine and then threonine in target proteins; dual-specificity kinases
are evolutionarily related to the protein-serine/threonine kinase en-
zyme family. Protein phosphorylation is the most prevalent class of
post-translational modification used in cell signaling. Moreover, fa-
milies of phospho-protein phosphatases catalyze the dephosphorylation
of proteins thereby making phosphorylation-dephosphorylation an
overall reversible process that can be repeated numerous times [7].

Protein kinases play a major regulatory role in nearly every facet of
cell biology [6]. These enzymes regulate apoptosis, cell cycle progres-
sion, cell division, cytoskeletal rearrangement, cell differentiation, de-
velopment, the immune response, nervous system dynamics, tran-
scription, and translation. Moreover, dysregulation of protein kinase
activities occurs in various diseases such as cancer, diabetes, and au-
toimmune, cardiovascular, hematopoietic, inflammatory, and nervous
disorders. Considerable work has been expended in an effort to de-
termine the physiological as well as pathological functions of receptor
protein-kinase signal transduction pathways over the past 35 years. The
EGFR family has undergone extensive study owing to its general role in
signal transduction and in the pathogenesis of a variety of malignancies
including lung, breast, stomach, colorectal, head and neck, and pan-
creatic carcinomas [8].

The role of the ErbB family in these malignancies has led to the
development of afatinib, dacomitinib, erlotinib, gefitinib, and osi-
mertinib; these are FDA-approved EGFR/ErbB1 inhibitors used for the
treatment of non-small cell lung cancer (NSCLC) (www.brimr.org/PKI/
PKIs.htm) [8,9]. Lapatinib and neratinib target ErbB2 and are approved
for the treatment of HER2-positive breast cancer. The number of newly
diagnosed lung cancers in the United States and worldwide is estimated
to be 234,000 and 2.09 million and the number of deaths is estimated to
be 154,000 and 1.76 million, respectively [10,11]. About 85% of all
lung cancers are of the non-small cell variety. The total number of
newly diagnosed breast cancers in women in the United States and
worldwide is estimated to be 266,000 and 2.08 million and the number
of deaths is estimated to be 41,000 and 627,000, respectively. About
20% of the newly diagnosed breast cancers overexpress ErbB2. The
incidence of lung and breast cancer rank first and second, respectively,
among all types of cancers worldwide [11] indicating the practical
importance of developing effective treatments for these disorders.

2. Overview of the ErbB/HER protein kinase family and their
ligands

2.1. ErbB protein kinases

The human EGF receptor (HER) family consists of four members
that belong to the ErbB pedigree of proteins (ErbB1–4) [8]. The ERBB
gene symbol is derived from the avian viral erythroblastosis oncogene
to which these receptors are related. Human gene symbols are generally
designated in uppercase italics (EGFR). The four members of the human
epidermal growth factor receptor gene family include: (i) EGFR/
ERBB1/HER1, (ii) ERBB2/HER2/NEU, (iii) ERBB3/HER3, and (iv)
ERBB4/HER4. Although there is a considerable crossover, the HER
nomenclature is used more commonly in clinical papers and reports
whereas the ErbB nomenclature is associated with the biological sci-
ences. Schechter et al. discovered that a series of rat neuro/glio-
blastomas contains the Neu oncogene, which is related to the rat Erbb2
gene of the EGFR family [12]. This discovery provided evidence for the
possible role of the ErbB family of receptors in the pathogenesis of
cancer and NEU is sometimes used in human gene nomenclature. This
lineage of receptors is ubiquitously expressed in epithelial, mesench-
ymal, and neuronal cells as well as their undifferentiated precursors.

The four human ERBB genes are found on different chromosomes.
Null mutations of each of the Erbb genes in mice produce embryonic or
perinatal lethality [13–15]. Miettinen et al. reported that the Erbb1
gene knockout results in gastrointestinal, lung, and skin defects [16].
Rajagopalan et al. discovered that selective disruption of adult cardiac
ErbB1 receptor-mediated signaling in mice, along with diminished
ErbB2 function, leads to compromised cardiac function [15]. Moreover,
hearts of Erbb2- or Erbb4-mutant mice [17,18] fail to develop normally
and the mice display an irregular cardiac rhythm. An inductive signal
from Nrg-1 to the ErbB2 and ErbB4-expressing myocardium initiates
ventricular differentiation. Additionally, Erbb3 knockout mice exhibit
dilated and thinned atrioventricular valves leading to death by em-
bryonic day 13.5 [19]. The cardiotoxicity following ErbB-targeted
treatment [20] is most likely related to the expression of these receptors
in the heart.

Based upon the primary amino acid structure of EGFR as de-
termined by cDNA analysis, Ulrich et al. reported that the receptor
consisted of a single hydrophobic transmembrane segment that sepa-
rates the extracellular ligand-binding domain and the intracellular
protein kinase domain [21]. This hypothesis, which has stood the test of
time, applies to nearly all receptor protein kinases. The ErbB/HER fa-
mily of protein kinases consists of an extracellular domain that consists
of four parts: domains I and III are related leucine-rich segments that
participate in ligand binding and domains II and IV contain cysteine
residues that participate in the formation of about a dozen disulfide
bonds. Moreover, domain II participates in both homo and heterodimer
formation with ErbB/HER family members. The extracellular domain is
followed by a single transmembrane segment of about 25 amino acid
residues and an intracellular portion of about 550 amino acid residues
that contains (i) a short juxtamembrane segment, (ii) a protein kinase
domain, and (iii) a long carboxyterminal tail (Fig. 1).

There are two commonly used residue numbering schemes for the
ErbB/HER family amino acid residues. The format used in the
UniProtKB knowledge base includes the signal peptide and corresponds
to the nascent receptor. The format employed by Ullrich et al. [21] for
ErbB1/HER1 excludes the 24-residue signal peptide and corresponds to
the mature protein. Although the employment of the mature protein
numbering system is ingrained in the literature, it is simpler to use the
nascent protein numbers when going from DNA to RNA and then to
protein. Accordingly, the numbering scheme including the signal pep-
tide is used throughout this paper.
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2.2. ErbB family ligands

The ligands that bind to each of the monomeric receptors are listed
in Fig. 1. The name neuregulin (Nrg) refers to the NEU gene and is
synonymous with heregulin. Fig. 1 indicates that seven ligands bind to
EGFR, none bind to ErbB2, two bind to ErbB3, and seven factors bind to
ErbB4. The ErbB3 receptor is kinase impaired. The ErbB family, like all
protein-tyrosine kinase receptors, functions as dimers or higher oligo-
mers. There is one principal isoform of ErbB1, two full-length isoforms
of ErbB2 that differ slightly owing to alternative mRNA splicing, and
two full-length isoforms of ErbB3, one of which is missing residues
1–59. There are two different extracellular juxtamembrane versions
(JMa and JMb) and two different versions of the carboxyterminal tail
(CTa and CTb) of the ErbB4 receptor. Accordingly, there are four full-
length transmembrane isoforms of ErbB4 that are produced by alter-
native pre-mRNA splicing: JMaCTa, JMaCTb, JMbCTa, and JMbCTb.
Using reverse transcription polymerase chain reaction (RT-PCR) pro-
cedures in mice, Elenius et al. demonstrated that the JMa isoform is
expressed in the kidney and the JMb isoform is expressed in the heart
and adrenal [22]. Furthermore, both forms are expressed in the eye,
cerebral cortex, cerebellum, and spinal cord. The functional sig-
nificance of the four isoforms of ErbB4 is unclear.

Because ErbB2 fails to bind to any ligand, growth factor-induced
homodimer formation is unlikely. However, Ghosh et al. reported that
the nonphysiological overexpression of ErbB2 leads to the formation of
a functional homodimer [23]. ErbB3 is kinase impaired so that induced
homodimer formation would fail to stimulate protein kinase activity
and downstream signaling. However, Shi et al. discovered that ErbB3
possesses 1/1000th of the autophosphorylation activity of ErbB1 [24]
and the possibility exists that the ErbB3 homodimer is functional. Ex-
periments indicate that ErbB2 is the favored dimerization partner for all
of the other ErbB family members [25,26]. Moreover, early work by
Pinkas-Kramarski et al. demonstrated that the ErbB2 heterodimer
combinations with ErbB1 or ErbB3 exhibit robust signaling activity

[27].
All of the ErbB receptor family ligands are initially expressed as

single-pass integral membrane proteins [28]. These growth factor pre-
cursors have an extracellular component, a transmembrane segment,
and a small intracellular component. The growth factor components
occur in the extracellular portion and are liberated by proteolysis as
catalyzed by members of the ADAMs (A Disintegrin And Metallopro-
teases) family [29]. This process is called protein ectodomain shedding
and the proteolytic enzymes are sometimes called sheddases. The
human ADAMs family is made up of more than two dozen members
[30]. These membrane-bound catalysts require Zn2+ for their activity
accounting for their classification as metalloproteases. The ADAMs fa-
mily consists of an N-terminal signal sequence, a pro-domain, a me-
talloprotease catalytic domain, a disintegrin domain, a cysteine-rich
segment, an EGF-like domain, a transmembrane segment, and an in-
tracellular section [29]. The metalloprotease catalytic domain contains
a conserved zinc-binding His-Glu-Xxx-Gly-His sequence that confers
enzymatic activity. See Ref. [8] for a summary of the size of the acti-
vating EGFR family ligand precursors and mature active polypeptides.

3. Overall structure of the ErbB/HER protein kinase domains

3.1. Structures of the small and large lobes and the protein kinase fold

Like all other protein kinases, the ErbB protein kinase domains have
a small N-terminal lobe and large C-terminal lobe (Fig. 2) that was first
described by Knighton et al. for PKA (PDB ID: 2CPK) [31]. The two
lobes form a crevice that serves as a binding site for ATP. The N-
terminal lobe contains a conserved flexible glycine-rich ATP-phospha-
te–binding loop, which is sometimes called the P-loop because it is near
the phosphates of the ATP substrate. The β1- and β2-strands of the N-
lobe dock with the adenine moiety of ATP and they interact with ATP-
competitive small molecule inhibitors. The β3-strand typically contains
a conserved Ala-Xxx-Lys sequence, the lysine of which in human EGFR

Fig. 1. Organization of the human epidermal growth factor
receptor family members including EGFR/ErbB1/HER1,
ErbB2/HER2/NEU, ErbB3/HER3 and ErbB4/HER4. The ex-
tracellular sector of each receptor consists of four domains
(IeIV). Domains I and III take part in ligand binding (except
for those of ErbB2/HER2, which are marked with the stop
symbol), and domain II plays a part in dimer formation. The
carboxyterminal tail contains several tyrosine phosphoryla-
tion sites. The protein kinase domain of ErbB3/HER3, which is
marked with the stop symbol, is kinase-impaired. The num-
bers correspond to amino acid residues of the nascent protein
including the signal peptide (which is not depicted); each
number corresponds to the initial residue of the adjacent
segment except for (i) the last residues of the extracellular
domains and (ii) the end of the proteins. The growth factor
groups (1–4) that bind to the receptors are indicated. EGF,
epidermal growth factor; AR, amphiregulin; EPG, epigen;
TGFα, transforming growth factor-α; BTC, betacellulin; EPR,
epiregulin; HB-EGF, heparin-binding epidermal growth-like
factor; Nrg-1/2/3/4, neuregulin-1/2/3/4; PKD, protein kinase
domain.
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(K745) forms a salt bridge with a conserved glutamate near the center
of the protein-kinase αC-helix (E762) (Table 1). The formation of an
electrostatic bond between the β3-lysine and the αC-glutamate is re-
quired for the formation of the active enzyme state and corresponds to
the “αCin” conformation. In contrast, K745 and E762 of dormant EGFR
fail to form a salt bridge and this structure corresponds to the displaced
“αCout” conformation. The αCin conformation is necessary, but not
sufficient, for the expression of full protein kinase catalytic activity.

The C-terminal lobe contains a mobile activation segment with an
extended or open conformation in active enzymes and closed con-
formation in inactive enzymes. The first residues of the protein kinase
activation segment consist of DFG (Asp-Phe-Gly). In various protein
kinases, the DFG exists in two different conformations. In the dormant
activation segment conformation of many protein kinases such Abl, the
aspartate side chain of the DFG sequence extends away from the active
site. This is called the “DFG-Dout” conformation. In the active state, the
aspartate side chain extends toward the ATP-binding pocket and co-
ordinates Mg2+. This is called the “DFG-Din” conformation. It is the
ability of aspartate to bind (DFG-Din) or not bind (DFG-Dout) to Mg2+ in
the active site that is the crucial property. See Ref. [32] for details
concerning the two activation segment conformations. However, the
inactive conformations of the ErbB family kinases including kinase-
impaired ErbB3 exist in the DGF-Din conformation with a closed acti-
vation segment or with an αCout conformation.

Although the activation segment of protein kinases typically ends
with APE (Ala-Pro-Glu), it ends with ALE (Ala-Leu-Glu) in the ErbB
family. The last eight residues of the activation segment in the four
ErbB family members include PIKWMALE and this sequence makes up
the protein-substrate positioning loop. The R-group of proline in this
sequence functions as a platform that buttresses the tyrosyl residue of
the protein substrate that is phosphorylated (Fig. 2C) [33]. In protein-
serine/threonine kinases, the seryl or threonyl group interacts with
peptidyl backbone residues near the end of the activation segment and
not with an R-group. Although the activation segment of the ErbB fa-
mily contains a phosphorylatable tyrosine, its phosphorylation is not
required for enzyme activation [34].

ErbB1/2/4 are operative protein-tyrosine kinases that occur in si-
milar active and inactive conformations. In contrast to these enzymes,
ErbB3 lacks essential catalytic residues and is kinase impaired. Its
structure is that of an inactive protein kinase. Although it possesses all
of the α-helices and most of the β-sheets observed in all protein kinases,
the αC-helix of ErbB3 is notably short (Fig. 2B). The C-terminal lobe of
the ErbB family of protein kinases is mainly α-helical with seven con-
served segments (αD–αI and αEF) that occur in all protein kinases [35].
The first X-ray crystallographic structure of PKA possessed a short helix
proximal to the αF-helix, which was unnamed (PDB ID: 2CPK). How-
ever, this αEF helix is conserved in all active protein kinase structures
and represents a seventh-conserved helix in the C-lobe (Fig. 2A). The
initial portion of the Activation Loop of inactive ErbB3 contains an αAL-
helix that abuts against the αC-helix that favors an inactive displaced
conformation (Fig. 2B). The inactive enzyme forms of ErbB1/2/4 also
contain this αAL-helix in the proximal portion of the activation loop.
The activation segment of active EGFR extends outward while that of
the less active ErbB3 is closed and more compact (Fig. 2A and B).

The carboxyterminal lobe of active protein kinases contains four
short β-strands (β6-β9) (Fig. 2A). The β6-strand, the primary structure
of which occurs before the catalytic loop, interacts with the activation
segment β9-strand. The primary structure of the β7-strand is located
between the catalytic loop and the activation segment and it interacts
with the adjacent downstream β8-strand. The dormant forms of all four
ErbB family members contain the β7- and β8-strands, but they all lack
the β6- and β9-strands.

There are two general conformational motions associated with all
protein kinases including those of the ErbB family. The first involves the
interconversion of less active and more active enzyme forms. Activation
typically involves changes in the orientation of the αC-helix in the N-

Fig. 2. (A) Active EGFR. (B) Kinase-impaired inactive ErbB3. (C) Active EGFR
with the protein substrate positioning segment including P877. (D) EGFR ATP-
binding site. AS, activation segment; CL, catalytic loop. Figs. 2, 3 and 6 were
prepared using the PyMOL Molecular Graphics System Version 1.5.0.4 Schrö-
dinger, LLC.
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terminal lobe and the activation segment in the carboxyterminal lobe.
The interconversion of the inactive and active forms of the ErbB kinases
also involves an electrostatic switch. In the less active enzymes, the β3-
lysine (K742) forms a salt bridge with the DFG-D (D852) residue, as
indicated for ErbB3 (Fig. 2B). The conversion to the active enzyme
involves an electrostatic switch where the β3-lysine (K745) forms a salt
bridge with the αC-glutamate (E762) with the concomitant formation
of the αCin conformation as seen for active EGFR (Fig. 2A). The active
forms of the ErbB1/4 possess the β3-lysine–αC-glutamate salt bridge
(e.g., PDB ID 1M14 for EGFR and 3BCE for ErbB4) and all of the dor-
mant ErbB1–4 enzymes can form the β3-lysine–DFG-D electrostatic
bond (e.g., PDB ID 4HJ0 for EGFR, 3RCD for ErbB2, 3KEX for ErbB3,
and 3BBW for ErbB4). The second class of conformational change oc-
curs as the active kinase then toggles between open and closed con-
formations as it goes through the catalytic cycle. The more open form of
the active protein kinase binds MgATP and the protein substrate; this is
accompanied by the formation of the closed form as catalysis occurs.
Following catalysis, phosphorylated protein and then MgADP are lib-
erated as the enzyme is reconverted to the open form prior to the next
catalytic cycle.

3.2. Structures of the hydrophobic spines in the active and in the dormant
ErbB/HER protein kinase domains

3.2.1. The regulatory spine
Kornev et al. [36,37] investigated the tertiary structures of inactive

and active conformations of about two dozen protein kinases and they
established the identity of functionally significant residues by a local
spatial pattern (LSP) alignment algorithm. The residues that constitute
the regulatory and catalytic spines were identified by their three-di-
mensional location based upon a comparison of the X-ray crystal-
lographic structures and not by an amino acid signature sequence such
as DFG or HRD. The local spatial alignment analysis revealed a sup-
porting skeleton of four nonconsecutive hydrophobic residues that form
a regulatory or R-spine and eight hydrophobic residues that form a
catalytic or C-spine (Fig. 3). These spines are made up of residues that
are derived from both the N- and C-terminal lobes. The regulatory spine
contains one residue from the activation segment and another from the
αC-helix, whose configurations are important in defining inactive and
active states. The C-spine mediates catalysis by promoting ATP binding.
The proper alignment of the spines is necessary for the assembly of an
active kinase.

EGFR/ErbB1, ErbB2, and ErbB4 have been observed in both inactive
and active conformations by X-ray crystallography. The authors who
determined the structure of ErbB2 (PDB ID:3PP0) bound to an inhibitor

described it as an “active-like enzyme” [38]. The activation segment
exhibits an open conformation that is typically found in active enzymes.
However, the β3-strand K753 and the αC-helix E770 fail to form an
electrostatic bond (the β3-strand K753 binds to DFG-D863) so that this
enzyme lacks the characteristics of a fully active protein kinase (not
shown). The structure of kinase-impaired ErbB3 is observed in an in-
active state with a displaced αC-helix and a closed activation segment
(Fig. 3B) (PDB ID: 3KEX).

The EGFR regulatory spine consists of a residue from the beginning
of the β4-strand (L777), from the carboxyterminal end of the αC-helix
(M766), DFG-F856, along with HRD-H835 of the catalytic loop. M766
and comparable residues from other protein kinases are four residues
carboxyterminal to the conserved αC-glutamate. The backbone of H835
is anchored to the αF-helix by a hydrogen bond to a conserved aspartate
residue (D872). The activation segment, the protein-substrate posi-
tioning loop, and the αHI loop of protein kinase domains, including the
ErbB/HER family, interact hydrophobically with the αF-helix [36].

3.2.2. The catalytic spine
The protein kinase catalytic spine consists of residues from the

amino-terminal and carboxyterminal lobes and is completed by the
adenine base of ATP [37]. The two residues of the amino-terminal lobe
of the EGFR that form contacts with the adenine group of ATP include
V726 near the beginning of the β2-strand and A743 from the conserved
Ala-Xxx-Lys of the β3-strand. Moreover, L844 from the middle of the
β7-strand of the carboxyterminal lobe binds to the adenine base in the
active enzyme. V726, A743, and L844 characteristically make hydro-
phobic contact with the scaffolds of ATP-competitive small molecule
inhibitors. V843 and V845, hydrophobic residues that flank L844, bind
to L798 at the beginning of the αD-helix. The αD-helix L798 interacts
with T903 and the β7-strand V843 interacts with L907, both residues of
which are in the αF-helix. Note that both the C-spine and R-spine are
anchored to the αF-helix, which is a very hydrophobic structure that is
entirely within the protein. The αF-helix supports the spines, which in
turn anchor the protein kinase catalytic residues. See Table 2 for a list of
the residues of the spines of human ErbB1–4. See Refs. [39,40] for a
summary of the properties of the ALK receptor protein-tyrosine kinase
spine residues, Ref. [41] for the cyclin-dependent protein-serine/
threonine kinase spine residues, Ref. [42] for the ERK1/2 spine re-
sidues, Ref. [43] for the Janus kinase spine residues, Ref. [44] for the
Kit receptor protein-tyrosine kinase spine residues, Ref. [45] for the
MEK1/2 spine residues, Ref. [46] for the PDGFRα/β spine residues,
Refs. [47,48] for the RAF spine residues, Ref. [49] for the RET protein-
tyrosine kinase spine residues, Ref. [50] for the ROS1 protein-tyrosine
kinase spine residues, Refs. [51,52] for the Src spine residues, and Ref.

Table 1
Important residues in human ErbB receptors.

EGFR ErbB2 ErbB3 ErbB4

Number of residues 1210 1255 1342 1308
Signal peptide 1-24 1-22 1-19 1-25
Extracellular segment 25-645 23-652 20-643 26-651
Transmembrane segment 646-668 653-675 644-664 652-675
Intracellular segment 669-1210 676-1255 665-1342 676-1308
Protein kinase domain 712-979 720-987 709-966 718-985
Glycine-rich loop; GSGAFG 719-724 727-732 716-721 725-730
The K of K/E/D/D, or the β3-lysine K745 K753 K742 K751
αC-E residue E762 E770 H759 E769
Hinge residues 791-796; QLMPFG 799-804; QLMPYG 788-793; QYLPLG 797-802; QLMPHG
Gatekeeper residue T790 T798 T787 T796
Catalytic HRD residue, the first D of K/E/D/D 837 845 N834 843
Catalytic loop N (HRD(x)4N 842 850 839 848
Activation segment DFG, the second D of K/E/D/D 855 863 852 861
Activation segment tyrosine phosphorylation site 869 877 868 875
End of the activation segment, ALE 882-884 890-892 879-881 888-890
Molecular weight (kDa) 134 138 148 147
UniProtKB ID P00533 P04626 P21860 Q15303
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[53] for the VEGFR1/2/3 spine residues.

3.2.3. The gatekeeper and other shell residues
Using site-directed mutagenesis, Meharena et al. identified three

residues in PKA that stabilize the R-spine which they called shell re-
sidues [54]. Going from the aspartate in the αF-helix to the β4-strand

residue at the top of the R-spine, these investigators labeled the R-spine
residues RS0, RS1, RS2, RS3, and RS4 (Fig. 3A). The three shell residues
are labeled Sh1, Sh2, and Sh3. Sh2 represents the classical gatekeeper
residue. The term gatekeeper refers to the role of such residues in
regulating access to a hydrophobic back pocket adjacent to the adenine
binding site [55,56] that is occupied by portions of many small mole-
cule inhibitors. Using local spatial pattern alignment data, Meharena
et al. reported that only three of 14 amino acid residues in PKA sur-
rounding RS3 and RS4 are conserved and these shell residues stabilize
the protein kinase R-spine [54]. A comparison of the active and inactive
EGFR R-spines shows that RS2, RS3, and RS4 of inactive EGFR are
displaced when compared with active EGFR, a result that is consistent
with the displaced αC-helix configuration of the inactive enzyme
(Fig. 3B).

4. Conserved catalytic and structural residues in the ErbB protein
kinase domains

4.1. Binding pocket for ATP and small molecule inhibitors

The glycine-rich P-loop occurs universally in protein kinases and
consists of a conserved GxGxΦG sequence where Φ refers to a hydro-
phobic residue. This sequence in the ErbB family consists of GSGAFG.
The P-loop forms a lid above the ATP phosphates and is generally one of
the most mobile portions of the protein kinase domain. Such mobility is
necessary owing to the role that this part of the enzyme plays in binding
ATP and then releasing ADP following catalysis. The exocyclic amino
group of ATP characteristically interacts with the protein kinase peptide
backbone of the first hinge residue. Hinge residues occur after the β5-
strand and they connect the N-terminal and C-terminal lobes. Thus, the
exocyclic 6-amino group of the adenine ring of ATP forms a hydrogen
bond with the carbonyl oxygen of Q791 (PDB ID: 2GS6), which is the
first hinge residue of EGFR. The adenine ring N1 forms a hydrogen bond
with the main chain –NH group of the M793, the third hinge residue.
The α-phosphate group binds to K745 of the β3-strand, which in turn
forms an electrostatic bond with E762 of the αC-helix (Fig. 2D). The
ATP γ-phosphate binds to Mg2+, which coordinates with DFG-D855
(not shown). Notice that the adenine base only extends to the β2 strand,
but not to the β3-strand. In contrast, most small molecule ATP-com-
petitive inhibitors extend to the β3-strand and many extend even fur-
ther toward the αC-helix.

Fig. 3. Catalytic and regulatory spines of active EGFR (A) and kinase-impaired
ErbB3. AS, activation segment; CS, catalytic spine; RS, regulatory spine.

Table 2
Human ErbB1–4 residues that form the R-spine, C-spine and Shell residues.

KLIFS
No.a

EGFR ErbB2 ErbB3 ErbB4

Regulatory spine
β4-strand (N-lobe) RS4 38 L777 L785 L774 L783
C-helix (N-lobe) RS3 28 M766 M774 I763 M772
Activation loop (C-lobe) F of DFG RS2 82 F856 F864 F853 F862
Catalytic loop His (C-lobe) RS1 68 H835 H843 H832 H841
F-helix (C-lobe) RS0 None D896 D904 D893 D902
R-shell
Two residues upstream from the

gatekeeper
Sh3 43 L788 L796 L785 L784

Gatekeeper, end of β5-strand Sh2 45 T790 T798 T787 T796
αC-β4 loop Sh1 36 V774 V782 V772 V781
Catalytic spine
β3-AxK motif (N-lobe) CS8 15 A743 A751 C740 A749
β2-strand (N-lobe) CS7 11 V726 V734 V723 V732
β7-strand (C-lobe) CS6 77 L844 L852 L841 L850
β7-strand (C-lobe) CS5 78 V845 V853 V842 V851
β7-strand (C-lobe) CS4 76 V843 V851 V840 V849
D-helix (C-lobe) CS3 53 L798 L806 L795 L804
F-helix (C-lobe) CS2 None L907 L915 L904 L913
F-helix (C-lobe) CS1 None T903 T911 T900 T909

a From Ref. [110].
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4.2. Catalytic loop and activation segment

Hanks et al. identified 12 subdomains (I–VIa, VIb–XI) with con-
served amino-acid-residue signatures that make up the core of protein
kinases [57]. Of these, the following four amino acids define a K/E/D/D
(Lys/Glu/Asp/Asp) signature and illustrate the catalytic properties of
the EGFR family (Table 1). As noted earlier, the first residue of this
signature in EGFR occurs as the β3-strand K745 and it forms an elec-
trostatic bond with the αC-helix E762. The catalytic loop near the ac-
tual site of phosphoryl transfer consists of HRD(x)4N. The catalytic loop
HRD is the first D of K/E/D/D. This loop consists of an HRDLAARN
sequence in receptor protein-tyrosine kinases including ErbB1/2/4. The
catalytically impaired ErbB3 protein kinase contains HRNLAARN with
an asparagine (N) substituting for aspartate (D). The catalytic aspartate
(D837) of ErbB1 serves as a base that abstracts a proton from the tyrosyl
–OH group (Fig. 2C). Zhou and Adams suggested that the catalytic as-
partate of protein kinases positions the substrate hydroxyl for an in-line
nucleophilic attack [58]. DFG-D855 of EGFR at the beginning of the
activation segment binds Mg2+ (1) and the asparagine at the end of the
catalytic loop (N842) coordinates a second Mg2+(2). The activation
loop DFG is the second D of K/E/D/D. The activation loop contains a
tyrosine residue that may undergo phosphorylation, but unlike many
other protein-tyrosine kinases, this phosphorylation is not required for
ErbB receptor activation [34]. The last eight residues of the ErbB/HER
activation segments (PIKWMALE) make up the protein-substrate posi-
tioning segment (Fig. 2C).

5. Therapeutic small molecule inhibitors of the ErbB/HER protein
kinases

5.1. EGFR/ERBB1/HER1 activating oncogenic mutants in lung cancer

EGFR/ErbB1 plays a significant role in the pathogenesis of many
lung cancers. Herbst et al. found that EGFR kinase-domain mutations
occur in 10–40% of lung cancer samples [59]. The frequency of EGFR
kinase-domain mutations is around 10% in Caucasians and around
30–40% in Asian patients. Early studies indicated that approximately
10% of unselected patients with NSCLC exhibited very good responses
to gefitinib [60]. Three groups in 2004 compared the tumors of people
who responded to gefitinib with those who did not [61–63]. These in-
vestigators reported that most of the responders exhibited mutations of
the EGFR kinase domain while those of the nonresponders lacked such
mutations. The most common mutations that these investigators found
were (i) deletion of five exon-19 residues (746ELREA750) that occur
immediately before the αC-helix and (ii) the exon-21 substitution of an
arginine for leucine (L858R) in the activation segment. These two
mutations account for more than 90% of the activating EGFR mutations
found in NSCLC. Pao et al. also observed that patients who responded to
erlotinib also possessed these EGFR mutations [62]. The

719GCARDVS725 P-loop mutations account for about 3% of the acti-
vating EGFR gene mutations. All together, more than 200 EGFR muta-
tions have been found in NSCLC [63]. The FDA approved gefitinib for
the treatment of NSCLC in 2003 [64] and erlotinib in 2004 [65].

The gain-of-function mutations of oncokinases often occur in or near
important regulatory regions such as the αC-helix, the activation loop,
or the ATP-phosphate binding loop. A common mechanism for the
oncogenic activation of the ErbB family of receptors involves the de-
stabilization of the inactive state thereby promoting the conversion to a
more active state. Yun et al. documented this destabilization as the
mechanism responsible for the activation of EGFR for the L858R and
G791S mutants [66]. The L858R mutation occurs in the N-terminal
portion of the activation loop; it immediately follows the 855DFG857

sequence that signifies the beginning of the activation loop. The sub-
stitution of the larger positively charged arginine R-group for the hy-
drophobic leucine R-group prohibits its occurrence in the inhibitory
αAL loop in the proximal activation segment while it is readily ac-
commodated in the open conformation of the active EGFR protein ki-
nase domain (the analogous αAL helix in the activation loop of ErbB3 is
depicted in Fig. 2B) [66]. These investigators hypothesized that the
L860Q activation loop mutant that occurs in gefitinib and erlotinib-
responsive NSCLCs is activated by a similar mechanism.

Red Brewer et al. characterized the interaction of the L858R-acti-
vated mutant and the L858R/T790M drug-resistant double mutant with
wild type EGFR or wild type ErbB2 [67]. Based upon co-im-
munoprecipitation studies, they found that the L858R mutant and drug-
resistant double mutant enhance the strength of the donor/acceptor
protein interaction that promotes EGFR activation. Zhang et al. found
that ligand-activated EGFR kinase domains form an asymmetric
homodimer [68]. One kinase domain plays the role of an activator/
donor and the other kinase domain plays the role of a receiver/ac-
ceptor. The newly activated receiver kinase catalyzes the phosphor-
ylation of tyrosine residues of the activator kinase, which then serve as
docking sites for downstream signaling. A similar mechanism is re-
sponsible for the activation of the other homo and heterodimers of the
ErbB family of enzymes. Red Brewer et al. studied the X-ray crystal
structure of the L858R/T790M double mutant and found that the en-
zyme forms an asymmetric dimer like that seen with wild type EGFR
[67]. Their experiments support the concept that these activated EGFR
mutants preferentially function as receiver/acceptors in the asymmetric
dimer resulting in EGFR mutant activation. These investigators noted
that the L858R mutation or the L858R/T790M double mutation de-
stabilizes the dormant conformation and the energetic cost of pro-
moting the acceptor-kinase active conformation is lower in the mutants
than in the wild type receptors.

5.2. Small molecule ErbB1/HER1 kinase domain inhibitors

Gefitinib and erlotinib are first-generation FDA-approved

Table 3
Properties of selected orally effective small molecule EGFR family inhibitors.

Name (code) trade name Targets PubChem
CIDa

Formula MW (Da) D/Ab FDA-approved indications (year) or clinical trial study

Gefitinib (ZD1839) Iressa EGFR 123631 C22H24ClFN4O3 446.9 1/8 NSCLC (2003)
Erlotinib (OSI-774) Tarceva EGFR 176870 C22H23N3O4 393.4 1/7 NSCLC (2004) and pancreatic cancer (2005)
Afatinib (BIBW2992) Tovok ErbB1/2/4 10184653 C24H25ClFN5O3 485.9 2/8 NSCLC (2013)
Osimertinib (AZD-9291) Tagrisso EGFR 71496458 C23H33N7O2 499.6 2/7 NSCLC (2015)
Dacomitinib (PF299804) Visimpro Pan-HER 11511120 C24H25ClFN5O2 469.9 2/7 NSCLC (2018)
Lapatinib (GW572016) Tykerb EGFR/ErbB2 208908 C29H26ClFN4O4S 581.1 2/9 Breast cancer (2007)
Neratinib (HKI-272) Nerlynx ErbB2/HER2 9915743 C30H29ClN6O3 557.1 2/8 Breast cancer (2015)
Avitinib (AC0010MA) EGFR 72734520 C26H26FN7O2 487.5 3/8 Phase I and II clinical trials for NSCLC
Olmutinib (HM61713) EGFR 54758501 C26H26N6O2S 486.6 2/8 Phase II clinical trials for NSCLC
Pelitinib (EKB-569) EGFR 6445562 C24H23ClFN5O2 467.9 2/7 Phase I clinical trials for NSCLC and colorectal cancer

a www.ncbi.nlm.nih.gov/pccompound.
b No. of hydrogen bond donors/acceptors.
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quinazoline-based reversible EGFR inhibitors that are used in the
treatment of NSCLC harboring EGFR exon-19 deletions and the exon-21
L858R mutation (Table 3) [64,65,69]. Essentially all NSCLC patients
with EGFR-activating mutations develop resistance to these drugs with
a median duration of 10–13 months [70]. The most common resistance
mechanism, which occurs in 50–60% of patients, involves the devel-
opment of the exon 20 T790M gatekeeper mutation [71]. This mutation
results in the replacement of threonine with the larger methionine near
the ATP-binding pocket.

Afatinib is a quinazoline derivative like gefitinib and erlotinib and it
irreversibly inhibits the activated L858R gatekeeper mutant by forming
a covalent bond with EGFR C797. Drugs such as afatinib with an αβ-
unsaturated carbonyl group undergo a Michael reaction that involves
the addition of a nucleophile (the –SH of C797) to the double bond to
form a covalent Michael adduct. Noncovalent contacts place the drug in
a suitable orientation within the ATP-binding pocket that facilitate the
covalent modification. Four other FDA-approved drugs use this in-
hibitory mechanism including dacomitinib (targeting mutant EGFR in
lung cancer), neratinib (targeting ErbB2 in HER2-positive lung cancer),
osimertinib (targeting EGFR T970M mutants in NSCLC), and ibrutinib
(targeting BTK in mantle cell lymphoma, chronic lymphocytic leu-
kemia, marginal zone lymphoma, chronic graft vs. host disease, and
Waldenström macroglobulinemia) (www.brimr.org/PKI/PKIs.htm).

Afatinib readily fits into the EGFR ATP-binding site and this finding
suggests that the substitution of the larger methionine for the smaller
threonine does not sterically block drug binding [72]. Furthermore,
Yun et al. found that the activating L858R mutant, the T790M mutant,
and the double mutant bind gefitinib with greater affinity than the wild
type enzyme [73]. They also discovered that the Km for ATP is increased
in the L858R mutant when compared with the wild type enzyme, but
the second T790M mutation decreases the Km for ATP; the decrease in
the Km increases the ability of ATP to compete with gefitinib for binding
and thereby decreases the inhibitory effect of the drug in vivo. A me-
thionine gatekeeper may also stabilize the hydrophobic spine [39],
which may lead to greater activity of the EGFR L858R/T790M double
mutant. Engelman et al. found that up regulation of the hepatocyte
growth factor receptor, or c-Met, represents another mechanism of re-
sistance to gefitinib or erlotinib and this occurs in about 22% of patients
[74]. Afatinib is FDA approved for the first-line treatment of NSCLC in
patients harboring the activating (i) exon-19 deletions or (ii) the L858R
mutation. Although this drug also inhibits the L858R/T790M double
mutant in pre-clinical studies, this efficacy has not been demonstrated
in the clinic owing to dose-limiting toxicities [75]. Pre-clinical studies
generally refer to experiments performed with animals, animal cells, or
human cells whereas clinical studies involve the direct observations of
human subjects.

Osimertinib is a targeted small molecule anilino-pyrimidine protein
kinase inhibitor that is FDA-approved for the first-line treatment of
patients with metastatic NSCLC whose tumors have EGFR exon-19 de-
letions or exon-21 L858R mutations as detected by an FDA-approved
test [76]. The drug is also approved for the second-line treatment of
patients with metastatic EGFR T790M mutation-positive NSCLC whose
disease has progressed on or after EGFR protein-tyrosine kinase in-
hibitor therapy. This drug is a third generation EGFR antagonist that
irreversibly inhibits its target enzyme by forming a covalent bond with
C797 and it was the first drug approved for the treatment of patients
with the T790M gatekeeper mutation. The first-line treatment was as-
sociated with a median progression-free survival of 22.1 months and an
overall response rate of 67% [77]. This compares with previous clinical
trials of gefitinib and erlotinib in similar trials with a progression-free
survival of 8.4–13.1 months [78]. Mechanisms of resistance to osi-
mertinib include KRAS amplification and the EGFR C797S mutation
[77]. The serine residue in the latter mutation is unable to form a
covalent adduct with afatinib. Clinical trials comparing osimertinib vs.
gefitinib, erlotinib, or afatinib are planned or are underway (www.
clinicaltrials.gov).

Dacomitinib is an anilino-quinazoline derivative [79] that is FDA-
approved for the first-line treatment of patients with metastatic NSCLC
whose tumors have EGFR exon-19 deletions or exon-21 L858R muta-
tions. Like afatinib and osimertinib, dacomitinib is an irreversible EGFR
inhibitor that forms a covalent bond with C979. Although early clinical
studies were not promising [80], more recently Mok et al. reported that
the overall survival was 34.1 months in patients treated with dacomi-
tinib vs. 26.8 months in patients treated with gefitinib [81]. This study
suggests that dacomitinib should be considered as one of the standard
treatment options for patients with NSCLC bearing these mutations.
Studies performed with cells in culture not derived from patient sam-
ples tentatively indicate that resistance to this agent is related to either
T790M or C979S EGFR mutations [82].

Avitinib is a pyrrolopyrimidine derivative that is in its early de-
velopmental stages for the treatment of T790M mutant NSCLC (Table 3)
[83]. Olmutinib is an anilino-thienopyrimidine derivative that is in
early developmental stages for the treatment of NSCLC harboring the
L858R/T790M double mutation or the exon-19 deletions [84]. Based on
positive activity data and a favorable safety profile, phase II and phase
III trials are underway to assess the efficacy and safety of olmutinib as
monotherapy or in combination with other therapies including afatinib,
nintedanib, bevacizumab, and pembrolizumab (a monoclonal antibody
that targets the PD-1 receptor of lymphocytes, an immune checkpoint
inhibitor). Pembrolizumab in combination with carboplatin and pacli-
taxel was FDA-approved as a first-line therapy for metastatic squamous
NSCLC in 2018. Pelitinib is a fluroanilino-quinoline derivative with a
long half-life in the human circulation that was designed to inhibit
EGFR and ErbB2/HER2 [85,86]. The drug has been in clinical trials for
NSCLC and colorectal cancer, but it is unclear whether it will undergo
further evaluation. Avitinib, olmutinib, and pelitinib bear an acryla-
mide group (an αβ-unsaturated carbonyl group) and are irreversible
inhibitors that form a covalent bond with EGFR C979. See Ref. [87] for
a comprehensive review of small molecule inhibitors that have been
approved or that have been in previous or current clinical trials for the
treatment of NSCLC.

5.3. Treatment of breast cancer

5.3.1. Classification and general treatment
Breast carcinoma is the leading cause of death from malignancies

predominantly (breast) or exclusively (ovary, uterine corpus, uterine
cervix) confined to women in the United States and worldwide [10,11].
For purposes of treatment, breast cancers are grouped into three cate-
gories, which are not mutually exclusive: these include (i) over-
expression of ERBB2/HER2/NEU, (ii) hormone receptor-positive, and
(iii) triple-negative breast cancer. Triple-negative breast cancer refers to
those (i) without ERBB2 amplification or overexpression and lacking
(ii) estrogen and (iii) progesterone receptors. Wittliff reported that
ErbB2 overexpression occurs in 20–30% of breast cancers while
10–20% of breast cancers are triple-negative and lack hormone re-
ceptors and fail to overexpress ErbB2/HER2 [88]. ErbB2 overexpression
was correlated with a poor prognosis prior to the advent of ErbB2
targeted therapies. He also reported that receptors for estrogen, pro-
gesterone, or both occur in about 79% of all breast cancers. Moreover,
he found that 56% of breast cancers contain both the estrogen and
progesterone receptors while 14% contain only the estrogen receptor
and 9% contain only the progesterone receptor while 21% lack both
receptors [88].

Surgery is the principal treatment modality for localized breast
cancer, followed by radiotherapy, chemotherapy, and adjuvant hor-
monal therapy (with tamoxifen or an aromatase inhibitor) for hormone
receptor-positive tumors [8]. Many patients that are hormone receptor-
positive benefit from treatment with anastrozole or letrozole. These are
aromatase inhibitors that block the formation of the aromatic A ring of
estradiol from androgenic precursors. Various cytotoxic drugs are used
in the treatment of advanced breast cancers, especially those cancers
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that are hormone receptor-negative or triple-negative [89]. These in-
clude doxorubicin, cyclophosphamide, docetaxel, and paclitaxel. One of
the preferred chemotherapeutic regimens recommended by the Na-
tional Comprehensive Cancer Network includes doxorubicin and cy-
clophosphamide followed by paclitaxel. Several other cytotoxic drugs
are used in the treatment of breast carcinomas including capecitabine,
gemcitabine, pemetrexed, and vinorelbine (Table 4) [8].

5.3.2. Activating ERBB2 mutations and breast cancer
In addition to the overexpression of wild type ERBB2 in 20–30% of

breast cancers, Bose et al. reported that about 1.6% of breast cancer
patients possess an ERBB2 mutation [90]. They suggest that the in-
cidence of new cases of ERBB2-mutant breast cancer in the United
States is approximately 4000 per year. Of 1499 patients that lacked
ERBB2 gene amplification, they found that 25 of these patients pos-
sessed ERBB2 mutations. In their overall summary, they found two
mutations in the extracellular domain at codon 309 and three at codon
310. Moreover, they found one mutation occurred at codon 1220 in the
carboxyterminal tail and 12 different mutations within the protein ki-
nase domain. The most common mutation, which was observed in six
patients, was an L755S mutation that corresponds to the end of the β3-
strand of ErbB2/HER2.

Bose et al. found that seven ERBB2 mutations activated the receptor
as determined by enzyme activity, activation of downstream ErbB2
signaling, or by the ability to enhance tumor formation in mouse xe-
nografts [90]. The activated mutants include a G309 A mutation in the
extracellular domain. This particular residue participates in the het-
erodimerization of ErbB2 with ErbB1 and the mutation may expedite
heterodimer formation. The D769 H/Y mutations occur in the αC-helix
and these mutations may destabilize the dormant enzyme state. The
V777L mutant and the Pro780 insertion, which occurs immediately
after the αC-helix, also result in receptor activation. The Pro780 in-
sertion also occurs in patients with NSCLC while the other mutations
are restricted to patients with breast cancer. The V842I and the R896C
mutations occur in the C-terminal lobe and are removed from any of the

classical regulatory sites so that the mechanism for this activation is
unclear. Several of the ERBB2 mutations fail to activate the receptor
including L755S (the most common ERBB2 mutant), R678Q, I767M,
and the Y835F. The identification of these ERBB2 mutants provides
additional targets for drug discovery. Bose et al. found that the L755S
mutant is resistant to lapatinib, a reversible ErbB2 inhibitor, but all of
their other mutants are sensitive to neratinib, an irreversible ErbB2
inhibitor [90].

5.3.3. Targeted small molecule breast cancer treatments
Lapatinib is a reversible chlorophenyl-quinazoline ErbB2/HER2

inhibitor that is FDA-approved for the treatment of breast carcinoma in
combination with (i) capecitabine or (ii) with letrozole in patients
overexpressing this receptor [91,92]. The treatment of advanced breast
cancer is intricate and involves trastuzumab, pertuzumab, and taxanes
(docetaxel or paclitaxel) or trastuzumab-emtansine for first- and
second-line treatments and trastuzumab or lapatinib along with cyto-
toxic chemotherapy as third line therapies. See Refs. [93,94] for a
comprehensive discussion of the ErbB2/HER-positive breast cancer
treatments.

Neratinib is an irreversible chloroanilino-quinazoline ErbB2/HER2
inhibitor that is FDA-approved for the extended adjuvant treatment of
adult patients with early stage HER2-overexpressed/amplified breast
cancer, to follow adjuvant trastuzumab-based therapy. Adjuvant
therapy often refers to therapy given after localized therapy (surgery)
and extended adjuvant therapy is given after adjuvant therapy.
Neoadjuvant therapy is given prior to localized therapy with the idea of
decreasing the tumor size prior to surgery. Neratinib possesses an ac-
rylamide group and forms a covalent adduct with C805 near the ErbB2
ATP-binding site [95]. Canonici et al. reported that neratinib overcomes
trastuzumab resistance in HER2-amplified breast carcinoma [96].
Several clinical trials have been designed to investigate the efficacy of
neratinib in treating ErbB2/HER2-positive breast cancer alone or in
combination with trastuzumab [97]. Neratinib was effective as a single
agent or in combination with different chemotherapy drugs in the

Table 4
Cytotoxic drugs, anti-estrogens, and monoclonal antibodies used in the treatment of EGFR-family–driven neoplasms.

Druga Mechanism of action

Cytotoxic
Capecitabine A prodrug that is metabolized to 5-flurorouracil, which inhibits thymidylate synthase, DNA synthesis and function, and RNA function.
Cyclophosphamide An alkylating agent that forms both intrastrand and interstrand DNA cross links that alter DNA structure, base pairing, replication, and

transcription.
Docetaxel An anti-mitotic taxane that binds to and enhances polymerization of microtubules and inhibits their function.
Doxorubicin An anthracycline antibiotic that intercalates with DNA, inhibits the progression of topoisomerase II, and produces oxygen-dependent single and

double stranded DNA breaks with subsequent inhibition of DNA function.
5-Fluorouracil An anti-metabolite that inhibits thymidylate synthase, DNA synthesis and function, and RNA function.
Gemcitabine A cytidine analogue that inhibits (i) DNA synthesis, repair, and function, (ii) ribonucleotide reductase, and (iii) RNA function.
Paclitaxel An anti-mitotic taxane whose mechanism is the same as docetaxel, which is noted above.
Pemetrexed An anti-folate that inhibits dihydrofolate reductase, thymidylate synthase, and purine synthesis de novo.
Vinorelbine An anti-mitotic that binds to tubulin to inhibit microtubule function and arrest mitosis.
Anti-estrogens
Anastrozole A non-steroidal anti-estrogen aromatase inhibitor.
Letrozole A non-steroidal anti-estrogen aromatase inhibitor.
Tamoxifen A selective estrogen receptor modulator (SERM) that produces estrogenic and anti-estrogenic effects depending upon the cell
Monoclonal antibodiesb

Bevacizumab Bevacizumab is a humanized monoclonal antibody that blocks angiogenesis by binding to VEGF-A that is approved for the treatment of non-
squamous NSCLC.

Cetuximab Cetuximab is a human-mouse chimeric IgG1 monoclonal antibody that binds to domain III of the extracellular segment of the tethered inactive
state of EGFR and directly blocks activating ligand binding.

Panitumumab Panitumumab is a fully human monoclonal antibody that binds to the extracellular domain of EGFR and prevents its activation.
Pertuzumab Pertuzumab is a monoclonal antibody directed against ErbB2/HER2 and prevents its dimerization with other ErbB family members.
Trastuzumab Trastuzumab is a monoclonal antibody directed against the extracellular domain of ErbB2/HER2 that produces HER2 internalization and down-

regulation and induces immune cells to kill the HER2-expressing cell.
Ado-trastuzumab emtansine This is a trastuzumab-emtansine conjugate that delivers the microtubule inhibitor to ErbB2/HER-positive cells.

a www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm.
b Therapeutic antibody nomenclature conventions: -mab refers to a monoclonal antibody; -mumab refers to a human mab (e.g., panitumumab), –ximab refers to a

chimeric mab (e.g., cetuximab), and zumab refers to a humanized mab (e.g., trastuzumab); -tuxxmab is directed toward the tumor (pertuzumab), -cixxmab is directed
toward the cardiovascular system, (e.g., bevacizumab).
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treatment of ErbB2/HER2-positive metastatic breast cancer patients
and patients with early disease. See Refs. [97–99] for a summary of the
clinical trials that lead to the approval of this drug.

6. Classification of protein kinase-drug complexes

Dar and Shokat described three classes of small molecule protein
kinase inhibitors and labeled them types I, II, and III [100]. Type I
inhibitors bind within the adenine-binding pocket of an active protein
kinase; type II inhibitors bind to a dormant protein kinase with the
DFG-D of the activation segment pointing away from the active site
(DFG-Dout); type III inhibitors bind to an allosteric site, which is outside
of the adenine-binding pocket. Zuccotto later defined type I½ inhibitors
as drugs that bind to a dormant protein kinase with the DFG-D directed
inward (DFG-Din) toward the active site (in contradistinction to the
DFG-Dout conformation) [101]. The inactive enzyme may display an
αCout conformation, a closed activation segment, a nonlinear or broken
regulatory spine, or various combinations thereof. Gavrin and Saiah
later divided allosteric inhibitors into two types: III and IV [102]. Type
III inhibitors bind within the cleft between the N-terminal and C-
terminal lobes and next to, but independent of, the ATP binding site
while type IV inhibitors bind elsewhere. Furthermore, Lamba and Gosh
classified bivalent inhibitors as those antagonists that span two distinct
parts of the protein kinase domain as type V inhibitors [103]. For ex-
ample, an antagonist that bound to the adenine-binding site as well as
the peptide substrate site would be classified as a type V inhibitor. To
complete this classification, we labeled inhibitors that bind covalently
with the target enzyme as type VI antagonists [104]. For example,
afatinib is a type VI covalent FDA-approved inhibitor of EGFR that is
used for the treatment of NSCLC. Mechanistically, this agent binds in-
itially to an active EGFR conformation (like a type I inhibitor) and then
the C797 –SH group of EGFR attacks the drug to form an irreversible
covalent Michael adduct [104].

Owing to the variability of inactive conformations as compared with
the conserved active protein kinase conformation, it was hypothesized
that type II inhibitors would be more selective than type I inhibitors,
which bind to the conserved active conformation. The evaluation of
Vijayan et al. support this hypothesis [105] while those of Zhao et al.
and Kwarcinski et al. do not [106,107]. Type III allosteric inhibitors
bind adjacently to the adenine binding pocket [102]. Owing to the
greater variation in this region when compared with the adenine-
binding pocket, type III inhibitors have the potential to exhibit greater
selectivity than type I, I½, or II inhibitors. Moreover, Kwarcinski et al.
suggest that inhibitors that bind to the αCout conformation (type I½
inhibitors) may be more selective than type I and II antagonists [107].
FDA-approved αCout inhibitors include lapatinib (an EGFR/HER1 and
ErbB2/HER2 antagonist) and neratinib (an ErbB2/HER2 antagonist),
both drugs of which are used in the treatment of advanced breast
cancer. However, Kwarcinski et al. suggest that not all kinases are able
to assume the αCout conformation while they propose that all protein
kinases are able to adopt the DFG-Dout conformation [107].

We had divided the type I½ and type II inhibitors into A and B
subtypes [104]. Drugs that bind to the DFG-Dout structure of the protein
kinase domain and extend into the back cleft are classified as type IIA
inhibitors. In contrast, drugs that (i) bind to the DFG-Dout conformation
and (ii) do not extend into the back cleft as are classified as type IIB
inhibitors. Based upon incomplete data, the potential significance of
this difference is that type A inhibitors bind to their target enzyme with
longer residence times when compared with type B inhibitors [104].

Ung et al. examined a variety of structural features based upon the
location of the αC-helix and the DFG motif to define the conformation
space of the catalytic domain of protein kinases [108]. They reported
that the αC-helix can move from its active αCin location to the αCout

position by rotation and tilting. Correspondingly, the DFG motif can
move from its active DFG-Din location to the dormant DFG-Dout loca-
tion. These authors defined five different protein kinase configurations:

αCin-DFG-Din (CIDI), αCin-DGF-Dout (CIDO), αCout-DFG-Din (CODI),
αCout-DFG-Dout (CODO), and ωCD representing structures with variable
locations of the αC-helix or DFG-D intermediate states. CIDI represents
the catalytically active conformation with a linear R-spine. Type I
protein kinase inhibitors compete with ATP for its binding site and they
generally interact with the hinge region. CIDO has the DFG-D motif
180° flip that reshapes the ATP-binding site and displaces DFG-F
thereby breaking the R-spine. CODI signifies the αCout and DFG-Din

conformation. The folding of the activation loop deforms the protein-
substrate binding site while also displacing the αC-helix to the αCout

position. Alternatively, a drug such as lapatinib may induce the out-
ward movement of the αC-helix, which allows for its binding to ErbB2.
CODO has both αCout and DFG-Dout along with a distorted R-spine.
There are limited structural data on CODO conformations. ωCD struc-
tures are highly heterogeneous with variable αC-helix positioning and
diverse DFG-D intermediate states. Moreover, ωCD structures may re-
present transition states among the various primary configurations.

7. Drug-ligand binding pockets

Liao [109] and van Linden et al. [110] divided the section between
the protein kinase N-terminal and C-terminal lobes into a front cleft or
front pocket, a gate area, and a back cleft. The back pocket or hydro-
phobic pocket II (HPII) includes the gate area and back cleft (Fig. 4).
The front cleft includes the adenine-binding pocket, the adenine-
binding hinge residues, the glycine-rich P-loop, the segment connecting
the hinge residues to the C-terminal lobe αD-helix, and the amino acid
residues within the catalytic loop (HRD(x)4N). The gate area includes
the β3-strand of the N-terminal lobe and the proximal section of the
activation segment including DFG. The back-cleft projects to the αC-
helix, the αC-β4 back loop, to portions of the β4- and β5-strands of the
small lobe, and to a section of the αE-helix within the large lobe. One of
the hurdles in the development of protein kinase inhibitors is to in-
crease selectivity to reduce unwanted side effects [111], a process that
is facilitated by characterizing drug-kinase interactions [112–114].

van Linden et al. described several components that are found in
these three regions [110]. For example, the front cleft includes an
adenine-binding pocket (AP) together with two front pockets (FP-I and
FP-II). FP-I occurs between the solvent-exposed segment that connects
the hinge residues to the αD-helix and the xDFG-motif (where x is the
amino acid immediately before the activation segment DFG) and FP-II is
found between the glycine-rich P-loop and the β3-strand at the ceiling
of the cleft. BP-I-A and BP-I-B are located in the gate area between the
xDFG-motif, the β3- and β4-strands, the conserved β3-strand K of the
AxK signature, and the αC-helix. The smaller BP-I-A is found at the top
of the gate area and is bordered by residues of the β3- and adjacent β5-
strands including the β3-AxK and the αC-helix. The larger BP-I-B occurs
at the center of the gate area permitting access to the back cleft. Both
BP-I-A and BP-I-B occur in the DFG-Din and DFG-Dout conformations
(Fig. 4).

BP-II-A-in and BP-II-in are found within the back cleft in the DFG-
Din conformation [109]. These sub-pockets are bordered by the C-
terminal lobe DFG-motif and the N-terminal lobe αC-helix, the αC-β4
back loop, and the β4- and β5-strands. Major changes of BP-II-A-in and
BP-II-in occur to generate BP-II-out as it occurs in the DFG-Dout con-
figuration; this structural transformation occurs with a change in the
location of DFG-F. The resulting compartment is called back pocket II-
out (BP-II-out); it occurs where the DFG-F is found in the DFG-Din

configuration. BP-II-B is bordered by the αC-helix and the adjacent β4-
strand in both the DFG-Din and DFG-Dout conformations. Back pocket III
(BP-III) occurs only in the DFG-Dout conformation. This compartment is
found on the floor of BP-II-out between the activation segment DFG-
Dout motif, the conserved catalytic loop HRD-H, the β6-strand, and the
αE-helices of the large lobe along with the αC-β4 back loop and the αC-
helices of the N-terminal lobe. Two pockets that are partially solvent
exposed (BP-IV and BP-V) occur between the N-terminal lobe αC-helix
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and the C-terminal lobe DFG-Dout motif, the catalytic loop, the β6-
strand, and the activation segment (Fig. 4).

van Linden et al. developed a comprehensive directory of drug and
ligand binding to more than 1200 human and mouse protein kinase
domains [110]. Their KLIFS (kinase–ligand interaction fingerprint and
structure) catalog includes an alignment of 85 ligand binding-site re-
sidues occurring in both the small and large lobes; this catalog facil-
itates the classification of drugs and ligands based upon their binding
characteristics and aids in the detection of related interactions. More-
over, these authors devised a standard amino acid residue numbering
system that aids in the comparison of many protein kinases. Table 2
specifies the relationship between the KLIFS database numbering and
the catalytic spine, shell, and regulatory spine amino acid residue no-
menclature. Moreover, this group established an invaluable free and
searchable web site that is regularly updated thereby providing com-
prehensive data on the interaction of protein kinases with drugs and
ligands (klifs.vu-compmedchem.nl/). Moreover, Carles et al. have de-
veloped a comprehensive directory of protein kinase inhibitors in
clinical trials [115]. They have established a free and searchable web
site that is regularly updated which includes the inhibitor structures
and physical properties, protein kinase targets, therapeutic indications,
year of first approval (if applicable), and trade name (http://www.icoa.
fr/pkidb/).

8. Structures of EGFR- and ErbB2-drug complexes

Gefitinib (Fig. 5A) is a reversible EGFR quinazoline inhibitor that is
approved for the first-line treatment of patients with metastatic NSCLC
whose tumors have EGFR exon 19 deletions or the exon 21 L858R

substitution mutation [64,116]. The X-ray crystallographic structure
shows that the N1 quinazoline nitrogen forms a hydrogen bond with the
NeH group of M793, the third hinge residue. The 3-chloro-4-fluoro-
phenyl group makes hydrophobic contact with residues in the gate area.
The aniline ring makes a 45° angle with the plane of the quinazoline
while the chlorine atom is directed upward (Fig. 6A). The 7-methoxy
group of the quinazoline is in van der Waals contact with G796 at the
end of the hinge while the 6-propylmorpholino group extends into the
solvent. Overall the drug makes hydrophobic contact with the β1-strand
L718 before the G-rich loop, the β2-strand V726 (CS7), the β3-strand
A743 (CS8) and K745, the αC-helix M766 of the R-spine (RS3), the β5-
strand L788, the gatekeeper T790, 791QLMP794 of the hinge, and the β7-
strand L844 (CS6). Moreover, the drug makes van der Waals contact
with DFG-D855 of the activation segment (not shown). Gefitinib binds
within the front pocket and gate area (BP-I-A, BP-I-B). The drug binds to
an active protein kinase conformation with αCin, DFG-Din, and with an
open activation segment and it is therefore classified as a type I in-
hibitor [104]. Gefitinib was initially approved by the United States FDA
in 2003, but its approval was withdrawn in 2005 only to be reinstated
in 2015.

Erlotinib (Fig. 5B) is approved for (i) the first-line treatment of
metastatic NSCLC bearing EGFR exon 19 deletions or the exon 21
L858R substitution or for (ii) the second- or greater-line treatment of
NSCLC after progression following at least one prior chemotherapy
regimen. It is also approved for the first-line treatment in combination
with gemcitabine of patients with locally advanced, unresectable, or
metastatic pancreatic cancer. The structure shows that the N1 nitrogen
of its quinazoline makes a hydrogen bond with the EGFR M793 NeH
group of the hinge (Fig. 6B). The N3 nitrogen is not within hydrogen

Fig. 4. Location of the protein kinase domain drug-binding pockets. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic pocket II;
GK, gatekeeper. Adapted from Refs. [109,110].

Fig. 5. Structures of selected EGFR (A–E, H–J) and ErbB2 (F, G) inhibitors. The asterisks indicate where covalent modification occurs.
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bonding distance with the T790 gatekeeper (4.1 Å), but a water mole-
cule bridges this gap (not shown). The 3-ethynylphenyl group of erlo-
tinib makes hydrophobic contact with residues within the gatekeeper
area. Overall the drug makes hydrophobic contact with the β1-strand
L718, the β3-strand A743 (CS8) and K745, the β5-strand L788, the
gatekeeper T790 (Sh2), 791QLMPF795 of the hinge, the β7-strand L844
(CS6), and T854 before the activation segment (where T is the x residue
of xDFG); the drug makes van der Waals contact with DFG-D855. Both
methoxyethoxyl groups are directed toward the solvent. The drug-free
protein kinase domain and the erlotinib-EGFR complex are super-
imposable with RMS deviations of only 0.4 Å. Erlotinib binds within the
front pocket and gate area (BP-I-A, BP-I-B). The drug binds to an active
protein kinase conformation with αCin, DFG-Din, and with an open
activation segment and it is therefore classified as a type I inhibitor
[104]. Erlotinib also binds to an inactive αCout conformation of EGFR
(PDB ID: 4HJO). This form of interaction is that of a type I½B inhibitor
because the drug binds to an inactive enzyme with DFG-Din and does
not extend past the gate area [104].

Although erlotinib is approved for the treatment of pancreatic
cancer (Table 3), this is one of the most lethal forms of cancer and its
benefits are marginal. For example, Moore et al. found that the overall
survival in patients with advanced pancreatic carcinoma was improved
with erlotinib and gemcitabine (6.24 months) compared with placebo
plus gemcitabine (5.91 months) [117]. Although the results were sta-
tistically significant, the data indicate that the ErbB1-targeted inhibitor
increases patient life by only 10 days. Nevertheless, this study led to the
FDA approval of this combination therapy. The effectiveness of treat-
ment was the same in EGFR-mutant positive and negative tumors.

Afatinib (Fig. 5C) is an FDA-approved irreversible quinazoline in-
hibitor of EGFR harboring exon-19 deletions or the L858R activation
segment mutation [118,119]. Although it has activity against the
T790M gatekeeper resistance mutation in some studies, dose-limiting
toxicities preclude its use in patients with the gatekeeper mutation
[75]. The structure shows that the C3 carbon of the acrylamide group of
afatinib forms a covalent Michael adduct with C797 within the hinge of

EGFR and the N1 nitrogen of the quinoline group forms a hydrogen
bond with the N–H group of M793, the third hinge residue (Fig. 6C)
[72]. The drug also makes hydrophobic contact with the β1-strand
L718 before the G-rich loop, K728 after the G-rich loop, the β3-strand
A743 (CS8) and K745, the αC-helix M766 (RS3) of the R-spine,
791QLMP794 of the hinge, R841 within the distal catalytic loop (HRD-
LAARN), the β7-strand L844 (CS6), and T854 just before the activation
segment (the x of xDFG). The tetrahydro-3-furanyl group is exposed to
the solvent and the 3-chloro-4-fluorophenyl-amino group occurs in the
gate area. Afatinib binds to the front cleft, gate area, and subpockets
BP-I-A and BP-I-B in the active conformation of EGFR. As an irreversible
covalent inhibitor of the target enzyme, it is classified as a type VI
antagonist [104].

Osimertinib is an irreversible indole-pyrimidine derivative (Fig. 5D)
[120] that is approved for the first-line treatment of patients with
metastatic NSCLC whose tumors have EGFR exon-19 deletions or the
exon 21 L858R mutation and for the second-line treatment of patients
with metastatic EGFR T790M mutation-positive NSCLC, whose disease
has progressed on or after EGFR protein-tyrosine kinase therapy. It was
the first drug that was approved for patients with the T790M drug-
resistant variant [121]. Moreover, osimertinib is somewhat more ef-
fective than gefitinib or erlotinib in treating patients with brain me-
tastases from EGFR-positive NSCLC [122]. The X-ray crystallographic
structure shows that the pyrimidine nitrogen forms a hydrogen bond
with the NeH group of M793 and an amino NeH group forms a hy-
drogen bond with the carbonyl group of M793 (Fig. 6D) [123]. The
acrylamide group is adjacent to C797 where it will form a covalent
Michael adduct. The drug makes hydrophobic contact with the β1-
strand L718 before the G-rich loop, the β2-strand V726 (CS7), the β3-
strand A743 (CS8) and K745, 792LMP794 of the hinge, and the β7-strand
L844 (CS6). Osimertinib binds chiefly within the front pocket of a
protein in an active conformation. Because it forms a covalent bond
with its target, it is classified as a type VI inhibitor [104]. Drug re-
sistance mutations occur in almost all patients treated with protein
kinase inhibitors [32] and osimertinib is no exception. One of the

Fig. 6. (A – E) Structures of EGFR-drug complexes. (F) Measurements of D1/2/3/4 for the αCout-EGFR-lapatinib complex. The protein data base ID numbers are given
next to the name of the drug. The carbon atoms of the drugs are colored yellow. αAL, the proximal helix near the beginning of the activation loop. AS, activation
segment; CL, catalytic loop; GK, gatekeeper.
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mechanisms of osimertinib resistance results from a C797S mutation
that converts a cysteine to a serine, which is unable to form a covalent
adduct with the drug [124].

Dacomitinib is an irreversible quinazoline-based EGFR/ErbB2/
ErbB4 inhibitor (Fig. 5E) [125] that is approved for the first-line
treatment of patients with metastatic NSCLC with EGFR exon 19 dele-
tions or the exon 21 L858R substitution mutation [79–81,125]. The
structure shows that the C3 carbon of the acrylamide group of the drug
forms a covalent Michael adduct with C797 within the hinge of EGFR
and the N1 nitrogen of the quinazoline group forms a hydrogen bond
with the NeH group of M793, the third hinge residue (Fig. 6C). The
drug also makes hydrophobic contact with the β1-strand L718 before
the G-rich loop, the β3-strand A743 (CS8), I744, and K745, 788LIMQ-
LMPIGC797 including the hinge, the β7-strand L844 (CS6), and T854 or
the x of xDFG. The drug is found in the front pocket, gate area, and sub-
pocket BP-I-B (klifs.vu-compmedchem.nl/). The drug is bound to an
inactive enzyme form with αCout and a closed activation segment with
an αAL-helix. However, because it is bound covalently with its target, it
is classified as a type VI inhibitor [104]. As in the case of osimertinib,
one of the mechanisms of resistance to dacomitinib is the result of an
EGFR C797S mutation [82,124].

Lapatinib is a reversible FDA-approved EGFR and ErbB2 inhibitor
that is used in combination with capecitabine for the treatment of pa-
tients with advanced or metastatic breast carcinomas whose tumors
overexpress ErbB2 and who have received prior therapy including an
anthracycline, a taxane, and trastuzumab. It is also approved in com-
bination with letrozole for the treatment of postmenopausal women
with hormone receptor-positive metastatic breast cancer that over-
expresses ErbB2 for whom hormonal therapy is indicated [91,92].

We have no X-ray crystallographic structures of lapatinib bound to
ErbB2, its presumed primary target in patients with breast cancer.
However, we have structures of the drug bound to the αCout forms of
EGFR and to ErbB4. As noted in Section 3.1, the relative location of the
β3-strand with respect to the αC-helix is an important structural para-
meter that has led to the αCin and the αCout classification. Moreover,
Vijayan et al. surveyed the structures of about 200 hundred protein
kinases and they divided the αCout structures into (i) classical and (ii)
nonclassical groups [105]. They formulated two measurements that
differentiated between the two αCout groups and called them D1 and
D2. D1 is the distance between the α-carbon atom of the HRD(x)4N-
asparagine at the end of the catalytic loop and that of the DFG-F of the
activation segment; D2 is the distance between the α-carbon atom of
the DFG-F and that of the αC-helix–glutamate residue. The protein ki-
nase exhibits a classical αCout structure when D2 is greater than 9 Å;
classical αCout structures have long DFG-F and αC-helix–glutamate
distances (D2≥ 9.0 Å) and short DFG-F and catalytic-loop asparagine
distances (D1≤ 7.2 Å).

The D2 value in the structure of dormant αCout/DFG-Din EGFR (PDB
ID: 1XKK, bound to lapatinib) equals 10 Å (Fig. 6F); accordingly, this is
within the classical αCout group that is characteristic of an inactive
enzyme. These investigators measured the distance from the α-carbon
atom of αC-helix glutamate and DFG-D, which we named D3 [44] and
they found that a D3 measurement of less than 9 Å represents the αCin

structure while those with a D3 measurement greater than 10.5 Å re-
presents an αCout configuration while values within this range are
classified as αC-dilated. The αC-dilated structure occurs commonly in
type II inhibitors with DFG-Dout [105]. The D3 value in the EGFR-la-
patinib structure is 12 Å, which also corresponds to the αCout config-
uration. The electrostatic bond between the β3-strand K745 and the αC-
helix E762 is broken in the inactive EGFR αCout configuration. The
distance between the β3-lysine ε-amino group and αC-glutamate–-
carboxyl group, which we called D4, is 13.5 Å in the αCout /DFG-Din

structure. Lapatinib binds to the front pocket, gate area, and back
pocket (BP-I-A, BP-I-B, BP-II-in, and BP-II-A-in) of EGFR (PDB ID:
1XKK) and the front pocket, gate area, and back pocket (BP-I-A, BP-I-B,
and BP-II-A-in) of ErbB4 (PDB ID: 3BBT). Lapatinib is a type I½A

inhibitor because it binds to an inactive DFG-Din enzyme form and the
drug extends into the back pocket [104].

Neratinib is an irreversible ErbB2 inhibitor that is approved for the
extended adjuvant treatment of adult patients with early stage ErbB2-
overexpressed/amplified breast carcinomas following adjuvant trastu-
zumab-based therapy [95–99]. We have no X-ray crystallographic
structures of neratinib bound to ErbB2, its presumed primary target in
patients with breast cancer. However, the structure of the drug bound
to the EGFR L858R/T790M double mutant (PDB ID: 3W2Q) shows that
it binds to an inactive form of the enzyme (αCout) with DFG-Din. The
drug binds to the front pocket, gate area, and back pocket (BP-I-A and
BP-I-B). Neratinib is an irreversible antagonist and is thereby classified
as a type VI inhibitor [104]. It is likely that this drug binds to ErbB2 in a
similar fashion.

Avitinib is an irreversible pyrrolo-pyrimidine inhibitor of EGFR that
is in phase II clinical trials for the treatment of NSCLC (www.
clinicaltrials.gov) [83,84,126]. Olmutinib is an irreversible thienyl-
pyrimidine that is in phase II clinical trials for the treatment of NSCLC
(www.clinicaltrials.gov) [84]. Pelitinib is an irreversible quinoline in-
hibitor of EGFR that is in phase I clinical trials for NSCLC and colorectal
carcinomas (www.clinicaltrials.gov) [85,86]. No X-ray crystallographic
structures of avitinib, olmutinib, or pelitinib are available, but they are
classified as type VI inhibitors that covalently modify their target re-
ceptors [104].

To summarize this section, the drugs that bind to EGFR form a
hydrogen bond with M793 (the third hinge residue) and they interact
hydrophobically with the β1-strand L718, the β2-strand V726 (CS7),
the β3-strand A743 (CS8), L792 (the second hinge residue), and the β7-
strand L844 (CS6) on the floor of the adenine pocket. All of the drugs
except for osimertinib and dacomitinib bind within BP-I-A and BP-I-B.
Gefitinib and erlotinib are type I inhibitors that bind reversibly to the
active form of EGFR and lapatinib is a type I½A inhibitor that binds
reversibly to the inactive αCout configuration. Afatinib, osimertinib,
dacomitinib, neratinib, avitinib, olmutinib, and pelitinib are type VI
irreversible inhibitors of their target enzyme. Of the approximate three
dozen FDA-approved protein kinase inhibitors, five are type VI irre-
versible inhibitors and four are directed against the ErbB family of re-
ceptors (afatinib, dacomitinib, neratinib, osimertinib). The fifth in-
hibitor, ibrutinib, targets Bruton tyrosine kinase (BTK) (www.
brimr.org/PKI/PKIs.htm).

9. Epilogue

The number of newly diagnosed lung cancers in the United States
and worldwide and the total number of deaths is estimated to be
234,000 & 2.09 million and 154,000 & 1.76 million, respectively
[10,11]. At the time of diagnosis, about 16% of patients have localized
disease, 22% have disease that has spread only to regional lymph nodes,
57% have distant metastases, and 5% have unknown staging (https://
seer.cancer.gov/statfacts/html/lungb.html). The overall five-year sur-
vival is 19% and patients with distant metastases at the time of diag-
nosis have less than a 5% chance of living five years; accordingly, lung
cancer is one of the most serious human malignancies. The frequency of
EGFR kinase-domain mutations is around 10% in Caucasians and
around 30–40% in Asian patients with an overall geometric mean oc-
currence of about 20%. Based upon the estimate that 85% of all lung
cancers are of the non-small cell type, the total number of people in the
United States and worldwide with EGFR mutations is about 40,000 and
340,000 respectively. Exon 19 deletions and the exon-21 L858R mu-
tation account for more than 90% of the oncogenic EGFR NSCLC mu-
tations and these respond to gefitinib, erlotinib, or afatinib treatment.
The most common resistance mutation to these therapies is that of the
T790M gatekeeper and osimertinib is the only antagonist that is ap-
proved for the treatment of EGFR bearing the T790M resistance mu-
tation. One advantage in the treatment of receptors harboring acti-
vating mutations vs. the overexpression of wild type proteins is that
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drugs can be engineered to be more potent against mutant rather than
wild type targets. For example, avitinib inhibits T790M mutants with
300-fold greater potency compared with wild type EGFR [126]. Such
selectivity promises to minimize toxicity related to the inhibition of
wild type targets.

The total number of newly diagnosed breast cancers in women in
the United States and worldwide and the total number of deaths is es-
timated to be 266,000 & 2.08 million and 41,000 & 627,000 in 2018,
respectively [10,11]. At the time of diagnosis, about 62% of patients
have localized disease, 31% have disease that has spread only to re-
gional lymph nodes, 6% have distant metastases, and 2% have un-
known staging (https://seer.cancer.gov/statfacts/html/breast.html).
The total five-year survival is about 90% making this one of the more
manageable cancers. About 20% of the newly diagnosed breast cancers
overexpress wild type ErbB2/HER2, which corresponds to about 50,000
in the United States and 400,000 worldwide. Systemic adjuvant treat-
ment as the standard of care occurred in the 1980s and women with
early stage breast carcinomas often receive systemic treatment lasting
more than 10 years after diagnosis [127]. Typical first-line adjuvant
treatments generally include trastuzumab, pertuzumab, and a taxane
such as docetaxel [128]. The trastuzumab-emtansine antibody-drug
conjugate is a second-line treatment. A variety of regimens beyond this
second-line treatment are available, but the best ordering of these
treatments has not been determined. The possibilities include (i) lapa-
tinib with capecitabine, (ii) trastuzumab with cytotoxic chemotherapy,
(iii) lapatinib with trastuzumab, and (iv) neratinib for extended ad-
juvant treatment. Immune checkpoint inhibitors are also being tested in
the treatment of HER2-positive tumors [128]. The addition of pem-
brolizumab to (i) trastuzumab or (ii) paclitaxel with trastuzumab and
pertuzumab is being tested in HER2-positive patients. See Ref. [128] for
a review of other antibodies and small molecule inhibitors undergoing
evaluation for the treatment of HER2-positive breast cancer. Orally
effective small molecule CDK4/6 inhibitors that have been FDA-ap-
proved for the treatment of hormone receptor-positive and ErbB2-ne-
gative breast cancers include abemaciclib, palbociclib, and ribociclib
[41].

The number of newly diagnosed colorectal cancers in the United
States and worldwide in 2018 is estimated to be about 140,000 &
1,096,000 and the number of deaths is projected to be 51,000 &
430,000, respectively [10,11]. The five-year survival is about 65%
(https://seer.cancer.gov/statfacts/html/colorect.html). At the time of
diagnosis, about 39% have localized disease, 35% have spread to re-
gional lymph nodes, 21% have distant metastases, and 4% have un-
staged disease. Panitumumab is FDA-approved for the treatment of
patients with colorectal cancer in patients with wild type RAS and it is
contraindicated in patients with mutant KRAS or NRAS. The incidence
of RAS mutations in colorectal cancers is about 50% [129]. Surpris-
ingly, there is no correlation of effectiveness of panitumumab treatment
with the EGFR status [130]. Amplification of ErbB2/HER2 occurs in
2–6% of colorectal cancer patients and treatments with trastuzumab
and (i) lapatinib or (ii) pertuzumab have an overall response rate of
about 33% [130].

The total number of newly diagnosed pancreatic cancers in the
United States and worldwide in 2018 is estimated to be 55,000 &
460,000 and the number of deaths is projected to be 44,000 & 432,000,
respectively (https://seer.cancer.gov/statfacts/html/pancreas.html)
[10,11]. The five-year survival is about 8.5%. At the time of diagnosis,
about 10% of patients have localized disease, 29% have spread to re-
gional lymph nodes, 52% have distant metastases, and 8% are un-
staged. As noted in Section 8, erlotinib is FDA-approved for the treat-
ment of advanced pancreatic carcinomas in combination with
gemcitabine, but the added beneficial effects of the combination
therapy are minuscule when compared with gemcitabine monotherapy
[117].

In addition to lung, breast, colorectal, and pancreatic cancers, the
ErbB family has undergone extensive study owing to its potential role in

the pathogenesis of glioblastoma and bladder, liver, ovarian, head and
neck as well as stomach carcinomas. Cetuximab is FDA-approved as
part of combination regimens for the treatment of colorectal as well as
head and neck cancers. Owing to the central role of the ErbB family in
the pathogenesis of many cancers, we can expect additional drugs for
the treatment of these and other disorders in the future.

As noted by Winer et al. “Biologically, the cancer cell is notoriously
wily; each time we throw an obstacle in its path, it finds an alternate
route that then must be blocked” [131]. The development of resistance
occurs with both targeted antagonists as well as cytotoxic drugs. The
most common mechanism of resistance to gefitinib and erlotinib in
EGFR-driven lung cancer involves the development of the T790M
gatekeeper mutation [77]. Although the gatekeeper mutation was also
the most common mechanism for the development of resistance to
afatinib, C797S and L792 F mutations were also observed [132]. The
acquired EGFR C797S mutation mediates resistance to osimertinib in
NSCLC harboring the EGFR T790M mutation in addition to resistance
because of KRAS amplification [77,87,123,124]. The C797S mutation
also mediates resistance to dacomitinib [82,124]. Except for imatinib in
the treatment of chronic myelogenous leukemia, the development of
resistance to all protein kinase targeted drugs within months to one or
two years is the norm [32].

Gefitinib, erlotinib, afatinib, dacomitinib, and osimertinib are all
FDA approved as first-line therapies for the treatment of advanced
NSCLC patients harboring exon-19 deletion or the L758R EGFR muta-
tion. Afatinib and erlotinib are also approved as second-line treatments
for patients who have received prior chemotherapy. Osimertinib is the
only agent among these that is approved for the treatment of the T790M
gatekeeper resistance mutation. It is currently unclear on how to opti-
mally order of the administration of these drugs [133]. One possibility
is to begin with a first-generation drug such as gefitinib or erlotinib
until resistance is apparent owing to the secondary T790M gatekeeper
mutation and then switch to osimertinib; this is the so-called sequential
strategy. Alternatively, it has been suggested that one should begin
initial therapy with osimertinib. The most common tertiary mutation,
which occurs in 20–40% of patients, is the C797S mutation that affects
the reactive target of osimertinib and the other irreversible inhibitors.
Studies are underway to determine whether the sequential approach or
the initial use of a latter-generation inhibitor such as osimertinib is
better. Devising strategies for minimizing or overcoming resistance to
cancer therapies is one of the most important problems faced by con-
cerned biomedical scientists and oncologists.

Conflict of interest

The author is unaware of any affiliations, memberships, or financial
holdings that might be perceived as affecting the objectivity of this
review.

Acknowledgments

The colored figures in this paper were evaluated to ensure that their
perception was accurately conveyed to colorblind readers [134]. The
author thanks Laura M. Roskoski for providing editorial and biblio-
graphic assistance. I also thank Josie Rudnicki and Jasper Martinsek
help in preparing the figures and Pasha Brezina and W.S. Sheppard for
their help in structural analyses.

References

[1] M.A. Lemmon, J. Schlessinger, Cell signaling by receptor tyrosine kinases, Cell 141
(2010) 1117–1134.

[2] S. Cohen, The epidermal growth factor (EGF), Cancer 51 (1983) 1787–1791.
[3] G. Carpenter, S. Cohen, Epidermal growth factor, J. Biol. Chem. 265 (1990)

7709–7712.
[4] S. Cohen, H. Ushiro, C. Stoscheck, M. Chinkers, A native 170,000 epidermal

growth factor receptor-kinase complex from shed plasma membrane vesicles, J.

R. Roskoski Pharmacological Research 139 (2019) 395–411

408



Biol. Chem. 257 (1982) 1523–1531.
[5] S.P. Kennedy, J.F. Hastings, J.Z. Han, D.R. Croucher, The under-appreciated

promiscuity of the epidermal growth factor receptor family, Front. Cell Dev. Biol.
4 (2016) 88.

[6] G. Manning, D.B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, The protein ki-
nase complement of the human genome, Science 298 (2002) 1912–1934.

[7] A. Alonso, J. Sasin, N. Bottini, I. Friedberg, I. Friedberg, A. Osterman, et al.,
Protein tyrosine phosphatases in the human genome, Cell 117 (2004) 699–711.

[8] R. Roskoski Jr, The ErbB/HER family of protein-tyrosine kinases and cancer,
Pharmacol. Res. 79 (2014) 34–74.

[9] R. Roskoski Jr, ErbB/HER protein-tyrosine kinases: structures and small molecule
inhibitors, Pharmacol. Res. 87 (2014) 42–79.

[10] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, CA Cancer J. Clin. 68 (2018)
7–30.

[11] F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries, CA Cancer J. Clin. (2018), https://doi.org/
10.3322/caac.21492.

[12] A.L. Schechter, D.F. Stern, L. Vaidyanathan, S.J. Decker, J.A. Drebin, M.I. Greene,
R.A. Weinberg, The neu oncogene: an erb-B-related gene encoding a 185,000-Mr
tumour antigen, Nature 312 (1984) 513–516.

[13] A. Citri, Y. Yarden, EGF-ERBB signalling: towards the systems level, Nat. Rev. Mol.
Cell Biol. 7 (2006) 505–516.

[14] S. Britsch, The neuregulin-I/ErbB signaling system in development and disease,
Adv. Anat. Embryol. Cell Biol. 190 (2007) 1–6.

[15] V. Rajagopalan, I.H. Zucker, J.A. Jones, M. Carlson, Y.J. Ma, Cardiac ErbB-1/ErbB-
2 mutant expression in young adult mice leads to cardiac dysfunction, Am. J.
Physiol. Heart Circ. Physiol. 295 (2008) H543–H554.

[16] P.J. Miettinen, J.E. Berger, J. Meneses, Y. Phung, R.A. Pedersen, Z. Werb, et al.,
Epithelial immaturity and multiorgan failure in mice lacking epidermal growth
factor receptor, Nature 376 (1995) 337–341.

[17] M. Gassmann, F. Casagranda, D. Orioli, H. Simon, C. Lai, R. Klein, et al., Aberrant
neural and cardiac development in mice lacking the ErbB4 neuregulin receptor,
Nature 378 (1995) 390–394.

[18] K.F. Lee, H. Simon, H. Chen, B. Bates, M.C. Hung, C. Hauser, Requirement for
neuregulin receptor erbB2 in neural and cardiac development, Nature 378 (1995)
394–398.

[19] D. Riethmacher, E. Sonnenberg-Riethmacher, V. Brinkmann, T. Yamaai,
G.R. Lewin, C. Birchmeier, Severe neuropathies in mice with targeted mutations in
the ErbB3 receptor, Nature 389 (1997) 725–730.

[20] G.S. Orphanos, G.N. Ioannidis, A.G. Ardavanis, Cardiotoxicity induced by tyrosine
kinase inhibitors, Acta Oncol. 48 (2009) 964–970.

[21] A. Ullrich, L. Coussens, J.S. Hayflick, T.J. Dull, A. Gray, A.W. Tam, et al., Human
epidermal growth factor receptor cDNA sequence and aberrant expression of the
amplified gene in A431 epidermoid carcinoma cells, Nature 309 (1984) 418–425.

[22] K. Elenius, G. Corfas, S. Paul, C.J. Choi, C. Rio, G.D. Plowman, et al., A novel
juxtamembrane domain isoform of HER4/ErbB4. Isoform-specific tissue distribu-
tion and differential processing in response to phorbol ester, J. Biol. Chem. 272
(1997) 26761–26768.

[23] R. Ghosh, A. Narasanna, S.E. Wang, S. Liu, A. Chakrabarty, J.M. Balko, et al.,
Trastuzumab has preferential activity against breast cancers driven by ERBB2
homodimers, Cancer Res. 71 (2011) 1871–1882.

[24] F. Shi, S.E. Telesco, Y. Liu, R. Radhakrishnan, M.A. Lemmon, ErbB3/HER3 in-
tracellular domain is competent to bind ATP and catalyze autophosphorylation,
Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 7692–7697.

[25] E. Tzahar, H. Waterman, X. Chen, G. Levkowitz, D. Karunagaran, S. Lavi, et al., A
hierarchical network of interreceptor interactions determines signal transduction
by Neu differentiation factor/neuregulin and epidermal growth factor, Mol. Cell.
Biol. 16 (1996) 5276–5287.

[26] D. Graus-Porta, R.R. Beerli, J.M. Daly, N.E. Hynes, ErbB-2, the preferred hetero-
dimerization partner of all ErbB receptors, is a mediator of lateral signaling, EMBO
J. 16 (1997) 1647–1655.

[27] R. Pinkas-Kramarski, L. Soussan, H. Waterman, G. Levkowitz, I. Alroy, L. Klapper,
et al., Diversification of Neu differentiation factor and epidermal growth factor
signaling by combinatorial receptor interactions, EMBO J. 15 (1996) 2452–2467.

[28] W.J. Gullick, The Type 1 growth factor receptors and their ligands considered as a
complex system, Endocr. Rel. Cancer 8 (2001) 75–82.

[29] C.P. Blobel, ADAMs: key components in EGFR signalling and development, Nat.
Rev. Mol. Cell Biol. 6 (2005) 32–43.

[30] N. Rocks, G. Paulissen, M. El Hour, F. Quesada, C. Crahay, M. Gueders, et al.,
Emerging roles of ADAM and ADAMTS metalloproteinases in cancer, Biochimie 90
(2008) 369–379.

[31] D.R. Knighton, J.H. Zheng, L.F. Ten Eyck, V.A. Ashford, N.H. Xuong, S.S. Taylor,
J.M. Sowadski, Crystal structure of the catalytic subunit of cyclic adenosine
monophosphate-dependent protein kinase, Science 253 (1991) 407–414.

[32] R. Roskoski Jr, A historical overview of protein kinases and their targeted small
molecule inhibitors, Pharmacol. Res. 100 (2015) 1–23.

[33] S.S. Taylor, E. Radzio-Andzelm, T. Hunter, How do protein kinases discriminate
between serine/threonine and tyrosine? Structural insights from the insulin re-
ceptor protein-tyrosine kinase, FASEB J. 9 (1995) 1255–1266.

[34] N. Gotoh, A. Tojo, M. Hino, Y. Yazaki, M. Shibuya, A highly conserved tyrosine
residue at codon 845 within the kinase domain is not required for the transforming
activity of human epidermal growth factor receptor, Biochem. Biophys. Res.
Commun. 186 (1992) 768–774.

[35] S.S. Taylor, M.M. Keshwani, J.M. Steichen, A.P. Kornev, Evolution of the eu-
karyotic protein kinases as dynamic molecular switches, Philos. Trans. R. Soc.

Lond., B, Biol. Sci. 367 (2012) 2517–2528.
[36] A.P. Kornev, N.M. Haste, S.S. Taylor, L.F. Eyck, Surface comparison of active and

inactive protein kinases identifies a conserved activation mechanism, Proc. Natl.
Acad. Sci. U. S. A. 103 (2006) 17783–17788.

[37] A.P. Kornev, S.S. Taylor, L.F. Ten Eyck, A helix scaffold for the assembly of active
protein kinases, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 14377–14382.

[38] K. Aertgeerts, R. Skene, J. Yano, B.C. Sang, H. Zou, G. Snell, et al., Structural
analysis of the mechanism of inhibition and allosteric activation of the kinase
domain of HER2 protein, J. Biol. Chem. 286 (2011) 18756–18765.

[39] R. Roskoski Jr, Anaplastic lymphoma kinase (ALK): structure, oncogenic activa-
tion, and pharmacological inhibition, Pharmacol. Res. 68 (2013) 68–94.

[40] R. Roskoski Jr, Anaplastic lymphoma kinase (ALK) inhibitors in the treatment of
ALK-driven lung cancers, Pharmacol. Res. 117 (2017) 343–356.

[41] R. Roskoski Jr, Cyclin-dependent protein kinase inhibitors including palbociclib as
anticancer drugs, Pharmacol. Res. 111 (2016) 784–803.

[42] R. Roskoski Jr, ERK1/2 MAP kinases: structure, function, and regulation,
Pharmacol. Res. 66 (2012) 105–143.

[43] R. Roskoski Jr, Janus kinase (JAK) inhibitors in the treatment of inflammatory and
neoplastic diseases, Pharmacol. Res. 111 (2016) 784–803.

[44] R. Roskoski Jr, The role of small molecule Kit protein-tyrosine kinase inhibitors in
the treatment of neoplastic disorders, Pharmacol. Res. 133 (2018) 35–52.

[45] R. Roskoski Jr, Allosteric MEK1/2 inhibitors including cobimetanib and trametinib
in the treatment of cutaneous melanomas, Pharmacol. Res. 117 (2017) 20–31.

[46] R. Roskoski Jr, The role of small molecule platelet-derived growth factor receptor
(PDGFR) inhibitors in the treatment of neoplastic disorders, Pharmacol. Res. 129
(2018) 65–83.

[47] R. Roskoski Jr, Targeting oncogenic Raf protein-serine/threonine kinases in
human cancers, Pharmacol. Res. 135 (2018) 239–258.

[48] R. Roskoski Jr, RAF protein-serine/threonine kinases: structure and regulation,
Biochem. Biophys. Res. Commun. 399 (2010) 313–317.

[49] R. Roskoski Jr, A. Sadeghi-Nejad, Role of RET protein-tyrosine kinase inhibitors in
the treatment RET-driven thyroid and lung cancers, Pharmacol. Res. 128 (2018)
1–17.

[50] R. Roskoski Jr, ROS1 protein-tyrosine kinase inhibitors in the treatment of ROS1
fusion protein-driven non-small cell lung cancers, Pharmacol. Res. 121 (2017)
202–212.

[51] R. Roskoski Jr, Src protein-tyrosine kinase structure, mechanism, and small mo-
lecule inhibitors, Pharmacol. Res. 94 (2015) 9–25.

[52] M.C. Frame, R. Roskoski Jr, Src family tyrosine kinases, Reference Module in Life
Sciences, Elsevier, Amsterdam, 2017, pp. 1–11, https://doi.org/10.1016/B978-0-
12-809633-8.07199-5.

[53] R. Roskoski Jr, Vascular endothelial growth factor (VEGF) and VEGF receptor
inhibitors in the treatment of renal cell carcinomas, Pharmacol. Res. 120 (2017)
116–132.

[54] H.S. Meharena, P. Chang, M.M. Keshwani, K. Oruganty, A.K. Nene, N. Kannan,
et al., Deciphering the structural basis of eukaryotic protein kinase regulation,
PLoS Biol. 11 (2013) e1001680.

[55] K. Shah, Y. Liu, C. Deirmengian, K.M. Shokat, Engineering unnatural nucleotide
specificity for Rous sarcoma virus tyrosine kinase to uniquely label its direct
substrates, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 3565–3570.

[56] Y. Liu, K. Shah, F. Yang, L. Witucki, K.M. Shokat, A molecular gate which controls
unnatural ATP analogue recognition by the tyrosine kinase v-Src, Bioorg. Med.
Chem. Lett. 6 (1998) 1219–1226.

[57] S.K. Hanks, T. Hunter, Protein kinases 6. The eukaryotic protein kinase super-
family: kinase (catalytic) domain structure and classification, FASEB J. 9 (1995)
576–596.

[58] J. Zhou, J.A. Adams, Participation of ADP dissociation in the rate-determining step
in cAMP-dependent protein kinase, Biochemistry 36 (1997) 15733–15738.

[59] R.S. Herbst, J.V. Heymach, S.M. Lippman, Lung cancer, N. Engl. J. Med. 359
(2008) 1367–1380.

[60] T.J. Lynch, D.W. Bell, R. Sordella, S. Gurubhagavatula, R.A. Okimoto,
B.W. Brannigan, et al., Activating mutations in the epidermal growth factor re-
ceptor underlying responsiveness of non-small-cell lung cancer to gefitinib, N.
Engl. J. Med. 350 (2004) 2129–2139.

[61] J.G. Paez, P.A. Jänne, J.C. Lee, S. Tracy, H. Greulich, S. Gabriel, P. Herman, et al.,
EGFR mutations in lung cancer: correlation with clinical response to gefitinib
therapy, Science 304 (2004) 1497–1500.

[62] W. Pao, V. Miller, M. Zakowski, J. Doherty, K. Politi, I. Sarkaria, et al., EGF re-
ceptor gene mutations are common in lung cancers from "never smokers" and are
associated with sensitivity of tumors to gefitinib and erlotinib, Proc. Natl. Acad.
Sci. U. S. A. 101 (2004) 13306–13311.

[63] E. Massarelli, F.M. Johnson, H.S. Erickson, I.I. Wistuba, V. Papadimitrakopoulou,
Uncommon epidermal growth factor receptor mutations in non-small cell lung
cancer and their mechanisms of EGFR tyrosine kinase inhibitors sensitivity and
resistance, Lung Cancer 80 (2013) 235–241.

[64] M.H. Cohen, G.A. Williams, R. Sridhara, G. Chen, W.D. McGuinn Jr, D. Morse,
et al., United states food and drug administration drug approval summary: gefi-
tinib (ZD1839; iressa) tablets, Clin. Cancer Res. 10 (2004) 1212–1218.

[65] M.H. Cohen, J.R. Johnson, Y.F. Chen, R. Sridhara, R. Pazdur, FDA drug approval
summary: erlotinib (Tarceva) tablets, Oncologist 10 (2005) 461–466.

[66] C.H. Yun, T.J. Boggon, Y. Li, M.S. Woo, H. Greulich, M. Meyerson, et al.,
Structures of lung cancer-derived EGFR mutants and inhibitor complexes: me-
chanism of activation and insights into differential inhibitor sensitivity, Cancer
Cell 11 (2007) 217–227.

[67] M. Red Brewer, C.H. Yun, D. Lai, M.A. Lemmon, M.J. Eck, W. Pao, Mechanism for
activation of mutated epidermal growth factor receptors in lung cancer, Proc. Natl.

R. Roskoski Pharmacological Research 139 (2019) 395–411

409



Acad. Sci. U. S. A. 110 (2013) E3595–E3604 Erratum in: Proc. Natl. Acad. Sci. U. S.
A. 2013;110:20344.

[68] X. Zhang, J. Gureasko, K. Shen, P.A. Cole, J. Kuriyan, An allosteric mechanism for
activation of the kinase domain of epidermal growth factor receptor, Cell 125
(2006) 1137–1149.

[69] V.D. Cataldo, D.L. Gibbons, R. Pérez-Soler, A. Quintás-Cardama, Treatment of non-
small-cell lung cancer with erlotinib or gefitinib, N. Engl. J. Med. 364 (2011)
947–955.

[70] L. Paz-Ares, D. Soulières, I. Melezínek, J. Moecks, L. Keil, T. Mok, et al., Clinical
outcomes in non-small-cell lung cancer patients with EGFR mutations: pooled
analysis, J. Cell. Mol. Med. 14 (2010) 51–69.

[71] L.V. Sequist, B.A. Waltman, D. Dias-Santagata, S. Digumarthy, A.B. Turke,
P. Fidias, et al., Genotypic and histological evolution of lung cancers acquiring
resistance to EGFR inhibitors, Sci. Transl. Med. 3 (2011) 75ra26.

[72] F. Solca, G. Dahl, A. Zoephel, G. Bader, M. Sanderson, C. Klein, et al., Target
binding properties and cellular activity of afatinib (BIBW 2992), an irreversible
ErbB family blocker, J. Pharmacol. Exp. Ther. 343 (2012) 342–350.

[73] C.H. Yun, K.E. Mengwasser, A.V. Toms, M.S. Woo, H. Greulich, K.K. Wong, et al.,
The T790M mutation in EGFR kinase causes drug resistance by increasing the
affinity for ATP, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 2070–2075.

[74] J.A. Engelman, K. Zejnullahu, T. Mitsudomi, Y. Song, C. Hyland, J.O. Park, et al.,
MET amplification leads to gefitinib resistance in lung cancer by activating ERBB3
signaling, Science 316 (2007) 1039–1043.

[75] L. Dong, D. Lei, H. Zhang, Clinical strategies for acquired epidermal growth factor
receptor tyrosine kinase inhibitor resistance in non-small-cell lung cancer patients,
Oncotarget 8 (2017) 64600–64606.

[76] U. Malapelle, B. Ricciuti, S. Baglivo, F. Pepe, P. Pisapia, P. Anastasi, et al.,
Osimertinib, Recent Results Cancer Res. 211 (2018) 257–276.

[77] S.S. Ramalingam, J.C. Yang, C.K. Lee, T. Kurata, D.W. Kim, T. John, N. Nogami,
et al., Osimertinib as first-line treatment of EGFRmutation-positive advanced non-
small-cell lung cancer, J. Clin. Oncol. 36 (2018) 841–849.

[78] T. Mok, J.J. Yang, K.C. Lam, Treating patients with EGFR-sensitizing mutations:
first line or second line–is there a difference? J. Clin. Oncol. 31 (2013) 1081–1088.

[79] J.B. Smaill, A.J. Gonzales, J.A. Spicer, H. Lee, J.E. Reed, K. Sexton, et al., Tyrosine
kinase inhibitors. 20. Optimization of substituted quinazoline and pyrido[3,4-d]
pyrimidine derivatives as orally active, irreversible inhibitors of the epidermal
growth factor receptor family, J. Med. Chem. 59 (2016) 8103–8124.

[80] S.H. Ou, R.A. Soo, Dacomitinib in lung cancer: a "lost generation" EGFR tyrosine-
kinase inhibitor from a bygone era? Drug Des. Devel. Ther. 9 (2015) 5641–5653.

[81] T.S. Mok, Y. Cheng, X. Zhou, K.H. Lee, K. Nakagawa, S. Niho, et al., Improvement
in overall survival in a randomized study that compared dacomitinib with gefitinib
in patients with advanced non-small-cell lung cancer and EGFR-activating muta-
tions, J. Clin. Oncol. 36 (2018) 2244–2250.

[82] Y. Kobayashi, T. Fujino, M. Nishino, T. Koga, M. Chiba, Y. Sesumi, S. Ohara, et al.,
EGFR T790M and C797S mutations as mechanisms of acquired resistance to da-
comitinib, J. Thorac. Oncol. 13 (2018) 727–731.

[83] Y. Ma, X. Zheng, H. Zhao, W. Fang, Y. Zhang, J. Ge, et al., First-in-human phase I
study of AC0010, a mutant-selective EGFR inhibitor in non-small cell lung cancer:
safety, efficacy, and potential mechanism of resistance, J. Thorac. Oncol. 13
(2018) 968–977.

[84] A. Passaro, E. Guerini-Rocco, A. Pochesci, D. Vacirca, G. Spitaleri, C.M. Catania,
et al., Targeting EGFR T790M mutation in NSCLC: from biology to evaluation and
treatment, Pharmacol. Res. 117 (2017) 406–415.

[85] A. Wissner, E. Overbeek, M.F. Reich, M.B. Floyd, B.D. Johnson, N. Mamuya, et al.,
Synthesis and structure-activity relationships of 6,7-disubstituted 4-anilinoquino-
line-3-carbonitriles. The design of an orally active, irreversible inhibitor of the
tyrosine kinase activity of the epidermal growth factor receptor (EGFR) and the
human epidermal growth factor receptor-2 (HER-2), J. Med. Chem. 46 (2003)
49–63.

[86] C. Erlichman, M. Hidalgo, J.P. Boni, P. Martins, S.E. Quinn, C. Zacharchuk, et al.,
Phase I study of EKB-569, an irreversible inhibitor of the epidermal growth factor
receptor, in patients with advanced solid tumors, J. Clin. Oncol. 24 (2006)
2252–2260.

[87] X. Lu, L. Yu, Z. Zhang, X. Ren, J.B. Smaill, K. Ding, Targeting EGFRL858R/T790M and
EGFRL858R/T790M/C797S resistance mutations in NSCLC: current developments in
medicinal chemistry, Med. Res. Rev. 38 (2018) 1550–1581.

[88] J.L. Wittliff, Steroid-hormone receptors in breast cancer, Cancer 53 (1984)
630–643.

[89] G. von Minckwitz, Docetaxel/anthracycline combinations for breast cancer treat-
ment, Expert Opin. Pharmacother. 8 (2007) 485–495.

[90] R. Bose, S.M. Kavuri, A.C. Searleman, W. Shen, D. Shen, D.C. Koboldt, et al.,
Activating HER2 mutations in HER2 gene amplification negative breast cancer,
Cancer Discov. 3 (2013) 224–237.

[91] C.E. Geyer, J. Forster, D. Lindquist, S. Chan, C.G. Romieu, T. Pienkowski, et al.,
Lapatinib plus capecitabine for HER2-positive advanced breast cancer, N. Engl. J.
Med. 355 (2006) 2733–2743 Erratum in: N. Engl. J. Med. 2007;356:1487.

[92] R. Riemsma, C.A. Forbes, M.M. Amonkar, K. Lykopoulos, J.R. Diaz, J. Kleijnen,
et al., Systematic review of lapatinib in combination with letrozole compared with
other first-line treatments for hormone receptor positive (HR+) and HER2+ ad-
vanced or metastatic breast cancer (MBC), Curr. Med. Res. Opin. 28 (2012)
1263–1279.

[93] A.A. Larionov, Current therapies for human epidermal growth factor receptor 2-
positive metastatic breast cancer patients, Front. Oncol. 8 (2018) 89.

[94] M. Debiasi, C.A. Polanczyk, P. Ziegelmann, C. Barrios, H. Cao, J.J. Dignam, et al.,
Efficacy of anti-HER2 agents in combination with adjuvant or neoadjuvant che-
motherapy for early and locally advanced HER2-positive breast cancer patients: a

network meta-analysis, Front. Oncol. 8 (2018) 156.
[95] H.R. Tsou, E.G. Overbeek-Klumpers, W.A. Hallett, M.F. Reich, M.B. Floyd,

B.D. Johnson, et al., Optimization of 6,7-disubstituted-4-(arylamino) quinoline-3-
carbonitriles as orally active, irreversible inhibitors of human epidermal growth
factor receptor-2 kinase activity, J. Med. Chem. 48 (2005) 1107–1131.

[96] A. Canonici, M. Gijsen, M. Mullooly, R. Bennett, N. Bouguern, K. Pedersen, et al.,
Neratinib overcomes trastuzumab resistance in HER2 amplified breast cancer,
Oncotarget 4 (2013) 1592–1605.

[97] N. Jiang, J.J. Lin, J. Wang, B.N. Zhang, A. Li, Z.Y. Chen, et al., Novel treatment
strategies for patients with HER2-positive breast cancer who do not benefit from
current targeted therapy drugs, Exp. Ther. Med. 16 (2018) 2183–2192.

[98] H. Singh, A.J. Walker, L. Amiri-Kordestani, J. Cheng, S. Tang, P. Balcazar, et al.,
U.S. Food and Drug administration approval: neratinib for the extended adjuvant
treatment of early-stage HER2-positive breast cancer, Clin. Cancer Res. 24 (2018)
3486–3491.

[99] E.D. Deeks, Neratinib: first global approval, Drugs 77 (2017) 1695–1704.
[100] A.C. Dar, K.M. Shokat, The evolution of protein kinase inhibitors from antagonists

to agonists of cellular signaling, Annu. Rev. Biochem. 80 (2011) 769–795.
[101] F. Zuccotto, E. Ardini, E. Casale, M. Angiolini, Through the "gatekeeper door":

exploiting the active kinase conformation, J. Med. Chem. 53 (2010) 2691–2694.
[102] L.K. Gavrin, E. Saiah, Approaches to discover non-ATP site inhibitors, Med. Chem.

Commun. 4 (2013) 41.
[103] V. Lamba, I. Ghosh, New directions in targeting protein kinases: focusing upon

true allosteric and bivalent inhibitors, Curr. Pharm. Des. 18 (2012) 2936–2945.
[104] R. Roskoski Jr, Classification of small molecule protein kinase inhibitors based

upon the structures of their drug-enzyme complexes, Pharmacol. Res. 103 (2016)
26–48.

[105] R.S. Vijayan, P. He, V. Modi, K.C. Duong-Ly, H. Ma, J.R. Peterson, et al.,
Conformational analysis of the DFG-out kinase motif and biochemical profiling of
structurally validated type II inhibitors, J. Med. Chem. 8 (58) (2015) 466–479.

[106] Z. Zhao, H. Wu, L. Wang, Y. Liu, S. Knapp, Q. Liu, N.S. Gray, Exploration of type II
binding mode: A privileged approach for kinase inhibitor focused drug discovery?
ACS Chem. Biol. 9 (2014) 1230–1241.

[107] F.E. Kwarcinski, K.R. Brandvold, S. Phadke, O.M. Beleh, T.K. Johnson,
J.L. Meagher, et al., Conformation-selective analogues of dasatinib reveal insight
into kinase inhibitor binding and selectivity, ACS Chem. Biol. 11 (2016)
1296–1304.

[108] P.M. Ung, R. Rahman, A. Schlessinger, Redefining the protein kinase conforma-
tional space with machine learning, Cell Chem. Biol. 25 (2018) 916–924.

[109] J.J. Liao, Molecular recognition of protein kinase binding pockets for design of
potent and selective kinase inhibitors, J. Med. Chem. 50 (2007) 409–424.

[110] O.P. van Linden, A.J. Kooistra, R. Leurs, I.J. de Esch, C. de Graaf, KLIFS: a
knowledge-based structural database to navigate kinase-ligand interaction space,
J. Med. Chem. 57 (2014) 249–277.

[111] A.J. Kooistra, A. Volkamer, Kinase-centric computational drug development, Ann.
Rep. Med. Chem. 50 (2017) 197–236.

[112] D. Bajusz, G.G. Ferenczy, G.M. Keserá, Structure-based virtual screening ap-
proaches in kinase-directed drug discovery, Curr. Top. Med. Chem. 17 (2017)
2235–2259.

[113] D. Fabbro, S.W. Cowan-Jacob, H. Moebitz, Ten things you should know about
protein kinases: IUPHAR Review 14, Br. J. Pharmacol. 172 (2015) 2675–2700.

[114] P.M. Fischer, Approved and experimental small-molecule oncology kinase in-
hibitor drugs: a mid-2016 overview, Med. Res. Rev. 37 (2017) 314–367.

[115] F. Carles, S. Bourg, C. Meyer, P. Bonnet, PKIDB: a curated, annotated and updated
database of protein kinase inhibitors in clinical trials, Molecules (2018) 23,
https://doi.org/10.3390/molecules23040908.

[116] A.J. Barker, K.H. Gibson, W. Grundy, A.A. Godfrey, J.J. Barlow, M.P. Healy, et al.,
Studies leading to the identification of ZD1839 (IRESSA): an orally active, selec-
tive epidermal growth factor receptor tyrosine kinase inhibitor targeted to the
treatment of cancer, Bioorg. Med. Chem. Lett. 11 (2001) 1911–1914.

[117] M.J. Moore, D. Goldstein, J. Hamm, A. Figer, J.R. Hecht, S. Gallinger, et al.,
Erlotinib plus gemcitabine compared with gemcitabine alone in patients with
advanced pancreatic cancer: a phase III trial of the National Cancer institute of
Canada Clinical Trials Group, J. Clin. Oncol. 25 (2007) 1960–1966.

[118] R.T. Dungo, G.M. Keating, Afatinib: first global approval, Drugs 73 (2013)
1503–1515.

[119] S.M. Abdallah, V. Hirsh, Irreversible tyrosine kinase inhibition of epidermal
growth factor receptor with afatinib in EGFR activating mutation-positive ad-
vanced non-small-cell lung cancer, Curr. Oncol. 25 (2018) S9–S17.

[120] M.R. Finlay, M. Anderton, S. Ashton, P. Ballard, P.A. Bethel, M.R. Box, et al.,
Discovery of a potent and selective EGFR inhibitor (AZD9291) of both sensitizing
and T790M resistance mutations that spares the wild type form of the receptor, J.
Med. Chem. 57 (2014) 8249–8267.

[121] P.A. Jänne, J.C. Yang, D.W. Kim, D. Planchard, Y. Ohe, S.S. Ramalingam, et al.,
AZD9291 in EGFR inhibitor-resistant non-small-cell lung cancer, N. Engl. J. Med.
372 (2015) 1689–1699.

[122] M. Hochmair, Medical treatment options for patients with epidermal growth factor
receptor mutation-positive non-small cell lung cancer suffering from brain me-
tastases and/or leptomeningeal disease, Target. Oncol. 13 (2018) 269–285
Erratum in: Target. Oncol. 2018;13:667.

[123] Y. Yosaatmadja, S. Silva, J.M. Dickson, A.V. Patterson, J.B. Smaill, J.U. Flanagan,
et al., Binding mode of the breakthrough inhibitor AZD9291 to epidermal growth
factor receptor revealed, J. Struct. Biol. 192 (2015) 539–544.

[124] K.S. Thress, C.P. Paweletz, E. Felip, B.C. Cho, D. Stetson, B. Dougherty, et al.,
Acquired EGFR C797S mutation mediates resistance to AZD9291 in non-small cell
lung cancer harboring EGFR T790M, Nat. Med. 21 (2015) 560–562.

R. Roskoski Pharmacological Research 139 (2019) 395–411

410



[125] J.A. Engelman, K. Zejnullahu, C.M. Gale, E. Lifshits, A.J. Gonzales, T. Shimamura,
et al., PF00299804, an irreversible pan-ERBB inhibitor, is effective in lung cancer
models with EGFR and ERBB2 mutations that are resistant to gefitinib, Cancer Res.
67 (2007) 11924–11932.

[126] X. Xu, L. Mao, W. Xu, W. Tang, X. Zhang, B. Xi, et al., AC0010, an irreversible
EGFR inhibitor selectively targeting mutated EGFR and overcoming T790M-in-
duced resistance in animal models and lung cancer patients, Mol. Cancer Ther. 15
(2016) 2586–2597.

[127] N.F. Pondé, D. Zardavas, M. Piccart, Progress in adjuvant systemic therapy for
breast cancer, Nat. Rev. Clin. Oncol. (2018), https://doi.org/10.1038/s41571-
018-0089-9.

[128] N. Pondé, M. Brandão, G. El-Hachem, E. Werbrouck, M. Piccart, Treatment of
advanced HER2-positive breast cancer: 2018 and beyond, Cancer Treat. Rev. 67
(2018) 10–20.

[129] Y.Y. Chang, P.C. Lin, H.H. Lin, J.K. Lin, W.S. Chen, J.K. Jiang, et al., Mutation
spectra of RAS gene family in colorectal cancer, Am. J. Surg. 212 (2016) 537–544.

[130] S. Mondaca, R. Yaeger, Colorectal cancer genomics and designing rational trials,
Ann. Transl. Med. 6 (2018) 159.

[131] E. Winer, J. Gralow, L. Diller, B. Karlan, P. Loehrer, L. Pierce, et al., Clinical cancer
advances 2008: major research advances in cancer treatment, prevention, and
screening–a report from the American Society of Clinical Oncology, J. Clin. Oncol.
27 (2009) 812–826 Erratum in: J. Clin. Oncol. 2009;27:3070–1.

[132] Y. Kobayashi, K. Azuma, H. Nagai, Y.H. Kim, Y. Togashi, Y. Sesumi, et al.,
Characterization of EGFR T790M, L792F, and C797S mutations as mechanisms of
acquired resistance to afatinib in lung cancer, Mol. Cancer Ther. 16 (2017)
357–364.

[133] G. Recondo, F. Facchinetti, K.A. Olaussen, B. Besse, L. Friboulet, Making the first
move in EGFR-driven or ALK-driven NSCLC: first-generation or next-generation
TKI? Nat. Rev. Clin. Oncol. 15 (2018) 694–708.

[134] R. Roskoski Jr, Guidelines for preparing color figures for everyone including the
colorblind, Pharmacol. Res. 119 (2017) 240–241.

R. Roskoski Pharmacological Research 139 (2019) 395–411

411


