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Abstract: HER2 positive breast cancer is characterized by the low survival rate in the metastatic pa-
tients. Development of resistance and disease-relapse are the major problems associated with the
currently available therapies for HER2 positive breast cancer. There are two major targeted therapies
for HER2 positive breast cancer viz. monoclonal antibodies and tyrosine-kinase inhibitors, and both
of these therapies have their advantages and limitations. To address the limitations associated with
the existing therapies, use of antibodies and TKIs as combination therapy proved to be more effec-
tive. Various chemical modifications can be performed on tyrosine-kinase inhibitors to develop
novel ligands with increased selectivity for HER2 kinase. A number of tyrosine-kinase inhibitors are
in various phases of clinical trials for the treatment of HER2 positive breast cancer. In the current
review article, recent developments on various HER2 tyrosine-kinase inhibitors have been reported.
Various structurally different scaffolds bind to the HER2 receptor and exhibit potent anti-cancer ac-
tivities. The structural and pharmacophoric requirements of the scaffolds are discussed in detail so as
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to discover effective drug candidates for the treatment of HER2 positive breast cancer.
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1. INTRODUCTION

Worldwide breast cancer is the most-frequently occurring
malignancy among women accounting for about 23% of total
cancer cases and 14% of the mortalities [1]. The incidences
of breast malignancy and the mortalities have also been re-
ported among men [2]. Expression of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2) determines the clinical subtype of
breast cancer. The biological behavior and sensitivity to-
wards treatment differs for each of the three major clinical
subtypes of breast cancer i.e., the hormone receptor-positive
(HR+; ER- and/or PR-positive), HER2-positive (HER2+
and/or HR+), and the triple-negative (TN; negative expres-
sion of ER, PR and HER2) [3]. Almost 15-30 % of the breast
cancer cases are HER2-positive, with HER2 gene amplifica-
tion or overexpression of HER2 protein [4]. In HER2 posi-
tive tumor, an enormous increase in HER2 receptor expres-
sion (about 2 million receptors) at the tumor cell surface has
been observed in some patients [5].

HER2 (ErBb2, neu, p185) is a tyrosine kinase (TK) pro-
tein encoded by neu/erbB2/c-erbB2 oncogene located at the
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long arm of chromosome 17q (17q12) [4, 6, 7]. It belongs to
epidermal growth factor receptor (EGFR) family encompass-
ing four TK receptor proteins viz., HERI/EGFR, HER2,
HER3 and HER4. HER2 plays a key role in the development
of normal and malignant breast tissue [8-9]. Aberrant activa-
tion of HER1/HER2 overexpression is associated with aggres-
sive phenotype, ie., increased chances of relapse and de-
creased survival [10, 11]. HER2 positive cancers exhibit dis-
tinguished biological and clinical behaviour such as high his-
tologic grade [12], increased potential of metastization to brain
and viscera and increased resistance towards anti-HER2
agents [5]. Homodimerization or heterodimerization of HER2
with other EGFR family members prompts activation of a
multitude of cell-signaling pathways eventually accelerating
cellular signaling, proliferation, cell-cycle degradation and
decelerating apoptosis [4, 7, 8, 11].

Homodimerization of HER2 takes place independent of
ligand and this makes HER2, unique member of EGFR fam-
ily [13]. Heterodimers of HER2 own most-robust signaling
activity as a consequence of strongest catalytic kinase activ-
ity of HER2. Moreover, amongst other constituents of EGFR
family, the open conformation of HER2 makes it a favour-
able dimerization partner. HER3 is deprived of TK activity
and forms the most-potent heterodimer with HER2, stimulat-
ing the anti-apoptotic phosphoinositide 3-kinase, PI3K/Akt
pathway. HER2-mediated cell signaling can also be induced
upon interaction with insulin-like growth factor receptor-
1(IGFR-1) and ER [14]. Thus, HER2 represents itself as an
appropriate target for anti-cancer drug development.

© 2018 Bentham Science Publishers
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Monoclonal antibodies and tyrosine-kinase inhibitors
(TKIs) are the two key classes of HER2 targeting therapeu-
tics. In addition, antibody-drug conjugates have also been
developed as the antibody modified drugs for the treatment
of HER2 positive breast cancer [15]. Monoclonal antibody,
trastuzumab has remained the most successful, for HER2
targeting. However, the development of resistance and car-
diotoxicity are the major limitations reported with trastuzu-
mab [16]. TKIs though less selective were found effective to
target different cell-signaling pathways in breast cancer and
hence lessen the chances of eventual drug resistance devel-
opment due to cross-signaling [16]. TKI such as lapatinib
can be used to treat brain metastases [17]. TKIs can also tar-
get trastuzumab-resistant truncated HER2 protein [18]. The
clinical profile of TKIs didn’t meet the expectation of com-
plete inhibition of HER2-HERS3 signaling. Hence, the use of
TKIs as monotherapy still remains a challenge [15].

2. HER2: CRYSTAL STRUCTURE OF THE INTRA-
CELLULAR KINASE DOMAIN

Aertgeerts et al. [19] reported the first high-resolution
crystal structure of the kinase domain of HER2 in complex
with SYR127063, a pyrrolo[3,2-d]pyrimidine-based potent
and selective HER2 inhibitor. A Gly-rich region (Gly776-
Ser779) of a-helix C-p4 loop following a-helix C is unique
to HER2, providing conformational flexibility within the
HER?2 active site. It can be accounted for the previously re-
ported low intrinsic activity of HER2 [19-22]. Genetic analy-
ses on cancer patients have showed that the mutations or
insertions of hydrophobic residues before Gly776, enhance
the catalytic activity of HER2 [23-26]. A comparative study
was also conducted involving the crystal structure of HER1
with TAK-285, a dual HER1/HER?2 inhibitor containing pyr-
rolo[3,2-d]pyrimidine-based backbone so as to develop un-
derstanding about the key binding interactions that influ-
ences the potency and selectivity of HER inhibitors. The two
complexes and their crystal structures were found to be very
similar. The kinase domain crystal structure studies revealed
that the dimeric protein is asymmetric and each monomer
has been occupied by the inhibitor [27]. The HER2 construct
taken for structural analysis was a shortened form of human
cytoplasmic tyrosine kinase domain, having a part of C-
terminal segment. This construct comprises 703—1029 resi-
dues and three N-terminal mutations, M706A, Q711L, and
M712L were introduced to increase expression as well as to
facilitate the crystal formation of the protein-inhibitor com-
plex. A flexible hinge region connects the N-terminal lobe
(N-lobe) that contains mostly B-strands and one o-helix; and
the C-terminal lobe (C-lobe) is predominantly o-helical. A
deep cleft comprising the ATP binding site separates these
two lobes. Most of the residues responsible for the catalytic
activity were located in proximity to the cleft which include
the glycine-rich nucleotide phosphate-binding loop (Leu726—
Val734), the a-helix C (aC; Pro761-Ala775) of the N-lobe
of the kinase and DFG motif (Asp863—Gly865), the catalytic
loop (Arg844-Asn850), and the activation loop (A-loop;
Asp863—Val884) of the C-lobe of the kinase. The established
feature of the active conformation, i.e. the salt bridge interac-
tion between two highly conserved residues (Lys753 and
Glu770) has not been observed in the crystal structure. The
key binding interactions in the ATP binding site and other
features like disordered A-loop were highly similar to that
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observed for HER1-TAK285 complex. Moreover, HER2-
SYR127063 salt bridge formation was also not observed for
HERI1-TAK-285. The central pyrrolo[3,2-d]pyrimidine ring
of SYR127063 exhibits H-bonding interactions with amino-
acid residues Met801 and Thr862 and hydrophobic interac-
tions in the adenine site. Hydrophobic interactions with
amino-acid residues Thr862, Glu770, Met774, Ser783,
Leu785, Leu790, Leu796 and Phe864 were displayed by the
trifluoromethyl group of SYR127063 [19].

Aertgeerts et al. [19] revealed an allosteric mechanism of
action for HER2 which was similar to the activation mecha-
nisms for HER1 and HER2, as reported previously [28-30].
For HER2, a rotation and translation function similar to
asymmetric dimers HER1 and HER4 [28-30] was noticed
suggesting an allosteric mechanism of activation. Ala705-
Thr718 residues in N-terminus, Pro761-Ala775 residues in
a-helix C and Leu790-Ser792 residues in loop between f-
strand-4 and -5 of one HER2 monomer were involved in
interactions with Pro926-Lys937 residues in o-helix G,
Gly938-Pro945 residues in loop between a-helix H and o-
helix of other HER2 monomer. Mainly closed hydrophobic
intermolecular interactions were formed between Lys765,
Leu768, Asp769 and Tyr772 residues in a-helix C of one
HER2 monomer and C-lobe of kinase domain of other HER2
monomer [19].

We re-docked SYR127063 with the crystal structure of
HER?2 kinase domain using docking software Schrodinger,
Maestro (Version 9.0). The three-dimensional docking struc-
tures (Figs. 1 and 2) showed active site of HER2 kinase do-
main and ligand-interaction pattern, respectively. From these
re-docked structures, we found that the ligand interaction
pattern for binding of SYR127063 with HER2 kinase do-
main was similar as demonstrated previously by Aertgeerts
etal [19].

3. THERAPEUTIC AGENTS TARGETING HER2
POSITIVE BREAST CANCER

HER? targeting agents may be assorted into two classes,
i.e. monoclonal antibodies and TKIs [15]. The monoclonal
antibodies in clinical practice for HER2 positive breast can-
cer include trastuzumab and pertuzumab (www.accessdata.
fda.gov). Trastuzumab is a recombinant humanized mono-
clonal antibody and it was the first targeted therapy approved
for the treatment of HER2 positive breast cancer [31, 32].
Similarly, pertuzumab is a fully humanized monoclonal anti-
body that slightly differs from trastuzumab with respect to
protein-binding domain [33]. Trastuzumab binds to the ex-
tracellular domain IV of HER2 and prevent HER2 homodi-
merization and activate cell-signaling pathway [30]. On the
other hand, pertuzumab binds to the extracellular domain II
of HER2, and inhibit HER2/HER3 heterodimerization and
prevent anti-apoptotic PI3K/Akt signaling [33]. Both of
these drugs bind to the extracellular domain and are associ-
ated with the adverse drug reactions including cardiotoxicity.
It has been observed that trastuzumab exhibited more car-
diotoxicity as compared to pertuzumab [33]. The develop-
ment of de novo resistance against antibody therapy is the
major problem encountered in most of the cases [16]. Thus
new class of drugs derived from antibodies i.e. antibody-
drug conjugate have been developed in order to potentiate
effective drug targeting. Trastuzumab-emtansine (T-DM1) is
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Fig. (2). Expanded view of active site of HER2 kinase (PDB ID: 3PP0) with co-crystallized ligand SYR127063 (Schrodinger, Maestro 9.0).

an approved antibody-drug conjugate for treating breast car-
cinoma patients with HER2 overexpression (wWww.access
data. fda.gov) [34]. Trastuzumab linked to the microtubule-
depolymerizing agent and it facilitates the delivery of cyto-
toxic agent DM1 to HER2 overexpressing cancer cells [34].
However, the adverse drug reactions remained major issue
with this class of drugs too [34].

TKIs are the small-molecules competing for the ATP bind-
ing site of the intracellular catalytic domain of kinase. TKI
binding inhibit protein phosphorylation and disturb the signal
transduction [15]. Lapatinib (GW572016/Tykerb) is the only
small-molecule TKI approved by FDA for the treatment of
metastatic breast cancer overexpressing HER2 (www.access
data. fda.gov). Lapatinib is orally bioavailable and possesses
reduced risk of adverse cardiac events as compared to the in-
travenous administration of antibodies. It effectively inhibits
trastuzumab-resistant truncated HER2 protein, p9SHER?2 [18].
Lapatinib can also cross blood-brain-barrier (BBB) while
monoclonal antibodies cannot cross it. Hence, small-
molecules may prove effective treatment strategy for curing
central nervous system metastases in HER2 overexpressing
breast cancer patients [17]. Despite the advantages of la-
patinib, development of drug resistance is major concern dur-
ing treatment [16]. In some cases improved survival rate with
T-DM1 has been observed as compared to lapatinib, in HER2
positive breast cancer [35]. The compensatory upregulation of

HER3 in response to HER2 inhibition by TKIs mainly ac-
counts for the resistance-acquisition and lower clinical effi-
cacy. Hence, the status of HER2 TKIs as monotherapeutic
agents remains controversial. Antibody-based therapy remains
the gold standard for the treatment of HER2 overexpressing
breast cancer and there are scopes for the improvement of
TKIs based treatment strategies with high therapeutic poten-
tial. Thus, deep understanding of underlying mechanism of
action of TKIs is desired to develop novel drug candidates. In
this review article, we have described various developments
on the design and discovery of novel HER2 TKIs. In addition,
some potent molecules in advance phases of clinical trials are
also described.

4. DEVELOPMENTS IN THE SCREENING OF
SMALL MOLECULES ACTING AS HER2 TKIS

HER2-targeted antibodies (trastuzumab, pertuzumab) and
small-molecule TKIs (lapatinib) are the approved therapies
for HER2 positive breast carcinoma (www.accessdata.
fda.gov). Trastuzumab exhibits a response rate of only 15-
26% among HER?2 positive breast cancer patients [36] and in
most of the cases it is ineffective as single agent [37]. The
development of resistance against antibody-therapy as a re-
sult of production of oncogenic truncated form of receptor
(p95SHER2/HER2AL16) is the major limitation. Small mole-
cule inhibitors such as lapatinib can inhibit truncated HER2
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Fig. (3). SAR studies of anilinoquinazolines (compounds 1-2).

protein [35]. TKIs can cross BBB, hence these can be devel-
oped as effective agents for treating brain metastases in
HER2 expressing breast cancer [17]. However, there are
some limitations associated with the currently available TKIs
such as toxicity, resistance and poor pharmacokinetic profile.
Hence, there is need of developing novel HER2 inhibitors
with improved pharmacological profile and devoid of above
mentioned limitations.

The role of HER2 TKIs for the treatment of breast cancer
has been reviewed by a number of research groups [36, 38-
44]. Nevertheless, the optimization and structure-activity
relationship (SAR) studies have not been discussed in detail.
The current review article describes recent optimization stud-
ies and novel discoveries of small-molecules as HER2 TKIs.
Different HER2 TKIs have been classified on the basis of
chemical scaffolds such as 4-anilinoquinazolines, pyrrolo-
triazenes, pyrrolo and pyrazolo-pyrimidines, thieno-
pyrimidines, and N-aryl pyrimidines.

4.1. 4-Anilinoquinazolines

Lippa et al. [45] synthesized a series of selective HER2
kinase inhibitors containing quinazoline and pyrido[4,3-
d]pyrimidine scaffolds. The SAR studies for the designed
series have been shown in Fig. (3). The compounds 1 and 2
(Fig. 4) were the most potent analogs both inhibiting HER2
kinase and HER2 cells with ICs, values below 25 nM. The
HCI salt of compound 1 and compound 2 showed low clear-
ance rate of 2.5 ml/min/kg. Compound 1 as HCI salt showed
54% bioavailability while compound 2 exhibited poor
bioavailability [45]. Rachid ef al. [46] designed and synthe-
sized combi-molecules by grafting carbamate-substituted
monoalkyltriazene moiety to anilinoquinazolines. These
molecules were meant for the inhibition of multiple targets in
cancer cells. The synthesized combi-molecules were evalu-
ated as HER! TK and HER2 transfectant against
NIH3T3neu cell line. Compound 3 (Fig. 4) was found to be
the most potent with an 1Csy value of 1.50 pM. The combi-
molecules possessed DNA damaging properties too. SAR
studies indicated that the replacement of methyl ethanaoate
group with chloromethyl and B -nitrorophenyl groups led to
decrease in activity [46]. Mahboobi ef al. [47] combined the
structural features of lapatinib with an (E)-3-(aryl)-N-
hydroxyacrylamide motif present in histone-deacetylase

(HDAC) inhibitors with an aim to produce multi targeting
chimeric compounds inhibiting HER1/HER2 TK and HDAC
with less likelihood of developing drug- resistance. Among
the synthesized chimeric analogs, compound 4 (Fig. 4) was
found to be the most potent, exhibiting 1Csy value below 1
puM against HER1/HER2 kinase, HDAC enzyme and HER2
overexpressing SKBR3 cancer cell line. When the furan ring
of 4 was replaced with thiophene or benzene ring, the HDAC
inhibition activity reduced while HER1 and HER2 inhibition
remain unaffected.

The benzamide and hydroxamate analogs obtained via
replacement of hydroxyacrylamide moiety of 4, retained the
kinase inhibition activity. However, HDAC inhibitory activ-
ity diminished in most of the synthesized hybrid analogs
[47]. Wu et al. [48] synthesized a series of 4-benzothienyl
amino quinazolines as hybrids of HER1 inhibitor, gefitinib.
The benzothiophene derivatives attribute to increased cyto-
toxicity but decreased HER1 inhibition than gefitinib. The
most potent compound S (Fig. 4) exhibited antiproliferative
activity against HER2 transfected MCF-HER?2 breast cancer
cells with ICsy value of 2.7 uM. The secondary amino-
substituted propoxy side chain at position 7 in place of posi-
tion 6 in basic scaffold, led to increased HER2 and MET
inhibitory ability with reduced HERI inhibitory potency
[48]. Beckers et al. [49] designed and synthesized chimeric
broad-spectrum inhibitors of HDAC and HER1/HER2. The
linkage of N-(3-ethynylphenyl)quinazoline-4-amine moiety
of HER1 inhibitor with an N-(2-aminophenyl)-3-(1-sulfonyl-
1H-pyrrol-3-yl)acrylamide motif in erlotinib retained the
selective HER1/HER2 kinase inhibitory properties, along
with HDAC inhibition. The attachment of N-(3-ethynyl-
phenyl)quinazoline-4-amine moiety with N-(2-amino-
phenyl)-4-(oxymethyl)benzamidyl group diminished the
HDAC inhibitory activity while, significantly improve
HERI1/HER2 inhibitory activity. In this series, compound 6
(Fig. 4) was the most potent HER2 inhibitor with an ICs
value of 39 nM [49]. Li ef al. [50] designed and synthesized
6-salicyl derivatives of anilinoquinazolines as HER1/HER2
TK inhibitors. All compounds showed moderate to good in
vitro inhibitory activities in the enzymatic and cellular as-
says. Compound 7 (Fig. 5) showed most potent and selective
dual HER1/HER2 inhibitory activity comparable to that of
lapatinib, with ICs, values of 120/96 nM respectively. From
the molecular docking studies, it was established that the two
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amino acid residues; SER783 and METS801 located in the
hinge-binding pocket were crucial for the activity. Para sub-
stituted trifluoromethyl group, hydroxy substituent, and ke-
tonic oxygen were crucial for the stabilization of the binding
complex. Trifluoromethyl group was involved in the H-
bonding interactions with PHE731 and ALA730. SAR studies
for compound 7 are summarized in Fig. (5) [50]. Zhang et al.
[51] designed and synthesized lapatinib hybrids as potent dual
HERI1/HER? inhibitors with improved drug like characteris-
tics. Compounds 8 (selatinib, Fig. 4) was found to be the most
potent in the series displaying selective inhibitory activity with
ICs0 values of 19.2 nM against BT474 cells and 11.4/6.8 nM
against HER1/HER2. Compound 8 showed substantial sup-
pression of tumor growth in NCI-N87 (94.8% inhibition) or
SK-OV-3 xenograft (85.7% inhibition) models. Currently,
selatinib is under phase I clinical trials (NCT01931943, clini-
caltrials.gov) for its pharmacokinetic evaluation in advanced
breast cancer subjects [51].

Ahmed et al. [52] carried out combined docking and mo-
lecular dynamic simulation studies on anilinoquinazoline-

based anti-HER2 ligands. Molecular dynamic simulation
studies showed that the compounds form stable complex
with the binding site of the HER2 receptor. These com-
pounds displayed various interactions in the hinge region and
salt-bridge interactions with Asp863 and Lys753. Simulation
studies revealed the importance of Vander-Waal’s interac-
tions for the ligand binding [52]. Ahmed ef al. [53] carried
out molecular dynamic simulations and binding energy cal-
culations to find out the binding modes and the mechanisms
of inhibition of in silico designed 4-anilinoquinazoline de-
rivatives against HER1 and HER2. The most active com-
pound showed H-bonding interactions with two amino acid
residues, i.e., Asp855 and Lys745 for HER1 and Asp863 and
Lys753 for HER2. In addition, ligand showed H-bonding
interaction with a conserved Met residue at the hinge region
through the N1 atom of the quinazoline ring [53]. Sadek et
al. [54] designed and synthesized anilinoquinazoline deriva-
tives substituted at 4’ position of aniline by bulkyaryl-
pyridinyl, arylpropenoyl and arylpyrazolyl moieties. Com-
pound 9 (Fig. 4), was found to be the most potent derivative
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with ICsy values of 1.94 uM against HERI and 1.04 pM
against HER2. Besides, compound 9 also exhibited anti-
proliferative activity against HER1 overexpressing MDA-
MB-231 breast cancer cell lines [54].

Elkamhawy et al. [55] designed and synthesized 6-
substituted 4-anilinoquinazolines as selective HER1/HER2
TKIs. Most of the compounds exhibited ICs, values in
nanomolar range against HER1 and/or HER2 kinases. Com-
putational studies indicated that four compounds showed
favourable binding interactions at the ATP binding sites of
both the kinases. In the series, compound 10 (Fig. 4) dis-
played promising cytotoxicity with ICso value of 1.82 uM
against BT474 cell line. SAR analysis revealed that the re-
placement of fluorobenzyloxy moiety with phenoxy group
reduced the antiproliferative activity [55]. Lyu et al. [56]
have designed and synthesized a series of lapatinib deriva-
tives by carrying out modifications of straight alkyl side
chain of lapatinib into branched ones. These derivatives ex-
hibited significant inhibition of HER1/HER?2 as indicated by
ELISA assay and western blot analysis. /n vitro assay
showed that these compounds possessed potent cytotoxicity
against the HERI/HER2 overexpressing cancer cells.
Amongst the synthesized lapatinib derivatives, compound,
11 (Fig. 4) showed most potent antitumor activity, in vivo,
with an ICso value of 28.8 nM. It has been observed that the
IC5¢ value of 11 was two folds higher than that of lapatinib
(ICso= 63.9 nM). Moreover, 11 was found to block the cell
cycle progression of BT474 cells in the G, phase, causing
tumor cell apoptosis. SAR studies showed that alkylamine
substitution on the side-chain was beneficial for HER1/
HER?2 inhibitory and cytotoxic activity while bulkier substi-
tution led to decreased activity. Further, stereochemical in-
vestigations of the compounds showed higher potency for
(S)-isomers than for (R)-isomers [56]. Yin ef al. [57] devel-
oped a series of oxazolo[4,5-g]quinazolin-2(1H)-one deriva-
tives as HER1/HER2 TKIs displaying high activity and low
toxicity. Compound 12 (Fig. 4) showed the most potent
HER1/HER2 kinase inhibition with I1Csq value of 10/20 nM
and displayed ICs, value of 0.47uM against SKBR3 cancer
cell line.

In addition, compound 12 also exhibited anti-proli-
ferative activity against human lung adenocarcinoma cell
line (A549). In tumor xenograft models of lung cancer, com-

pound 12 showed higher inhibition efficacy towards tumor
growth as compared to lapatinib. N/, N3 atoms in pyrimidine
ring and a proton at the anilinic-N position were found to be
crucial in this series of compounds. Introduction of electro-
philic groups like 2-(2-chloroacetoxy)ethyl and 2-(2-bromo-
acetyl)ethyl at N-position of oxazolo ring was favourable for
HERI/HER2 kinase inhibitory activity. The detailed SAR
studies have been illustrated in Figs. (6 and 7) [57].

4.2. Pyrrolotriazene Analogs

Mastalerz et al. [58] synthesized and evaluated 5-methyl
pyrrolotriazenes for HER1/HER?2 kinase inhibitory activities.
It was found that compound with meta-fluorobenzyl-
indazolyl amino side chain displayed best inhibitory activity.
Different C-5 substituted derivatives were investigated and
through SAR studies, it was concluded that a basic group
attached to C-5 of pyrrolotriazenes with a methylene ether
linkage could show potent and selective dual inhibition of
HER1/HER2 kinases. Compound 13 (Fig. 8) was reported as
the most potent in the series with ICso values of 61/55 nM
against HER1/HER2 respectively. It also displayed potent
antiproliferative activity, enhanced oral exposure in rats and
tumor xenograft models. Further, different C-4 substituted
analogs of 13 were synthesized and SAR studies were sum-
marized in Fig. (9) [58].

Mastalerz et al. [59] designed and synthesized C-5 sub-
stituted pyrrolotriazines and evaluated these as dual
HERI1/HER2 TK inhibitors. Most of the synthesized com-
pounds showed HER1/HER?2 inhibition in micromolar range.
It was observed that the acid, ester and amide analogs of
substituted piperidine ring resulted in less potency against
HERI1/HER2 overexpressing N87 gastric carcinoma cell line.
Compound with a homopiperazine substituent at the C-5
position (14), (Fig. 8) was the most potent derivative display-
ing significant kinase inhibition activity with 1Cs, values of
33/27 nM against HER1/HER2. In HER1/HER2 driven hu-
man tumor xenograft models compound 14 showed good
oral efficacy (77% bioavailability) [59]. Mastalerz ef al. [60]
synthesized and evaluated a series of pyrrolotriazines with a
5-((4-aminopiperidin-1-yl)methyl)  substitution as dual
HERI1/HER2 kinase inhibitors. The compound with amino-
fluorobenzylindazole group at C-4 position (15), (Fig. 8) was
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Fig. (11). Structures of pyrazolo- and pyrrolo-pyrimidines acting as HER?2 inhibitors.

found to be the most active with ICs, values of 35 nM
against N87 human gastric carcinoma cell line and 23 nM
against HER2. SAR analysis of 15 has been described in Fig.
(10) [60]. As clear from the ICso data, the HER2 kinase in-
hibitory profile of C-5 aminopiperidinyl analog 15 is supe-
rior to that of previously synthesized pyrrolotriazene deriva-
tives 13 and 14.

4.3. Pyrazolo and Pyrrolo-pyrimidines

Ducray et al. [61] synthesized and evaluated 4-anilino-
1H-pyrazolo[3,4-d]pyrimidines, in vitro, as HER1/HER2
kinase inhibitors. Compound 16 (Fig. 11) was found to be
the most potent among the synthesized derivatives exhibiting
potent kinase inhibition activity with 1Csy values of 5/1 nM
against HER1/HER2, respectively. Pharmacokinetic studies
of compound 16 showed good oral bioavailability in rat and
dog and moderate half-life. This was because of moderate to
high plasma clearance in rat (41 ml/min/kg) and dog (46
ml/min/kg). However, 16 displayed high intestinal absorp-
tion as it showed good permeability (9.5x10° ¢cm s) and
limited efflux (efflux ratio 3.6) in MDCK-MDRI1 assay. In

addition, 16 showed insignificant activity for five isoforms
of P450 enzyme with IC5;>10 uM. SAR studies are de-
scribed in Fig. (12) [61].

Kawakita ef al. [62] synthesized and screened various de-
rivatives of TAK-285 as dual HER1/HER?2 inhibitor. In or-
der to improve the pharmacokinetic profile of TAK-285,
chemical modifications were performed at the N-5 side chain
of the pyrrolo[3,2-d]pyrimidine core and final products were
converted into their salts. Compound 17 (Fig. 11) as a tosy-
late salt exhibited potent HER1/HER2 kinase inhibitory ac-
tivity with ICsy values of 11/11 nM, respectively and cellular
growth inhibitory activity with Gls, value of 56 nM against
BT474 cell line. The salt form of 17 showed higher solubil-
ity and good pharmacokinetic properties than the free form
(Fig. 13).

Kawakita er al. [63] also explored bicyclic fused ring
containing  pyrrolo[3,2-d]pyrimidines  derivatives  as
HERI1/HER2 inhibitors. A total of 22 compounds were
screened and 1,2-benzisothiazole derivatives (18), (Fig. 11)
showed potent HER1/HER2 inhibition with ICs, values of
2.1 nM and 4.1 nM respectively. Compound 18 was also
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effective against BT474 cancer cell lines with 1Cso value of
3.6 nM. Docking studies revealed that 18 showed H-bonding
interactions with Thr798 and Ser783 of HER2 kinase. Fur-
ther optimization of N-5 substituents on the pyrrolo[3,2-
d]pyrimidine core was done to improve the in vifro oxidative
metabolic stability in human hepatic microsomes. This re-
sulted in the discovery of a preclinical candidate 19 (Fig. 11)
with reduced cytochrome P450 inhibitory activity and en-
hanced metabolic stability. Compound 19 showed ICs value
of 2.5/0.98 nM against HER1/HER2 and Gls, value of 2.0
nM against BT474 cancer cell lines [63]. The HER2 inhibi-
tory profile of benzisothiazole derivatives of pyrrolo-
pyrimidine series was better than the previously designed
pyrrolo-pyrimidine derivatives.

4.4. Thieno-pyrimidines

Hubbard et al. [64] synthesized and evaluated a series of
pyrrolidinyl-acetylenic thieno[3,2-d]pyrimidines as selective
HERI1/HER?2 inhibitors. In the series, compound 20 (Fig. 14)
displayed 1Csq values of 32/43 nM against HER1/HER2 with
good bioavailability (Dose-normalised area under plasma-
drug concentration curve, DNAUC = 61 ng h/ml/mg/kg).
SAR studies showed that any substitution at the pyrrolidinic
nitrogen was detrimental for the activity. Carbamoyl deriva-
tives at the C-4 position showed good enzyme and cell
growth inhibitory activities [64]. Waterson ef al. [65] synthe-
sized thieno[3,2-d]pyrimidines and evaluated them as effec-
tive dual inhibitors of HER1 and HER2 kinases. SAR studies

for the synthesized series of compounds have been shown in
Fig. (15). Compounds 21 and 22 (Fig. 14) were found to be
the potent and HER2-selective kinase inhibitors with 1Csg
values of 50/30 nM and 80/50 nM, respectively against
HER1/HER2. Compounds 21 and 22 also displayed inhibi-
tory activity against BT474 cancer cell line with 1Csq values
of 60 nM and 30 nM, respectively [65].

Rheault er al. [66] synthesized two series of selective
dual HER1/HER?2 kinase inhibitors derived from thieno[3,2-
d]pyrimidine scaffold. Most of these compounds showed
good in vitro anti-proliferative activity against human tumor
cells. In these series, compound 23 (Fig. 14) was the most
potent and selective HER2 inhibitor with ICs, values of 12/6
nM against HER1/HER2 respectively. The compound was
10 to 1000-fold selective for HER1 and HER2 over a variety
of other kinases. SAR analysis indicated that grafting of un-
substituted heterocycles such as furan, pyrrole and thiophene
rings onto thieno-pyrimidine ring reduces kinase inhibition
and anti-proliferative activities. While, H-bond donor group
on the side chain attached to thieno-pyrimidines enhance
potency [66]. An increased HER2 inhibition and selectivity
was observed for this series as compared to the simple
thieno-pyrimidine derivatives.

4.5. N-aryl Pyrimidines

Xu et al. [67] reported a series of N, N-disubstituted hy-
drazones as selective TK inhibitors and antiproliferative
agents. In the series, compound 24 (Fig. 16) was found to be
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Fig. (15). SAR studies of thieno-pyrimidines (compounds 21-22).

the most potent against BT474 and SKBR3 breast cancer cell
lines with ICsy values of 14 nM and 58 nM respectively. In
addition, 24 inhibited growth factor-induced receptor phos-
phorylation in SKBR3 cells (ICsp= 54 nM) and inhibited
HERI1/HER2 TK with ICs, values of 9/8 nM. SAR studies
demonstrated that dimethylated amino analog (24) and cyclic
rings such as morpholinyl, piperidinyl, piperazinyl, pyrrolid-
inyl were good for the activity. Mono-substituted amino ana-
logs were less active than disubstituted and cyclised amino
analogs [67].

Hughes et al. [68] conducted SAR studies on N-aryl-4,6-
pyrimidine diamines. In this series, oxadiazole analog 25
(Fig. 16), exhibited potent growth inhibitory activity against
BT474 (ICso= 312 nM), and SKBR3 (ICsp= 325 nM) cancer
cell lines. Interestingly, 25 did not inhibit the growth of non-
HER2 dependent HeLa cell lines (IC50> 100uM). In addi-
tion, 25 exhibited selectivity for HER family kinases and
showed minimal activity against Aurora-A, CDKI, and
VEGF-R2. SAR studies indicated that oxadiazole and hy-
drazide analogs were potent inhibitors. Replacement of

oxadiazole ring with other groups followed this order for
activity: CHO<COOH=CN<COOMe. The bulkier ester and
amide analogs displayed minimal efficacy [68]. Xu et al.
[69] synthesized and evaluated 4-amino-6-arylaminopyri-
midine-5-carbaldehyde oxime derivatives (SAR shown in
Fig. 17). These compounds were potent inhibitors of both
HER1 and HER2 TKs and showed antiproliferative activity
against SKBR3 and BT474 cancer cell lines. Compound 26
(Fig. 16) was found to be the most potent with ICs, values of
8/12 nM against HER1/HER2 kinase and significantly inhib-
ited SKBR3 (IC5=0.26 uM) and BT474 (IC5,=0.25 uM)
cancer cell lines [69].

Suzuki et al. [70] synthesized and reported the
HERI/HER2 kinase inhibitory activity of S-alkenyl or 5-
alkynyl-4-anilinopyrimidines against BT474 cell line. In
these series, compound 27 (Fig. 16) was found to be the
most potent with ICs, values of 62 nM and 50 nM against
HER2 and BT474 cancer cell lines, respectively. Compound
27 displayed significant antitumor potency in a mouse
xenograft model. Further, compound 27 displayed better
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aqueous solubility as compared to lapatinib and showed
good stability in human liver microsomes. 5-Alkynyl moiety
played critical role in the activity of the compounds. It was
observed that alkynylpyrimidines were more potent than the
corresponding alkenylpyrimidines. Presence of unsubstituted
phenyl ring at the acetylinic position resulted in decreased
activity, while the substituted benzyl analogs were more po-
tent. The attachment of alkylamines to benzyl ring led to
significant increase in the activity as the terminal amine
group interacts with Asp776 of HER1 and Asp808 of HER2.
Introduction of fluorine at the meta position of benzyl ring
(compound 27) led to enhanced inhibition of cellular prolif-
eration [70]. Kawakita et al. [71] synthesized 7,6-fused bi-
cyclic pyrimido[4,5-blazepines via an intramolecular Claisen
type condensation. In this series, compound 28 (Fig. 16) dis-
played potent HER1/HER2 kinase inhibition activity with
ICsy values of 36/24 nM, respectively and inhibited BT474
cancer cell line growth with Glso value of 18 nM. SAR stud-
ies showed that 1-benzothiophene derivatives were more
active than the 3-trifluoromethylphenoxy derivatives [71].

4.6. Miscellaneous Analogs

Cheng et al. [72] designed and synthesized 4-Aryl-5-
cyano-2H-1,2,3-triazoles with different types of substitutions
at the 4-phenyl position. Compound 29 (Fig. 18) was found
to be the most potent amongst the synthesized derivatives
with ICs, values of 6.6 pM for HER2 TK inhibition and 30.9
UM against breast cancer cells (MDA-MB-453). Compound

29 showed significant binding interaction with Cys805 in the
ATP binding site of HER2 kinase domain. From the SAR
studies, it was concluded that a 4-phenyl group at the triazole
with a methoxy, dimethoxy or trimethoxy substituent is det-
rimental for the activity while a halogen or a phenoxy group
is favourable for the HER2 activity [72]. Gundla et al. [73]
employed virtual screening models to discover a set of struc-
turally diverse compounds with growth inhibitory activity
against HER2-overexpressing SKBR3 breast cancer cell line.
From the 3D database of 350000 small-molecules, a total of
531 potential hits were retrieved using consensus models.
Amongst the 531 potential hits, 57 compounds were tested
against SKBR3 cell line on the basis of structural novelty
and drug like properties. In this series, seven compounds
inhibited growth of SKBR3 cell lines with ICsy values less
than 10 pM. Compounds 30 and 31 (Fig. 18) were found
most potent with 1Cs, values of 2 uM each. SAR studies of
these analogs have been described in Fig. (19) [73]. Ding et
al. [74] synthesized and evaluated salicylanilide derivatives
as HER1 and HER2 TK inhibitors. A number of compounds
were evaluated and compound 32 (Fig. 18) was found to
exhibit dual inhibitory activities against HER1/HER2 (ICs=
1.654/7.134 uM). Compound 32 could be taken as a lead
compound for further optimization to develop potent inhibi-
tors [74].

Wang et al. [75] designed and synthesized a series of thi-
azolyl-pyrazoline derivatives containing benzodioxole ring
as HER2 kinase inhibitors. The most potent compound 33
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(Fig. 18) displayed HER2 kinase inhibition activity with an
1Cso value of 0.18 uM. The compound 33 was also evaluated,
in vitro, for antiproliferative activities against MCF-7 and
B16-F10 cell lines and displayed ICsy values of 0.09 uM and
0.12 pM, respectively. Docking simulation studies showed

two hydrogen bonding interactions with Thr347 and
Arg394 of HER2 kinase. Different substituents at the para-
position of ring A followed the activity order of Br > Cl > F,
Br > Me >OMe [75]. Sridhar ef al. [76] reported compounds
34 and 35 (Fig. 18) displaying inhibition of breast tumor
cells expressing HER2 with 1Cs, values of 0.87 pM and 0.82
uM, respectively. These compounds inhibited trastuzumab
resistant HER2 oncogenic isoform, HER2A16 with ICs, val-
ues of 0.91 uM and 0.93 pM, respectively. It has been found
that these compounds inhibit auto-phosphorylation of Y1248
and Y1068 residues of HER2 and HERI, respectively [76].
Sangani et al. [77] designed and synthesized biquinoline—
pyridine hybrids and evaluated their HER1/HER2 kinase
inhibition potential. Almost, all the compounds showed ef-
fective anti-proliferation activity against A549 and HepG2
carcinoma cell lines. Compound 36 (Fig. 18) was found to be
the most potent HER1/HER2 kinase inhibitor showing 1Csg

values of 0.09/0.2 uM. SAR studies revealed that when hy-
drogen atom (shown on 36) was replaced with substituents
like -OCH3;, -CH;3 and Cl the kinase activity decreases and
follows the order of OCH;>CH;>Cl [77]. Elseginy et al.
[78] identified a series of compounds via virtual screening
that showed HERI/HER2 kinase inhibitory activity and
potent anticancer activity against both the BT474 and
SKBR3 cancer cell lines. In the series, Compound 37 (Fig.
18) was found to be the most active against SKBR3
(IC50=1.03 pM) and BT474 (1C50=0.3139 uM) cell lines,
and showed more than 80% inhibition against HER1/HER2
kinases. Compound 37 displayed H-bond interaction with
Met801 and hydrophobic interactions with Leu852,
Leu762, Phel004, Thr798, Thr862 and Leu785 in the
HER2 kinase domain. Another series was further designed
and synthesized by merging the structural features of all the
hit compounds. Compound 38 was the most potent in the
series displaying inhibitory activity with ICsy value of 0.01
uM against SKBR3 cancer cell line and 0.055 pM against
BT474 cancer cell line, besides showing HER1/HER2
kinase inhibitory activity with 1Cso values of 8.49/12.37 uM
respectively [78].
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Zalloum et al. [79] identified HER2 inhibitors using
pharmacophore modeling and QSAR analysis, which were
further evaluated for inhibitory activities against HER2-
overexpressing SKOV3 ovarian cancer cell lines and MCF-7
cancer cell line. Out of 80 inhibitors identified by in silico
mining, four compounds (39, 40, 41, and 42 shown in Fig.
20) were found to inhibit the growth of SKOV3 cells with
ICs¢ values less than 5 pM and showed no activity against
MCF-7 cancer cell lines [79]. Tao et al. [80] synthesized
pyrazole-nitroimidazole derivatives and evaluated these for
HERI1/HER2 TK inhibitory activities and for their antiprolif-
erative potential against MCF-7, Hela, HepG2 and B16-F10
cancer cell lines. Compound 43 was the most potent
HERI1/HER2 tyrosine kinase inhibitor (Fig. 20) with ICs
values of 0.26/0.51 uM. Compound 43 also exhibited anti-
proliferative activity against human cervical cancer cell line
(Hela) with an ICs¢ value of 0.13 uM. It has been observed
that there was increase in the antiproliferative activity
against Hela or HepG2 cell lines in the presence of electron-
withdrawing groups [80].

5. DRUGS UNDER CLINICAL INVESTIGATION
TARGETING HER2 TK

Different HER2 TK inhibitors presently under clinical
evaluation for the treatment of breast cancer have been
shown in Figs. (21 and 22).

5.1. Lapatinib (GW572016)

Lapatinib is a reversible oral, dual TK antagonist of
HERI1 and HER2. It prevents the phosphorylation of their
substrates and downstream signaling [81-83]. Lapatinib dis-
played ICsq values of 10.2 nM and 8.9 nM against HER1 and
HER2 TKs, respectively [84]. It showed activity against tras-
tuzumab-resistant cancer cell lines. Lapatinib in combination
with capecitabine was approved by FDA in March, 2007 for
the treatment of metastatic breast cancer in patients who
have received trastuzumab, paclitaxel and anthracycline drug
regimens [85]. The combination is found better than the tras-
tuzumab therapy because of its activity against p9SHER2

which lacks the trastuzumab-binding domain [35]. Lapatinib
enhances sensitivity towards endocrine treatment for the HR-
positive patients [86]. Lapatinib in combination with letro-
zole, was approved by FDA in February, 2010 as a first-line
therapeutic option for the treatment of post-menopausal me-
tastatic breast cancer patients co-expressing HR and HER2
(www.accessdata.fda.gov) [87]. However, HER2 positive
breast cancer patients develop resistance towards lapatinib
monotherapy [88]. The resistance for lapatinib is attributed
to the HER3 transphosphorylation and activation of PI3K-
Akt pathway due to negative feedback signaling loop [89]
and enhanced ER signaling [90]. Lapatinib in combination
with panobinostat and capecitabine (NCT00632489, clinical-
trials.gov) [91] and with sirolimus/metformin (NCT0108
7983, clinicaltrials.gov) [92] has completed phase I clinical
trials for the treatment of HER2 positive metastatic breast
cancer. Lapatinib along with cabazitaxel (NCT01934894,
clinicaltrials.gov) has completed phase II clinical trial for
treating breast cancer patients who are HER2 positive and
suffering from intracranial metastases [93]. Lapatinib is cur-
rently undergoing phase II clinical trials (NCT00820872,
NCTO01827163; clinicaltrials.gov) [94-95] and phase III trial
(NCT00553358, clinicaltrials.gov) [96] in various combina-
tions of trastuzumab and other chemotherapeutic agents for
the treatment of HER2 positive early stage breast cancer and
as neoadjuvant therapy for the HER2-positive breast cancer.
Apart from this, lapatinib is undergoing various other clinical
studies for the treatment of breast cancer and other solid tu-
mors (www.clinicaltrials.gov).

5.2. Afatinib

Oral afatinib (BIBW 2992 / Giotrif / Gilotrif; Boehringer
Ingelheim) is an approved first-line treatment for HERI-
positive metastatic non-small cell lung carcinoma (NSCLC)
patients, possessing HERI exon 19 deletions or exon 21
(L858R) substitution mutations (www.accessdata.fda.gov).
Afatinib is orally bioavailable pan-HER inhibitor targeting
HERI1, HER2 and HER4 via irreversible covalent binding
interactions. It also inhibits HER3 transphosphorylation [97].
Afatinib exhibits covalent interactions with Cys797 of
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Fig. (21). Structures of HER?2 inhibitors undergoing clinical trials.

HER1, Cys805 in HER2 and Cys803 in HER4 [98, 99]. It
showed half-maximal inhibitory concentration values of 0.5
nM, 14 nM and 1 nM against HER1, HER2 and HER4, re-
spectively [98-99]. The drug retains in vivo and in vitro anti-
cancer activity in tumors that acquire resistance towards re-
versible HER1 inhibitors due to T790M mutation [100-106].
Although, afatinib is an effective first-line treatment for
NSCLC but the drug is still under clinical evaluation for the
treatment of HER2 positive breast cancer (clinicaltrials.gov).
Afatinib and/or vinolerobine has completed phase II clinical
trials (NCT01441596 and NCTO01325428, clinicaltrials.gov)
for the treatment of HER2 overexpressing metastatic breast
cancer patients with extracranial brain metastases and HER2
overexpressing inflammatory breast cancer [107-108].
Afatinib has successfully completed phase II trial (NCT
00431067, clinicaltrials.gov) for the treatment of trastuzumab-
refractory HER2 positive metastatic breast cancer. The toxic-
ity profile was also manageable however, frequent diarrhea
was observed with afatinib monotherapy [109]. Afatinib has
been found to be quite effective over trastuzumab and la-
patinib (NCT00826277, clinicaltrials.gov) in the neo adjuvant
treatment of HER2 positive breast cancer [110]. Afatinib alone
or in combination with vinolerobine has undergone phase II
clinical evaluation (NCT01271725, clinicaltrials.gov) for
treating HER2 positive breast cancer patients who were not
responding to HER2 targeted therapy in adjuvant/ neoadju-

vant settings [111]. Recently, Cortes et al. reported that
afatinib containing treatment were not effective against
HER?2 positive breast cancer and was less tolerated and fre-
quent adverse events were observed [112]. In combination
with trastuzumab, the drug has completed phase I clinical
evaluation (NCT01649271, clinicaltrials.gov) for treating
HER?2 overexpressing breast cancer.

5.3. Sapitinib (AZD8931)

Sapitinib (AZD8931) is a reversible equipotent inhibitor
of HERI, HER2 and HER3-mediated signaling dynamics
displaying 1Csq values of 4 nM, 3 nM and 4 nM respectively
[113, 114]. Methyl acetamide chain of sapitinib contributes
to the increased HER2 activity. It exhibited potent tumor
growth inhibition in various xenograft models either express-
ing HER1 or co-expressing HER1 and HER2 [114]. Sapit-
inib in combination with paclitaxel has successfully com-
pleted phase II clinical trials (NCT00900627, clinicaltri-
als.gov) for treating female subjects suffering from advanced
breast cancer with low HER2 overexpression [115].

5.4. Neratinib (HKI-272)

Neratinib is an oral, irreversible inhibitor of HER1/HER2
with 1Cso values of 92/59 nM [116-119]. Neratinib has
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shown improved invasive disease-free survival in phase 111
clinical evaluation (NCTO00878709, clinicaltrials.gov) in
HER?2 positive early breast cancer patients who have previ-
ously obtained adjuvant trastuzumab therapy [120]. The drug
in combination with capecitabine and vinorelbine,
(NCTO00741260 and NCTO00706030, clinicaltrials.gov) re-
spectively has shown promising antitumor activity in HER2
positive metastatic breast cancer patients and the toxicity
profile was also manageable [121, 122]. Neratinib as mono-
therapeutic agent has shown good clinical activity and ac-
ceptable tolerability (NCT00777101, clinicaltrials.gov) in
HER?2 positive recurrent or metastatic breast cancer. Moreo-
ver, it can also be used as an alternative therapy for patients
who do not respond to therapeutic combination of lapatinib
and capecitabine [123]. The combination of neratinib and
paclitaxel in phase II study (NCTO00915018, clinicaltri-
als.gov) has shown similar results when compared with tras-
tuzumab-paclitaxel combination in term of progression free
survival. However, neratinib and paclitaxel combination has
been found more effective in reducing CNS progression as-
sociated with HER2 positive breast cancer [124]. Neratinib
as single agent has shown marked improvement in a young
woman suffering metastatic breast cancer and carrying
HER2 LSS5 mutation in HER2 tyrosine kinase domain
[125].

5.5.CP-724, 714

CP-724,714 is a reversible, potent and selective oral
HER2 TK inhibitor exhibiting 1Csy value of 10 nM. It in-
duced cell-cycle arrest at G; phase in BT474 carcinoma cell
lines. Treatment with CP-724,714 decreases HER2 receptor
phosphorylation in ex vivo studies [126]. It was found to
foster cell apoptosis and reduction in downstream receptor
TK signaling. It caused tumor-regression in HER2 overex-
pressing tumor cell lines [126]. The drug inhibited hepatic
efflux transporters that caused hepatic accumulation of drug
and bile constituents leading to hepatocellular injury and
hepatobiliary cholestasis [127]. Since then the clinical devel-
opment of drug has been terminated.

5.6. Canertinib (CI-1033)

Canertinib (CI-1033) is an oral, irreversible pan-HER TK
inhibitor, obstructing signaling from all members of the
EGFR family i.e., HER1, HER2, HER3 and HER4 [128]. It
showed ICsy values of 1.5/9.0 nM against HERI1/HER2
[129]. In a randomized phase II trial, the drug exhibited no
significant clinical activity as a monotherapeutic agent in
heavily pre-treated metastatic breast cancer patients. How-
ever, antitumor activity with enhanced overall survival rate
was observed in one arm of HER2 positive patients at a drug
dosage of 50 mg. Toxicity was observed at higher doses
[130].

5.7. CUDC-101

CUDC-101 is an irreversible, multi-targeted inhibitor of
HDAC, HER1, and HER2 with ICsq values of 4.4 nM, 2.4
nM, and 15.7 nM, respectively [131]. In various xenograft
models, the drug has shown tumor regression. In addition,
CUDC-101 also exhibited inhibition of other alternate sig-
naling pathways such as Akt, HER3, MET and hence, con-
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quering the restraints of conventional HER1/HER?2 inhibitors
[132]. It has successfully completed phase I clinical trial
(NCTO01171924, clinicaltrials.gov) in advanced head and
neck, gastric, breast, liver and non-small cell lung cancer.
The drug is well-tolerated and exhibit good antitumor activ-
ity [133].

5.8. AST-1306

AST-1306 is an oral and irreversible inhibitor of
HER1/HER2 with ICsy, values of 0.5/3.0 nM. It binds
through covalent interaction with Cys797 and Cys805 in the
catalytic domains of HER1 and HER2, respectively. HER2
overexpressing cell lines, tumor xenografts and breast cancer
mouse models showed more sensitivity towards the drug as
compared to HER1 overexpressing cell lines [134]. AST-
1306 completed phase I open-label dose-escalation study to
determine its safety and tolerability, pharmacokinetics and
preliminary anti-tumor effects which indicated rapid absor-
bance of the drug with moderate to high clearance. The
maximum tolerated dose of the drug was found to be 1000
mg and it was further recommended for additional phase II
trials [135].

5.9. Dacomitinib (PF00299804)

Dacomitinib (PF00299804) is an oral irreversible pan-
HER inhibitor of HER1, HER2, and HER4 with ICsq values
of 6.0 nM, 45.7 nM, and 73.7 nM, respectively. The drug
inhibited wild-type HER2 and the gefitinib-resistant onco-
genic HER2 mutation in lung cancers [136]. Dacomitinib
exhibited significant antitumor activity in tumor xenograft
models expressing and/or overexpressing HER family mem-
bers or having mutations in HER1 [137]. Dacomitinib caused
Go-G arrest and apoptosis induction in order to exert its an-
tiproliferative activity. An escalating growth inhibitory activ-
ity was observed for HER2-amplified cell lines which was
maintained by the drug in the corresponding cell lines show-
ing resistance against trastuzumab and lapatinib [138]. Da-
comitinib, as monotherapeutic agent has completed an open-
label phase II trial (NCT01152853, clinicaltrials.gov) in
HER?2 positive advanced gastric cancer patients who have
prior failed at least one chemotherapy regimen [139].

5.10. TAK-165

TAK-165 potently inhibits HER2 TK with an ICsy value
of 6.0 nM. In vitro and in vivo studies have confirmed the
anti-proliferative effects of TAK-165 against HER2-
overexpressing cancers viz., bladder, kidney and androgen-
independent prostate cancer [140]. The drug has completed
phase I clinical trial (NCT00034281, clinicaltrials.gov) in
patients with HER2 tumor expression.

5.11. ONT-380 (ARRY-380)

ONT-380 (ARRY-380) is a small-molecular TK inhibitor
of HER2 with an ICs, value of 8 nM. It was found to be 500
times more selective for HER2 as compared to HER1 [141].
The drug in combination with trastuzumab and ado-
trastuzumab is undergoing phase I clinical trials (NCT
01921335 and NCTO01983501, respectively; clinicaltri-
als.gov) for the treatment for HER2 positive advanced breast
cancer [141, 142].
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5.12. Poziotinib (HM781-36B; NOV120101)

Poziotinib is an irreversible pan-HER inhibitor with ICs,
values of 3 nM, 5 nM and 23 nM for HER1, HER2, and
HER4, respectively. It has shown anti-proliferative effects
against both HER1 and HER2 overexpressing cell-lines and
tumor xenografts. Besides, it exhibited an 1Csy value of 1.0
nM against HER2 overexpressing SKBR3 cell lines [143].
Poziotonib stimulated cell cycle arrest at G;-phase and apop-
tosis, and reduces the levels of HER family and downstream
signaling molecules [144]. It displayed potent in vitro and in
vivo antitumor activity against HER2 amplified gastric can-
cer cells (SNU216 and N87). In combination with che-
motherapeutic agents, synergistic effects of poziotinib were
seen in both HER2 amplified and HER2 non-amplified gas-
tric cancer cells [145]. In metastatic HER2 positive breast
cancer patients, drug acclaims promising clinical activity
[146]. At present, poziotinib is undergoing phase II evalua-
tion (NCT02418689, clinicaltrials.gov) in patients with
HER2-positive metastatic breast cancer who have received at
least two prior HER2-directed regimens [147].

5.13. Varlitinib (ARRY-334543; ASLANO001)

Varlitinib is a potent, reversible, tyrosine kinase inhibitor
of HER1, HER2 and HER4 showing ICs, values of 7 nM, 2
nM and 0.195 nM, respectively. It has completed phase II
study (NCT01614522, clinicaltrials.gov) in patients with
recurrent/metastatic gastric cancer whose tumors are either
HER2 amplified or co-expressing HER1 and HER2 [148].

5.14. Pyrotinib

Pyrotinib is an irreversible TK inhibitor with I1Csy values
of 5.6/8.1 nM against HER1/HER2 [149]. The drug is un-
dergoing phase I clinical evaluation among HER2 positive
advanced breast cancer patients (NCT01937689, clinicaltri-

als.gov). Moreover, promising clinical activity of pyrotinib
has been reported in patients with HER2 positive metastatic
breast cancer who had previously undergone treatment with
anthracyclines, taxanes, and trastuzumab [149].

5.15. BMS-690514

BMS-690514 inhibited the HER1, HER2 and vascular
epidermal growth factor receptor 2 (VEGFR2) with ICs
values of 5 nM, 20 nM and 50 nM, respectively. Its effica-
cious anti-tumor profile has been seen in a number of tumor
xenograft models including BT474, N87, L2987, Sal2, and
GEO, all being dependent on HER1 and/or HER?2 signaling.
It has displayed superior efficacy profile than HER1 or pan-
HER inhibitors such as gefitinib or BMS-599626 that may
be attributed to its anti-angiogenic properties [150]. The drug
in combination with letrozole, has completed phase I clinical
trials (NCT01068704, clinicaltrials.gov) for the treatment of
metastatic breast cancer.

5.16. Tarloxotinib (TH-4000)

Tarloxotinib bromide is a prodrug that is activated under
hypoxic conditions to release an irreversible HER1/HER2
inhibitor. It is under phase II clinical investigation
(NCTO02454842, clinicaltrials.gov) for treating HER1 mutant
T790M-negative NSCLC subjects who have progressed on
HERI-TKI[151].

5.17. TAK-285

TAK-285 is a dual, irreversible and specific drug candi-
date  exhibiting kinase inhibitory activity against
HERI1/HER2 with ICsy values of 23/17 nM, respectively. It
is a non p-glycoprotein (Pgp) substrate unlike lapatinib and
can penetrate central nervous system efficiently, as demon-
strated in rat and mouse tumor xenograft models. It has over-
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come lapatinib’s limitation of poor blood-brain-barrier pene-
tration [152]. Unbound fraction of TAK-285 was detected in
extracellular space of brain. This confirmed its substantial
penetration in brain and potential for the treatment of brain
metastases among HER2 positive subjects [153]. TAK-285
has completed phase I evaluation (NCT00535522, clinical-
trials.gov) in advanced cancer patients and the drug was
found to be safe at maximum-tolerated dose. Its cerebrospi-
nal fluid distribution was also confirmed, but the free con-
centration of the drug was lower than the required amount
for the inhibition of biological target [154].

5.18. AEE788

AEE788 is a reversible dual inhibitor of HER1/HER?2 ty-
rosine kinase displaying ICs, values of 2/6 nM. In addition, it
also inhibits VEGFR-TK. It displayed good pharmacokinetic
profile combined with potent antitumor activity against
HER1 and HER2 overexpressing cell lines and mouse tumor
xenograft models [155]. AEE788 alone, and in combination
with everolimus, has completed phase I/Il trials
(NCT00116376 and NCT00107237, respectively, clinicaltri-
als.gov) for the treatment of patients with recurrent glioblas-
toma multiforme.

5.19. BMS-599626 (AC480)

BMS-599626 is a selective, dual HER1/HER2 inhibitor,
showing excellent in vivo activity in HER1 and HER2 driven
tumor models [156]. It was found to disrupt HER1 and
HER?2 signaling and retarded cell proliferation in tumor cell
lines dependent on HER1/HER2 [157]. It inhibited HERI,
HER2 and HER4 TKs with ICsq values of 22 nM, 32 nM and
190 nM, respectively. The compound is well-tolerated for
advanced solid tumors [158]. It has completed phase I study
(NCT00207012, clinicaltrials.gov) in patients with HER2-
expressing advanced solid malignancies.

5.20. S-222611

S-222611 is an oral, reversible, potent HER1/HER2 in-
hibitor showing ICs, values below 10 nM for both kinases
[159]. It exhibited anti-proliferative effects against HER1
and/or HER2 overexpressing human breast cancer cell lines
(BT474, SKBR3, MDA-MB-175VII, MDA-MB-453) and
human gastric cancer cell line (NCI-N87) with 1Cs, values
ranging from 8.3 to 48.6 nM. It was found to be 3 to 5-fold
more potent than lapatinib. Tumor-inhibitory effects were
also seen in xenograft models [160]. Shrinkage of brain me-
tastases as a consequence of S-222611 treatment, was seen
among HER2 positive metastatic breast cancer patients.
Phase-I dose-escalation study acclaimed a daily dose of 800
mg of S-222611 [161].

5.21. Pirotinib (KBP-5209)

Pirotinib is an orally bioavailable, irreversible and selec-
tive inhibitor of the EGFR family receptors i.e. HER1, HER2
and HER4, with potential antineoplastic activity [162]. Re-
cruitment of participants is ongoing for phase I study
of pirotinib (NCT02442414, www clinicaltrials.gov) in pa-
tients with advanced solid tumors to evaluate safety and tol-
erability of the drug [163].
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CONCLUSION

HER2 overexpression is associated with the aggression
and increased chances of metastasis of breast cancer cases.
Discovery of monoclonal antibody, trastuzumab helped in
HER?2 targeted treatment of breast cancer. Antibody-based
therapy is the first line treatment of HER2 overexpressing
breast cancer. TKIs were developed as alternative therapeu-
tic agents for HER2 positive breast cancer. These proved
effective for treating central nervous system metastases in
HER?2 positive breast cancer due to their ability to cross the
BBB. Development of drug resistance and relapse remained
limiting factors with these treatment strategies. There are
scopes for the improvement of TKIs based treatment strate-
gies. A number of novel TKIs are under various phases of
clinical development for the treatment of HER2 positive
breast cancer. An effective drug candidate is desired that can
selectively target HER2 and show minimum toxicity, over-
come drug resistance and other side effects.
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