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The epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases has been implicated in a variety of cancers. In
particular, activating mutations such as the L858R point mutation in exon 21 and the small in-frame deletions in exon 19 of
the EGFR tyrosine kinase domain are correlated with sensitivity to EGFR tyrosine kinase inhibitors in non-small cell lung
cancer (NSCLC) patients. Clinical treatment of patients is limited by the development of drug resistance resulting mainly from
a gatekeeper mutation (T790M). In this study, we evaluated the therapeutic potential of a novel, irreversible pan-HER
inhibitor, HM781-36B. The results from this study show that HM781-36B is a potent inhibitor of EGFR in vitro, including the
EGFR-acquired resistance mutation (T790M), as well as HER-2 and HER-4, compared with other EGFR tyrosine kinases
inhibitors (erlotinib, lapatinib and BIBW2992). HM781-36B treatment of EGFR DelE746_A750-harboring erlotinib-sensitive
HCC827 and EGFR L858R/T790M-harboring erlotinib-resistant NCI-H1975 NSCLC cells results in the inhibition of EGFR
phosphorylation and the subsequent deactivation of downstream signaling proteins. Additionally, HM781-36B shows an
excellent efficacy in a variety of EGFR- and HER-2-dependent tumor xenograft models, including erlotinib-sensitive HCC827
NSCLC cells, erlotinib-resistant NCI-H1975 NSCLC cells, HER-2 overexpressing Calu-3 NSCLC cells, NCI-N87 gastric cancer cells,
SK-Ov3 ovarian cancer cells and EGFR-overexpressing A431 epidermoid carcinoma cancer cells. On the basis of these
preclinical results, HM781-36B is the most potent pan-HER inhibitor, which will be advantageous for the treatment of patients
with NSCLC including clinical limitation caused by acquired mutation (EGFR T790M), breast cancer and gastric cancer.

Members of the EGFR tyrosine kinase family, including epi-
dermal growth factor receptor (EGFR; also called HER-1,
ErbB-1), HER-2 (neu, ErbB-2), HER-3 (ErbB-3) and HER-4
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(ErbB-4), play a crucial role in regulating cell proliferation
and differentiation in many tissue types.'™ The dysregulation
of the EGFR signaling pathway caused by genetic alterations
in the kinase domain of EGFR is associated with malignant
transformation in non-small cell lung cancer (NSCLC).* The
hyperactivation of the EGFR family, in particular, HER-1 and
HER-2, frequently observed in several solid tumors can be
caused by overexpression, mutations resulting in constitutive
activation or autocrine expression of endogenous ligands.’
Therefore, the EGFR family remains a major target for the
development of anticancer agents.®

Small-molecule inhibitors of the EGFR tyrosine kinases
have been developed and approved for the treatment of
patients with NSCLC.”® The first generation of EGFR-target-
ing therapeutic agents includes the HER-1-specific reversible
and quinazoline-based adenosine triphosphate (ATP) com-
petitive inhibitors, such as gefitinib and erlotinib.”'® These
are effective for the treatment of patients with NSCLC who
have activating mutations in the HER-1 kinase domain.'"'?
The most common activating mutations are L858R in exon
21 and DelE746_A750 in exon 19.7 Despite an initial good
response to these drugs, however, patients almost invariably
develop resistance to HER-1-specific inhibitors, which has
been clinically observed after treatment for 1 year. Resistance
is often associated with the T790M mutation within HER-1
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tyrosine kinase.'*'”> The resistance mechanisms caused by
T790M, the gatekeeper mutation, have been explained in sev-
eral aspects, such as steric hindrance, increased ATP affinity,
decreased affinity by disruption of favorable interactions and
decreased binding velocity to the mutant kinase."®™"’

The second generation of EGFR-targeting therapeutic agents
includes the HER-1/HER-2 reversible dual inhibitor such as
lapatinib, for the treatment of HER-2-positive breast cancer.”’
Lapatinib is also a promising treatment option for gastric can-
cer with HER-2 amplification.”’ HER-1/HER-2 dual inhibition
is more effective than just HER-1 inhibition, because the HER-
1 receptor tyrosine kinase can homo- or heterodimerize with
HER-1 or HER-2 receptor tyrosine kinases for signal transduc-
tion in the EGFR signaling cascade.”” The third generation of
EGFR-targeting therapeutic agents includes the EGFR irreversi-
ble inhibitors, such as HKI-272, CI-1033, PF00299804 and
BIBW2992, all of which covalently modify reactive cysteine res-
idues (Cys773 of HER-1 and Cys805 of HER-2) at their respec-
tive active sites.”> "> Several advantages of irreversible inhibition
of EGFR tyrosine kinases have been demonstrated. For exam-
ple, irreversible EGFR inhibitors are capable of overcoming the
acquired resistance toward HER-1-specific reversible inhibitors,
gefitinib and erlotinib, that are associated with the EGFR
T790M mutation in NSCLC.**** The irreversible EGFR inhibi-
tors also show a high potency with a broad spectrum because
of their pan-HER inhibitory profiles. However, some irreversi-
ble EGFR inhibitors with clinically insufficient exposure level in
plasma suffer remarkably decreased efficacy against patients
with advanced lung tumor harboring the T790M-acquired
mutation in the EGFR kinase domain, although they were
effective in animal models."” In this study, we describe the
identification of a novel, small-molecular and irreversible pan-
HER inhibitor, HM781-36B, with excellent potency and suffi-
cient exposure level in human. We evaluate its anticancer activ-
ity in vitro and in vivo to provide a “best-in-class” agent for
the treatment of various EGFR-dependent cancer cells, includ-
ing the erlotinib-resistant NCI-H1975 cells, which harbor the
EGFR 1858R/T790M double mutation.

Material and Methods

Reagents

The novel pan-HER inhibitor, HM781-36B,”** and other
EGER tyrosine kinase inhibitors including erlotinib,” lapatinib™®
and BIBW2992,%” were synthesized as described in patents.

In vitro kinase assay

EGFR"" (Upstate, Billerica/MA), EGFR"*®™ (Upstate, Biller-
ica/MA), EGFR™?OMIE8R - (pstate, Billerica/MA), HER-2
(Invitrogen, Carlsbad/CA) and HER-4 (Invitrogen, Carlsbad/
CA) were expressed by baculovirus in Sf21 insect cells and
used for kinase assays and ICs, determinations, which were
performed as previously described.”® To determine the selectiv-
ity of HM781-36B against various kinases, the SelectScreen™
Kinase Profiling service was used (Invitrogen, Carlsbad/CA).

Antitumor activity of HM781-36B in EGFR-dependent cancer cells

Cell growth inhibition assay

Calu-3, NCI-H1975, NCI-H358, NCI-H1781, HCC827, A549,
A431, SK-Br3, BT-474, MDA-175, NCI-N87, Hs-27 and
Balb/c3t3 (clone A31) cells were purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas/VA). Calu-3
and A549 cells were maintained in Minimum Essential Me-
dium (MEM) and F-12K culture medium, respectively. NCI-
H1975, NCI-H358, NCI-H1781, HCC827, SK-Br3 and NCI-
N87 cell lines were cultured in RPMI medium containing 1
mM sodium pyruvate. A431 and Hs-27 cell lines were main-
tained in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM), and Balb/c3t3 cell line was maintained in low-glu-
cose DMEM. BT-474 and MDA-175 cells were incubated in
Hybri-Care medium and L-15 medium, respectively. All cul-
ture media were supplemented with 1% penicillin-streptomy-
cin and 10% fetal bovine serum (FBS) except for Balb/c3t3
cells (10% fetal calf serum and 1% penicillin-streptomycin).
Cells were incubated in a humidified atmosphere under 5%
CO, except for MDA-175 cells (CO, free) at 37°C. Cell
growth inhibition assays and Gls, and Glg, determinations
were performed as previously described.*®

Western blot analysis

Cells were treated with erlotinib or HM781-36B in the pres-
ence of media supplemented with 10% FBS for 24 hr. After
harvesting the cells, total cell lysate was immunoblotted. Pri-
mary antibodies against p-EGFR (pY1086 in H1975 and
pY1148 in HCC827), p-HER-2 (pY877) and p-AKT (pS473)
were purchased from Cell Signaling (Danvers/MA) and
EGFR, HER-2, AKT, p-ERKI and ERK1/2 were purchased
from Santa Cruz Biotechnology (Santa Cruz/CA).

Prolongation of phosphorylation inhibition

Cells were plated at a density of 5 x 10°/well in 6-well plates
under normal culture conditions (10% FBS and 1% penicil-
lin-streptomycin). After 24 hr, the media were changed to
0.1% FBS media and cells were incubated for 16 hr. Cells
were then treated with 1 pM erlotinib, BIBW2992 or
HM?781-36B for 4 hr. Each set was washed four times with
warmed compound-free medium and incubated for 0, 8 and
24 hr. Each set was stimulated with EGF (100 ng/ml) for
5 min. The phosphorylation rates of EGFR or HER-2 were
measured by ELISA using Human EGFR (pY1173, Biosource,
Victoria/Australia: Cat No. KHR9071) and HER-2 (Cell Sig-
naling, Danvers/MA: Cat No. 7148) immunoassay kit.

Irreversible binding studies with Cy3-HM781-36B

Enzymes (1 pg of EGFR™', EGFR™™ or PDGFRa,
Upstate) were incubated with 0.1% DMSO or 1 uM of Cy3-
HM?781-36B in the presence or absence of 5 pM of unlabeled
HM?781-36B for 15 min at 0°C. Subsequent to incubation,
samples were boiled for 5 min in SDS buffer, and proteins
were separated by SDS-PAGE (10% acrylamide). The proteins
were visualized by Coomassie staining and the fluorescence
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Table 1. Inhibition of EGFR family kinases by HM781-36B, Erlotinib, Lapatinib and BIBW-2992
Enzyme (IC5o, nM)" EGFRW' EGFR™9M EGFRT720M/L858R HER-2 HER-4
HM781-36B 3.2 4.2 2.2 5.3 23.5
Erlotinib >1,000 >1,000 >1,000 >1,000 >1,000
Lapatinib 52.2 >1,000 >1,000 36.3 >1,000
BIBW2992 8.0 9.8 24.0 24.9 26.6

*All biological data are mean values for three independent experiments performed in duplicate. The ICsq was calculated from data at six different

concentrations.
Abbreviation: WT, wild-type.

Table 2. Inhibition of kinases by HM781-36B

Kinase ICso (NM)*
FGFR 1, 2, 3, 4 >1,000
GSK3 beta >10,000
IGF1R >10,000
IKK beta >10,000
INSR >10,000
BLK 10
BMX <10
BTK <10
TEK >10,000
ITK >10,000
JAK 1, 2 >10,000
JAK 3 1,000
KIT >10,000
MAPK 1, 3, 8 >10,000
MET >10,000
mTOR >10,000
PDGFR alpha, beta >1,000
CDK1/CyclinB >10,000
AKT 1, 2, 3 >10,000

This test was conducted by Invitrogen Profiling Service.
The ICso was calculated from data at three different concentrations:
0.1, 1 and 10 uM (n = 2).

gel image was obtained using Typhoon Trio (GE Healthcare,
Piscataway/NJ).

Xenograft mouse model

The SK-Ov3 human ovarian cancer cell line was obtained
from ATCC (Manassas/VA). SK-Ov3 cells were maintained
in McCoy’s 5A containing 1% penicillin-streptomycin and
10% FBS in a humidified atmosphere containing 5% CO, at
37°C. In xenograft models, a total of 30 mg of mouse tumor
fragments were implanted subcutaneously into the right flank
of NU/NU Balb/C mice (female, body-weight range: 20 * 5
g). Treatment was initiated approximately 7 days after im-
plantation. Animals were randomized into treatment groups
(n = 8) with similar mean tumor volumes. Distilled water
containing 20% PEG400 and 3% Tween80 (Sigma Aldrich,
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St. Louis/MQO) was used as vehicle in the in vivo studies. Dif-
ferent doses of HM781-36B, BIBW2992, erlotinib or vehicle
alone were orally administered once daily for 10 days. Tumor
volumes (mg) and body weights (g) were recorded twice a
week from all groups using a Vernier caliper and balance.

For immunohistochemistry staining of HCC827 model,
two tumor-bearing mice in the group of control and HM781-
36B (0.3 mg/kg) group were killed 6 hr after the last dose
and tumor sections were then stained with antibodies recog-
nizing phospho-EGFR (Tyr1173), phospho-AKT (Ser473)
and phospho-ERK1/2 (Tyr202/Tyr204) by HM781-36B (Cell
Signaling, Danvers/MA). The samples were observed by using
an optical microscope (Olympus, Tokyo/Japan).

Statistical analyses

The statistical analysis was performed with GraphPad Prism
version 5.0 (GraphPad software, Inc., San Diego/CA). The
significance of differences among multiple groups was
assessed using an ANOVA. When the data sets failed the
normality test, the Kruskal-Wallis one-way ANOVA on
ranks was used. Post hoc pairwise comparison between
groups was tested for significance using Dunnett’s method.

Results

HM781-36B is a potent inhibitor of EGFR family kinases
HM?781-36B, an irreversible and quinazoline-based pan-HER
inhibitor, possesses a functional o,B-unsaturated carbonyl
group as Michael acceptor moiety at the Cg position that
allows covalent modifications of the EGFR kinase domain
active site in a manner similar to that with other irreversible
EGEFR inhibitors, such as EKB-569, HKI-272 and BIBW2992.
We examined the specificity of HM781-36B by conducting
in vitro assays against purified tyrosine kinases of the EGFR
family (Table 1) and against a panel of other protein kinases
(Table 2). HM781-36B effectively inhibited EGFR family
kinases with ICs, values of 3.2, 5.3 and 23.5 nM against
EGFR™, HER-2 and HER-4, respectively. In particular,
HM781-36B showed excellent inhibitory activities against
mutated EGFRs, including EGFR™*™ and EGFR"58//T790M
both of which have been associated with acquired resistance
to erlotinib and lapatinib. As shown in Table 1, the
inhibitory efficacy of HM?781-36B against EGFR'7**M
and EGFRYWWSRI79M " (hith 1Cs, values of 4.2 and 2.2 nM,
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Table 3. Effect of HM781-36B, Erlotinib, Lapatinib and BIBW-2992 on cell proliferation

Glso (Glgg), M’

Tissue Cell line Characterization HM781-36B Erlotinib Lapatinib BIBW 2992
Lung HCC827 EGFR (Del E746_A750) 1.2 (4.0 2.4 271.4 1.2 (4.6)
NCI-H358 EGFR (WT) 4.8 (38.7) 286.7 420.7 37.8 (286)
NCI-H1975 EGFR (L858R T790M) 5.7 (12.5) >1,000 >1,000 42.0 (261)
Calu-3 HER-2 (WT, amplified) 2.1 (5.3) 377.5 27.8 7.3 37.7)
NCI-H1781 HER-2 (G776V, Cins) 4.0 3,246 3,402 60.0
A549 K-ras mutation (G12S) >1,000 >10,000 >10,000 >1,000
Epidermis A431 EGFR (WT, amplified) 0.9 (8.4) 95.6 104.2 4.1 (41.8)
Breast SK-Br3 HER-2 (WT, amplified) 1.0 (4.4) >1,000 28.8 2.8 (8.2)
BT-474 HER-2 (WT, amplified) 1.3 (4.6) >1,000 30.6 7.5 (43.8)
MDA-175 HER-2 (WT) 1.8 (5.0) >1,000 852 15.3 (139)
Gastric NCI-N87 HER-2 (WT, amplified) 0.6 (3.3) >1,000 30.8 2.8 (7.2)
Normal cell Hs-27 Human fibroblast 3,830 >10,000 >10,000 2,835
Balb/c3T3 Mouse fibroblast 2,409 >10,000 >10,000 2,105

All biological data are mean values for three independent experiments performed in duplicate. The Glsy (Glgo) was calculated from data at five

different concentrations.
Abbreviation: WT, wild-type.

respectively, is far above that of other reported EGFR inhibi-
tors, such as erlotinib, lapatinib and BIBW2992. HM781-36B
also showed excellent selectivity in in vitro assays with other
kinases with greater than 100- to 1,000-fold IC5, values com-
pared with EGFR family members, except for TEC family
kinases, including BLK, BMX and BTK. In fact, recent studies
reported that TEC family kinases are also target proteins for
anticancer therapy and inhibited by other irreversible EGFR
inhibitors.*>*° The beneficial effects of HM781-36B by the
inhibition of TEC family kinases are currently under
evaluation.

HM781-36B has potent growth inhibitory activity

against EGFR-dependent cancer cell lines, including
erlotinib-resistant NSCLC cell lines

The in vitro activity of HM781-36B was assessed by perform-
ing a side-by-side comparison of HM781-36B with other
EGEFR inhibitors in a variety of EGFR-dependent cancer cell
lines, including erlotinib-sensitive (EGFR DelE746_A750),
moderately sensitive (EGFR WT) and erlotinib-resistant
(EGFR L858R/T790M) NSCLC cell lines (HCC827, NCI-
H358 and NCI-H1975), HER-2 (G776V, Cins)*' and K-Ras
mutated (G12S) NSCLC cell lines (NCI-H1781 and A549),
HER-2 dependent NSCLC (Calu-3), breast cancer (SK-Br3,
BT-474 and MDA-175)*? and gastric cancer (NCI-N87) cell
lines and the EGFR WT-amplified epithelial cancer cell line
(A-431). The results revealed that HM781-36B strongly sup-
pressed the growth of cancer cells with G5, values of 0.6-5.7
nM, which are far superior to other EGFR inhibitors except
for K-Ras mutated A549 NSCLC cell line (Table 3). In partic-
ular, the Gl values of HM781-36B for NCI-H1975, a
NSCLC cell line that harbors the EGFR L858R/T790M double

mutation, and NCI-H1781, a NSCLC cell line that harbors
the HER-2 somatic mutation (in-frame insertion in exon 20),
were 5.7 nM and 4.0 nM, which is 7.4- and 15-fold lower
than the Glso of BIBW2992. The cellular growth inhibitory
activity in NCI-H1975 clearly differentiates HM781-36B from
BIBW2992 in the aspect of Glyy value (21-fold higher po-
tency: 12.5 nM vs. 261 nM), compared to its 7.4-fold higher
potency over BIBW2992 in GI5, value. On the basis of these
data, we are confident that HM781-36B can overcome the
current limitation of irreversible EGFR inhibitors in clinical
trials to tackle the acquired T790M mutation in NSCLC
patients due to their insufficient levels of exposure in human
plasma for effective blockage of cancer."” We also investi-
gated the cellular effects of HM781-36B on normal cells,
such as Hs-27 and Balb/c3T3, and observed that HM781-36B
has excellent selectivity toward cancer cells over normal cells
in its cell growth inhibitory activity with 1,000-fold higher
Gl values against normal cell lines.

HM781-36B inhibits EGFR phosphorylation and its
downstream signaling proteins, which leads to

apoptosis in cells with the EGFR DelE746_A750

or EGFR L858R/T790M mutations

We showed that HCC827 cells with the EGFR DelE746_A750
mutation are sensitive to erlotinib and NCI-H1975 cells har-
boring EGFR L858R/T790M mutations are resistant to erloti-
nib. Yet, HM781-36B effectively inhibits the proliferation of
both clinically relevant cancer cell lines (Table 3). As shown
in Figure 1, the growth inhibitory activity of HM781-36B
against HCC827 and NCI-H1975 cells is correlated with the
dose-dependent inhibition of EGFR phosphorylation as well
as the phosporylation level of HER-2, AKT and ERK.

Int. J. Cancer: 130, 2445-2454 (2012) © 2011 UICC
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Figure 1. HM781-36B inhibits EGFR signaling in the EGFR Del E746_A750-containing HCC827 and EGFR L858R/T790M-containing NCI-H1975
cells. Cells were treated with increasing concentrations (0.01, 0.1, 1 uM) of erlotinib or HM781-36B for 24 hr. Cells were lysed and proteins

were analyzed by Western Blotting with the indicated antibodies. Phosphorylations of EGFR/HER-2 and its down-stream AKT/ERK pathways
were inhibited by both erlotinib and HM781-36B in erlotinib-sensitive HCC827 cells; however, in erlotinib-resistant NCI-H1975 cells, EGFR

signaling was inhibited only by treatment of HM781-36B.

However, erlotinib, an EGFR-specific reversible inhibitor,
showed no inhibition of EGFR phosphorylation as well as
other related proteins at the highest treated concentration in
NCI-H1975 cells with EGFR L858R/T790M mutations. In
addition, we observed the drastic deterioration in the phos-
phorylation level of these proteins on the dose-dependent
treatment of erlotinib in the case of HCC827 cells with the
EGFR DelE746_A750 mutation (Fig. 1).

To investigate whether HM781-36B can induce the cell
cycle arrest, the DNA contents of EGFR-dependent NSCLC
cell lines (erlotinib-sensitive HCC827 and erlotinib-resistant
NCI-H1975) were analyzed by staining cells with the DNA-
intercalating dye, propidium iodide (PI), and analyzing them
using FACS after treatment of either HM781-36B (0.01, 0.1
and 1 uM) or erlotinib (0.1, 1 and 5 pM) at different concen-
trations for 48 hr (Figs. Sla and S1b). Both NSCLC cell lines
(HCC827 and NCI-H1975) showed a slight increase in the
number of cells in Go/G; phase and a slight decrease in the
number of cells in the S phase upon the treatment of
HM781-36B. The apoptotic cell death monitored by
using FACS with annexin V confirmed that HM781-36B is
effective against both HCC827 and NCI-H1975 cell lines in
a dose-dependent fashion, which was not observed in the

Int. J. Cancer: 130, 2445-2454 (2012) © 2011 UICC

case of NCI-H1975 cells on treatment of erlotinib (Figs. S2a
and S2b).

HM781-36B irreversibly binds to EGFR"", HER-2 and
EGFRT79OM

Irreversible modification of HM781-36B to specific cysteine
residues within the active sites of EGFR family tyrosine ki-
nase domains (Cys773 of EGFR and Cys805 of HER-2) is
expected via the covalent immobilization with the Michael
acceptor moiety of HM781-36B. To validate this hypothesis,
the phosphorylation levels of EGFR tyrosine kinases (EGFR
and HER-2) in EGFR-overexpressing A431 and HER-2-over-
expressing SK-Br3 cells was measured immediately after or 8
or 24 hr after removal of HM781-36B and two classes of
other EGFR inhibitors (erlotinib as a reversible inhibitor and
BIBW2992 as an irreversible inhibitor) from the medium. As
shown in Figures 2a and 2b, we observed the complete disap-
pearance of the erlotinib-induced inhibitory effect on the
phosphorylation of EGFR and HER-2 in both A431 and
SK-Br3 cells within 8 hr after media washing. However,
HM?781-36B and BIBW2992, both irreversible inhibitors, con-
tinued to block the phosphorylation of receptor kinases up to
24 hr after withdrawal of drugs (HM781-36B and
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Figure 2. HM781-36B binds irreversibly to tyrosine kinases of EGFR"T, EGFR™"*°" and HER-2. (a,b) Inhibition of EGFR or HER-2

phosphorylation was prolonged up to 24 hr in EGFR"'-

overexpressing A431 (a) and HER-2-overexpressing SK-Br3 (b) cells after removal of 1

uM of HM781-36B and BIBW2992, but not in the case of erlotinib. The phosphorylation inhibition levels of EGFR or HER-2 were measured
by ELISA. (¢) Covalent immobilization at the EGFR kinase domains by HM781-36B was confirmed by the analysis of fluorescence-based
SDS-PAGE through the incubation of Cy3-labeled HM781-36B with EGFR"T, EGFR™?°™ and PDGFRo.

BIBW2992) in both A431 and SK-Br3 cells. We also con-
firmed the covalent immobilization of HM781-36B at the
active sites of EGFR tyrosine kinase domains with EGFR™"
and EGFR™°™ using a Cy3-labeled HM781-36B probe (Sup-
porting Information Table S1). After incubation of a Cy3-la-
beled HM781-36B probe with purified EGFR"?, EGFR'7*M
and PDGFRa, these kinases were denatured and analyzed by
SDS-PAGE. As shown in Figure 2¢, we clearly observed a flu-
orescent band associated with covalently immobilized Cy3-la-
beled HM781-36B probe within the kinase domain of
EGFRY" and EGFR"™™ (M, ~87,000), which was effec-
tively blocked in the presence of a fivefold excess of HM781-
36B through the competition. However, we did not observe
any immobilization of Cy3-labeled HM781-36B with
PDGFRo used as a negative control, which confirms the
specificity of the immobilization event of HM781-36B.

HM781-36B shows excellent anti-tumor activity in
EGFR-dependent xenograft models

The in vivo activity of HM781-36B was assessed in xenograft
mice models with various EGFR-dependent cancer cell lines
through a direct comparison with BIBW2992, an irreversible
EGFR/HER-2 inhibitor and erlotinib, an EGFR selective in-

hibitor.**** To evaluate the in vivo activity of HM781-36B,
we generated a standard xenograft model with NSCLC cell
line HCC827 having the erlotinib-sensitive =~ EGFR
DelE746_A750 mutation. Daily oral treatments of HM781-
36B at 0.3 mg/kg/day or 1 mg/kg/day for 10 days resulted in
a dramatic reduction of tumor size with an 83% maximum
inhibition rate (mIR, IR = [1 — (relative tumor growth in
treated group/relative tumor growth in control group)] X
100) at 0.3 mg/kg/day without body-weight loss. As shown in
Figure 3a, the antitumor efficacy upon treatment with
HM781-36B (1 mg/kg/day, mIR 89%, p < 0.01; Kruskal-
Wallis test) was comparable to that with 10 mg/kg/day of
BIBW2992 (mIR 93%, p < 0.001; Kruskal-Wallis test) and
100 mg/kg/day of erlotinib (mIR 91%, p < 0.001; Kruskal-
Wallis test). We also evaluated the effect of HM781-36B on
HCC827 tumor endothelium by immunohistochemistry and
observed the significant reduction in the expression level of
pEGFR, pAKT and pERK upon treatment with HM781-36B
(0.3 mg/kg/day) for 10 days (Fig. 3b). In this dose schedule
with statistically significant inhibition of tumor growth, the
anti-tumor efficacy of HM781-36B was studied in mice mod-
els xenografted with NCI-H1975 NSCLC cell line harboring
erlotinib-resistant EGFR™***T7°M and with Calu-3 NSCLC
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Figure 3. In vivo efficacy of HM781-36B in xenograft models. (@) Nude mice (n = 8) carrying tumors established from HCC827 cells were
orally treated once-a-day for 10 days with HM781-36B, BIBW2992, and erlotinib at indicated doses. (b) Immunohistochemical analysis of
HCC827 tumor sections obtained 6 hr after the last dose confirms the in vivo modulation on the phosphorylation levels of EGFR, AKT and
ERK upon treatment with HM781-36B (0.3 mg/kg/day). (c-g) Nude mice (n = 8) carrying tumors established from NCI-H1975 cells (c),
Calu-3 cells (d), NCI-N87 cells (e), SK-Ov3 cells () and A431 cells (g) were orally treated once-a-day for 10 days with HM781-36B and
BIBW2992 at indicated doses.

cell line harboring a high level of HER-2 expression (Figs. 3¢ 0.3 mg/kg/day (p < 0.001; Kruskal-Wallis test) without
and 3d, respectively). HM781-36B showed the strong in vivo  body-weight loss (Fig. 3g).
efficacy, with 80.8% mIR at 5 mg/kg/day for 10 days
(p < 0.001; Kruskal-Wallis test) in the NCI-H1975 xenograft Discussion
model and with 67.4% mIR at 1 mg/kg/day for 10 days The overexpression of EGFR and HER-2 is observed in many
(p < 0.05; Kruskal-Wallis test) in the Calu-3 xenograft human cancers, including lung, breast and gastric cancers,
model. In fact, the comparable in vivo efficacy was achieved and a strong correlation has been found between solid
with BIBW2992 at much higher doses; 40 mg/kg/day and tumors with high levels of EGFR/HER-2 and poor progno-
30 mg/kg/day in the NCI-H1975 and the Calu-3 xenograft sis.***® We developed HM781-36B as a very potent pan-
model, respectively (p < 0.05; Kruskal-Wallis test). HER inhibitor and demonstrated that HM781-36B is effective
HM781-36B was also effective in different kinds of against the erlotinib-resistant EGFR T790M and EGFR
cancers with a high level of HER-2 expression, including L858R/T790M double mutant along with the inhibition of
NCI-N87, a human gastric cancer cell line, and SK-Ov3, a  wild-type EGFR, HER-2 and HER-4 (Table 1). On the basis
human ovarian cancer cell line (Figs. 3e and 3f). HM781-36B  of a kinase panel assay, we also confirmed the excellent
effectively induced tumor regression with 84.4% mIR for 10  selectivity of HM781-36B toward EGFR family kinases with
days at 1 mg/kg/day (p < 0.001; Kruskal-Wallis test) in the the exception of TEC family kinases (BLK, BMX and BTK,
NCI-N87 model and 92.3% mIR at 1 mg/kg/day for 10 days Table 2), which have been recognized as attractive targets of
(p < 0.05; Kruskal-Wallis test) in the SK-Ov3 model. Again, anticancer therapy and subjected for the study on additional
the comparable in vivo efficacy was achieved with BIBW2992  effects upon their inhibition.
at much higher doses; 89.6% mIR at 30 mg/kg/day (p < 0.01; HM781-36B dramatically inhibits the cellular proliferation
Kruskal-Wallis test) in the NCI-N87 model and 97.1% mIR in a panel of cell lines with various expression levels of
at 50 mg/kg/day (p < 0.05; Kruskal-Wallis test) in the SK- EGFR or HER-2 as well as disease-relevant mutations (Table
Ov3 model. We also confirmed the excellent in vivo efficacy ~ 3). HM781-36B showed strong growth inhibitory activities in
in the mice xenograft model of A431 epidermoid carcinoma various cancer cells, including the erlotinib-sensitive small
cell line with a high level of wild-type EGFR expression in-frame deletion in exon 19 (HCC827), erlotinib-resistant
through the observation of a dramatic reduction in tumor EGFR T790M/L858R double mutant (NCI-H1975), erlotinib-
size with an 80.7% mlIR upon treatment of HM781-36B at resistant HER-2 G776insV_G/C mutant (NCI-H1781), EGFR
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WT expressing cancer cells (NCI-H358 and A431), HER-2
overexpressing NSCLC cells (Calu-3), breast cancer cells
(SK-Br3 and BT-474) and gastric cancer cells (NCI-N87).
But HM781-36B did not induce growth inhibitory activity in
K-ras mutated A549 NSCLC cells and normal cells
(GI5¢ >1,000 nM). The in vitro cellular activities of HM781-
36B were compared side-by-side with those of erotinib,
lapatinib and BIBW2992. As shown in Table 3, HM781-36B
has superior growth inhibitory activity to other leading
pan-HER inhibitor, BIBW2992, considering Gls, and Gl
values.

Upon treatment with HM781-36B, the phosphorylation of
EGFR and HER-2 was effectively blocked in HCC827 and
NCI-H1975 cells along with the inhibition of ERK and AKT
phosphorylation in the downstream signaling pathway
(Fig. 1). The target enzyme is covalently modified with the
Michael acceptor moiety of HM781-36B, which leads to the
prolonged inhibition of EGFR and HER-2 phosphorylation
after the removal of HM781-36B from media in EGFR-over-
expressing A431 cells and HER-2-overexpressing SK-Br3 cells
(Figs. 2a and 2b). This covalent immobilization at the kinase
domains of EGFR was confirmed through direct fluores-
cence-based SDS-PAGE analysis by the incubation of Cy3-
labeled HM781-36B probe with EGFR"Y' and EGFR'7*M
(Fig. 2¢). This irreversible occupation at the kinase domain
allows the enhanced efficacy of HM781-36B toward various
EGFR-dependent cancers via the effective competition with
high concentrations of cellular ATP and the extended inhibi-
tion of kinase activity for the enough time frames needed to
affect the tumor growth.

Finally, we have shown that the treatment of HM781-36B
induces excellent in vivo anti-tumor activity in xenograft
models with various EGFR-dependent cancer cell lines. As
shown in Figure 3, the daily oral treatment with HM781-36B
resulted in a dramatic reduction of tumor size with much
lower dose than a leading irreversible EGFR/HER-2 inhibitor,
BIBW2992. The effective dose of HM781-36B for a signifi-
cant inhibition of tumor growth is approximately 0.3-5 mg/
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kg/day and well tolerated by xenograft mice. The treatment
of BIBW2992 or HM781-36B induced common side effects
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the inhibition of EGFR WT in xenograft mice. But these
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versible EGFR/HER-2 inhibitors were evaluated in clinic.
Although induced good antitumor efficacy in animal models,
they showed limited efficacy in humans caused by clinically
unachievable plasma concentrations for the sufficient anti-
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In conclusion, we showed that HM781-36B is a promising
“best-in-class” anticancer agent that acts through the irre-
versible inhibition of EGFR family tyrosine kinases for the
treatment of cancers such as NSCLC, breast cancer and
gastric cancer. In particular, HM781-36B can address an
urgent, unmet medical need for the treatment of NSCLC
patients with an acquired erlotinib-resistant EGFR T790M
mutation. Phase I clinical trial of HM781-36B is currently
underway and the outcome of this study will be reported in
due course.
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