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Figure 6. PKC412is apotent and selective EGFR T790M inhibitor in EGFR T790M NSCLC cells. A, viability assay of PC-9/ER cells treated with
erlotinib, PCK412, BIBW2992, or WZ4002. PC-9/ER cells were treated with various concentrations of the indicated inhibitors for 72 hours. Error bars,
mean + SEM. B, comparison of potency among PKC412, BIBW2992, and WZ4002 on EGFR signaling. PC-9/ER cells were treated with either 0.1 or 1 pM of
indicated inhibitors for 3 or 48 hours followed by immunoblotting with antibodies on EGFR signaling.

dosing and revealed a C,,,,, 0f 2.91 micromolar 30 minutes after
treatment and a plasma concentration of 0.659 micromolar
24 hours after treatment (Supplementary Fig. S7TA-S7C).

We extended the in vivo analysis to examine the efficacy of
PKC412 in a genetically engineered NSCLC model that devel-
ops lung adenocarcinomas driven by transgenic expression of
EGFR L858R/T790M. In this study, PKC412-treated tumors
were growth inhibited for the first 2 weeks of treatment and
then began to increase in size at 3 and 4 weeks of treatment in
3 mice, albeitata slower rate than vehicle-treated tumors (num-
bers 4212, 3208, and 4220), whereas steady tumor growth
suppression during the overall time period of treatment was
observed in the other 3 treated mice (Supplementary Fig. S8A).
No significant weight loss was observed during 4 weeks of
PKC412 treatment (Supplementary Fig. S8B). Biochemical
analysis showed that the antitumor activity of PKC412 is well
correlated with a significant decrease in phosphorylation of
EGFR L858R/T790M of tumors treated for S days, indicating
that PKC412 can effectively suppress EGFR T790M activity
in vivo in this model (Supplementary Fig. S8C).

DISCUSSION

The successful development of gefitinib and erlotinib for the
treatment of EGFR-mutant NSCLCs has been a very significant
advancement in the clinical management of metastatic cancer.
Moreover, the observed association between the clinical activity
of these agents and the presence of activated alleles of EGFR
within a subset of tumors has helped to advance the paradigm
of “personalized medicine” for patients with cancer. Although
these drugs were initially developed as inhibitors of wild-
type EGFR, the fact that they exhibit approximately 10-fold
increased potency against the mutationally activated forms

of EGFR, which has been attributed to the reduced affinity of
these mutants for ATP (26, 27), has probably also contributed
to their clinical efficacy. Despite their impressive clinical activ-
ity in a subset of treated patients, the inevitable acquisition of
drug resistance has prompted significant efforts to develop
second generation inhibitors, especially those that can over-
come the frequently observed EGFR T790M gatekeeper muta-
tion. Although the first-generation EGFR inhibitors effectively
compete for ATP in the context of the clinically observed
activating mutants, the T790M substitution at the gatekeeper
position restores ATP affinity, consequently imposing a more
formidable challenge for competitive inhibition (14).

The need to overcome EGFR T790M-mediated resistance
to gefitinib or erlotinib has prompted substantial efforts to
discover inhibitors that exhibit increased potency against
EGFR T790M or limit access of ATP to the binding pocket.
Thus far, all of the reported investigational agents that have
been developed to target EGFR T790M are irreversible EGFR
inhibitors which covalently occupy the ATP binding site
as a means of reducing ATP binding and thereby inhibit-
ing catalysis. Indeed, these second generation irreversible
inhibitors, including BIBW2992, PF00299804, CI-1033, and
HKI-272 exhibit substantially greater potency against EGFR
T790M than gefitinib or erlotinib in in vitro studies. However,
like the first generation inhibitors, the irreversible inhibi-
tors are also very active against wild-type EGFR, leading to
an on-target dose-limiting toxicity associated with severe
skin rash in some patients. Our studies have confirmed that
BIBW2992 and HKI-272 are in fact more potent against
wild-type EGFR than the T790M-containing mutants, and
due to dose-limiting toxicity, such inhibitors may not reach
sufficient plasma concentrations to effectively inhibit EGFR
T790M in patients (17).
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Figure 7. PKC412 inhibits EGFR signaling and tumor growth in xenograft models of EGFR T790M NSCLC. A, NCI-H1975 tumor cells were implanted (s.c.)
into right flanks of Balb/c nude mice as described in Methods. Dosing was started on day 1 after tumors reached a required volume range (350-400 mm?3).
Tumor samples were collected 2 hours after the third dosing of the indicated drugs. Drug efficacy was assessed by immumoblotting using pEGFR and

pAKT antibodies. B, antitumor activity of PKC412 on NCI-H1975 xenografts. Tumor growth assays of vehicle-, PKC412-, or gefitinib-treated NCI-H1975
xenografts were conducted as described in Methods. C, PKC412 efficacy on EGFR suppression. EGFR signaling in tumor samples collected from each
group at day 16 was examined as in A. D, antitumor activity of PKC412 on PC-9/ER xenografts. Tumor growth assays of vehicle-, PKC412-, erlotinib- or
WZ4002-treated xenografts were conducted as described in Methods. E, PKC412 efficacy on EGFR suppression in PC-9/ER xenografts. EGFR signaling
was examined as in A in tumor samples of each indicated group at day 21 4 hours after the last dosing.

WZ4002 is a recently reported irreversible inhibitor that
displays much improved selectivity against EGFR T790M over
wild-type EGFR in preclinical studies (19). Indeed, at con-
centrations as low as 10 nanomolar, WZ4002 inhibits ATP-
dependent autophosphorylation of EGFR T790M without
any observed effects on wild-type EGFR. However, at higher
concentrations, we found that this compound also inhibits
wild-type EGFR in vitro and in cell line studies. Because of the

irreversible nature of its inhibitory mechanism, prolonged
administration of this agent could potentially affect wild-type
EGFR, particularly in tissues where it accumulates.

The noncovalent indolocarbazole compounds described
here, including G66976 and PKC412, seem to function as
more selective inhibitors of EGFR T790M, which is consist-
ent with a recent study implicating G66976 as an EGFR
T790M inhibitor (28). Importantly, we showed that PKC412
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is at least 100-fold more potent against EGFR T790M than
G66976 and is comparably potent with the irreversible
EGFR inhibitors, but with 500-fold less activity against
wild-type EGFR in drug-treated cells. Consistent with these
findings, the in vitro binding specificity of indolocarbazole
compounds for EGFR T790M has been previously reported
(29). PKC412 is currently undergoing phase III clinical test-
ing in patients with acute myelogenous leukemia (AML)
with activating FLT3 mutations, and its safety has been
shown in a phase I trial of patients with solid tumors.
Although PKC412 is a potent inhibitor of PKC, FLT3, KIT,
KDR, PDGFR-0, and -B in vivo (30-33), inhibition of these
signaling kinases may not be detrimental to normal cell
physiology in most tissues. Similarly, it has been somewhat
unexpectedly observed that potent multikinase inhibitors,
including dasatanib and sunitinib, can be safely adminis-
tered to patients with cancer.

Recently, a concern regarding the potential clinical efficacy
of PKC412 was raised with respect to its relatively low free
concentration in plasma due to its rapid metabolization
rate, and substantial binding affinity for the serum protein
alpha-1-acid glycoprotein (AAG; ref. 34). However, despite
these pharmacokinetic limitations, the clinical findings with
FLT3-mutant AML patients treated with PKC412 have been
encouraging. Moreover, clinical responses were well corre-
lated with FLT3 inhibition, and despite the rapid metabo-
lization of PKC412, concentrations of its major metabolite,
CGP52421, remain high (20-25 micromolar) in plasma and
may be active against the target (24, 34-36). Furthermore,
the direct measurement of PKC412 and its metabolites in
solid tumor tissues of metastatic melanoma patients treated
with PKC412 at 225 mg/day for 28 days showed that the
tissue concentration of PKC412 was relatively high (median
593 nanomolar)—8 to 200 times the ICs, required for inhi-
bition of EGFR T790M mutants in NCI-H1975 and PC-9/
ER cells. Considering that the in vitro binding affinity of
CGP52421 (median tissue concentration, 1.5 micromolar) for
EGFR T790M mutants is similar to that of PKC412, the cumu-
lative plasma concentration of CGP52421 and PKC412 would
be expected to be sufficient to inhibit EGFR T790M (37, 38).
Notably, although our xenograft studies did not show tumor
regression in the relatively short treatment window, the tumor
inhibition curve showed a trend to regression at the time when
animals needed to be taken down due to vehicle-associated
ulceration in the NCI-H1975 model, and significant tumor
regression was observed in the PC-9/ER model, raising the pos-
sibility that the slow accumulation of the CGP52421 metabo-
lite could yield increased efficacy after a period of time during
which an active drug metabolite accumulates.

In summary, these findings show the use of broad can-
cer cell line sensitivity profiling to identify unanticipated
and potentially useful applications for small-molecule kinase
inhibitors. The follow-up studies have provided a proof-of-
principle demonstration that some selective indolocarbazole
derivatives can function as potent inhibitors of EGFR T790M
in a reversible manner in vitro and in vivo, largely sparing
wild-type EGFR. This suggests that such inhibitors may be
effective without the adverse effects associated with the irre-
versible EGFR T790M inhibitors currently undergoing clini-
cal evaluation, which are also potent inhibitors of wild-type

EGEFR. It is also possible that these reversible inhibitors could
be used in combination with first-generation EGFR TKIs, as
the first-generation inhibitors seem to be somewhat more
active against the classical EGFR-activating mutations, and
might therefore be most effective once a secondary T790M
mutation has been acquired. Because some NSCLC tumors
harbor multiple EGFR alleles, with or without the presence
of T790M mutations (8), a combination strategy might be
required to optimally suppress signaling from more than
one form of mutant EGFR within a single tumor. Finally, it
will be of interest to determine whether structurally related
alternative inhibitors can be generated that maintain these
properties while showing even greater selectivity for EGFR
over other kinases.

METHODS

Human Cancer Cell Lines and High-Throughput
Tumor Cell Line Screening

Human cancer cell lines were tested to assess treatment effects
on viability using an automated platform as previously described
(20). Cells were treated with 1 micromolar G66976 for 72 hours and
then assayed for cell viability. Cell lines were either maintained in
RPMI-1640 or in DMEM/F12 (GIBCO) supplemented with 10% FBS
(GIBCO), 50 U/mL penicillin, 50 U/mL streptomycin, and 2 mmol/L
L-glutamine (GIBCO). PC-9 cells were kindly provided by Dr. Kazuto
Nishio (National Cancer Center Hospital, Tokyo, Japan). HCC827,
NCI-1975, and NCI-H820 cells were obtained from the American
Type Culture Collection. Cells were tested and authenticated by
single-nucleotide polymorphism genotyping. NR6 EGFR lines and
PC-9/ER cells were authenticated by immunoblotting for EGFR and
sequencing EGFR from PCR-amplified genomic DNA.

Cell Viability Assays

Cell viability was assessed using the fluorescent DNA-staining dye
SYTOG0 (Invitrogen). A total of 5 x 103 cells were plated in 96-well
plates in triplicate, and the following day cells were treated with a
variety of drug concentrations. After 72 hours, cells were fixed in
4% formaldehyde and stained with SYTOG60 followed by fluorescent
measurement using the Odyssey Imaging system (absorption at
700 nm; LI-COR). Drug sensitivity was calculated as the fraction of
drug-treated cells relative to untreated cells. Data were subjected to a
nonlinear regression model, and drug-response curves were obtained
using GraphPad Prism version 5.3 (GraphPad Software, Inc.).

Kinase Inhibitors

G66976 was obtained from EMD Chemicals Inc. Bisindolylmale-
imide I was purchased from Tocris Bioscience, and sotrastaurin was
from Axon Medchem. Cep-701 and PKC412 were obtained from LC
Laboratories. BIBW-2992 and HKI-272 were purchased from Sell-
eckchem. Gefitinib was obtained from AstraZeneca. WZ4002 and
erlotinib were synthesized at Genentech.

EGFR Autophosphorylation Assay

All EGFR recombinant proteins were purchased from Millipore.
A rtotal of 100 ng of protein was used for autophosphorylation
reactions. Reactions were carried out in 8 mmol/L MOPS-NaOH
pH 7.0, 1 mmol/L EDTA, 10 mmol/L MnCl,, 10 mmol/L MgCl,,
0.8 mol/L (NH4),SO,4, and 1 mmol/L ATP with or without various
concentrations of inhibitors. Reactions were at 34°C for 15 minutes
and were stopped by adding SDS-sample buffer. Samples were elec-
trophoresed on SDS-PAGE, and phosphorylated EGFR was detected
by an anti-phospho tyrosine antibody.
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K; Value Assessment (In Vitro Inhibitory
Enzyme Kinetic Assays)

EGFR proteins were purchased from Invitrogen or Carna Bio-
sciences. The protein constructs used in enzymatic assays were EGFR
wild-type (catalytic domain aa668-1210), T790M (catalytic domain
aa668-1210); L858R (catalytic domain aa668-1210), L8S8R/T790M
(catalytic domain aa668-1210), delE746_A750 (catalytic domain aa669-
745, 751-1210), delE746_A750/T790M (catalytic domain aa669-745,
751-1210). PKC412 was preincubated with EGFR kinase (wild-type
0.006 micromolar; T790M 0.017 micromolar; L858R 0.016 micromolar;
L858R/T790M 0.0092 micromolar; delE746_A750 0.004 micromolar;
delE746_A750/T790M 0.0046 micromolar) in 50 mmol/L HEPES, pH
7.5, 10 mmol/L MgCl,, 4 mmol/L MnCl,, 0.01% Brij-35, 1 mmol/L
dithiothrietol (DTT) for 30 minutes followed by the addition of 5 micro-
molar ATP (Sigma) and 1 micromolar FI-EEPLYWSFPAKKK-CONH,
peptide substrate (Caliper Life Sciences). After an additional 30 minutes
(60 minutes for EGFR T790M), reactions were terminated by addition
of EDTA to a final concentration of 80 mmol/L. Concentrations of sub-
strate and product were quantified using a mobility shift chip (Caliper
Life Sciences) on a LabChip 3000 instrument. Dose response curves were
fit to the percentage of inhibition data using the Morrison Equation. K;
values are subsequently calculated using the equation K; = Morrison K;/
(1+[ATP]/K,,) for competitive inhibitors (39). ATP K,, values for enzymes
were as follows: wild-type, 1.7 micromolar; T790M, 2.0 micromolar;
L858R, 5.3 micromolar; LS8R /T790M, 1.3 micromolar; delE746_A750,
2.8 micromolar; and delE746_A750/T790M, 2.1 micromolar.

Immunoblotting

Cells were lysed in NP-40 lysis buffer containing protease inhibitor
cocktail (Roche). Lysates were prepared by taking supernatants from
centrifugation for 15 minutes at 12,000 X g. Equivalent amounts of
proteins were loaded and separated by SDS-PAGE followed by trans-
fer to membranes. Antibodies used for immune detection of proteins
were pEGFR (Y845; #6963), EGFR (#2232), AKT (#9272), pERK
(#9101), ERK (#9102), pS6 (#2211), S6 (#2217), PKCa. (#2056), PKC
substrates (#2261), cleaved PARP (#9541), pTyr (#9411), and GAPDH
(#2118; Cell Signaling), pPEGFR (Y1068; Abcam, ab40815), and pAKT
(Invitrogen, 44621G).

Generation of Erlotinib-Resistant PC-9 Clones

Erlotinib-resistant PC-9 clones were established by exposing
parental cells to gradually increasing concentrations of erlotinib for
3 months. Clones capable of proliferating in the presence of drug
were isolated and confirmed to be erlotinib resistant. A clone exhibit-
ing the highest level of EGFR T790M expression and no antipro-
liferative response to 10 micromolar of erlotinib was selected and

designated as PC-9/ER.

Xenograft Studies

All procedures involving animals were reviewed and approved
by the Institutional Animal Care and Use Committee at Genen-
tech and carried out in a facility accredited by the Association
for the Assessment and Accreditation of Laboratory Animal Care.
NCI-H1975 cells were cultured in RPMI-1640 medium contain-
ing 10% serum with 2 mmol/L L-glutamine, and 5 x 10°¢ cells
were implanted subcutaneously into right flanks of Balb/c nude
mice. When tumor sizes reached approximately 200 mm?, mice
were randomized into 3 groups of 10 mice each. One group of
mice was treated with PKC412 100 mg/kg, as described previously
(32), another group was treated with gefitinib 100 mg/kg, and a
third group of mice was treated with vehicle alone. All treatments
were stopped at day 16 because of severe ulceration across the
3 treatment cohorts due to the unusual required formulation for
PKC412 (32). The pharmacodynamic studies for each treatment

were conducted with an additional 3 mice after 2 days of treatment.
For the PC-9/ER xenograft study, PC-9/ER cells were cultured in
RPMI-1640 medium with 10% serum and 2 mmol/L r-glutamine.
Harlan athymic nude mice were inoculated subcutaneously into
the right flank area with 5 x 106 cells suspended in Hank’s balanced
salt solution (HBSS)/Matrigel. When tumor sizes reached approxi-
mately 200 to 300 mm?, mice were randomized into 4 groups of
7 mice each. Each group of mice was dosed via daily oral gavage
with PKC412 100 mg/kg, erlotinib 50 mg/kg, WZ4002 25 mg/kg,
or vehicle alone for 21 days. Tumor volumes were determined using
digital calipers (Fred V. Fowler Company, Inc.) using the formula
(L x W x W)/2. The pharmacodynamics studies were conducted
4 hours after the final treatment.
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