Pharmacogenetic Study of Indisulam

Hydroxylation of indisulam is catalyzed by cytochrome P450
enzymes. The contribution of CYP isoenzymes in CYP-
dependent metabolism of indisulam was studied previously
using Human recombinant isozymes. Taking into account the
human liver microsome content of each isozyme (20), it was
estimated that CYP2C9 had the highest contribution in
indisulam metabolism, followed by CYP2C19 (study report,
Eisai Co., Ltd., 2002). Concisely, hydroxylation by CYP2C9 and
CYP2C19 may be rate limiting for the metabolism of
indisulam.

Polymorphisms in the CYP2C genes may affect the rate of
elimination of indisulam. Consequently, treatment outcome
may be altered. Furthermore, variant genotypes may be
clinically relevant predictors for the risk of severe hematologic
toxicity. The purpose of the current study was to evaluate the
effect of allelic variants of CYP2C9 and CYP2C19 on indisulam
pharmacokinetics in cancer patients.

Materials and Methods

Clinical studies. Indisulam pharmacokinetics have been extensively
studied during a phase I program that consisted of seven clinical studies
(9 - 14). Indisulam was administered at various dose levels in 1- or
2-h infusions every 3 weeks (Table 1). Full pharmacokinetic sampling
was done during the first treatment cycle, and hematologic parameters
were monitored twice weekly. In a pharmacogenetic substudy, which
was done in three out of these seven trials, patients were screened for
CYP2C allelic variants. Both Caucasian and Japanese patients were
included in the substudy because mutant allele frequencies of CYP2C9

Table 1. Patient characteristics and dose levels

Caucasian Japanese
Number of patients 46 21
Primary tumor type
Colorectal carcinoma 9 15
Pancreas carcinoma i0 —
Gastrointestinal 3 1
carcinoma
Adenocarcinoma of 7 -
unknown primary site
Sarcoma 4 1
Melanoma 2 -
Lung carcinoma 4 3
Renal cell carcinoma 2 -
Ovarian carcinoma 2 -
Other 3 1
Patient characteristics Median (range) Median (range)
Male/Female 25/21 15/6
Weight (kg) 74 (43-119) 61 (44-79)
Helght (cm) 172 (153-193) 165 (149-180)
Body surface 1.88 (1.36-2.23) 1.68 (1.39-1.94)
area (m?)
Age 59 (19-81) 57 (35-70)
Dose level (mg/m?)
350 11 (1-h infusion) —_—
400 — 3 (1-h infusion)
500 14 (1-h infusion) -
600 12 (1-hinfusion) 3 (1-h infusion)
700 7 (1-h infusion) 6 (2-h infusion)
800 2 (1-h infusion) 6 (2-h infusion)
900 — 3 (2-h infusion)
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were expected to be high in Caucasians and mutant allele frequencies of
CYP2C19 were expected to be high in Japanese populations.

Pharmacokinetic and genetic data from this substudy were the
primary focus of the present pharmacogenetic analysis. In addition,
pharmacokinetic data from the remaining four clinical trials were used
to precisely determine the pharmacokinetic characteristics of indisutam.
The study protocols were approved by medical ethics committees of the
centers in which the studies were carried out. Written informed consent
was obtained from each patient.

Bioanalysis. Indisulam plasma concentrations of the Caucasian
patients were measured using a validated high-performance liquid
chromatography (IIPLC) method coupled with electrospray ionization
tandem mass spectrometry (21). In the Japanese population, concen-
trations were measured in plasma, plasma ultrafiltrate, and erythro-
cytes. After sample pretreatment, a validated HPLC method with UV
detection was used for quantification of indisulam (14). Both methods
were extensively validated and cross-validated according to Food and
Drug Administration guidelines (22). Considering the successful cross-
validation of the two methods, we did not discriminate between these
methods during data analysis.

Genotyping analysis. Pharmacogenetic screening of the Caucasian
patients was done for the *2, *3,*4, and *6 mutations of CYP2C9 and
for the *2, *3, *4, *5, and *6 polymorphisms of CYP2C19. DNA was
isolated from peripheral lymphocytes using the Nucleon BACC kit
(Amersham Life Science) and Qiagen kits. Fluorescent allele specific
hybridization was used to determine the genotype for CYP2C9*2 and
CYP2C9*3. An amplification refractory mutation system (ARMS) was
applied for CYP2C19*3 and CYP2C9*5. The remaining mutations were
detected by real-time PCR methods. Japanese patients were genotyped
for the *2 and *3 mutations of CYP2C9 and CYP2C19 as described by
Yamada et al. (14).

Population pharmacogenetic data analysis. Pharmacokinetic data of
indisulam were analyzed with a previously developed population
pharmacokinetic model using NONMEM (version V, level 1.1;
Globomax LLC). The analysis was done using the first-order estimation
method in NONMEM after logarithmic data transformation. The
population pharmacokinetic mode!l described the distribution and
elimination of indisulam for various dosage levels and administration
regimens in both Japanese and Caucasian patients (16). The elimina-
tion model comprised two parallel pathways: a linear pathway
(described by the linear clearance CL) and a saturable Michaelis-
Menten pathway (described by a maximal elimination rate, V., and a
Michaelis-Menten constant Ky; ref. 16).

In the current study, the elimination model was extended to evaluate
the impact of CYP2C polymorphisms on the pharmacokinetics of
indisulam. The relationships betwéen mutations of the CYP2C9 and
CYP2C19 genes and ‘each of the three elimination pharmacokinetic
parameters (CL, Viaw and Ky) were verified.

Allelic variants were incorporated in the population model as
covariate relationships according to Eq. A. A pharmacokinetic
parameter P had a typical value of Ppep in wild-type patients. The
typical value of heterozygous patients was equal to Py, rediiced by
8 x 100%. Hommozygoiis mutations were assumed to” have twice the
impact of heterozygous mutations, and the corresponding typical value
of P was reduced by 2 x 8 X 100% as compared with wild-type.

P = Pyqp x (1 — (8 x heterozygous + 2 x 8 x homozygous)) (A)

Polymorphisms that were observed in the study population at a
frequency >2% were tested for their effect on the linear elimination of
indisulam (CL) and for their impact on the saturable. elimination
pathway (V. andfor K,,). Discrimination between models with and
without a pharmacogenetic: effect was based on the log-likelihood
ratio test. A P value of 0.001 was considered statistically significant.
This univariate analysis was followed by a multivariate test. After
inclusion of the pharmacogenetic relationships that were statistically
significant in the univariate analysis, a backward elimination
procedure was done. Only effects of allelic variants that were
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Table 2. Observed genotype and allele frequencies of the polymorphisms under study
Polymorphism Nucleotide change Effect Caucasian population Japanese population
{cDNA)
Wt Het Hom Aliete Wt Het Hom Allele
frequency (%) frequency (%)
CYP2C9*2 C430T R144C 35 10 1 13 21 0 0 0
CYP2C9*3 A1075C I1359L 36 9 1 12 i9 2 0 4.8
CYP2C9*5 C1080G D360E 45 1 0 1.1 21 0 0 0
CYP2C9*6 818 Del A Frame shift 46 0 0 o] 21 0 g 0
CYP2C19*2 G681A Splicing defect 37 9 0 9.8 10 7 4 36
CYP2C19*3 G636A w212X 46 1] 0 0 18 3 0 7.1
CYP2C19*4 AlG Initiation codon 45 1 0 11 21 0 0 0
CYP2C19*5 C1297T7 R433W 46 0 0 0 21 0 0 0
CYP2C19*6 G395A R132Q 46 i} 0 0 21 o] "0 0
Abbreviations: Wt, wild type; Het, heterozygous mutant; Hom, homozygous mutant.

significant in the multivariate analysis (P < 0.001) were included in
the final pharmacokinetic model.

The CYP2C19*2 and CYP2C19*3 mutations were both known to
result in nonfunctional protein (23, 24). Therefore, it would not be
plausible to expect different effects of these mutations on indisulam
metabolism, and consequently, we did not discriminate between these
mutations in the statistical analysis.

Covariate relationships between patient characteristics and pharma-
cokinetic parameters that were previously identified were also included
in the extended pharmacogenetic model (16). Hence, the value of V.
was not only dependent on genotype, but also on the body surface area.
Moreover, the linear clearance was not only dependent on genotype,
but also on race. A multivariate analysis was done to verify whether
genotype could replace race to explain a difference in CL between
Caucasian and Japanese patients.

Assessment of clinical relevance. After establishment of statistically
significant pharmacogenetic relationships, the clinical relevance of the
effects of polymorphisms were assessed in the study population. The
dose-limiting toxicities of indisulam were hematologic side effects such
as neutropenia and thrombocytopenia (13). We evaluated the role of
CYP2C genotypes in the occurrence of grade 4 neutropenia in the
patients who participated in this study. Significant relationships
between CYP2C polymorphisms and observed nadir neutrophil counts
were identified by the Kruskal-Wallis test using SPSS for Windows
(version 11.0.1, SPSS Inc.).

Simulation study. of dose-limiting ‘neutropenia. With' increasing
systemnic exposure to indisulam, the risk of dose-limiting hematologic
toxicity proved to be. increased. A semiphysiologic model: of the
hematologic toxicity of indisulam has been developed previously (17).
This pharmacokinetic-pharmacodynamic model described the time
profile of the absolute neutrophil count (ANC) after administration of
indisulam. It was used in the current analysis to estimate the risk of
dose-limiting neutropenia, defined as an ANC of < 0.5 x 10°/L during
at least 1 week. With this model, patients were simulated to receive the
recommended indisulam dosage of 700 mg/m?. For each patient, the
time profile of the ANC was generated, and the occurrence of dose-
limiting neutropenia was assessed. First, a group of wild-type patients
was simulated. Second, heterozygous and homozygous patient groups
were simulated for each polymorphism. Each simulated group
consisted of more than 10,000 patients. The risk of dose-limiting
neutropenia was defined as the proportion of patients who experienced
dose-limiting neutropenia. The relative risk of dose-limiting neutrope-
nia for a variant genotype was the ratio of the proportions in the mutant
and the wild-type patient group. The large number of patients in each
simulated group guaranteed that the relative risk could be precisely
estimated (relative SE <10%).
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Dose adaptation. The simulation study as described above was
repeated with adapted dosages of indisulam to determine the dose
reduction needed to normalize the risk of dose-limiting neutropenia in
patients with high-risk CYP2 mutations. This analysis aimed at the
development of a straightforward method for dose adaptation, which is
feasible for implementation in clinical practice.

Results

Pharmacokinetic samples were obtained from a total of 213
patients. A subpopulation of 21 Japanese and 46 Caucasian
patients from three clinical studies was genotyped for poly-
morphisms in CYP2C9 and CYP2C19 genes. Patient character-
istics and administered doses of this subpopulation are listed
in Table 1. The variant alleles CYP2C9*2, CYP2C9+*3,
CYP2C9*5, CYP2C19*2, CYP2C19*3, and CYP2C19*4 were
observed in the study population. Genotype frequencies are
listed in Table 2. Observed allele frequencies in the current
study were consistent with previously reported data in both the
Caucasian and the Japanese subpopulation (25-32).

Effect ‘of genomic variants on indisulam exposure. Drug
exposure was generally increased in patients with  CYP2C9
and/or’ CYP2C19 mutations, which indicates that indisulam
elimination was reduced by' some of the CYP2C polymor-
phisms. This is shown in Fig. 1 for all patients who received
500 mg/m? indisulam. Plasma concentration versus time curves
show a clear discrimination between mutants (both' CYP2C9
and CYP2C19) and wild types at this dose level (Fig. 1A). The
area under the concentration-versus-time curve (AUC) were
higher for mutants than for wild-type patients (Fig. 1B). Similar
plots' of other dose levels showed a marked effect of the
CYP2C19*2 variant. Patients who were heterozygous for this
mutation generally had substantially higher AUC values than
wild-type patients. Exposure was further increased in homozy-
gous CYP2C19*2 mutants (data not shown).

To our knowledge, for the first time, the CYP2C9*5
polymorphism was observed in a Caucasian individual. The
AUC of indisulam in this patient after administration of
600 mg/m? in a 1-h infusion (2,512 mg/L/h) was almost
twice higher than the AUC of three wild-type Caucasian
patients: who had received the same dosage (AUC range
1,035-1,458 mg/L/h).
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Fig.1. Plasma concentrations of wild-type patients (—0—) were generally lower
than concentrations measured in mutants (~@—). 4, plasma concentration time
curves are depicted of all 14 patients who were treated at the 500 mg/m? dose level.
B, AUC values of the same 14 patients, Variant genotypes are listed (genes not
mentioned were wild type).

Population pharmacogenetic data analysis. The CYP2C9*2,
CYP2C9*3, CYP2C19*2, and CYP2C19*3 mutations occurred
at a frequency >2% and were therefore included in the
statistical analysis to evaluate their effect on indisulam
pharmacokinetics. In the univariate analysis, the relationships
between the CYP2C9*3, CYP2C19*2, and CYP2C19*3 muta-
tions and the Michaelis-Menten elimination rate (V,.x) were
statistically significant. The CYP2C19*2 and CYP2C19*3 poly-
morphisms also significantly reduced the linear clearance (CL).

The Michaelis-Menten constant (K,) was not significantly
affected by any of the polymorphisms.

Upon multivariate evaluation of the univariately selected
pharmacogenetic effects, the racial difference in CL was not
significantly different from 1 and was therefore excluded from
the model. The CYP2C9*3 allelic variant was shown to
significantly impair the saturable metabolism of indisulam by
a typical 27% reduction of V,, in heterozygous mutants (P <
0.0001). The relationships between the CYP2C19 mutations
and V.« were not significant in the multivariate analysis and
were excluded during the backward elimination procedure. The
CYP2C19*2 and CYP2C19*3 polymorphisms resulted in
significant reductions of linear elimination of indisulam (P <
0.0001), and the typical value of CL was decreased by 38% in
heterozygous patients. The final model included two pharma-
cogenetic effects: CYP2C9*3 {~V,,) and CYP2C19*2/
CYP2C19*3 (~ CL; Table 3). :

Clinical relevance of pharmacogenetic effects. Indisulam
clearance was typically reduced in patients with one or more
of the genomic variants CYP2C9*3, CYP2C19*2, and CYP2C19*3.
Consequently, these patients showed a higher exposure to
indisulam. The CYP2C9*3, CYP2C19*2, and CYP2C19*3 poly-
morphisms were thus expected to cause a higher risk of grade 4
neutropenia.

Data on the occurrence of hematologic toxicity were available
for all patients who were included in the pharmacogenetic
substudy. Eight patients had grade 4 neutropenia at cycle 1:
three Japanese and five Caucasian patients (Fig. 2). Two
Japanese patients who received the highest dose level of 900
mg/m? indisulam had grade 4 neutropenia. Both patients had
the CYP2C19*2 mutation; one patient was homozygous and
had a nadir neutrophil count as low as 0.018 x 10°/L, and the
other patient was heterozygous. A third Japanese patient with a
neutrophil count below 0.5 x 10°/L was heterozygous for
CYP2C19*2 and was treated with 800 mg/m” indisulam. Two
Caucasian patients had received 800 mg/m” indisulam; one
was homozygous for the CYP2C9*3 mutation and had severe
dose-limiting neutropenia during 2 weeks, whereas the other
patient had a wild-type genotype and a neutrophil count below
0.5 X 10°/L at a single occasion. Clinical data are depicted in
Fig. 2. At the higher dose levels, nadir neutrophil counts
decreased with increasing dose level and with an increasing
number of influential mutations. Due to small. patient
numbers, significant relationships between CYP2C polymor-
phisms and observed nadir neutrophil counts could not be
shown. For the same reason, relative risks of severe neutropenia

Table 3. Effect of heterozygous mutations on the pharmacokinetic parameters Vi, and CL

Polymorphism Effect Effect size (%) 95% CI* (%) P’
CYP2C9*2 No significant effect

CYP2C9*3 Reduction of Vmax 27 13-40 <0.0001
CYP2C9*5 Insufficient data

CYP2C19*2 Reduction of CL 38 31-45 <0.0001
CYP2C19*3

CYP2C19*%4 Insufficient data

T The log-likelihood ratio test was used to calculate the P value.

*The 95% confidence interval was established by likelihood profiling:
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Fig. 2. Grade 4 neutropenia at cycle 1 was observed at dose levels 600, 800, and
900 mg/m2, Nadir neutrophil counts of patients who were treated at these dose
levels are plotted versus the number of influential mutations, i.e., the combined
number of CYP2C83, CYP2C19*2, and CYP2C19*3 mutations. {A, Caucasian
patients; O, Japanese patients),

for the various mutations could not adequately be determined
using clinical data. :

Simulation study of dose-limiting neutropenia. The hypoth-
esis that CYP2C9*3, CYP2C19*2, and CYP2C19*3 polymor-
phisms may cause a higher risk of dose-limiting neutropenia
was confirmed by the results of the simulation study listed in
Table 4. These results show that the risk of dose-limiting
neutropenia was increased by 40% or more in simulated
patient groups with a single polymorphism. Homozygous
mutations or combinations of multiple heterozygous muta-
tions may result in a relative risk of serious toxicity of more
than 2.

Dose adaptation. The CYP2C19*2 and CYP2C19*3 muta-
tions caused a larger increase of the risk of dose-limiting
neutropenia than CYP2C9*3. Consequently, the dosage of
indisulam should be adapted to a larger extent for CYP2C19*2
and CYP2C19*3 than for CYP2C9*3. Each CYP2C19 mutation
required a dose reduction of 100 mg/m? The recommended
dose reduction for a CYP2C9*3 mutation was-50 mig/m* A
simulation study showed that this guidarice for dose adaptation
resulted in the normalization of the relative risk of severe
neutropenia (Table4).

Discussion

In the current study, the relationships between various
polymorphisms of two CYP450 enzymes (CYP2C9 and
CYP2C19) and the pharmacokinetics of indisulam were
assessed. It was shown that the elimination rate of indisulam
was significantly decreased by CYP2C9*3, CYP2C19*2, and
CYP2C19*3 polymorphisms. These CYP2C mutations caused
an increased risk of dose-limiting neutropenia.

The activity of the *3-mutated CYP2C9 enzyme was shown
to be reduced for S-warfarin in vitro by Haining et al. (33). This
polymorphism was also associated to poor tolbutamide
metabolism in vive (34). In the current pharmacogenetic study,
the *3 mutation in the CYP2C9 gene reduced the Michaelis-
Menten elimination rate of indisulam. Thus, the saturable
elimination pathway may correspond to hydroxylation of
indisulam by CYP2C9 (19).

De Morais et al. (23, 24) showed that the *2 and *3 mutations
in the CYP2C19 gene created a premature stop codon, resulting
in a truncated nonfunctional CYP2C19 protein. These CYP2C19
mutations were related to poor metabolism of the CYP2C19
substrate (S)-mephenytoin (23, 24) and to a reduction of the
clearance of indisulam. Consequently, the linear elimination
pathway of indisulam may represent hydroxylation by
CYP2C19 (19).

The CYP2C9*5 mutation results in lower enzymatic activity
and that CYP2C19*4 represents a defective allele (30, 35).
Therefore, the CYP2C9*5 and CYP2C19*4 polymorphisms
may be related to reduced indisulam clearance. The AUC of
indisulam in a patient who was heterozygous for the
CYP2C9*5 mutation was indeed substantially higher than the
AUC of three Caucasian wild-type patients who had received
the same indisulam dose. Due to low allelic frequency,
statistical significance of the effects of the CYP2C9*5 and
CYP2C19*4 polymorphisms could not be shown in the present
study.

In our population of Japanese and Caucasian patients, six
CYP2C polymorphisms were observed, which are located on
chromosome 10. The occurrence of multiple polymorphisms
on the same allele is indicated by the haplotype. Multiple
polymorphisms may not be fully independent. [t may therefore
be preferable to consider the haplotype rather than the
genotype of individual polymorphisms for data analysis. This

and the 95% confidence intervals (in brackets)

Polymotphism

Table 4. Simulated relative risk of dose-limiting neutropénia after administration of indisulam in a 1-h infusion

Adjusted dose: 700 mg/m>—recommended dose reduction

CYP2C9*3 1.03 (0.82-1.29)
CYP2C19%2 1.04 (0.78-1.06)
CYP2C19%3

Caucasfian heterozygous Homozygous Japanese heterozygous Homozygous
Standard dose: 700 mg/m? i
CYP2C9*3 1.39 (1.21-1.77) 2.24 (1.45-3.27) 1.47 (1.11-1.60) NA
CYP2C19*2 1.86 (1.69-2.08) 1.97 (1.73-2.33) 4.51 (3.31-6.25)
CYP2C19*3

1.30 (0.81-2.18)

1.09 (0.79-1.24) NA
1.07 (0.86-1.20) 1.01 (0.69-1.62)

Abbreviation: NA, not applicable.

NOTE: Each subpopulation consisted of at least 10,000 simulated patients. These genotypes were not observed in the study population.
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strategy was, however, not suitable for the current analysis
because haplotype frequencies were too low.

The CYP2C19 polymorphisms occurred at much higher
frequencies in the Japanese population compared with the
Caucasian population (CYP2C19*2: 36% versus 9.8%;
CYP2C19*3: 7.1% versus 0%). Because these CYP2C19 variants
significantly impaired indisulam clearance, Japanese patients
typically have a lower CL than Caucasians. Indeed, in the
previously published population pharmacokinetic model,
Japanese patients had a 3.4-fold lower value for CL than
Caucasian individuals (16). This difference was not statistically
significant upon inclusion of CYP2C19 genotype in the drug
elimination model. This confirms that the lower linear clearance
of indisulam in Japanese patients is due to genomic differences
between the Caucasian and Japanese patient populations.

Mixed-effects modeling was used to assess the effects of
CYP2C mutations on pharmacokinetic parameters. From a
statistical standpoint, this method is superior to more
commonly used methods in pharmacogenetic studies, where
standard pharmacokinetic two-stage analyses are followed by
conventional statistical tests in order assess differences between
genetic subgroups (36).

It was shown that CYP2C9*3, CYP2C19*2, and CYP2C19*3
mutations led to decreased indisulam clearance and increased
drug exposure. A clear relationship has been established
between indisulam pharmacokinetics and its dose-limiting
toxicities, neutropenia and thrombocytopenia. Based on the
results of the present pharmacogenetic study and a semi-
physiologic pharmacokinetic-pharmacodynamic model, it was
expected that the risk of hematologic side effects is higher for
patients with variant CYP2C9 and/or CYP2C19 alleles than for
wild-type patients. A simulation study showed that the relative
risk of dose-limiting neutropenia may be 2.2 for a homozygous
Caucasian CYP2C9*3 mutant and 4.5 for a homozygous

References

Japanese CYP2C19*2 mutant after administration of the
recommended dosage of 700 mg/m? indisulam. Patient groups
in the study population were too small to verify these estimated
relative risks of dose-limiting neutropenia with observed data
on hematologic toxicity. Nevertheless, the current clinical data
imply that the CYP2C9*3 polymorphism is predictive for the
occurrence of hematologic toxicity: the relative risk of grade 4
neutropenia was 2 in a group of 12 patients who were treated at
the 600 mg/m” dose level and a patient with a homozygous
CYP2C9*3 genotype had more severe neutropenia than a wild-
type patient after administration of 800 mg/m’. Furthermore,
the lowest neutrophil nadir was observed in a Japanese
homozygous CYP2C19*2 mutant patient.

The pharmacogenetic effects may be relevant for the
treatment of patients with indisulam. Pretreatment genetic
screening will permit planning of appropriate initial dosing for
individual patients to achieve an optimal therapeutic effect. A
reduced initial dosage for patients with high-risk CYP2C
mutations is recommended. This recommendation is based
on a retrospective study of limited sample size and should
therefore be carefully interpreted. Haplotype frequencies in the
study population were insufficient to provide a dosing strategy
for patients with variant alleles of both CYP2C9 and CYP2C19.

In conclusion, CYP2C9*3, CYP2C19*2, and CYP2C19*3
polymorphisms were related to a decreased elimination rate of
indisulam. Screening for these CYP2C polymorphisms may
assist in the selection of an optimized initial indisulam dosage.
It seems warranted to perform a prospective study to define
solid recommendations for pharmacogenetically guided dose
adjustments.
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Background: The mechanism of resistance to human epidermal growth factor receptor 2 (HER2)-targeted agents
has not been fully understood. We investigated the influence of PIK3CA mutations on sensitivity to HER2-targeted

agents in naturally derived breast cancer cells.

Materials and methods: We examined the effects of Calbiochem (CL)-387,785, HER2 tyrosine kinase inhibitor,
and trastuzumab on cell growth and HERZ signaling in eight breast cancer cell lines showing HER2 amplification and

trastuzumab-conditioned BT474 (BT474-TR).
Results: Four cell lines with PIK3CA mutations (E545K and H1047R)
remaining four without mutations (mean percentage of control with 10

P = 0.010). While PIK3CA-mutant cells were more resistant to CL-387,785 than PIK3CA-wild-type cells {mean
percentage of control with 1 pM CL-387,785: 21% versus 77%; P = 0.001), CL-387,785 retained activity against
BT474-TR. Growth inhibition by trastuzumab and CL-387,785 was more closely correlated with changes in
phosphorylation of S6K (correlation coefficient, 0.811) than those of HER2, Akt, or ERK1/2. Growth of most
HER2-amplified cells was inhibited by LY294002, regardless of PIK3CA genotype.

Conclusions: PIK3CA mutations are associated with resistance to HER2-targeted agents. PI3K inhibitors are

were more resistant to trastuzumab than the
pg/ml trastuzumab: 58% versus 92%;

©
<
S
=
)

potentially effective in overcoming trastuzumab resistance caused by PIK3CA mutations. S6K phosphorylation is

a possibly useful pharmacodynamic marker in HER2-targeted therapy.
Key words: breast cancer, HER2, PIK3CA, trastuzumab

introduction

Breast cancer is the leading cause of cancer death among
women worldwide, with ~1 million new cases reported each
year {1, 2]. Approximately 20% of breast cancer tumors show
overexpression of the HER2 protein, which is mainly caused by
gene amplification. HER2 overexpression has been repeatedly
identified as a poor prognostic factor [3, 4]. Trastuzumab is

a humanized mAbD targeting the extracellular domain of the
HER?2 protein. From the late 1990s, clinical studies have
intensively evaluated the therapeutic roles of trastuzumab. For
the treatment of HER2-overexpressing metastatic breast
cancers, studies report that a combination of trastuzumab and
conventional chemotherapy shows significantly higher efficacy
than chemotherapy alone [5]. The use of trastuzumab has
extended to the treatment of operable HER2-overexpressing
breast cancet as an adjuvant or neoadjuvant [6-8]. Despite
promising usefulness in clinics, a modest percentage of patients
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are reported to benefit from trastuzumab therapy, with
Tesponse rates to trastuzumab as a single agent of ~20% [9]. In
addition, even when trastuzumab therapy leads to temporary
tumor shrinkage, clinical relapse is observed for the vast
majority of metastatic patients. To: develop adequate therapies
capable of overcoming primary and secondary resistance to
trastuzumab, a better understanding of the resistance
mechanism is crucial,

To date, several mechanisms of primary resistance to
trastuzumab have been proposed. A series of studies indicated
that trastuzumab resistance is due to the truncated form of
HER2; which lacks an extracellular domain to which
trastuzumab is indicated to attach [10, 11]. Nagata et al. {12]
demonstrated that loss of phosphatase and tensin homolog
deleted on chromosome. 10 (PTEN), a negative regulator of
PI3K, correlates with poor response to trastuzumab. More
recently; the roles of PIK3CA in trastuzumab resistance have
been under particular investigation. Somatic mutations of
PIK3CA were first identified in 2004 in various malignant
tumors including breast cancer [13]. Subsequent studies have
reported that the E545K and H1047R hotspot mutations, found
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on exons 9 and 20, respectively, are the most frequent types of
mutation, found in 8%-40% of breast cancer tumors {13-16}.
Both hotspot mutations are gain-of-function mutations which
transform normal mammary epithelial cells {17, 18]. Berns et al.
[19] investigated the roles of gain-of-function mutations of the
PIK3CA gene in trastuzumab resistance by transfecting wild-type
and mutant (H1047R) forms of PIK3CA in SKBR-3 HER2-
overexpressing breast cancer cells. Results showed that compared
with green fluorescent protein (GFP) control, both wild-type and
mutant PIK3CA transfections resulted in trastuzumab resistance.
Further, analysis of PIK3CA genotypes in tumor samples
obtained from breast cancer patients having undergone
trastuzumab-based therapy showed an association between the
presence of PIK3CA hotspot mutations and shorter time to
progression after therapy [19].

Tyrosine kinase inhibitors (TKIs) have also been investigated
as potential agents against trastuzumab resistance {20]. A
clinical study in metastatic breast cancer patients having
previously experienced tumor progression under trastuzumab-
based therapies showed that compared with capecitabine alone,
treatment using a combination of capecitabine with lapatinib,
a dual inhibitor of epidermal growth factor receptor (EGFR)
and HER2 tyrosine kinase, lead to significantly longer time to
progression [21]. Eichhorn et al. [22], however, demonstrated
that transfection of mutant PIK3CA (H1047R) in BT474
HER2-overexpressing breast cancer cells resulted in resistance to
lapatinib compared with parental cells. Further, results showed
that resistance was overcome using NVP-BEZ235, a PI3K and
mammalian target of rapamycin dual inhibitor [22].

These findings based on gene manipulations indicate that gain-
of-function mutations in the PIK3CA gene lead to resistance to
trastuzumab, as well as HER2-TKI. To our knowledge, however,
these findings have not been confirmed in naturally derived
breast cancer cells. Here, trastuzumab resistance due to PIK3CA
mutations was evaluated in eight naturally derived breast cancer
cell lines harboring HER2 gene amplification. Further, possible
therapeutic means to overcome primary and secondary resistance
to trastuzumab were investigated, as well as potential
pharmacodynamic markers correlated with the growth-inhibitory
effect of HER2-targeted drugs.

materials and methods

cell culture

MCF-7, MDA-MB-361, HCC1954, MDA-MB-453, UACC893, CAMA-1,
MDA-MB-4355, MDA-MB-415, ZR75-30, HCC70, MDA-MB-468, and
HCC1419 cell lines were purchased from the American Type Culture
Collection (Manassas, VA). BT474, SKBR-3, BT549, T47D, ZR75-1, and
MDA-MB-231 cells were kindly provided by Ian Krop of the Dana-Farber
Cancer Institute. Of the 18 breast cancer cell lines, eight (ZR75-30, BT474,
SKBR-3, HCC1419; MDA-MB-453, MDA-MB-361; HCC1954, and UACC
893) were reported to have HER2 gene amplification [23], with levels of
PTEN protein expression equivalent to those reported in our previous
study [24]. Among the HER2-amplified cell lines, ZR75-30, SKBR-3, and
HCCI1419 were reported to contain the wild-type PIK3CA gene and MDA-
MB-453, MDA-MB-361, HCC1954, and UACC893 hotspot PIK3CA
mutations (Table 1) [14]. BT474 was reported to contain a relatively rare
type of PIK3CA mutation at exon 2, K111N (Table 1) [14]. MDA-MB-435S,
MDA-MB-468, and MDA-MB-231 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (Cellgro; Mediatech, Inc., Herndon, CA) with
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Table 1. Genotype of PIK3CA in HER2-amplified breast cancer cell lines

ZR75:30. vt o e suE WhD

e =
MDA-MB-361 .~ . TUEssK
MDA-MB-453 ¢ HIWR
HCC1954 : HI047R

UACC893 o . HI1047R

wt, wild-type.

10% fetal bovine serum (FBS) (Gemini Bio-Products, Inc., Woodland, CA),
100 U/ml penicillin, 100 U/m! streptomycin, and 2 mM glutamine. The
remaining cell lines were maintained in RPMI-1640 medium (Cellgro;
Mediatech, Inc.) supplemented with 10% FBS, 100 U/ml penicillin, 100 U/
ml streptomycin, and 2 mM glutamine. All cells were grown at 37°C in

a humidified atmosphere with 5% CO; and were in logarithmic growth
phase at initiation of the experiments.

drugs

Trastuzumab was obtained from the Kobe University Hospital pharmacy.
CL-387,785, a dual inhibitor of EGFR and HER2 [25], and LY294002,

a PI3K inhibitor, were purchased from Calbiochem (San Diego, CA). Stock
solutions were prepared in dimethy! sulfoxide (DMSO) and stored at
—20°C. Before each experiment, drugs were diluted in fresh media. The
final DMSO concentration was <0.1% for all experiments.

antibodies and western blotting

Cells were washed with ice-cold phosphate-buffered saline and scraped
immediately after adding lysis buffer {20 mM Tris (pH 7.5), 150 mM NaCl,
10% glycerol, 1% Nonidet P-40, and 2 mM EDTA] containing protease and
phosphatase inhibitors (100 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, 1 mM NazVOy,, 2 pg/m! aprotinin, and 5 pg/mi leupeptin). Lysates
were centrifuged at 14 000 relative centrifugal force for 10 min.
Supernatants were collected as protein extract and then separated by
electrophoresis on 7.6% polyacrylamide~sodium dodecyl sulfate gels,
followed by transfer to nitrocellulose membranes (Millipore Corporate
Headquarters, Billerica, MA) and detection by immunoblotting using an
enhanced chemiluminescence system (New England Nuclear Life Science
Products, Inc., Boston, MA). The resulting signals were digitally quantified
using the Image]J software (www.nih.gov). Phospho-HER2/ErbB2
(Thr1221/1222), phospho-p70 S6 Kinase (Thr389); phospho-Akt
(Ser473)(D9E), and PathScan(R) Multiplex Western Cocktail 1 were
purchased from Cell Signaling Technology (Beverly, MA). The phospho-1/2
(pT185/pY187) antibody was purchased from Biosource International Inc.
(Camarillo, CA), the c-erbb-2 antibody from Chemicon (Billerica, MA),
and B-actin antibody from Sigma-Aldrich (St Louis, MO).

cell growth assay

Growth inhibition was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2- (4-sulfophenyl)-2H-tetrazolium (MTS) assay
(Promega, Madison, WI), a colorimetric method for determining the
number of viable cells based on the bioreduction of MTS to a soluble
formazan product, which is detectable by spectrophotometry at

a wavelength of 490 nm. Cells were diluted in 160 pl/well of maintenance
cell culture media and plated in 96-well flat-bottom plates (Corning, Inc.,
Corning, NY). After a 96-h growth period, the number of cells required to
obtain an absorbance of 1.3-2.2, the linear range of the assay, was
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determined for each cell line beforehand. The number of cells per well used
in the subsequent experiments were as follows: MCF-7, 2000; MDA-MB-
361, 8000; HCC1954, 2500; MDA-MB-453, 7000; UACC893, 7500; CAMA-
1, 6000; MDA-MB-4358S, 2000; ZR75-30, 7500; HCC70, 4000; HCC1419,
8000; BT474, 3000; SKBR-3, 2500; BT549, 2000; T47D, 2500; ZR75-1, 7500,
MDA-MB-415, 5000; and MDA-MB-231, 2500. At 24 h after plating, cell
culture media were replaced with 10% FBS-containing media with and
without trastuzumab or CL-387,785, followed by incubation for an
additional 120 h. Trastuzumab and CL-387,785 concentrations ranged from
33 ng/ml to 100 pg/ml and from 3.3 nM to 10 pM, respectively. A total of
6-12 plate wells were set for each experimental point, and all experiments
were carried out at least in triplicate. Data are expressed as percentage of
growth relative to that of untreated control cells.

generation of in vitro BT474-TR
To generate a cell line resistant to trastuzumab, BT474 cells were

continuously exposed to 100 pg/ml trastuzumab. To confirm the emergence -

of resistant clones, MTS assays were carried out every five passages after
allowing cells to grow in drug-free conditions for at least 4 days. After 11
months of drug exposure, cells showed sufficient resistance (Figure 1) and
were designated as BT474-TR. For controls, BT474 parental cells were
concomitantly maintained without trastuzumab, and drug sensitivity was
compared with trastuzumab-conditioned cells. No significant change in the
sensitivity to trastuzumab was observed in parental cells during the drug-
exposure period (data not shown).

results

inhibitory effect of trastuzumab on growth in
breast cancer cell lines

We first screened 17 breast cancer cell lines for in vitro growth
inhibition using trastuzumab. We confirmed that all relatively
sensitive cell lines were HER2-amplified (Figure 2A). Among

eight HER2-amplified cell lines, those with hotspot mutations
in PIK3CA appeared resistant compared with the remaining cell

120 -
100 §
s 80
€
8 60
k]
= 40+
—— 11 months
—o— 5 months
20 4 - 3months
—a&— parental
D ¥ H H T 1
000 001t 010 1.00 10.00 100.00

trastuzumab (ug/mL)

Figure 1. Development of BT474-TR. BT474 cells were continuously
exposed to 100 pg/mi trastuzumab. BT-474 and trastuzumab-conditioned
BT474 cells were grown in 10% serum-containing media for 5 days in the
presence of various concentrations of trastuzumab. The percentage of
viable cells is shown relative to that of the untreated control and plotted on
the y-axis, whereas trastuzumab concentrations are plotted on the x-axis.
Each data point represents the mean value and standard deviation of 6-12
replicate wells. Trastuzumab resistance increased in cells in a time-
dependent manner. After 11 months, cells were designated as BT474-TR.
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lines (Figure 2B and C). We categorized B'T474 as a PIK3CA-
wild-type cell line in this study, based on reports showing that
the KIT1IN mutation lack ability of transformation and its
influence on downstream signaling is negligible {18, 26]. A
significant difference in sensitivity at 10 pg/ml trastuzumab was
observed between PIK3CA-wild-type and -mutant cells (Figure
2G; P = 0.010). Protein expression levels of p110-0, the product
of PIK3CA, were not correlated with sensitivity to (rastuzumab
(Figure 2C).

association between PIK3CA mutations
and HER2-TKI resistance

Lapatinib, a HER2-TKI which may potentially overcome
trastuzumab resistance, has been used in clinical settings [21].
We therefore tested a commercially available HER2-TXI, CL-
387,785 (25}, on HER2-amplified breast cancer cells. As shown
in Figure 2D, cell lines with hotspot PIK3CA mutations showed
resistance to CL-387,785. A statistically significant difference in
sensitivity to 1 M CL-387,785 was observed between PIK3CA-
wild-type and -mutant cells (Figure 2C; P = 0.001) [24].

We then established a trastuzumab-resistant BT474 cell line
(BT474-TR), a model of secondary resistant cells, by
continuous exposure to trastuzumab (see ‘Materials and
methods’ section). In contrast to PIK3CA-mutant cells, which
showed primary resistance to trastuzumab, BT474-TR cells
remained sensitive to CL-387,785 (Figure 3), which indicates
that secondary resistant cells maintain dependency on HER2
signaling for growth.

association between phosphorylation change in
S6K and growth inhibition by HER2-targeted
agents ‘

To identify potential pharmacodynamic markers of sensitivity to
HER2-targeted therapy, we examined changes in phosphorylation
of HER2 and representative downstream signaling molecules in
10% FBS-containing media with or without 10 pg/ml
trastuzumab or 1 M CL-387,785 (Figure 4A). The trastuzumab
concentration was selected based on maintained growth inhibition
(Figure 2B) and wide use in previous studies [11, 19]. The 1-uM
CL-387,785 concentration was selected based on the
approximate maximum plasma concentration of most TKIs
available in clinics to date, including lapatinib [27], and use in
previous studies {28, 29].

Trastuzumab treatment resulted in moderate
phosphorylation inhibition of Akt and/or S6K in cell lines with
wild-type PIK3CA. In contrast, no significant changes in Akt
and S6K phosphorylation were observed in cell lines with
hotspot mutant PIK3CA, as well as in BT474-TR cells.
Although in ZR75-30, trastuzumab treatment appeared to
inhibit phospho-ERK1/2, no significant changes were observed
in other sensitive cells, namely BT474 and SKBR-3 (Figure 4A).
In addition, phospho-ERK1/2 levels increased in MDA-MB-361
and UACCB893, which indicates the presence of compensational
cell signaling. Further, with the exception of HCC1419,
treatment with CL-387,785 resulted in significant inhibition of
Akt and S6K phosphorylation in BT474-TR and PIK3CA-wild-
type cells, whereas residual phosphorylation signals were
observed in all PIK3CA hotspot mutant cells.
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Figure 2. Effect of trastuzumab and CL-387,785 on growth inhibition in breast cancer cells in vitro [(A) trastuzumab on 17 breast cancer cell lines; (B) and
(D) trastuzumab and CL-387,785 on eight HER2-amplified cell lines, respectively). Breast cancer cells were grown in 10% serum-containing media for 5 days
in the presence of various concentrations of trastuzumab (A and B) or CL-387,785 (D). The percentage of viable cells is shown relative to that of the
untreated control and plotted on the y-axis, whereas trastuzumab and CL-387,785 concentrations are plotted on the x-axis. Each data point represents the
mean value and standard deviation of 6-12 replicate wells. (C, top) Mean percentage of control and standard deviation of 6-12 replicate wells treated with
16 pg/ml trastuzumab and 1 uM CL-387,785, as well as those of PIK3CA-wild-type and -mutant cell lines (bottom), were plotted. (C, bottom) Protein
expression of p110-0 in HER2-amiplified breast cancer cells. Blots were stripped and re-probed for B-actin as loading control.

Phosphorylation signals were then quantified and correlated
with growth inhibition caused by trastuzumab and CL-387,785.
As shown in Figure 4B, the closest association was observed
between phospho-S6K changes and’ growth inhibition caused
by trastuzumab and CL-387,785 [correlation coefficient (7),
0.811]. Further, close associations between phospho-S6K and
cell growth were consistent when analyzed for trastuzumab and
CL-387,785 separately (r for phospho-S6K versus growth:
0.8487 and 0.6970 for trastuzumab and CL-387,785,
respectively).

dependency of HER2-amplified breast cancer cells
on PI3K pathway

Given that inhibition of the PI3K pathway is critical in
distinguishing cells sensitive from resistant to HER2-targeted
agents (Figure 4B), we evaluated cell lines for the effects of

258 |’ Kataoka et al. ™

1Y294002, a PI3K inhibitor. As shown in Figure 5A, with the
exception of ZR75-30, LY294002 induced a >30% growth
inhibition compared with control in all cell lines. No significant
difference in LY294002 sensitivity was observed between
PIK3CA-mutant and -wild-type cell lines (Figure 5; P = 0.655).
These results indicate that most HER2-amplified cells at least
partly depend on the PI3K pathway regardless of the presence
or absence of PIK3CA hotspot mutations.

To further gain insight into this concept, we evaluated
phosphorylation levels of Akt and ERK1/2 in protein extracts
obtained from cells under serum-starved conditions for 24 h.
As shown in Figure 5B, despite the absence of serum factors, all
HER2-amplified breast cancer cells showed a high level of
phospho-Akt, regardless of PIK3CA genotype. High levels of
phospho-Akt were also observed in MDA-MB-468, which lacks
PTEN [30], and T47D, which harbors a PIK3CA mutation
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(H1047R) [14]. These two cell lines do not show HER2
amplification [23]. In contrast, no significant levels of
phospho-Akt were observed in MDA-MB-231 and MDA-MB-
4358, which show no HER2 amplification, PIK3CA mutation,
or PTEN loss [14, 23]. Further, with the exception of MDA-

120 4

W trastuzumab (10 ug/mL)
£ CL-387,785 (1 uM)

100

cell growth
(% of control)

BT474 BT474-TR

Figure 3. Effect of trastuzumab and CL-387,785 on growth inhibition in
BT-474 and BT474-TR cells. Mean percentage of control and standard
deviation of 6-12 replicate wells treated with 10 pg/ml trastuzumab and

I uM CL-387,785 were plotted. BT474-TR remains sensitive to CL-387,785.

A BT474 BT474-TR

MB-231, all cell lines showed very low levels of phospho-ERK 1/
2 under serum-starved conditions. MDA-MB-231, in
particular, was reported to contain double activating mutations
in KRAS (G13D) and BRAF (G464V), whereas MDA-MB-4358
showed an activating mutation in BRAF-alone (V600E) [31].
These findings further support the concept that HER2-
amplified cells tend to have HER2-PI3K signaling axis and they
are thus dependent on the PI3K pathway rather than on
extracellular signal-regulated kinase pathway.

discussion

In this study, we show that gain-of-function mutations in
PIK3CA genes are associated with trastuzumab resistance in
naturally derived breast cancer cell lines showing HER2
amplification. This finding is consistent with a recent study by
Berns et al. [19] reporting trastuzumab resistance in SKBR-3
cells transfected with mutant PIK3CA (H1047R) compared
with GFP control. Transfection of wild-type PIK3CA, however,
appeared to equally cause trastuzumab resistance [19]. This
observation does not identify either quantitative or qualitative
changes in PIK3CA mutation as the major factor in developing
trastuzumab resistance. In the present study, no clear
association was observed between PIK3CA protein (p110-0)
expression levels and in vitro sensitivity to trastuzumab

ZR75-30 SKBR-3 HCC1419

Cont.” Trast. CL Cont. Trast. CL Cont. Trast. CL Cont. Trast. CL Cont. Trast. CL

MDA-MB-361 MDA-MB-453

HCC1954 UACCB93

Cont. " Trast. CL Cont. " Trast. CL Conl.” Trast. CL Cont.” Trast,” CL

phospho- &
HER2

phospho- |
Akt

phospho-

Figure 4. (A) Expression of phosphorylated-HER2; <Akt; -S6K, -S6 and -ERK1/2 in HER2-amplified breast cell lines with and without treatment with
trastuzumab (10 pg/ml) and CL-387,785 (1 pM). Breast cell lines grown in 10% serum-containing media were lysed and immunoblotted for each protein.

Blots were stripped and re-probed for elF4E as loading control.
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Figure 5. (A) Effect of LY294002 on growth inhibition in HER2-amplified breast cancer cell lines. Mean percentage of control and standard deviation of 6
12 replicate wells treated with 10 M LY294002 were plotted. (B) Protein expression of phospho-Akt and phospho-ERK1/2 in HER2-amplified breast cancer
cells under serum-starved condition. Blots were stripped and re-probed for B-actin as loading control.

(Figure 2C). A study by Haverty et al. [32], which analyzed
copy number alterations in 51 breast tumors using a high-
resolution single nucleotide polymorphism array, showed no
gain in copy number on chromosome 3p, the location of the
PIK3CA gene. These results indicate that qualitative changes in
the PIK3CA gene itself may cause trastuzumab resistance in
naturally derived breast cancer cells.

The CL-387,785 HER2-TKI was first evaluated to identify
groups of compounds which may overcome trastuzumab
resistance. Of note, results show an association between
PIK3CA hotspot mutations and CL-387,785 resistance. Further,
the difference in sensitivity between PIK3CA-wild-type and
-mutant cell lines was more significant for CL-387,785 than for
trastuzamab (Figure 2C). These results are consistent with
a recent study by Eichhorn et al. [22], which showed that
transfection of mutant PIK3CA (H1047R) in BT474 cells, which
are sensitive to lapatinib, results in drug resistance. In contrast,

260 | Kataoka et al.

the results of the present study show that BT474-TR cells
remain highly sensitive to CL-387,785, which is consistent with
a previous study by Konecny et al. [20] which reported that
lapatinib remains active against cell lines selected by long-term
exposure to trastuzumab, Although the study did not show the
effect of lapatinib on cell sighaling in secondary resistant cells,
our present findings indicate that BT474-TR remains
dependent on HER2/PI3K signaling and sensitive to HER2-TKI
(Figure 4A).

We then evaluated 1Y294002 as a model PI3K inhibitor.
Results show that HERZ-amplified cells are generally sensitive
to LY294002 regardless of PIK3CA genotype (Figure 5A), which
indicates that HER2 amplification is associated with
dependency on PI3K pathway. Supporting this notion, all
HER2-amplified breast cancer cells have high level of
phosphorylation of Akt even in serum-starved condition. The
Akt phosphorylation levels observed in HER2-amplified cells
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were equivalent to those in MDA-MB-468 and T47D cells,
which were reported to contain PTEN loss and a PIK3CA
hotspot mutation without HER2 amplification, respectively
[23]. These findings therefore indicated that HER2
amplification itself may have equivalent biological effect on
PI3K signaling with PTEN loss or PIK3CA hotspot mutation. In
addition, our results are consistent with a recent study by Oda
et al. [33], in which they showed that HER2 and/or HER3
overexpression, PTEN, or PIK3CA mutations occur almost
exclusively in breast and other cancer cell lines.

Findings in past and present studies may potentially lead to
beneficial clinical applications. For HER2-amplified breast
cancer showing no PIK3CA mutations, trastuzumab is likely to
be effective, with possible rescue using HER2-TKIs in cases of
relapse. For HER2-amplified breast cancer with PIK3CA
mutations, inhibitors against molecules of the PI3K pathway
are possibly more effective than anti-HER2 agents, which are
unlikely to be beneficial.

In addition to pharmacogenetic approaches, including
PIK3CA genotyping, pharmacodynamic markers are potentially
powerful tools in individualized use of molecularly targeted
therapy. In a number of previous pharmacodynamic studies on
HER2- or EGFR-targeted therapy, phospho-Akt was used as
a surrogate marker for PI3K pathway activity [34, 35]. In the
present study, however, growth inhibition is more closely
associated with changes in phospho-S6K than that in phospho-
Akt. These findings indicate that the prediction of tumor response
to trastuzumab may strongly benefit from measurements of S6K
phosphorylation levels. The cause of the discrepancy between the
association of cell growth with phospho-Akt and that with
phospho-S6K, however, remains unclear. It may be due to the
difference in sensitivity of phospho-specific antibodies used in the
present study or the higher sensitivity of phospho-Akt to positive
feedback signals following initial inhibition of the PI3K pathway
compared with phospho-S6K.

The present study shows several limitations. First, although
a relatively large panel of HER2-amplified breast cancer cell
lines (N = 8) were used, the properties of all HER2-
overexpressing breast tumors are not necessarily represented.
Despite HER2 amplification being retained, particular tumor
subtypes may have been selected in the establishment of cell
lines. Secondly, in addition to inhibition of HER2 signaling,

a few studies have indicated the contribution of antigen-
dependent cellular cytotoxicity (ADCC) in the antitumor effect
of trastuzumab. Because ADCC only works in in vivo
conditions, our current data do not necessarily deny the
potential effect of trastuzamab on tumors showing PIK3CA
mutations [36]. Thirdly, although wild-type PIK3CA appeared
necessary for trastuzumab sensitivity in vitro, other factors may
be involved, as shown by results showing moderate resistance of
HCC1419 to trastuzumab (Figure 2C). The mechanisms of
PIK3CA-unrelated resistance remain unknown but are under
current investigation in our laboratory.

In conclusion, our findings show an association between the
presence of PIK3CA hotspot mutations and resistance to not
only trastuzumab but also HER2-TKI in naturally derived
HER2-amplified breast cancer cell lines. Further, PI3K
inhibitors are potentially effective in overcoming trastuzumab
resistance caused by PIK3CA mutations. Assessment of S6K

Volume 21 |No. 2 | February. 2010

phosphorylation levels may be a useful pharmacodynamic
marker correlated to the antitumor effect of HER2-targeted
therapy. A better understanding of these findings, however,
may require further investigation in clinical trials and
concomitant translational studies.
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To investigate the potential value of targeting insulin-like growth factor-1 receptor (IGF-
1R) in breast cancer, we examined the effects of NVP-AEW541, a selective small-molecule
inhibitor of the IGF-1R tyrosine kinase, in a panel of 16 breast cancer cell lines, All cell lines
expressed IGF-1R, but MCF-7 expressed much higher levels of insulin receptor substrate-1
(IRS-1) than the others. NVP-AEW541 was more potent at inhibiting growth of MCF-7 cells
as compared to the others (ICsg, 1 uM vs, ~7 uM), Comparing MCF-7 to T47D cells, which
express IGF-1R at a level identical to MCF-7 but have less than 1/30 the amount of RS-1,

gf::::?:;cer NVP-AEW541 caused cell-cycle arrest at the G1-S boundary, reduced in vitro cell migra-
IGF-1R tion, and enhanced the cytotoxic effects of vinorelbine and paclitaxel in MCF-7, but not
IRS-1 in T47D. While NVP-AEW541 decreased the phosphorylation of IGF-1R in both cell lines,

Tyrosine kinase inhibitor it inhibited phosphorylation of Akt and disrupted the IRS-1/PI3 K complex only in MCF-
7. These findings suggest that inhibiting IGF-1R miay be an effective therapeutic strategy
for breast cancers that co-express IGF-1R and IRS-1 at high levels.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction manipulations,  and" anti-HER2 monoclonal - antibodies.

Therefore, novel therapeutic approaches are needed.

With approximately a million new cases annually,
breast cancer is the leading cause of cancer death among
women’ worldwide [1,2]. Once the disease metastasizes,
it is no longer curable despite use of various systemic
treatments including cytotoxic chemotherapies, endocrine
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Since 1990s, molecularly-targeted drugs have been vig-
orously developed for cancer treatment. Today, receptor
tyrosine kinases (RTKs) are the most promising therapeutic
targets. In" fact trastuzumab, ‘an’ anti-HER2 monoclonal
antibody ‘used to treat HERZ-overexpressing breast can-
cers, was one of the first therapeutic agents targeting RTKs
in solid tumors. For treatment of HER2-overexpressing
metastatic’' breast cancers, trastuzumab' combined with
conventional chemotherapy has significantly higher effi-
cacy than chemotherapy alone {3]. The use of trastuzumab
has recently been extended to adjuvant or neo-adjuvant
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treatment for operable breast cancer {4-6]. Among other
solid tumors, small-molecule tyrosine kinase inhibitors of
epidermal growth factor receptor (EGFR) and Kit have pro-
vided new treatment options in patients with non-smail
cell lung cancer and gastrointestinal stromal tumor,
respectively [7].

Insulin-like growth factor-1 receptor (IGF-1R) is an-
other RTK characterized by its contribution to a variety of
oncogenic properties, including cell proliferation, cell sur-
vival, cell motility, angiogenesis, and metastasis {8-10].
The ligands of IGF-1R are insulin-like growth factor-1
(IGF-1) and IGF-2. Once the ligands bind to IGF-1R’s extra-
cellular domain, the receptor is autophosphorylated and
becomes active as a tyrosine kinase. Subsequently, adaptor
molecules, such as insulin receptor substrate-1 (IRS-1) or
IRS-2, are tyrosine-phosphorylated and mediate down-
stream signaling. This includes activation of the phosphati-
dylinositol 3-kinase (PI3 K)/Akt and Ras-Raf-MEK-ERK1/2
pathways [8,10]. In breast cancer cell lines, it was reported
that IRS-1, but not IRS-2, is the predominant signaling mol-
ecule activated by IGF-1 [11]. Several mechanisms able to
enhance the PI3 K pathway in malignancies have been
identified. In breast cancer, these include mutation of
p110, which is the catalytic subunit of PI3 K, and the loss
of PTEN [12]. Recent studies suggested that these PI3 K-
enhancing alterations may cause resistance to anti-RTK
agents, such as trastuzumab and erlotinib [13-15].

Protein expression of IGF-1R is elevated in a majority of
breast cancer cell lines and in 39-93% of breast cancer tu-
mors [8,16]. Elevated levels of circulating IGF-1 have been
found to be associated with an increased risk of developing
breast cancer [17]. IRS-1 is reported to be frequently phos-
phorylated in breast cancer tumors [18] and the level of
IRS-1 is correlated with shorter disease-free survival in a
subgroup of breast cancer patients [19]. Further, Lu, et al.
have proposed ‘a potential mechanism of resistance to
trastuzumab in vitro, which consists of alternative cell sig-
naling triggered by IGF-1R instead of HER2 in the presence
of trastuzumab [20]. Based on these findings, IGF-1R is
considered to be a rational therapeutic target in breast
cancer.

Several different methods for targeting IGF-1R are un-
der investigation, including oligodeoxynucleotides, mono-
clonal antibodies, and small-molecule tyrosine Kkinase
inhibitors [8]. Among these, small-molecule inhibitors
have the advantage of possible oral administration. NVP-
AEWS541 is a selective inhibitor for IGF-1R tyrosine kinase
[21,22]. A previous study showed that it inhibited anchor-
age-independent growth of MCF-7 breast cancer cells [22],
Here, as part of our investigations into protocol designs for
clinical trials of NVP-AEW541 in patients with breast can-
cer, we evaluated the efficacy of this agent in a large panel
of breast cancer cell lines, its activities against oncogenic
processes other than cell growth, details of its mechanism
of action, and methods for identifying tumors likely to re-
spond to it.

In this study, we show that NVP-AEW541 inhibits cell
growth and motility, and enhances the induction of apop-
tosis by chemotherapeutic agents in vitro. These effects
were observed only in MCF-7 breast cancer cells, the only
line among those tested that expresses both IGF-1R and

IRS-1 at high level. We also showed that NVP-AEW541
inhibits Akt phosphorylation by causing dissociation of
IRS-1/PI3 K complex, which appears to be an important
mechanism of action. These results suggest that cells that
co-express IGF-1R and IRS-1 are likely to be dependent
on the signaling pathway from IGF-1R to PI3 K, and there-
fore sensitive to NVP-AEW541, which disrupts this
pathway.

2. Materials and methods
2.1. Cell culture

MCF-7, MDA-MB-361, HCC1954, MDA-MB-453,
UACC893, CAMA-1, MDA-MB-435S, ZR75-30, HCC70, and
HCC1419 cell lines were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). BT474,
SKBR-3, BT549, T47D, ZR75-1, and MDA-MB-231 cells were
kindly provided by Dr. lan Krop of the Dana-Farber Cancer
Institute. MCF-7, HCC1954, MDA-MB-453, UACC893,
CAMA-1, ZR75-30, HCC70, HCC1419, BT474, SKBR-3,
BT549, T47D, and ZR75-1 cells were maintained in RPMI
1640 (Cellgro; Mediatech, Inc, Herndon, CA) supple-
mented with 10% FBS (Gemini-Bio-Products, Inc., Wood-
land, CA), 100units/ml . penicillin, 100 units/ml
streptomycin, and 2 mM glutamine. MDA-MB-361, MDA-
MB-4358, and MDA-MB-231 cells were maintained in Dul-
becco's Madified Eagle’s Medium (DMEM) (Cellgro) with
10% FBS, 100 units/ml penicillin, 100 units/ml streptomy-
cin, and 2 mM glutamine,

2.2. Drugs

NVP-AEW541 was a kind gift of Novartis Pharma (Basel,
Switzerland). Stock solutions were prepared in dimethyl
sulfoxide (DMSO) and stored at —20 °C, The drugs were di-
luted in fresh media before each experiment. In all exper-
iments, the final concentration of DMSO was less than
0.1%. The lack of effect of DMSO at this concentration on
cell growth, cell migration, or cell-cycle distribution in
MCF-7 and T47D was confirmed (data not shown). Vinorel-
bine and paclitaxel were purchased from the pharmacy of
the National Cancer Center Hospital East.

2.3. Antibodies and Western blotting

Cells were lysed in lysis buffer (20 mM Tris [pH 7.5],
150 mM Nacl, 10% glycero}, 1% NP40, and 2 mM EDTA)
containing protease and phosphatase inhibitors (100 mM
NaF, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM
NasVO,4 2 pg/ml aprotinin, and 5 pg/ml leupetin). Cell ly-
sates were centrifuged at 14,000g relative centrifugal force
(rcf) to make protein extracts. The protein extracts were
separated by gel electrophoresis on 7-10% polyacrylamide
gels (depending on the target’s molecular weight), trans-
ferred to nitrocellulose membranes (Schleicher and Schu-
ell, Dassel, Germany) and detected by immunoblotting
using Amersham ECL™ Advance Western Blotting Detec-
tion Kit (GE Healthcare, Buckinghamshire, England). The
resulting signals were quantified to obtain digital values
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using a GS-800 calibrated densitometer (Bio-Rad, Hercules,
CA) and Quantity One 1-D analysis software (Bio-Rad). The
phospho-IGF-1R (19H7, Tyr1135/1136), IGF-1R, phospho-
IRS-1 (Ser 612), IRS-1, phospho-Akt (pS473), Akt, and PTEN
antibodies were purchased from Cell Signaling Technology
(Beverly, MA). The phospho-ERK1/2 (pT185/pY187) and
ERK1/2 antibodies were purchased from Biosource Interna-
tional Inc (Camarillo, CA). The p85 antibody was purchased
from Upstate (Charlottesville, VA). The B-actin antibody
was purchased from Sigma-Aldrich (St. Louis, MO).

2.4. Phospho-RTK array

At approximately 70% of cell confluence, protein ex-
tracts of MCF-7, T47D, HCC1954, and MDA-MB-361 cells
were prepared as described in Section 2.3. The extracts
were applied to a Human Phospho-RTK Array (R&D Sys-
tems, Minneapolis, MN, USA), which can detect the phos-
phorylation level of 42 different RTKs on the same
nitrocellulose membrane. Assays were performed in accor-
dance with the manufacturer's instructions. The resulting
signals were quantified as described in Section 2.3. The
intensity of each RTK's phosphorylation was represented
as a percentage relative to the internal positive control.
To obtain relative intensity among the 42 RTKs, the devia-

tion value was calculated as follows: (intensity for the RTK
- average infensity for 42 RTKs) x 10/standard deviation of

intensities for 42 RTKs.
2.5. Immunoprecipitation

Immunoprecipitation was performed as described pre-

viously [23]. Briefly, fresh protein extracts (see Section

2.3) were incubated overnight with anti-p85 antibody.
Immunoprecipitation products were washed three times

with ice-cold NP-40 lysis buffer before boiling in 2x Lae-

mmli sample buffer and analyzed by Western blotting.

HCC1954

phospho- §
IGF-1R

IGF-1R

phospho-
IRS-1

IRS-1

PTEN

B-actin

2.6. Cell growth assay

Growth inhibition was assessed by use of the MTS assay
(Promega, Madison, WI), This assay, a colorimetric method
for determining the number of viable cells, is based on
the bioreduction of 3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) to a soluble formazan product that is detected spec-
trophotometrically at a wavelength of 490 nm. Cells di-
luted in 160 plfwell of maintenance cell culture media
(see “Cell Culture and Reagents”) were plated in 96-well
flat-bottom plates (Corning, Inc., Corning, NY). The number
of cells required to obtain an optical density (OD) of 1.3-
2.2, the linear range of the assay, after 96 h of growth
was determined for each cell line beforehand. The number

Table 1
Baseline expression of phospho-IGF-1R, IGF-1R, phospho-IRS-1, and IRS-1
in breast cancer cells grown in 10% serum-containing media.

_ Phospho-IGE-1R  IGF-1R ' Phospho-IRS-1  IRS-1

Intensity of each band measured with Western blotting for each cell line
(Fig. 1) was quantified and expressed relative to that for MCF-7.

§ MDA-MB-4358
UACC893

Fig. 1. Expression of phosphorylated IGF-1R, IGF-1R, phosphorylated IRS-1; IRS-1, and PTEN in breast cancer cell lines, Breast cancer cell lines grown in 10%
serum-containing medium were lysed and immunoblotted for each protein. The blots were stripped and reprobed for -actin as loading control.
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of cells per well used in the subsequent experiments were
as follows: MCF-7, 2000; MDA-MB-361, 8000; HCC1954,
2500; MDA-MB-453, 7000; UACC893, 7500, CAMA-1,
6000; MDA-MB-435S, 2000; ZR75-30, 7500; HCC70,
4000; HCC1419, 8000; BT474, 3000; SKBR-3, 2500;
BT549, 2000; T47D, 2500; ZR75-1, 7500; and MDA-MB-
231, 2500, Drugs were added 24 h after plating, and the
cells were incubated for another 96 h. Wells of the plate
(6-12) were set for each experimental point, and all exper-
iments were repeated at least three times. The data are ex-
pressed as percentage of growth relative to that of
untreated control cells,

2.7. FACS analysis

The FACS analysis was performed using methods simi-
lar to those described previously [24]. Briefly, 1-1.5 x 10°

HCC1954

MDA-MB-361

cells were seeded into 10 cm? plates, and the drugs were
added 24 h later. After 24 h of treatment, the cells were
trypsinized and fixed overnight in ethanol at 4 °C. Fixed
cells were then resuspended in 0.5% RNase A (Sigma), cen-
trifuged, resuspended in 5 pM propidium iodine (Sigma) in
38 mM sodium citrate, incubated at room temperature for
30 min, and analyzed by FACS Calibur flow cytometry (Bec-
ton Dickinson, Franklin Lakes, N]J) with a cell-cycle test
software, ModFit LT™ (Verity Software House Inc., Top-
sham, ME). All experiments were repeated three times.

2.8. Scratch wound migration assay
Breast cancer cells were seeded in 6-well tissue culture
plates (Corning, Inc.) and incubated in 10% serum-contain-

ing media until confluence. Gaps were then created by
scraping cells with P1000 pipette tips and the cells were

B

the deviation value

the deviation value

the deviation value

MDA-MB-361

3
2
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>
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Fig. 2. Phosphorylation profile of 42 RTKs in MCF-7,T47D, HCC1954, and MDA-MB-361 breast cancer cell lines; The protein extract prepared from each cell
line grown in 10% serum-containing medium was applied to phospho-RTK arrays. (A) The levels of phosphorylated RTKs in each cell line were visualized on
a nitrocellulose membrane. (B) The average intensities of the dots for each phosphorylated RTK (x-axis) were quantified. The deviation value was calculated

as described in Section 2 and plotted on the y-axis.



18 T. Mukohara et al./Cancer Letters 282 (2009) 14-24

cultured in fresh media containing 10% serum with or
without 1pM NVP-AEW541. The plates were photo-
graphed at 0, 24, 48, 72, and 96 h using a microscope with
a digital video camera installed (BZ-8000, Keyence, Osaka,
Japan). Distance of cell migration was measured at three
fixed positions (top, right middle and bottom on the
screen) using BZ analyzer software (Keyence).

3. Results

3.1. Expression and phosphorylation level of IGF-1R and IRS-1 in breast
cancer cell lines

Sixteen breast cancer cell lines were evaluated for the expression and
phosphorylation level of IGF-1R and IRS-1 using Western blotting. All the
lines expressed detectable levels of IGF-1R (Fig. 1). While a majority of
them exhibited phosphorylation of IGF-1R detectable with the phos-
pho-specific antibody, there was no clear correlation between expression
level and phosphorylation of the receptor (Fig. 1 and Table 1, p = 0.07). On
the other hand, expression and phosphorylation level of IRS-1 appeared
significantly correlated with each other (Fig. 1 and Table 1, p = 0.002).
MCF-7 cells expressed substantiaily more IRS-1 and phospho-IRS-1 than
the other 15 cell lines, with levels at least three times those seen in other
lines (Fig. 1 and Table 1). Of the 16 breast cancer cell lines, all but BT549,
HCC70, and ZR75-1 expressed detectable levels of PTEN (Fig. 1).

3.2. MCF-7 and T47D have high relative phosphorylation of IGF-1R

Fifty-eight RTKs have been identified in the human genome [25}, and
cancer cells could potentially depend on any RTK in terms of activating
downstream effectors. To shed light on the relative importance of IGF-
1R among many other RTKs in breast cancer cells, we utilized a commer-
cially available phospho-RTK array, which can detect the phosphorylation
level of 42 different RTKs on one nitroceliulose membrane (see Section 2).
Protein extracts obtained from MCF-7, T47D, HCC1954, and MDA-MB-361
cells, which had the highest levels of phosphorylated IGF-1R as measured
by Western blotting (Fig. 1 and Table 1), were applied to the array. We

quantified each phospho-RTK as described in Section 2. As shown in
Fig. 2, the relative intensity of phosphorylated IGF-1R is higher in MCF-
7 and T47D than in HCC1954 and MDA-MB-361. Of note, both HCC1954
and MDA-MB-361 are reported to have amplification of the HER2 gene
and over-expression of the protein [26}. Consistent with this, the relative
intensity of phosphorylated HER2 is high in those two cell lines (Fig. 2).

3.3. NVP-AEWS541 inhibits cell growth of breast cancer cell lines

To examine the inhibitory effects of NVP-AEW541 on cell growth,
cells were cultured in 10% serum-containing media with various concen-
trations of NVP-AEW541 (3.3nM to 10 uM). As seen in Fig. 3, NVP-
AEWS3541 inhibits cell growth of MCF-7 more potently than that of the
other breast cancer cell lines {ICsy for MCF-7 vs. the other cell lines,
1 pM vs. approximately. 7 uM).

Taken together, neither expression nor phosphorylation of IGF-1R
predicts sensitivity to NVP-AEW541. This is shown by comparison of
the MCF-7 and T47D cell lines, which showed different sensitivities to
NVP-AEW541 despite equivalency in expression and phosphorylation le-
vel of IGF-1R (Figs. 1 and 3, and Table 1). In addition, those two cell lines
have very similar phospho-RTK profiles as shown in Fig. 2. On the other
hand, IRS-1 expression and phosphorylation levels are much higher in
MCF-7 cells than in T47D cells (Fig. 1 and Table 1). To explore the role
of IRS-1 in the mechanism of action of NVP-AEW541, we therefore
decided to compare MCF-7 with T47D in further experiments. Because
NVP-AEW541 can inhibit many other kinases, especially insulin receptor,
at concentrations above 2 pM {22], we could not exclude the possibility
that growth inhibition observed at 3.3 uM or higher might be due to
non-specific effects. Therefore, we used 1 uM or lower concentrations of
NVP-AEW541 in subsequent experiments.

3.4. NVP-AEW541 alters cell-cycle distribution

FACS analysis was used to determine the effect of NVP-AEW541 on
MCF-7 and T47D cell cycling. In MCF-7 cells, treatment with 1 pM NVP-
AEW541 led to an increase in the G1-GO fraction along with a decrease
in the G2-M and S fractions, indicating cell-cycle arrest at the G1-§
boundary (Fig. 4A). In contrast, very little change in cell-cycle distribution
was observed in T47D cells (Fig. 4B). NVP-AEW541 produced no increase

120~
100 -
80 - —m— HCC1954
T47D
—3¢— BT-474
5 ~3— CAMA-1
£ 60. —e— SKBR:-3
g —i— BT549
- —= MDA-MB-435S
2 —m— MDA-MB-361
o 40 ZR75-1
MDA-MB-231
HCC70
—3¢— ZR75-30
20 3 MDA-MB-453
. HCC1419
—— UACC893
0 T T
0.00 0.01 0.10 1.00

NVP-AEW541 (uM)

Fig. 3. Growth inhibitory effect of NVP-AEW541 on breast cancer cells. Breast caricer cells are grown in 10% serum-containing media for 5 days in the
presence of various concentrations of NVP-AEW541. Percentage of viable cells is shown relative to that of untreated control (y-axis). The x-axis shows the
concentration of NVP-AEW541. Each data point represents the mean value and standard deviation of 6-12 replicate wells.
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Fig. 4. Change in cell-cycle parameters in MCF-7 (A) and T47D (B) cells as aresult of NVP-AEW541 treatment. Examples of FACS analysis of cells that were
treated with 0 and 1 pM of NVP-AEW541 for 24 h are shown, The proportion of cells in the G0-G1, G2-M, and § phases of the cell-cycle are shown on top

right hand corner.

in the sub-G1 fraction, indicative of apoptosis, in either cell line,
suggesting a cytostatic effect of the drug (Fig. 4). Taken together, NVP-
AEW541-induced cell-cycle arrest at the G1-S boundary appeared to be
responsible for the growth inhibition seen in MCF-7 cells.

3.5. NVP-AEW541 enhances the effect of chemotherapeutic drugs

Because IGF-1R signaling is known to be important for cell survival {8],
we next examined the ability of NVP-AEW541 to enhance cytotoxicity of
chemotherapeutic agents. As seen in Fig. 5A, in MCF-7 a combination of
vinorelbine and NVP-AEW541 generally produced greater growth inhibi-
tion than either drug alone. In contrast, in T47D cells, addition of NVP-
AEWS541 caused little increase in growth inhibition over that induced by
vinorelbine alone (Fig. 5B), To evaluate the level of apoptosis, Western blot
analysis for poly (ADP-ribose) polymerase (PARP) was performed. Treat-
ment with NVP-AEW541 produced no clear increase in cleaved PARP,
which is indicative for apoptosis, in either MCF-7 or T47D cells (Fig. 5C
and D), consistent with the cytostatic effect indicated by FACS analysis.
Treatment with vinorelbine caused an increase in cleaved PARP in both
cell lines (Fig. 5C and D). In MCF-7 cells, the addition of NVP-AEW541 to
vinorelbine caused a further increase, suggesting that the compound en-~

hances vinorelbine-induced apoptosis (Fig. 5C), but in T47D cells the
enhancement was minimal (Fig. 5D). Similar resuits were observed when
NVP-AEW541 was used in combination with paclitaxel, another chemo-
therapeutic agent often used against breast cancer (data not shown).

3.6 NVP-AEW541 inhibits migration of MCF-7 cells

To test the effect of NVP-AEW541 on cell motility, we performed
scratch’ wound migration assays. Without NVP-AEW541, MCF-7, and
T47D cells migrated at similar rates over 96 h. Treatment with 1M of
NVP-AEW541 significantly reduced the rate of migration in MCF-7
(Fig. 6A, control vs. NVP-AEW541 at 72 and 96h, p=0001 and
P<0.001, respectively) but not T47D cells (Fig. 6B).

3.7. NVP-AEWS541 inhibits IGF-1R signaling in MCF-7

We next examined changes in phosphorylation of IGF-1R and repre-
sentative downstream signaling molecules in MCF-7 and T47D cells
grown in 10% serum media with or without 1 pM NVP-AEW541. In both
cell lines, NVP-AEW541 inhibited phosphorylation of IGF-1R (Fig. 7A).
Baseline phospho-IRS-1 was much higher in MCF-7 cells than in T47D,



