A. MDA-MB-231
» MDA-MB-415
- UACC829
~+-BT549
~-HCC1954
B ZR75.1
= MDA-ME-435S
< ~~CAMA-1
3 + HCC70
~ ~MCF 7
) ~ MDA-MB-261
® T47D
. h
20 HER?- +-SKBR3
amplified -« BT-474
0 -#-ZR75.30
0.00 001 0.10 1.00 10.00 100.00
trastuzumab (ug'ml)
C. p=0.010
120 .
i W B Trastuzumab {10 pg/mL)
j00 | W MCL-387.785(1 uM)
= i
-E;. £ 80!
55 ;
w2 60 -
= 0 i
S |
40 . :
204 .
|
0 L, - - - R R R :
5 £§ 5§ 2 e g g
wog 3 = 8 &
T < < g g
[=] [=]
y 3.3
p110-a -
B-actin

Annals of Oncology

B.
x x . UALCH3G
| ) % HCCIGEA
SRR [ PIKSCAmML DA ME.36
° bR S i : MOAMB-453
€ § : o +-HCC1419
8 g ' lpwacawt  * SKBR-
5 R SR « BT-474
° LI I |
® 40 -» ZRT5:30
20
] - . . ; .
0.00 001 010 100 1000 10000
trastuzumab (pg/mL)
D.
120
- UACCB3Y
» HCGC1954
— v MDA-MB-361
£ MOA-MB-453
€ * HCC1419
(8] .
5 + SKER-3
] « BT-474
® . e -« ZR75-30
0 C e S S ’") Th ot
0.00 0.0t 010 1.00 10.00

CL-387.785 (uM}

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
10 pg/ml trastuzumab, and I 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-o in HER2-amplified breast cancer cells. Blots were stripped and re-probed for f-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 (r),
0.811]. Futther, 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 PIBK 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
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LY294002, 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 HERZ-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 fromi 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 ~
M trastuzumab (10 pg/mL)
1009 g c1-387,785 (1 M)
£% ¥
ERS
O g
® %3 60 -
S
40
20 4
0 - s:=':-" A A

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 trastuzamab and

1 uM CL-387,785 were plotted. BT474-TR remuains 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 Lo contain double activating mutations
in KRAS (G13D) and BRAF (G464V), whereas MDA-MB-4358
showed an activating mutation in BRAF alone (VGOOE) [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 vitio sensitivity to trastuzumab

ZR75-30 SKBR-3 HCC1419
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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 uM). 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 uM 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 PB-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
trastuzumab (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,
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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 signaling in secondary resistant cells,
our present findings indicate that BT474-TR remains
dependent on HER2/PI3K signaling and sensitive to HER2-TXI
(Figure 4A).

We then evaluated 1.Y294002 as a model PI3K inhibitor.
Results show that HER2-amplified cells are generally sensitive
to 1.¥294002 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 HERZ-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-
AKkt. 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 HER?2 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 vive
conditions, our current data do not necessarily deny the
potential effect of trastuzumab 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
HERZ2-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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ARTICLE INFO ABSTRACT

Article history: To investigate the potential value of targeting insulin-like growth factor-1 receptor (IGF-
Received 3 June 2008 1R) in breast cancer, we examined the effects of NVP-AEW541, a selective small-molecule
Received in revised form 27 November 2008 inhibitor of the IGF-1R tyrosine kinase, in a panel of 16 breast cancer cell lines, All cell lines
Accepted 25 February 2009 expressed [GF-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 (ICso, 1 1tM vs. ~7 iM). 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 IRS-1,

Ig‘:ﬁzf;;cer NVP-AEWS541 caused cell-cycle arrest at the G1-5 boundary, reduced in vitro cell migra-
IGF-IR tion, and ‘enhanced the’ ¢ytotoxic effects of vinorelbine and paclitaxel in' MCF-7, but not
IRS:1 in T47D.; While NVP-AEW541 decreased the phosphorylation of [GF-1R in both cell lines,

it inhibited phosphorylation of Akt and disrupted the IRS-1/PI3: K complex only in MCF-
7. These findings suggest that inhibiting IGF-1R. may 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.

Tyrosine kinase inhibitor

1. Introduction manipulations; and - anti-HER2 “monoclonal - antibodies.

Therefore, novel therapeutic-approaches are needed.

With ‘approximately  a - million: new- cases annually,
breast cancer is theleading cause of cancer death among
womien: 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: HER2-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-small
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 bea‘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 kinase
inhibitors [8]. Among these, small-molecule inhibitors
have the advantage of possible oral administration. NVP-
AEW541-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-AEWS541 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, Herndom, CA) supple-
mented with 10% FBS (Gemini-Bio-Products, Inc.,, Wood-
land, CA), 100units/m! penicillin, 100 units/m!
streptomycin, and 2 mM glutamine. MDA-MB-361, MDA-
MB-435S, and MDA-MB-231 cells were maintained in Dul-
becco’s Modified Eagle's Medium (DMEM) (Cellgro) with
10% FBS, 100 units/ml penicillin, 100 units/m! 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%: glycerol;:1%-NP40, and: 2:mM EDTA)
containing protease and phosphatase inhibitors (100 mM
NaF, 1-'mM phenylmethylsulfony! fluoride [PMSF]; 1 mM
NazVO4 2. pg/mil-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% paolyacrylamide
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-1GF-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 p-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 intensity 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.

HCC1419
HCC1954

phospho-
IRS-1

IRS-1

PTEN

B-actin

§ MDA-MB-231

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-yl)-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-IGF-TR _ IGF-1R - Phospho-IRS-1 IRS-1

BT474 - 034 047 010 et
BT549 028 o026 ‘ 0.07
: 10,007 004 S 000

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-361

§ MDA-MB-4355
MDA-MB-453
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 p-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°

A

) Intemal positive controt

MCF-7

T47D

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, NJ) 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 devlation value

the deviation value

the deviation value

MDA-MB-361

[}
=
S
>
3
2
3
4
]
@
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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 membrarie. (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.
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cultured in fresh media containing 10% serum with or
without 1 pM NVP-AEWS541. 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 phesphorylation 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 substantially 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 nitrocellulose 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 refative intensity of phosphovylated IGF-1R is higher in MCF-
7 and T47D than in HCC1954 aud MDA-MB-361. Of note, bath HCC1954
and MDA-MB-361 are reported to have amplification of the HER2 gene
and over-expression of the protein {26). Consisteat 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 scen in Fig. 3, NVP-
AEWS541 inhibits cell growth of MCF-7 more potently than that of the
other breast cancer cell fines (ICgy for MCF-7 vs. the other celt lines,
1 uM vs. approximately. 7 pM).

Taken together, neither expression nor phosphorylation of IGF-1R
predicts sensitivity Lo 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 abave 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-AEWS541 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-
AEWS541 led to an increase in the G1-GO fraction along with a decrease
in the G2-M and S fractions, indicating celi-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 o
-
—e— MCF-7
80 ~ —u— HCC1954
T47D
—»— BT-474
5 —%— CAMA-1
£ 60 —e— SKBR-3
8 ——BT549
5 —— MDA-MB-4358
vy —m— MDA-MB-361
o 40 ZR75-1
MDA-MB-231
HCC70
ZR75-30
20~
0 ¥ I 1 ™
0.00 0.01 0.10 1.00 10.00

NVP-AEW541 (M)

Fig. 3. Growth inhibitory effect of NVP-AEW541 on breast cancer cells. Breast cancer 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 a result 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-
AEWS541-induced cell-cycle arreést 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. 54, 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 in¢rease 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 iricrease 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 results 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 puM 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,
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Fig. 5. Effect of NVP-AEW541 on vinorelbine-induced apoptosis in MCF-7. MCF-7 (A and C) and T47D (B and D) cell lines were treated with 0.5:uM of NVP-
AEWS541; 5 nM of vinorelbine, and their combination. (A and B) Viable cells were quantified by the MTS assay and are expressed as a percentage relative to
untreated controls (y-axis). Each data point represents the mean value and standard deviation of 6-12 replicate wells, (C and D) Western blot for PARP with
MCF-7 and T47D grown in the absence or presence of 0.5 pM of NVP-AEW541, 5 nM of vinorelbine, and their combination. The blot was stripped and
reprobed for B-actin as a loading control. Percentage of the cleaved form (89-kDa) was quantified and is shown at the bottom of the blots.

and was inhibited by NVP-AEW541 (Fig. 7A). This inhibition coincided

" 'with a decrease in phosphorylation of Akt (Fig: 7A): In contrast; the level

of phospho-Akt in T47D cells was much higher than in MCF-7 and was de-
creased only slightly by NVP-AEW541 (Fig. 7A). Phosphorylation of ERK1/
2 was not affected NVP-AEW541 ini either cell line, nor was the total
amount of any of these signaling proteins (Fig. 7A). To test the effects of
NVP-AEW541" on " ligand-dependent ‘cell signaling, we serum-starved
MCF-7-and" T47D cells overnight and stimulated them:with IGF-1 for
15 min: with or ‘without 2 h: pre-exposure: to: . uM NVP-AEW541, then
analyzed lysates. of the cells. by Western blotting (Fig. 7B). In both cell
lines, phosphorylation of IGF-1R dramatically increased with the IGF-1
stimulation, and was significantly inhibited by NVP-AEW541 pre-treat-
ment. Interestingly, in MCF-7 cells phosphorylation of IRS-1 was observed
even without ligand-stimulation, and was increased by addition of IGF-1
(Fig. 7B). NVP-AEW541 inhibited the IGF-1-dependent phosphorylation of
IRS-1:and phosphorylation of Akt in MCF-7 cells (Fig. 7B). In T47D, in
contrast, IRS-1 phosphorylation was barely detectable and did not change
with addition of IGF-1 or NVP-AEW541 (Fig. 7B). Accordingly, the level of
Akt phosphorylation: changed “only slightly . (Fig. 7B):" On the other
hand,: while phosphorylation’ of ERK1/2: was increased: by IGF-1 and
inhibited by NVP-AEW541 in T47D cells, it was unaffected in MCF-7
(Fig. 7B).

Taken together, these results indicate that inhibition of cells” prolifer-
ation; cell-cycle progression, survival, and motility by NVP-AEW541 does
not correlate with inhibition of IGF-1R phosphorylation; but rather with
decreased phosphorylation: of Akt. The role of the ERK1/2 pathways ap-
peared relatively small when compared to the PI3 K pathways, at least
for the oncogenic properties we tested.

3.8 NVP-AEW541: disrupts IRS-1/PI3 K complex

In activating PI3 K, IGF-1R is known. to utilize IRS-1 as a scaffold
protein [10]. Because inhibition of the P13 K pathway appeared to play
an important role in the mechanism of action of NVP-AEW541, we next
examined the effect of the compound on the interaction between IRS-1
and p85. MCF-7 and:T47D: cells: were: treated with or without 1 pM
NVP-AEW541 for 24 h, and cellular protein extracts were immunopre-
cipitated with p85 antibody: and analyzed. by immunoblotting with
IRS-1 and p85 antibodies. As shown in Fig: 7C, IRS-1 and p85 are phys-
ically 'associated in ‘MCF-7 cells ‘and this association is disrupted by
NVP-AEW541. In“contrast, the two proteins- are not- associated in
T47D cells. These findings: are consistent with our Western blot analy-
sis showing that. NVP-AEW541 suppresses phosphorylation of Akt in
MCF-7 but not in T47D (Fig. 7A and B).
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Fig. 6. Inhibitory effect of NVP-AEW541 on migration of MCF-7. MCF-7 and T47D cell lines were grown to confluence and treated with 1 uM NVP-AEW541
before an in vitro scratch assay. The scratched region was photographed at the indicated times and the migration distance was measured at three fixed
positions (top, middle, and bottom). (A) The migration is significantly slower in MCF-7 cells treated with NVP-AEW541at 72 hand96 h (P<0.05). Each data
point represents the mean and standard deviation of 6-12 replicate wells. (B) In T47D cell line, NVP-AEW541 produces no significant change in the rate of

migration.

4. Discussion

Over the last decade, a number of molecularly-targeted
agents have entered clinical use, and the efficacy of target-
ing RTKs in solid tumors has been proven efficacious in so-
lid tumors [7]. IGF-1R has been implicated as a potential
therapeutic target due to its roles in diverse oncogenic pro-
cesses including cell proliferation, survival, motility, and

- metastasis [10].+ In- the present' study, we examined
in vitro effects of selectively inhibiting IGF-1R with NVP-
AEW541,

We first found that even though all 16 of the breast can-
cer cell lines tested express IGF-1R, and many of them
show baseline phosphorylation of this RTK, one cell line,
MCEF-7, was much. more. sensitive to NVP-AEW541 than
the others in assays of cell growth. Interestingly, we found
that of the 16 cell lines, only MCF-7 has high expression
and phosphorylation of both IGF-1R and its substrate IRS-
1 (Fig. 1 and Table 1). We hypothesized that concurrent
expression and phosphorylation of both proteins could
play a role in the mechanism of action of NVP-AEW541.
To test this hypothesis we chose to compare MCF-7 and
T47D cells, because these lines had identical expression
and phosphorylation levels of IGF-1R, and almost identical
profiles of ‘other phospho-RTKs (Fig. 2), but differ in that
MCF-7 cells have miich higher expression and phosphory-
lation of IRS-1 (Fig. 1 and Table 1).

We found that in MCF-7 but not in T47D, 1 uM NVP-
AEWS541- causes.G1-S. cell-cycle - arrest, consistent with
the higher growth inhibition observed in MCF-7. We also
found that in MCF-7 but not in T47D, NVP-AEW541 en-
hanced the cytotoxicity of vinorelbine and paclitaxel. Fur-

thermore, NVP-AEW541 retarded cell migration in MCF-7
but not T47D. These observations are consistent with the
reported contribution of IGF-1R signaling to the cellular
processes measured in these assays.

To explore the molecular mechanisms underlying the
differential effects of NVP-AEW541 on MCF-7 and T47D
cells, we examined how the compound modified different
cell signaling pathways. In MCF-7 but not.T47D. cells,
1 1M NVP-AEW541 significantly inhibited Akt phosphory-
lation, both in the presence of 10% serum and after serum
starvation followed by IGF-1 treatment (Fig. 7). In contrast,
NVP-AEW541 did not affect the ERK pathway, another
well-characterized proliferation and survival pathway, in
cells of either line grown in 10% serum, Furthermore, we
demonstrated that. NVP-AEW541. dissociated: IRS-1/PI3 K
in MCF-7 but not in T47D cells. These findings suggest that
cellular “sensitivity 'to NVP-AEWS541 'is determined by
whether the signaling axis of IGF-1R-IRS-1-PI3 K'is func-
tional. The presence of the axis may be indicated by high
expression of both. IGF-1R and IRS-1, as-discussed below.
Alternatively, dissociation of IGF-1R and IRS-1- may be nat-
urally present in some cancer cells, because in T47D stim-
ulation with IGF-1 caused only a small increase in
phosphorylation of IRS-1 (Fig. 7B). The PI3 K/Akt pathway
is known to be multifunctional, mediating important onco-
genic processes such as cell proliferation, cell survival, and
cell motility [27]. This is again consistent with the present
findings that NVP-AEW541. inhibited not only cell growth
but other-oncogenic properties in MCF-7.

Considering therapeutic implications; our results sug-
gest' that measuring IGF-1R expression alone" provides
insufficient information to select tumors sensitive to
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Fig. 7. Effects of NVP-AEW541 on phospharylation of IGF-1R and downstream signaling molecules. (A) MCF-7 and T47D cell lines were treated with 1 uM
NVP-AEW541 for 24 h and the levels of phosphorylated IGF-1R, Akt, and ERK1/2 were assessed using phospho-specific antibodies for each protein. The blot
was stripped and reprobed with an antibody detecting the total form of the protein; and again with antibody for g-actin as loading control. (B) Effects of IGF-
1 and NVP-AEW541 on phosphorylation of IGF-1R and downstreamn Akt and ERK1/2: MCF-7 and T47D cells were serum starved overnight and then grown in
the presence or absence of 1 pM NVP-AEW541 for 2 h followed by IGF-1 (50 ng/mi) stimulation for 15 min. Western blots are shown for phospho- and total
IGF-1R, Akt; and ERK1/2. (C) MCF-7 and T47D cell lines were grown in the presence or absence of NVP-AEW541 for 24 h. Protein extracts (500 ug) were
immunoprecipitated with an anti-p85 antibody and subjected to immunobiot assays with anti-IRS-1 and anti-p85 antibodies. In MCF-7, the association of

IRS-1 and p85 is significantly diminished in the preserice of NVP-AEW541.

NVP-AEW541, consistent with a previous study by Scot-
landi et al. using musculoskeletal cancer cell lines [21].
Our results rather suggest that the presence of high IRS-1
expression beside IGF-1R expression indicates the presence
of a signaling axis from IGF-1R to PI3 K, and would thus be
informative for-selecting NVP-AEW541-sensitive tumors.
This concept is supported by a recent study by Byron,
et al. [28]. In the study, they showed that in T47D-YA breast
cancer cells expressing active IGF-IR but lacking IRS-1, IGF-
1 did not stimulate cell proliferation but did when cDNA
constructs encoding human IRS-1 were stably transfected
into the cells[28]. They also showed that MCF-7 cells with
IRS-1 knocked down by means of interfering RNA (siRNA)
exhibited diminished IGF-1-stimulated cell growth com-

pared to parental cells [28]. Despite the high frequency of
IRS-1 expression in breast cancer: specimens reported in a
previous study [29], 69.7%, the definition and the frequency
of over-expression of IRS-1 remains unclear. If the level of
IRS-1 MCE-7 shows should be regarded as over-expression,
it may be infrequent in breast cancer. It also remains un-
known how frequent IGF-1R and IRS-1.simultaneously
over-express in.breast cancer. However, because a previous
study showed that higher levels of IRS-1 predicted worse
disease-free survival after curative surgery in a subset of
breast cancer patients [19], NVP-AEW541 might be effica-
cious against relatively aggressive tumors,

In T47D cells, phosphorylation of Akt is high even after
serum starvation (Fig. 7B), suggesting the presence of a
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mechanism causing constitutive activity of the PI3 K path-
way. One possible candidate is an activating mutation of
p110 (H1047R in exon 20) in T47D [30]. Interestingly,
however, MCF-7 is also reported to have an activating
mutation in p110, though at a different site (E545K in
exon 9) {30]. We confirmed the presence of these muta-
tions in each cell line for ourselves (data not shown). Both
mutations have been shown to. cause equal elevation of
PI3 K catalytic activity when expressed in a normal mam-
mary epithelial cell:line.[31].. However; our:data showed
that phosphorylation of Akt in the absence of serum is
much:lower in MCF-7 than T47D cells, and is boosted by
addition of exogenous IGF-1 (Fig. 7B), which suggests that
these two mutations may-have'different effects in cancer
cell lines in which they occur endogenously. In addition,
it is of therapeutic importance to know that cells with mu-
tant PI3 K; like MCF-7; still depend on up-stream signals in
terms of PI3 K activation, and therefore can be sensitive to
anti-RTK drugs.

Our study has some limitations; First, the use of only
one cell line with high sensitivity to NVP-AEW541 pre-
cludes generalization of the results, In a recently published
study by Guerreiro, et al., they tested expression of IGF-1R
and IRS-1 and the growth inhibitory effect of NVP-AEW541
for 9 neuroblastoma cell lines with methods similar to ours
[32]. They observed that the two cell lines most sensitive
to NVP-AEW541, SHSY5Y and LAN1, expressed high levels
of IGF-1R and IRS-1, while LANS5, which was the least sen-
sitive to NVP-AEW541, had the lowest level of IRS-1.
Although the authors did not address the issue, their re-
sults suggest that the association of NVP-AEW541 with
co-expression of IGF-1R and IRS-1 may be a general
phenomenon.

Second, we did not test in vivo activity of NVP-AEW541,
Because IGF-1 could act as a lymphangiogenic factor [33];
our result does not preclude anti-tumor effects of NVP-
AEWS541 in vivo against tumors that are unlike MCF-7 in
terms of IGF-1R and IRS-1. A recently published study by
Tanno and colleagues showed in vivo efficacy of NVP-
AEWS541 for neuroblastoma cell lines, but they were shown
to be sensitive in vitro as well [34]. Therefore, it remains to
be addressed, and is a focus of our ongoing study, whether
NVP-AEWS541 can work in vivo especially’ for cancer cells
that are insensitive in vitro.

In summary, our study supports the possibility of tar-
geting IGF-1R in breast cancer. Inhibiting IGF-1R and con-
sequently the PI3K/Akt pathway is therapeutically
attractive as it may not only inhibit cell growth but also en-
hance the effect of chemotherapeutic agents' and reduce
the “ability ‘of cells ‘to”migrate to other sites. ‘However,
in vitro effects of IGF-1R receptor inhibition in breast can-
cer cells appeared to be limited to those that express both
IGF-1R and IRS-1'at high levels. Although the validity of the
findings in our study should be evaluated in clinical trials,
they could potentially lead to individualized use of NVP-
AEWS541 in breast cancer.
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Objective: The Phase | dose-escalation study was conducted to evaluate the safety and
pharmacokinetics of lapatinib (GW572016), a dual ErbB-1 and -2 inhibitor, in Japanese
patients with solid tumors that generally express ErbB-1 and/or overexpress ErbB-2.
Methods: Patients received oral lapatinib once daily until disease progression or in an event
of unacceptable toxicity.

Results: Twenty-four patients received lapatinib at dose levels of 900, 1200, 1600 and
1800 mg/day; six subjects enrolled to each dose level. The majority of drug-related adverse
events was mild (Grade 1-2); the most common events were diarrhea (16 of 24; 67%), rash
(13 of 24; 54%) and dry skin (8 of 24; 33%). No Grade 4 adverse event was observed. There
were four Grade 3 drug-related adverse events in three patients (i.e. two events of diarrhea at
1600 and 1800 mg/day each and y-glutamyl transpeptidase increase at 1800 mg/day). The
maximum tolerated dose was 1800 mg/day. The pharmacokinetic profile of lapatinib in
Japanese patients was comparable to that of western subjects.

Conclusions: Lapatinib was well tolerated at doses of 900- 1600 mg/day in Japanese solid

tumor patients. Overall, our findings were similar to those of overseas studies.

Key words: ErbB-1 — ErbB-2 — lapatinib ~ phase 1 — tyrosine kinase inhibitor

INTRODUCTION

Dysregulation of the human epidermal giowth factor (ErbB)
family of cell surface receptors has been noted in several
solid tumors. Binding of extracellular ligand to ErbB recep-
tors activates multiple intracellular signaling pathways that
can promote tumor growth through processes, such as cell
proliferation; differentiation and inhibition of apoptosis.
ErbB-1 and ErbB-2 are implicated in the pathogenesis of
several cancers (1), and their overexpression in epithelial
tumors—including those of the lung, breast, head and neck,
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colon, stomach, ovary and prostate—often correlates with
poor prognosis (2,3).

ErbB receptors present two rational targets for inhibition:
blockade of the extracellular ligand-binding domain by
monoclonal antibodies and inhibition of the intracellular
tyrosine kinase domain by small molecules (4). Several
anticancer agents target specific ErbB isoforms. For
example, the small molecule tyrosine kinase inhibitors gefiti-
nib (Iressa®) and erlotinib (Tarceva®) and the monoclonal
antibody cetuximab (Erbitux®) all target ErbB-1 (5-7),
and thus, they are indicated for the treatment of non-small
cell lung cancer (NSCLC) and colorectal cancer (8,9).
Furthermore, a monoclonal antibody directed against EtbB-2
(trastuzumab, Herceptin®) has been approved for patients
with ErbB-2-overexpressing breast cancer (10). Sensitivity to
some of these agents is strongly associated with the
expression levels of ErbB-1 and -2 (2,3).

© The Author (2008). Published by Oxford University Press. All rights reserved.
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Since it has been suggested that tumors with ErbB-1
expression and ErbB-2 overexpression are more aggressive
than those without expression of the receptors (11-13), it
has been proposed that dual inhibition of ErbB-1 and -2
could be a useful approach in patients with overexpression of
these receptors. Lapatinib (GW572016) is a potent, orally
active, small molecule dual inhibitor of ExbB-1 and -2.
Lapatinib markedly reduces autophosphorylation of ErbB-1
and -2, and inhibits activation of Erk1/2 and AKT, the down-
stream effectors of cell proliferation and cell survival,
respectively (14—17). Lapatinib inhibits tumor cell prolife-
ration in various human tumor cell lines expressing ErbB-1
and overexpressing ErbB-2, as well as in tumor xenograft
models (14—17).

Preclinical study of lapatinib revealed the agent to be well
tolerated with an effective half-life of ~24 h, suggesting
once-daily oral administration to be feasible (18). Clinical
studies of the safety and efficacy of lapatinib in cancer
patients are underway.

This was the first Japanese Phase 1 study of lapatinib in
patients with solid tumors. This study was primarily
designed to assess the safety of repeated oral doses of lapati-
nib in these patients and to investigate pharmacokinetics to
see if they are comparable with those in western patients.

PATIENTS AND METHODS
Stupy DEsicN

This was a non-randomized, open-label, multicenter,
dose-escalation Phase I study conducted at two sites in
Japan—Kinki University Hospital, Osaka and National
Cancer Center Hospital East, Chiba.

The primary objectives were to assess the safety of
repeated oral doses of lapatinib, to determine the maximum
tolerated dose (MTD) in patients with solid tumors, to evalu-
ate the pharmacokinetics (PK) of repeated oral doses of lapa-
tinib and to compare the data from overseas studies and
based on these data, to find the clinically recommended dose
of lapatinib in Japanese patients entolled in further studies.

PATIENT ELIGIBIUTY

Adult patients aged 20—74 years with histologically or cyto-
logically confirmed solid tumors that are generally known to
express EGFR and/or overexpress ErbB-2 (including colorec-
tal cancer, gastric cancer, NSCLC and breast cancer) were
eligible for inclusion, provided that they had failed standard
therapies or there were no other appropriate therapies avail-
able (19—40). Patients had to have normal function of major
organs and adequate bone marrow, hepatic and renal func-
tions defined as hemoglobin >9 g/dl, neutrophil count
ZlSOO/mm3 and platelets >100 000/mm>, AST and ALT
<2.5 of upper limit of normal (ULN) and bilirubin <1.5 of
ULN, and serum creatinine <1.5 of ULN, respectively. Left
ventricular ejection fraction by echocardiography had to be
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>50% and in all patients an appropriate length of time since
cessation of previous therapy was required (chemotherapy,
radiotherapy, surgery or investigational products other than
anticancer drugs, >4 weeks; nitrosourea compounds or mito-
mycin C, >6 weeks; biologic response modifiers or
hormone therapy, >2 weeks). Patients were also to have an
Eastern Cooperative Oncology Group performance stalus
(PS) 0—2 and life expectancy >3 months after the start of
lapatinib treatment.

Exclusion criteria were serious complications (Grade >3
according to the National Cancer Institute common toxicity
criteria, NCI-CTC, version 2); pleural effusion, ascites and/
or pericardial effusion requiring drainage by puncture, intra-
cavital administration, or any other relevant treatment; sys-
tematic steroid use for >50 days or possible need for
Jong-term use of systemic steroids; multiple active cancers;
symptomatic brain metastases; malabsorption and/or total
resection of the stomach or small intestine; corneal disorder;
history - of drug allergy: breast feeding: previous
trastuzumab-induced impaired cardiac function; and previous
acute pulmonary disorder or interstitial pneumonia induced
by gefitinib.

‘All patients gave written informed consent before the start
of study. The protocol was approved by the institutional
review board of each study site. The study was conducted
according to the World Medical Association Declaration
of Helsinki (41) and Japanese good clinical practice guide-
lines (42).

TREATMENT

Based on the findings of overseas Phase 1 study (43), and in
order to compare PK profiles with an overseas parallel Phase
1 study (44), patients were assigned to receive lapatinib 900,
1200 or 1600 mg/day for 21 consecutive days. Lapatinib was
taken orally once daily with water after a light low-fat break-
fast, except on Days 1 and 21 when it was administered in
fasting state.

The dose levels started at 900 mg/day and increased to
1200 and 1600 mg/day, then increased by 200-mg incre-
ments until- MTD was reached. MTD was defined as
the “dose ‘at- which dose-limiting toxicity (DLT), i.e. a
drug-related: ‘adverse- event. of NCI-CTC. Grade 23,
occurred within 21 days after the initiation of dosage in
two or more-patients at each dose level with six subjects.
When DLT was observed, the next dose for the patients
was to-be postponed, and could not restart until NCI-CTC
grade became: <2 within 14 days. In such cases,: when
NCI-CTC became Grade 2 or below, the dose was to be
restarted at the previous dose level. When NCI-CTC did
not reach Grade 2 or below after dose delays of 14 days,
the treatment for the patients was to be discontinued.
These dose ‘delays and reductions were allowed to be per-
formed only once.

Although appropriate supportive care and symptomatic
treatment were allowed, prophylactic use (inchiding
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antiemetics) was not permitted between screening and Day
21 of the treatment period. Anticancer therapy of any kind,
medications that may affect the absorption or metabolism of
lapatinib, and other investigational drugs were prohibited
throughout the study. Also, to prevent PK interactions,
patients were instructed to avoid grapefruit, grapefiuit juice
and St John’s Wort (Hypericum perforatum) throughout the
study.

SAFETY ASSESSMENTS

Assessments including clinical laboratory tests, vital signs,
PS and body weight were performed at screening, at
baseline (i.e. within 3 days before the first dose), on Days
7, 14 and 21, every 4 weeks thereafter, on cessation
of treatment, and on the last day of observation (i.e. 28
days after the final dose or immediately before the start of
next anticancer therapy). Chest X-ray, 12-lead electro-
cardiogram and echocardiography were performed at
screening, once between Days 14 and 21, and on the last
observation day. Toxicity was graded according to the
NCI-CTC version 2.

PHARMACOKINETIC ANALYSIS

For PK evaluation, 3-ml blood samples were collected at 1 h
pre-dosing and at 1, 2, 3, 4, 6, 8, 10, 12 and 24 h after
dosing on Days 1 and 21 and at pre-dosing on Days 7 and
14. Urine samples were collected before dosing on Day |
and 0—24 h after dosing on Days 1 and 21.

Serum concentrations of lapatinib were measured by
liquid chromatography tandem mass spectrometry with a
lower limit of quantitation of 1 ng/ml.

The calculated PK parameters were maximum serwn con-
centration (Cruax), time 10 Cipax (fmax)s avea under the plasma
drug concentration—time curve from 0 to 24 h (AUCq.04)
and terminal half-life (#;,). Renal clearance was calculated
from urine concentrations of lapatinib:

EFFICACY ASSESSMENTS

For efficacy assessment [i.e. tumor response as determined
by X-ray, computed tomography (CT), magnetic resonance
imaging (MRI) and/or other objective measurements
according to the Response Evaluation Criteria in Solid
Tumors (RECIST) guidelines (45)], evaluations were per-
formed at screening (i.e. 4 weeks before the first dose
of lapatinib), once. during Days 14-21, every 4 weeks
thereafter, and on the last day of observation. Target and
non-target lesions were assessed in the same manner before
and- after dosing. Consistency of efficacy evaluation by the
study investigators was assessed by extramural review
committee.

RESULTS

PATIENTS

Twenty-four patients were enrolled; all had received prior
chemotherapy. Table 1 shows their baseline characteristics.
The median age was 60 years (range, 37-73), and they had
a median PS of 1. NSCLC was the main tumor type. Six
patients at four dose levels, 900, 1200, 1600 and 1800 mg/
day each, received lapatinib. Eight patients received lapatinib
for >3 months and four for >6 months.

All patients completed the initial 21-day treatment period,
although one of the patients had dose reduction (overall
compliance, 90.5%) due to the onset of a Grade 3
drug-related adverse event (diarrhea) during this period.
Four patients (three at 1200 mg dose level and one at
1600 mg dose level) withdrew from study due to disease pro-
gression and four (one each at 900 and 1600 mg dose level
and two at 1800 mg dose level) were withdrawn at their own
request. Mean durations of study treatment in the 900, 1200,
1600 and 1800 mg groups were (31, 68.2, 117 and 49.3
days, respectively. No patient withdrew due to adverse
events.

SAFETY

All 24 patients were eligible for safety analysis. Table 2 lists
the drug-related adverse events experienced by >20% of

Table 1. Baseline characteristics of patients

Characteristic Dose (ing/day) Total
{n=24)
900 1200 1600 1800
(n=6) (m=6) ((nh=6) (n==6)
Sex
Male 5 2 3 4 4
Female 1 4 3 2 10
Tumor type
Non-small cell S 3 1 4 13
lung cancer
‘Adenocarcinoma - 2 1 1 3
Squa}mous cell 2 0 1 4
carcinoma
Other 1 1 0 0 2
Colorectal cancer 1 1 2 1 5
Breast cancer 0 0 2 0 2
Others 0 2 1 1 4
Performance status®
4] 2 H 2 3 8
1 4 5 3 3 is
2 0 0 1 0 1

*Eastern Cooperative Oncology Group performance status.
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Table 2. No. of patients with drug-related adverse events that occurred in >20% of patients receiving lapatinib

Dose (mg/day)” No. of
patients
900 1200 1600 1800 (%
Common terminology criteria grade 1 2 3 1 2 3 1 2 3 1 2
Any adverse events 3 3 0 4 2 0 1 4 1 2 2 24 (100)
Gastrointestinal 1 1 0 4 0 0 2 3 1 3 1 2 18 (75)
Diarrhea 1 1 0 4 0 0 2 1 1 3 1 2 16 (67)
Stomatitis 0 0 0 1 0 0 1 2 G 1 0 0 5¢2h
Skin 4 2 0 3 1 0 4 2 0 4 2 0 22 (92)
Rash 1 0 0 4 0 0 1 2 0 3 2 0 13 (54
Dry skin 5 0 0 2 0 0 1 0 0 0 0 0 8(33)
Seborrheic dermatitis 3 1 0 0 0 0 0 0 0 1 0 0 520
Paronychia V] i 0 0 1 0 2 Q 0 1 0 0 52
Metabolism and nutrition 1 0 0 1 0 0 2 4 0 4 G 0 8(33)
Anorexia 0 0 0 1 0 0 1 0 0 3 0 0 52
Investigations 2 1 ] 3 2 0 3 1 0 3 1 1 17(7hH
Decreased lymphocyte count 4 1 1] 1 1 0 0 1 0 1 0 0 5(21)

Six patients at each dose level.

patients at each dose level. The majority of events was mild
(Grade 1-2); the most common events were skin reactions
(mostly rash and dry skin) observed in 22 patients (92%) and
gastrointestinal disorders (mostly diarrhea) in 18 patients
(75%). The most severe drug-related adverse events were
Grade 3 diarrhea observed in one patient at 1600 mg dose
level and two patients at 1800 mg dose level. One of these
also had Grade 3 y-GTP increase. All diarrhea resolved with
routine symptomatic treatment duting or after withdrawal of
lapatinib therapy, y-GTP increase resolved without further
treatment after completion of lapatinib therapy.

Grade 1/2 drug-related nansea and vomiting were experi-
enced only by patients at higher dose levels of lapatinib [1/6
(17%) at 1600 mg/day and 3/6 (50%) at 1800 mg/day], with
Grade 2 symptoms only seen at the 1800 mg dose level.

For other adverse events, no clear drug relation was found.
The most frequent events included decreased body weight
and serum alkaline phosphatase increase, ¢ach obsetved in
10 patients (42%). Grade 1 drug-related decreases in left
ventricular ejection fraction were found in three of the six
patients at the 1200 mg dose level. No clinically relevant
changes in vital signs, 12-lead electrocardiogram or echocar-
diography were noted.

Hypoxemia and pneumonia were reported at the 500-mg
dose level in another patient with NSCLC on Day 35. After
hypoxemia occurred, the patient continued to receive study
drug medication until Day 40. We attributed hrypoxemia to
bronchostenosis caused by the primary disease. Oxygen
inhalation and erythromycin were given and hypoxemia
improved while the pneumonia was resolved on Day 41

before the patient died from progression of primary disease 3
months after the events were resolved. Chest X-rays'and CT
findings for this patient were inconsistent with those for
interstitial pneumonia associated with other tyrosine kinase
inhibitors; therefore a drug relation with lapatinib was
denied.

MaxivMuM ToLERATED DOSE

Dose escalation was stopped at 1800 mg/day, where two
patients experienced DLT (Grade 3 diarrhea). One of these
patients also experienced Grade 3 y-GTP increase. Thus,
1800 mg/day was determined as the MTD.

PHARMACOKINETICS

Table 3 shows the PK parameters derived from data on 23
patients (data from one patient received lapatinib for only 19
days and are not included).

Serum’ concéntrations of lapatinib at each dose level on
Days 1 and 21 are shown in Fig. 1. Repeated doses of lapati-
nib (9001800 mg/day) for 21 days resulted in dose-related
increases in mean Cpay (range, 1715-3111'ng/ml) and mean
AUC_ 24 (tange, 2568051 099 ng-h/ml) (Table 3). Large
inter-patient variations were found in mean Cpay and mean
AUC, 54 Aftera single dose of lapatinib; f;.c was ~4 h,
although values varied greatly among patients. After 21 days
of treatment, £, values were similar to those observed after
the single dosing on Day 1.
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