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Roles of BIM induction and survivin downregulation in lapatinib-induced
apoptosis in breast cancer cells with HER?2 amplification
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Lapatinib, a dual tyrosine kinase inhibitor of the
epidermal growth factor receptor and human epidermal
growth factor receptor 2 (HER?2), is clinically active in
patients with breast cancer positive for HER?2 amplifica-
tion. The mechanism of this anti-tumor action has
remained unclear, however. We have now investigated
the effects of lapatinib in HER2 amplification-positive
breast cancer cells with or without an activating PIK3CA
mutation. Lapatinib induced apoptosis in association with
upregulation of the pro-apoptotic protein Bel-2 interacting
mediator of cell death (BIM) through inhibition of the
MEK-ERK signaling pathway in breast cancer cells with
HER? amplification. RNA interference (RNAi)-mediated
depletion of BIM inhibited lapatinib-induced apoptosis,
implicating BIM induction in this process. The pro-
apoptotic effect of lapatinib was less pronounced in
cells with a PIK3CA mutation than in those without
one. Lapatinib failed to inhibit AKT phosphorylation in
PIK3CA mutant cells, likely because of hyperactivation of
the phosphatidylinositol 3-kinase (PI3K) signaling path-
way by the mutation. Depletion of PIK3CA (a catalytic
subunit of PI3K) revealed that survivin expression is
regulated by the PI3K pathway in these cells, suggesting
that insufficient inhibition of PI3K-survivin signaling
is responsible for the limited pro-apoptotic effect of
lapatinib in HER2 amplification-positive cells with a
PIK3CA mutation. Consistent with this notion, depletion
of survivin by RNAi or treatment with a PI3K inhibitor
markedly increased the level of apoptosis in PIK3CA
mutant cells treated with lapatinib. Our results thus
suggest that inhibition of both PI3K-survivin and MEK-
ERK-BIM pathways is required for effective induction of
apoptosis in breast cancer cells with HER?2 amplification.
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Introduction

Breast cancer is the leading cause of cancer death among
women worldwide. Amplification of the human epider-
mal growth factor receptor 2 (HER?2) gene occurs in 25—
30% of breast cancers (Slamon et al., 1987, 1989), and
HER?2 is thus an attractive target for the development of
therapeutic drugs. Lapatinib, a dual tyrosine kinase
inhibitor of HER2 and the epidermal growth factor
receptor (EGFR), has shown anti-tumor activity for
breast cancer with HER2 amplification in pre-clinical
and clinical studies (Geyer et al., 2006; Konecny et al.,
2006; Gomez et al., 2008). Although lapatinib improved
the overall outcome for such patients, not all patients
were benefited from the treatment. Characterization of
the molecular basis of the response to lapatinib will
thus be important to maximize the clinical efficacy of
this drug.

Mutations in PIK3CA, which encodes the pll0a
catalytic subunit of phosphatidylinositol 3-kinase
(PI3K), have been identified in 8-40% of breast cancers
(Samuels et al., 2004; Saal et al., 2005; Berns et al.,
2007). Although a positive correlation between HER2
overexpression and the presence of PIK3CA mutations
has been described (Saal er al., 2005), the relation
between the efficacy of lapatinib and such mutations has
remained unclear (Eichhorn et al., 2008; Toi et al., 2009;
Kataoka et al., 2010). We have therefore now investi-
gated the effects of lapatinib in HER2 amplification-
positive breast cancer cells with or without an activating
PIK3CA mutation, and we further examined the
mechanism responsible for the induction of apoptosis
in these cells.

Results

Lapatinib inhibits cell proliferation and induces apoptosis
in breast cancer cells with HER2 amplification

We first examined the effect of lapatinib on the
proliferation in vitro of breast cancer cells positive or
negative for HER2 amplification (Figure 1a). All six cell
lines with HER?2 amplification, including SK-BR3, ZR-
75-30, BT-474, MB-361, MB-453 and HCC1954, were
sensitive to lapatinib, with median inhibitory concentra-
tion (ICsg) values ranging from 0.05 to 0.80 um, which
are within the clinically achievable concentration range
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Effects of lapatinib on cell proliferation and apoptosis in breast cancer cells classified according to HER2 and PIK3CA

status. (a) The indicated cell lines were cultured for 72 h in complete culture medium containing various concentrations of lapatinib,
after which the number of viable cells was determined and the I1Cs, value of lapatinib for inhibition of cell proliferation was calculated.
(b) The indicated cell lines were incubated for 72 h with lapatinib (1 um), after which the number of apoptotic cells was determined by
staining with annexin V and propidium iodide followed by flow cytometry. The percentage increase in the number of apoptotic cells
relative to the corresponding value for cells incubated without lapatinib is shown. (¢) The indicated cell lines were cultured for 14 days
in the presence of lapatinib (1 um) before determination of the number of colonies for calculation of the surviving fraction relative to
that of control cells incubated without lapatinib. All data are means *s.e. from three independent experiments.

for this drug (LoRusso et al., 2008; Burris et al., 2009).
Among these HER2 amplification-positive cells, those
with an activating PIK3CA mutation (MB-361, MB-453
and HCC1954) were less sensitive to lapatinib than were
those without such a mutation (SK-BR3, ZR-75-30 and
BT-474). Cell lines negative for HER2 amplification,
including MCF-7, T47-D and MB-231, were resistant to
lapatinib, with 1Csq values of > 5.0 um.

We next examined the effect of lapatinib on apoptosis
in these various breast cancer cell lines (Figure 1b). An
annexin V binding assay showed that lapatinib (1 pm)
induced apoptosis in all HER2 amplification-positive cells,
but was largely without effect in amplification-negative cells.
Consistent with the ICs, values for the anti-proliferative
effect of the drug, the extent of lapatinib-induced apoptosis
was less pronounced in HER2 amplification-positive cells
with an activating PIK3CA mutation than in those without
such a mutation. We further examined the effect of
lapatinib on clonogenic survival of breast cancer cells.
Again, lapatinib greatly reduced the clonogenicity of HER2
amplification-positive cells without a PIK3CA mutation,
whereas the reduction in the number of clones was less
marked for those with a PIK3CA mutation (Figure 1c).
These data thus revealed that lapatinib exerts anti-
proliferative and anti-survival effects in cells positive for
HER? amplification, but the extent of these effects is
smaller for such cells with a PIK3CA mutation than for
those without this genetic change.
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Differential effect of lapatinib on AKT signaling in HER2
amplification-positive breast cancer cells with or without
an activating PIK3CA mutation

We examined the effects of lapatinib on the AKT and ERK
(extracellular signal-regulated kinase) signaling pathways in
breast cancer cell lines (Figure 2a). Immunoblot analysis
showed that phosphorylation of both AKT and ERK was
markedly inhibited by lapatinib in HER2 amplification-
positive cells without an activating PIK3CA mutation. In
HER?2 amplification-positive cells harboring a PIK3CA
mutation, however, lapatinib inhibited the phosphorylation
of ERK but had little effect on that of AKT. Lapatinib
showed little effect on the phosphorylation of AKT or ERK
in HER2 amplification-negative cells. These data thus
revealed that, whereas lapatinib inhibited the phosphoryla-
tion of ERK in all HER2 amplification-positive cells, its
effect on that of AKT was dependent on PIK3CA
mutational status.

Effects of lapatinib on apoptosis-related proteins in HER2
amplification-positive breast cancer cells with or without
an activating PIK3CA mutation

Given that lapatinib induced apoptosis in cells with HER?2
amplification, we examined its effects on apoptosis-related
proteins in these cells (Figure 2b). Immunoblot analysis
revealed that lapatinib upregulated the expression of Bcl-2
interacting mediator of cell death (BIM), a pro-apoptotic
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Figure 2  Effects of lapatinib on HER2, AKT and ERK phosphorylation as well as on apoptosis-related protein expression in breast cancer cell
lines. (a, b) The indicated cell lines were incubated with or without lapatinib (1 pm) for 24 h (a) or 48 h (b), after which cell lysates were prepared
and subjected to immunoblot analysis with antibodies to phosphorylated (p) or total forms of HER2, AKT or ERK as well as with those to the
indicated apoptosis-related proteins or to B-actin (loading control). The position of the band corresponding to BIMgy is indicated. (¢) SK-BR3 or
MB-361 cells were incubated in the absence (control, 0.1% dimethyl sulfoxide) or presence of lapatinib (1 um), BEZ235 (0.3 pm), LY294002
(20 um), AZD6244 (0.3 um) or UO126 (20 um) for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with
antibodies to BIM, to survivin or to B-actin. (d) The indicated cell lines were transfected with non-specific (control), PIK3CA-1 or PIK3CA-2
siRNAs for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to the indicated proteins.

member of the Bcl-2 family of proteins, in HER2
amplification-positive cells regardless of the PIK3CA
mutational status, whereas it had little effect on the
expression of other Bcl-2 family members, including
Mcl-1, Bcel-2 and Bel-x; . Quantitative reverse transcrip-
tion and PCR analysis showed that lapatinib increased
the amount of BIM mRNA in all HER2 amplification-
positive cells in a manner independent of the PIK3CA
mutational status (Supplementary Figure 1), suggest-
ing that BIM induction by lapatinib is mediated at
the transcriptional level. On the other hand, lapatinib
downregulated the expression of survivin, a member
of the inhibitor of apoptosis protein (IAP) family, in
HER?2 amplification-positive cells without an activat-
ing PIK3CA mutation but not in those with such a
mutation. The expression of other IAP family members,
including XIAP and c-IAP1, was not substantially affected
by lapatinib in any of the cell lines examined.

To identify the signaling pathways responsible for
induction of BIM and downregulation of survivin by
lapatinib, we examined the effects of specific inhibitors
of PI3K (BEZ235 and LY294002) and of the ERK
kinase MEK (AZD6244 and U0126). Each of the MEK

inhibitors induced BIM expression without affecting the
expression of survivin in HER2 amplification-positive
cells regardless of the PIK3CA mutational status
(Figure 2c), suggesting that expression of BIM is
regulated by the MEK-ERK pathway. Conversely, the
PI3K inhibitors reduced the abundance of survivin
without affecting that of BIM in all cells with HER2
amplification (Figure 2c). We further examined the
effect of depletion of PIK3CA (pl110a) by RNA inter-
ference (RNAi) on survivin expression in PIK3CA
mutant cells. Introduction of two independent small
interfering RNAs (siRNAs) specific for PIK3CA
mRNA (PIK3CA-1 and PIK3CA-2 siRNAs) into
HER?2 amplification-positive cells with an activating
PIK3CA mutation, resulted in a marked decrease in the
expression of pl10a and a concomitant decrease in the
level of AKT phosphorylation. This depletion of p110a
was also associated with downregulation of survivin
expression in these cell lines (Figure 2d), suggesting that
survivin expression was regulated through the PI3K
pathway. Together, these data suggested that lapatinib
induced BIM expression through inhibition of the
MEK-ERK pathway in HER2 amplification-positive

Oncogene
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Figure 3 Effect of inhibition of BIM induction on lapatinib-induced apoptosis in HER2 amplification-positive breast cancer cells with
or without an activating PIK3CA mutation. (a) The indicated cell lines were transfected with BIM-1, BIM-2 or non-specific siRNAs for
24 h and then incubated for 48 h in complete medium with or without lapatinib (1 um). Cell lysates were then prepared and subjected to
immunoblot analysis with antibodies to BIM, to survivin or to B-actin. (b) Cells transfected as in a were incubated for 72 h with or
without lapatinib (1 pm), and then evaluated for the proportion of apoptotic cells by staining with annexin V and propidium iodide
followed by flow cytometry. The percentage increase in the number of apoptotic cells relative to the corresponding value for cells
transfected with the control siRNA and incubated without lapatinib is shown. (¢) Lysates prepared from cells treated as in (a) were
assayed for caspase-3 activity, which is expressed relative to the corresponding value for cells transfected with the control siRNA and
incubated without lapatinib. Data in b and ¢ are means * s.e. from three independent experiments.

cells with or without an activating PIK3CA mutation.
On the other hand, lapatinib downregulated survivin
expression through inhibition of the PI3K signaling
pathway in HER?2 amplification-positive cells without a
PIK3CA mutation, but it had little effect on survivin
expression in cells with such a mutation, likely as a result
of activation of the PI3K pathway by the PIK3CA
mutation.

Effect of inhibition of BIM induction on lapatinib-induced
apoptosis in cells with HER2 amplification

To investigate the role of BIM induction in lapatinib-
induced apoptosis, we transfected HER2 amplification-
positive cells with two independent siRNAs specific for
BIM mRNA (BIM-1 and BIM-2 siRNAs). Each BIM
siRNA markedly suppressed the lapatinib-induced
upregulation of BIM without affecting lapatinib-in-
duced downregulation of survivin (Figure 3a). The
annexin V binding assay showed that such transfection
resulted in partial inhibition of lapatinib-induced
apoptosis in HER2 amplification-positive cells without
an activating PIK3CA mutation, whereas lapatinib-
induced apoptosis was almost completely inhibited by
BIM siRNA in cells with such a mutation (Figure 3b).
Similar to the results of the annexin V binding assay,
transfection with BIM siRNA resulted in partial inhi-
bition of the lapatinib-induced activation of caspase-3 in
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cells without a PIK3CA mutation, whereas it resulted in
almost complete inhibition of this effect of lapatinib in
cells with a PIK3CA mutation (Figure 3c). The BH3-
mimetic ABT737, which binds to anti-apoptotic Bcl-2
family members, including Bcl-2, Bcl-xI and Bcel-w, was
shown to enhance apoptosis under conditions of BIM
induction (Cragg et al., 2007, 2008; Gong et al., 2007).
We therefore examined the effect of the combination of
lapatinib and ABT737 on induction of apoptosis in
HER?2-amplified breast cancer cells with or without a
PIK3CA mutation. We found that ABT737 enhanced
lapatinib-induced apoptosis both in HER2-positive cells
without a PIK3CA mutation, and in those with a
PIK3CA mutation with an average fold increase of 1.20
and 1.48, respectively (P<0.05) (Supplementary Figure
2), supporting a role for BIM induction in lapatinib-
induced apoptosis. These data thus indicated that BIM
induction contributes to lapatinib-induced apoptosis in
cells with HER?2 amplification, but that the extent of this
contribution differs according to the mutational status
of PIK3CA.

Combined effect of lapatinib and BEZ235 on apoptosis in
HER?2 amplification-positive cells with an activating
PIK3CA mutation

Given that lapatinib manifested only a moderate pro-
apoptotic effect in cells with an activating PIK3CA
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Figure 4 Effects of the combination of BEZ235 and lapatinib in HER2 amplification-positive cells with an activating PIK3CA
mutation. (a) The indicated cell lines were incubated in the absence (control, 0.1% dimethyl sulfoxide) or presence of lapatinib (1 um),
BEZ235 (0.03 um) or both agents (combination) for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis
with antibodies to the indicated proteins. (b) Cells were incubated in the absence or presence of lapatinib (1 um) or BEZ235 (0.03 um),
as indicated, for 72 h, after which the proportion of apoptotic cells was determined by staining with annexin V and propidium iodide
followed by flow cytometry. The percentage increase in the number of apoptotic cells relative to the corresponding value for cells
incubated without addition is shown. (c¢) Cells treated as in (a) were lysed and assayed for caspase-3 activity, which is expressed relative
to the corresponding value for cells incubated without addition. Data in (b, ¢) are means * s.e. from three independent experiments. (d)
Nude mice with tumor xenografts established by subcutaneous injection of HCC1954 cells were treated daily for 2 weeks with vehicle
(control), BEZ235 (15 mg/kg per day), lapatinib (100 mg/kg per day) or the combination of both drugs. Tumor size was determined at
the indicated times after treatment onset and is expressed as a percentage of that at time 0. Data are means = s.e. for six mice per group.
*P<0.05 for the combination of BEZ235 and lapatinib versus either BEZ235 or lapatinib alone.

mutation despite the preserved induction of BIM, we
hypothesized that insufficient inhibition of the PI3K
pathway by lapatinib might be responsible for the
limited size of this effect compared with that observed in
cells without such a mutation. We therefore examined
whether additional inhibition of the PI3K pathway by
BEZ235 might enhance the effect of lapatinib on
apoptosis in PIK3CA mutant cells. Treatment with
BEZ235, which was previously shown to inhibit the
PI3K pathway in cells expressing activated PIK3CA
(Serra et al., 2008; Brachmann et al., 2009), resulted in
marked inhibition of AKT phosphorylation (but not of
ERK phosphorylation) in HER2 amplification-positive
cells with an activating PIK3CA mutation (Figure 4a).
The combination of BEZ235 and lapatinib resulted in
inhibition of both AKT and ERK phosphorylation

(Figure 4a). Consistent with the notion that regulation
of survivin is mediated through the PI3K pathway and
that of BIM is mediated through the MEK-ERK
pathway, treatment with BEZ235 alone induced down-
regulation of survivin expression without affecting BIM
expression, whereas the combination of BEZ235 and
lapatinib elicited both survivin downregulation and
BIM upregulation (Figure 4a). The combination of
BEZ235 and lapatinib increased the number of apopto-
tic cells to an extent markedly greater than that apparent
with either agent alone in HER2 amplification-positive
cells with a PIK3CA mutation, whereas the effect of
lapatinib was similar in the absence or presence of
BEZ235 in those without a PIK3CA mutation or in cells
negative for HER2 amplification (Figure 4b). A similar
pattern was observed for the effects of lapatinib and

Oncogene
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BEZ235 on caspase-3 activity (Figure 4c). We further
examined the effect of combined treatment with BEZ235
and lapatinib on the growth in vivo of HER2 amplifica-
tion-positive breast cancer cells with a PIK3CA muta-
tion. At the completion of the experiments, tumors
treated with either control or lapatinib alone had
doubled in size, whereas the combination of lapatinib
and BEZ235 maintained tumor regression (P<0.05)
(Figure 4d), consistent with the combined effect of these
agents observed in our in vitro experiments. All
treatments were well tolerated by the mice, with no
signs of toxicity or weight loss during therapy (data not
shown). These results thus suggested that effective
inhibition of the PI3K pathway and lapatinib treatment
cooperate to elicit a substantial level of apoptosis that is
accompanied by BIM induction and survivin down-
regulation in HER2 amplification-positive cells with an
activating PIK3CA mutation.

Combined effect of lapatinib and depletion of survivin on
apoptosis in HER2 amplification-positive cells with an
activating PIK3CA mutation

Finally, to investigate the effect of downregulation of
survivin expression on apoptosis in HER2 amplification-
positive cells with an activating PIK3CA mutation, we
depleted such cells of survivin by RNAi (Figure 5a).
Each of two independent survivin siRNAs induced
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apoptosis in these cells, whereas the combination of
survivin depletion and lapatinib increased the number of
apoptotic cells to an extent significantly greater than
that observed with either treatment alone (Figure 5b).
These effects on the number of apoptotic cells were
confirmed by measurement of caspase-3 activity
(Figure 5c). These data thus suggested that down-
regulation of survivin itself has a pro-apoptotic effect in
cells with a PIK3CA mutation, but that survivin
depletion and lapatinib cooperate to induce an enhanced
level of apoptosis.

Discussion

HER?2 amplification is a frequent molecular abnormality
in breast cancer, and is associated with a poor out-
come and aggressiveness of the disease (Slamon et al.,
1987, 1989). Lapatinib, a dual tyrosine kinase inhibitor
of EGFR and HER2, shows anti-tumor activity
in HER2-overexpressing breast cancer (Geyer et al.,
2006; Konecny et al., 2006; Gomez et al., 2008), but the
precise mechanism of its anti-tumor effect has remained
unclear. We have now investigated the downstream
mediators of lapatinib-induced apoptosis in breast
cancer cells with HER2 amplification. BIM is a key
pro-apoptotic member of the Bcl-2 family of proteins,



and initiates apoptosis signaling by binding to and
antagonizing the function of pro-survival Bcl-2 family
members (Chen et al., 2005). Our results indicate that
lapatinib induces upregulation of BIM expression in
HER?2 amplification-positive cells, and that depletion of
BIM by RNAI results in marked inhibition of lapatinib-
induced apoptosis in these cells. These data suggest
that upregulation of BIM expression contributes to the
induction of apoptosis by lapatinib in breast cancer cells
with HER?2 amplification. We found that BIM induction
by lapatinib occurred in HER2 amplification-positive
cells regardless of PIK3CA mutational status and was
associated with inhibition of ERK phosphorylation.
With the use of specific inhibitors of MEK, we also
found that regulation of BIM expression is mediated by
the MEK-ERK signaling pathway. These findings are
consistent with those of previous studies showing that
MEK inhibitors induce BIM expression in B-RAF
mutant cells (Cragg et al., 2008), and that inhibition of
the MEK-ERK pathway contributes to BIM induction
by EGFR tyrosine kinase inhibitors in non-small cell
lung cancer (Costa et al., 2007; Cragg et al., 2007; Gong
et al., 2007), and that such upregulation of BIM has
an essential role in the induction of apoptosis by
these agents. We also found that ABT737 enhanced
the induction of apoptosis by lapatinib in cells with
HER?2 amplification regardless of PIK3CA mutational
status, further supporting a role for BIM induction in
lapatinib-induced apoptosis. To our knowledge, the
present study is the first to show that induction of BIM
through inhibition of the MEK-ERK pathway is
required for Ilapatinib-induced apoptosis in breast
cancer with HER2 amplification.

Although lapatinib-induced upregulation of BIM
expression occurred in a manner independent of
PIK3CA mutational status, the pro-apoptotic effect of
lapatinib was less pronounced in cells with an activating
PIK3CA mutation than in those without one. Given that
such PIK3CA mutations result in hyperactivation of the
PI3K signaling pathway (Isakoff ez al., 2005; Zhao et al.,
2005; Berns et al., 2007), we examined whether activa-
tion of this pathway was associated with this difference
in the extent of apoptosis. Indeed, we found that
lapatinib did not inhibit the phosphorylation of AKT
in HER?2 amplification-positive cells with an activating
PIK3CA mutation. We therefore examined the effect of
specific inhibitors of the PI3K pathway on lapatinib-
induced apoptosis in cells with a PIK3CA mutation.
Treatment with BEZ235 effectively inhibited AKT
phosphorylation, and the combination of BEZ235 and
lapatinib thus inhibited both AKT and ERK phosphor-
ylation and had a pro-apoptotic effect that was
markedly greater than that observed with either agent
alone. Consistent with these in vitro experiments, the
combination of lapatinib and BEZ235 exhibits an
enhanced anti-tumor effect in vivo with HER2-positive
xenografts with a PIK3CA mutation. These results
suggest that additional inhibition of the PI3K pathway
is required for effective induction of apoptosis by
lapatinib in cells with a PIK3CA mutation. Lapatinib
shows clinical efficacy both alone and in combination
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with chemotherapeutic agents, but not all patients with
HER2 amplification-positive tumors respond to such
treatment (Slamon et al., 1987; Slamon, 1990; Geyer
et al., 2006; Di Leo et al., 2008; Gomez et al., 2008).
PIK3CA mutations have been detected in 20-30% of
breast cancer patients with HER2 amplification (Saal
et al., 2005; Stemke-Hale et al., 2008), and our data now
suggest that activation of the PI3K signaling pathway
associated with the presence of a PIK3CA mutation may
be responsible, at least in part, for the limited efficacy of
lapatinib in patients with tumors positive for both
HER?2 amplification and a PIK3CA mutation. Similar to
the effects of lapatinib, the MEK inhibitor AZD6244
inhibited ERK phosphorylation and increased BIM
expression, without affecting AKT phosphorylation or
survivin expression, and it cooperated with BEZ235 to
induce apoptosis in HER2 amplification-positive cells
with a PIK3CA mutation (Supplementary Figure 3).
These data thus indicate the importance of simultaneous
interruption of the PI3K-survivin and MEK-ERK-BIM
pathways for effective induction of apoptosis in such
cells. However, the extent of apoptosis induced by
AZDG6244 alone or in combination with BEZ235 was
less pronounced than that induced by lapatinib,
suggesting that the anti-tumor effect of lapatinib in
these cells is not mediated exclusively through inhibition
of MEK-ERK signaling. Further investigation is thus
needed to clarify the relationship of PIK3CA mutational
status to the efficacy of lapatinib. The development of
PI3K inhibitors has advanced substantially in recent
years, and clinical trials of these agents alone or in
combination with other anti-tumor agents are under
way. Our study therefore provides a rationale for
clinical evaluation of combination therapy with lapati-
nib and a PI3K inhibitor in breast cancer patients with
HER?2 amplification and a PIK3CA mutation.

Survivin is essential for proper completion of various
stages of cell division, with this protein having been
found to contribute to centrosomal function, spindle
formation and kinetochore attachment to spindle
microtubules (Speliotes et al., 2000; Uren et al., 2000).
Survivin is preferentially expressed during the mitotic
phase of the cell cycle and is physically associated with
the mitotic apparatus. It has also been found to be
overexpressed in some tumors, with such overexpression
having been associated with a poor clinical outcome
(Ambrosini et al., 1997, Tanaka et al., 2000; Altieri,
2003). Like other members of the IAP family such as
XIAP and c-IAP1, survivin contains a single BIR
(baculoviral TAP repeats) domain. Molecular antago-
nists of survivin, including anti-sense and siRNA
oligonucleotides as well as dominant negative mutants,
have been shown to induce apoptosis (Olie et al., 2000;
Kanwar et al., 2001), suggestive of an association
between survivin and apoptosis. Consistent with these
previous findings, we have now shown that depletion of
survivin by two independent siRNAs specific for
survivin mRNA increased the number of apoptotic cells
and the activity of caspase-3 in HER2 amplification-
positive breast cancer cells with a PIK3CA mutation.
With the use of siRNAs specific for PIK3CA mRNA,
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we further showed that survivin expression is regulated
by the PI3K signaling pathway, consistent with previous
studies linking survivin expression to this signaling
pathway (McKenzie et al., 2010; Peirce et al., 2010). Our
finding that survivin downregulation through inhibition
of PI3K signaling was associated with the induction of
apoptosis, is consistent with the key role of this signa-
ling pathway in cell survival. We found that lapatinib
downregulated survivin expression in association with
the induction of apoptosis in HER2 amplification-
positive cells without an activating PIK3CA mutation.
In contrast, expression of survivin was not markedly
affected by lapatinib in cells harboring such a PIK3CA
mutation. We therefore examined the effect of inhibition
of survivin expression on lapatinib-induced apoptosis in
PIK3CA mutant cells. In such cells, the combination of
survivin depletion by RNAi and lapatinib treatment
exhibited a pro-apoptotic effect markedly greater than
that observed with either approach alone, suggesting
that downregulation of survivin promotes lapatinib-
induced apoptosis. We also found that, unlike lapatinib,
the PI3K inhibitor BEZ235 induced downregulation of
survivin expression in cells with an activating PIK3CA
mutation, suggesting that this effect contributes, at least
in part, to the enhanced level of apoptosis induced by
the combination of lapatinib and BEZ235. Insufficient
inhibition of the PI3K-survivin pathway may thus
account for the smaller pro-apoptotic effect of lapatinib
in HER?2 amplification-positive cells with an activating
PIK3CA mutation compared with that observed in
those without such a mutation.

In conclusion, we have shown that both induction of
BIM and inhibition of survivin have a role in lapatinib-
induced apoptosis in HER2 amplification-positive
breast cancer cells. Moreover, both the PI3K-survivin
pathway and the MEK-ERK-BIM pathway contribute
independently to the induction of apoptosis in these
cells regardless of PIK3CA mutational status. Our data
thus show that simultaneous interruption of the PI3K-
survivin and MEK-ERK-BIM pathways is required for
effective induction of apoptosis in breast cancer cells
with HER2 amplification. They further provide a
rationale for the development of new therapeutic
strategies for patients with breast tumors positive for
HER?2 amplification, including those with an activating
PIK3CA mutation.

Materials and methods

Cell culture and reagents

The human breast cancer cell lines SK-BR3, ZR-75-30, BT-
474, MB-361, MB-453, HCC1954, MCF-7, T47-D and MB-
231 were obtained from American Type Culture Collection
(Manassas, VA, USA). SK-BR3 cells were cultured in
McCoy’s medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum; BT-474 cells in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemen-
ted with 10% fetal bovine serum; MB-361, MB-453 and MB-
231 cells in L15 medium (Invitrogen) supplemented with 10%
fetal bovine serum; and the remaining cells in RPMI 1640
medium (Sigma, St Louis, MO, USA) supplemented with 10%
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fetal bovine serum. All cells were maintained under a
humidified atmosphere of 5% CO, at 37°C. Lapatinib was
obtained from Sequoia Research Products (Pangbourne, UK),
AZD6244 was from ShangHai Biochempartner (Shanghai,
China) and LY294002 and U0126 were from Cell Signaling
Technology (Danvers, MA, USA). BEZ235 was kindly
provided by Novartis (Basel, Switzerland). MB-453 and
HCC1954 cells were found to harbor an H1047 hotspot
mutation, and MB-361 cells were found to contain an E545K
hotspot mutation by sequencing of exons 9 and 20 of PIK3CA
(Hoeflich et al., 2009; Kataoka et al., 2010; Saal et al., 2005;
Samuels et al., 2004). We categorized BT-474 cells as negative
for an activating PIK3CA mutation for this study on the basis
of the demonstrated lack of transforming activity for the
KI11IN mutation and its minimal effect on downstream
signaling (Gymnopoulos et al., 2007; Zhang et al., 2008).

Growth inhibition assay in vitro

Cells were plated in 96-well flat-bottomed plates and cultured
for 24 h before exposure to various concentrations of lapatinib
for 72h. TetraColor One (5mm tetrazolium monosodium salt
and 0.2mwm l-methoxy-5-methyl phenazinium methylsulfate;
Seikagaku, Tokyo, Japan) was then added to each well, and
the cells were incubated for 3 h at 37 °C before measurement of
absorbance at 490 nm with a Multiskan Spectrum instrument
(Thermo Labsystems, Boston, MA, USA). Absorbance values
were expressed as a percentage of that for untreated cells,
and the concentration of lapatinib resulting in 50% growth
inhibition (ICso) was calculated.

Annexin V binding assay

Binding of annexin V to cells was measured with the use of an
Annexin-V-FLUOS Staining Kit (Roche, Basel, Switzerland).
Cells were harvested by exposure to trypsin-EDTA, washed
with phosphate-buffered saline and centrifuged at 200g for
Smin. The cell pellets were resuspended in 100 ul of Annexin-
V-FLUOS labeling solution, incubated for 10-15min at
15-25°C and then analyzed for fluorescence with a flow
cytometer (FACSCalibur) and Cell Quest software (Becton
Dickinson, Franklin Lakes, NJ, USA).

Clonogenicity assay

Cells were seeded in triplicate in six-well plates and cultured
for 48 h in the presence of lapatinib (1 um) or vehicle. They
were then cultured in drug-free medium for 14 days, fixed with
methanol:acetic acid (10:1, v/v) and stained with crystal violet.
The mean percentage cell survival relative to controls was
determined from triplicate wells.

Immunoblot analysis

Cells were washed twice with ice-cold phosphate-buffered
saline and then lysed in a solution containing 20 mm Tris-HCl
(pH 7.5), 150mMm NaCl, 1mm EDTA, 1% Triton X-100,
2.5mm sodium pyrophosphate, 1 mm phenylmethylsulfonyl
fluoride and leupeptin (1 pg/ml). The protein concentration of
cell lysates was determined with a BCA protein assay kit
(Thermo Fischer Scientific, Waltham, MA, USA), and equal
amounts of protein were subjected to SDS—polyacrylamide gel
electrophoresis on a 7.5 or 12% gel (Bio-Rad, Hercules, CA,
USA). The separated proteins were transferred to a nitrocel-
lulose membrane, which was then incubated with Blocking
One solution (Nacalai Tesque, Kyoto, Japan) for 20 min at
room temperature before incubation overnight at 4°C with
primary antibodies. Rabbit polyclonal antibodies to human
phosphorylated HER2 (pY1248), to phosphorylated AKT, to



AKT, to BIM, to Mcl-1, to Bcl-2, to Bel-xp, to XIAP and to
p110a were obtained from Cell Signaling Technology; those to
phosphorylated ERK and to ERK were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); those to c-IAP1 were
from R&D Systems (Minneapolis, MN, USA); those to HER2
were from Millipore (Billerica, MA, USA); those to survivin
were from Novus (Littleton, CO, USA); and those to B-actin
were from Sigma. All antibodies were used at a 1:1000
dilution, with the exception of those to B-actin (1:200). The
membrane was then washed with phosphate-buffered saline
containing 0.05% Tween 20 before incubation for 1 h at room
temperature with horseradish peroxidase-conjugated goat
antibodies to rabbit immunoglobulin G (Sigma). Immune
complexes were finally detected with chemiluminescence
reagents (GE Healthcare, Little Chalfont, UK).

Gene silencing

Cells were plated at 50-60% confluence in six-well plates or
25-cm? flasks and then incubated for 24h before transient
transfection for the indicated times with siRNAs mixed with
the Lipofectamine reagent (Invitrogen). The siRNAs specific
for PIK3CA (PIK3CA-1, 5-UCAACUUCUUCAAGAUG
AA-3'; PIK3CA-2, 5-GUAGAAUGUUUACUACCAA-3),
BIM (BIM-1, ¥-GGAGGGUAUUUUUGAAUAA-3'; BIM-2,
5-AGGAGGGUAUUUUUGAAUA-3'), or survivin (survi-
vin-1, 5-GAAGCAGUUUGAAGAAUUA-3'; survivin-2,
5-AGAAGCAGUUUGAAGAAUU-3') mRNAs as well as
non-specific (control) siRNAs were obtained from Nippon
EGT (Toyama, Japan).

Assay of caspase-3 activity

The activity of caspase-3 in cell lysates was measured with the
use of a CCP32/Caspase-3 Fluometric Protease Assay Kit
(MBL, Woburn, MA, USA). Fluorescence attributable to
cleavage of the Asp—Glu—Val-Asp—7-amino-4-trifluoromethyl
coumarin (DEVD-AFC) substrate was measured at excitation
and emission wavelengths of 390 and 460 nm, respectively.
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Growth inhibition assay in vivo

All animal studies were done with the Recommendations for
Handling of Laboratory Animals for biochemical Research
compiled by the Committee on Safety and Ethical Handling
Regulations for Laboratory Animal Experiments, Kinki
University. Cubic fragments of tumor tissue (~2 by 2 by
2mm) formed by HCC1954 cells were implanted subcuta-
neously into the axilla of 5-6-week-old male athymic nude
mice. When their tumors became palpable, mice were divided
in to four groups and treated with vehicle, BEZ235 alone,
lapatinib alone and the combination of BEZ235 and lapatinib.
Each treatment group contained six mice. BEZ235 and
lapatinib were administered by oral gavage daily for 14 days;
control animals received a 0.5% (w/v) aqueous solution of
hydroxypropylmethylcellulose as vehicle. Tumor volume was
determined from caliper measurements of tumor length (L)
and width (W) according to the formula LW7?/2. Both tumor
size and body weight were measured twice per week.

Statistical analysis

Quantitative data from in vitro experiments are presented as
means £s.e. from three independent experiments, and were
analyzed with the unpaired two-tailed Student’s ¢-test. In vivo
data are presented as meansts.e. from six mice and were
analyzed by the unpaired two-tailed Student’s t-test. A P-value
of <0.05 was considered statistically significant.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

We thank E Hatashita, K Kuwata, and H Yamaguchi for
technical assistance.

Cragg MS, Jansen ES, Cook M, Harris C, Strasser A, Scott CL.
(2008). Treatment of B-RAF mutant human tumor cells with a
MEK inhibitor requires Bim and is enhanced by a BH3 mimetic. J
Clin Invest 118: 3651-3659.

Cragg MS, Kuroda J, Puthalakath H, Huang DC, Strasser A. (2007).
Gefitinib-induced killing of NSCLC cell lines expressing mutant
EGFR requires BIM and can be enhanced by BH3 mimetics. PLoS
Med 4: 1681-1689; discussion 1690.

Di Leo A, Gomez HL, Aziz Z, Zvirbule Z, Bines J, Arbushites MC
et al. (2008). Phase 111, double-blind, randomized study comparing
lapatinib plus paclitaxel with placebo plus paclitaxel as first-line
treatment for metastatic breast cancer. J Clin Oncol 26: 5544-5552.

Eichhorn PJ, Gili M, Scaltriti M, Serra V, Guzman M, Nijkamp W
et al. (2008). Phosphatidylinositol 3-kinase hyperactivation results
in lapatinib resistance that is reversed by the mTOR/phospha-
tidylinositol 3-kinase inhibitor NVP-BEZ235. Cancer Res 68:
9221-9230.

Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T
et al. (2006). Lapatinib plus capecitabine for HER2-positive
advanced breast cancer. N Engl J Med 355: 2733-2743.

Gomez HL, Doval DC, Chavez MA, Ang PC, Aziz Z, Nag S et al.
(2008). Efficacy and safety of lapatinib as first-line therapy for
ErbB2-amplified locally advanced or metastatic breast cancer. J Clin
Oncol 26: 2999-3005.

Oncogene



BIM and survivin in lapatinib-induced apoptosis
J Tanizaki et al

10

Gong Y, Somwar R, Politi K, Balak M, Chmielecki J, Jiang X et al.
(2007). Induction of BIM is essential for apoptosis triggered by
EGFR kinase inhibitors in mutant EGFR-dependent lung adeno-
carcinomas. PLoS Med 4: €294.

Gymnopoulos M, Elsliger MA, Vogt PK. (2007). Rare cancer-specific
mutations in PIK3CA show gain of function. Proc Natl Acad Sci
USA 104: 5569-5574.

Hoeflich KP, O’Brien C, Boyd Z, Cavet G, Guerrero S, Jung K ez al.
(2009). in vivo antitumor activity of MEK and phosphatidylinositol
3-kinase inhibitors in basal-like breast cancer models. Clin Cancer
Res 15: 4649-4664.

Isakoff SJ, Engelman JA, Irie HY, Luo J, Brachmann SM, Pearline
RV et al. (2005). Breast cancer-associated PIK3CA mutations are
oncogenic in mammary epithelial cells. Cancer Res 65: 10992—11000.

Kanwar JR, Shen WP, Kanwar RK, Berg RW, Krissansen GW.
(2001). Effects of survivin antagonists on growth of estab-
lished tumors and B7-1 immunogene therapy. J Natl Cancer Inst
93: 1541-1552.

Kataoka Y, Mukohara T, Shimada H, Saijo N, Hirai M, Minami H.
(2010). Association between gain-of-function mutations in PIK3CA
and resistance to HER2-targeted agents in HER2-amplified breast
cancer cell lines. Ann Oncol 21: 255-262.

Konecny GE, Pegram MD, Venkatesan N, Finn R, Yang G, Rahmeh
M et al. (2006). Activity of the dual kinase inhibitor lapatinib
(GW572016) against HER-2-overexpressing and trastuzumab-trea-
ted breast cancer cells. Cancer Res 66: 1630-1639.

LoRusso PM, Jones SF, Koch KM, Arya N, Fleming RA, Loftiss J
et al. (2008). Phase I and pharmacokinetic study of lapatinib
and docetaxel in patients with advanced cancer. J Clin Oncol 26:
3051-3056.

McKenzie JA, Liu T, Goodson AG, Grossman D.. (2010). Survivin
enhances motility of melanoma cells by supporting Akt activation
and {alpha}5 inte. Cancer Res 70: 7927-7937.

Olie RA, Simoes-Wust AP, Baumann B, Leech SH, Fabbro D, Stahel
RA et al. (2000). A novel antisense oligonucleotide targeting
survivin expression induces apoptosis and sensitizes lung cancer
cells to chemotherapy. Cancer Res 60: 2805-2809.

Peirce SK, Findley HW, Prince C, Dasgupta A, Cooper T,
Durden DL. (2010). The PI-3 kinase-Akt-MDM?2-survivin signaling
axis in high-risk neuroblastoma: a target for PI-3 kinase inhibitor
intervention. Cancer Chemother Pharmacol (e-pub ahead of print
24 October 2010; DOI:10.1007/s00280-1010-1486-7).

Saal LH, Holm K, Maurer M, Memeo L, Su T, Wang X e al. (2005).
PIK3CA mutations correlate with hormone receptors, node

metastasis, and ERBB2, and are mutually exclusive with PTEN
loss in human breast carcinoma. Cancer Res 65: 2554-2559.

Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S et al.
(2004). High frequency of mutations of the PIK3CA gene in human
cancers. Science 304: 554.

Serra V, Markman B, Scaltriti M, Eichhorn PJ, Valero V, Guzman M
et al. (2008). NVP-BEZ235, a dual PI3K/mTOR inhibitor, prevents
PI3K signaling and inhibits the growth of cancer cells with
activating PI3K mutations. Cancer Res 68: 8022-8030.

Slamon DJ. (1990). Studies of the HER-2/neu proto-oncogene in
human breast cancer. Cancer Invest 8: 253.

Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire
WL. (1987). Human breast cancer: correlation of relapse and
survival with amplification of the HER-2/neu oncogene. Science
235: 177-182.

Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, Keith DE
et al. (1989). Studies of the HER-2/neu proto-oncogene in human
breast and ovarian cancer. Science 244: 707-712.

Speliotes EK, Uren A, Vaux D, Horvitz HR. (2000). The survivin-like
C. elegans BIR-1 protein acts with the Aurora-like kinase AIR-2 to
affect chromosomes and the spindle midzone. Mol Cell 6: 211-223.

Stemke-Hale K, Gonzalez-Angulo AM, Lluch A, Neve RM, Kuo WL,
Davies M et al. (2008). An integrative genomic and proteomic
analysis of PIK3CA, PTEN, and AKT mutations in breast cancer.
Cancer Res 68: 6084—-6091.

Tanaka K, Iwamoto S, Gon G, Nohara T, Iwamoto M, Tanigawa N.
(2000). Expression of survivin and its relationship to loss of
apoptosis in breast carcinomas. Clin Cancer Res 6: 127-134.

Toi M, Iwata H, Fujiwara Y, Ito Y, Nakamura S, Tokuda Y ez al. (2009).
Lapatinib monotherapy in patients with relapsed, advanced, or
metastatic breast cancer: efficacy, safety, and biomarker results from
Japanese patients phase II studies. Br J Cancer 101: 1676-1682.

Uren AG, Wong L, Pakusch M, Fowler KJ, Burrows FJ, Vaux DL
et al. (2000). Survivin and the inner centromere protein INCENP
show similar cell-cycle localization and gene knockout phenotype.
Curr Biol 10: 1319-1328.

Zhang H, Liu G, Dziubinski M, Yang Z, Ethier SP, Wu G. (2008).
Comprehensive analysis of oncogenic effects of PIK3CA mutations
in human mammary epithelial cells. Breast Cancer Res Treat 112:
217-227.

Zhao JJ, Liu Z, Wang L, Shin E, Loda MF, Roberts TM. (2005). The
oncogenic properties of mutant pl10alpha and pl10beta phospha-
tidylinositol 3-kinases in human mammary epithelial cells. Proc Nat!
Acad Sci USA 102: 18443-18448.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc)

Oncogene





