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Figure 2  Effects of lapatinib on HER2, AKT and ERK phosphorylation as well as on
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lines. (a, b) The indicated cell lines were incubated with or without lapatinib (1 um) for 24h (n) 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 pmtems or to B-actin (loading comrol) The posmon of the band cormspondmg to BIMg, is indicated. (c) SK-BR3 or

MB-361 cells were incubated in the absence (control, 0.1% d or p of lap (l pM) BEZZSS (0.3 um), LY294002
(20 pm), AZD6244 (03uM) or U0126 (20 um) for 48h, d.ﬂer which cell lysates were d and d to blot analysis with
antibodies to BIM, to survivin or to B-actin. (d) The i d cell lines were fected with pecifi (contml), PIKSCA 1 or PIK3CA-2
siRNAs for 48 h, after which cell lysates were d and subj i blot analysis with antib to the indi i proteins.

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, Bel-2 and Bcl-x;.. Quantita-
tive reverse transcription and PCR analysis showed that
lapatinib increased the amount of BIM mRNA in all
HER?2 amplification-positive cells in a manner indepen-
dent of the PIK3CA mutational status (Supplementary
Figure 1), suggesting 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 HER2 amplification-positive cells without an
activating PIK3CA mutation but not in those with such
a mutation. The expression of other IAP family
members, including XIAP and c-IAP1, was not sub-
stantially 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 (p110a) 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? 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
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Figure3  Effect of inhibition of BIM induction on lapatinib-ind
or without an activating PIK3CA (a) The indi

d cell lines were

isin HER?2 amplification-positive breast cancer cells with

1 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 pm). Cell lysates were then prepared and subjected to

immunoblot analysis with antibodies to BIM, to survivin or to B-actin. (b) Cells fected as in a were b

d for 72h with or

without lapatinib (1 um), 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. (c) 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 c 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 HER2 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.

7 inih-induced

Effect of i of BIM ii on
apoptosis in cells with HER2 ampl ﬁcatton

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, Bel-x1 and Bel-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 HER2 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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as indicated, for 72, after which the propomon of dpoptouc cells was determined by staining with annexin V and propidium iodide
followed by flow cy y. The increase in the number of apoptotic cells relative to the corresponding value for cells
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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
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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 I ib and depletion of survivin on
poptosis 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 S5c). 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,
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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? 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 lapatinib-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
HER?2 amplification-positive tumors respond to such
treatment (Slamon ef 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
AZD6244 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 IAP 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,

~

Oncogene



NPG.ONC.ONC2011111

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

©

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),
AZDG6244 was from ShangHai Biochempartner (Shanghai,
China) and L'Y294002 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 HI1047 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 ef 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
KI1IN 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 0.2mM 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 (ICsy) 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 48h in the presence of lapatinib (1pum) 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), 150mm NaCl, 1mm EDTA, 1% Triton X-100,
2.5mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl
fluoride and leupeptin (1 pug/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
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AKT, to BIM, to Mcl-1, to Bcl-2, to Bel-xy, to XIAP and to
pl10a 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 1h at room
temperature with horseradish peroxidase-conjugated goat
antibodies to rabbit immunoglobulin G (Slgma) Immune
complexes were finally di d with ck

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, ¥-GUAGAAUGUUUACUACCAA-3),
BIM (BIM-1, 5-GGAGGGUAUUUUUGAAUAA-3'; BIM-2,
5'-AGGAGGGUAUUUUUGAAUA-3'), or survivin (survi-
vin-l, 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 L#?/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 r-test. A P-value
of <0.05 was considered statistically significant.
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CASE REPORT

Clinical Effectiveness of Boron Neutron Capture Therapy for
a Recurrent Malignant Peripheral Nerve Sheath Tumor in
the Mediastinum

Masayoshi Inoue, MD, PhD,* Chun Man Lee, MD, PhD,} Koji Ono, MD, PhD,}
Minoru Suzuki, MD, PhD,} Toshiteru Tokunaga, MD,* Yoshiki Sawa, MD, PhD,}
and Meinoshin Okumura, MD, PhD*

A 70-year-old woman underwent cxtirpation of a malignant
peripheral nerve sheath tumor, 4.5 X 2.0 cm in size, in
the right supraclavicular fossa. Locoregional recurrence was
found 10 months after operation (Figure 1). Although one
course of systemic chemotherapy using cisplatin (80 mg/m?
at day 1) and vinorelbine (25 mg/m? at days 1 and 8) was
given, the recurrent tumor progressed. Because conventional
radiotherapy is not effective for malignant peripheral nerve
sheath tumor, boron neutron capture therapy (BNCT) was
considered based on the subcutaneous mediastinal location.
After institutional review board approval and securing the
patient’s written informed consent, accumulation of p-bo-
ronophenylalanine (BPA) in the tumor was confirmed using
18F-BPA positron emission graphy. Using simulati

environment for radiation applications software program, fast
neutron and y-ray physical doses, compound biologic effec-

maintained for 24 months (Figure 2). Positron emission tomog-
raphy-computed tomography 18 months after BNCT showed no
uptake of 18F-fluorodeoxy glucose in the residual mass, sug-
gesting no viability (Figure 3). Neuralgia of the right arm
improved. Although temporary dysphagia because of an oral
mucosa disorder was observed as a side effect, the patient’s
general quality of life was preserved. There is no evidence of
recurrence 2 years after BNCT.

DISCUSSION
When '*Boron absorbs thermal neutrons, @ and "Lith-
jum particles are generated.! BNCT selectively injures the
tumor cells containing '°Boron; it was suitable in this case
with tumor invasion into the neighboring great vessels. Be-
cause the peak of thermal neutron flux is 3 cm beneath the
tissue surface, its clinical applications have been limited to

tiveness- and relative biologic effectiven ighted doses,
were calculated.

The patient underwent two courses of BNCT with an
interval of 3 weeks. BPA-fructose was administered intrave-
nously at a dose of 500 mg/kg just before irradiation. For the
first course, the epithermal neutron irradiation was performed
for 105 minutes. The dose distribution in the tumor ranged
from 13.7 to 22.3 Gy-Eq and was 6.0 Gy-Eq to the skin. For
the second course, the irradiation time was shortened to 51
minutes, because of the higher epithermal neutron flux. The
dose delivered to the tumor ranged from 6.0 to 24.3 Gy-Eq
and was 9.7 Gy-Eq to the skin.

Chest computed tomography scan 1 year after BNCT
showed that the tumor size decreased from 6.2 X 4.0 cm to
4.6 X 3.2 cm in size (25% reduction), and stable disease was
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lignant mel and brain tumors. Kato et al.2 reported
its efficacy for head and neck mali ies. The indicati
was extended to metastatic liver tumor,? malignant mesothe-
lioma,* and glioblastoma. This is the first case of mediastinal
tumor treated with BNCT.

The effect of BNCT is critically dependent on selective
accumulation of '°Boron compounds. The tumor/normal tis-
sue ratio of the '°Boron uptake was 2 in this case, while a
ratio greater than 2.5 is preferable for selective treatment.
BNCT might be a option for sut medi-
astinal tumors, which is resistant to conventional irradiation.
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FIGURE 1. Chest computed to-
mography (CT) scan and magnetic
resonance imaging (MRI) showing
the recurrent lesion. A, Postopera-
tive recurrence, 4.5 X 2.0 cm in
size, is seen in the right subclavicu-
lar region (arrow head) in the fol-
low-up CT scan 10 months after
operation. B, Tumor invasion into
the right subclavicular artery and
brachiocephalic vein is seen (arrow
head) in the sagittal view of MRI.

FIGURE 2. Chest computed tomography scan 1 year after
boron neutron capture therapy shows shrinkage of the re-
current lesion after chemotherapy from 6.2 X 4.0 cm to

4.6 X 3.2 cm in size (25% reduction).

FIGURE 3. FDG-positron emission
tomography (PET) shows the re-
markable effect of boron neutron
capture therapy (BNCT). A, PET-
computed tomography (CT) before
BNCT shows significant tumor up-
take. B, Although a residual mass is
seen, the FDG uptake is reduced to
the background level 18 months
after BNCT.,
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Abstract

Objective: The presence of isolated tumor cells (ITCs) in the pulmonary vein (PV) of a lung resected for lung cancer has been reported to be a
prognostic factor. Previous investigations noted correlations between prognosis and the presence or amount of ITCs, although few studies have
investigated the clinical implications of the morphological characteristics of those cells. We assessed the clinical implications of ITCs in the PV
using a novel enrichment approach that maintained their morphological characteristics. Methods: Ninety-four consecutive patients with primary
non-small-cell lung cancer (NSCLC) without preoperative chemo- and/or radiation therapy (p-stage | in 75, Il in 13, lll or IV in six) were studied.
Blood samples were drawn from the PV draining the lung just after pulmonary resection, and ITCs were enriched using a CD45-negative selection
method and density-gradient centrifugation, followed by Papanicolaou staining using 1 ml of PV blood and immunohistochemical staining for
cytokeratin in cases with an additional available blood sample. The ITCs were classified into four types based on patterns of cluster formation: no
tumor cells (N), singular tumor cells (5), clustered cells (<0.2 mm) (CSs), and bulky clustered cells (>0.2 mm) (BCSs). We evaluated the
correlations between ITC morphology and clinical results. Results: ITCs were detected in 68 of 94 patients (72%), of which the BCS type was
observed in two, CS in 33, S in 33, and N in 26. Over a median follow-up period of 13 months (range 6—22 months), cancer recurrence occurred in
16 cases (17%): 14 in the combined CS/BCS group, one in S, and one in N. Log-rank analysis revealed that the disease-free survival rate was
exclusively worse in patients with clustered ITCs as compared with the other two groups ( p < 0.01). Conclusions: The present method was useful
to detect and enrich ITCs from the PV, and showed the clinical relevance of their morphology in lung cancer cases. The presence of ITC clusters
may be a prognostic biomarker for patients with resected NSCLC.
© 2010 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Primary lung cancer remains a leading cause of cancer
death in most industrialized countries [1], with most cancer
deaths related to high rates of recurrence and distant

* Presented at the 24th Annual Meeting of the European Association for
Cardio-thoracic Surgery, Geneva, Switzerland, September 11-15, 2010.

** This research was supported by a Grant-in-Aid for Scientific Research (B)
from the Japan Ministry of Education, Science, Sports and Culture, and the
Uehara Memorial Foundation.

* Corresponding author. Address: Department of General Thoracic Surgery,
Osaka University Graduate School of Medicine, L-5 2-2 Yamadaoka Suita-city,
Osaka, 565-0897, Japan. Tel.: +81 6 6879 3152; fax: +81 6 857 3179.

E-mail med.osaka-u.ac.jp,
il.com (N.

metastasis; thus, useful biomarkers are needed for early
detection of both. Recently, isolated tumor cells (ITCs) in
blood were reported to be useful markers for prognosis,
recurrence, and metastasis [2]. It has been speculated that
ITCs are likely shed from the primary tumor, then flow
through a drainage vein and circulate throughout the body.

A number of methods to detect ITCs have been reported,
with polymerase chain reaction (PCR)-based assays the most
widely used [3], as a high sensitivity of ITC detection and
clinical implications of the results have been shown [4—6].
Recently, the CellSearch® System (Veridex LLC, Rartian, NJ,
USA) was shown to provide accurate detection and enrich-
ment of rare ITCs from blood samples of patients with various
types of solid cancer, including lung cancer [7], colon cancer
[8], and breast cancer at the single cell level [9]. In addition,
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associations between the number of ITCs with tumor stage
and progression have been reported [10]. Most previous
studies were quantitative investigations used to evaluate
ITCs, and there are few reports of the clinical implication of
ITCs that used morphological classification. We conducted
the present investigation to assess the clinical implications
and morphological characteristics of ITCs in the PV of
resected lungs of non-small-cell lung cancer (NSCLC) patients
using a novel approach for ITC enrichment and detection.

2, Patients and methods
2.1. Cell-spiking experiment

Initially, to evaluate the accuracy and sensitivity of our
method to detect ITCs, a cell-spiking experiment was
performed using two lung cancer cell lines, COR-L32
(human small-cell lung carcinoma; ATCC® Catalogue No.
96020744) and SK-LU-1 (human adenocarcinoma; ATCC®
Catalogue No. HTB-57™), prior to the examination of
clinical samples to detect ITCs in blood samples. The
cell lines were maintained in Eagle’s Minimum Essential
Medium (EMEM) supplemented with fetal bovine serum
(FBS) to a final concentration of 10% and incubated
at 37 °C. After adding a known number of cells to 1-ml

whole blood samples obtained from healthy volunteers, we
assessed the sensitivity of our method by determining the
ratio of the number of enriched cells to the number of
added cells with a hemacytometer.

The method of cell extraction employed was as follows.
A RosetteSep® Human CD45 Depletion Cocktail (Stemcell
Technologies, Inc.) was added at 50 ulml~" to individual
whole blood samples and mixed well. After incubation for
20 min at room temperature, the mixture was diluted with
an equal volume of phosphate-buffered saline + 2% fetal
bovine serum (PBS + 2% FBS) and mixed gently. The diluted
sample was then layered on top of a Ficoll-Paque™ PLUS
and centrifuged for 20 min at 1200 x g at room tempera-
ture, with the brake in the off position; then, the enriched
ITCs were removed from the Ficoll-Paque™ PLUS—plasma
interface. After washing enriched ITCs with PBS + 2% FBS,
the cells were centrifuged down to polylysine-coated glass
slides using a cytospin device at 1000 x g for 3 min. Cells on
the slides were stained using Papanicolaou stain and a
cytokeratin immunohistochemistry kit (Carcinoma cell
detection kit human, Miltenyi Biotec® Catalogue No. 130-
090-463), which resulted in a cell collection ratio of 60% for
both single cells and clustered cells. Tumor cells that
existed among the total nuclear cell count ranged from
1 x 10% to 1 x 10° in number.

Table 1. Patient characteristics and distribution of isolated tumor cells in pulmonary venous blood.

Total PV cytology p-Value
N S C
No. 94 26 3 35
Gender 0.8
Male 56 17 19 20
Female 38 9 14 15
Age (mean = SD) 67.7 8.4 68.8 £8.3 67.2+9.0 70.0+10.9 0.5
<70 49 14 2 14 0.1
=70 45 12 12 21
pT factor 0.3
™ 52 18 19 15
T2 36 7 12 17
AE] 6 1 2 3
PN factor 1.0
NO 84 24 29 31
N1 4 1 2 1
N2 5 1 2 2
NX 1 0 0 1
pM factor 1.0
MO 93 26 33 34
Mia 1 0 0 1
M1b 0 0 0 0
p-Stage 0.6
I 75 23 27 25
L} 13 2 4 7 4
litor Iv 6 1 2 3
Tumor histology 0.9
Adenocarcinoma Il 19 26 26
Squamous cell carcinoma 14 4 5 5
Miscellaneous 9 3 2 4
Tumor location 0.1
RU 44 13 13 18
RM 3 0 3 0
RL 13 2 6 5
w 23 4 9 10
w 1 7 2 3

PV, pulmonary vein; N, no tumor cells; S, singular tumor cells; CS/BCS, clustered tumor cells; RU, right upper lobe; RM, right middle lobe; RL, right lower lobe; LU, left
upper lobe; LL, left lower lobe.
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2.2. Patients

Ninety-four consecutive patients (56 males, 38 females;
range 28—88 years old, median 67.7 years) with primary
NSCLC, who did not undergo preoperative chemo- and/or
radiation therapy, were evaluated using our method
(Table 1). Written informed consent was obtained from all
patients enrolled. This study conformed to the ethical
guidelines of Osaka University Graduate School of Medicine,
and was approved by the institutional review board of Osaka
University Medical Hospital. All patients underwent a
segmentectomy (n=11), lobectomy (n = 80), or bilobect-
omy (n =3)witha ic mediastinal lymphad tomy
from August 2008 to January 2010 at Osaka University
Medical Hospital.

The postoperative staging of all patients was determined
according to the tumor—node—metastasis (TNM) classifica-
tion of the Union for International Cancer Control (UICC), ver.
7, 2009 (Table 1). The median follow-up duration was 13
months (6—22 months). In follow-up examinations, all
patients were evaluated at 3-month intervals. Each evalua-
tion included a physical examination, chest X-ray, and blood
tests including tumor markers, while additional thoracic—
abdominal computed tomography (CT) scans were generally
performed at é6-month intervals.

2.3. Blood samples and ITC detection and enrichment

All blood samples were collected on the back table
immediately after lung resection by gentle aspiration with an
18-gauge needle from the tumor-draining pulmonary vein
(PV), which was stapled before the resection in all cases, and
placed in 10-ml ethylene diamine tetraacetic acid (EDTA)
tubes. ITCs were isolated using a negative selection method
from 1-ml blood samples by the method described above. In
addition, cytokeratin immunohistochemistry was performed,
if an additional blood sample was available.

2.4. Evaluation and classification of clusters

Using all of the samples, one glass slide containing enriched
ITCs from each patient was prepared and assessed by
Papanicolaou staining. This examination was performed
independently by two cytologists (E.Y and H.Y) who were
unaware of the patient’s clinical data. For morphological
assessment, each cytologist distinguished cancer cells from
normal cells by light microscopy based on their morphological
appearance, such as cell size and shape, nuclear size and
shape, and nuclear—cytoplasmic ratio (N/C). Furthermore, for
cluster formation assessment, patterns of ITCs were classified
into the following four types: no tumor cells (N), singular cells
(S), clustered cells (<0.2 mm in size) (CSs) including singular
cells, and bulky clustered cells (>0.2 mm insize) (BCSs), which
included clustered cells and singular cells.

2.5. Statistical analysis

Statistical analysis was performed using the SPSS Exact
Tests software. The Kruskal—Wallis test was used to calculate
mean values, and prevalence was analyzed with Fisher’s
exact test. For analysis of follow-up data, survival curves

w

were calculated with the Kaplan—Meier method and survival
distributions were compared by a log-rank test. The Cox
proportional hazards model was applied for calculating
hazard ratio by uni- and multivariate analyses. The threshold
for statistical significance was a p-value less than 0.05.

Fig. 1. Classification of isolated tumor cells by cluster formation. Shown are
results following Papanicolaou staining. (A) Arrows indicate singular cancer
cells. (B) Clustered cancer cells (<0.2mm). (C) Bulky clustered cells
(>0.2 mm). Original magnification x40. Scale bars = 0.2 mm.
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3. Results
3.1. Detection of ITCs

Using Papanicolaou staining, ITCs classified as S were
detected in 33 (35%) of the 94 patients, while those
classified as CS or BCS were found in 35 (37%). Fig. 1 shows
examples of singular and cluster formations of CTCs. Cases
classified as CS and BCS were considered as a single group
for analysis of survival, as the number of BCS cases was
small. Cytokeratin examinations were performed in 59
cases (15 classified as N, 21 as S, 22 as CS, and one as BCS).
All cases classified as CS or BCS revealed positive results for
cytokeratin staining, whereas only seven (33%) of those
classified as S and none as N showed positive cytokeratin
staining results.

3.2. ITC classification and prognosis

The correlations of patient characteristics with dis-
tribution of ITCs in pulmonary venous blood are shown in
Table 1. There were no significant differences regarding
patient characteristics among the three groups (N, S, and
CS/BCS). Sixteen patients suffered cancer relapse, includ-
ing 14 in the CS/BCS group, one in S, and one in N: these
could be detailed as exclusive local recurrence in four
(pleura in one, chest wall in one, hilar lymph node in one,
mediastinal lymph node in one), local and distant
metastasis in seven (bilateral lungs in four, mediastinal
lymph node and neck lymph node in two, mediastinal lymph
node and bone in one), and exclusive distant metastasis in
five (contralateral lung in three, adrenal gland in one, and
brain and liver in one). Relapse-free survival curves are
shown in Fig. 2, which demonstrated that the cluster group
(CS/BCS) exclusively was statistically significant; overall
survival curves are shown in Fig. 3. Univariate analysis
revealed that the presence of clustered ITCs and p-stage Iil
or IV were significant prognostic factors in the analysis of
disease-free survival, and those results were confirmed by
multivariate analysis findings (Table 2).

Fig. 2. Relapse-free survival curves.
N, patients with no tumor cells; S, patients with singular tumor cells; C,
patients with clustered tumor cells (CS/BCS).
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Fig. 3. Overall survival curves.
N, patients with no tumor cells; S, patients with singular tumor cells; C,
patients with clustered tumor cells (CS/BCS).

4, Discussion

In the present study, we focused on the morphological
appearance of ITCs and investigated related clinical implica-
tions. Our results showed that cluster formations of ITCs may
be a prognostic indicator for early recurrence of lung cancer. In
cases with singular cancer cells, the recurrence rate was low as
compared with those with cluster formation. However, the
clinical implications of the presence of singular [TCs remain
unclear and a longer duration follow-up study is needed to
determine clinical outcomes over a long period.

In spite of early discovery of cancer and complete surgical
resection, the rates of recurrence and mortality in lung cancer
cases remain high [1]. During treatment of postoperative
patients, it is especially important to detect early relapse and
distant metastasis. Thus, it is crucial to develop useful
biomarkers for predicting early recurrence and metastasis.
Some recent studies have demonstrated that the presence of
ITCs in circulating blood was useful as a biomarker for the
prognosis of various types of disease, such as breast cancer [7],
colorectal cancer [6], and lung cancer [11].

Various methods to detect and enrich ITCs have been
reported. In older studies, ITCs were observed using whole
blood samples [12], though those results are not considered
to be reliable. Recently, Sienel et al. used a cytokeratin
immunohistochemistry method to reveal that the presence of
ITCs in samples collected from the PV of a pulmonary lobe
containing lung cancer before resection was a predictor of
poor survival [13]. In addition, Yamashita et al. reported a
study that used reverse transcriptase-polymerase chain
reaction (RT-PCR) assays of peripheral blood to detect
messenger RNA (mRNA) of carcinoembryonic antigen (CEA),
and noted that its presence was a prognostic indicator in
patients with NSCLC [11]. Current advancement in technol-
ogy allow for ITCs to be captured and quantitatively
evaluated with the semi-automated CellSearch® System
(Veridex LLC, NJ, USA). Using this system, some groups have
reported that determination of the number of pre- and
postoperative ITCs was useful as a biomarker for survival and
prognosis [7,10], while another showed that those results
were able to reveal cancer cell spreading caused by the
operation [14]. However, most of those studies used
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Table 2. Results of univariate and multivariate analyses of relapse-free survival.

Variables Univariate Multivariate
R.R. 95% C.I. p-Value R.R. 95% C.l. p-Value

ITCs in PV

None Ref. Ref.

Singular 0.901 0.180-4.505 0.9 0.845 0.170-4.577 0.9

Clustered 5.894 1.717-20.23 0.005 8.882 1.676-21.04 0.006
Gender

Male Ref.

Female 0.882 0.355-1.904 0.7 0.895 0.319-2.515 0.8
Age in years

<70 Ref.

270 1.923 0.831—4.446 0.1 1.279 0.490-3.339 0.6
p-Stage

I Ref.

L} 2122 0.686—6.557 0.2 2.09% 0.588-7.474 0.3

Woriv 7.591 2.612-22.06 0.0002 9.756 3.357-40.37 0.002
Tumor histology

Adenocarcinoma Ref.

Squamous cell carcinoma 1.717 0.560-5.265 0.3 2.147 0.588-7.847 0.2

Miscellaneous 2.456 0.806—7.482 0.1 1.081 0.225-5.204 0.9

quantitative evaluation methods and few have shown the
significance of qualitative evaluation of ITCs.

In the present study, early relapse was associated with the
presence of clustered cancer cells. We speculated that
cancer cells may be able to live for a longer period in
circulating blood when clustered, thus allowing direct access
to distant organs and easy establishment of a secondary
tumor. In addition, when considering tumor-initiating cells, it
is possible that cells with a large diameter have a greater
potential of causing relapse [15].

A recent study noted that epithelial—-mesenchymal
transition (EMT) plays important roles in cancer progression
and metastasis [16]. Through the EMT process, the morphol-
ogy and gene expression of the epithelial markers E-cadherin
and cytokeratin become altered in cancer cells [17,18]. Our
present analysis using immunohistochemical staining for
cytokeratin showed that the positive rate of CS/BCS cases
was 100%, whereas that in cases classified as S was low (33%).
The reason for the different rates of positivity between S and
CS/BCS cases may be related to EMT. Furthermore, the low
occurrence of cytokeratin staining in cases classified as S may
indicate that the expression of cytokeratin was reduced
during the EMT process.

There are some limitations to our method, as accurate cell
counting and ITC enrichment have not been perfected. On
the other hand, with the CellSearch® system [7—10], cell-
number counting and enrichment are easily performed in a
semiautomatic fashion, though it is difficult to detect
morphological features, in contrast to the method used in
the present study. Moreover, there are problems with the
procedure used to collect the samples. In the present
method, in patients, after resecting the lung and placing it on
the back table, blood was collected by aspiration from the PV,
which had been stapled before the resection. Ideally, blood
samples should be collected from the PV with proximal
clamping before lung resection. In addition, it would be good
to perform the assays with blood samples obtained from the
peripheral vein. Some studies have presented preoperative
and postoperative analyses of ITCs obtained from peripheral
blood samples [7,11]. In the future, we intend to collect
blood samples before lung resection and perform the assays

using peripheral blood samples. In addition, we hope to
conduct additional research using blood samples obtained at
various time points before, during, and after surgery.

In conclusion, the present CD45-negative selection
method was found useful to detect and enrich ITCs from
blood samples obtained from the PV of lungs resected for
NSCLC. In addition, our results show the clinical relevance of
morphological classification of ITCs in NSCLC cases, as the
presence of clustered ITCs was a prognostic indicator for
patients following surgical resection.
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Appendix A. Conference discussion

Dr G. Varela Spain): To my viedge, you are the first to
demonstrate that the presence of clusters of tumor cells in pulmonary venous
blood 1 the prognosis in stage | U cell
lung cancer cases.

H'wlously, different authors have reported the ﬁndmg of epithellnl :ells in
means of
against the epithelial cell adhesion molecule using the so-called Cell Search
System. toPasslick,
while Okumura and cells in more than 95%
of their cases. With ymrl.ethmmeym have detected clusters of tumor cells in
around 30% of your cases. Th tumor cell
and also more sensitive than simple immunohistochemical staining. I'm
wondering if this 30% prevalence of clusters of cells may be related to
anatomical conditions or to the type of surgical techniques; for instance, the
tumor size or location in the lobe, the way of handling the tumor during surgery,
the sequence of vessel ligation and so on.
is, if

manipulation, maybe comparable ﬂndhgs could be elicited in sequentially-
taken samples of peripheral arterial blood prior to surgery, indicating the need
for induction chemotherapy even in selected clinical stage IA cases. Do you have
anyprelinﬁnarydataonﬂﬁsorareywﬂﬁnkingaboutamhrstudy?

Dr Funaki: As you i isan imp
problem. | think surgical mantpulaﬂnn may enhance the cancer cells shedding
into the bloodstream, as you mentioned, but | don’t think that all cancer cells
are shed into the bloodstream only by surgical manipulation.

Asfor the surgical techniques, in our research we first ligate the pulmonary
vein. So there is the that surgical may enhance cancer
cells shedding in the bloodstream and that the number of isolated tumor cells
may increase.

bl
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Abstract

Background: The chances of pulmonary resection for small-sized lung cancer have increased because of the development of thin-slice computed
tomography (CT). Though sublobar resection could be indicated for ground glass opacity (GGO)-dominant adenocarcinoma with low-grade behaviour,
the malignant potential of solid-type, small-sized lung cancer has not been sufficiently assessed. We aimed to address the clinical outcomes of
resected solid-type c-stage IA non-small cell lung cancer (NSCLC) smaller than 2 cm. Methods: A retrospective observational study involving 118
patients who had undergone a complete resection for lung cancer smaller than 2 cm with solid component more than 50% on CTwas conducted, and
their postoperative survival and recurrence pattern were analysed. Results: Thirty-five patients with solid component-dominant lesion (SCDL) and 83
patients with pure solid lesion (PSL) without GGO were enrolled. Lymph node involvement was found in 15 patients with PSL (18%). The 5-year disease-
free survival (DFS) was 100% in SDCL patients and 83% in PSL patients. Multivariate analysis of PSL patients showed that lymph node metastasis and
pleural invasion were independent negative prognostic predictors. The 5-year DFS was 88%, 80% and 46% in p-NO, p-N1 and p-N2 patients,
respectively. The 5-year DFS was 33% for patients with pleural invasion, which was significantly worse than that for patients without pleural
involvement. Postoperative recurrence was mainly observed as intrathoracic lesions within 3 years. Conclusions: A proportion of solid-type NSCLC

has malignant potential, even for tumours smaller than 2 cm. Periodic intrathoracic evaluation is required following complete resection.
© 2010 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.

Keywords: Lung cancer; Surgery; Outcomes; Survival analysis

1. Introduction

Lung cancer is a leading cause of death from cancer. Several
clinical trials with multimodal therapy, including adjuvant
chemotherapy, have been conducted to improve the outcome
of advanced disease, while the efficacy of induction therapy is
still controversial [1—4]. Diagnostic imaging such as computed
tomography (CT), magnetic resonance imaging (MRI) and
positron-emission tomography CT (PET—CT) is now widely
available clinically. The recent development of thin-slice and
high-resolution CT or low-dose CT screening has particularly
increased the chance of treating small-sized lung cancer.

Bronchioloalveolar adenocarcinoma, which is usually
detected as ground glass opacity (GGO) on CT imaging, has
been identified as a different type of non-small-cell lung
cancer (NSCLC) with low-grade malignancy [5]. It has been
reported that sublobar resection, such as segmentectomy or
wide-wedge resection, is feasible for GGO-dominant lesions
[6], while a lobectomy is still a standard procedure for
NSCLC. A clinical trial of randomised lobectomy versus

* Corresponding author. Japan. Tel.: +81 6 6879 3152; fax: +81 6 6879 3164.
E-mail address: mi@thoracic.med.osaka-u.ac.jp (M. Inoue).

sublobar resection for peripheral small-sized lung cancer is
ongoing in the USA (CALGB 140503), and a similar trial has
been proposed by the Japan Clinical Oncology Group.

However, patients with small-sized NSCLC occasionally
have locally advanced disease with lymph node metastases [7—
9]. Most such cases have a lesion showing a solid component or
solid-dominant GGO on preoperative CT imaging. These solid-
type lesions could be a different entity among small-sized lung
cancer, most of which is early disease.

The present study focussed on c-stage IA patients with
solid component-dominant lesion (SCDL) or pure solid lesion
(PSL) small-sized NSCLC, especially patients with PSL to
clarify postoperative outcomes and consider the optimal
surgical procedure. Disease-free survival (DFS) and the
relapse pattern during postoperative follow-up were retro-
spectively analysed.

2. Materials and methods
2.1. Patients

The records of all 188 consecutive patients with c-stage IA
peripheral lung cancer smaller than 2 cm, who underwent a

1010-7940/$ — see front matter © 2010 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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complete resection between 1992 and 2007 at the Osaka
University Hospital, Osaka, Japan, were reviewed. Institu-
tional Review Board at the Osaka University approved this
study, and patient consent was waived. Of these, 118 NSCLC
patients with a solid or solid component-dominant lesion, in
which the GGO area was less than 50% on thin-slice CT
(Table 1), were selected. Follow-up of more than 5 years was
completed in 100 patients, and the median follow-up time for
all patients was 60.8 months. Preoperative diagnosis was
performed by chest radiography and CT imaging, as well as
biopsy using fibre optic bronchoscopy or percutaneous core
needle biopsy. Core needle biopsy was performed under CT
guidance in our institute. Lymph nodes larger than 1 cmin the
short axis on CT were clinically defined as metastasis-
positive. An *-fluorodeoxyglucose positron-emission tomo-
graphy (FDG-PET) and PET—CT were also available for nodal
staging from 1997 and 2005, respectively. Mediastinoscopy
was performed in two patients with mediastinal lymph node
swelling observed in CT. Brain CT or MRI, abdominal CT and
bone scintigraphy were used to detect distant metastases for
clinical staging. The preoperative serum carcinoembryonic
antigen (CEA) level was measured in 113 patients and
included in the survival analysis as a variable. We performed
a lobectomy with nodal dissection in principle, while
sublobar resection was indicated in high-risk cases. Post-
operative staging was performed according to the tumour,

Table 1
Characteristics of 118 patients with c-stage |A solid-type non-small cell lung
cancer smaller than 2 cm in diameter.

Age (years) 3883 (median 65)
Sex

Female 7

Male 41

Tumour diameter (mm)
Diagnostic method

3-20 (median 15)

Intra-operative rapid section 49

Percutaneous core needle biopsy 39

Transbronchial biopsy 28

Sputum cytology 2
CT finding

Solid lesion 83

Solid component-dominant lesion 35
Operative procedure

Lobectomy 90

Segmentectomy 23

Wedge resection 5
Histology

Adenocarcinoma 97

Squamous cell carcinoma 19

TS 2

p-Stage

1A 101

1B 2

A 4

B 1

A 10
Lymph node metastasis "

p-N1 5

p-N2 10

* The tumors of all patients with nodal metastasis showed pure solid lesion
on CT.

node, metastasis (TNM) classification. Pleural invasion was
histologically evaluated using haematoxylin—eosin (H-E)
staining. There was no parietal pleural invasion and only
visceral pleural invasion was observed in this study. Adjuvant
chemotherapy was indicated in p-stage Il and Ill patients with
good status since 2005, and as a result, given in nine patients.
One patient had postoperative radiation. Chest and abdom-
inal CTscan, brain CTor MRI and bone scintigraphy were used
for postoperative follow-up. Initial recurrence sites and the
pattern following complete resection were also evaluated.
Variables used for evaluation were age, sex, tumour
diameter, operative procedure, histology, serum CEA level,
lymph node metastasis and pleural invasion.

2.2. Statistical analyses

DFS and overall survival (OS) were calculated using the
Kaplan—Meier method, and the prognostic effects of
variables on DFS and OS were analysed using the log rank
test and a Cox regression model [10,11].

3. Results

The results of postoperative pathological examination are
shown in Table 1. Adenocarcinoma is dominant in this
category of solid-type, small-sized NSCLC in our institute. Of
the 118 patients, 101 (86%) had accurate clinical staging,
though the remaining 14% were underestimated. Hilar and
mediastinal lymph node metastases were found in 15 patients
(13%) with PSL or SCDL NSCLC smaller than 2 cm. The primary
tumour showed pure solid attenuation on CT in these patients
with nodal involvement, and 15 (18%) of 83 patients with PSL
smaller than 2 cm had lymph node metastases.

The 5-year DFS was 100% for c-stage IA patients with SCDL
and 83% for c-stage IA patients with PSL (Fig. 1). Post-
operative relapses were observed within 3 years after surgery
except in one case, who had recurrence at the resected
margin after segmentectomy 10 years after surgery. The 5-
year OS was 100% for patients with SCDL and 87% for patients
with PSL. Since no recurrence was found and the outcome
was excellent in patients with SCDL in the present study, we
focussed on the patients with PSL for further analyses.

Solid Component-Dominant; §-year DFS100%

1 —»\‘
A AR ARSI 050 5. AN

8
Pure Solid; 8-year DFS 83%

Disease - Free Survival

o b & @

0 2 4 (] 8

Patients at risk
PSL & 64 45 30 16 7
SCOL 35 3 19 12 2 1

10 Year

Fig. 1. Disease-free survival (DFS) for c-stage IA patients with solid-type,
small-sized, NSCLC who underwent a complete resection. The 5-year DFS is
100% for c-stage IA patients with SCDL and 83% for c-stage IA patients with PSL.
SCDL, solid component-dominant lesion; PSL, pure solid lesion.
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Fig. 2. Disease-free survival (DFS) for c-stage IA patients with pure solid,
small-sized tumour by histological lymph node status. The 5-year DFS for
patients with p-NO, p-N1, and p-N2 was 88%, 80%, and 46%, respectively.

Patients with PSL underwent a lobectomy in 63,
segmentectomy in 17 and wedge resection in three cases.
By analysing patients with PSL by pathological lymph node
status, the 5-year DFS was 88% for patients with p-NO, 80% for
patients with p-N1 and 46% for patients with p-N2 (Fig. 2).
The postoperative outcome of patients with node metastases
was worse than that for p-NO patients (p = 0.0002). Similar
results were obtained in the overall analysis, and the 5-year
0S was 95% for p-NO patients, 50% for p-N1 patients and 56%
for p-N2 patients (p = 0.0009). Lymph node involvement was
a significant prognostic factor for postoperative recurrence
and survival in patients with pure solid, small-sized, lung
cancer. The distribution of metastatic lymph node by the
tumour location was upper + hilar/interlober/peripheral
zones for eight tumours in the right upper lobe, upper + -
AP + hilar/peripheral zones for three tumours in the left
upper lobe and upper + subcarinal + lower + hilar/interlo-
ber/peripheral zones for four tumours in the right lower lobe.

Survival was also assessed according to histological pleural
invasion. The 5-year DFS for PSL patients was 87% with
negative pleural invasion and 33% for positive pleural
invasion (Fig. 3); the difference in DFS was significant
(p=0.0002), and pleural invasion had a clinically negative
impact on postoperative recurrence. The overall survival
analysis showed that 5-year OS for PSL patients was 91% with
negative pleural invasion and 63% with positive pleural
invasion (p =0.06). Thus, pleural invasion was a significant
prognostic factor for postoperative recurrence.

Elevated preoperative CEA levels (>5ngml™") were
observed in three of 33 SCDL patients (9.1%) and in 35 of
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Fig. 3. Disease-free survival (DFS) for c-stage |A patients with pure solid, small-
sized tumour by pleural invasion. The 5-year DFS was 87% for patients with
negative pleural invasion and 33% for patients with positive pleural invasion.

80 PSL patients (43.8%) (p = 0.0001, chi-square test). Among
PSL patients, the 5-year DFS for patients with a high CEA level
was 75%, which was slightly worse than that for patients with
anormal CEA (88%), though the difference was not significant
(p=0.13).

Univariate analysis using age, sex, tumour size, operative
procedure, histology, preoperative CEA level, lymph node
metastasis and pleural invasion as the variables revealed that
lymph node metastasis was a prognostic factor for both OS and
DFS (Table 2) following complete resection of pure solid, small-
sized, NSCLC using a proportional hazard model, though
pleural invasion was a significant factor only for DFS (Table 2).
Multivariate analysis was performed using tumour size and
serum CEA level, which was identified to be prognostic factors
in small-sized lung cancer in our previous study [12], in
addition to lymph node metastasis and pleural invasion

Table 2
Univariate analyses of potential prognostic factors in patients with c-stage IA,
pure solid, non-small cell lung cancer smaller than 2 cm.

Variables Hazard ratio 95% CL. p value
Overall survival
Age 1.01 0.941-1.09 0.77
Sex
Female 1
Male 2.74 0.337-22.5 0.35
Tumour size 1.12 0.913-1.37 0.28
Histology
Ad 1
Non-Ad 1.21 0.243-6.01 0.82
Serum CEA level 0.988 0.912-1.07 0.76
LN metastasis
Negative 1
Positive 9.14 2.17-38.5 0.003
Pleural invasion
Negative 1
Positive 4.1 0.829-20.4 0.084
Operative procedure
Lobectomy 1
Sublobar res. 0.522 0.064—4.24 0.54
Disease-free survival
Age 0.981 0.934-1.03 0.44
Sex
Female 1
Male 2.39 0.534-10.7 0.26
Tumour size 1.03 0.898-1.19 0.66
Histology
Ad 1
Non-Ad 0.574 0.127-2.59 0.47
Serum CEA level 0.997 0.947-1.05 0.91
LN metastasis
Negative 1
Positive 5.81 1.93-17.5 0.002
Pleural invasion
Negative 1
Positive 7.04 2.16-22.9 0.001
Operative procedure
Lobectomy 1
Sublobar res. 0.900 0.251-3.23 0.87

CL, confidence limit; Ad, adenocarcinoma; LN, lymph node; Sublobar res.,
sublobar resection or wedge
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Table 3
Multivariate analysis of potential factors in patients with c-stage IA,
pure solid, non-small cell lung cancer smaller than 2 cm.
Variables Hazard ratio 95% CL p value
Overall survival
Tumour size 1.06 0.839-1.34 0.63
Serum CEA level 0.950 0.856—1.06 0.34
LN metastasis
Negative 1
Positive 11.0 2.38-51.3 0.002
Pleural invasion
Negative 1
Positive 1.87 0.326-10.7 0.48
Disease-free survival
Tumour size 0.904 0.754-1.08 0.28
Serum CEA level 0.978 0.929-1.03 0.38
LN metastasis
Negative 1
Positive 10.2 2.81-37.0 0.0004
Pleural invasion
Negative 1
Positive 1.1 2.55-48.6 0.001

CL, confidence limit; LN, lymph node.

showing prognostic tendency or significance with univariate
analysis in the present study. There was no significant
correlation between lymph node metastasis and pleural
invasion in the present study (p =0.35 by chi-square test).
While only node involvement significantly influenced overall
survival (Table 3), both lymph node metastasis and pleural
invasion were detected to be independent risk factors for
recurrence (Table 3).

The initial recurrence site was also assessed during
postoperative follow-up (Table 4). Of 15 patients, 13 (87%)
had intrathoracic relapse, including hilar and mediastinal
lymph nodes, pleural dissemination and pulmonary resected
margin. The patients suffering relapse at the resected margin
included a radical segmentectomy for tumour 1cm in
diameter in the anterior segment of the right upper lobe
and a wedge resection for two patients. Distant metastasis was
detected in the brain and bone in two patients as an initial
relapse ite. Two patients had simultaneous recurrence (lymph
node + dissemination + lymphangitis, lymph node + pulmon-
ary metastasis). Among 28 patients, who underwent a sublobar
resection (23 segmentectomy and five wedge resection),
resected margin recurrences were found in three (11%), while
no relapse with lymph node metastasis was observed. All three
patients suffering resected margin relapse underwent a

Table 4
Initial recurrence site on postoperative follow-up.

Recurrence site Patient number (postoperative months)

8 (11,17, 18, 19, 21, 22, 22, 30)

Hilar and mediastinal lymph node

Pulmonary resected margin 3 (25, 25, 127)
Pleural dissemination 2(12, 18)
Pulmonary metastasis 2 (30, 32)
Lymphangitis carcinomatosa 1(18)

Brain metastasis 1Q27)

Bone metastasis 1(5)

Two patients had recurrence in multiple organs.
“ All three cases with margin relapse underwent a complete lobectomy.
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completion lobectomy and survived for 31, 41 and 138 months
without disease.

4, Discussion

Recently, radical sublobar resection, such as a segmen-
tectomy or wide-wedge resection, has been recognised as an
option for small-sized lung cancer [13—15], though a
lobectomy with nodal dissection is still the gold standard
for the treatment of resectable lung cancer [16]. However,
patients with locally advanced disease with small-sized
primary lesions, which usually show a solid component on CT,
are occasionally encountered. Bronchioloalveolar adenocar-
cinoma showing a pure GGO lesion on CT imaging, which is
histopathologically classified as Noguchi A or B type, is well
understood to be a low-grade lung cancer [17,18]. A limited
resection, such as segmentectomy or wide-wedge resection,
could be curative for such slow-growing lung cancers.
However, it has been reported that 10—15% of patients with
small-sized lesions had nodal involvement [7—9], while we
reported the node metastasis ratio as 15% among patients
with NSCLC smaller than 2 cm [12]. Thus, we intended to
address the characteristics of c-stage IA solid-type NSCLC,
which might be also a candidate for sublobar resection, and
identified the risk of lymph node metastasis and post-
operative local recurrence in patients with a solid tumour.
When conducting sublobar resection for such PSL patients,
careful preoperative and intra-operative assessments for
nodal metastasis and pleural invasion are mandatory.

Multivariate analysis revealed that both node involvement
and pleural invasion were independent prognostic factors for
recurrence in pure solid, small-sized NSCLC, though the
previous study including small-sized lung cancer with GGO
lesions showed a significant correlation between lymph node
metastasis and pleural invasion [12]. The clinical influence of
pleural invasion has been previously investigated and found to
be a significant predictor of worse survival in T1 lung cancer
[19]. In the soon-to-arrive TNM classification, lung cancer
smaller than 2 cm is classified as T1a, though tumour invading
visceral pleura is categorised as T2 [20]. The high risk of
recurrence for patients with tumour invading visceral pleura
(Fig. 3) provides support for the new TNM staging system,
although the pleural factor was not identified as an indepen-
dent predictor for OS in the present study. Pleural involvement
might influence relapse rather than OS in small-sized pure solid
lung cancer. Pleural invasion should be assessed using
preoperative CT and given careful inspection during surgery.
Macroscopically, severe pleural indentation or alteration could
be considered pleural involvement and intra-operative rapid
diagnosis with frozen section could be an optional to decide an
extent of resection. Thus, a standard lobectomy can be
recommended for pure solid, small-sized, lung cancer with
pleural invasion, except in the clinical trial setting.

Radical sublobar resection requires intrapulmonary or
hilar lymph node sampling during surgery to avoid under-
estimating nodal metastases. We usually dissect the lymph
node adjacent to the segmental bronchus, which is
considered to be the sentinel node of lymph drainage. The
analyses of metastatic nodes according to tumour location
showed the usual distribution in small-sized lung cancer;



