
Abstract. The tyrosine kinase Src plays an important role in
the development of anoikis resistance in lung adenocarci-
nomas. Several suspension lung adenocarcinoma cell lines,
which express phosphorylated Src, undergo apoptosis, or
anoikis, in the presence of Src kinase inhibitors. However,
lung adenocarcinoma cell lines vary in their sensitivity to Src
inhibitors. We hypothesized that the addition of ABT-263, a
potent Bcl-2 inhibitor, should significantly enhance the
degree of anoikis in lung adenocarcinoma cells treated with
Src inhibitors. In this study, we treated four suspension lung
adenocarcinoma cell lines with ABT-263, an Src inhibitor
(bosutinib or PP1), or a combination of both. In LC-KJ and
HCC827 cells, combined treatment with ABT-263 and an Src
inhibitor effectively induced anoikis, and the extent of anoikis
was significantly greater than that induced by each agent
alone; the synergy between the two drugs was apparent.
Although we did not observe a marked increase in anoikis in
LC-KJ and HCC827 cells treated with ABT-263 alone,
H1650 and H1975 cells treated with ABT-263 (1 μM) upon
detachment significantly underwent apoptosis, the levels of
which were much greater than those observed upon attach-
ment. However, the levels of anoikis induced by combination
treatment were still greater than those by the individual
agents in H1650 and H1975 cells. These findings provide a
biological rationale to test combination therapy with ABT-263
and Src inhibitors in patients with lung adenocarcinoma. 

Introduction

We previously reported that approximately half of patients
with a small (≤2 cm in size) lung adenocarcinoma with
vessel invasion experience relapse in the form of distant
metastasis, even after complete surgical tumor resection (1).

These clinicopathological data indicate that lung adenocarci-
noma cells floating in vessels do not undergo apoptosis. In
other words, the cells have acquired the ability to resist
anoikis, a type of apoptosis induced by detachment from
their extracellular matrix (ECM) (2). Several reports have
shown that Src, a non-receptor type tyrosine kinase, plays
an important role in the anoikis resistance in lung adeno-
carcinomas (3-5). We have recently demonstrated that i)
intralymphatic floating lung adenocarcinoma cells observed
in primary tumor tissues form nests expressing E-cadherin
and the amount of phosphorylated Src expressed by the
floating cells is much greater than that of ECM-adhesive
tumor cells; ii) Src is induced and phosphorylated in tumor
spheroids of four suspension lung adenocarcinoma cell lines
(LC-KJ, HCC827, H1650 and H1975), the shape of which is
similar to intralymphatic tumor cell nests observed in tissues;
and iii) the four types of spheroids undergo anoikis to
varying degrees in response to treatment with Src kinase
inhibitors (5). However, not all four lung adenocarcinoma
cell lines treated with Src inhibitors readily or uniformly
underwent anoikis (5). These results prompted us to search
for drugs that can significantly enhance the susceptibility of
lung adenocarcinoma cells treated with Src inhibitors to
anoikis.

Apoptosis occurs through the death receptor (the extrinsic
pathway) or Bcl-2-regulated (the intrinsic or mitochondrial)
pathways. Most drugs, as well as growth factor withdrawal,
induce apoptosis by activation of the intrinsic pathway (6,7).
The Bcl-2 family of proteins controls the integrity of the
outer mitochondrial membrane (OMM) and plays a critical
role in determining the susceptibility of cells to apoptosis via
the intrinsic pathway. The Bcl-2 family comprises anti-
apoptotic members such as Bcl-2, Bcl-XL, Bcl-w and Mcl-1,
pro-apoptotic members such as Bax and Bax, and the pro-
apoptotic Bcl-2 homology domain (BH) 3-only proteins such
as Bim, Bad and Puma (6,7). The relative balance between
the anti-apoptotic members and pro-apoptotic BH3-only
proteins usually defines commitment to apoptosis (8). BH3-
only proteins bind the anti-apoptotic members to relieve their
inhibition of Bax and Bak resulting in oligomerization and
activation of Bax and Bak, which leads to OMM permeabi-
lization, release of cytochrome C into the cytoplasm, and
caspase activation (6-8). ABT-737, a small-molecule inhibitor
of Bcl-2, Bcl-XL and Bcl-w, and its orally bioavailable
derivative, ABT-263, exhibit almost identical function to the
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BH3-only protein Bad, and are referred to as Bcl-2 inhibitors
or BH3 mimetics (9,10). Among lung carcinomas, most
small cell carcinomas have been confirmed to be highly
sensitive to ABT-737 (or ABT-263), whereas non-small cell
lung carcinomas (NSCLCs), including adenocarcinomas,
seem to be relatively resistant to Bcl-2 inhibitors (9,10). It
remains unknown whether suspension lung adenocarcinoma
cells cultured undergo anoikis in response to treatment with
Bcl-2 inhibitors. It has been reported that ABT-737 (or ABT-
263) display synergistic cytotoxicity with chemotherapeutics
and radiation (6,7,9,10). Furthermore, in several lung adeno-
carcinoma cell lines, epidermal growth factor receptor
(EGFR) kinase inhibitor (gefitinib or erlotinib)-induced
apoptosis is increased by combination treatment with ABT-
737 (11,12). However, the efficacy of combination therapy
with Src kinase inhibitors and ABT-737 (or ABT-263)
remains to be clarified. Since the BH3-only protein Bim was
markedly induced in lung adenocarcinoma cells upon detach-
ment when treated with Src inhibitors (5), we hypothesized
that the addition of ABT-263 should enhance the degree of
anoikis in lung adenocarcinoma cells treated with Src inhibi-
tors. The objective of the present study was to elucidate to what
degree four types of suspension lung adenocarcinoma cell
lines cultured undergo anoikis in the presence of ABT-263,
Src inhibitors, or a combination of both.

Materials and methods

Cell culture and drugs. Four lung adenocarcinoma cell lines
(RERF-LC-KJ, HCC827, NCI-H1650 and NCI-H1975) were
used in this study and were obtained as previously described
(5). HCC827 and H1650 cells harbor deletion mutations in
exon 19 (del E746-A750), and H1975 cells contain two-point
mutations of T790M in exon 20, which confers resistance to
EGFR kinase inhibitors and L858R in exon 21 in the EGFR
gene (13). HCC827 cells are sensitive to EGFR inhibitors
whereas H1650 cells are resistant to the drugs, probably
because of the loss of PTEN (13). LC-KJ cells have neither
EGFR nor K-ras gene mutation (5). Of these four cell lines,
HCC827 cells are also sensitive to Src inhibitors whereas the
other three cell lines are relatively resistant to these inhibitors
(5,14). All cell lines were maintained in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum,
50 U/ml penicillin and 50 μg/ml streptomycin. Cells were
grown to subconfluence in 94-mm tissue culture dishes
(Greiner Bio-One, Tokyo, Japan) and were then trypsinized.
The cells were then seeded on 90-mm low cell binding dishes
(Nalge Nunc International KK, Tokyo, Japan) for suspension
culture or the above-mentioned tissue culture dishes for
monolayer culture, and were then cultured at 37˚C in a
humidified incubator with 5% CO2 in air. The cells cultured
on low cell binding or conventional culture dishes for 48 h
were then treated with the small-molecule inhibitor(s), as
described below, for another 24 h. As a control, cells were
treated with the same concentration of dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St. Louis, MO, USA). The drugs
used in this study were the Bcl-2 inhibitor ABT-263 (Toronto
Research Chemicals, North York, Canada), two Src family
tyrosine kinase inhibitors, bosutinib (SKI-606) (Symansis,
Auckland, New Zealand) or PP1 (Invitrogen, Carlsbad, CA,

USA), and the Abl inhibitor imatinib (Toronto Research
Chemicals). Stock solutions of these drugs were prepared at
10 mmol/l (mM) in DMSO. 

Western blotting. All cell lines were maintained on either low
cell binding or conventional dishes for 72 h. The cells were
then lysed in NuPAGE LDS sample buffer (Invitrogen). The
whole cell lysates were subjected to SDS-PAGE (NuPAGE
4-12% Bis-Tris Gel; Invitrogen) followed by blotting with
indicated antibodies, and detected by Supersignal West Pico
chemiluminescent substrate (Thermo Scientific, Rockford,
IL, USA). The antibodies used in this study were as follows:
anti-PARP-1 (p116/p85) (E78; 1:500 dilution; Epitomics,
Burlingame, CA, USA), anti-Src (36D10; 1:1,000 dilution;
Cell Signaling Technology Japan, Tokyo, Japan), anti-
phospho-Src Family (Tyr416) (1:250; Cell Signaling
Technology Japan), anti-Mcl-1 (S-19; 1:500 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-Bcl-XL

(S-18; 1:500 dilution; Santa Cruz Biotechnology), anti-Bim
(Y36; 1:500 dilution; Epitomics), and anti-ß-actin (AC-15;
1:5,000 dilution; Sigma-Aldrich). To evaluate the levels of
apoptosis, the band intensity of the pro- and cleaved-forms of
poly (ADP-ribose) polymerase (PARP)-1 was measured on
an X-ray film using Image J software. PARP-1 is considered
to be an intracellular death substrate and its cleaved form is
used as a representative marker of apoptosis (15). 

Preparation of cell blocks. Cell blocks of the four suspension
cell lines cultured for 72 h were made as previously described
(16). The cell blocks embedded in agarose were fixed in
formalin and then embedded in paraffin. Thin sections (3 μm
thick) were stained with hematoxylin and eosin (HE) and
immunocytochemical staining of phosphorylated-Src (p-Src)
and cleaved caspase-3 was performed as previously described
(5). We counted at least 1,000 cells for the apoptotic bodies/
100 cells in each cell line to examine whether there were
differences in the number of apoptotic bodies (pyknotic
nuclear fragments of apoptotic cells) between tumor spheroids
formed upon detachment and treated with ABT-263, PP1,
both or neither. We also evaluated whether p-Src or cleaved
caspase-3 was expressed in spheroids treated with or without
the inhibitor(s). Membranous staining of p-Src was scored
based on intensity (0, none; 1, weak; 2, intermediate; 3,
strong) and proportion of tumor cells expressing the marker
(0, none; 1, <1/100; 2, 1/100-1/10; 3, 1/10-1/3; 4, 1/3-2/3; 5,
>2/3) using the Allred scoring method (17). 

Statistical analysis. Differences in rates of apoptosis between
cells treated with ABT-263, Src inhibitor, both, or neither
were evaluated by paired t-tests. P-values <0.05 were consi-
dered significant. All statistical calculations were performed
with the JMP software system (JMP for Windows version 7;
SAS Institute Japan; Tokyo, Japan). 

Results

The Bcl-2 inhibitor ABT-263 significantly enhances the
degree of anoikis in lung adenocarcinoma cells treated with
the Src inhibitor bosutinib. Combination therapy with ABT-
263 and bosutinib effectively induced anoikis in all cell lines
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examined (Fig. 1A and B). This was probably due to the pro-
apoptotic effect of Bim, which was induced in the presence
of bosutinib in each cell line, the addition of ABT-263, and
the levels of other BH3-only proteins exceeded the anti-
apoptotic capacity of Mcl-1, Bcl-XL, and other anti-apoptotic
Bcl-2 family members (Fig. 1A). In LC-KJ cells, the extent
of anoikis induced by combination therapy was markedly
greater than that induced by ABT-263 or bosutinib alone
(combination vs. bosutinib alone: 38.7 vs. 14.0%, P=0.0134;
combination vs. ABT-263 alone: 38.7 vs. 5.3%, P=0.0021)
(Fig. 1B). In HCC827 cells, although bosutinib (1 μM) alone
substantially induced anoikis (bosutinib alone versus DMSO:
31.9 vs. 0.5%, P=0.0040), the combination therapy was
significantly more effective than ABT-263 or bosutinib alone
(combination vs. bosutinib alone: 55.0 vs. 31.9%, P=0.0030;
combination vs. ABT-263: 55.0 vs. 2.6%, P<0.0001) (Fig. 1B).
On the other hand, ABT-263 (1 μM) alone significantly

induced anoikis and seemed to reduce the expression of p-Src
in suspension H1650 cells (ABT-263 vs. DMSO: 22.3 vs.
0.0%, P=0.0290) (Fig. 1A and B). Nevertheless the degree of
anoikis in H1650 cells treated with the combination was
greatest, and was significantly greater than bosutinib alone
(combination vs. bosutinib alone: 27.2 vs. 0.7%, P=0.0007).
However, there was no marked difference in anoikis induc-
tion between combination therapy and ABT-263 alone
(combination vs. ABT-263 alone: 27.2 vs. 22.3%, P=0.4216).
In H1975 cells, ABT-263 also markedly induced anoikis
(ABT-263 alone versus DMSO: 28.9 vs. 0.7%, P=0.0053)
(Fig. 1A and B). The extent of anoikis induced by combina-
tion therapy was also greatest in H1975 cells, and combination
therapy was significantly more efficacious than bosuti-
nib alone (combination vs. bosutinib alone: 36.2 vs. 1.1%,
P=0.0038). However, there was no significant difference
in anoikis induction between combination therapy and
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Figure 1. ABT-263 and bosutinib have synergistic effects on cell death of LC-KJ and HCC827 cells, and suspension H1650 and H1975 cells are sensitive to
ABT-263. (A) Western blotting to examine the effects of ABT-263, bosutinib, both, or neither in LC-KJ, HCC827, H1650 and H1975 cells. Cells were treated
with bosutinib (LC-KJ, H1650 and H1975, 2.5 μM bosutinib; HCC827, 1 μM bosutinib) in the presence or absence of 1 μM ABT-263 for 24 h. The
cleaved/total PARP-1 ratio determined for each cell line using Image J software is also shown. (B) Apoptosis was assessed by PARP-1 cleavage. Values are
the means + standard deviation (SD) of three (LC-KJ and HCC827) or four (H1650 and H1975) independent experiments. *P<0.05; **P<0.01.
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ABT-263 alone (combination vs. ABT-263 alone: 36.2% vs.
28.9%, P=0.1285). These findings indicate synergistic effects
of ABT-263 and bosutinib in LC-KJ and HCC827 cells.
Unexpectedly, ABT-263 alone cause marked anoikis in
H1650 and H1975 cells in the suspension culture system. 

ABT-263 is much less effective in inducing apoptosis in mono-
layer culture than in suspension. The degree of apoptosis
induced by ABT-263 in H1650 or H1975 cells upon
attachment was much smaller than that upon detachment
(Fig. 2A and B). The amount of Bim, which was induced by
the suspension condition, might affect the commitment to
apoptosis. In H1650 cells, although ABT-263 (1 μM) signi-
ficantly induced apoptosis in the monolayer and suspension
culture conditions compared with control (ABT-263 vs.
DMSO: monolayer, 11.0 vs. 0.0%, P=0.0031; suspension,
20.8 vs. 0.0%, P=0.0091), the extent of apoptosis upon
attachment was much smaller than that upon detachment
(monolayer versus suspension: 11.0 vs. 20.8%, P=0.0376)
(Fig. 2B). The expression of p-Src in H1650 cells upon
detachment was decreased in the presence of ABT-263. In
H1975 cells, although 1 μM ABT-263 significantly induced
apoptosis in the monolayer and suspension culture conditions
compared with control (ABT-263 vs. DMSO: monolayer, 4.8
vs. 0.0%, P=0.0176; suspension, 35.3 vs. 3.8%, P=0.0033),
the extent of apoptosis upon attachment was significantly
smaller than that upon detachment (monolayer vs. suspension:
4.8 vs. 35.3%, P=0.0001) (Fig. 2B). We also confirmed that

the levels of anoikis in H1975 cells treated with ABT-263
upon detachment were induced in a concentration-dependent
manner (1 vs. 0.5 μM: 35.3 vs. 19.5%, P=0.0021; 0.5 vs.
0.1 μM: 19.5 vs. 4.1%, P=0.0006; 0.1 μM vs. DMSO: 4.1 vs.
3.8%, P=0.9011) (Fig. 2C). 

ABT-263 significantly enhances the degree of anoikis in lung
adenocarcinoma cells treated with another Src inhibitor,
PP1. Combination therapy with ABT-263 markedly enhanced
the anoikis levels in all cell lines treated with PP1, another
Src kinase inhibitor in LC-KJ (combination vs. PP1: 17.0 vs.
4.7%, P=0.0126), HCC827 (31.7 vs. 12.0%, respectively,
P=0.0111), H1650 (60.0 vs. 4.0%, respectively, P=0.0310),
and H1975 cells (41.8 vs. 1.6%, respectively, P=0.0077)
(Fig. 3A and B). Although PP1 and bosutinib are known to
inhibit the kinase activity of the Abl as well as Src (18,19),
imatinib, a potent Abl inhibitor, did not affect the levels of
anoikis at concentrations up to 10 μM (Fig. 3A and B). The
levels of anoikis induced by imatinib were almost identical
with those observed in the control cells (Figs. 1A and 3A).
These results suggest that Abl does not play a crucial role in
anoikis resistance in lung adenocarcinoma cells. 

Confirmation of the pro-apoptotic effects of combination
treatment with ABT-263 and PP1 in terms of the number of
apoptotic bodies counted on cell blocks. The number of apop-
totic bodies counted in each cell line treated with ABT-263,
PP1, both, or neither, showed similar results to those deter-
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Figure 2. The levels of apoptosis induced by treatment with ABT-263 in monolayer culture are lower than those in suspension culture. (A) Western blotting to
examine the effects of ABT-263 suspension H1650 and H1975 cells or monolayer culture. Cells were treated with ABT-263 (1 μM) for 24 h. The
cleaved/total PARP-1 ratio determined for each cell line using Image J software is also represented. S, suspension culture; M, monolayer culture. (B)
Apoptosis was assessed by PARP-1 cleavage. Values are the means + SD of three (H1975) or four (H1650) independent experiments. *P<0.05; **P<0.01. (C)
Suspension H1975 cells were treated with different concentrations of ABT-263 for 24 h. Apoptosis was assessed by PARP-1 cleavage. Values are the means
+ SD of three independent experiments. **P<0.01.
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mined by the PARP-1 cleavage assay (Figs. 1B and 4A). The
expression of cleaved caspase-3, another apoptosis marker,
was observed in proportion to the number of apoptotic bodies
(Fig. 4B). ABT-263 effectively induced anoikis in H1650
and H1975 cells that maintained their expression of p-Src
(Fig. 4A and B). However, the membranous expression of
p-Src in H1650 cells treated with ABT-263 alone was slightly
decreased compared with that in control cells (Fig. 4B). 

Discussion

Here, we have shown that the Bcl-2 inhibitor ABT-263
affects the survival of four suspension lung adenocarcinoma
cell lines cultured. Interestingly, the four cell lines varied in
their sensitivity to 1 μM ABT-263. We did not observe a
significant increase in anoikis in LC-KJ or HCC827 cells
treated with ABT-263 alone whereas H1650 and H1975 cells
upon detachment were very sensitive to ABT-263 and readily
underwent anoikis in the presence of ABT-263. It seems
unlikely that the varying susceptibility to ABT-263 depends
on the expression levels of Mcl-1, to which ABT-263 can
hardly bind to suppress anti-apoptotic activity (7,10), because
Mcl-1 was expressed in all suspension cell lines. Decreased

expression levels of p-Src might play a role in anoikis
induction in H1650 cells treated with ABT-263. However,
the molecular mechanisms underlying the varying sensitivity
to ABT-263 remains to be solved. We also observed that the
pro-apoptotic effect of ABT-263 on H1650 or H1975 cells
upon detachment was substantially greater than that upon
attachment. The levels of apoptosis induced by ABT-263
(1 μM) in H1650 or H1975 cells upon attachment in this
study were consistent with those induced by ABT-737 (1 μM)
in the same cells in an earlier report (11). In LC-KJ and
HCC827 cells, the extent of anoikis induced by combination
treatment with ABT-263 and an Src inhibitor (bosutinib or
PP1) was significantly greater than that induced by each
agent alone, demonstrating synergistic activity of the two
inhibitors. Indeed, combination therapy was more effective
than each agent alone in H1650 and H1975 cells, although
the synergistic effect was not always apparent in these cells.

Several phase II clinical trials with Src kinase inhibitors
(dasatinib or AZD0530) in patients with NSCLC are currently
underway (20,21). Since the kinase activity of Src promotes
growth, invasion, angiogenesis and metastasis of NSCLCs
(22), Src inhibitors can probably improve the outcome of
patients with NSCLC to some extent. However, we have
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Figure 3. ABT-263 enhances the susceptibility of lung adenocarcinoma cells treated with PP1 to anoikis. (A) Western blotting to examine the effects of ABT-263,
PP1, a combination of PP1 and ABT-263, or imatinib, on apoptosis (anoikis) in LC-KJ, HCC827, H1650 and H1975 cells. Cells were treated with PP1 (LC-KJ,
H1650 and H1975, 5 μM PP1; HCC827, 1 μM PP1) in the presence or absence of 1 μM ABT-263 or 10 μM imatinib for 24 h. The cleaved/total PARP-1 ratio
determined for each cell line using Image J software is also shown. ß-actin is shown as a loading control. (B) Apoptosis was assessed in terms of PARP-1
cleavage. Values are the means + SD of three independent experiments. *P<0.05; **P<0.01.
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already observed that the Src kinase activity of lung adeno-
carcinoma cells is much greater in floating conditions than
in the ECM-adherent state (5). Although not all of the
suspension lung adenocarcinoma cell lines examined were
very sensitive to Src inhibitors, as observed in these cell lines
treated with ABT-263, combination therapy with an Src
inhibitor (bosutinib or PP1) and ABT-263 effectively induced
anoikis in the four cell lines examined upon detachment.
Therefore, we expect that combination therapy with ABT-263
and Src inhibitor as components of adjuvant chemotherapy
for patients with vessel invasion-positive lung adenocarci-
noma may induce anoikis in some intravessel floating tumor
cells and consequently reduce the development of metastasis.
However, further studies, including in vivo animal studies,
are still needed because a small fraction of tumor cells,

termed drug-tolerant persisters, could survive and proliferate
even during combination treatment, as reported in gefitinib-
treated PC-9 cells, a gefitinib-sensitive lung adenocarcinoma
cell line (23).

In summary, two suspension lung adenocarcinoma cell
lines (LC-KJ and HCC827 cells) were very sensitive to
combination therapy with a Bcl-2 inhibitor (ABT-263) and
an Src inhibitor (bosutinib or PP1), and underwent anoikis.
Furthermore, these two drugs exerted synergistic effects in
both cell lines. Although combination therapy also induced
anoikis in the other cell lines (H1650 and H1975 cells)
cultured upon detachment, both types of cells underwent
significant anoikis in the presence of ABT-263 (1 μM) alone.
We observed that the four cell lines showed varying
sensitivity to ABT-263 and the Src inhibitors, which may
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Figure 4. Combination treatment with ABT-263 and PP1 induces anoikis in lung adenocarcinoma cell lines. (A) The number of apoptotic bodies/100 cells was
counted, and Allred scores for p-Src were evaluated in each cell line. (B) Representative images of cell blocks of suspension H1650 cells cultured for 72 h are
shown. Cells were treated with 1 μM ABT-263, 5 μM PP1, both, or neither for 24 h.
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reflect the diversity of lung adenocarcinomas. However,
combination therapy had the greatest effect on anoikis in all
the cell lines examined here. These findings suggest that
combination therapy with ABT-263 and an Src inhibitor
could induce anoikis in intravessel floating lung adeno-
carcinoma cells and may reduce the development of distant
metastases in patients with vessel invasion-positive lung
adenocarcinoma.
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