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Abstract

Background Preoperative chemotherapy is a promising
strategy for downstaging advanced gastric cancer before
radical resection, although severe adverse events can occur
and clinical outcomes are often unsatisfactory. To identify
predictive biomarkers of drug sensitivity, we used a well-
designed functional apoptosis assay and assessed the cor-
relations between chemosensitivity and clinical outcomes.
Methods Drug sensitivity to docetaxel, cisplatin, and
5-fluorouracil was examined in 11 gastric cancer cell lines.
BCL2-homology domain 3 (BH3) profiling was performed
and assessed for correlations with drug sensitivity.
Immunohistochemical staining of clinical gastric cancer

Tomohiro Kubo and Yutaka Kawano contributed equally to this work.

Electronic supplementary material The online version of this
article (doi:10.1007/s10120-015-0557-1) contains supplementary
material, which is available to authorized users.

D} Junji Kato
jkato@sapmed.ac.jp

Department of Medical Oncology and Hematology, Sapporo
Medical University School of Medicine, South-1, West-16,
Chuo-ku, Sapporo, Hokkaido 060-8543, Japan

Department of Public Health, Sapporo Medical University
School of Medicine, Sapporo, Hokkaido 060-8543, Japan

Department of Surgical Pathology, Sapporo Medical
University School of Medicine, Sapporo,
Hokkaido 060-8543, Japan

Department of Surgery, Surgical Oncology and Science,
Sapporo Medical University, Sapporo, Hokkaido 060-8543,
Japan

Department of Gastroenterology and Oncology, Institute of
Biomedical Sciences, The University of Tokushima Graduate
School, Tokushima, Tokushima 770-8503, Japan

specimens was performed before preoperative chemother-
apy, and correlations with histopathological responses and
clinical outcomes were assessed.

Results BIM (BCL2L11)-BH3 profiling results correlated
with docetaxel sensitivity and BAK protein expression,
whose knockdown caused docetaxel resistance. The BAK
expression indexes of 69 gastric cancer specimens before
preoperative chemotherapy (including docetaxel treatment)
were determined by multiplying numerical values
describing the degrees of BAK positivity and staining
intensity observed. Patients whose specimens showed good
chemotherapeutic histopathological responses had higher
BAK indexes than those with poor responses. Patients with
BAK index values >3 showed improved progression-free
survival (HR, 2.664; 95 % CI, 1.352-5.248; P = 0.005)
and overall survival (HR, 3.390; 95 % CI, 1.549-7.422;
P = 0.002).

Conclusions BH3 profiling clearly showed that BIM
expression, which depends on BAK expression, correlated
with docetaxel sensitivity. BAK expression in gastric
cancer is thus predictive of chemotherapeutic responses to
docetaxel and clinical prognosis in patients treated with
preoperative chemotherapy.

Keywords BH3 - BAK - Gastric cancer - Docetaxel

Introduction

Gastric cancer is the fourth most common cancer in the
world and the second most common cancer, with the third
highest mortality rate, in eastern Asia [1]. The prognosis of
advanced gastric cancer remains poor in Japan, with the
overall 5-year survival rate being less than 50 %, or only
5 % in cases involving distant metastasis [2]. To improve
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the long-term prognosis of patients with gastric cancer,
preoperative chemotherapy may increase the probability of
curative resection (R0) by eradicating a distant metastasis.
Combination therapy with the cytotoxic drugs 5-fluo-
rouracil (5-FU), cisplatin (CDDP), irinotecan, and epiru-
bicin was previously used [3-5], which showed good
responses and higher RO rates in patients with
resectable advanced gastric cancer. However, severe
adverse events such as treatment-related deaths have been
reported [4], and the clinical benefits in patients with
unresectable metastatic gastric cancer remain to be
determined.

Docetaxel, which belongs to the taxane family of com-
pounds, causes antitumor activity by promoting the
assembly of microtubules and preventing their depoly-
merization, resulting in cell apoptosis [6, 7]. A triple reg-
imen of docetaxel, CDDP, and 5-FU was shown to improve
survival compared with a double regimen of CDDP and
5-FU in patients with advanced gastric cancer [8, 9]. The
triple regimen also caused increased adverse events [8];
therefore, both the efficacy and tolerability of combination
chemotherapy are critical for clinical success.

S-1 was developed as an orally activated prodrug of
5-FU that contains tegafur, gimeracil, and potassium oxo-
nate and which shows enhanced treatment efficacy and
reduced gastrointestinal toxicity [10]. We previously
reported the high efficacy and safety of a novel triplet
regimen containing docetaxel, CDDP, and S-1 for unre-
sectable metastatic and locally advanced gastric cancer [11,
12]. The tumor response rate was 74.4 %, and the pro-
portions of curative resections and pathological responses
in patients receiving this triplet chemotherapy were as great
as 90.7 % and 65.9 %, respectively. No treatment-related
deaths occurred, and the regimen was well tolerated;
however, we did observe the occurrence of high-grade
hematological toxicity, or non-hematological toxicity such
as nausea, diarrhea, and stomatitis. The histopathological
analysis of resected specimens from patients treated
with preoperative chemotherapy has revealed valuable
biomarkers for assessing survival benefits after surgery [13,
14]. Predicting responses to cytotoxic drugs before initi-
ating preoperative chemotherapy can potentially spare
patients who are unlikely to respond to such treatment from
the associated adverse effects. A high curative resection
rate associated with our novel triplet regimen enabled us to
assess histopathological responses in resected specimens
with minimal influence.

The BCL-2 family proteins are known to control the
apoptosis and classified into pro-apoptotic and anti-apop-
totic members [15]. Because of the complexity of their
interaction, it is hard to determine on which BCL-2 family
protein the living cancer cells would functionally depend.
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Recently, a new functional assay, BCL2-homology domain
3 (BH3) profiling, was reported, and this profiling could
predict a single drug sensitivity in patients with acute
myelogenous leukemia and multiple myeloma who were
treated with multiple drugs [16, 17].

Here, we explored biomarkers for predicting sensitivity
to docetaxel, CDDP, and 5-FU in gastric cancer. Drug
cytotoxicity and BH3 profiling were examined in gastric
cancer cells, which enabled the identification of candidate
biomarkers for drug sensitivity. Clinical gastric cancer
specimens obtained before preoperative chemotherapy
were tested by immunostaining and assessed for correla-
tions with histopathological responses and clinical
outcomes.

Patients and methods
Cell lines

The gastric cancer cell lines MKN74, MKN45, MKNI1,
NUGC-2, NUGC-3, NUGC-4, and KATO-III were pur-
chased from the JCRB cell bank (Ibaraki, Osaka, Japan).
The JR-St and HSC39 cell lines were purchased from
Takara Bio (Otsu, Shiga, Japan). The NCI-N87 cell line
was obtained from ATCC (Manassas, VA, USA). The
TMKI1 cell line was initially established by Ochiai et al.
[18]. All cell lines were cultured at 37 °C in a humidified
5 % CO, incubator in RPMI (Sigma, St. Louis, MO, USA)
medium supplemented with 10 % fetal bovine serum (FBS;
Sigma), 10 mM L-glutamine (Sigma), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Sigma), except for NUGC-2
cells, which were grown in RPMI medium supplemented
with 15 % FBS.

Drug sensitivity

First, 10,000 gastric cancer cells were treated for 72 h with
either docetaxel (Sigma), 5-FU (Sigma), or CDDP (LKT
Laboratories, St. Paul, MN, USA) at the indicated con-
centrations in 96-well plates (Nunc, Roskilde, Denmark).
Subsequently, cell proliferation was determined using the
Premix WST-1 Cell Proliferation Assay (Takara Bio) and
an Infinite M100 PRO microplate reader (Tecan Japan,
Kawasaki, Kanagawa, Japan). The resulting absorbances
were converted to percent survival rates by comparisons
with untreated cells (set as 100 % survival). The half-
maximal inhibitory concentration (ICs,) was defined as the
drug concentration resulting in 50 % cell survival relative
to that of untreated cells. Triplicate wells were treated with
various drug concentrations, and average ICs, values were
determined.



BAK is a predictive and prognostic biomarker for the therapeutic effect of docetaxel... 829

Apoptosis assays

Gastric cancer cells (500,000) were then allowed to adhere
to 75-cm? plastic tissue culture flasks for 24 h, after which
they were treated with either 12 nM docetaxel, 12 uM
CDDP, or 20 uM 5-FU for 72 h. Cells were then harvested
and washed, followed by staining with a phycoerythrin-
conjugated Annexin V antibody and 7-AAD (BD
Pharmingen, San Jose, CA, USA). Apoptotic cells were
analyzed on a BD FACSCanto II flow cytometer (BD
Biosciences, San Jose, CA, USA) with FACSDiva software
(BD Biosciences).

Western blotting

Western blotting was performed as previously described
[19]. Briefly, separated proteins were transferred to nylon
membranes and blotted with specific antibodies to detect
BCL-2 (Cell Signaling Technology, Danvers, MA, USA,
#2870), BCL-XL (Cell Signaling Technology, #2764),
BCL-W (Cell Signaling Technology, #2724), MCL-1
(Cell Signaling Technology, #5453), BIM (Cell Signaling
Technology, #2933), BAK (Cell Signaling Technology,
#12105), BAX (Cell Signaling Technology, #5023), and
actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
#sc1615). After incubation with horseradish peroxidase-
conjugated donkey anti-rabbit IgG (GE Healthcare,
Pittsburgh, PA, USA), the membrane was stained by the
ECL Prime Western Blotting Detection Reagent (GE
Healthcare). Finally, bands were imaged by exposing
BIOMAX XAR film (Carestream Health, Rochester, NY,
USA) to membranes and developing the film on a Kodak
X-OMAT 1000 Processor (Amersham, Piscataway, NIJ
USA). Protein expression levels were quantified using
ImageJ software (NIH), and relative expression levels
were calculated from the expression ratio of each protein
to actin.

BH3 profiling

Eight BH3 peptides (including one control peptide derived
from the PUMA peptide, but with two amino acid substi-
tutions) were obtained as HPLC-purified products from
Sigma-Aldrich (Supplementary Table 1). All peptides were
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich)
as 1 mM stock solutions and stored at —80 °C. BH3 pro-
filing was performed as described previously [20]. Briefly,
200,000 gastric cancer cells were suspended in T-EB buffer
[300 mM Trehalose, 10 mM HEPES-KOH (pH 7.7),
80 mM KCI, 1 mM EDTA, 1 mM EGTA, 0.1 % bovine
serum albumin (BSA), and 5 mM succinate; all from
Sigma] containing 0.001 % digitonin (Sigma) and 20 pg/
ml oligomycin (Sigma). The cells were then incubated with

BH3 peptide at a final concentration of 10 uM. After
staining cells with 25 nM tetramethylrhodamine ethyl ester
(Invitrogen, Carlsbad, CA, USA), fluorescence intensities
were analyzed on a BD FACSCanto II with FACSDiva
software. The percentage of relative mitochondrial depo-
larization was calculated using the following equation:

% Mitochondrial depolarization
= 100 x [(DMSO)(fv) — X(fv)]/[(DMSO)(fv)
— p-trifluoromethoxy carbonyl cyanide phenyl
hydrazine(FCCP)(fv)],

where DMSO(fv) is the mean fluorescence value with the
negative control, X(fv) indicates the mean fluorescence
value with the tested BH3 peptide, and FCCP(fv) indicates
the mean fluorescence value with the positive control.

Inhibition of BAK expression by small-interfering
RNA (siRNA) transfections

One million gastric cancer cells in six-well plates were
transfected either with siRNAs targeting human BAK
(Dharmacon, Lafayette, CO, USA; D-003305-01,
D-003305-04) or a non-targeting siRNA (Dharmacon;
D-001210-03-05) using RNAi Max reagent (Invitrogen),
according to the manufacturer’s instructions. The trans-
fected cells were analyzed both by BH3 profiling and
apoptosis assays with docetaxel, as described in the earlier
“Apoptosis assays” and “BH3 profiling” sections.

Patients and treatment

The examined patients were registered in a clinical study
that was part of an open-label, multicenter, nonrandomized
phase II trial investigating triplet chemotherapy with doc-
etaxel, CDDP, and S-1 [11, 12] for treating gastric cancer.
These studies were carried out according to the ethical
principles of the Declaration of Helsinki and Japanese
Good Clinical Practice Guidelines. These studies were also
approved by the institutional review board from each
participating institution and hospital, and written
informed consent was obtained upon registration (UMIN
registration numbers C000000080, UMINO00000801,
UMINO000002361). Inclusion criteria were as follows:
histologically confirmed gastric adenocarcinoma; locally
advanced or distant metastatic disease, judged to be radi-
cally unresectable at the time of registration; no uncon-
trolled infectious or cardiac diseases; adequate renal,
hepatic, and bone marrow functions; no prior history of
gastric surgery, chemotherapy, or radiotherapy; and an
Eastern Cooperative Oncology scale performance status of
0-1. Tumor invasion, numbers of lymph node metastases,
and distant metastases were graded by TNM classification,

@ Springer



830

T. Kubo et al.

according to the 14th Japanese Classification of Gastric
Carcinoma staging system [21].

S-1 was orally administered twice daily for 2 weeks at a
dose calculated as described previously [12]. CDDP was
administered by intravenous infusion at 60 mg/m? for 2 h
with adequate hydration, followed by docetaxel adminis-
tration at either 50 or 60 mg/m? on day 8. Patients received
this regimen every 3 weeks for two or more cycles, and
chemotherapeutic responders were treated by radical sur-
gical resection, which was scheduled for at least 4 weeks
after completion of the last cycle of chemotherapy. Patient
eligibility for radical resection surgery was at the discretion
of both an internist and a surgeon, who judged the
chemotherapeutic responses by endoscopy, computed
tomography, and staging laparoscopy. Adverse events were
evaluated according to the National Cancer Institute
Common Toxicity Criteria grading scale, version 3.0 [22].
The chemotherapeutic histopathological responses in
resected specimens were classified according to the rec-
ommendations of the Japanese Gastric Cancer Association
[21]. After surgery, most patients (57 of 69) were treated
with S-1 as postoperative chemotherapy at the physician’s
discretion.

BAK protein immunohistochemistry

Gastric cancer biopsy specimens were prospectively col-
lected for clinical diagnosis and biomarker analysis,
according to a protocol established in the three clinical
trials mentioned previously. Sixty-nine gastric cancer
samples were collected before preoperative chemotherapy
between March 2005 and December 2013. Paraffin-em-
bedded specimens were sliced into 3-pum-thick sections and
mounted on glass slides, followed by staining with an anti-
BAK antibody (Cell Signaling Technology, #6947) and
Mayer’s hematoxylin, using an automated Leica BOND-
MAX IHC system (Leica Biosystems, Nussloch, Germany)
[23]. Two pathologists (T.H. and S.S.), who were blinded
to clinical outcomes, independently assessed BAK
immunostaining, as described [24, 25]. Briefly, two cate-
gories of positivity and staining intensity in the gastric
cancer cells were assessed and classified as having scores
ranging from 1 to 3 (positivity scores 1-3: 0-19, 20-59,
and 60-100 %, respectively; intensity scores 1-3: no or
weak intensity, moderate intensity, and strong intensity,
respectively). These two values were multiplied, resulting
in BAK-index scores ranging from 1 to 9.

Statistical analysis
For in vitro testing, all correlation calculations were per-

formed by the Spearman rank (r;) correlation test. Com-
parison calculations between the control and experimental

@ Springer

groups were performed by analysis of variance (ANOVA)
with Dunnett’s multiple comparison test.

For clinical sample analysis, the cutoff date was set at
December 31, 2014. We did not estimate a pre-planned
sample size to obtain power calculations for biomarker
analysis. For comparisons between pathological responses,
the Mann—Whitney U test was used. Receiver operating
characteristic curves defining the ability to predict
histopathological responses were constructed, and optimal
cutoff values were determined by the Youden index [26].
Overall survival (OS) was defined as the duration from the
date of registration to the date of death from any cause.
Progression-free survival (PFS) was defined as the duration
from the date of registration to the date of either progres-
sive disease or death from any cause after surgery. Tumor
responses to chemotherapy were assessed by the Response
Evaluation Criteria in Solid Tumours and Primary Lesions,
version 1.0 [27].

Survival analysis was performed by the Kaplan—Meier
method and compared using the log-rank test. The influ-
ence of each biological variable on clinical outcomes was
analyzed by a Cox proportional hazards model in a step-
wise manner. All statistical analyses were performed using
SPSS software, version 21 (SPSS, Chicago, IL, USA).

Results

Positive correlation of BIM-BH3 profiling results
with docetaxel sensitivity

Initially, we examined the cytotoxicity of docetaxel,
CDDP, and 5-FU to 11 gastric cell lines, in both prolifer-
ation assays and apoptosis assays (Supplementary Fig. 1).
The results showed a dynamic range of drug cytotoxicity
between the gastric cell lines. When the mitochondrial
transmembrane potential is lost following exposure to pro-
apoptotic peptides derived from the BH3 domains of BH3-
only proteins, cells are considered primed for death [15].
To study mitochondrial priming in gastric cancer cells,
seven series of 10-uM BH3 peptides were tested (Fig. 1a).
For BIM profiling, lower concentrations of the BIM BH3
peptide (up to 0.03 uM) were further tested (Fig. 1b)
because most gastric cancer cells (>70 %) were fully
primed when treated with 10 uM BIM BH3 peptide. Pro-
filing following treatment with 1 pM BIM, 10 uM BID,
and 10 uM BMF provided dynamic priming ranges when
tested against 11 gastric cancer cell lines. Mitochondrial
priming by 10 uM BAD and 10 puM PUMA peptide was
observed only in KATO-III cells, suggesting survival
dependence on the anti-apoptotic protein BCL-2 [15]. Less
priming was seen following exposure to 10 uM NOXA and
10 uM HRK peptide.
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Fig. 1 a, b Heat map for mitochondrial responses in 11 gastric cancer
cell lines to 7 BH3 peptides: seven series of 10-uM BH3 peptides
(a) and different concentrations of BIM peptide (0.03—1 uM) (b) were
tested. Correlation between apoptosis following treatment with
12 nM docetaxel and mitochondrial priming when treated with the
BH3 peptides BIM (c), BID (d), and BMF (e). Correlation between
ICso values for docetaxel and mitochondrial priming following
treatment with the BH3 peptides BIM (f), BID (g), and BMF (h).

We next investigated the correlation between BH3
profiling and cytotoxicity. In apoptosis assays, a strong
correlation was observed between docetaxel treatment and
mitochondrial priming by 1 puM BIM (r; = —0.88,
P < 0.001; Fig. 1c), 10 uM BID (ry = —0.77, P = 0.006;
Fig. 1d), and 10 yM BMF (r; = —0.75, P = 0.007;
Fig. le). Mitochondrial priming by 1-uM BIM treatment
was most strongly correlated with the ICso for docetaxel
(r¢ = —0.82, P = 0.002; Fig. 1f). There was no correlation
between BH3 profiling and chemosensitivity to CDDP or
5-FU (data not shown). These data suggested that BIM
profiling could predict docetaxel chemosensitivity.

Values along the Y-axis (% annexin V negative and 7-AAD negative)
indicate the percentages of living cells. The percentage of living cells
following drug treatment was calculated by dividing the percentage of
living (annexin V- and 7-AAD negative) cells treated with the
indicated drug concentrations by the percentage of living, untreated
cells. All correlation tests were evaluated by performing two-tailed
Spearman correlations (r)

BAK expression is strongly correlated with BIM-
BH3 profiling

Because the BIM protein is known to interact with multiple
apoptosis-related proteins [15], their expression levels were
measured quantitatively (Fig. 2a). Only BAK expression
positively correlated with mitochondrial priming by BIM
(rs = 0.76, P = 0.006; Fig. 2b), whereas expression of any
of the other proteins (data not shown), including endoge-
nous BIM (Fig. 2c¢), did not. These data indicated that BIM
profiling depended on BAK protein expression, but not on
endogenous BIM protein expression.
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Fig. 2 Correlation between BIM-BH3 profiling and apoptosis-related
protein expression. a Western blot analysis of apoptosis-related
protein expression in 11 gastric cell lines: correlation between BIM-
BH3 profiling and protein expression of BAK (b) and BIM (c).

Inhibition of BAK expression causes resistance
to apoptosis following docetaxel treatment

To determine whether BAK protein expression could func-
tionally affect docetaxel cytotoxicity, two gastric cancer cell
lines, TMK1 and HSC39, were transfected with siRNAs tar-
geting the human BAK transcript and then treated with doc-
etaxel. Following BAK silencing, both gastric cancer cell lines
were insensitive to the BIM peptide (Fig. 3c; Supplementary
Fig. 2C) and resistant to docetaxel, compared with control
siRNA-transfected cells (Fig. 3b, d; Supplementary Fig. 2b,
2d). To further assess the potential of BAK expression to
predict the docetaxel chemosensitivity, the correlation
between BAK expression and the ICs for docetaxel in 11
gastric cancer cell lines was investigated. As shown in Fig. 3e,
a strong correlation was observed between BAK expression
and the 1Csq for docetaxel (ry = —0.78, P = 0.004). These
data showed that BAK expression in gastric cancer cells could
directly affect sensitivity to docetaxel treatment.
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Relative protein expression levels were calculated by normalizing the
expression of each protein to that of actin. All correlation tests were
calculated by performing two-tailed Spearman correlations (r)

Fig. 3 Effect of BAK knockdown on docetaxel sensitivity in TMK1 »
cells. a Western blot analysis of BAK protein expression in BAK
siRNA-transfected cells. Data shown are representative of three
independent experiments. b Apoptosis assay results with siRNA-
transfected TMKI1 cells treated with docetaxel for 48 h. Y-axis
indicates the percentage of living cells identified as both annexin
V-negative and 7-AAD negative cells. All data represent mean £+ SD
(n = 3). ¢ BIM-BH3 profiling in siRNA-transfected TMKI1 cells. All
data represent mean £+ SD (n = 3). d Representative flow cytometry
data from apoptosis assays. Values indicate percentage of living cells
identified as both annexin-V negative and 7-AAD negative. P values
(*P < 0.05, **P < 0.01) reflect significant differences observed,
when compared with non-targeting siRNA (siNT)-transfected cells by
analysis of variance (ANOVA) with Dunnett’s multiple-comparison
test. e Correlation between BAK expression and ICsy values for
docetaxel in 11 gastric cancer cell lines. A correlation test was
calculated by performing two-tailed Spearman correlations (r)

BAK expression significantly correlates

with pathological chemotherapeutic effects

BAK protein expression was studied in gastric cancer cells
obtained from 69 patients before preoperative
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Table 1 Patient characteristics before chemotherapy (n = 69)

Characteristic Number %
Age (years)
Median 65
Range 24-79
Sex
Male 52 75.4
Female 17 24.6
ECOG performance status
0 56 81.2
1 13 18.8
Histological type
Diffuse type 51 73.9
Intestinal type 18 26.1
TNM stage before preoperative chemotherapy
IIB 4 5.8
I A 15 21.7
11 B 20 29.0
1 c 7 10.2
v 23 333
Main tumor localization
Upper third 17 24.6
Middle third 42 60.9
Lower third 10 14.5

chemotherapy with docetaxel, CDDP, and S-1 (Table 1).
Seven of 31 patients registered with the UMIN
C000000080 Trial were treated following resection by
TNM clinical downstaging [11]. Gastric cancer cells from
40 patients enrolled in the UMIN 000000801 Trial [12] and
22 patients enrolled in the UMIN 000002361 Trial were
also examined. At the time of analysis, the median follow-
up time was 29.5 months (range, 3.6-96.4 months), and
46.4 % of the patients [32] had died. Thirty patients died of
progressive disease, 1 patient died of a brain infarction, and
1 other patient died in a traffic accident. The clinical
response rate to chemotherapy was 75.4 % (52 partial
response, 17 stable disease). The incidence and severity of
adverse events during preoperative chemotherapy were
comparable with previous values (Supplementary Table 2)
[12]. In 52 patients (75.4 %), residual tumors (RO) were
found to be absent after surgery.

Next, we asked whether BAK indexes could facilitate
the prediction of histopathological responses in resected
specimens. The patients whose specimens showed good
responses (grades 2 and 3) had higher BAK indexes
(P = 0.018, Mann—Whitney U test; Fig.4a, b) than
patients whose specimens showed poor responses (grades
0, 1a, 1b). To further examine the correlation of the BAK
indexes to clinical outcomes, we identified an optimal BAK
index cutoff value of 3 (area under the curve, 0.662;
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sensitivity, 0.613; specificity, 0.658; Fig. 4c). Patients with
higher BAK indexes (three or more) had both a longer OS
(P = 0.010, log-rank test; Fig. 4d) and PFS (P = 0.007,
log-rank test; Fig. 4e) compared with patients with fewer
than three indexes. In univariate analysis (Table 2), the
BAK indexes, TNM stage, and residual tumor status were
independent factors for both OS and PFS. In multivariate
analysis, the BAK indexes was found to be a prognostic
indicator for OS (adjusted HR, 3.390; 95 % (I,
1.549-7.422; P = 0.002) and PFS (adjusted HR, 2.664;
95 % CI, 1.352-5.248; P = 0.005) before preoperative
chemotherapy.

Discussion

Here, we explored biomarkers for predicting chemosensi-
tivity to docetaxel, CDDP, and 5-FU in gastric cancer. BIM
profiling strongly correlated with docetaxel cytotoxicity,
and BAK protein expression in clinical gastric cancer cells
before  preoperative  chemotherapy could predict
histopathological responses to docetaxel. Our results sug-
gested that BAK protein expression could be used to
identify patients who might achieve an additional benefit
when docetaxel is added to the perioperative regimen.

Cellular stress caused by cytotoxic drugs induces apop-
tosis-related proteins known as BCL-2 family proteins. In
cells highly primed for death, the activity of pro-apoptotic
BCL-2 family members overwhelms that of anti-apoptotic
members, resulting in cell death. In less primed cells, the
activities of anti-apoptotic BCL-2 family members prevent
cell death. BAK, which stands for BCL-2 antagonist killer
and functions as an “effector” member, is normally
expressed in monomer form on the outer mitochondrial
membrane [28]. When the intrinsic mitochondrial apopto-
sis-signaling pathway is activated by cellular damage, BAK
homo-oligomerizes, resulting in permeabilization of the
outer mitochondrial membrane and lost mitochondrial
membrane potential [29]. BIM, which is also known as
BCL2-like 11, contains a conserved BH3 region and func-
tions as a pro-apoptotic activator of BAK and BAX [15].
BIM is usually bound to microtubules under physiological
conditions and recruited to mitochondria caused by cyto-
toxic drugs [30]. Taxane agents can stabilize microtubules
by interfering with spindle microtubule dynamics, resulting
in cell-cycle arrest [6]. Previous results indicated that the
BAK and BIM proteins were important in the cytotoxicity
of taxane agents in breast and lung cancer cells [31-34].
However, as these apoptosis-related proteins take part in a
complex network [15], it is difficult to predict apoptotic
responses by quantifying simple protein expression.

BH3 profiling can be used as a functional assay for
determining how living cells depend on these apoptosis-
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Fig. 4 BAK expression in gastric cancer cells before preoperative
chemotherapy. a Comparison of BAK indexes in patients whose
specimens either showed a poor response (grade 0, la, or 1b) or a
good response (grade 2 or 3). Comparisons between each group were
made by performing Mann—Whitney U tests. b BAK immunostaining
of representative gastric cancer specimens. Left BAK index = 1;

related proteins without regard to protein expression. The
advantage of this profiling approach is that the under-
standing of mitochondrial priming in the living cells can be
determined without exposure to drug treatment, enabling
prediction of drug sensitivity when correlations do in fact
exist. BH3 profiling has been examined in acute myel-
ogenous leukemia and multiple myeloma [16, 17]. Profil-
ing for BIM, BMF, and PUMA was found to predict drug
responses and clinical outcomes. More recently, BH3
profiling could clarify the mechanism of resistance to Janus
kinase inhibitors in myeloproliferative neoplasms [35] and
for predicting cytotoxic responses in lung cancer and
ovarian adenocarcinoma [36].

Previous reports have described predictors for docetaxel
chemosensitivity in gastric cancer. Izzo et al. [37] reported
an association of activated NF-xB with chemoradiation
resistance and poor survival. NF-xB can directly activate
expression of the anti-apoptotic protein BCL-XL [38],
which prevents apoptosis. NF-kB expression is associated
with drug resistance to docetaxel [39], CDDP [40], and

middle BAK index = 4; right BAK index = 9. Bars 50 pm.
¢ Receiver operating curve describing the ability of the BAK index
to predict histopathological responses in the respective specimens.
Kaplan—Meyer curve showing overall survival (OS) (d) and progres-
sion-free survival (PES) (e), based on the BAK cutoff index

5-FU [41]; therefore, it may be difficult to predict
chemotherapeutic responses to docetaxel only. Kaoru et al.
[42] examined FoxM1 expression in gastric cancer speci-
mens before docetaxel treatment, showing a correlation
with survival. However, as they did not assess
histopathological responses and RO, which strongly affect
disease progression [13, 14], clinical outcomes after sur-
gery remain obscure when compared with the results pre-
sented in this study.

There are some limitations to this study. Although
clinically examined samples were collected at a multicen-
ter hospital and institution, the sample size was relatively
small. A prospective study of larger sample size needs to
be conducted to validate the findings of this study in the
future. As we did not study BAK expression in clinical
gastric cancer cells before preoperative chemotherapy with
CDDP and S-1, there could be confounding bias for vali-
dating the predictive value of BAK expression with our
triplet regimen. A future study for examining Bim BH3
profiling in clinical gastric cancer cells before our triplet

@ Springer
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Table 2 Univariate and stepwise multivariate analyses of overall survival and progression-free survival
Variable Category No. Univariate analysis Multivariate analysis
Crude HR 95 % CI P Adjusted HR 95 % CI P
Overall survival
Age >65 years 36 1.277 0.638-2.559 0.490
<65 years 33
Sex Male 52 0.627 0.257-1.528 0.304
Female 17
Histological type Diffuse 51 1.198 0.553-2.595 0.647
Intestinal 18
TNM stage® <Iv 46 2.630 1.287-5.374 0.008
v 23
No. of chemotherapy cycles >3 34 0.882 0.441-1.764 0.722
2 35
Chemotherapy response PR 52 1.999 0.944-4.235 0.071
SD 17
Residual tumor RO 52 5.114 2.478-10.556 <0.001 6.616 3.052-14.341 <0.001
>R1 17
Postoperative chemotherapy Yes 57 1.324 0.572-3.063 0.512
No 12
BAK index >3 32 2.540 1.213-5.315 0.013 3.390 1.549-7.422 0.002
<3 37
Progression-free survival
Age >065 years 36 1.433 0.770-2.670 0.256
<65 years 33
Sex Male 52 1.031 0.504-2.110 0.934
Female 17
Histological type Diffuse 51 1.547 0.782-3.059 0.210
Intestinal 18
TNM stage® <Iv 46 2.613 1.384-4.933 0.003
v 23
No. of chemotherapy cycles >3 34 0.755 0.405-1.405 0.375
2 35
Chemotherapy response PR 52 1.547 0.771-3.104 0.220
SD 17
Residual tumor RO 52 3.436 1.763-6.697 <0.001 3.807 1.922-7.540 <0.001
>R1 17
Postoperative chemotherapy Yes 57 1.064 0.470-2.406 0.882
No 12
BAK index >3 32 2.410 1.242-4.678 0.009 2.664 1.352-5.248 0.005
<3 37

HR hazard ratio, CI confidence interval, PR partial response, SD stable disease

* TNM stage before preoperative chemotherapy

chemotherapy might elucidate this. There were also
selection biases for patients who only underwent surgery
and could be judged for histopathological responses.
Hence, the interpretation of null-responders remains to be
analyzed in terms of survival prognosis.

@ Springer

In conclusion, the results from this study demonstrated
that BAK expression in gastric cancer cells is a potential
biomarker for predicting chemotherapeutic responses to
docetaxel. BAK expression could also predict clinical
prognosis in  patients treated with preoperative
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chemotherapy, which included docetaxel. Taken together,
these data indicate that the modification of BAK expression
and function could be a promising therapeutic strategy for
overcoming docetaxel resistance in advanced gastric can-
cer. Furthermore, the combination of previously described
biomarkers with BAK expression may enable a more
detailed stratification of individual sensitivity to each drug,
thereby increasing the possibilities for precision medicine.
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