INTERNATIONAL JOURNAL OF ONCOLOGY 34: 649-630, 2009

651

.
%’y, {‘ﬁ?‘ﬁ?

SRE e

e %gzéf%% h RN

. ,v,' s ¥ ," (’, .V‘vf
AENTY :

VNS

()

. BPC3 X 40

M M oy 5 A
N . ;*‘»’f, oy 3 i \)) o N
i By 7 4 v PN
Y e <~.*, r,v’?«‘*, ‘{.;;',
AT Y - > v PRRDY B 3 P wr iy 3
by & .0 BT (ot
o B e G RS e
’;so‘;' ‘.-cw, 8" ‘*; j’ ,‘~;‘}.}“\:§t}~ 5220 N
V.o GPCI X100 ||pRA A GPCa x 100
L S e

Figure 1. GPCA expression was specific to HCC and absent in [CC, Immunchistochemical detection af GPC3Y expression in HCC {a) and JCC (b)
{magnificution, x40). Intniunostaining patterns of HCC: (e} diffuse in cytoplasm, gulunular in cytaphism (d), and membratous (e).

‘Table 1, Corvelation of positive for GPC3 staining and tumor grade,

Grade of tumor HCC CC
| are3
No. of No. of GPC3 P-value
case - * + positivity case positivity
Well-differentiated 15 6 5 4 9 {(60%) 8 0 (0%)
Moderately ditferentiared 18 2 4 12 16 (89%) i 0 (0%)
Poorly difterentiated 13 2 5 6 11 (85%) 0 0 (0%)
Totul 46 36 (78%) 28 <0.0001

0 (0%)

+, negative (<10%); £, weukly positive (E0-30%); +, positive (>30%).

differentiation Jevel, GPC3 was expressed in 9 (60%) of 15
well differentiated. 16 (89%) of 18 moderately differentinted
and in L1 (85%) of 13 poorly differentiated HCC (Table I).
- AFP was expressed in 3 (2095) of 1S well differentiated, 6
(33%) of 18 moderatcly differentiated and in 7 (54%) of 13
poorly ditferentiated HCC (data not shown). The expression
level of GPC3 was lower in well differentiated HCC than in
the other HCC grades, though the difference was not
statistically significant (well- vs. moderately differentiated:
=0.054, well- vs, poorly differentiated: P=0.150). Thus,
GPC3 expression is also a good indicator for malighancy
levels, J

GPC3 expression was observed specifically in pathelogical
HCC component in CHC. There are discrepancies between

preoperative dingnosis and pathological findings for CHC
patients. Diagnostic results and the expression of umor
markers of 11 CHC patieuts are summuarized in Table 1L
Initial diagnosis was carried oot by H.E. stainlng, Among
these 11 patients, 7 patients (63.6%) were diagnosed as HCC
and 3 (27.3%) were 1CC, Ounly | patient (9%) of the L1 CHC
was correctly dingnosed as CHC, To seek the possibility to use
GPC3 immunostaining to detect HCC component (cp) in
CHC. combination ol antibodies against GPC3, AFP,
HepParl, CK7 and CK17 were used. In addition 1o AFP,
HepPuar! is trequently used as marker for HCC (4-8) and »
CK 7 and CK19 for ICC (9-11),

Among 11 CHC cases, 4 cases preoperatively diagnosed

a8 HCC were chosen to represent the collision and tran-

sitiona) type of CHCs bascd on the macroscopic features
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Table 1. Correlation of immunostaining varieties and pathological components of CHC.

SHIRAKAWA et al: GLYPICAN-3, A DIAGNOSTIC MARKER FOR HUMAN HEPATOCELLULAR CARCINOMA

Pathological cilolangiocarcinoma

Pt. Preoperative Macroscopic Pathological hepatocellular
no.  diagnosis diagnosis carcinoma component component
GPC3 AFP HepParl CK7 CK19 GPC3 AFP HepParl CK7 CKI19
1 HCC CHC + + - + + - - - - -
2 HCC HCC + - - - - - - + + +
3 HCC HCC + - + - - > - - + +
4 CHC HCC + + + “ - + “ - + +
5 HCC CHC + - + - - - - - + +
6 HCC CHC + - - - - - - + + +
7 ICC CHC £ - - % o+ - - - + +
8 HCC HCC + + - - - - + - + +
Total = 8/8 3/8 318 3/8 2/8 2/8 1/8 2/8 7/8 718
positive rate (%) 100 38 38 38 25 25 13 25 88 88
9 ICC Icc - - - - - - - - + +
10 HCC ICC - - - + + - - - + +
11 IcC IcC - - . + + - - - + +
Total + 03 0/3 0/3 2/3 2/3 03 073 0/3 33 313
positive rate (%) 0 0 0 67 67 0 0 0 “100 100

-, negative (<10%); +, weakly positive (10-30%); +, positive (>30%); HCC, hepatocellular carcinoma; ICC, intrahepatic cholangio-
carcinoma; CHC, combined hepatocellular and cholangiocarcinoma; GPC3, glypican-3; AFP, o-fetoprotein; HepParl, hepatocyto-pacaffin 1;

CK, cytokeratin; CC, cholangiocarcinoma.

in cut surface. In Fig. 2, macroscopic observation and the
immunostained histological sections are shown. These sections
include 2 elements with pathological HCC cp forming bile
production and trabecular growth pattern by eosinophilic
staining and cholangiocarcinoma (CC) cp forming mucin
production or gland formation by basophilic staining. Cases
1-8 were GPC3 positive, and cases 9-11 were negative for
GPC3 in the HCC cp. Macroscopic, histological and immuno-
histochemical features of cases 2, 6, 8 and 10 are shown in
Fig. 2a, b, ¢ and d. Case 2 had greenish white and yellow
nodules within the same tumor mass in the cut surface. HCC
subtypes such as simple nodular and confluent multinodular
type exist. Case 2 exhibited the features of HCC with multi-
nodular type (Fig, 2a-i). Pathological diagnosis by H.E.
staining revealed CHC pathologically (Fig. 2a-ii and -iii),
which was so-called ‘collision’-type tumor as reported by
Goodman et al (30). A “collision’-type tumor is coincidental
occurrence of HCC and CC within the same tumor mass (31).
GPC3 was positive (Fig. 2a-iv), but AFP and HepParl were
not detected in HCC cp (Fig. 2a-v and -vi). Although
HepParl is generally used as HCC marker, it was
unexpectedly stained in CC region as well as CK7 and
CK19 (Fig. 2a-vii and -viii).

Case 6 showed pale and lobulated phenotype in the
cut surface macroscopically (Fig. 2b-i), and pathological
diagnosis was also confirmed by H.E, staining (Fig. 2b-ii
and -iii). This was so-called ‘transitional’ type tumor (30). A
‘transitional’ type tumor has an area of HCC that appears to
transform into CC (31). GPC3 was stained in pathological

HCC cp (Pig. 2b-iv) where AFP was negative (Fig. 2b-v),
The HCC region was surrounded by pathological CC cp with
the staining for CK7 (Fig, 2b-vii). HepParl and CK19 were
detected in the same region with CC cp (Fig. 2b-vi and -viii).
HepParl stained the CC cp as in case 2. The immuno-
reactivity of CK19 was not consistent with that of CK7,

. Case 8 was diagnosed as HCC similarly to cases 2 and 6,
but mixed tumor masses with white and gray in the cut
surface were observed (Fig. 2¢-i and c-ii), Both GPC3 and
AFP were positive in HCC cp (Fig. 2¢-iv and -v). HepParl
was stained in CC cp (Fig. 2¢c-vi). CK7 and CK19 were
positive in CC cp (Fig. 2¢-vii and -viii), especially CK19
was more specific for CC cp than CK7. These three cases
(cases 2, 6 and B) indicated that detecting GPC3 can
compensate for AFP and enhance the ability to identify the
presence of HCC cp in CHC.

Cases 9, 10 and 11 were negative for GPC3 expression in
several tumors. Macroscopically, they bad the features of
ICC with irregular shaped, white solid tumor masses. As an
example, case 10 is shown in Fig. 2d. Althogh case 10 was
diagnosed as HCC preoperativerly, it showed macroscopic
freatures of ICC with the presence of abundant fibrous
stroma and indistinct tumor margin (Fig. 2d-i). This case
was later diagnosed as CHC based on the pathological
examination (Fig. 2d-ii and d-iii). GPC3, AFP and HepParl
were not detected in either HCC cp .or CC cp (Fig. 2d-iv, -v,
and -vi). CK7 was stained diffusely in the tumor (Fig. 2d-
vii), and CK19 expression was more specific in CC cp than
CK7 (Fig. 2d-viii). These 3 cases showed positive staining
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tn-v), T the oppasite side, e glandul area with clmlmuxiucnrcim\m;n compunent shoves Hepbor) taeviy, CK7 - vil) and CK 19 expression taevidiy, (heiy Case
6 shows mucroscopie CHEC featire in twmor et surfuce thist wis suspected out HOC prevperatively, (b-it) The histologieal eholungiovarcinome compoaent

+ fornung trbeeulae with columnar apperrance was surrounded by HOC componeat forming hepatoid structie, (hedii) A dotted Hoe 1 o boundary of HUCC in
the MLE, staining, The tmor cells within transitional region were pusitive for GPCY (heied, CK ¥ beviD) and CK 19 ihevidit The differenve was
secopnized between hepatocellular carcimuma component sind cholangiveurcitoma component becsuwe GPCY pasitive area encireled the CK7 area,
The expressions of AFP (h-+) und HepParl (hoviy were not obsersed, re-3) Though case 8 was also suspected to be HCC preoperatively. the
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for CK7 and CK19 in CC cp, but not AFP or HepParl in Discussion

HCC ep. Therefore, accuracy of CHC diagnosis cun be

achicved by combination of multiple tumor markgrs in - The diagnosis for HCC, ICC and CHC has been routinely
addition to morphological characteristics: GPC3 that is  performed by histopathologicul examination. Additionally.
specific for pathological HCC cp of CHC, and CK7 and  diagnosis of HCC is done by supplementary inmunohisto-

CK 19 that are speeifie for puthological CC ep of CHC, chemical analysis for AFP and HepParl. Until now, though
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the sensitivity is limited, AFP has been regarded as the most

useful marker for HCC (4,32-34). HepParl is also widely
used for HCC to distinguish between primary HCC and

" ICC. However, both markers are limited for the ability to

discriminate different levels of malignancy in HCC because
its sensitivity drops substantially in poorly differentiated
HCC, and it does not discriminate between benign and malig-
nant liver cancers (35). As these biomarkers frequently
results in misdiagnosis, in this study, we showed that GPC3
is more sensitive to detect HCC compared to AFP. Due to
the fact that GPC3 was downregulated in ICC (36), GPC3
may help to separate HCC from ICC.

CHC is the least common primary cancer of the liver but
followed by an aggressive growth, it tends to metastasize to

. many organs leading to significantly poorer prognosis than

HCC and ICC (31,37,38). Correct diagnosis leads to both
appropriate treatment and better outcome for the patients.
Nishie, et al reported that one third (nine of 27 cases) of
patients with CHC were correctly diagnosed by enhanced
computed tomography (39). In our study, only one of the 11
(9.1%) patients with CHC was correctly diagnosed before
operation without fine needle aspiration biopsy. The difficulty
to pathologically distinguish CHC from HCC and ICC comes
from glandular or pseudoglandular structures in HCC and
solid or trabecular patterns in CC (37,38). We believe that
combination with histopathological examination with GPC3
immunostaining and radiological examination can bring an
accurate diagnosis and improved clinical therapies for the
patients leading to a better prognosis.

We showed that the immunostaining for GPC3 is specific
for HCC patients and not detected in ICC patients. This
confirmed that detecting GPC3 may improve the method
to diagnose CHC. Of the 11 cases of CHC, 8 displayed
GPC3 expression in restricted area of HCC cp. We
demonstarated that immunohistochemical staining of GPC3
in liver tumor helps to recognize the pathological HCC cp
more precisely. GPC3 expression was observed with high
frequency in the HCC cp compared with AFP and HepParl.
HepParl was unexpectedly stained in CC cp, but this has
been observed previously as well (7,40). This could be due to
a transition from HCC to ICC where HepParl is one of the
molecules that is downregulated at later stages in the process.
CK7 and CK19 have been already reported as good markers
of biliary epithelial differentiation (41). These were highly
expressed in pathological CC cp (10/11, 91%) in CHC. The
positive immunoreactivity of CK19 was more distinct than that
of CK7 whose staining was weaker, Our immunchisto-
chemical data disclosed that GPC3 can be a better marker
specific for HCC leading to a better confirmation for HCC
component of CHC as well as for HCC. Moreover, it
provided evidence of the biologic behavior of such
combined tumors, which are phenotypically and genetically
leaning toward either ICC with predominant biliary
differentiation or HCC with hepatocellular differentiation
(42 ,43). ‘

Employing multiple tumor markers may also allow the
accurate diagnosis of CHC containing both hepatocellular
and biliary differentiation. Concerning sensitivity'and
specificity, the combination of GPC3 for HCC cp and CK19
for ICC cp seems to be useful in the diagnosis of liver cancer.

For CHC, GPC3 positive/CK.19 negative profile suggests
HCC, GPC3 positive/CK19 positive indicates CHC, and
GPC3 negative/CK19 positive essentially rules out HCC and
suggests the possibility of CC or CHC,

We developed a new anti-cancer immunotherapy with
GPC3 as a target (44-47), and the phase I clinical trial of
GPC3-derived peptide vaccination for advanced HCC is now
on going. Because this new immunotherapy is not indicated
for ICC, immunohistochemical staining of GPC3 is a useful
method to select eligible patients. Furthermore, if CHC
would be justified as a target of our immunotherapy in future,
immunohistochemical analysis for GPC3 expression is
indispensable for the process of patient selection.

GPC3 is expressed in the group of cells that are AFP-
positive and/or CK7/19-positive in injured livers with
activation of oval cell compartment; an indication for liver
repair and regeneration (48). In addition, CK7, CK19 and
AFP are frequently expressed in biliary epithelial ceils
(49,50) and in immature fetal hepatoblasts (51,52). Liver
progenitor cells originate from the canal of Hering, lined by
both hepatocytes and biliary ductular epithelial cells (53). It is
not clear whether GPC3 is expressed in hepatic embryonic
progenitor cells or cancer stem cells, but GPC3 may be a
marker for hepatic progenitor/stem cells. In CHC cases of 2,
3 and 4, GPC3, CK7 and CK19 coincided in the regions of
HCC and CC. Although HCC and ICC are two different
kinds of primary liver malignancies arising from different
cell types as hepatocytes and cholangiocytes, co-localization
of GPC3 and CK7/19 suggest that the CHC is originated
from progenitor or oval cell. In addition, case 6 showed an
HCC lesion with GPC3 positive immunostaining surrounded
by CC (Fig. 2b). This finding suggests that GPC3-positive
HCC tumor cells are derived from GPC3-negative CC mass,
Moreover, we predict from the fact that GPC3 is expressed in
embryonic liver and downregulated after birth in normal liver
but reappears in cancer is due to its regulatory role in
proliferative and dedifferentiated cells, like cancer cells that
acquired & progenitor- or cancer stemn cell-like characteristics.

In summary, we confirmed that GPC3 is a marker
sensitive and specific for HCC, but not ICC. Moreover, we
revealed that GPC3 was expressed specifically in the HCC
cp in the CHC. Therefore, GPC3 is a molecule that is
significant not only in clinical but also biological field. It is
clinically an important biomarker that can be used for
accurate diagnosis leading to a better treatment and prognosis.
Also, biologically, it may be an indicator for the identity and
the origin of the cancer cells.
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Abstract

Background. The prognosis of scivthous gastric cancer remains
poor despite extended surgery or adjuvant or neoadjuvant che-
motherapy. A pilot study of S-1 (TS-1; Taiho Pharmaceutical,
Tokyo, Japan), an oxal S-flucrouracil derivative, for neoadju-
vant chemotherapy unexpectedly showed good response and a
promising effect on survival. Therefore, the Japan Clinical
Oncology Group conducted a phase II trial to confirm the effi-
cacy of S-1 for neoadjuvant chemotherapy against resectable
scirchous gastric cancex,

Methods. Patients were eligible if they had typical scirthous
gastric cancer invading more than half of the stomach, and
resectable disease confirmed by laparoscopic staging. The
treatment schedule consisted of two courses (each, 4-week
administration and 2-week withdrawal) of S-1 (100-120 mg/
body per day), followed by radical surgery.

Results, Fifty-five eligible patients were registered. Three
completed only one course of the neoadjuvant chemotherapy,
whereas 52 completed two courses, Toxicity was acceptable,
with a few grade 3 (5.5%) events, but no grade 4 adverse
events. The response rate was 32.6% in 43 evaluable patients,
Of the 55 patients, 2 refused operation, 1 developed lung
metastasis, and 52 underwent laparotomy. The curative resec-
tion rate was 80.8%, with acceptable morbidity and no mortal-
ity. The survival curve at 2 years’ follow up showed a better
survival rate than that of the historical controls, but did not
reach the expected survival rate,

Conclusion, S-1 neoadjuvant chemotherapy appeared feasi-
ble and showed positive effects against scirrhous gastric
cancer; however, the survival rate with S-1 did not reach the
expected rate required when selecting an agent for a phase I
trial to confinm the effectiveness of neoadjuvant chemother-
apy against scirchous gastric cancer.

Offprint requests to: T. Kinoshita i
Received: September- 16, 2008 / Accepted: November 27,
2008 o

Key words Scirrhous gastric cancer + Neoadjuvant chemo-
therapy * S-1

Introduction -

Scirrhous gastric cancer, also known as linitis plastica or
Borrmann type 4, is a special type of stomach cancer
known for its very poor prognosis. It is very difficult to
identify this cancer in its early stage, and even aggres-
sive surgical procedures and adjuvant chemotherapies
have not considerably improved the survival rate in
patients with this neoplasia. Owing to its low incidence,
only a few drug trials against this neoplasia have been
conducted thus far. On the other hand, several studies
of neoadjuvant chemotherapy against scirchous gastric
cancer have suggested the efficacy of such treatment
[1-4]. However, all these studies involved a small sample
size and they usually did not determine the survival
benefits of such treatment. Furthermore, a phase II trial
of sequential high-dose methotrexate and fluorouracil
combined with doxorubicin (FAMTX) for neoadjuvant
chemotherapy has shown moderate toxicity and no
survival benefits [5]. Interestingly, S-1, which is a dihy-
dropyrimidine dehydrogenase (DPD)-inhibitory fluoro-
pyrimidine, has shown the highest response rate among
many oral anticancer agents against unresectable
advanced gastric cancer in early and late phase II trials
[6-8]. In these late phase II trials, S-1 showed a 33%
response rate against scirchous gastric cancer. Because
of the reported promising effects of S-1 for neoadjuvant
chemotherapy against scirrhous gastric cancer in a pre-
vious pilot study [9], the Japan Clinical Oncology Group
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(JCOG) decided to conduct a phase II trial to deter-
mine survival benefits of S-1 treatment.

?

Patients, materials and methods

Patient eligibility

Patient eligibility required the fulfillment of the follow-
ing criteria: histologically confirmed gastric adenocarci-
noma; poteritially resectable laparoscopy-confirmed
typical scirrhous gastric cancer (without definitive ulcer-
ation) that invaded more than half of the stomach;
received no prior treatment; 70 years or younger;
Eastern Cooperative Oncology Group performance
status of 0 or 1; and oral intake possible. Patients
also had to have adequate organ functions (creatinine
clearance, >50 ml/min; blood urea creatinine, within
the institutional limit; GOT and GPT, within twice the
institutional limit; leukocytes, 3500/mm’< leukocyte
<12000/mm’ hemoglobin, 29.0 g/dl; thrombocytes,
>1000000/mm?>; total bilirubin, within twice the institu-
tional limit; and normal electrocardiogram).

Diagnostic and staging procedures included physical
examination, barium gastrography, endoscopy, chest X-
ray, abdominal computed tomography (CT) scan, and
laparoscopy with cytological examination of peritoneal
washing of the Douglas pouch. Patients with positive
cytology on peritoneal washing and potentially resect-
able disease without visible peritoneal dissemination
were also included in the study.

This study was approved by the Institutional Review
Board, and written informed consent was obtained from
all patients.

Treatment schedule

Chemotherapy consisted of two courses (4-week admin-
istration and 2-week withdrawal) of S-1 at 100-120 mg/
body per day. After two courses of neoadjuvant chemo-
therapy, patients were reevaluated for the presence
of potentially resectable disease and those who were
positive underwent laparotomy. Because two patients
underwent endoscopic examination after one course of
chemotherapy and stopped chemotherapy due to pro-
gressive disease, the treatment protocol was revised
such that the evaluation of the effect of neoadjuvant
chemotherapy should be carried out only after two
courses and only by fluoroscopic examination. If indi-
cated, patients received curative or palliative resection
or exploratory laparotomy within 14 days after com-
pleting the second course of adjuvant chemotherapy.
Patients with curative resection were followed up
without any adjuvant chemotherapy every 3 months
until cancer relapse. g

*

Evaluation of response and toxicity

Potentially resectable scirrhous gastric cancer usually
shows no measurable lesions, except for primary foci.
We decided to evaluate the response of only primary
foci following chemotherapy. Because it is very difficult
to evaluate the response of the primary foci using the
Response Evaluation Criteria in Solid Tumors criteria,
we used a National Institutes of Health (NIH) image to
calculate the barium-filling area or whole stomach on a
double-contrast fluoroscopic examination study, as well
as to compare the area before and after chemotherapy.
Responses were classified as partiat response (PR),
more than 50% increase in the area after chemotherapy;
stable disease (SD), 0 to less than 50% increase in the
area; and progressive disease (PD), any decrease in
the area and the appearance of new lesions. National
Cancer Institute Common Toxicity Criteria ver2.0 were
employed for determining chemotherapy toxicity.

Pathological assessment was performed to evaluate
disease extent, resection margins, and response to che-
motherapy as evidenced by the presence of necrotic and
cancer cells. The pathological response to chemother-
apy was classified according to the following criteria
provided by the Japanese Gastric Cancer Association
[10]: grade 0, absence of necrosis or degeneration; grade
1a, necrosis or degeneration is observed in less than
one-third of the tumor; grade 1b, less than two-thirds
and more than one-third of the tumor show necrosis
or degeneration; grade 2, more than two-thirds of the
tumor shows necrosis or degeneration; grade 3, all
tumors show necrosis or degeneration.

Historical controls

Because we applied laparoscopic staging to exclude
patients with visible peritoneal dissemination, it was
very difficult to find good historical controls, Laparo-
scopic staging had gained popularity at the commence-
ment of this trial; however, we had no identical historical
controls. The historical controls consisted of 241 patients
who had the same lesions as those described in the eli-
gibility criteria for this study, and who had no visible
peritoneal dissemination at laparotomy without laparo-
scopic staging, and had been treated at the participating
institution during 1991-1993. Data for the historical
controls were as follows: 2-year survival rate, 45%;
curative resection rate, 90.3%; 30-day operative mortal-
ity rate, 1.2%; and in-hospital mortality rate, 3.5%.

Statistical considerations

The primary endpoint of this study was the 2-year sur-
vival rate. Fifty-five patients were required to be regis-
tered on the basis of the expectation that the 2-year
survival rate of those receiving this neoadjuvant chemo-

~ 546 ~



T, Kinoshita et al.: A phase II trial of neoadjuvant chemotherapy with S-1 for scirrhous gastric cancer ’ 39

therapy would be 60% (15% higher than that of the
historical controls), allowing 10% of ineligible patients.
Survival time was calculated from the initial date of the
initiation of neoadjuvant chemotherapy to the date of
death or the last follow-up date. Survival data were
analyzed according to the method of Kaplan and Meier
and then compared with the data of the historical
. controls,

Results

Patient accrual

From March 14, 2001, to February 4, 2003, 55 patients
were enrolled in the study from 15 institutions. The
mean age was 56 years (range, 31-70 years).

Neoadjuvant chemotherapy

The patients were composed of 26 male and 29 female
patients, The scheduled two courses of neoadjuvant
chemotherapy were performed in 52 patients. The
remaining 3 patients received one course, because 2 of
the 3 patients were judged to have PD by endoscopic
evaluation after one course before the revision of the
protocol, and 1 patient was found to have advanced bile
duct carcinoma after one course of chemotherapy.
These 3 patients received curative resection after one
course of neoadjuvant chemotherapy. There was no
chemotherapy-induced grade 4 adverse reaction in the
cohort. Only 3 patients developed grade 3 adverse reac-
tions (Table 1).

As mentioned earlier, the effect of adjuvant chemo-
therapy was evaluated from the change in the barium-

Table 1. Adverse reactions

Grade
%
0 12 3 4 Grade4 Total
T. Bil 32 23 0 O 0 55
WBC 42 137 0 0 0 55
Neutrophils 42 12 1 0 0 55
ALT 43 11 2 0 0 55
AST 45 9 0 O 0 55
Hb 48 7 0 0 0 55
Nausea/vomiting 36 19 0 0 0 55
Pigmentation 4 11 0 0 0 55
Anorexia 45 10 0 O 0 55
Diarrhea 45 16 0 0 0 55
Stomatitis 45 10 0 O 0 55
General fatigue 46 9 0 0 0 55

Only three patients developed grade 3 adverse reactions, and they
recovered by withdrawal of S-1

T: Bil, serum total bilirubin; WBC, white blood cell count; 'ALT,
alanine aminotransferase; AST, aspartate ammotransferase, Hb,
hemoglobin "

filling area before and after the chemotherapy, as
calculated from the NIH images. Among the 43 patients
whose fluoroscopic films could be evaluated, 14 patients
(32.6%) showed more than 1.5 times enlargement of the
stomach (PR); 13 patients showed SD (30.2%), and 16
patients showed PD (37.2%).

Operation

Among the 55 patients, 3 did not undergo operation,
because of the refusal of 2 and because the other patient
was found to have pulmonary metastases. Fifty-two
patients underwent laparotomy, including the 3 patients
who received one course of the neoadjuvant chemo-
therapy. Among the 52 patients, 6 patients did not
undergo resection (5, peritoneal dissemination; 1, unre-
sectable invasion of the duodenum and pancreatic
head). Ten patients underwent palliative resection of
the main tumor (2, peritoneal dissemination; 6, positive
cytological examination of abdominal washing; 1, unre-
sectable tumor with severe invasion to the retroperito-
neumy; 1, widespread lymph node metastases). The other
36 patxents underwent curative total gastrectomy with
various combined organ resections (25, spleen; 1, distal
pancreas + spleen; 5, gallbladder; 2, left adrenal gland,;
2, transverse colon; 1, pancreatic head and duodenum).
Among the 36 patients, only 1 had D1 lymph node dis-
section and the remaining 35 had D2 or more lymph
node dissection,

The mean operation time for curative resection was
214 min (range, 130—460 min) and that for noncurative
resection was 295 min (range, 150401 min). The mean
blood loss for curative resection was 586 ml! (range, 30—
1815 ml) and that for noncurative resection was 872 ml
(range, 230-2100 ml). -

Among the 46 patients who underwent resection,
postoperative complications. were observed in 11
patients (23.9%). Overall, there was no mortality and
there were no serious complications. The actual compli-
cations were as follows: wound infection, deep vein
thrombosis, pancreatic fistula, anastomotic ulcer, pneu-
monia, pulmonary embolism, sepsis, abdominal abscess,
liver function disorder, and mycotic uveitis.

Changes in the T, P, and CY (cytological examination
of the abdominal washing) factors before and after neo-
adjuvant chemotherapy are shown in-Tables 2 and 3.
With regard to the T factor, a response was observed in
14 patients; however, cancer progression was observed
in 8 patients. In regard to the P and CY factors, a
response (PR) was observed in only 2 patients; however,
10 showed progressive disease (PD). The other 40
patients showed stable disease (SD).

The pathological therapeutic effects of neoadjuvant
chemotherapy were evaluated according the grading
described by the Japanese classification of gastric carci-
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noma [10] general rules for gastric cancer study: grade
0, 12 patients (26.1%); grade 1a, 19 patients (41.3%);
grade 1b, 4 patients (8.7%), and grade 2, 11 patients
(23.9%).

At the time of the scheduled analyses (March 2005),
10 patients were still alive without recurrence, 13 were
alive with recurrence, and 32 had already passed away.
The modes of recurrence were as follows: peritoneal,
17 patients; retroperitoneal, 2 patients; local, 1 patient;
lymph node, 1 patient.

Table 2, Changes in T factors before and asfter

chemotherapy

Pathological T

T2:11
T3:37
‘ T4:4

Laparoscopic T

T2:7
T3:39
T4:5
Tx:1

Progression, 8 patients; downstage, 14 patients
Tx, T unknown

Chemotherapy

Table 3. Changes in P and CY factors before and after
chemotherapy

No change or progression (8D and PD)

The survival curves of all patients (# = 55) and the
historical controls are shown in Fig. 1. The survival
curve of the study arm was better than that of the his-
torical controls; however, the survival rate did not reach
the expected rate (2-year survival rate: 59% vs 60%).

With regard to the secondary endpoints, the response
rate to the neoadjuvant chemotherapy was 32.6%.
The rate of postoperative complications was 23.9%, as
against 25.7% in the historical controls. The in-hospital
mortality rate was 0% as against 3.5% in the historical
controls, The curative resection rate was 80.8%, as
against 90.3% in the historical controls,

Discussion

Despite recent advances in chemotherapy and extended
surgery, the treatment outcomes of scirrhous gastric
cancer, also known as diffuse gastric cancer, linitis
plastica, or Borrmann type 4 in the West, have remained
very poor because of the aggressive biological behavior
of this tumor. Because of failure to improve survival
even with aggressive postoperative chemotherapy,
neoadjuvant chemotherapy has been applied to patients
with resectable or unresectable scirrhous gastric
cancer.

To date, the efficacy of neoadjuvant chemotherapy

PO, CY0—P0,CYO 37 (8D
PO. CY0—PO. CY1 2 gPD% against scirrhous gastric cancer remains to be estab-
£ ? . ]
PO, CY1-P0, CY1 3(SD) lished because of the lack of well-validated phase II and
P), CY0—P1 4 (PD)  phase III studies. The first phase II neoadjuvant chemo-
PO, CY1-5P1 4(PD)  therapy trial was reported by Takahashi et al., using
Downstage (PR) FAMTX [5]. In their trial, neoadjuvant chemotherapy
PO, CY1-P0, CYO 2 (PR) : s . .
was shown to be seemingly feasible against scirrhous
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gastric cancer, producing a higher resectability rate
without any increase in morbidity rate. However,
an interim analysis of the 2-year survival rate in 20
patients enrolled in the trial showed no improvement
over the survival rate of the historical controls.
Myelosuppression was the major cytotoxic effect of the
FAMTX regimen, and grade 3 or 4 neutropenia was
observed in 14 out of the 20 patients (70%). Eleven

"of these 14 patients required granulocyte colony-

stimulating factor support. The overall response rate
was 15% (3 PRs in 20 patients). Eighteen resected spec-
imens showed only marginal histological effects (grades
0-Ib). For these reasons, Takahashi and co-workers dis-
continued the trial.

Because S-1 showed promising effects when used
for neoadjuvant chemotherapy against scirrhous gastric
cancer in a pilot study [9], we decided to conduct a
phase II trial of S-1 to determine its beneficial effects
on survival. Because of the difficulty in excluding
patients with peritoneal dissemination by conventional
diagnostic imaging procedures such as CT scan and the
use of barium enema, we performed laparoscopic exam-
ination to identify and exclude patients with peritoneal
dissemination.

At the time of starting the phase II trial, laparoscopic
examination for cancer staging was still not a common

. procedure, Thus, we need to standardize this technique

using a video for the quality control of the procedure,
Regarding the historical controls, it was not possible
to submit patients without peritoneal dissemination to
laparoscopic examination, for the same reason. Data for
previous patients with the same eligibility criteria and
without peritoneal dissemination, confirmed by lapa-
rotomy, were collected from the participating institu-
tions. Thus, in the present study, the control group was
not identical to the study group.

Neoadjuvant chemotherapy using S-1 was safe and
feasible when compared with other toxic combination

chemotherapies. Only a few grade 3 and no grade 4-

adverse reactions resulting from cytotoxicity were
observed, and no specific morbidity and no increases in
morbidity and mortality rates were seen when com-
pared with the data in the historical controls.

Patients with positive cytological examination results
were included in this phase II trial, This is the reason
why we expected the S-1 neoadjuvant chemotherapy
to produce negative cytological examination results.
However, the results of the trial, in terms of cytological
findings, were not very promising. Without considering
the cytological examination results, it can be observed
that although there was no significant difference in
the curative resection rate between the study group
and the historical control group, the curative resection

- rate in the study group was lower than the expected

rate. ;

From the viewpoint of the pathological therapeutic
effects of chemotherapy, S-1 neoadjuvant chemother-
apy showed a much better therapeutic effect than
FAMTX. '

The survival rate of our study group showed a better
curve than that of the historical controls; however, it did
not reach the expected rate (P = 0.245), On the other
hand, combination chemotherapy using S-1 and cispla-
tin (CDDP) showed a markedly high response rate
(76%) in a phase II trial. Therefore, this combination
can be considered more promising than S-1 monother-
apy for neoadjuvant chemotherapy against scirrhous
gastric cancer, The JCOG has also completed the accrual
of patients evaluated in the phase II trial of neoadjuvant
chemotherapy using the above S-1 and CDDP regimen
for resectable scirrhous and more-than-8-cm giant
type 3 gastric cancer. Because of the superiority of this
regimen over S-1 monotherapy in terms of the response
rate and pathological therapeutic effects, the JCOG
group has already started a phase TII trial to confirm the
effectiveness of neoadjuvant chemotherapy using S-1 +
CDDP as against extended surgery in patients with scir-
rhous or large type 3 gastric cancer.

In summary, neoadjuvant chemotherapy using S-1
against potentially resectable scirrhous gastric cancer
appears feasible and effective; however, in the present
phase II trial, the survival rate of the patients did not
reach the expected rate. On the other hand, an S-1 +
CDDP regimen is now being tested in a phase III trial
by the JCOG group as 2 more promising neoadjuvant
regimen.
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Abstract

Most cancer cells predominantly produce energy by glycolysis
rather than oxidative phospherylation via the tricarboxylic
acid (TCA) cycle, even in the presence of an adequate oxygen
supply (Warburg effect). However, little has been reported
regarding the direct measurements of global metabolites in
clinical tumox tissues, Here, we applied capillary electropho-
resis time-of-flight mass spectrometry, which enables com-
prehensive and quantitative analysis of charged metabolites,
to simultaneously measure their levels in tumor and grossly
normal tissues obtained from 16 colon and 12 stomach cancer
patients, Quantification of 94 metabolites in colon and 95
metabolites in stomach involved in glycolysis, the pentose
phosphate pathway, the TCA and urea cycles, and amino acid
and nucleotide metaholigms resnlted in the identification of
several cancer-specific metabolic traits. Extremely low glucose
and high lactate and glycolytic intermediate concentrations
were found in both colon and stomach tumor tissues, which
indicated enhanced glycolysis and thus confirmed the War-
burg effect. Significant accumulation of all amino acids except
glutamine in the tumors implied autophagic degradation of
proteins and active glutamine breakdown for energy produc-
tion, L.e,, glutaminolysis. In addition, significant organ-specific
differences were found in the levels of TCA cycle intermedi-
ates, which reflected the dependency of each tissue on aerobic
respiration according to oxygen availability. The results
uncovered unexpectedly poor nutritional conditions in the
actual tumor microenvironment and showed that capillary
electrophoresis coupled to mass spectrometry-based metab-
olomics, which is capable of quantifying the levels of energy
metaholites in tissues, could be a powerful tool for the
development of novel anticancer agents that target cancer-
specific metabolism, [Cancer Res 2009;69(11):4918-25]

Introduction

Most cancer cells are exposed to chronic hypoxia from the eatly
stage of carcinogenesis. Indeed, the measurement of oxygen
tension in tumors confirms severe hypoxia in many types of
cancer (1). However, cancer cells predominant use of glycolysis

Note: Supplementery data for this article are avallable at Cancer Research Online
(http'/ /eancerres. aacrjoumala orgl).
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rather than oxidative phosphorylation for energy production,
irrespective of oxygen availability (Warburg effect; ref. 2), is widely
acknowledged. This indicates that tumor hypoxia is caused not by
the excessive oxygen consumption of cancer cells, but rather the
inadéquate blood supply that results from structurally and
functionally defective angiogenesis. In addition, intrinsic character-
istics of cancer cells and their constitutive expression of hypoxia-
inducible transcription factors activate the genes that encode
glycolytic enzymes and glucose transporters (3, 4) and, therefore,
jointly hyperactivate glycolysis, to replenish ATP for their
continuous growth and proliferation, Nevertheless, the cancer
cells’ intense use of enexgy-inefficient glycolysis in the hypovascular
microenvironment may deplete glucose from the surrounding
tissues. In this manner, the nutritional conditions of the tumor
microenvironment may be extremely unfavorable from the
pexspective of energy metabolism, and significantly different from
those that we generally expect from the observation of overgrowing
cancer cells,

Although litile is known concerning the actual concentrations of
glucose and resultant metabolic intermediates in human cancer
tissues, the recent development of metabolomics technologies,
which are typically based on gas chromatography mass spectrom-
etry (GC-MS; ref. 5), liquid chromatography mass spectrometry
(LC-MS; ref. 6), and nuclear magnetic resonance (NMR; ref. 7) is
suitable for the large-scale measurement of metabolite levels in
tumor and normal tissmes. This provides not only direct
information on energy metabolism but also the potential reciprocal
relationship between metabolic networks and the underlying
mechanisms of carcinogenesis.

Recently, metabolome analysis has been applied to the charac-
terization of cancer-cell-specific metabolism. Yang and colleagues
(8) applied a computational flux analysis to compare breast cancer
and normal human mammary epithelial cell lines by using two-
dimensional NMR and GC-MS. Their finding of significant in-
creases in the glycine and proline biosynthesis in cancer cells is
interesting, yet may be limited for in vitro environment due to its
high dependency on culture conditions. Chan and colleagues (9)
compared the metabolic profile of biopsied colorectal tumeors and
their matched normal mucosae obtained from 31 colorectal cancer

- patients using high-resolution magic angle spinning-NMR and GC-

MS and obtained 31 marker metabolites that distinguish normal
from malignant samples and further colon from rectal cancers.
Moreover, applying GC-MS-based metabolomics, Denkert and
colleagues (10) compared the metabolic profiles between invasive
ovarian carcinomas and the borderline tumors and between colo-
rectal tumor and pairwise normal tissues (11) and showed that
differentially expressed metabolic phenotypes could be exploited
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Figure 1. Representative microscoplc image of an organ exclsed from a patient
with well-differentiated colorectal adenocarcinoma. Samples were collacted
fram the tumor reglon (surrotunded by a dotted line) and nontumor reglon
(considered normal).

to distinguish tumors from the others with high accuracies. How-
ever, little has been reported on the gquantitation of metabolic
intermediates involved in global-scale energy metabolism, includ-
ing glycolysis, pentose phosphate pathway, and tricarboxylic acid
(TCA) cycle, in human cancer and normal tissues. This is mainly
due to the lack of effective methodology that allows comprehen-
sive analysis of these metabolites, Most compounds involved in
energy metabolism display common properties characterized by
high polarity, nonvolatility, and poor detectability, which thus
complicates the analysis. We recently developed a state-of-the-art
metabolome analysis tool based on capillary electrophoresis coupled
to mass spectrometry (CE-MS; refs. 12, 13), The major advantages
of CE-MS analysis include its extremely high resolution, versatility
to analyze metabolic profiles of various organisms, and ability to
simultaneously quantify virtually all the charged low-molecular
weight compounds in a sample (12, 14), which makes CE-MS best
suited for the comprehensive analysis of energy metabolism in
cells, tissues and bielogical fluids,

In the pregent study, we applied capillary electrophoresis time-of-
flight mass spectrometry (CE-TOFMS; ref. 16) to the metabolome

profiling of human colon and stomach cancexs, and compared the
metabolite levels in tumor and normal tissues obtained by surgery.
The results clearly showed that the tumor microenvironment is far
from ideal for cell growth from the viewpoint of energy metabolism,
and showed the versatility of CE-MS-based metabolomics for
global-scale analysis of energy metabolism in tissues.

Materials and Methods

Sample Collection and Metabolite Extraction

We conducted all the experiments according to the study protocol
approved by the Institution Review Board of the Natlonal Cancer Center
upon obtaining informed congent from all the subjects, Tumor and
surrounding grossly normal-appearing tissues (Fig. 1) were obtained from
16 colon and 12 stomeach cancer patients after surgical treatment, Patient
and tumor stage information are listed in Table 1. The excised tissues were
cut into <l-cm® pieces, immediately frozen in liquid nitrogen, and stored at
—80°C until metabolite extraction,

To extract metabalites, preweighed deep-frozen samples (~ 50 mg each}
were completely homogenized by a cell disrupter (MS-100R; TOMY) at 2°C,
after adding 625 pL of methano! that contained internal standards
[20 pmol/L each of methionine sulfone and 2-(N-morpholino)-ethanesul-
fonic acid]. The homogenate was then mixed with Milli-Q water and
chloroform in a volume ratio of 5:2:5 and centrifuged at 9,000 g for 15 min
at 4°C. Subsequently, the aqueous solution was centrifugally filtered
through a 5-kDa cutof filter (Millipore) to remove proteins, The filtrate was
centrifugally concentrated and dissolved in 50 uL M{li-Q water that
contalned reference compounds (200 pmol/L each of 3-aminopyrrolidine
and ttimesate) immediately before CE-TOFMS analysis.

Reagents .

Ophthelmate was piwchased from BACHEM AG; glycerol-3-phosphate
from Nakalai Tesque; sedoheptulose 7-phosphate from Glycoteam; tyramine,
CoA, and NADH from MP Blomedicals; and fructose 1,6-bisphosphate, glucose
1-phosphate, ribose 5-phosphate, and ribulose 5-phosphate from Fluka. y-Glu-
Cys and 4-Glu-2-aminobutyrate were synthesized at the Toray Research
Center. All other reagents wers obtained from either Wako or Sigma-Aldrich,
Stock solutions {1-100 mmol/L} were prepared in either Milli-Q water,
0,1 mol/L HC), or 0.1 mol/L NaOH, All chemical standards were analytic or
reagent grade. A mixed solution of the standards was prepared by diluting
stock solutions with Milli-Q water immediately before CE-TOFMS analysis.

Analytic Condition for Metabolome Analysis

Instruments, All CE-TOFMS experiments wers performed using an Agilent
CE Capillary Blectrophoresis Systern equipped with an Agilent TOFMS, an
Agilent 1100 isocratic HPLC pump, an Agilent G1603A CE-MS adapter kit, and

Table 1. Patient.information and tumor stages
Characteristic Colon Stomach
Number % Number %
Position of colon tumor Rectum 10 63
Ascending colon 3 19
Transverse colon 1 6
Sigmoid colon 2 13
Stage 1 3 31 2 17
‘ )i 4 25 3 25
it [ a8 5 42
v , 1 6 2 17
Sex Male 18 69 7 58
Female ” 5 31 5 42
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an Agilent G1607A CE-electrospray fonization (ESI)}-MS sprayer kit (Agilent
Technologies), For system control and data acquisition, we used Agilent
G2201AA ChemStation sofiware for CE and Analyst QS for TOFMS,

For measuring nucleotide derivatives, we used a CE-ESI-quadrupole MS
system composed of an Agilent 1100 series MSD mass spectrometer
equipped with the aforementioned other instruments. For the control and
data acquisition in this syster, we used Agilent 3D CE-MSD ChemStation
software.

CE-TOFMS Conditions for Catienic Metabolite Analysis
Catlonic metabolites were separated In a fused-silica capillary (50 pm i.d.
% 100 cm total length) filled with 1 mol/L formic acid as the reference
electrolyte (16). Sample golution was injected at 50 mbar for 3 8 (~3 nlL),
and positive voltage of 30 kV was applied. The caplllary and sample trays
were maintained at 20°C and below 5°C, respectively. Sheath liquid that
comprised methanol/water (50% v/v) that contained 0.5 pmol/L reserpine
was delivered at 10 plL/min, ESI-TOFMS was operated in the positive ion
mode, The capillary voltage was set at 4 kV and a flow rate of nitrogen gas
(heater temperature 300°C) was set at 10 psig. In TOEMS, the fragmenter
voltage, skimmer voltage, and octapole radio frequency voltage (Oct REV)
were set at 75, 60, and 125 V, respectively. An automatic recalibration
function was performed by using two reference masses of reference
standards; protonated methanol dimer ([2 methano! +H]J*, m/z 65.059706)
and protonated reserpine ((M+H]', m/z 607.280659), which provided the
lock mags for exact mass measurements, Exact mass data were acquired at
the rate of 1.5 cycles/s over a 50 to 1,000 m/z range.

CE-TOFMS Conditions for Anionic Metabolite Analysis
Anionic metabolites were separated in a cationic-polymer-coated
SMILE(+) capillary (Nacalal Tesque) filled with 60 mmol/L ammonium

acetate solution (pH 8.5) as the reference electrolyte (13). Sample solution |

was injected at 50 mbar for 30 s (~ 30 nL) and a negative voltage of —30 kV
was applied. Ammonium acetate (5 mmol/L) in 50%. methanol/water (50%
v/v) that contained 1 pmol/L reserpine was delivered as sheath liquid at
10 pL/min, ESI-TOFMS was operated in the negative ion mode. The
capillaty voltage was set at 35 kV, In TOFMS, the fragmenter voltage,
skimmer voltage, and Oct RFV were set at 100, 50, and 200 V, respectively.
An automatic recalibration function was performed by using two reference
masses of reference standards: deprotonated acetate dimer ([2M-H]™, m/z
119.034984) and deprotonated reserpine ([M—H]", m/z 607.266107). Other
conditions were identical to those used in cationic metabolome analysls,

CE-MS Conditions for Nucleotide-Related Metabolite

Analysis

Separations were carrled out in a fused-silica capillary (50 pmid, X 1060 cm
total length) filled with 50 mmol/L, ammeonium acetate solution (pH 7.5) as
electrolyte (17). Before the first use, 2 new capillary was pretreated with
preconditioning buffer, 25 mmol/L ammonium acetate/75 mmol/L sodium
phosphate solution (pH 7.5), for 20 min, Before each injection, the capillary
was equilibrated by flushing with the preconditioning buffer for 10 min and
subsequently with the running buffer for 6 min, which was replenished every
run uging a bulfer replenishment system equipped with the Agilent CE. Sample
golution was injected at 50 mbar for 30 s (~30 nL). A voltage of +30 kV/
was applied and a pressure of 50 mbar was applied to the Inlet capillary during
the run (17). The capillary temperature was maintained at 20°C, and the
gample tray was cooled to below 5°C. Ammonium acetate (5 mmol/L) in
50% methanol/water (v/v) was delivered ag the sheath liquld at 10 pL/min,
ESI-quadmpole MS was operated in the negative ion mode, and the capillary
voltage was set at 35 kV. A flow of heated dry nitrogen gas (heater
temperature 300°C) was switched off during the preconditioning step, and
a pressure of 10 psig was applied 0.1 min after sample injection. Compounds
were monitored using selective ion monitoring mode,

Lignid Chromatogra;ihy Tandem Mass Spectrometry

Conditions for Glucose Quantification !

Liguid chromatography tandem mass spectrometry experimenbé were
performed using an Agilent 1100 series HPLC system and an API3000 triple-
quadrupole tandem mass spectrometer (Applied Biosystems), with the

¥

App]iéd Biosystems Analyst software for data acquisition, The separation
was carried out on a TSKgel Amide-80 column (2,1 mm Ld. X 25 em; Tosoh)
and the mobile phase consisted of 75% acetonitrile and 25% Milli-Q water
at a flow-rate of 0.2 mL/min, The temperature of the column oven was set
at 80°C and 1-pL aliquots of the sample solution were injected into the
column. Turbo spray mode was selected in the negative ion mode, Nebulizer
gas pressure, alr curtain gas pressure, nitrogen turbo gas temperature, and
jon spray voltage were set at 12 psig, 6 psig, 500°C, and —4.5 KV, respec-
tively. Multiple reaction monitoring detection was performed in MS/MS
analysis to obtain sufficient selectivity and sensitivity.

CE-TOEMS Data Processing

Raw data were processed using in house software for the guantitation of
metaholites, The overall data processing flow conslsts of the following
steps; noise-filtexing, baseline-correction, migration time alignment, peak
detection, and integration of peak area from a 0.02 m/z-wide slice of the
electropherograms, which resemble the strategles used in widely used data
processing software for LC-MS and GC-MS data analysis such as
MassHunter (Agilent Technologies) and XCMS (18). Subsequently, the
accurate m/z of each peak was caloulated by Gausslan curve fitting in
the m/z. domain, and migration times were normalized using alignment
algorithms based on dynamic programming (15, 19). All target metabolites
were identified by matching their 71/z values and migration times with
those of the standard compounds. Processed peak lists were exported for
farther statistical analysis.

Statistical Analysis

Por each sample, the measured metabolite concentrations were
normalized using tissue weight to obtain the amount of metabolite
contained per gram of each sample. The Wilcoxon matched pairs test was
used to compare metabolite levels in tumor and nontumor groups, to
determine statistical significance. Z-score normalization was performed
and heat maps of metabolite levels were generated using hierarchical
clustering based on Pearson correlation coefficlents using the Multifxperi-
ment Viewer (MeV) software (Institute for Genomic Research; ref, 20).

Results and Discussion

Metabolome analyses of colon and stomach cancer tissues.
We_obtained pairs of surgically resected tumor and surrounding
normal tissue samples from 16 colon and 12 stomach cancer
patients and extracted metabolites for metabolome analysis.
Surgically excised tissue samples were immediately frozen in liquid
nitrogen, quickly weighed and immersed in methanol with internal
standards, and completely homogenized at 2°C, which thus
minimized sample degradation and halted potential. enzymatic
reactions during metabolite extraction process,

The CE-TOEMS systems in three different modes for cation,
anion, and nucleotide analyses detected 738 (normal) and 877

_ (tumor) peaks in colon and 1007 (normal) and 1142 (tumor) peaks

in stomach tissues on average, after eliminating redundant peaks,
such as spike noises, fragments, and adduct ions, Among these,
94 peaks in colon and 95 peaks in stomach were identified and
quantified with metabolite standards by matching the closest
m/z values and normalized migration times for further statistical
comparisons and interpretations. The identified metabolites
and their quantities are listed in Supplementary Table S1 and
graphically represented on a large-scale metabolome map
(Supplementary Fig. S1).

The relative levels of metabolites in normal and tumor tissues
obtained from colon and stomach cancer patients were visualized
by using a hierarchical clustering algorithm (Supplementary
Fig. $2). The normalized metabolome data were clustered
according to metabolites vertically and samples horizontally, Two
distinct metabolite clusters were observed in colon tissues: Most
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metabolite levels including glycolytic intermediates, amino acids,
some TCA and urea cycle intermediates, and nucleosides were
higher in tumor tissnes compared with their normal counterparts;
however, these clusters were less distinguishable in stomach
tissues. This trend was also present in the sample clusters; Colon
samples were clearly separated into tumor and normal groups
except for one normal sample clustered within the tumor group,
whereas stomach samples were not well-separated. This indicates
that tumor and normal stomach tissues were less distinguishable
compared with colon tissues, according to the metabolome data
obtained in this study. However, several key metabolites in energy
maetabolism, such as glucose and nucleoside triphosphates, were
lower in both colon and stomach tumor tissues, No significant
correlation was found between metabolite levels and the cancer
stages of patients in both tissue types (data not shown),
Glycolysis and TCA cycle. As expected from the notion that
cancer cells can deplete glucose in the hypovascular microenvi-
ronment caused by the hyperactivity of glycolysis, glucose
concentrations were much lower in tumor than normal tissues in
both types of cancers (Fig. 2). Mean glucose concentration of
normal and tumnor tissues.was 1,220 = 150 (mean % SE) and 123 +

. 43 nmol/g, respectively, in colon (P = 0.0005) and 1;290 + 168 and

424 +°131 nmol/g, respectively, in stomach (P = 0.0068) tissues.
Concentrations of metabolites that are involved in glycolysis,
pentose phosphate pathway, and TCA cycle are illustrated on a
metabolic pathway map in Fig. 3. In colon and stomach cancer,
tumor tissues contained nearly equal or higher amounts of
glycolytic intermediates than their corresponding normal counter-
ports, and this trend was clearer in colon tissues. Scarce glucose

- and modest glucose 6-phosphate concentrations might result from
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Figure 2. Quantified glucose concentrations of colon and stomach tissue
samplas, These data are Individual glucose concentrations of normal and tumor
samples each of colon and stomach subjects, with the mean concentrations
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Colon and Stomach Cancer Tissue Metabolome Profiling

the overexpression of glucose transporters (21) and particularly
type 1 hexokinase expression (22), which are frequently observed
in colon and stomach cancer, The accumulation of glucose 1-
phosphate in colon cancer is also intriguing in that glycogen
synthase kinase 3P expression is reportedly higher in colon cancer
cell lines and colorectal cancer patients compared with their
respective normal counterparts (23), which may result in the
enhancement of glycogenolysis and a continuous supply of glucose
6-phosphate.

In addition, pyruvate concentration is significantly lower in
colon tumor and slightly Jower in stomach tumor tissues, whereas
lactate concentration in tumor tissues is higher in both tumor
types than in their corresponding normal counterpaxts, This cleatly
indicates a high dependence of cancer cells an anaerobic
breakdown of pyravate. In particular, high lactate dehydrogenase
5 activity and resulting effective conversion of pyruvate to lactate
have been identified in colon cancer (24, 25). Active glycolysis also
increases the cytosolic NADH/NAD" ratio and thereby accelerates
the activity of lactate dehydrogenase (26). Enhanced pyruvate-to-
lactate conversion may also be due to the activation of pyruvate
dehydrogenase kinase, isozyme 1 (PDK1) in cancer cells, which
inactivates pyruvate dehydrogenase and leads to inactivation of the
TCA cycle in cancer cells (27). Moreover, lactate accumulation
creates a potentlally favorable microenvironment for cancer cells
to proliferate, as it causes local acidosis and potentially modulates
the activity of proteases that decompose exiracellular matrix,
thereby liberating peptides and amino acids that are consumable
for energy generation (28). Therefore, it is likely that cancer cells
preferentially use glucose because of their intrinsic metabolic
characteristics and microenvironmental aspects such as hypoxia.
Moreover, extremely low glucose content in tumor tissues might
result from poor blood supply and high glicose consumption by
cancer cells,

If the density of soft tissues is assumed as 1 g/mL, our data
indicate that the glucose concentration in tumor tissues is only ~1
of 45 {colon) or 1 of 13 (stomach) of the typical blood glucose
concentxation (1 mg/mL or 56 mmol/L), When cultured cancer
cells are deprived of glucose, most conventional cytotoxic
anticancer agents significantly lose their effectiveness (29). This
is important when the pharmacologic effects of anticancer agents
in the actual tumor microenvironment are considered since it was
found to be significantly different from the typical glucose-rich
medium that is. commonly used for. in vitro experiments.
Accordingly, the present data imply that responses of most colon
and stomach cancer cells against conyentional anticancer drugs
under the actual nutritionally poor in vive environment could be
considerably different from that which we expect from the data
obtained under typical culture conditions,

Unexpectedly, significant organ-specific differences were also
observed in the metabolite levels of the initial part of the TCA
cycle, including acetyl CoA, citrate, cis-aconitate, iso-citrate, and
2-oxoglutarate, which were markedly lower in colon tissues,
Interestingly, however, levels of the threé TCA metabolites
succinate, fumarate, and malate were comparable in colon and
stomach tissues, whereas they were significantly higher in tumor
samples in both cancers (Fig. 3). Wiesner and colleagues (30) have
shown a decrease of citrate and 2-oxoglutarate and an increase
of malate and succinate in anoxic rat heart myocytes. The trend
of these TCA intermediate levels is consistent with our data ob-
tained from colon tissues, presumably representing a typical met-
abolic fingerprint of hypoxic cells. In contrast, abundant TCA
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intermediates in stomach tissues, regardless of whether from tumor
or normal tissues, imply active aerobic respiration via oxidative
phosphorylation. I is uncertain, however, what causes the
accumulation of fumarate and succinate in colon cancer tissues,
despite extremely low concentrations of other TCA intermediates
such as citrate and 2-oxoglutarate, In fact, it is known that some
parasites and bacteria synthesize ATP without oxygen by using
a reverse reaction of succinate dehydrogenase and produce’suc-
cinate as a byproduct, which is so-called fumarate respiration, in
which fumarate rather than molecular oxygen is used as electron
acceptor (31, 32). Although the capability of mammalian cells to
use fumarate regpiration as an ATP generator has not been con-
firmed yet, we obtained strong evidence that the energy generation
of cancer cells greatly depends on fumarate respiration under con-
ditions of glucose deprivation and severe hypoxia® Our data
uncovered the metabolically unfavorable microenvironment of
tumor tissues characterized by extremely low glucose availability
under relatively hypoxic conditions in which the cells apparently
rely on minimal aercbic respiration via the TCA cycle. Hence, the
* i

3 K. Kami et al, submitted for publication. :

active use of fumarate respiration by cancer cells provides a likely
and intriguing explanation for the accumulation of fumarate and
succinate observed in colon tumor tissues.

Amine acids and nucleotides. Availability of amino acids is
pivotal for cell proliferation because cancer cells are known to use
some amino acids as energy sources (26). Free amino acids are
mostly supplied to tissues via the bloodstream; thus, if blood
supply to cancer tissues is considerably limited, amino acid content
in tumor tissues may be lower compared with that in their normal
counterparts. However, contrary to our expectations, levels of most
amino acids and their primary derlvatives were significantly higher
in tumors than in normal colon and stomach tissues (Fig. 4).
Among all the amino acids, however, an exception was glutamine;
the colon and stomach tumor content of which was nearly equal to
that in normal tissuss. It has been pointed out that glutamine is a
preferred amino acid for energy generation by cancer cells (33),
High glutaminase activity and low glutamine synthase activity have
been observed in geveral types of cancer cells (34). Because
glutamate is the most abundant amino acid in tumor tissues, the
conversion of glutamine to glutamate might be enhanced in tumor
tissues,

One obvious question raised is the origin of these amino acids.

Under limited blood supply, two main sources of amino acids can .
3
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be conceived: one is the degradation of extracellular matrix
particularly by matrix metalloproteinages and the other is the
autophagic degradation of preexisting intracellular proteins. In. this
perspective, it is notable that hydroxyproline concentration was
significantly higher in tumor tissues then in their normal counter-
parts (P = 0.0005 in colon and P = 00025 in stomach tissues).
Hydroxyproline is abundant in collagen and is posttranslationally
preduced from proline, which suggests that the higher concentra-
tion of hydroxyproline in tumor tissues is indicative of excess
degradation of collagen (35). Autophagy is another possible source
of amino aclds, as it is well-documented that autophagy liberates
and thereby increases the free amino acid pools (36, 37). We also
have found recently that autophagy seems essential for colon cancer
cell survival (38) and is highly active in colon and pancreatic cancers
(38, 39). Up-regulation of amino acld biosynthesis per se does not
explain the accumulation of all the essential amino acids observed
in tumor tissues. One might argue that all the amino acid levels
seem to be higher in tumors because the number of cells contained
in tumor tissues might have been greater than that in mormal
tissues, as cancer cells may have been highly aggregated, To rule out
this possibility, we extracted DNA simultaneously with metabolites
from each tissue and normalized our metabolome date with respect
to the DNA content of each sample, and confirmed that the trend in
amino acid levels did not change (data not shown).

The levels of most nucleotides such as ATP, ADF, GTP, and GDP
in tumor and normal colon tissues were significantly lower than
those in stomach tissues (Fig. 4). Nevertheless, no significant
difference between colon and stomach tissues was observed with
regard to the average adenylate energy charge (40), which is eval-
uated by the equation, [(ATP)+1/2(ADP)]/[(ATP)+(ADP)+(AMP)].
The low levels of most purine and pyrimidine compounds in colon
tissues may indicate a relatively slower colon cell growth compared
with stomach cells, as a recent study has shown that the nucleotide
pools continuously decrease as the growth stage moves from the
exponential to stationary phase in Escherichia coll (41). A chal-
lenging but intriguing alternative is that the levels of nuclectide
pools may reflect the oxygen availability and its dependency in each
tissue because hypoxlc stress has been found to reduce purine and
pyrimidine pools (42). The high-energy charge in colon tissues,
despite the low total adenylate level, might be maintained by
AMP deaminase reaction, which is kaown to stabilize the energy
charge by decomposing adenylate (43). It is, however, remarkable
that no significant difference between tumor and normal tissues
was found for most nucleotide phosphates, total adenylate, and
energy charge in either colon or stomach tissues, This implies that
cancer cells have a growth advantage over their normal counter-
parts, not by securing more ATP and other building blocks for DNA
synthesis, but rather by efficiently exploiting some strategic energy
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metabolisms such as anaerobic glycolysis, glutaminolysis, auto-
phagic production of amino acids, and possibly fumarate
respiration, to maintain comparable levels of principal molecules
in spite of limited resources and support continuous proliferation,

Intrasample variability and analytic limitations, Biochemical
analysis of tissue samples is relatively difficult due to their high
heterogeneity compared with cultured cells or body fluids. To
examine the intrasample variability, we extracted metabolites from
five different parts of a piece of colon or stomach tumor tissue and
measired the metabolite levels by CE-TOFMS (Supplementary
Table §2). The relative SDs of most metabolite levels were in the
range of 6.7% to 40%, Given that the analytic variability of CE-MS
Is <56% (16), this relatively high intrasample variability may be
attributed to a significantly high intratumor heterogeneity. There-
fore, to minimize intrasample variability and thus maximize sen-
sitivity for detecting tumor-specific or even tumor-stage specific
metabolic differences, the use of laser capture microdissection for
concentrating only the target cells before sample homogenization
may he promising,

CE-MS is able to simultaneously quantify charged, low—molecular
weight compounds and, thus, is suitable for the analysis of primary
energy metabolism; however, it is not very effective for the sep-
aration of neutral compouinds.and macromolecules such as sugars,
fats, cholesterols, steroid hormones, and long-chain peptides, Con-
comitant analysis of the same samples by LC-MS, GC-MS, and NMR
approaches has the potential to greatly expand the coverage of
target compounds and thereby increase the chance of finding mo-
lecular fingerprints of tumors and key markers of the tumorigenic
process.

In the present study, we analyzed the metabolic state of tumor
tissues in comparison with their normal counterparts and found
that the nutritional conditions in the tumor microenvironment

were far from ideal from the standpoint of energy metabolism,
In particular, tumor glucose concentration was significantly lower
than previously indicated (44). The results also indicate that
tumnors develop tumor-specific metabolism that endows them with
more predominant proliferation, independent of tissue types, while
retaining some metabolic traits of the tissues from which they
originated. In other words, cancer cells are evolved through
metabolic adaptation that involves primarily hyperactivation of
glucose consumption and accumulation of amino acids, while
retaining tissue-specific dependency of aerobic respiration repre-
sented by TCA intermediate and nucleotide levels, In conclusion,
we analyzed the metabolome-wide tumor microenvironment and
revealed cancer- and organ-specific characteristic energy metabo-
lism by CE-TOFMS, which will be = vital technology for the future
discovery of tissue-specific cancer biomarkers and for the awaited
development of novel cancer therapeutic agents that target cancer-
specific metabolic traits.

Disclosure of Potential Conflicts of Interest

Ne potential conflicts of interest were disclosed.

Acknowledgments

Received 12/17/08; revised 3/9/09; accepted 3/20/09; published OnlineRivst 5/19/09.

Grant support: Third Term Comprehensive 10-year Strategy for Cancer Control
from the Ministry of Health, Labour and Welfare and a grant from the Global COE
Program entitled, “Human Metabolomic Systems Blology This work was also
supported by KAKENHI (Grant-in-Aid for Scientific Research) on Priority Areas
“Systems Genomes” and on "Lifesurveyor” from the Minlstry of Bducation, Culture,
Sports, Sclenee and Technology of Japan as well as research funds from the Yamagata
prefectural government and the Clty of Teurucka.

The costs of pyblication of this article were defrayed in part by the payment of page
charges, This article must thoreforo ke hereby martked advertisement In accordance
with 18 U.S.C. Section 1734 solely to indicate this fact,

References

1. Vaupel P, Thews O, Kelleher DK, Konerding MA. 02
extraction {8 a key parameter determiuing the oxygen-
ation status of malignant tumors and normal tissues. Int
J Oncol 2003;22:795-8,

2. Warburg 0. On the Origin of Cancer Cells. Sclence
1956;123:309-14.

3, Chen Z, Lu W, Garcla-Prieto C, Huang P. The Warburg
effect ond its cancer therapeutic implications.
] Bioenerg Blomembr 2007;39:267-74,

4. Kondoh H, Cellular life span and the Warburg effect.
Exp Cell Res 2008;314:1923-8,

&, Schauer N, Semel Y, R U, et al, Comprehonsi
metabolic profiling and phenotyping of interspecific
introgression lines for t t, Nat Blo-
techno! 2006;24:447-54.

6. Plumb R, Granger J, Stumpf C, Wilson ID, Evans JA,
Lenz EM, Metabonomic analysis of mouse vrine by
liquid-chromatography-time of fight mass epectrome-
try (LC-TOPMS): detection of strain, diurnal and gender
differences, Analyst 2003;128:819-23,

7. Opstad XS, Bell BA, Griffithe JR, Howe FA. An
nssessment of the effects of ssmple ischaemla and
spinning time on the metabolic proflle of brain tumour
biopsy specimens es determined by high-resolution
magic angle spinning 1H NMR. NMR Biomed 2008;21:
1138-47.

8. Yang C, Richardson AD, Smith JW, Osterman A,
Comparative metabolomlics of breast cancer, Pac Symp
Biocomput 2007:181-92,

9. Chan EC, Koh PK, Mal M, et al, Metabolic profiling of
hurnan culorectal cancer uging high-resolution magic
angle spinni agnette (HR-MAS

-]

NMR) spectroscopy and gas chromatography mass
spectrometry (GC/MS). J Proteome Res 2009;8:352-61,
10, Denkert C, Budczies J, Kind T, et al. Mass
spectrometry-based metabolic profiling ls differ-

ent metabolite patterns In Invasive ovarlan carcl
and ovarlan borderline tumors. Cancer Res 2006:66:
10795-804,

11, Denkert C, Budczles J, Welchert W, et al, Metabolite
profiling of h colon i deregulation of
TCA cyele and amino acid turnover, Mol Cancer 2008;7:
72

12, Soga T, Ohashi Y, Ueno Y, Naraoka H, Tomita M,
Nishioka T. Q titative toatal, |" . using
capillary electrophoresis mass spectrometry. ] Proteome
Res 2003,2:488-94.

18. Soga T, Ueno Y, Naraoka H, Ohashi Y, Tomita M,
Nighioka T. Simultaneoug determination of anionic
Intermediates for Bacillug subhlm metabolic pathways
by capillary electrop} lect y lonlzation
mass gpectrometry, Anal Chem 2002,74 2233-9.

14, Soto 5, Soga T, Nishioka T, Tomita M, Simultaneous
determination of the main metabolites In rice leaves
using caplllary electrophoresis mass spectrometry and
capillary electrophoresis diode array detection, Plantj
2004;40:151~63.

15. Soga T, Baren R, Suematsu M, et al. Differential
motabolomics reveals ophthalmic acid as an oxidative
stress biomarker indicating hepatic glutathione con-
sumptlon. J Biol Chem 2006;281:16768-76.

16. Soga T, Helger DN, Amlno acld analysis by capillary

is electrogpray fonization mass spectrom-
etry. Anal Chem 20(]0'72.1236—-4].

17. Soga T, Ishik V1 hi 8, § K, Kakazu Y,
Tomita M, Analyals of nucleotides by pressure-assisted

capillary electrophoresis-mass spectrometry using sila-
nol mask technique, J Chromatogr A 2007;1159:126-33,

18, Smith CA, Want EJ, 0'Maille G, Abagyan R, Sluzdak G,
XCMS: processing mass spectromelry data for metabo-
lite profiling using nonlinear peak alj t, matching,
and identification, Anal Chem 200678:779-87.

19, Baran R, Kochi H, Salto N, et al, MathDAMP; &

“ package for differential analysis of metabolite profiles.
BMC Bloinformatics 2006;7:530.

20, Saced AL Sharov V, White ], et al. TM4: a free, open-

source 8y for mi ray data manag t nnd
analys!a Biotechniques 200334:374—-8. .
21, Koukourakis MI, Pitiskoudis M, Giat taki A,

et al, Oxygen and glucose consumption in gastroiates-
tinal adenocarcinomas: correlation with markers of
hypoxia, acidity and anaerobic glycolysis. Cancer Sel
2006:97:1066-60.

22, Pedergen PL, Mathupala §, Rempel A, Geschwind JE,
Ko YH. Mituchondrial bound type I hexckinase: a key
player in the growth and survival of many cancers and
an ideal prospect for therapeutic intervention. Biochim
Biophys Acta 2002;1655:14-20.

23. Shakoori A, Ougolkov A, Yu ZW, et al. Dercgulated
GSK3b activity in colorectal cancer: its assoclation with
tumor cell survival and proliferation. Blochem Blophys
Hes Commun 2005;334:1365-73.

24, Koukourakis MI, Glatromanolald A, Polychronidis A,
et al, Endogenous markers of hypoxiafanaeroblc me-
tabollsm and anemia ln primary colotestal cancer.
Cancer Sci 2006,97:682-8,

25, Mazzanti R, Solazm M, Fantappie 0, et al, Dif-
ferential exp of h colon can-
cer. Am J Physlo} Gastrolutest Liver Physic] 2006;290:
G1329~38.

Cancer Res 2009; 69: (11). June 1, 2009

4924

~ 557 ~

www.aacrjournals.org



Colon and Stomach Cancer Tissue Metabolome Profiling

26, Argilés JM, Azcdn-Bleto J. The metabelic envicon-
ment of cancer. Mol Cell Biochem 1988;81:3-17,

27, Pan JG, Mak TW, Metabolic targeting as aon
antlcancer strategy: dawn of a new era? Sci STKE
2007/A8Lpeld,

28, Brahimi-Horn MC, Chiche J, Pouysségur J, Hypoxia
signalling contro) tabolle d d. Curr Oplin Cell
Binl 2007;19:223-9.

29, LuJ, Kunimoto §, Yamazaki ¥, KamlInishi M, Esumi H.
Kigamicin D; & novel anticancer agent based on & new
anti-austerity strategy targeting cancer cells’ tolerance
to nutrent starvation, Cancer Scl 20049554752,

30, Wiesner R}, Kreutzer U, Rosen P, Grieshaber MK,
Subcellular distribution of malate-aspartate cycle inter-
mediates during normoxia and enoxia in the henrt.
Blochim Biophys Acta 1986;936:114-23.

31, Kita K, Hirawnke H, Miyadera H, Amino H, Takeo
S. Role of complex 11 in anneroblc respiration of the
porasite mitechondria from Ascards suum and Plos-
madium falclparum. Bjochim Biophys Acta 2002;1553:
123-39.

32, Ullmann R, Gross R, Simon J, Unden G, Kroger A.
Transport of C-dicarboxylates in Wolinell .
genes. ] Bacterlol 2000;182:56767-64,

33, Medina MA, Sdnchez-Jiménez F MérquezJ, Rodriguez
Quesada A, Nifiez de Castro L Relevance of glutamine
metabolism to tumor cell growth, Mol Cell Biochem 1992
113:1-18. .

34. Moreadith RW, Lebninger AL. The pathways of
glutamate and glutamine oxidation by tumer cell
mitoshondrle. Role of mitachondrial NAD(P)+-depen-
dent melic enzyme. J Blol Chem 1984;259:6215-21,

35, Phang JM, Donald SP, Pandhare ), Lin Y. The
metabolism of proline, a stress substrate, modulates
careinogento pathways. Amino Acids 2008;35:681-90,

36. Droge W. Autophagy and aging-importance of amino
acld levels, Mech Ageing Dev 2004;125:161-8,

37. Mizughima N, Kllonsky DJ. Protein tumnover via
autophagy: mplications for met Annu Rev Nutr
2007;27:19-40. :

38, Sato K, Tsuchihava K, Pujil S, et ol. Autophagy is
activated in colorectal cancer cells and contributes to

the tolérance to nutrient deprivation, Cancer Res 2007;
67:9677-84.

39. Fujit 5, Mitaunaga S, Yamazaki M, et al. Autophagy ls
activated In poncreatic concer cells and correlates with
poor patlent outcome, Cancer Sci 2008;99:1813-9,

40, Chapman AG, Fall 1, Atkinson DE. Adenylate energy
charge in Escherichla eoll during growth and starvation.
] Bacterlol 1971;108:1072-86.

41, Bucksteln MH, He J, Rubin H, Characterization of
nucleotide pools as a function of physiologleal state in
Escherichia coll, § Bacterlol 2008;190:718-26.

42, Hisanaga K, Onodera H, Kogure K. Changes in levels
of purine and pyrimidine nucleotides during acute
hypoxia and y in tal rat brain. J Neuro-
chem 1986;47:1344-80,

43, Chapman AG, Atkinson DE. Stabilization of adeny-
late energy charge by the adenylate deaminase reactlon,
J Biol Chem 1973;248:8309-12.

44, Gatenby RA, Smallbone K, Malni PK, et al. Cellular
adaptations to hypoxla and acldesia during somatic

evolution of bxeast Br J Cancer 2007;97:646-53,

www.aacrjournals.org

4925

~ 558 ~

Cancer Res 2009; 69: (11). June 1, 2009



