perifosine were purchased from Selleck Chemicals (Houston,
TX, USA). Antibodies against epidermal growth factor recep-
tor (EGFR) (2232; Cell Signaling Technology, Inc, Beverly,
MA, USA), phospho-EGFR (p-EGFR; Tyr 1069) (2234; Cell
Signaling), PTEN (9552; Cell Signaling), Akt (9272; Cell
Signaling), phospho-Akt (p-Akt; Serd73) (9271; Cell Signal-
ing), mTOR (2972; Cell Signaling), phospho-mTOR (p-mTOR;
Ser2448) (2971; Cell Signaling), S6 ribosomal protein (2212;
Cell Signaling), phospho-S6 ribosomal protein (p—S6; Ser235/
236) (2211; Cell Signaling), 4EBP1 (9452; Cell Signaling),
phospho-4EBP1 (p-4EBP1; Ser65) (9451; Cell Signaling),
E-cadherin (4065; Cell Signaling), Snail (ab17732; Abcam,
Cambridge, UK), Twist (Twist2Cla; Bio Matrix Research,
Chiba, Japan), and B-actin (4967; Cell Signaling) were also
purchased.

Cell proliferation assays. Cell proliferation assays were
performed using a Cell Counting Kit-8 assay (CCK-8; Dojin-
do, Kumamoto, Japan) according to the product protocol.
Briefly, cells were plated into 96-well, flat-bottomed plates at
2-3 x 10° cells/180 pL/well. After overnight incubation, trip-
licate wells were treated with varying concentrations of everol-
imus ranging from 0.1 to 500 nM for 96 h. The existing
medium was removed and replaced with 110 pL of fresh med-
ium containing 10 pL. of CCK-8 reagent and allowed to incu-
bate for 4 h. Absorbance was measured for each well at a
wavelength of 450 nm. The percent survival and ICsq-values
were calculated as described previously.?®

Western blotting. Cultured cells were washed with cold PBS
and lysed in M-PER buffer (Pierce, Rockford, IL, USA). The
protein concentration of the supernatant was measured
using the bicinchoninic acid (BCA) protein assay (Pierce). The
membrane was probed with the first antibody and then with
horseradish-peroxidase-conjugated secondary antibody. The
bands were visualized using enhanced chemiluminescence
(ECL Plus Western Blotting Detection Kit; Amersham, Piscat-
away, NJ, USA).

Immunohistochemistry. Cells were cultured in chamber slides
for 48 h. The cultured cells were washed with PBS and fixed
with 100% ethanol. The slides were then treated with 3%
hydrogen peroxide for 30 min. The slides were incubated with
primary antibodies against cytokeratin (CK) 5/6 protein (1:40;
Dako Cytomation, Glostrup, Denmark) for 60 min at room
temperature. Immunoreactions were detected using the EnVi-
son Plus system (Dako).

Fluorescent in situ hybridization analysis. All the cell lines
were cultured in appropriate media supplemented with 10%
FBS; the FISH analyses were outsourced to SRL (Tokyo,
Japan).

DNA sequencing. Sequencing was performed to detect the
following mutations: in EGFR,®" deletions in exon 19 (del
19) and L858R in exon 21; in PI3KCA,?**® E542K and
E545K in exon 9 and H1047R in exon 20; and in AKTI ,(30)
E17K in exon 4. Briefly, the total RNAs were extracted from
each cell line using ISOGEN (Nippon Gene, Tokyo, Japan)
according to the manufacturer’s instructions. First-strand
cDNA was synthesized from 1 pug of total RNA using the
High-Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA, USA). The first-strand cDNA was amplified by PCR
using specific primers for EGFR. Genomic DNA was extracted
from each cell line using the QIAamp DNA Mini kit (Qiagen,
Hilden, Germany), and exon regions were amplified via PCR
using specific primers for PI3KCA and AKTI. DNA sequenc-
ing of the PCR products was performed using the dideoxy
chain termination method and an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems).

Small interfering RNA treatment. Individual small interfering
RNA (siRNA) duplexes specific to human PTEN (Invitrogen,
Carlsbad, CA, USA) or a control siRNA that does not target
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any sequence in the human genome (non-target control; Invi-
trogen) was transfected into MDA-MB-231 and BT20 cells
according to the product protocol. Briefly, for each well trans-
fection, we prepared RNAi duplex—Lipofectamine RNAiMax
Transfection Reagent (Invitrogen) complexes with final a con-
centration of 10 nM and diluted the cells in complete growth
medium without antibiotics. We added 3 x 10° cells to each
well with RNAi duplex—Lipofectamine RNAiMax complexes.
After 24 h of incubation, the medium was removed and
replaced with fresh medium with 10% FBS and antibiotics
containing various concentrations of everolimus for the cell
proliferation assay.

Transfection of wild-type EGFR. Constructs of wild-type
EGFR (EGFRwt) and empty vectors were generously contrib-
uted by Dr Kazuto Nishio (Osaka, Japan). The pVSV-G vector
(BD Biosciences Clontech, Mountain View, CA, USA) for the
constitution of the viral envelope and the pQCXIX constructs
were co-transfected into HEK293 cells (BD Biosciences Clon-
tech) using a FuGENES6 transfection reagent (Roche Diagnos-
tics, Basel, Switzerland). Forty-eight hours after transfection,
the culture medium was collected, and the viral particles were
concentrated by centrifugation. MDA-MB-231 and MDA-MB-
436 target cells were infected using a virus-containing medium
according to standard procedures and were used for the cell
proliferation assay.

Xenograft studies. Experiments were performed in accor-
dance with the United Kingdom Coordinating Committee on
Cancer Research Guidelines for the welfare of animals in
experimental neoplasia (second edition).

Suspensions of MDA-MB-231 and MDA-MB-468 cells
(5 x 10°% were injected subcutaneously into the backs of
5-week-old BALB/cAJcl-nu/nu mice (CLEA Japan, Tokyo,
Japan). After 5 weeks (tumors > 120 rnm3), the mice were
randomly allocated into groups of five animals to receive ever-
olimus (10 mg/kg per day, three times per week) or the vehi-
cle only by oral gavage for 3 weeks. The tumor diameter and
body weight of each mouse were measured three times weekly.
The tumor diameters were measured using calipers three times
per week to evaluate the effects of treatment, and the tumor
volume was determined using the following equation: tumor
volume = ab?/2 (mm3 ) (where a is the largest diameter of the
tumor and b is the shortest diameter). Day “X” denotes the day
on which the effect of the drugs was estimated and day “0”
denotes the first day of treatment. All the mice were killed on
day 22 after measuring their tumors.

Results

Sensitivity to everolimus in TNBC cell lines. We screened nine
TNBC cell lines for sensitivity to everolimus. The ICsy values
for everolimus in the nine cell lines ranged from 0.7 nM to
over 200 nM (Fig. 1). As also shown in Figure 1, everolimus
effectively inhibited growth in five of the nine cell lines at an
ICs0 under 100 nM. Among them, MDA-MB-468, Hs578T,
and BT549 were highly sensitive to everolimus, with an ICsq
of around 1 nM. We examined the induction of apoptosis in
everolimus-sensitive cell lines using three different assays.
However, we did not observe any significant apoptosis events
(data not shown). In addition, we examined the growth-inhibi-
tory effect of GDC0914 (a PI3K inhibitor) and perifosine (an
Akt inhibitor) using MDA-MB-468 and BT549, two everoli-
mus-sensitive cell lines, and MDA-MB-231 and MDA-
MB-157, two everolimus-resistant cell lines. We found no
significant differences in sensitivity to either inhibitor between
everolimus-sensitive cell lines and resistant cell lines with a
sub-uM ICs concentration (data not shown).

Baseline expressions of proteins in the mTOR cascade. We
measured the protein expressions of PTEN, p-AKT, Akt,
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Fig. 1. ICso values for everolimus of nine triple-negative breast
cancer (TNBQ) cell lines. Each cell line was treated with the indicated
concentrations of everolimus for 96 h. Viable cell numbers were
relatively quantified using the CCK-8 assay and were expressed as a
percent of the untreated control.

p-mTOR, mTOR, p-S6, S6, p-4EBP1, and 4EBP1 using a wes-
tern blot analysis in the nine TNBC cell lines (Fig. 2a). No
differences in the expression levels of p-mTOR and mTOR,
which are the targets of everolimus, were seen among the
TNBC cell lines. As also shown in Figure 2(a), PTEN was not
detected in five cell lines, among which MDA-MB-468,
BT549, HCC1937, and MDA-MB-436 have been reported to
harbor a somatic mutation of PTEN.®Y Among the five cell
lines with a loss of PTEN, MDA-MB-468, BT549, and
HCC38 were sensitive to everolimus; however, HCC1937 and
MDA-MB-436 were resistant to everolimus.

mTOR cascade modulation by everolimus. To observe the
effect of everolimus, we measured the protein expressions of
p-S6 and S6 before and after everolimus treatment in MDA-
MB-468 and BT549, two everolimus-sensitive cell lines, and
MDA-MB-231 and MDA-MB-157, two everolimus-resistant
cell lines. Equivalent reductions of p-S6 and S6 in response to
only 0.5 nM of everolimus were observed in all four cell lines
(Fig. 2b), indicating that everolimus acted on all the cell lines.
We also measured the protein expressions of p-Akt and Akt
and found an elevation in p-Akt after treatment with everoli-
mus in BT549, MDA-MB-231, and MDA-MB-157 cells; how-
ever, this result was not observed in MDA-MB-468 cells.

Basal markers and cancer stem cell markers. Nielsen et al.®?
defined basal-like breast cancers as those showing a positive
expression of EGFR or CK5/6 in TNBCs. In our results, EGFR
was overexpressed in MDA-MB-468, Hs578T, BT549, and
BT20 cells (Fig. 3a), while MDA-MB-468 and BT20 cells
exhibited the gene amplification of EGFR (Fig. 3b). No muta-
tions in the EGFR gene (del E746-A750, L858R) were
detected in any of the cell lines (data not shown). CK5/6 was
positive in MDA-MB-468, BT20, and HCC38 cells based on
an immunocytochemical analysis (Fig. 3c). The status of
basal-cell-like markers in the nine TNBC cell lines is shown
in Table 1. According to the definition by Nielsen et al.,®?
we were able to categorize all five of the sensitive cell lines —
MDA-MB-468, Hs578T, BT549, BT20, and HCC38 - as
basal-like breast cancer. In contrast, the four resistant cell lines
were not characterized as basal-like breast cancer. We also
measured the expressions of the cancer stem cell marker
proteins, E-cadherin, Snail, and Twist in all of the cell lines.
E-cadherin was decreased in Hs578T, BT549, MDA-MB-436,
MDA-MB-231, and MDA-MB-157. The expression of Snail
gradually increased in the more resistant cells (HCC1937,

Yunokawa et al.

MDA-MB-436, MDA-MB-231, and MDA-MB-157). Twist
was overexpressed in MDA-MB-436 and MDA-MB-157 cells.
In summary, the resistant cell lines tended to show characteris-
tics of cancer stem cells, with decreased E-cadherin expression
and the increased expression of Snail or Twist.

Effect of PTEN knockdown or EGFR overexpression on everoli-
mus sensitivity. We used siRNA oligonucleotides to silence the
expression of PTEN in the BT20 and MDA-MB-231 cell lines
to test whether PTEN expression confers everolimus sensitiv-
ity. Before the cell proliferation assay, we determined that
the siRNA oligonucleotides against PTEN selectively reduced
the mRNA expression levels by 80% or more after 48 h and
that the PTEN protein levels were reduced after 72 h, com-
pared with a nonspecific control siRNA. However, the sensitiv-
ity of these cells to everolimus did not change with the loss of
PTEN expression. The results for MDA-MB-231 are shown in
Figure 4(a).

We transfected construct expressing EGFRwt into the
EGFR-silenced cell lines MDA-MB-231 and MDA-MB-436 to
determine the effect of EGFR expression on everolimus sensi-
tivity. However, the overexpression of EGFR did not affect the
sensitivity to everolimus. The results for MDA-MB-231 are
shown in Figure 4(b).

In vivo antitumor effects. To determine whether everolimus
is also effective against basal-like breast cancer in vivo, the
growth inhibitory effect was evaluated against MDA-MB-468,
basal-like breast cancer cell line, and MDA-MB-231, non-
basal-like breast cancer cell line, tumor xenografts. Everolimus
treatment (10 mg/kg day, three times per week for 3 weeks)
significantly suppressed the tumor volumes of the MDA-MB-
468 xenografts, with T/C values of 38.3% (P = 0.016) on day
22 (Fig. 5a). On the other hand, everolimus treatment did not
significantly suppress the tumor volumes of the MDA-MB-231
xenografts, with T/C values of 58.7% (P = 0.35) on day 22
(Fig. 5b). Body weight loss after treatment was not observed
in the MDA-MB-468 and MDA-MB-231 xenograft groups
(data not shown).

Discussion

Patients with TNBCs have relatively poor outcomes and can-
not be treated with endocrine therapy or therapies targeted to
HER?2 receptors.”? The lack of tailored therapies is problem-
atic for the treatment of TNBCs, and the development of novel
therapies is crucial. In this study, everolimus effectively inhib-
ited growth in some TNBC cell lines with a sub-nM ICs, con-
centration in vitro. In previous reports, everolimus has shown
limited growth-inhibitory activities against several human can-
cer cell lines, compared with TNBC cell lines.®*** QOur
results suggest that everolimus is a promising therapy for
TNBCs.

The classification of TNBC subgroups is necessary for the
future development of therapies. In this study, we found that
TNBC cell lines classified as basal-like breast cancer were
highly sensitive to everolimus, while cell lines characterized as
cancer stem-cell-like were less sensitive to everolimus. Similar
to the results of the in vitro assay, we found that treatment with
everolimus significantly inhibited tumor growth in basal-like
breast cancers in vivo. In a previous report, EGFR expression
was associated with a poor prognosis and was a significant
indezr%endent negative prognostic factor in a multivariate analy-
sis.®? Voduc e al.® reported that the risk of local and regio-
nal relapse in basal-like breast cancer was higher than those in
other breast cancer subtypes. Our results suggest that everoli-
mus is a promising therapy targeting basal-like TNBC.

Previous studies have suggested that the loss of PTEN
may predict sensitivity to everolimus, since PTEN dysfunction
leads to the activation of the PI3K/Akt/mTOR signaling
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of rapamycin (mTOR) cascade proteins and mTOR
cascade modulation by everolimus in nine triple-
negative breast cancer (TNBC) cell lines. (a) Baseline

p-Akt

protein expressions of PTEN, p-Akt, Akt, p-mTOR,
mTOR, p-56, S6, p-4EBP1, 4EBP1, and B-actin in nine
TNBC cell lines. Ten micrograms of protein were

Akt

prepared from the indicated cell lines at 60-70%
confluence. The «cell lines are arranged in

decreasing order of sensitivity to everolimus, from

p-S6

left to right. B-Actin was used as a loading control.
(b) Cells were untreated or treated with 0.5, 5, or

50 nM of everolimus for 1 h. Five micrograms of

S6

protein were prepared from the indicated cell lines.
Equivalent reductions of p-56 and S6 were observed

with only 0.5 nM in the two sensitive cell lines

B-actin

(MDA-MB-468 and BT549) and the two resistant cell
lines (MDA-MB-231 and MDA-MB-157).

pathway.®%*” In the present study, three of the five cell lines
that were sensitive to everolimus were PTEN-deficient cells,
and the other two sensitive cell lines exhibited normal levels
of PTEN protein expression. Two of the four everolimus-resis-
tant cell lines were PTEN-deficient cells. Furthermore, in the
siRNA experiment, although silencing the expression of PTEN
activated Akt in BT20 and MDA-MB-231 cells, the sensitivi-
ties of these cell lines to everolimus did not change. Our
results indicate that PTEN deficiency does not predict the
response to everolimus in TNBCs. Furthermore, in a clinical
trial with glioblastoma patients, no correlation between PTEN
deficiency and the response to everolimus was observed.®®
Thus, these results suggest that mTOR was not controlled only
by Akt, but also by multiple factors and signaling pathways.
Furthermore, the role of PTEN in the response to everolimus
may differ according to the type of cancer.

In this study, the expression of EGFR was correlated with
the sensitivity to everolimus, and we considered the possibility
that EGFR may be a key molecule in determining efficacy.
EGFR overexpression in breast cancer has been reported in
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approximately 20-30% of all cases.®**® In TNBCs, EGFR
expression was reported in 41-57% of cases and EGFR
amplification was reported in 18%.%>*" However, we found
that EGFR transfection did not affect the sensitivity to everoli-
mus, suggesting that there is another cascade that affects
everolimus sensitivity. We observed an elevation in phos-
phor EGFR after everolimus treatment in a sensitive cell line,
suggesting that a feedback mechanism might influence the
sensitivity to everolimus. We examined the induction of apop-
tosis using three different assays; however, we did not
observe any significant apoptosis events. The difference in
the sensitivity of the TNBCs can likely be explained by
some mechanism of action other than apoptosis. Further stud-
ies are needed to clarify these mechanisms and to elucidate
the mechanism responsible for the sensitivity to everolimus
in TNBCs. Furthermore, we suggest that combination strate-
gies including mTOR inhibitor and PI3K or MEK inhibitor
are needed in future clinical trials to overcome the multiple
cascades or compensatory feedback systems resulting in cell
survival.
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Determination of breast cancer subtypes using basal markers and stem cell-like characteristics. (a) Protein expressions of p-EGFR, EGFR,

HER2, E-cadherin, Snail, Twist, and B-actin in nine triple-negative breast cancer (TNBC) cell lines. Ten micrograms of protein were prepared
from the indicated cell lines at 60-70% confluence. The cell lines are arranged in order of decreasing sensitivity to everolimus, from left to right.
B-Actin was used as a loading control. (b) Epidermal growth factor receptor (EGFR) gene fluorescence in situ hybridization (FISH) analysis. MDA-
MB-468 and BT20 showed the gene amplification of EGFR. The other seven TNBC cell lines did not exhibit the gene amplification of EGFR. Two
positive cell lines and two negative cell lines are shown. (c) Immunohistochemical analysis of CK5/6. MDA-MB-468, BT20, and HCC38 were posi-
tive for CK5/6, and the other six cell lines were negative. Three positive cell lines and two negative cell lines are shown. Cell membranes were
stained by the CK 5/6 antibody in all MDA-MB-468 cells and in some BT20 and HCC38 cells (indicated by arrows).

Table 1. The status of basal-cell-like markers in the triple-negative breast cancer (TNBC) cell lines

MDA-MB-468 Hs578t BT549 BT20 HCC38 HCC1937 MDA-MB-436 MDA-MB-231 MDA-MB-157
EGFR protein +++ ++ ++ ++ * + + + +
EGFR amplification +++ - = ++ — _ _
EGFR mutationt — = — _ _ _ _ _ _
CK5/6 protein ++ — — + + — — — _
PIK3CA mutationt - — - - — — _ _

H1047R
AKT1 mutation§ = — _ _

tEGFR mutations: deletions in exon 19 (del 19) and L858R in exon 21. $PI3KCA mutations: E542K and E545K in exon 9 and H1047R in exon 20.

§AKT1 mutation: E17K in exon 4.
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Fig. 4. Effect of PTEN or epidermal growth factor receptor (EGFR)

modulation on everolimus sensitivity. (a) MDA-MB-231 and BT20
cells were transfected with siRNA specific to human PTEN or
nonspecific control siRNA. After 24 h, the cells were treated with
the indicated concentrations of everolimus for 72 h. The resuits for
MDA-MB-231 are shown. (b) MDA-MB-231 and MDA-MB-436 cells
were transfected with retrovirus containing either an empty vector or
an EGFRwt vector and then were treated with the indicated concen-
trations of everolimus for 96 h. The results for MDA-MB-231 are
shown.

Recent reports have indicated that the emergence of cancer
stem cells occurs, in part, as a result of the epithelial-mesen-
chymal transition (EMT).“?* The EMT is characterized by a
decrease in epithelial-specific gene expression, including E-
cadherin, and a gain in mesenchymal-specific gene expression,
including rwist and snail.**'> Our data shows that cancer
stem cell-positive TNBC cells tend to be resistant to everoli-
mus. These EMT-rich TNBCs do not respond to traditional
cytotoxic drugs or targeted therapies that act on signal trans-
duction. Thus, other therapeutic strategies against these
TNBCs, such as stem cell- or EMT-targeted drugs, are
urgently needed.

This study suggests that everolimus is a promising agent for
the treatment of TNBCs, especially basal-like breast cancers.
Basal markers (EGFR and CK5/6) or cancer stem cell markers
(E-cadherin, snail, or twist) may be predictive markers of the
response to everolimus in TNBCs.
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Fig. 5. Effect of RAD0OO1 on the growth of breast cancer cell lines

in vivo. Athymic nude mice were inoculated with MDA-MB-468
cells (@) or MDA-MB-231 cells (b). When the tumors reached an
average size of 120 mm?®, mice were treated with placebo or
10 mg/kg per day RADO01, three times per week for 3 weeks.
The tumors were measured twice weekly and tumor size was aver-
aged for each treatment group. Points, mean; bars, standard
deviation (SD); *P < 0.05, significantly different from placebo-treated
mice.
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Abstract

Background: Pancreatic carcinoma is a significant cause of cancer-related death in developed countries. As the
level of circulating endothelial cells (CECs) is known to increase in response to various cancers, we investigated the
predictive potential of CEC levels and the association of these levels with the expression of proangiogenic factors in
pancreatic carcinoma patients.

Methods: Pancreatic carcinoma patients receiving gemcitabine chemotherapy were prospectively assigned to this
study. CEC levels were measured using the CellTracks system, and the plasma levels of several angiogenesis factors

factors were evaluated.

carcinoma patients.

chemotherapy.
Trial registration: UMINO00002323

were measured using multiplex immunoassay. Associations between clinical outcomes and the levels of these

Results: Baseline CEC levels were markedly higher in pancreatic carcinoma patients (n=37) than in healthy
volunteers (n=53). Moreover, these high CEC levels were associated with decreased overall survival (median,
297 days versus 143 days, P < 0.001) and progression-free survival (median, 150 days versus 64 days, P=0.008), as
well as with high vascular endothelial growth factor, interleukin (IL)-8, and IL-10 expression in the pancreatic

Conclusions: Several chemokines and proangiogenic factors correlate with the release of CECs, and the number of
CECs detected may be a useful prognostic marker in pancreatic carcinoma patients undergoing gemcitabine

Keywords: Pancreatic carcinoma, Circulating endothelial cells, Angiogenesis factors

Background

Pancreatic carcinoma is one of the most lethal tumors
and is the fourth leading cause of cancer-related death
in developed nations [1]. As pancreatic carcinoma has a
high propensity for both local invasion and distant me-
tastasis, surgery is precluded as a treatment for most
patients who present with advanced-stage disease. These
patients have a median survival of only 6 months and an
overall 5-year survival of less than 5%. The prognosis for
advanced pancreatic carcinoma patients is therefore
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extremely poor, and the impact of standard therapy is
only modest, despite many advances that have improved
the outcome of this disease.

Pancreatic carcinoma is not a grossly vascular tumor;
however, it overexpresses multiple mitogenic growth fac-
tors that are also angiogenic, such as epidermal growth
factor (EGF), hepatocyte growth factor (HGF), fibroblast
growth factor (FGF), platelet-derived growth factor B
chain (PDGF-BB), and vascular endothelial growth factor
(VEGEF). Angiogenesis often occurs in response to an im-
balance in which proangiogenic factors predominate
over antiangiogenic factors. For instance, VEGF expres-
sion has been shown to promote tumor growth in pan-
creatic carcinomas [2]. High VEGF expression is also

© 2012 Kondo et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http.//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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associated with increased microvessel density [3] and is
a predictor of poor outcomes and early tumor recur-
rence after curative resection [4]. Although agents that
target the VEGF signaling pathway have been shown to
inhibit tumor growth, metastasis, and angiogenesis [5],
treating advanced pancreatic carcinoma patients with
axitinib—a selective inhibitor of VEGF receptors 1, 2,
and 3—in combination with gemcitabine was not found
to improve overall survival in a phase 3 trial [6]. Despite
this finding, proangiogenic factors remain an important
therapeutic target for the treatment of pancreatic
carcinoma.

Circulating endothelial cells (CECs) are mature cells
that are not associated with vessel walls but are detached
from the endothelium and circulate within peripheral
blood. The number of CECs present in the blood has
been found to increase in response to cardiovascular dis-
ease, vasculitis, infectious disease, and various cancers
[7,8]. Indeed, the level of CECs has been recognized as a
useful biomarker for vascular damage. It has also been
reported that the number of CECs found in non-small
cell lung cancer patients treated with carboplatin plus
paclitaxel is a promising predictive marker of the clinical
efficacy of these drugs [9]. We believe that CEC levels
may also be a potential biomarker for pancreatic carcin-
oma; therefore, we investigated the levels of CECs found
in patients with different severities of pancreatic carcin-
oma, as well as the effects of gemcitabine treatment on
CEC levels. Furthermore, the associations between CEC
levels and the expression levels of several factors
involved in angiogenesis and neovascularization were
also examined in this study.

Methods

Study approval

This prospective study was approved by the Institutional
Review Board of the National Cancer Center, and writ-
ten informed consent was obtained from all patients.
This study is registered with the University Hospital
Medical Information Network in Japan (UMIN; number
UMIN000002323) and has been completed.

Patients and blood sample collection

A total of 37 chemotherapy-naive patients with histolo-
gically or cytologically confirmed invasive ductal pancre-
atic carcinoma were prospectively enrolled in this study
between April 2009 and March 2010 and received gem-
citabine chemotherapy. Patients with coexisting infec-
tions and/or cardiovascular illness were excluded. The
detailed history of all the patients was obtained and a
physical examination was performed before beginning
gemcitabine treatment. Pretreatment baseline laboratory
parameters were also assessed for all patients. The base-
line tumor status of each patient was evaluated using
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computed tomography (CT) scans of the chest, abdo-
men, and pelvis, while peripheral blood sampling was
performed both prior to treatment initiation (baseline)
and at day 28 + 7 after starting chemotherapy. A dose of
1000 mg/m® gemcitabine was administered intraven-
ously for 30 min on days 1, 8, and 15 of a 28-day cycle
until disease progression, unacceptable toxicity, or pa-
tient refusal occurred. The data collected included those
pertaining to standard demographics and disease charac-
teristics, the date of initial treatment, the best response
to treatment, date of progression, and the date of death
or last follow-up. The tumors were evaluated every 6—
8 weeks after starting each course of gemcitabine, and
best responses were documented according to the Re-
sponse Evaluation Criteria in Solid Tumors (RECIST).

CEC enumeration

Blood samples from advanced pancreatic carcinoma
patients were drawn into 10 mL CellSave Preservative
Tubes (Immunicon Corp. Huntingdon Valley, PA) for
CEC enumeration. Samples were obtained both before
starting chemotherapy (baseline) and at 28 +7 days after
starting chemotherapy. Samples were kept at room
temperature and processed within 42 h of collection. All
of the evaluations were performed without knowledge of
the clinical status of the patients. The CellTracks system
(Veridex, LLC), which consists of the CellTracks AutoP-
rep system and the CellSpotter Analyzer system, was used
for endothelial cell enumeration. In this system, CECs
are defined as CD146"/DAPI"/CD105-PE"/CD45APC
cells. Briefly, CD146" cells were captured immunomag-
netically by using ferrofluids coated with CD146 anti-
bodies. The enriched cells were then labeled with the
nuclear dye 4 V, 6-diamidino-2-phenylindole (DAPI),
CD105 antibodies were conjugated to phycoerythrin
(CD105-PE), and the pan-leukocyte antibody CD45 was
conjugated to allophycocyanin (CD45-APC). Cells with
the DAPI"/CD105"/CD45  phenotype were enumerated.
We evaluated morphological cell viability and excluded
dead cells from the cell count. The number of CECs in
each sample was determined twice, and the mean value
was calculated.

Antibody suspension bead array system

Peripheral blood was drawn into prechilled tubes con-
taining ethylenediaminetetraacetic acid; was immedi-
ately subjected to centrifugation at 1000 g and 4°C for
15 min, plasma was transferred to microtubes and sub-
jected to further centrifugation at 10,000 g and 4°C for
10 min to remove contaminating platelets. Plasma sam-
ples were collected from patients before gemcitabine
treatment was initiated and were stored at -80°C until
they were used for testing. The plasma concentrations
of 7 biological markers (interleukin [IL]-6, IL-8, IL-10,
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PDGE-BB, VEGF, HGF, and SDEF-1 alpha) were assayed
in a subgroup of patients and control individuals by
using the Bio-Plex suspension array system (Bio-Rad,
Hercules, CA), which allows the simultaneous identifi-
cation of cytokines in a 96-well filter plate. In brief, the
appropriate cytokine standards and diluted plasma sam-
ples were added to a 96-well filter plate and incubated
at room temperature for 30 min with antibodies chem-
ically attached to fluorescent-labeled micro beads. After
3 filter washes, premixed detection antibodies were
added to each well and incubated for 30 min. After 3
more washes, premixed streptavidin-phycoerythrin was
added to each well and incubated for 10 min, followed
by 3 more washes. The beads were then resuspended in

Table 1 Patient characteristics and CEC detection
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125 uL of assay buffer and the reaction mixture was
quantified using the Bio-Plex protein array reader. Data
were automatically processed and analyzed with Bio-
Plex Manager Software 4.1 by using the standard curve
obtained using a recombinant cytokine standard.

Statistical analyses

The Mann—Whitney test was used to compare the distri-
butions of clinical factors and marker concentrations be-
tween patients with progressive disease (PD) and those
without PD, stages III and IV disease, or recurrence. The
survival time (progression-free survival [PFS] and overall
survival [OS]) and clinical factors (age, gender, and Eastern
Cooperative Oncology Group [ECOG] performance status

Mean CEC level 166 cells/4 mL Range (2-1195 cells/4 mL) Total P?
> 166 cells/4 mL <166 cells/4 mL
CEChigh CEclow
12 25 37

Age Over 70 8 10 18 (49%) 017
Below 70 4 15 19 (51%)

Sex Male 7 17 24 (65%) 0.72
Female 5 8 13 (35%)

Stage L 3 11 14 (38%) 0.59
v 8 12 20 (54%)
Recurrence 1 2 3 (8%)

ECOG PS 0 5 18 23 (62%) 0.09
1 6 4 10 (27%)
2 1 3 4 (11%)

Pancreatic tumor location Head 5 12 17 (46%) >09
Body 5 9 14 (38%)
Tail 2 4 6 (16%)

CA19-9 (U/mL) 210,000 3 5 8 (22%) >09
< 10,000 9 20 29 (78%)

CRP (mg/dL) 210 7 3 10 27%) <001
<10 5 22 27 (73%)

Histology Poorly differentiated 5 9 14 (38%) 0.62
Moderately differentiated 4 10 14 (38%)
Adenosquamous 1 0 1 (2%)
N.E (cytology only) 2 6 8 (22%)

Tumor response Partial response 2 2 4(11%) <005
Stable disease 4 18 22 (59%)
Progressive disease 6 5 11 (30%)

Second line therapy S-1 6 12 18 (49%) 1
Oxaliplatin +S-1 0 2 2 (5%)
No 6 1 17 (46%)

P values were calculated for each variable using Fisher’s exact test.

Abbreviations: CEC = circulating endothelial cell; ECOG = Eastern Cooperative Oncology Group; CA19-9 = carbohydrate antigen 19-9; CRP = C-reactive protein.
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Figure 1 Kaplan-Meier curves for (A) progression-free survival with CEC counts, (B) progression-free survival with IL-6 levels, (C)
progression-free survival with IL-8 levels, (D) progression-free survival with I1L-10 levels, (E) progression-free survival with VEGF levels,
(F) progression-free survival with PDGF-BB levels, (G) progression-free survival with HGF levels, and (H) progression-free survival with
SDF-1 alpha levels. The cut-off points for the angiogenic factors were determined to be equal to or greater than these mean levels.
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[PS], and clinical stage of the patients) were examined
using the Cox proportional hazards model. The survival
curves for PFS and OS were estimated using the Kaplan-
Meier method. Kaplan-Meier curves were used only to de-
termine the trends of the associations between the mole-
cules and PFS/OS, as any determination of the optimal
cutoff point for the molecules relative to PFS/OS was
beyond the scope of the present study. All statistical
analyses were performed using IBM SPSS Statistics 18
(IBM Corporation, Somers, NY, USA).

Results

Patient characteristics

A total of 37 patients with pancreatic carcinoma were
prospectively enrolled in this study. Fourteen of these
patients (38%) presented with locally advanced pancre-
atic carcinoma, 20 patients (54%) presented with metas-
tases, and 3 patients (8%) were enrolled following
recurrence after surgery. Twenty-three patients (62%)
had ECOG PS0, 10 patients (27%) had ECOG PS1, and 4
patients (11%) had ECOG PS2. Histologically, 14
patients (38%) had poorly differentiated adenocarcin-
oma, 14 patients (38%) had moderately differentiated
adenocarcinoma, 1 patient (2%) had an adenosquamous
tumor, and 8 patients (22%) had cytological adenocarcin-
oma. No patient experienced a complete response to
treatment. Four patients (11%) exhibited a partial re-
sponse (PR) rate to treatment (11%), stable disease (SD)
was observed in 22 patients (59%), and PD was observed
in 11 patients (30%). Second-line therapy was adminis-
tered to 20 patients (54%), whereby 18 patients (49%)
received S-1 monotherapy and 2 patients (5%) received
oxaliplatin and S-1 combination therapy (Table 1).

Baseline levels of CECs and angiogenic factors

The mean CEC level found in the pancreatic carcinoma
patients was 166 cells/4 mL (range: 2—-1195 cells/4 mL)
while the median CEC level was 66 cells/4 mL. These
CEC levels were higher than those of randomly-selected
healthy volunteers (P<0.01), as previously reported
(n=53, mean+SD =46.2+86.3 cells/4 mL) [9]. In this
study, the cut-off point of CEC™€" was determined to be
equal to or greater than 166 cells/4 mL while that of
CEC"" was lower than 166 cells/4 mL. CECM" was
significantly associated with high levels of C-reactive
protein (CRP) (over 1.0 mg/dL; P <0.01). The median
PFS was 64 days (95% confidence interval [CI], 45-83)
in the CEC8" group, while that in the CEC'®" group
was 150 days (95% CI, 130-170; log-rank test; P=0.008;
Figure 1A). The median OS was 143 days (95% CI,
53-233) in the CECM&" group and 297 days (95% CI,
240-354) in the CEC'®" group (log-rank test; P < 0.001;
Figure 2A). Univariate analysis of CEC levels and
clinical factors for OS was performed using the Cox
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proportional hazard model. The hazard ratio (HR) for
CEC levels (CECM®" versus CEC'") was 5.18 (95% ClI,
2.23-12.03; P < 0.001).

The mean levels of IL-6, IL-8, IL-10, PDGF-BB,
VEGFE, HGF, and SDF-1 alpha were found to be
193 pg/mL, 11.3 pg/mL, 7.82 pg/mL, 1127.5 pg/mL,
44.1 pg/mL, 471.3 pg/mL, and 110.6 pg/mlL, respect-
ively. The cut-off points for the angiogenic factors were
determined to be equal to or greater than these mean
levels, and the median PFS in HGF'Y was longer than
the HGFM" group (P=0.001; Figure 1G). However,
other factors were not found to have statistical signifi-
cance with regard to PFS. The median OS was longer in
the case of IL-10 (112 days [95% CI, 50-173] in IL-10Me"
vs. 264 days [95% CI, 204—324] IL-10"°%, log-rank test:
P =0.003; Figure 2d) and HGF (150 days [95% CI, 65—
234] in HGF"®" vs. 291 days [95% CI, 223-359] in
HGF"", log-rank test: P=0.01; Figure 2 G).

Among the clinical factors that were examined in this
study, a poor PS (PS 1 and 2), advanced stage (stage IV
and recurrence), and high levels of IL-10, HGF, and CRP
were significantly correlated with poor OS in univariate
cox analysis, with HRs of 2.72 (95% CI, 1.29-5.70;
P=0.008), 2.21 (95% CI, 1.03~4.71; P=0.04), 5.05 (95%
Cl, 1.55-16.39; P=0.007), 2.52 (95% CI, 1.22-5.21;
P=0.01), and 2.49 (95% CI, 1.14-5.42; P=0.02), respect-
ively. In a multivariate Cox analysis model that included
clinical stage, PS, CRP levels, CEC levels, IL-10 levels,
and HGF levels, the number of CECs detected remained
statistically stable at 0.05. The resulting HRs were
2.04 (95% CI, 0.78-5.35; P=0.15), 2.58 (95% CI, 0.98-6.76;
P>0.05), 2.04 (95% CI, 0.62—6.76; P =0.24), 5.14 (95% CI,
1.83-14.45, P=0.002), 526 (95% CI, 1.26-22.22; P=0.02)
and 134 (95% CI, 046-391; P=0.59), respectively
(Table 2).

Changes in CEC number during treatment

The number of CECs was analyzed in 22 of the 37
patients at 28+ 7 days after the start of gemcitabine
therapy. The mean number of CECs detected in these
patients after 28 +7 days was 133 cells/4 mL (range:
15-664 cells/4 mL), while the median number of CECs
was 68 cells/4 mL. The absolute counts of CECs did
not change significantly between day 1 and day 28+7
of treatment (Mann~Whitney test, P=0.11). Further-
more, a change in CEC counts from baseline to after
28+7 days of treatment was not statistically associated
with tumor response (Mann—Whitney test, P>0.05,
Figure 3).

Association between CEC number and blood angiogenic
factors

The numbers of CECs were compared between non-
PD (PR and SD, n=26) and PD patients (n=11) for
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all markers. The baseline levels of CEC (P=0.03), IL-6
(P<0.01), and IL-10 (P=0.03) were found to be signifi-
cantly higher among patients with PD than among
those with PR or SD. The blood concentrations of HGF
(P<0.001), IL-6 (P < 0.01), and IL-8 (P < 0.001) were also
significantly higher among patients with clinical stage IV
disease and recurrence than among those with stage III
disease. When the association between CEC number and
the expression of other angiogenic factors was examined,
the number of CECs was found to correlate positively
with the levels of VEGF (r=0.34, P=0.04), HGF (r=0.37,
P=0.02), IL-8 (r=038, P=0.02), and IL-10 (r=045,
P =0.006), suggesting that the number of CECs is related
to the expression of these markers (Table 3).

Discussions

In most cases, CECs are apoptotic or necrotic cells that
are released into circulation as a byproduct of vascular
turnover. In some cancer patients, the level of CECs is
significantly higher than that of healthy individuals, and
this increased level has been identified as a surrogate
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marker of angiogenesis and anti-angiogenic drug activity
[10,11]. The present study has shown that baseline CEC
levels are markedly higher among pancreatic carcinoma
patients than in healthy individuals. Our results also
support the hypothesis that CEC levels are associated
with clinical outcome in pancreatic carcinoma patients
undergoing gemcitabine chemotherapy, and may be a
prognostic factor for this disease. A previous study
found that the baseline level of CECs, identified as
CD45°CD317CD34" by flow cytometry, was inversely
associated with OS in patients who had gemcitabine-
refractory metastatic pancreatic carcinoma and were
treated with bevacizumab plus erlotinib [12]. CEC
(CD45°CD317CD146") detection by flow cytometry
requires careful discrimination between blood cell popu-
lations with overlapping phenotypes showing hallmarks
of T cells (CD45CD31°CD146") and platelets (CD45
CD31Me"CD146"). These cells populations show distinct
regulation during cancer therapy, and their concomitant
analysis may offer extended prognostic and predictive
information [13].

Table 2 Univariate and multivariate Cox analyses of prognosis

Univariate analysis HR 95% Ci P
Age: Over 70 vs. Below 70 0.52 0.25-1.13 0.1
Sex: Male vs. Female 1.00 048-2.08 0.99
Stage: IV+ Recurrence vs. llI 2.21 1.03-4.71 0.04
ECOG PS: 2+1vs. 0 272 1.29-570 0.008
Pancreatic tumor location: Head vs. Others 094 0.46-1.90 0.86
CA19-9 (cut-off: 10,000 U/mL): CA19-9M9" vs CA19-9°% 177 0.75-4.15 0.19
CRP level (cut-off. 1.0 mg/dL): CRPM" vs, CRP'™™ 249 1.14-542 002
Histology: Poorly differentiated vs. Others 1.09 052-227 0.82
Second line therapy: Yes vs. No 061 030-1.24 0.17
CEC level (cut-off. 166 cells/4 mL): CEC"" vs, CEC'" 518 223-1203 <0001
IL-6 (cut-off: 193 pg/mL): IL-6"9" vs. 1L-6° 252 0.73-864 0.14
IL-8 (cut-off: 11.3 pg/mL): IL-8"9" vs, 1L-8° 174 0.82-367 015
IL-10 (cut-off: 7.82 pg/mL): IL-107" vs, IL-10 505 1.55-16.39 0.007
VEGF (cut-off: 44.1 pg/mL): VEGF™" vs, VEGF™ 1.22 0.60-247 059
PDGF-BB (cut-off: 1127.5 pg/mL): PDGF-BB™" vs. PDGF-BB™ 093 043-204 0.86
HGF (cut-off: 471.3 pg/mL): HGF9" vs. HGF" 252 122-521 001
SDF-1 alpha (cut-off: 1106 pg/mL): SDF-1 alpha™" vs, SDF-1 alpha'®® 123 0.60-253 0.56
Multivariate analysis HR 95% ClI P
Stage: IV + Recurrence vs. Il 204 0.78-5.35 0.15
ECOG PS: 2+ 1vs. 0 258 0.98-6.76 >005
CRP level (cut-off: 1.0 mg/dL): CRPM" vs. CRP'OW 204 062-6.76 0.24
CEC level (cut-off: 166 cells/4 mL): CEC9" vs, CECW 5.14 183-1445 0.002
IL-10 (cut-off: 7.82 pg/mL): IL-1079" vs. {10 526 1.26-22.22 0.02
HGF (cut-off: 471.3 pg/mL): HGF™" vs. HGF 134 046-391 059

Abbreviations: HR =hazard ratio; Cl = confidence interval; ECOG PS = Eastern Cooperative Oncology Group performance status; CEC = circulating endothelial cells;
IL = interleukin; PDGF-BB = platelet-derived growth factor-B chain; VEGF =vascular endothelial growth factor; HGF = hepatocyte growth factor; CA19-9
= carbohydrate antigen 19-9; CRP = C-reactive protein; CEA = carcinoembryonic antigen.
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Figure 3 Waterfall plot showing the changes in CEC counts and tumor response in patients without progressive disease (PD) (those
with partial response [PR] or stable disease [SD]) and patients with PD, after 28 + 7 days of gemcitabine treatment.

PD

Our study also found the baseline level of CECs, as
well as the levels of HGE, IL-6, and IL-10, which are
associated with gemcitabine resistance or stemness, to
be significantly higher among PD patients. Univariate
Cox model analysis further demonstrated that PS, clin-
ical stage, CRP levels, and CEC levels are all associated
with the survival of pancreatic carcinoma patients, while
multivariate Cox analysis showed that CEC and IL-10
levels are strongly associated with survival.

Table 3 Association between CECs and other factors

The number of CECs detectable in individuals has
previously been found to be associated with the plasma
levels of VCAM-1 and VEGF in cancer patients [14]
[15]. Our findings further show that, in addition to
VEGE, CEC levels are strongly associated with the
expression levels of IL-8, IL-10, and HGF in pancreatic
carcinoma patients. These molecules, among others,
play important roles in tumor biology and have been
implicated in several cellular phenotypes. Chemokines,

Mean+SD Spearman’s rank correlation coefficient P

CEC (cells/4 mL) 166.2+£2289 1 -
IL-6 (pg/mL) 193+£524 0.17 0.30
IL-8 (pg/mL) 11.3+10.1 0.38 002
IL-10 (pg/mL) 7824269 045 0.006
VEGF (pg/mL) 441+388 034 004
PDGF-BB (pg/mL) 1127549415 024 0.16
HGF (pg/mL) 471342490 037 0.02
SDF-1alpha (pg/mL) 1106+43.7 0.15 037
CRP (mg/dL) 19+£39 0.31 0.06
CA19-9 (U/mL) 18,229.1+553778 0.11 0.50
CEA (ng/ml) 183£510 0.03 0.88

Abbreviations: CEC = Circulating endothelial cell; IL = interleukin; PDGF-BB = platelet-derived growth factor-B chain; VEGF = vascular endothelial growth factor;
HGF = hepatocyte growth factor; CA19-9 = carbohydrate antigen 19-9; CRP = C-reactive protein; CEA = carcinoembryonic antigen.
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including IL-8 and IL-10, are small peptides involved in
controlling cell migration, particularly in leukocytes,
during inflammation and the immune response. Chemo-
kines are also important in tumor biology as they influ-
ence tumor growth, invasion, metastasis, and
angiogenesis. For instance, VEGF, HGF and IL-8 signifi-
cantly stimulate the proliferation, migration, and inva-
sion of cancer cells. CEC are shed from vessels and this
process may be amplified by an aberrant vascular turn-
over/remodeling associated with high local levels of
VEGF required for CEC survival [16]. The chemokine
SDF-1 has likewise been found to enhance the produc-
tion of IL-8 by pancreatic cells in a paracrine manner
[17]. Although our results did not indicate that SDF-1
levels were associated with CEC or IL-8 levels in the
pancreatic cancer patients examined, it is likely that sev-
eral of the proangiogenic factors examined in this study
interact with each other to promote vascular turnover
and remodeling, thereby leading to a higher number of
CECs in the peripheral blood of cancer patients.

Drugs targeting angiogenesis, such as those that inhibit
the VEGF pathway, have had a major impact in the treat-
ment of many types of cancer. The VEGF pathway is also
an independent prognostic factor for patient survival in
pancreatic carcinoma. Although preclinical models have
suggested that VEGF-VEGF receptor inhibitors would be
effective in the treatment of pancreatic carcinoma,
patients who received bevacizumab and axitinib therapy
in addition to gemcitabine have not shown a survival ad-
vantage when compared to those treated with gemcitabine
alone [6,18]. These results add to the increasing evidence
that suggests that targeting VEGF signaling is an ineffect-
ive strategy in the treatment of pancreatic carcinoma.
However, many antiangiogenic therapies modulate the ex-
pression levels of proangiogenic factors [19], and many
factors are associated with tumor angiogenesis. Therefore,
there are a variety of potential therapeutic targets that
may be exploited in order to target angiogenesis, poten-
tially including those examined in this study.

In advanced non-small cell lung cancer (NSCLC),
patients with higher baseline CEC counts have PR/SD and
longer PFS. It has also previously been reported that the
elevated CEC numbers exhibited in NSCLC patients de-
crease following treatment with carboplatin in combin-
ation with paclitaxel [9]. Paclitaxel and docetaxel are
categorized as mitotic spindle agents with potent antian-
giogenic properties [20-22]. Therefore, it seems that the
baseline CEC count is a promising predictor of clinical re-
sponse to the carboplatin plus paclitaxel regimen, as well
as of survival. However, although several other clinical
studies that have examined CECs have also found chemo-
therapy to be associated with either an increase or de-
crease in CEC number [23,24], no association was
detected between gemcitabine treatment and CEC
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number in the pancreatic carcinoma patients in our study.
Although gemcitabine has anti-angiogenic properties,
higher baseline CEC levels were associated with PD in
pancreatic carcinoma patients receiving gemcitabine ther-
apy, and patients with high CEC counts exhibited poor
clinical condition. It is therefore likely that the tumor type,
anti-cancer drugs being administered, and the amount of
time between the start of treatment and the time when
CEC counts are obtained influence the number of CECs
detected in cancer patients after treatment. In this study,
we measured CEC levels before starting chemotherapy
and at 28 £ 7 days after starting chemotherapy, the time of
sampling might influence the changes of CEC level. More-
over, the diversity in literature regarding CEC up-or
down-regulation during cancer therapy and the associated
prognostic and predictive evidence might in part be
explained by a differential focus on or by the lack of dis-
crimination between these cell populations [13].

Conclusions

Although the number of patients examined in this study
was small, and patients were recruited prospectively, this
study, along with others, has shown the clinical import-
ance of CEC number as a prognostic factor in advanced
pancreatic carcinoma treated with gemcitabine chemo-
therapy, whereby high CEC counts are associated with
poor prognosis. This study also found that elevated CEC
counts are associated with the high expression levels of
several chemokines and proangiogenic factors involved in
the regulation of tumor immunological and angiogenic
factors. Although this correlation between blood para-
meters is not proof of a causal relationship, these factors
may provide viable therapeutic targets for the treatment
of pancreatic carcinoma in the future. Further studies in a
larger population will be required to confirm our findings.
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