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Abstract The aggressive behavior of esophageal cancer
leads to a low survival rate for patients with this disease.
Isolated esophageal cancer cells seem to have the potential
for regrowth and metastasis. To control the metastasis of
esophageal carcinoma, detailed analysis of various molecu-
lar and biological factors should be done in each patient.
Recent progress in molecular biology has revealed that on-
cogenes, suppressor genes, growth factors and their recep-
tors, adhesion molecules, angiogenic factors, cytokines, and
apoptotic factors are related to the growth and metastasis
of esophageal carcinoma. Among them, several genes have
been identified as having a crucial role in establishing the
metastasis of esophageal carcinoma, and multiple genetic
alterations may underlie the metastatic process. Microarray
analysis has also revealed several genetic networks that are
involved in the metastasis of esophageal cancer. These re-
cent findings regarding the metastasis of esophageal cancer
are summarized in the present review.

Key words Esophageal cancer - Lymph node metastasis -
Hematogenous metastasis - Isolated tumor cell - Metastatic
potential

Introduction

Esophageal cancer is the sixth most frequent cause of
cancer death worldwide, which is a higher rank than its
incidence (eighth) because of the low survival rate [1,2].
According to the Surveillance Epidemiology and End Re-
sults (SEER) program, the stage distribution of patients
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with esophageal cancer diagnosed at the U.S. National Can-
cer Institute was as follows: one-third of the patients had
localized disease (no sign of progression), one-third of them
had regional disease (usually with lymph node involve-
ment), and the remaining one-third had distant metastasis
[3]- Thus, understanding the mechanism of metastasis for
esophageal cancer may help us to treat this deadly disease
more effectively.

There are several steps in the process of establishment
of metastasis by cancer [3,4]. The initial phase is an invasive
process and the second phase is a metastatic process. The
invasive process has several steps, which are (1) loss of
contact inhibition, (2) tumor vascularization, (3) detach-
ment of cells from the primary tumor, (4) penetration of the
basement membrane, and (5) migration through the stroma.
The metastatic process also has several steps, comprising
(1) penetration of lymphatics and/vessels, (2) escape from
immune surveillance and survival in the circulation, (3) en-
trapment in the capillary bed of a distant organ, (4) penetra-
tion of the lymphatic or vessel wall to enter the tissue, (5)
growth in the new location, and (6) tumor vascularization.
Thus, invasion and metastasis are both dynamic multistep
processes [4].

With continued advances in the field of molecular biol-
ogy, our understanding of the behavior of esophageal can-
cer continues to evolve. The available evidence suggests
that multiple genetic alterations at the nucleotide and chro-
mosomal levels may be involved in the metastasis of esoph-
ageal cancer. These changes may include alterations of
oncogene or tumor suppressor genes, as well as genes for
growth factors, angiogenic factors, adhesion molecules, and
cytokines, and those involved in signal transduction and
apoptosis. Recent findings regarding the metastasis of
esophageal cancer are summarized in this review.

Invasion

Invasion initiates the metastatic process and requires chang-
es of tumor cell adhesion to other cells and to the extracel-
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lular matrix (ECM), as well as proteolytic degradation of
the tissue matrix and increased motility of tumor cells.
Then, it is necessary for tumor cells to penetrate into the
lymphatics or blood vessels.

Cadherins

Cell-to-cell adhesion is mediated by cadherins, and E-cad-
herin is the main regulator in epithelial tissues [5]. Loss or
dysfunction of E-cadherin decreases intercellular adhesion
and results in the acquisition of invasive capacity by esopha-
geal cancer cell lines [6]. Epidermal growth factor (EGF)
counteracts E-cadherin-mediated junctional assembly
through phosphorylation of beta-catenin and allows tumor
cell behavior to become more aggressive [7]. Also, hema-
togenous recurrence of esophageal squamous cell carcino-
ma (ESCC) s reported to show a correlation with E-cadherin
expression [8].

Alpha-catenin (alpba-cat) is a cytoplasmic protein that
forms a link to the cytoskeleton and thus regulates the
activity of E-cadherin (E-cad) [9]. The frequency of lymph
node metastasis by E-cad(+/-)/alpha-cat(-) tumors is sig-
nificantly higher than by E-cad(+)/alpha-cat(+) tumors or
E-cad(+/-)/alpha-cat(+/-) tumors. Thus, not only E-cad but
also alpha-cat are important regulators of intercellular ad-
hesion. In particular, reduction of alpha-cat expression in
human esophageal cancer is more strongly correlated with
an invasive phenotype and lymph node metastasis than in-
creased E-cad expression [10].

Although such data exist, two multicenter studies have
failed to confirm any relation between E-cadherin expres-
sion and lymph node metastasis or hematogenous metasta-
sis in patients with either advanced or superficial esophageal
cancer [11,12]. Thus, other mechanisms are suspected to
contribute to cadherin-related regulation of cell-to-cell at-
tachment in patients with esophageal cancer. The Snail
gene product is a transcriptional repressor of E-cadherin
and an inducer of the epithelial-mesenchymal transition in
several epithelial tumor cell lines [13,14]. Deletion of
E-cadherin is regulated by hypermethylation and Snail
expression, but overexpression of Snail is unrelated to clini-
copathological factors [15]. On the other hand, Slug, a
member of the Snail family of transcriptional factors, is a
newly identified suppressor of E-cadherin transcription
[16]. Slug expression is significantly correlated with reduced
E-cadherin expression, and tumors with low E-cadherin
expression or positive Slug expression are more likely to
show lymph node metastasis than tumors with preserved
E-cadherin expression or negative Slug expression {17].

Adhesion molecules

TSLCI/IGSF4 has been identified on chromosome
11q23.2 as a tumor suppressor gene in non-small cell lung

cancer by functional complementation of a lung adeno-
carcinoma cell line [18]. In a clinicopathological study,
loss of TSLC1 expression by ESCC was significantly corre-
lated with the depth of invasion and the metastatic status. _
The in vivo motility and invasiveness of ESCC cells were
significantly suppressed by TSLCL transfection in vivo
(19]. :

Thrombomodulin (TM) is a thrombin receptor that was
originally identified on the endothelium and acts as a natu-
ral anticoagulant {20]. However, TM is also expressed by
squamous epithelial cells, mainly at intercellular bridges.
Tumors usually express TM at cell-cell boundaries and in
the cytoplasm, and a decrease of TM expression is associ-
ated with lymph node metastasis. This action is very similar
to the influence of E-cadherin, although the structure of the
two molecules is quite different [21].

Desmoglein 1 (DG1) is a major component of the des-
mosomal membrane core that plays an important role in
epithelial cell adhesion [22]. A strong inverse correlation
has been found between DG1 expression and tumor inva-
sion, lymph node metastasis, lymphatic invasion, and vas-
cular invasion [23].

Focal adhesion kinase (FAK) is a tyrosine kinase that is
localized to focal cellular adhesions and is associated with
a number of other proteins, such as integrin adhesion recep-
tors [24]. A significant correlation has been observed be-
tween FAK overexpression and the presence of regional
lymph node metastasis, as well as the number of involved
lymph nodes [25].

Thus, not only the cadherin cell-cell adhesion system,,
but also various other adhesion molecules, including
TSLC1, thrombomodulin, desmoglein 1, and FAK, play a
role in the metastasis of esophageal squamous cell.
carcinoma.

Matrix metalloproteinases

Degradation of the extracellular matrix (ECM) is mediated
by matrix metalloproteinases (MMPs), and this is one of the
key steps during tumor invasion and metastasis [26]. MMPs
are known to be involved in the cleavage of cell-surface re-
ceptors, the release of apoptotic ligands, and inactivation of
chemokines. MMPs are also thought to play a major role in
various aspects of cell behavior, such as proliferation, mi-
gration (adhesion/dispersion), differentiation, angiogenesis,
apoptosis, and host defenses. '

Among the many MMPs, the expression of MMP-2, -3,
7,9, -12, -13, -14, and -26 appears to be closely related to
lymph node metastasis of ESCC [27-32]. In addition, MMP-
26 (matrilysin-2) expression is significantly correlated with
distant metastasis [32]. )

Tissue inhibitors of metalloproteinases (TIMPs) inhibit
the activity of MMPs and may also play an important
role in tumor invasion/metastasjs [26]. TIMP-1 and -3 have
been associated with lymph node metastasis of ESCC
[33,34].




Growth potential and motility
Cell proliférétion

Cyclin D1 has been mapped to the 11q13 region of chromo-
some 11, and its expression has been detected in SCC cell
lines and several primary esophageal cancers [35,36]. Over-
expression of cyclin D1 is correlated with distant metastasis
after curative resection, but there is no significant difference
in lymph node recurrence between patients with or without
overexpression [37,38]. This relationship of cyclin D1 to
hematogenous metastasis has been confirmed by logistic
regression analysis based on 11 different molecular and cel-
lular factors [39]. However, the reason why cyclin D1 is re-
lated to hematogenous metastasis, but not to lymph node
metastasis, is unclear.

The p16/MTS1/CDKN?2 gene regulates cyclin-dependent
kinase 4-mediated phosphorylation of pRB in normal cells.
The mean number of metastatic lymph nodes was signifi-
cantly higher in patients who had ESCC without p16
expression than in patients whose tumors showed p16 ex-
pression [38].

Ornithine decarboxylase (ODC) is a key enzyme
involved in the biosynthesis of polyamines, which are
essential for cell proliferation [40]. ODC-overproducing
transfectants show enhanced MAP kinase activity that par-
allels the extent of their invasiveness [41]. In patients with
esophageal cancer, overexpression of ODC mRNA shows
a significant correlation with lymph node metastasis [42].

Aurora-A/STK15/BTAK (Aurora-A) encodes a serine/
threonine kinase associated with the distribution of chro-
mosomes, and its upregulation induces chromosomal insta-
bility that leads to aneuploidy and cell transformation [43].
A correlation between the upregulation of Aurora A and
tumor aggressiveness has also been detected for several
cancers [44], and upregulation of Aurora-A mRNA and
protein is correlated with distant lymph node metastasis of
ESCC [45].

Thus, various genes related to cell proliferation may
have a role in the metastasis of esophageal cancer.

Motility
Growth factors

Epidermal growth factor (EGF) is one of the best known
growth factors expressed by malignant tumors, and upregu-
lation of the EGF receptor (EGFR) gene is associated with
a poor prognosis of ESCC [46,47]. Although the EGFR is
thought to have a role in metastasis of ESCC, there has only
been one study that demonstrated an association between
lymph node metastasis of ESCC and EGFR expression
[48].

Nerve growth factor (NGF) is overexpressed not only in
the nervous system but also by several types of cancer
[49,50]. An immunohistochemical study has revealed that
NGF overexpression is associated with lymph node metas-
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tasis and distant metastasis of ESCC [51]. NGF overexpres-
sion is also associated with strong Trk A expression and with
the lack of low-affinity neurotrophin receptor (p7SNTR)
expression. Cultured ESCC cell lines secrete detectable
amounts of NGF and also express both TrkA and p7SNTR.
A neutralizing anti-NGF antibody, a TrkA inhibitor, and a
small interfering RNA for NGF have all been shown to
significantly decrease the motility of an ESCC cell line over-
expressing NGF [51].

‘Signal transduction

Growth factor receptor-bound protein 7 (Grb7) has an Src
homology 2 (SH2) domain and shares structural homology
with a molecule related to cell migration in Caenorhabditis
elegans (designated as Mig-10) [52,53]. In esophageal carci-
poma cells, Grb7 protein undergoes tyrosine phosphoryla-
tion by epidermal growth factor and becomes attached to
various extracellular matrix proteins, including fibronectin.
This fibronectin-dependent phosphorylation of Grb7 is
regulated by integrin signaling that leads to an interaction
with focal adhesion kinase protein. Ectopic expression of a
Grb7-SH2 dominant-negative fragment has been found to
inhibit fibronectin-dependent phosphorylation of endoge-
nous Grb7 and reduce the migration 6f esophageal carci-
noma cells. Grb7 protein overexpression in resected ESCC
tumors is significantly correlated with the presence of lymph
node metastasis [54].

Members of the Smad family play a key role in regulating
gene expression in the transforming growth factor (TGF)-
beta-1 signaling pathway [55]. Activation of Smads leads to
their translocation from the cytoplasm to the nucleus, where
these molecules act as transcription factors. Esophageal
cancer patients with preserved expression of Smad4 have
fewer lymph node metastases than those with reduced
Smad4 expression. However, tumor cell expression of TGF-
beta-1 is not associated with any clinicopathological factors
[56].

Activin A is a member of the transforming growth fac-
tor-beta (TGF-beta) superfamily and is a strong differentia-
tion factor for embryonic stem (ES) cells [57]. Activin-betaA
(Act-betaA) is a subunit of activin A that shows significant
overexpression in cancer tissue. Although expression of
Act-beta A mRNA is not associated with the differentiation
of ESCC, it is associated with lymph node metastasis [58].

The Ras homologue (Rho) family of small guanosine
triphosphatases (GTPases) comprise a large branch within
the Ras family of low molecular weight guanine nucleotide-
binding proteins. Rho GTPases are thought to be involved
in regulating diverse physiological responses, such as cell
proliferation and motility, as well as pathological processes
such as cell transformation and tumor metastasis [59]. De-
spite the marked similarity of the different Rho isoforms
(Rho A, Rho B, and Rho C), their physiological roles are
distinct. In transfected ESCC cells, transfection of RhoC
promoted migration more effectively compared to RhoA
[60]. In a nude mouse experimental metastasis model,
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RhoA was shown to stimulate tumor growth more than
RhoC, whereas RhoC induced lung metastasis more often
than RhoA [60].

Recent studies have demonstrated that the Sonic Hedge-
hog (SHh) signaling pathway plays an important role in the
development of various organs, including the neural tube,
lungs, gastrointestinal tract, pancreas, and prostate [61].
SHh proteins act via the transmembrane proteins Patched
(Ptch) and Smoothened (Smo), which regulate the tran-
scriptional activity of three Gli zinc-finger transcription
factors [61,62]. Increased Hh signaling can lead to the de-
velopment of tumors (including gastrointestinal cancer),
and activation of the Hh signaling pathway is associated
with tumor metastasis [63,64]. '

Gli-1 was expressed by 31 of 34 esophageal cancer cell
lines (91%), whereas SHh, Ptch, and Smo were expressed
by all 34 cell lines [65]. Cyclopamine (a selective inhibitor
of the Hh signaling pathway) significantly inhibited the pro-
liferation and migration ‘of ESCC cells expressing Gli-1.
Also, SiRNA targeting Gli-1 inhibited the growth of ESCC
cells. Furthermore, the detection of Gli-1 expression in re-
sected tumors was associated with deeper tumor invasion,
lymph node metastasis, and a poor prognosis [65].

Migration factors

Caveolin-1 is the principal structural component of the ca-~

veolar membrane domain in nonmuscle cells, including the
ductal epithelium of the breast. There is now clear evidence
that caveolin-1 influences the development of cancer in hu-
mans [66). In cultured cells, caveolin-1 is known to act as a
negative regulator of the Rasp42/44 MAP kinase cascade
and as a repressor of cyclin D1 gene transcription, possibly
explaining its in vitro suppressive effect on cell transforma-
tion. However, overexpression of caveolin-1 is associated
with lymph node metastasis of ESCC and with a worse
prognosis after surgery [67].

Fascin is an actin-binding protein that induces mem-
brane protrusions and increases the motility of various
transformed cells [68]. An immunohistochemical study has
revealed that fascin expression is usually stronger in tumors
compared with normal epithelium. The fascin-immunoposi-
tive rate was associated with the extent of tumor invasion
and with lymph node metastasis in ESCC patients [69], and
an in vitro study revealed that all the 33 ESCC cell lines
tested were positive for fascin protein expression. One of
the fascin-overexpressing cell lines showed a decrease of
motility and invasiveness after downregulation of fascin ex-
pression by a vector-based small interfering RNA [69].

Autocrine motility factor (AMP) and its receptor (gp78)
have been shown to play an important role in tumor cell
migration, invasion, and metastasis [70]. In ESCC, gp78
expression shows a significant association with tumor size,
infiltrative growth, depth of invasion, and lymph node
metastasis [71].

Laminin-5 gamma-2 chain (LN-5 gamma-2) is an
extracellular matrix protein that plays an important role in

cell migration and tumor invasion [72]. LN-5 gamma-2
expression in the invasive edge of the tumor was correlated
with the depth of invasion and lymph node metastasis
[48]. .

Although the mechanism of action of the transmembrane
superfamilies, motility-related protein-1 (MRP-1/CD9),
and KAJ1/CD82 is not well known, these molecules have
been reported to suppress the metastasis of several cancers
[73,74]. Expression of both MRP-1/CD9 and KAI1/CD82 is
positive in the membranes of normal esophageal epithelial
cells but is reduced or negative in the case of cancer cells.
Decreased expression of MRP-1/CD9 and KAI/CD-82 is
significantly correlated with lymph node metastasis of
ESCC, but not with distant metastasis [75].

Thus, growth factors, signal transduction players, and
migration-related factors also contribute to the metastasis
of esophageal cancer.

Metastasis

Some tumor cells are able to escape from the host immune
system and survive in the blood vessels or lymphatics until
they become trapped in the capillary bed of a distant organ.
Then, these tumor cells penetrate the lymphatic or vessel
wall and enter the tissues, after which metastatic deposits
grow in the new location along with neovascularization. To
carry out these steps, tumor cells always employ the same
system, which is part of the invasion process.

Migration to specific organs .
Chemokines

Tumor cell migration and metastasis'share many similarities
with leukocyte migration, which is regulated by various che-
mokines and their receptors. Among them, CC chemokine
receptor 7 (CCR?7) plays a critical role in the migration of
activated dendritic cells into regional lymph nodes [76].
CCR7 mRNA was detected in 9 of 20 ESCC cell lines. In
vitro studies have demonstrated that CCL21 (the ligand of
CCRY7) significantly increases the migration of ESCC cell
lines, with pseudopodia being induced by CCL21 stimula-
tion. Furthermore, CCL21 markedly enhances the motility
of esophageal carcinoma cell lines in a phagocytosis assay.
An immunohistochemical study has shown that high CCR7
expression is significantly correlated with lymphatic in-
volved by ESCC and subsequent lymph node metastasis
[77].

Bone marrow-homing receptor CXCR4 has also been
suggested to have a role in the metastasis of various cancers
[76]. CXCR4 expression has a significant association with®
increased lymph node micrometastasis and with increased
bone marrow micrometastasis. Thus, CXCR4 may have a
role in early metastatic spread because its expression is as--
sociated with micrometastasis to both the lymph nodes and
bone marrow [78].




Isolated tumor cells
Lymph node micrometastasis

Although lymph node micrometastasis is thought to be a
poor prognostic factor for ESCC, the clinical impact is still
controversial {79,80]. Scheunemann et al. showed that there
is a tumorigenic potential of apparently tumor-free lymph
nodes in esophageal cancer patients [81]. Thus, prediction
of micrometastasis may be useful for deciding on esopha-
geal cancer treatment. However, the expression of E-
cadherin, cyclin D1, MMP 9, and vascular endothelial
growth factor by primary ESCC does not predict lymph
node micrometastasis [82].

Circulating tumor cells

To detect circulating esophageal tumor cells, immunostain-
. ing for carcinoembryonic antigen (CEA) mRNA and SCC
mRNA is usually employed [83-85]. The overall incidence
of recurrence and that of hematogenous recurrence are
significantly higher in patients who are positive for CEA
mRNA than in those who are negative [84]. Detection of
SCCA mRNA in the peripheral blood on admission is cor-
related with the depth of tumor invasion and with venous
invasion. The recurrence rate is correlated with the SCC
mRNA status on admission and during manipulation of the
tumor [85]. Thus, the existence of circulating tumor cells is
a risk factor for metastasis. Furthermore, a higher colony
formation rate in cultures of blood samples is associated
with the number of circulating tumor cells (Fig. 1). The es-

HEA positive cells / ml

150

100

50

colony (fc))rmation

colony formation
4]

*Mann-Whitney's U test
mean % SE

Fig. 1. Association between the number of isolated tumor cells (I7C)
obtained with a magnetic cell sorter (MACS) and colony formation. A
larger number of colonies in cultures from blood samples was associ-
ated with the number of circulating tumor cells. HEA, human epithelial
antigen-125/EpCAM antigen
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tablishment of metastasis thus may be associated with the
number of circulating tumor cells and the ability to survive
in culture.

Free tumor cells in the thoracic duct

Watanabe et al. showed that thoracic duct fluid from ESCC
patients had a high rate (61%: 8/13) of tumorigenicity in
nude mice [86]. This very high rate of tumorigenicity sug-
gests that esophageal cancer is already a systemic disease at
an early stage. Homozygous deletion of the pl16 gene and
amplification of the cyclin DI gene were observed in xeno-
grafts derived from thoracic duct lymph fluid of the ESCC
patients [86].

The HSA and Sum cell lines were established
from ESCC cells floating in the thoracic duct. These two
cell lines had a high migratory ability in vitro and a high
lymph node metastatic potential in vivo (Figs. 2, 3; see
Table 1) These cells expressed NGF, TIB929 (GTPase
superfamily), and osteopontin [51,87,88]. These findings
suggest that tumor cells floating in the thoracic duct have
been selected from the primary tumor and have adapted
to the environment, and may thus have a high metastatic
potential.

Only certain cancer cells (so-called cancer stem cells)
show the potential for growth at sites of metastasis. Thus,
it is necessary to find markers for cancer stem cells or isolate
such stem cells [89,90].

Attachment
SLea, SLex, and E-selectin

The carbohydrate determinants sialyl Lewis A and sialyl
Lewis X are frequently expressed by human cancer cells
and serve as ligands for E-selectin, a cell adhesion molecule
from the selectin family that is expressed by vascular endo-
thelial cells. These carbohydrate determinants are involved
in the adhesion of cancer cells to the vascular endothelium
and thus contribute to hematogenous metastasis of cancer
[91].

The expression of sLeA and sLex is correlated with he-
matogenous recurrence of ESCC and sLeA expression is
also correlated with pM (lymph) status. Although neither
sLeA nor sLeX expression has a significant influence on the
survival of patients with ESCC, logistic regression analysis
has demonstrated that increased tumor expression of sLe A
and sLeX is a risk factor for hematogenous recurrence of
ESCC [92].

Serum levels of soluble E-selectin were significantly
higher in a hematogenous recurrence group than in a non-
hematogenous recurrence group. Logistic regression analy-
sis showed that high serum soluble E-selectin levels, lymph
node metastasis, and intraepithelial spread were associated
with postoperative hematogenous recurrence of ESCC
[93]).
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Fig. 2. Establishment of cancer
cell lines derived from thoracic
duct lymph
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Fig. 3. Migration assay. The HSA and Sum cell lines were established
from esophageal squamous cell carcinoma (ESCC) cells floating in the
thoracic duct. These two cell lines had a higher migration ability com-
pared with cells from the primary tumor

Angiogenesis
VEGF

Vascular endothelial growth factor (VEGF) has an influ-
ence on the growth of malignant tumors by promoting an-
giogenesis [94]. A significant correlation has been found
between VEGEF expression and lymph node metastasis in
patients with ESCC. The average microvessel density
(MVD) shows a correlation with VEGF expression [95],
whereas the expression of VEGF, TGF-alpha, platelet-
derived endothelial cell growth factor (PD-ECGF), and fi-
broblast growth factor (FGF) is significantly correlated with
lymph node metastasis [96,97].

VEGF-C plays a key role in the process of lymphangio-
genesis [94]. Four of five human esophageal carcinoma cell
lines were found to constitutively express VEGF-C mRNA

culture xenograft

Cytology(+): 4/13 (30.8%)
Xenotransplantation: 8/13(61.8%)

[98]. When resected specimens were examined, VEGF-C
mRNA was detected in tumor tissues, but not in normal
mucosa, by reverse transcriptase-polymerase chain reaction
(RT-PCR). There was a significant relationship between
VEGF-C and fit-4 mRNA expression. However, VEGF-C
was detected in the cytoplasm of many cancer cells and
stromal cells whereas Flt-4 was mainly expressed by the
endothelial cells of lymphatics. Normal and dysplastic
esophageal squamous epithelium shows little or no cyto- °
plasmic staining for VEGF-C, whereas VEGF-C expression
is correlated with venous invasion, lymphatic invasion, and
lymph node metastasis. The vessel count was found to be
significantly higher in VEGF-C-positive tumors than in
VEGF-C-negative tumors [98]. Furthermore, VEGF-C
overexpression by ESCC with submucosal invasion is a high
risk factor for lymph node metastasis (including micro-
metastasis) [99].

HIF

Hypoxia-inducible factor (HIF)-1-alpha is a transcription
factor that regulates the transcription of genes associated
with cell proliferation and angiogenesis [100]. HIF-1-alpha
was expressed by all five ESCC cell lines that were tested,
and HIF-1-alpha expression was found to show a correla-
tion with lymphatic invasion and VEGF-C expression [101].
Furthermore, HIF-1-alpha expression was correlated with
both lymph node metastasis and distant metastasis [102].

Other factors

Osteopontin (OPN) is a secreted integrin-binding glyco-
phosphoprotein that is thought to have a role in the metas-
tasis of malignant tumors [103]. cDNA microarray analysis
has revealed that high levels of osteopontin mRNA expres-
sion are associated with poor survival in ESCC patients. In
an immunohistochemical study, osteopontin protein ex-
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Table 1. Frequency of lymph node (LN) metastasis by esophageal squamous cell carcinoma

(ESCC) cell lines transplanted into nude mice

Cells Left popliteal ~ Left inguinal  Paraaortic = Others  Total
Thoracic duct SUm/c 5/9 0/9 39 0/9 6/9
HSA/c 8/9 0/9 1/9 0/9 8/9

Primary tumor KYSES10 1/10 0/10 0/10 0/10 1/10
KYSE770 0/9 0/9 0/9 0/9 0/9
Data represent mice/mice

LN metastasis (-) LN metastasis (+) Total
Cells from the thoracic duct 4 14 18
Cells from the primary tumor 18 1 19
-Total 22 15 37

P <0.0001

Cell lines derived from thoracic duct lymph achieved a significantly higher rate of lymph node
metastasis compared with cell lines from the primary tumor

pression was found to be associated with distant lymph
node metastasis [88,104]. Thirty tumor cell lines showed
overexpression of osteopontin protein compared with a
normal esophageal epithelial cell line [88]. An inducible
shRNA vector targeting osteopontin caused downregula-
tion of osteopontin expression and decreased the motility,
invasiveness, tumor-forming ability, and lymph node meta-
static potential of highly metastatic tumor cells [88]. Fur-
thermore, a high plasma OPN level was associated with
lymph node metastasis, but not with the depth of tumor
invasion [105].

Evidence has been obtained that an inverse correlation
exists between the expression of the cysteine proteinase in-
hibitor stefin A and malignant progression [106]. Transfec-
tion of stefin A into an esophageal cancer cell line significantly
reduced cathepsin B activity and inhibited the invasion of
Matrigel. Overexpression of stefin A caused both in vitro
and in vivo delay of growth and significantly inhibited lung
metastasis. Transfection with stefin A caused a dramatic
reduction of factor VIII staining in the xenograft tumors of
mice [107]. Furthermore, cystatin B (one of the cysteine
proteinase inhibitors that mainly inhibits cathepsin L) has
been identified in ESCC, and reduced expression of cystatin
B in esophageal carcinoma tissue is associated with lymph
node metastasis [108]. Thus, cathepsins B and L may have
a role in the metastasis of esophageal cancer.

The metastasis-associated protein MTA1 [109], PGP9.5/
UCHL1 [110], elongatxon factor-1 (EF-1) delta [111], and
fragile histidine triad (FHIT) genes [112] have also been
reported to have a role in lymph node metastasis, but de-
tailed analysis has not been done yet.

Chromosomal changes

Chromosomal analysis has shown that loss of heterozygosity
(LOH) on 13q is exclusively associated ‘with lymph
node metastasis and with a poor prognosis of esophageal
squamous cell carcinoma [113]. Allelic loss of at least one
miarker is observed in 56.7% of tumors, and lymph node
metastasis is significantly correlated with LOH. Loss at

D138260, D13S171, and D13S267 on 13q12-13 is frequently
observed, and LOH at D13S171 shows a significant correla-
tion with lymph node metastasis. Thus, allelic loss at 13q12-
13 is closely associated with lymph node metastasis,
suggesting that unidentified tumor suppressor gene(s) in
this region might be involved [113]. Absence of gain of 8q24
and/or 20q12-gter has also been reported to be associated
with freedom from lymph node metastasis in patients with
superficial ESCC [114]. However, the actual genes affected
at these loci have not been identified yet.

Gene expression profile
Stage-dependent gene expression

Sato et al. examined the expression of VEGF, MMP9, and
E-cadherin in the early stage of lymph node metastasis
(cancer cells occupying <50% of the lymph node) or the late
stage (=50% occupied) [115]. VEGF expression was down-
regulated in the late stage of lymph node metastasis where-
as MMP-9 expression was elevated in the early stage.
E-cadherin was expression is somewhat increased in the
early stage but was suppressed again in the late stage of
metastasis. In summary, the expression of VEGF, MMP-9,
and E-cadherin changes during the process of lymph node
metastasis by esophageal cancer, and the pattern of change
is different for each molecule [115]. There is a complex
network of genes involved in the process of tumor metas-
tasis, and the role of each gene changes in importance at
various points. Such changes of gene expression need to be
observed and defined in more detail.

Global gene expression profiling

Microarray technology allows us to assess the global gene
expression profile of circulating tumor cells. Kan et al. ex-
amined the gene expression profile of 28 primary ESCCs
with an 8000 cDNA microarray chip [116]. Lymph node
metastasis-related genes were extracted with significance
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analysis of microarrays (SAM) software, and an artificial
neural network model was found to predict lymph node
metastasis most accurately with 60 clones. The highest ac-
curacy for predicting lymph node metastasis by this method
was 77% (10/13) of new patients who were not used for
gene selection by SAM analysis and 86% (24/28) overall
(sensitivity, 15/17, 88%; specificity, 9/11, 82%) [116). This
system was also able to predict micrometastasis. Compari-
son of esophageal cancers with and without lymph node
metastasis by SAM analysis did not detect any genes that
have been reported to show a relationship to lymph node
metastasis of esophageal cancer, such as extracellular ma-
trix-degrading enzymes, cytoskeletal and adhesion proteins,
or growth factors. However, some genes related to immu-
nity, such as cytokines, and some apoptosis-related mole-
cules were detected. This finding implies that the key factor
involved in lymph node metastasis may be the interaction
between invasive cancer cells and their microenvironment
or host antitumor immunity [116].

Tamoto et al. identified 71 of 1289 cancer-related genes
for which expression was correlated with the tumor stage
[117]. In the case of lymph node metastasis, 44 genes showed
predictive value. After training in classification with the se-
lected features, tumor stage and lymph node metastasis
were predicted in 18 cases used for validation with an ac-
curacy of 94.4% and 88.9%, respectively [117].

Another study showed that 4155 genes were biologically
significant in both ESCC and noncancerous esophageal tis-
sue by Present Call analysis (hybridization by Affymetrix)
[118]. A supervised learning method was used to select
genes responsible for the development of ESCC. Intrigu-
ingly, there was no overlap between the 48 genes related to
lymph node metastasis of pT1 tumors and the 30 genes re-
lated to lymph node metastasis of pT2-4 tumors, suggesting
that ESCCs with different levels of invasiveness expressed
different genes linked to lymph node metastasis. This result
suggests that the depth of invasion must be considered

Fig. 4. Multistep genetic changes
during the process of metastasis
of ESCC

£

Basement membrane

Endothel

g attachment

when attempting to predict nodal metastasis of ESCC from
the gene expression profile [118].

In an experimental study, the expression profile of 9206
genes in T.Tn-AT1 cells (a metastasizing cell line) and T.
Tn cells (a nonmetastasizing cell line) was compared by
¢DNA microarray analysis [119], and only 34 genes showed
a more than threefold difference in expression. Among
these 34 genes, the expression of 8 genes (KALI, HPGD,
NDN, REG1A, CXCR4, SPOCK, DIAPH?, and AIFI) was
downregulated, whereas the expression of 1 gene (VNN2)
was upregulated in the metastasizing cells [119]. However.
this result for CXCR4 is not consistent with recent clinical
data [78].

These findings suggest that global gene expression profil
ing may be able to predict lymph node metastasis of ESCC
but the genes selected have differed among several studies
and further examination is needed to assess the clinica
implications.

Conclusion

A dynamic multistep process controls the establishment o
metastasis of ESCC (Fig. 4, Table 2). Prediction of metas
tasis is the first step in selecting the optimum treatmen
MMP inhibitors might be a possible treatment optior
whereas the results of microarray analysis suggested the
activation of immune surveillance may be another treal
ment strategy for esophageal cancer. Finally, shRNA de¢
creased the metastasis of esophageal cancer in vitro, s
molecular targeting could perhaps be employed to contr¢
metastasis of ESCC.
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Table 2. Genes related to metastasis of ESCC
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Component Function Type of metastasis References

Adhesion moleculel

E-cadherin - Cell—ell adhesion LN metastasis 6,7,8,10,11,12

Alpha-catenin Cell-cell adhesion LN metastasis 10

Slug Cell-cell adhesion LN metastasis 17

TSLCU/IGSF4 Cell-cell adhesion LN metastasis 19

Thrombomodulin Cell-cell adhesion, anticoagulant LN metastasis . 21

Desmoglein Cell-cell adhesion LN metastasis 23

FAK Cellular focal adhesion LN metastasis 25

Attachment

SLex, sLea Attachment between tumor and Hematogenous metastasis 92
endothelial cells

E-selectin Attachment between tumor and Hematogenous metastasis 93

Matrix metalloproteinase
MMP

endothelial cells

Degradation of extracellular matrix (ECM)

TIMP Degradation of ECM
Proliferation

Cyclin D1 Regulation of cell cycle
pl6/CDKN2 Regulation of cell cycle
ODC Aurora Biosynthesis of polyamins
A/STK15/BTAK Chromosomal distribution
Growth factor

EGFR Cell growth

TGF-alpha Cell growth, angiogenesis
VEGF-A Neovascularization
VEGF-C Lymph angiogenesis

PD-ECGF, PynPase

Angiogenesis, 5-converting enzyme

HIF Angiogenesis :
NGF Cell growth

Motility

Caveolin-1 Plasma membrane, multifunction
MRP], KAIl Cell motility

Fascin Actin-binding protein

AMF Autocrine and motility
Laminin-5-gamma-2 Extracellular matrix protein
Chemokine

CCR7 Chemotaxis

CXCR4 Chemotaxis

Signal transduction
smad

Signal transduction

Grb7 Signal transduction
RhoGTP Signal transduction
Activin-beta A Signal transduction
Shh, Gli Signal transduction
Others

OPN Multifunction
Cathepsin B, L Cyctein protease
13q LOH Unknown

8q24, 20q12-qter gain Unknown

LN metastasis 27, 28, 29, 30, 31, 32

LN metastasis 33,34
Hematogenous metastasis 37, 38, 39, 86
LN metastasis ) 38, 86

LN metastasis 42

LN metastasis 45

LN metastasis 48

LN metastasis 96

LN metastasis 95, 96

LN metastasis 98, 99, 101
LN metastasis 96, 97

LN metastasis 101, 102
LN metastasis - 51

LN metastasis 67

LN metastasis 75

LN metastasis 69

LN metastasis 7

LN metastasis 48

LN metastasis 77

LN metastasis 78, 119
LN metastasis 56

LN metastasis 54

LN metastasis 60

LN metastasis 58

LN metastasis 65

LN metastasis 88, 104, 105
LN metastasis 107, 108
LN metastasis 113

LN metastasis 114
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Abstract _

Background. The aim of this study was to evaluate the ef-
ficacy and safety of combination therapy with docetaxel and
nedaplatin in advanced esophageal cancer as a second-line
regimen in an outpatient setting.

Methods. Twenty-seven consecutive patients with advanced
esophageal cancer who received docetaxel/nedaplatin com-
bination therapy as a second-line regimen were retrospec-
tively evaluated. The combination therapy consisted of
intravenous administration of docetaxel 30 mg/m? and neda-
platin 40mg/m? every 2 weeks.

Results. The patients received a median of 7.4 cycles of treat-
ment (range, 2-25 cycles ). No complete response was ob-
served, and 3 of the 27 patients (11%) achieved partial
responses. The disease control rate (partial response +stable
disease) was 52%. The median survival time (MST) was 11.4
months. Severe hematological adverse events (grade 3-4)
were: neutropenia (n = 10; 37%) and anemia (n = 5; 19%);
there was neither febrile neutropenia nor grade 3-4 throm-
bocytopenia. Furthermore, no severe nonhematological ad-
verse events or treatment-related deaths were observed.
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Conclusion. Combination therapy of docetaxel with neda-
platin was safe and well tolerated; however, the develop-
ment of more effective therapy is warranted to improve the
prognosis of esophageal cancer.

Key words Docetaxel -
Chemotherapy

Nedaplatin - Esophageal cancer -

Introduction

The incidence of esophageal cancer is increasing in Western
countries as well as in Japan. Interestingly, squamous cell
carcinoma accounts for more than 90% of esophageal can-
cers in Japan, while adenocarcinoma has rapidly increased
over the past decade and has now become the most com-
mon histological type in Western countries.? In both histo-
logical subtypes, early lymphogenic and hematogenous
spread is a common feature, resulting in the poor prognosis
of this disease.’ Even patients with the earliest stage
disease have a significant risk of recurrence. Thus, locore-
gional treatment is not sufficient to treat this highly lethal
disease, and the development of effective systemic chemo-
therapy is urgently needed. A variety of chemotherapeutic
regimens has been tested until now;** however, no gold
standard chemotherapy regimen has been established for
advanced esophageal cancer. At present, a combination of
cisplatin and continuous-infusion 5-fluorouracil (5-FU) is
one of the most commonly used regimens, with a 25%-35%
response rate in metastatic disease.’’ The major problem of
cisplatin-based chemotherapy lies in its nephrotoxity.
The use of this chemotherapy mandates large-volume
hydration, which limits the management of this agent in an
outpatient setting, and badly hampers the patient’s quality
of life.

Docetaxel has been proven to show antitumor activity
against various cancers, including esophageal cancer.*"
Clinical trials of single-agent docetaxel have demonstrated
20%-28% response rates for its use as a second-line regi-
men in advanced esophageal cancer.*'



Nedaplatin (cis-diammine-glycolate platinum) is a sec-
ond-generation platinum derivative developed in Japan,
and several in vitro studies have demonstrated that neda-
platin has equivalent antitumor activity to cisplatin, with
less nephrotoxity."? Consistent with the results of the in
vitro studies, nedaplatin in combination with other agents
has shown modest antitumor activity for several human
tumors, with less nephrotoxicity and gastrointestinal toxic-
ity.>!* These reports prompted us to use a combination of
docetaxel with nedaplatin as a second-line regimen in pa-
tients with advanced esophageal cancer, because pretreated
patients have poorer tolerance to second-line chemothera-
py, and a less toxic treatment is desirable. Supporting our
idea, at the time we started this combination therapy, sev-
eral Japanese groups were also using docetaxel/nedaplatin
combination regimens for treating advanced esophageal
cancer, as well as for head and neck cancer. We carried out
the present retrospective study to evaluate docetaxel/neda-
platin combination therapy as a second-line regimen in pa-
tients with esophageal cancer, and we report our findings
here.

Patients and methods

Patients

Twenty-seven consecutive patients who received docetaxel/
. nedaplatin combination therapy as a second-line regimen at
Kyoto University Hospital, between January 2004 and June
2006, were retrospectively analyzed. All the patients had
histologically proven esophageal cancer with metastasis.
Docetaxel/nedaplatin combination therapy was given if the
patient met the following criteria: an Eastern Cooperative
Oncology Group (ECOG) performance status of 0-2; ade-
quate baseline bone marrow function (hemoglobin level,

8g/dl; neutrophil count, 1000/mm’ and platelet count,

75000/mm®); adequate hepatic function (total bilirubin
level, 1.5mg/d]; and aspartate aminotransferase and ala-
nine aminotransferase levels, 3.0 the upper limit of nor-
mal); adequate renal function (serum creatinine level,

1.5mg/dl); and written informed consent to receive che-
motherapy at our hospital. Toxicities were graded accord-
ing to the Common Terminology Criteria for Adverse
Events v 3.0 (CTCAE v 3.0). Measurable target lesions
were assessed by the Response Evaluation Criteria in Solid
Tumors (RECIST)."”

Treatment plan

Docetaxel 30mg/m’ (Taxotere; Aventis Pharma, Tokyo,
Japan) was infused in 40 min, followed by nedaplatin 40 mg/
m® (Aqupla; Shionogi Pharma, Tokyo, Japan) over 1.5h,
every 2 weeks. These doses were based on a phase I trial of
chemotherapy using docetaxel and nedaplatin in chemo-
therapy-naive patients with oral squamous cell carcinoma
in Japan.” That phase I trial recommended 60mg/m’
docetaxel and 100mg/m* nedaplatin every 4 weeks in che-
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motherapy-naive patients. Because our treatment was to be
repeated every 2 weeks in patients who had had prior che-
motherapy, we adjusted the doses of docetaxel and neda-
platin to 30mg/m® and 40 mg/m’, respectively. Premedication
with an H,-blocker and dexamethasone, as well as post-
therapy hydration with 500ml saline was given for every
administration. 5-HT; antagonists were added when the on-
cologist judged it necessary. If the neutrophil count was less
than 1000/ul or the platelet count was less than 75000/ul on
the day of administration, treatment was adjourned until
the count recovered. The dose of docetaxel and nedaplatin
was reduced by 20% when the oncologist judged it neces-
sary, according to hematological and other toxicities ob-
served in the previous course. Treatment was continued
until disease progression, unacceptable adverse events, pa-
tient withdrawal, or death.

Follow-up evaluation

Standard radiological examinations, using computed to-
mography (CT) scans, were applied for response every 1 to
3 months. Tumor response was assessed based on RE-
CIST.* Metastatic lymph nodes within a previous radiation
field and the primary lesion were also evaluated. Complete
response (CR) was defined as the disappearance of all evi-
dence of cancer, and partial response (PR) as a more than
30% reduction in the sum of the longest diameters of target
lesions. Stable disease (SD) was defined as either a less than
30% reduction in the sum of the longest diameters of target
lesions, or less than a 20% increase without any new lesions.
Progressive disease (PD) was defined as more than a 20%
increase in the sum of the longest diameters of target lesions
or the appearance of new lesions. The best response
achieved during the treatment course was reported.

Statistical methods

Overall survival was measured from the start of the treat-
ment to the date of death. If the patients had not died,
overall survival was censored on the last confirmed date of
survival. Time to treatment failure (TTF) was measured
from the start of the treatment to the date when the treat-
ment was discontinued. The Kaplan-Meier method was
used to estimate the overall survival curve. Survival time
was censored at the last confirmation date if the patients
were alive.

Results
Patient characteristics

Twenty-seven consecutive patients who received docetaxel/
nedaplatin combination therapy as a second-line regimen at
Kyoto University Hospital were evaluated for response,
survival, and toxicity. Patient baseline characteristics
are summarized in Table 1. The most common histological
type was squamous cell carcinoma (n =26; 96%), and there
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Table 1. Patients’ baseline characteristics

Characteristics n (%)
Age (years)

Median 62.5

Range 45-84
Sex

Male 25 (93)

Female 2(7)
ECOG performance status

25 (93)

1 2(7)

2 0
Histology

Squamous cell carcinoma 26 (96)

Adenocarcinoma 1(4)
Previous treatment

Chemoradiotherapy 14 (52)

Chemoradiotherapy  surgery 5(19)

Surgery  chemoradiotherapy 3(11)

Surgery  chemotherapy 5(19)
Evaluated lesions

Lung 7 (23)

Liver 4 (13)

Lymph nodes 15 (50)

Others 4(13)

Table 2. Tumor response

No. of patients  Response Disease control rate (%)

CR PR SD PD

27 0 3 1 13 52

CR, complete response; PR, partial response; SD, stable disease; PD,
progressive disease; disease control rate, CR + PR + SD

was one adenocarcinoma case. All patients had a history
of prior treatment, consisting of chemoradiotherapy (n =
14), chemoradiotherapy/surgery (n = 5), surgery/chemo-
therapy (n = 5), and surgery/chemoradiotherapy (n =3). A
combination of cisplatin (70mg/m?) on day 1 and continu-
ous-infusion 5-FU (700 mg/m* per day on days 1 through 5)
had been repeated at 4-week intervals, with or without ra-
diotherapy in 24 patients (89%). No patients had a history
of prior chemotherapy containing docetaxel or nedaplatin.

Response and survival

Patients received a median of 7.4 cycles of treatment (range,
2-25 cycles). Response rates are summarized in Table 2.
There was no CR, and 3 of the 27 patients (11%) achieved
a PR. The disease control rate (PR + SD) was 52%. Twelve
patients had measurable lymph nodes within the previous
radiation field. Among these 12 patients, only one patient
had another target size of lung. The response rates in these
12 patients were as follows; 1PR (8%), 95D (75%) and 2PD
(17%) field, PR, SD, and PD were observed in 1/12 (8%),
9/12 (75%), 2112 (17%), respectively. When this article was
submitted, 8 of the 27 patients were still alive. The overall
survival of the 27 patients is shown in Fig. 1. The median
survival time was 11.4 months (95% confidence interval

Table 3. Worst grade of toxicity per patient during all cycles: CTCAE
v 3.0 grade [No. (%)]

Toxicity Gradel Grade2 Grade3 Graded
Anemia 10 (37) 8 (30) 4 (15) 1(4)
Neutropenia 0 2(7) 7 (26) 3(11)
Febrile neutropenia - - 0 0
Leukopenia 0 9 (33) 7 (26) 0
Thrombocytopenia 7 (26) 1(4) 0 0
Anorexia 14 (51) 3(11) 0 0
Fatigue 14 (51) 2() 0 0
Diarrhea 9 (33) 0 0 0
Nausea 5(19) 2(7 0 0
Vomiting 3 (11) 1(4) 0 0
Neuropathy-sensory 5(19) 0 0 0

Survival rate (%) -

6 12 18
Survival time (month)

Fig. 1. Overall Survival for 27 patients

[CI], 6.8-18.7), the 1-year survival rate was 46.5% (95% CI,
25.0-68.0), and the median time to treatment failure (TTF)
was 4.3 months (range, 1.0-20.2 months).

Toxicity

The docetaxel/nedaplatin combination therapy was gener-
ally safe and well tolerated. Dose reduction was required in
5 of the 27 patients (18.5%). Hematological and nonhema-
tological toxicities are summarized in Table 3. The most
common and severe, but reversible, toxicity of this combi-
nation therapy was neutropenia. Grade 3 and grade 4 neu-
tropenia were observed in 7 (26%) and 3 (11%) patients,
respectively. Febrile neutropenia was not observed in this
study. Grade 3—4 anemia was observed in 5 (19%) patients.
Anorexia and fatigne were the most common nonhemato-
logical toxicities (grade 1-2 anorexia, 62%; grade 1-2 fa-
tigue, 58%). However, neither severe nonhematological
adverse events (grade 3-4) nor treatment-related deaths
were observed.

Discussion

A number of studies have reported on chemotherapy for
advanced esophageal cancer; however, most of these re-



ports evaluated a first-line regimen for chemonaive patients
and only a limited number of studies focused on second-line
chemotherapy for advanced esophageal cancer. The low
incidence and poor prognosis of esophageal cancer also
limit therapeutic trials for this disease. Among the limited
number of studies focusing on second-line chemotherapy,
several groups evaluated the efficacy of single-agent
docetaxel for advanced esophageal cancer. Two indepen-
dent studies, from France and Japan, reported overall re-
sponse rates of 28% and 20%, respectively, with single-agent
docetaxel at 70-100mg/m?® every 3 weeks.*"® Because pre-
treated patients have poorer tolerance to second-line che-
motherapy, lower toxicity, as well as efficacy, is an important
factor when considering the second-line chemotherapy. By
combining nedaplatin at 40mg/m* with docetaxel at 30 mg/
m’ every 2 weeks, we expected less toxicity, with preserved
efficacy. In our current study, we observed a partial re-
sponse (PR) in 3 of the 27 patients (11%), a disease control
rate (PR + SD) of 52%, a 1-year survival rate of 46.5% and
the MST of 11.4 months.

On the other hand, this combination regimen demon-
strated less nephrotoxicity and gastrointestinal toxicity, as
we expected. Only 37% of the patients developed grade 3-4
neutropenia and neither febrile neutropenia nor treatment-
related deaths were observed in this study. Interestingly,
while we were revising this manuscript, Osaka et al.'’ re-
ported the feasibility of docetaxel/nedaplatin combination
therapy for patients with recurrent esophageal cancer. Their
regimen consisted of docetaxel 30mg/m’ and nedaplatin
40mg/m* every 2 weeks, which was completely consistent
with the regimen in our study. They evaluated 28 patients
with recurrent esophageal cancer who had had prior che-
motherapy, and they reported a response rate of 39.3%,
with one complete response and an MST of 8.5 months.
They also noted that the toxicity was relatively low and that
this regimen could be safely managed in an outpatient
setting. Table 4 summarizes the results of second-line che-
motherapy using docetaxel/nedaplatin combination therapy
for advanced esophageal cancer. The docetaxel/nedaplatin
combination appears to have a modest effect on advanced
esophageal cancer, with less toxicity however, we must be
cautious in interpreting these results, because both our
study and that of Osaka et al.’s are retrospective, with a
small sample size. Furthermore, because of the lack of
phase I studies, the dose-finding method was not scientific

Table 4. Results of second-line chemotherapy with a combination of
docetaxel/nedaplatin for advanced esophageal cancer

Our report Osaka et al.'¢
No. of patients 27 28
Response rate 11% 39%
MST (months) 114 85
Grade 3-4 leukopenia 727 (26%) 2128 (71.1%)
Grade 34 anemia 5127 (19%) 1/28 (3.6%)
Grade 3-4 thrombocytopenia 0/27 (0%) 0/28 (0%)
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in either of the studies, and the lower toxicity observed with
this regimen may be attributable to the low dose intensity.
However, a recent phase I study from another group (Abe
et al.”) reported a recommended dose of 30mg/m? docetax-
el and 30mg/m’ nedaplatin every 2 weeks for advanced
esophageal cancer. That report scientifically supports the
dose used in our regimen.
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ABSTRACT

Motivation: The development of gene expression microarray
technology has allowed the Iidentification of differentially expresséd
genes between different clinical phenotypic classes of cancer from a
large pool of candidate genes. Although many class comparisons
concerned only a single phenotype, simultaneous assessment of thé
relationship between gene expresslon and multiple phenotypes
would be warranted to better understand the underlying biological
structure.

Results: We develop a method to select genes related to multiple
clinical phenotypes based on a set of multivariate linear regression
models. For each gene we perform model seléction based on the
doubly-ad]usted R-square statistic and use the maximum of this
statlstlc for gene ‘selection. Thé method can substantlally lmprove
the power in gene selection, compared with a conventional method
that uses a slngle model excluslvely for gene selectnon Appllcatlon
to a bladder cancér study to correlate pre-treatment géné
expressions with pathological stage and grade is given The
methods would be useful for scréening for genes related to multiplé
clinical phenotypes.

Avallabll!ty: SAS and MATLAB codes are available from author upon

request.
Contact: matsui@pbh.med.kyoto-u.ac.jp

1 INTRODUCTION

The developmem of comprehensive, gene expression micro-
array technology has allowed thé identification of differentially
expressed genes between different clinical phenotypic classes of
cancer from a lafge pool of candidate genes. Although many of
such class comparison studies assessed relation of gene

'To whom correspondence should be addressed.

express10n with a sirigle clinical phenotype such as stage of
cancer, assessment of relationship with multiple clinical
phenotypes, e.g. stage and grade of cancér, would be more
relevant to bétter understand the underlying biological
struétiiré

cancer snpultaneously, miultivariate linear regression models
or ANOVA-typé models for each gene are a useful analytical
tool by introducing phenotypes as covariates for the response
variable of géné expression lével, although many applications
concern madelling of channel-specific intensities to reflect the
experimentil design using multichannel arrays (e.g., Kerr et al.,
2000, 2001; Wolfinger et al., 2001; Dobbin and Simon, 2002) or
oligonucleotide arrays (Chu et al., 2002). In correlating gene
expressioh data with multiple phenotypes, several groups
of 'gen'es with distinct différential patterns may exist. A group
of genes may relate to only a smgle phenotype, e.g. stage or
gradé, whilé another group of genes may relate to multiple
pheniotypes, e.g. both stige and grade, possibly with their
interaction.

A commonly used approach for selecting genes related to
multiple phenotypes is to assume a full model that incorporates
all phenotypes and their possible interactions, e.g. a model with
stage, grade and their intefaction as covariates, to cover all
possible differential patterns for multiple phenotypes. Then, an
overall tést for the null hypothesis of no effect of all the
covariates on gene expression is performed with some control
for false positives (Chén et al,, 2005; Matsui, 2006).
A drawback to this approach is that, although the overall test
could detéct génes with any differéntial patterns, the power of
this tést miay be smialler for geries for which reduced models are
correct. Oné may want to detect genes with various differential
models equal]y Only a single model should not be fitted for all
genes exclisively, unless & particular differential pattern is of
interest.
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One idea to improve the power for various differential
models would be to invoke some model selection.
Model selection may also be warranted to gain additional
insights on selected genes. For example, a group of genes for
which the same model is selected have the potential to relate to
the same aspect of disease biology. One approach is to perform
a structural hypothesis testing. For example, we first assume
the full model with stage, grade and their interaction and test if
there is an interaction effect between stage and grade for all
genes. For those genes where an interaction exists, the full
model can be selected. For those where there is not, the reduced
model with just stage and grade can be fit and the main
effects of stage and grade are tested separately. A critical issue
of this approach, however, is how to determine the
significance levels for these tests. One possible approach is to
determine the significance levels based on a criterion to control
an error rate on false positives. However, there could be
multiple combinations of significant levels for main and
interaction effects for a given level of an overall error rate.
Apart from technical issues, one may also argue in the first
place that model selection is a different problem of gene
selection and hence another criterion should be used for
model selection.

In this article, we develop a method to select genes related to
multiple clinical phenotypes via model selection based on a set
of candidate, multivariate linear regression models. For each
gene, all candidate models are fit and a model is selected based
on a criterion of prediction error. Specifically we select the
model for which the doubly-adjusted R-square proposed by
Okuno er al. (1977) is maximized. This model selection
procedure can be expressed as model selection based on
hypothesis testing described earlier, but the significance levels
are determined from the perspective of prediction error (see
Section 2). Also, this model selection criterion is approximately
equal to popular criteria based on Mallow’s Cp (Mallows,
1973) and AIC (Akaike, 1973). Meanwhile, the doubly-adjusted
R-square is a reasonable statistic for gene selection because of
its link to an overall test for the null hypothesis of no effect of
all phenotypic variables on gene expression. Procedures to
control the multiplicity from examining the large number of
genes can be developed. A simulation study is conducted to
evaluate the performance of the proposed method. Lastly, we
illustrate the methods using a bladder cancer data set to
correlate pre-treatment gene expression levels with pathological
stage and grade.

2 METHODS

2.1 Multivariate linear regression models

Assume values ¥;; for j=1,...,J genes from sample i=1,...,n.
For ¢DNA arrays these are typically normalized log-ratios and
for oligonucleotide arrays they are normalized log signals. For each
gene, the expression data is linked to multiple phenotypes via
multivariate linear regression models. We suppose that there are,
in total, p variables, x,...,x, for which their association with
gene expression is of interest. Note that the set of variables
may include those representing interaction effects of different pheno-
types, for example, an interaction of two different phenotypes, Xz X4,
where x;; and xi, represent the respective phenotypes (k;#ka).

We assume various candidate models using the set.of all the p variables
and subsets of it as covariates. When k covariates (1 <k <p) are
linked to the expression level for gene j, we assume the (candidate)
linear model, .

Yiu=Bo+ hrxa+ -+ + Brxic + &y ¢y

where fo, B1,..., B are regression coefficients. The error term, ¢,
is assumed independently and identically distributed the normal
distribution N(0, a?). '

2.2 The Doubly-adjusted R-square

In this section, we restrict our attention to analysis of a particular
gene and subscript j is dropped for brevity. The doubly-adjusted
R-square is related to the prediction sum of squares (PRESS)
(Hocking, 1976), defined by PRESS=Y, (¥ — j)’, where g, is
the predicted value of y; obtained after omitting sample
from the fitting process (i=1,...,n). The PRESS is a statistic
related to prediction error. If the model is correctly specified, the
expected value of PRESS reduces to (n+k+1)o>. Using the
commonly used, unbiased estimator for the parameter o,
RSS[(n—k—1), the expected PRESS can be estimated by
(n+k+1)RSS[(n—k—1).

The doubly-adjusted R-square is defined by one minus the ratio of
estimated expected prediction errors, the expected prediction error
under the linear model with k covariates and that under the linear
model with no covariate (k =0) (Okuno ef al., 1977),

[(n+k+1)/(n—k—1)]RSS

2 = —
Roa =1 -/ —DiTss
or
_ n+k+1 n-—-1 _p2
Rpa=1 n+1 pymyy AUkl @
where
2 _RSS
R=1-7 3

denotes the coefficient of multiple determination or the R-square
statistic. Here 7SS = Y"1, (vi — 7)? is the total sum of squares and
RSS =37, (i — #)* is the residual sum of squares, where »i is the
fitted value for y, and j = Y iy yi/n is the average of gene expression
across all samples. For R3,, the expected PRESS is used, instead
of the usnal sum of squares such as RSS and TSS, which are used
for R?in (3).

The statistic R}, has a one-to-one correspondence with an
F-statistic for the overall test of the null assumption that all of the k
regression coefficients are zero. Note that this null assumption
represents no cffects of all the p variables because no effects of
the other p—k variables are assumed in model (1). The F-statistic
is given by

_ (TSS— RSS)/k .
=RSS/Gi—Fk=1D) @
which has the relation with R?,
kF
2 ___ -
R = Frn—k=1 ©

As such, R, has correspondence with the F-statistic through (2).

For each gene, we select the model for which R}, is maximized over
candidate models. Consider comparison of the two models, one with k
covariates and the other with (k+1) covariates after the entry of
one additional covariatc into the model with k covariates. The
model with (k+1) covariates will be selected if R}, qy1) = RS g-
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Another popular criterion for model selection is based on the partial
F-statistic, which can be expressed as .

Fay = Rieery = Ry
a- -R%k.;.]))/(" -k-2)

The criterion R}, 41y = Rb 4 corresponds to

2 .
ntk+1

when n>> k (Okuno et al., 1977). Another popular crilerion is based on
Mallow's Cp (Mallows, 1973),

Cp=%g+2(k+l)—n

Fiy =

for the model with k covariates. The AIC (Akaike, 1973) is also a
popular statistic for model selection, although assumption for the error
term distribution is needed. For normally distributed error terms with
known variance, AJC can be expressed as

AIC= iizs+ 2(k + 1) + const.

for the model with k covariates, which is identical with Cp. The model
with (k+1) covariates may be selected if Cpysny < Cpyy or
AICy41) < AICy). When the unbiased estimate for o* under the
model with (k+ 1) covariates, RSSy.y)/(n—k—2), is replaced with
o?, these criteria may correspond to

Fpy 2 2.

As such, the criterion based on R}, is approximately equal to the
criteria based on Cp or AIC.

2.3 Selection of model and gene

We invoke model selection for each gene before gene selection. For each
gene, we perform model selection based on R, i.e. selecting the model
for which is maximized. Then, the maximum R%, is used as the statistic
for gene selection, and genes with the greatest values of the maximum
R, are selected. A rationale for using R3,, for gene selection is related
to its correspondence with the overall F-test of no relations between all
the p variables and gene expression as noted in the previous section.
For genes for which this null assumption is incorrect, R}, for some
candidate models or the maximum of R}, across candidate models may
tend to have larger values, compared with genes for which the null
assumption is correct. This tendency may be true for genes with any
differential pattern for gene expression as long as this is captured by oiie
of candidate models. Thus, our procedure is to select genes related to
multiple phenotypes irrespective of their differential patterns via the
optimization in gene selection. Note that other model selection criteria
such as Cp and 4JC may not have the correspondence with the overall
test because of standardization across candidate models for each gene,
which would be a drawback for using these statistics for gene selection.
For example, if all p variables are used as covariates in estimating o2 for
each gene, Cp for the model with k covariates may reduce to 2k —p +1
for all genes.

The multiplicity issue by repeated examinations across genes can be
adjusted by controlling the family-wise error rate (FWER) or the false
discovery rate (FDR), where the FWER is the probability of making
one or more false positives and the FDR is the expected proportion of
false positives among the positives declared (Dudoit et al., 2003). Note
that the control of these error rates does not relate to individual effects
but to the overall test of the null assumption of no effects for all the
p variables. Many authors now favour the FDR over the FWER as the
appropriate error measure for exploratory microarray studies because
thé FWER approach can be very comservative. A practical and
conceptually simple approach to providing procedures to control the

FDR conservatively is to fix the rejection region beforehand and to
estlimate the FDR (Storey, 2002). A gene is declared to be significant if
the maximum R}, for the gene is equal to or greater than a cut-off
point on this statistic. For a given cut-off point, we can estimatc the
FDR conservatively by a muitivariate permutation procedure with
random permutations of the assignment of the set of all p variables to
derive the null distribution of the maximum R%,, from which the
average of (false) positives can be calculated as an estimate of the
expected false positives. For controlling FWER, the null distribution of
the maximum of the maximum R}, across genes is derived from the
random permutations, which is referred to the observed value of the
maximum R3, to obtain an adjusted P-value.

3 RESULTS

31 Simulatjon

We assessed adequacy of the proposed method through a small
simulation study. Particularly we compared the power of our
method with that of the conventional method that uses a single
model with all p variables as covariates exclusively and select
genes based on the overall F-test for this model. We considered
three distinct phenotypes. The state of each phenotype was
dichotomized, and let x;, x, and x; be binary variables
representing respective phenotypes. Let x,=1 for a particular
state of phenotype and x,=0 for the other states (h=1,2, 3).
Thus, there are eight combinations in total for the level of
the three phenotypes, (x;, x2, x3)=(0,0,0), (0,0,1), (0,1,0),
©,1,1), (1,0,0), (1,0,1), (1,1,0) and (1,1,1). We considered
six samples for each combination (the total number of samples
was 48).

We assessed the power for selecting a single informative gene
which is related to phenotypes. We considered 1000 genes and,
of the 1000 genes, I gene was informative and the other 999
were non-informative (0.1% of the whole gene is informative).
For the informative gene, we assumed the model {1}, {1,2},
{1,2,1x2}, {1,2,3} or {1,2,3,1x2,1x3,2x3,1x2x3}.
For example, the model {1,2,1x2} is to a linear model with
the three covariates, x,, x2 and x,x,. The error term (g, in(1))
is assumed independently and identically distributed the
standard normal distribution for all genes. The size of
regression coefficients ranged from 0.0 to 2.0. For the
informative gene with the model, {1,2,1x2}, we assumed the
differential patterns where the samples with one of the four
combinatiofis for the lével of the two binary phenotypic
variables, x; and x., e.g. samples with (x;, x;)=(0,0),
irrespective of the level of x3, had higher expressions compared
with the otliéer samples. Similarly, for the informative gene with
the model, {1,2,3,1%x2,1x3,2x3,1x2x3}, we assumed the
differential patterns where the samples with one of the eight
combinationis for the level of the three binary phenotypic
variables, xy, x; and x;, e.g. samples with (x;, x», x3) = (0,0, 0),
had higher expressions compared with the other samples.

For each simulation configuration, we performed the
proposed method and the conventional method. For
the proposed method, we introduced the four variables
representing intéraction effects, x,x3, X;x3, X2x3 and XXX,
in addition to the three variables, x;, x, and x3, as covariates.
For thé seven covariates, we assumed the following 12 candidate
médelsa {l}' {2}’ {3}’ {1:2}s {1’3}’ {29 3}’ {1,2, IXZ},
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