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We investigated the synergistic effect of D-glucose and epidermal growth factor (EGF) display
on the dynamic cellular behaviors of morphology and migration in a culture of human epithelial
cells. The time-lapse observation revealed that the cells on the D-glucose/EGF-displayed substrate
were endowed with enhanced migration, accompanied with periodic changes in morphology be-
tween round and stretched shapes. Immunofluorescence staining of phosphotyrosine PY20 and
vinculin was conducted to determine the intracellular localization of phosphorylated tyrosine ex-
pression and focal contact formation, respectively. On the substrate displaying D-glucose and
EGF, the cells exhibited increases in the levels of the expression of phosphorylated tyrosine and
the formation of focal contacts not only at the cellular periphery but also in the cell body. These
findings supported the consideration that the displayed D-glucose causes the cells to be in close
contact with the surface via grasping glucose transporters on the cytoplasmic membrane.

[Key words: human epithelial cells, glucose/epidermal growth factor co-display, migration rate, cell roundness]

Growth factors are generally accepted as essential media-
tors affecting cell migration, proliferation and differentia-
tion during in vitro culture. The regulation of cellular re-
sponses in terms of magnitude and duration by growth-fac-
tor-derived stimulation is one of the most critical issues that
need to be investigated. In many studies, it has been re-
ported that growth factors can be dosed in a nonendocy-
tosible and nondiffusable form to induce signal transduction
via interactions between growth factors and their receptors
on the cytoplasmic membrane (1), leading to the idea that
the immobilization of growth factors on solid substrates is
one of promising methods.

Ito and co-workers (2—4) demonstrated that an immobi-
lized form of epidermal growth factor (EGF) is sustainably
active for the p38 mitogen-activated protein kinase (MAPK)
and that MAPK activation induced by its soluble form dete-
riorates rapidly with elapsed time in cultures of anchorage-
dependent cells. Moreover, they stated that the immobilized
EGF enhanced the cell division to a greater extent than EGF
solublized in medium, providing evidence that an immobi-
lized growth factor can induce an altered signal transduc-
tion. To realize the effective stimulation intensified through
respective interactions in signal-transduction systems, the
coimmobilization of growth factors and tethering molecules
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has been proposed, leading to surface designs to enhance
the cell anchoring accompanjed with the promotion of focal
contact (5-7).

In our previous study (8), a D-glucose-displayed substrate
was designed to enhance cell anchoring, which was medi-
ated by not only integrin but also a glucose transporter on
the cytoplasmic membrane in a culture of human epithelial
cells. In the present study, we propose an extended design of
the substrate targeting EGF stimulation through the improve-
ment of cell anchoring and migration induced by the con-
current display of D-glucose and EGF. The dynamic behav-
iors of cell morphology and migration were investigated to
evaluate the extent of EGF stimulation on the prepared sub-
strate.

A conventional plastic surface of a 25-cm? T-flask (Nunclon
Delta Flask; Nalge Nunc, Roskilde, Denmark) was used as a
starter material for displaying glucose and EGF. A template
with a dendron structure on the surface was produced ac-
cording to a method reported previously (8). In brief, an
aqueous solution of 50 umol/ml potassium tert-butoxide was
poured into the flask to generate hydroxide groups on the
surface. After washing with sterilized water, a glutaralde-
hyde solution (360 pmol/ml) was added, and allowed to stand
for 1h, followed by washing with a large amount of sterile
water. To generate amino groups on the dendron structure,
the flask was treated with a 360 pmol/ml tris(2-aminoethyl)
amine solution and then rinsed with sterile water.
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TABLE 1. Culture conditions examined in this study
Total amount EGF concn  EGF density

Condition

o Substrate of EGF in medium  on substrate
' (ng/flask)  (ng/ml)  (ng/cm?)
1 Plain 3.58x10° 358.1 0
2 D-Glucose/EGF  3.58x10° 0.1 143 (0.53)
3 L-Glucose/EGF 3.58x10° 0.1 143 (0.53)
4 Plain 1.0 0.1 0

The values in the parentheses indicate the standard deviation (n=3).

By means of a cross-linking reaction with 360 pmol/ml
glutaraldehyde for 1 h, aldehyde groups were introduced onto
the dendron structure. To display glucose and EGF (Sigma-
Aldrich, St. Louis, MO, USA) on the terminal ligands, the
substrate prepared as mentioned above was immersed in
phosphate-buffered saline (PBS) containing ethylenediamine
(8 mmol/ml) and EGF (10 pg/ml) for 6 h at room tempera-
ture. After washing, a D- or L-glucose solution (0.5 pg/ml)
was added to and left in each flask for 2 h. A sodium boro-
hydride solution (0.5 pmol/ml) was poured into the flask,
and was left to sit for 2 h. Until use in experiments, each
flask with the prepared substrate was kept at 4°C. Here, the
amount of EGF displayed on the substrate was determined
directly by bicinchoninic acid protein assay (9, 10).

Human epithelial cells (" TERT-HME1; Clontec Laboratories,
San Diego, CA, USA) were incubated in 25-cm? T-flasks
with plain and modified surfaces, at 37°C under a 5% CO,
atmosphere. The cells were cultivated in serum-free medium
(HuMedia-KG2; Kurabo Industries, Osaka), which contained
0.1 ng/ml EGF as a growth stimulator in the liquid phase
under a conventional condition. The initial concentration of
viable cells, determined by trypan blue exclusion, was set at
X,=5.0x 10 cells/cm?. The main culture conditions exam-
ined are shown in Table 1.

The time-lapse image capturing was carried out to inves-
tigate dynamic cell behaviors using an observation tool de-
scribed elsewhere (11). The images were captured at 20 min
intervals for 6 positions on the bottom surface of the flask.
For cell tracing, a rectangular coordinate system was placed
on the captured images, and the origin of the coordinate sys-
tem was defined as the position at which the cell of interest
was located at the onset of observation. The sequence of
positioning for each cell was initiated within 1 h of seeding.
In addition, cell migration rate, R, was estimated from the
distance of cells moved in the 20-min observation. The mor-
phological variation was also investigated in terms of cell
roundness, R, which was calculated by

R.=2(rA )",

Here, A, and /, are the projected area and peripheral length
of each cell, respectively. The mean cell migration rate, Rp,
and cell roundness, R., were obtained separately from pop-
ulational averages from a set of data on 10-15 cells, which
was recorded in advance as time-mean values evaluated un-
til the first cell division after starting the observation.

For immunofluorescence staining, the cultured cells were
washed three times with PBS and fixed with 4% paraform-
aldehyde in PBS for 10 min at room temperature. The cells
were then rinsed with PBS and permeabilized by incubation
for 3 min in 0.5% Triton X-100. After washing with PBS,
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FIG. 1. Dynamic cell behaviors in terms of migration rate and
roundness of representative cells cultured under conditions 1 (A) and 2
(B) shown in Table 1.

nonspecific binding sites on the cells were masked by treat-
ing the cells with Block Ace (Dainippon Sumitomo Pharma,
Osaka) for 1 h. The cells were then kept at 4°C overnight in
0.05% Tween 20/PBS containing anti-rabbit vinculin (Sigma-
Aldrich) or anti-mouse phosphotyrosine antibody PY20
(BD Transduction Laboratory, San Jose, CA, USA) at an
appropriate dilution ration for the antibody. After being
washed with PBS and rinsed with Tris-buffered saline
(DakoCytomation, Carpinteria, CA, USA), the cells were sub-
jected to immunolabeling with Alexa Fluor 488 goat anti-
mouse or Alexa Fluor 568 goat anti-rabbit IgG (Molecular
Probes, Eugene, OR, USA). The sample was then thorough-
ly washed and mounted on a specimen slide, followed by
fluorescence observation using a confocal laser scanning mi-
croscope (model FV-300; Olympus, Osaka).

To characterize the dynamic behaviors of the epithelial
cells stimulated by soluble or insoluble EGF, time-lapse
observation was started within 1 h after seeding. Figure 1
shows the time profiles of R, and R_ under conditions 1 and
2 (Table 1). In the control culture on the plain surface with
EGF stimulation in the liquid phase (condition 1), it was
found that the ranges of R, and R_ were approximately 0.23
um/min and 0.88 on average, respectively. In the case of cul-
ture on the D-glucose/EGF-displayed substrate (condition 2),
the enhancement of cell migration rate occurred, resulting in
a maximum R_ of 9.6 pm/min, which was 20-fold that in the
culture under condition 1. Under condition 2, the fluctuation
in cell morphology was also appreciable with periodic alter-
nation between low and high R_ values. The dynamic change
in the morphology of the cells observed on the D-glucose/
EGF-displayed substrate is visually presented in Fig. 2. The
migration for 2 h was accompanied with undulatory move-
ments of cells (Fig. 2, arrow A). In addition, a remarkable
change in shape between the extreme extension and contrac-
tion of the cells was observed occasionally (Fig. 2, arrow B),
and a part of the tail at cellular rear was severed owing to
active migration (Fig. 2, arrow B’). These results suggest
that the partial anchoring mediated by glucose transporters
(GLUTSs) causes the securing of the tail during the migra-
tion, and that the high migration rate on the D-glucose/EGF-
displayed substrate leads to the delay of retraction at the cel-
lular rear, thereby inducing the temporal cell extension.
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FIG 2. Demonstration of dynamic cell morphology during mig-
ration on D-glucose/EGF displayed substrate (condition 2 shown in
Table 1). The cell marked by arrow A was the same cell examined un-
der condition 2 in Fig. 1. The cell marked by arrow B suffered extreme
elongation severing its tail (marked by arrow B’), owing to migration.
The scale bar indicates 100 pm.

FIG 3. Immunostaining of phosphotyrosine PY20 (green) and vin-
culin (red) in cells cultured for 24 h under conditions 1 (A) and 2 (B)
shown in Table 1.

To confirm the activation of EGF receptors, fluorescence
microscopy for phosphotyrosine PY20 and vinculin was con-
ducted using the cells obtained at 24 h of culture time. As
shown in Fig. 3, the distinct PY20 spots in the cells on the
D-glucose/EGF-displayed substrate (condition 2) can be ob-
served not only at the cell periphery but also in the cell
body, and they overlap with vinculin spots, suggesting that
the phosphorylation of EGF receptors occurred with gener-
ating focal contacts. However, no distinct spots of PY20 ap-
peared in the cells obtained from the control culture (condi-
tion 1).

The values of R, and R, were estimated to compare the
extent of EGF stimulation under the different conditions. As
shown in Fig. 4, the cells on the L-glucose/EGF-displayed
substrate (condition 3) were enhanced to some extent in terms
of migration with an R, of 0.56 um/min, as compared with
the R,, under condition 1, the latter being comparable to that
in the conventional culture condition (condition 4). As ex-
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FIG. 4. Mean values of migration rate and roundness of cells cul-
tured under conditions 1—4 shown in Table 1. The vertical bars indi-
cate the standard deviation (n=10-15). The asterisks indicate the dif-
ference in statistical significance (p<0.01) between the data under
conditions 2 and 1, 3 or 4, confirmed on the basis of analysis of vari-
ance (ANOVA).

pected, a significant enhancement of R,, on the D-glucose/
EGF-displayed substrate (condition 2) was achieved, yield-
ing an R, of 1.19 um/min, which is 2.1 and 4.1-fold in the
cases of conditions 3 and 4, respectively. To confirm the
synergistic effect of D-glucose and EGF display on the mi-
gration, we carried out a culture on a substrate displaying
D-glucose alone using EGF-enriched medium (358.1 ng-
EGF/ml). Under this culture condition, it was found that the
stimulation of cell migration did not occur, giving a low value
of R, comparable to that in the case of condition 1 (data
not shown). Concerning the morphology of cells, almost no
variation in R. was observed under conditions 1, 3 and 4,
giving an R; of approximately 0.9, whereas the lowest R,
was attained under condition 2 (R.=0.75), being in agree-
ment with the finding that the D-glucose and EGF display
caused the elongation of cells, owing to the undulatory move-
ment (Fig. 2).

For successful outcomes in tissue engineering, it is neces-
sary to understand how cells are stimulated by biologically
active factors targeting receptors on the cytoplasmic mem-
brane, which can be categorized mainly into three groups,
namely, autocrine, paracrine and juxtacrine (12). The auto-
crine and paracrine are accompanied with signaling mecha-
nisms involving receptor activation with a soluble form of
stimulator, and the juxtacrine is derived from an insoluble
form on extracellular matrixes (13—15). It has been reported
that juxtacrine stimulation was mimicked by immobilizing
growth factors on a solid substrate. Kuhl and Griffth-Cima
reported that EGF tethered on an aminosilane-modified glass
substrate retained its biological activity in terms of eliciting
DNA synthesis, preserving round cell shape and enhancing
the cell growth of primary rat hepatocytes, in spite of the
relatively low stimulation activity of EGF in a soluble state
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(13). By examining the phosphorylation of signal proteins
such as MAPK, they pointed out that the activation of signal
transduction proteins via stimulation from a solid substrate
lasted for a longer period, compared with that in the case of
a soluble form, because the immobilization caused the sus-
tained activity of signaling owing to a continuous expres-
sion of EGF receptors by preventing EGF from being taken
into the celis. These results support the view that immobi-
lized EGF can regulate cell functions without internalized
latency, and thereby enhance intracellular signaling (3, 4).
The coimmobilization of growth factors and tethering mol-
ecules to solid substrates provides an intelligent design that
elicits spatiotemporal responses and mimics juxtacrine sig-
naling (13, 14). This coimmobilization strategy is expected
to have a synergy effect on cellular behaviors owing to stim-
ulatory increases in frequency and intensity. As examined in
this study, the frequency of interaction between EGF on sub-
strate and its receptor on the cytoplasmic membrane in-
creases with an increase in the number of focal contacts,
which occur via integrin-mediated anchoring, and the in-
tensity of signaling from the activated EGF receptor is en-
hanced with the outside-in signaling of integrin. GLUTs
exhibit a sharp specificity for high binding affinity against
D-glucose, while having an extremely low binding affinity
against L-glucose (15). Our previous study demonstrated that
D-glucose display permitted cells to be in close contact with
a solid surface through the grasping of GLUTs on the cyto-
plasmic membrane (8). In addition, this GLUT-mediated an-
choring caused an undulatory movement in cells following
temporal stretching with repetition between low and high R,
values. As discussed above, displayed D-glucose molecules
yield a larger number of contact points between the cell and
substrate, resulting in an enhanced formation of focal con-
tacts. Considering the overlapping spots of PY20 and vincu-
lin (Fig. 3), D-glucose display is considered to permit the
cells to be in close contact with the substrate via the grasp-
ing of GLUTSs on the cytoplasmic membrane, owing to the
increase in the number of focal contacts, which can induce
the up-regulation of EGF receptor signaling. Thus, the co-
immobilization of EGF and D-glucose offers a substrate that
allows the EGF receptor to be further activated in associa-
tion with cellular binding mediated by GLUTs and integrin.
In conclusion, in this work, we suggest that GLUT-medi-
ated anchoring can offer a synergistic enhancement of the
cell signaling by the concurrent display of D-glucose and
EGF molecules, because D-glucose display induces the ad-
vantage to promote the formation of the focal contacts, lead-
ing to an enhanced stimulation. The display of D-glucose
together with growth factors mimics juxtacrine stimulation
and can be used for the reconstruction of cultured tissues.

This study was conducted as part of the programs “Center for
integrated cell and tissue regulation” for the 21st COE. This work
also received financial supports in part by a Grant-in-Aid for
Scientific Research (no. 17360398) from the Ministry of Education,
Cuilture, Sports, Science and Technology and by a grant for Research
on the Human Genome, Tissue Engineering and Food Biotechnology
from the Ministry of Health, Labour, and Welfare, Japan.
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One of the major challenges in tissue engineering remains the construction of vascularized 3D trans-
plants in vitro. We recently proposed novel technologies, termed “magnetic force-based tissue engineer-
ing” (Mag-TE), to establish three-dimensional (3D) tissues without using scaffolds. Magnetite cationic
liposomes (MCLs), which contain 10-nm magnetite nanoparticles in order to improve accumulation of
magnetite nanoparticles in target celis, were used to magnetically label normal human dermal fibroblasts
(NHDFs). Magnetically labeled NHDFs were seeded onto ultralow-attachment plates. When a magnet
was placed under the plate, cells accumulate on the bottom of the well. After a 24-h-incubation period,
the cells form a sheet-like structure, which contains the major dermal extracellular matrix (ECM) com-
ponents (fibronectin and type I collagen) within the NHDF sheet. Human umbilical vein endothelial cells
(HUVECs) were co-cultured with NHDF sheets by two methods: HUVECs and NHDFs were mixed and
then allowed to form cell sheets by Mag-TE; or NHDF sheets were constructed by Mag-TE and HUVECs
were subsequently seeded onto NHDF sheets. These methods gave tube-like formation of HAECs, resem-
bling early capillaries, within or on the surface NHDF sheets after short-term 3D co-culture, thus sug-

gesting that Mag-TE may be useful for constructing 3D-tissue invelving capillaries.

Introduction

Tissue engineering is a promising technology for
repairing defective tissues in vivo. Tissue engineering
can be used to restore, or enhance the function of de-
fective tissues. There are three main approaches to tis-
sue engineering: (1) to use isolated cells and/or cell
substitutes as cellular replacement parts, (2) to use acel-
lular biomaterials capable of inducing tissue regenera-
tion, and (3) to use a combination of cells and materi-
als. Tissue engineering is generally based on the seed-
ing of cells onto three-dimensional (3D) porous bio-
degradable scaffolds for constructing 3D tissue struc-
tures (Langer and Vacanti, 1993). These scaffolds al-

Received on May 29, 2006. Correspondence concerning this
article should be addressed to H. Honda (E-mail address:
honda@nubio.nagoya-u.ac.jp).

low the cells to form a 3D tissue structure via cell ad-
hesion, proliferation and deposition of extracellular
matrix (ECM). Problems with this approach include
insufficient cell migration into the scaffolds, which may
cause a crucial prolongation of the culture period due
to a shortage of initially seeded cells, and inflamma-
tory reactions to byproducts of scaffold biodegrada-
tion. To overcome these disadvantages, novel alterna-
tive approaches to creating 3D tissue constructs are
needed.

Magnetite particles of nanometer to submicron
size have been used in an increasing number of bio-
logical and medical applications (Shinkai and Ito,
2004). The unique feature of the magnetite particle is
its reaction to magnetic force. Magnetite particles have
been used for cell sorting, as high magnetic flux den-
sity attracts magnetically labeled cells (Miitenyi et a/.,
1990; Radbruch e al., 1994; Moore ef al., 1998; Lewin

Copyright © 2007 The Society of Chemical Engineers, Japan
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et al., 2000). We previously developed magnetite cati-
onic liposomes (MCLs), which contain 10-nm mag-
netite nanoparticles, in order to improve accumulation
of magnetite nanoparticles in target cells, due to elec-
trostatic interaction between MCLs and the cell mem-
brane (Shinkai er al., 1996). In addition, we recently
developed a novel tissue engineering technique using
MCLs, based on the fact that cells labeled with MCLs
can be manipulated using magnetic force (Ito et al.,
2004a, 2004c, 2005a, 2005¢; Shimizu er al., 2005).
With this technique, we used a magnet to accumulate
magnetically labeled keratinocytes onto a culture sur-
face, and sheet-like multi-layered 3D constructs were
successfully created without using any artificial poly-
mer scaffolds (Ito et al., 2004a). Thus, we developed a
novel methodology for tissue engineering using mag-
netite nanoparticles and magnetic force, which we des-
ignated “magnetic force-based tissue engineering
(Mag-TE)".

Neovascularization is a critical obstacle yet to be
overcome in the engineering of tissue constructs larger
than a few cubic millimeters. Thick and large 3D tis-
sue constructs require vascularization in vitro, which
is able to maintain cell viability during tissue growth,
induce structural organization and promote vasculari-
zation after implantation. Thus, it is necessary to de-
velop a novel methodology to construct 3D tissues in-
volving capillaries. In the present study, we investi-
gated whether angiogenesis could be induced in 3D
tissues constructed by Mag-TE. Angiogenesis is a com-
plex process involving numerous growth factors, ex-
tracellular matrix (ECM) (Sengar, 1996; Sephel et al.,
1996), enzymes (Lorimier et al., 1996; Weckoth ef al.,
1996) and co-existing cell types in vivo (Schaffer and
Nanney, 1996). In the present study, we investigated
whether ECM components, such as type I collagen and
fibronectin, which have the capacity to induce angio-
genesis, are deposited in normal human dermal
fibroblast (NHDF) sheets constructed by Mag-TE, and
whether human umbilical vein endothelial cells
(HUVECSs) form capillaries during 3D co-culture with
NHDF sheets. Furthermore, we periodically observed
these capillaries in details, and show the processes of
capillary formation were similar to that during early
angiogenesis in vivo.

1. Materials and Methods

1.1 Cells and culture

HUVECs, NHDFs and normal human epidermal
keratinocytes (NHEKSs) were provided as frozen cells
after primary culture by the supplier (Kurabo Indus-
tries Ltd.), and were cultured in commercially avail-
able growth media (HuMedia-EG2 for HUVECs,
Medium106S for NHDFs, and HuMedia-KG2 for
NHEKSs; Kurabo) at 37°C in a humidified atmosphere
of CO, and 95% air.
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1.2 Preparation of magnetite cationic liposomes

Magnetite (Fe,0,; average particle size, 10 nm;
Toda Kogyo) was used as the core of the MCLs. MCLs
were prepared using colloidal magnetite and a lipid
mixture of N-(a-trimethylammonioacetyl)-didodecyl-
D-glutamate chloride (TMAG, a cationic lipid; Sogo
Pharmaceutical Co.), dilauroylphosphatidyl-choline
(DLPC; Sigma Chemical Co.), and dioleoylphosphatidyl-
ethanolamine (DOPE; Avanti Polar Lipids Inc.) in a
molar ratio of 1:2:2, as described previously (Shinkai
et al., 1996). Average MCL particle size was 150 nm,
and was measured using a dynamic light scattering
spectrophotometer (FRAR 1000, Otsuka Electronics
Co., Ltd)).

1.3 MCL uptake by cells

Uptake of MCLs by HUVECs or NHDFs was ex-
amined as described previously (Shinkai et a/., 1996).
Briefly, HUVECs or NHDFs were seeded into a 60-
mm cell culture dish (Asahi Techno Glass Corp.). Af-
ter a 24-h incubation period, the medium was replaced
with MCL-containing medium (net magnetite concen-
tration, 100 pg/cell) and cells were incubated further.
To assay magnetite uptake, cells were sampled peri-
odically, and iron concentration and the number of vi-
able cells were measured using the potassium thiocy-
anate method (Owen and Sykes, 1984) and the dye-
exclusion method with trypan blue, respectively.

1.4 Construction of cell sheets using MCLs and
magnetic force (Mag-TE)

NHDFs were cultured until subconfluent, and
medium were replaced with flesh medium containing
MCLs (net magnetite concentration, 100 pg/ceil). Af-
ter 24 h of culture with MCLs, the medium were re-
moved, and the cells were rinsed with phosphate-buff-
ered saline (PBS) to remove the medium completely.
Then, the cells were harvested by trypsin treatment.
Magnetically labeled NHDFs (2 x 10° cells) were
seeded into a 24-well ultralow-attachment plate (cul-
ture area, 200 mm?, Corning Inc.), the surface of which
is comprised of a covalently bound hydrogel layer that
was hydrophilic and neutrally charged. A cylindrical
neodymium magnet (diameter, 30 mm; height, 15 mm;
magnetic induction, 0.40 T) was then placed at the re-
verse side of the ultralow-attachment plate in order to
provide magnetic force vertical to the plate, and cells
were cultured for 1 d. We designated this procedure
“Mag-TE”.

1.5 Construction of NHDF sheets by mixing

HUVECs with NHDFs

In order to label cells magnetically, MCLs (net
magnetite concentration, 100 pg/cell) were added to
both NHDFs and HUVECs and cells were incubated
for 24 h. Cells were harvested, and HUVECs (6 x 10*
cells) were mixed with NHDFs (1.8 x 108 cells). The
mixture was seeded onto ultra-low-attachment plates.
A cylindrical neodymium magnet was then placed at
the reverse side of the plate in order to provide magnetic
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force vertical to the plate, and the cells were cultured

for 1 d, allowing the formation of an NHDF sheet con-

taining HUVECs.

1.6 Construction of vascularized NHDF sheets by
seeding HUVECs onto NHDF sheets

Using the Mag-TE method described above,
NHDF sheets without HUVECs were constructed. Sub-
sequently, HUVECs (5 x 10* cells) or NHEKs (1.5 x
10° cells, control) were seeded onto NHDF sheets.
Sheets were cultured in HuMedia-EG2 for 5 d in order
to induce angiogenesis by HUVECs.

Fluorescence microscopy was performed using
CellTracker™ (Molecular Probes); HUVECs and
NHEKs were pre-stained with CMFDA (5-
chloromethylfluoroscein diacetate; Molecular Probes),
fluorescent-stained cells were seeded onto NHDF
sheets and the formation of capillaries was periodically
observed by fluorescence microscopy (Olympus
Corp.). A time-course analysis of HUVEC areas was
performed by the computerized image analysis of the
number of pixels occupied by HUVEC-containing tu-

bule areas (n = 4). Briefly, the image analysis of fluo-

rescence images (image size, 1.21 X 10° pixels) was
carried out using an image analysis program (Adobe
Photoshop 6.0, Adobe Systems Inc.). Fluorescent ar-
eas (tubule areas) in the images were selected by magic
wand tool, and the number of pixels occupied by tu-
bule area was obtained.
1.7 Histology

For histological evaluation, cell sheets were
washed with PBS, fixed in 10% formalin solution and
embedded in paraffin. Thin (4 pm) slices were placed
on silanized slides for immunohistochemistry or stain-
ing with hematoxylin-eosin (H&E). For immunohis-
tochemistry, the primary antibodies used were rabbit
anti-rat type I collagen (LL.SL), rabbit anti-human
fibronectin (DakoCytomation), or anti-rabbit von
Willebrand factor (vWF; DakoCytomation).
Biotinylated goat anti-rabbit immunoglobulin
(DakoCytomation) was used as a secondary antibody.
Briefly, sections were incubated with 1% bovine se-
rum albumin at 37°C for 30 min in order to block back-
ground staining, followed by incubation at 37°C for
60 min each with primary and secondary antibodies.
Thereafter, slices were incubated at 37°C for 30 min
with peroxidase-conjugated streptavidin
(DakoCytomation). Each step was followed by wash-
ing with PBS. Peroxidase activity was visualized after
soaking at room temperature for 10 min in 0.02%
diaminobenzidine tetrahydrochloride containing
0.005% hydrogen peroxide (brown staining indicates
peroxidase activity). Slides were also double-stained
with Berlin blue (Ito et al., 2004c) (blue staining indi-
cates magnetite in MCLs). In negative control sections,
primary antibodies were replaced with an unrelated
monoclonal antibody.
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For transmission electron microscopy, culture
media were removed from the wells and were substi-
tuted with phosphate-buffered washing solution. Sub-
sequent to all pre-embedding procedures, specimens
were dehydrated in an ascending alcohol series. Fixed
cells were then transferred and incubated in a propyl-
ene—epon mixture. From the embedded specimens, 1-
Mm serial sections were cut with an ultra-microtome
(Ivan Sorvall) and were observed under a transmission
electron microscope (H7000, Hitachi High-Technolo-
gies Corp.).

2. Results and Discussion

2.1 Magnetite nanoparticle uptake by cells and its
effect on proliferation

The growth of NHDFs or HUVECs in medium
containing MCLs (net magnetite concentration, 100 pg/
cell) was compared with the growth in a medium with-
out MCLs in order to investigate MCL toxicity against
NHDFs or HUVECs. As shown in Figure 1(a), MCLs
did not inhibit the growth of NHDFs or HUVECs at
the concentration studied.

As shown in Figure 1(b), the amounts of magnet-
ite nanoparticles taken up by NHDFs and HUVECs
differed; 24 h after the addition of MCLs, HUVECs
took up 34 pg of magnetite per cell, whereas NHDFs
took up 14 pg of magnetite per cell. Consequently, both
cell types were sufficiently labeled magnetically to be
attracted by a magnet (magnetic induction, 0.40 T). We
reported previously that canine urothelial cells that took
up 8 pg of magnetite per cell formed a sheet-like con-
struct using the magnet (Ito et al., 2005b). Therefore,
we think that the NHDF sheet can be formed by Mag-
TE. In subsequent experiments, MCLs were added to
NHDFs or HUVECs at a concentration of 100 pg/cell,
followed by a 24-h incubation period.

For clinical applications, MCL toxicity is an im-
portant issue. We previously reported that MCLs do
not adversely affect proliferation of several types of
normal cells within the range of MCL concentrations
tested (i.e., human aortic endothelial cells [HAECs],
<100 pg-magnetite/cell (Ito ef al., 2004c); human
keratinocytes, <50 pg/cell (Ito et al., 2004a); human
smooth muscle cells, <100 pg-magnetite/cell (Ito et al.,
2005b); human mesenchymal stem cells [MSCs], <100
pg/cell (Ito et al., 2004b)), and we observed no effects
on MSC differentiation (Ito et al., 2004b). However,
further study is needed in order to assess the toxicity
of residual magnetic nanopartilces in the grafts before
Mag-TE can be used clinically.

2.2 Construction of NHDF sheets by Mag-TE

Magnetically labeled NHDFs were seeded onto
24-well ultralow-attachment plates and a 30-mm neo-
dymium magnet was then placed under the plate. Be-
cause the magnetic density (0.40 T) was essentially
even throughout the culture areas of the 24-well
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ultralow-attachment plates (Ito ef al., 2004a), NHDFs
were rapidly attracted to the magnet and accumulated
evenly over the bottom of the plate. After a 24-h incu-
bation period, NHDF sediments shrank slightly and
formed a sheet-like structure. In contrast, NHDFs with-
out MCLs or with MCLs in the absence of a magnet
did not form evenly contiguous cell sheets nor did they
attach to the ultralow-attachment plates, but rather
formed small spheroids (data not shown). Figure 2(a)
shows an NHDF sheet constructed by Mag-TE; the
sheets had a black-brown color, which is the color of
magnetite. NHDF sheets constructed by Mag-TE
shrank slightly (the decrease in the diameter was 20%)
at 24 h after culture in the presence of a magnet. When
the magnet was removed from the bottom of the plates,
the sheets were detached from the bottom of the 24-
well ultralow-attachment plates, and could be harvested
without enzymatic digestion.

It has been observed and documented in 2D and
3D angiogenesis models using HUVEC that ECM com-
ponents (type I collagen (Korff and Augustin, 1999),
fibrin (Vailhe et al., 1996), or matrigel (Kubota et al.,
1988)) promote capillary-like structure formation.
Thus, ECM deposition is essential for constructing
vascularized 3D tissues, particularly in scaffold-less
cell sheets. It is generally difficult to fabricate 3D tis-
sue constructs without using 3D scaffolds, due to the
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lack of cell adherence via cell-cell junctions, particu-
larly in the vertical direction. This non-adherence may
be caused by enzymatic digestion of ECM. To over-
come this difficulty, Yamato et al. (2001) used a
thermo-responsive culture surface grafted to poly (N-
isopropylacrylamide) (PIPAAm), and recovered mon-
olayer cell sheets grown on ECM deposited on the cul-
ture surface; because digestive enzymes were not used,
the ECM remained intact and enhanced cell—cell at-
tachment. Thus, this method of “cell sheet engineer-
ing” may be a viable alternative approach to tissue
engineering. We developed a novel methodology,
termed “Mag-TE”, for the fabrication of cell sheets.
We used magnetic attraction as a physical approach
for enhancing layered cell-cell interactions.

We investigated whether ECM components were
produced during NHDF sheet formation by Mag-TE.
Cross-sectional observation by H&E staining revealed
that NHDFs formed cell sheets of approximately 200 pm
in thickness (Figure 2(b)) and containing Berlin blue-
positive magnetite nanoparticles within the sheet (Fig-
ure 2(c)). Immunohistochemical staining revealed that
ECM components such as fibronectin (Figure 2(d)) and
type I collagen (Figure 2(e)), which are known to be
major dermal ECM components and are known to pro-
mote capillary formation (Vailhe et a/., 2001), were
deposited within the constructed NHDF sheets. Cell-ECM

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



R

Fig. 2 Histological examination of fabricated NHDF sheets: (a) Bright-field micrograph of NHDF sheet constructed by
Mag-TE; (b) Bright-field micrograph of hematoxylin/eosin-stained cross-sections of NHDF sheets constructed by
Mag-TE; (c) Negative control using unrelated monoclonal antibody double-stained with Berlin blue (blue). Immuno-
histochemical stains for fibronection (brown, (d)) or type I collagen (brown, e) double-stained with Berlin blue

(blue)

interactions can generate mechanical forces that can
alter the structure of the surrounding ECM, which has
been most convincingly shown in the case of fibroblast
and 021 integrin-mediated collagen gel contraction
(Schiro et al., 1991). These results suggest that colla-
gen contraction due to NHDF-ECM interactions is in-
volved in sheet shrinkage. The mechanism of ECM
deposition remains to be elucidated, but we believe that
the very close cell—cell interactions under 3D co-cul-
ture with magnetic force can elicit ECM deposition.
ECM components deposited by cells within cell sheets
during 3D-culture remain intact because the Mag-TE
technique allows cell sheets to be harvested from the
culture surface without enzymatic treatment. This point
may play an important role in post-transplantation.

Fibroblasts are an integral component of all tis-
sues; they contribute to architecture by producing ECM
that serves as scaffolding for various organ structures,
including vasculature. In addition, fibroblasts are arich
source of growth factors for self-stimulation and acti-
vation of other cell types in the microenvironment. In
the present study, NHDF was selected as a model for
construction of vascularized tissue, and two methods
were employed in order to form capillaries in or on
NHDF sheets.
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2.3 Formation of capillaries in NHDF sheets

In order to produce capillaries within NHDF
sheets, magnetically labeled NHDFs and HUVECs
were admixed and seeded into ultralow-attachment
plate. When the cells were co-cultured in the presence
of a magnet for 1 d, NHDF sheets incorporating
HUVECs were formed (overall appearance was as
shown in Figure 2(a)). Figure 3 shows cross-sections
of NHDF sheets incorporating HUVECs on day 1.
HUVECs formed tube-like structures with lumens of
5-6 um (Figure 3(a)), and some formed connected
tube-like structures (Figure 3(b)) within the sheets.
Transmission electron microscopy revealed that
HUVECs within NHDF sheets formed vacuoles (Fig-
ure 3(c)), suggesting that 3D co-culture of HUVECs
within NHDF sheets induced angiogenesis.
2.4 Fermation of capillaries on NHDF sheets

Alternatively, in order to construct capillaries on
NHDF sheets, HUVECs were seeded onto NHDF
sheets constructed by Mag-TE. Figures 4(a)—(d) show
fluorescence microscopic images of HUVECs on
NHDF sheets. HUVECs adhered to the NHDF sheets
at 4 h after seeding (Figure 4(a)); extended on day 1
(Figure 4(b)); elongated and connected between cells
on day 2 (Figure 4(c)); and finally organized into net-
work structures, which exhibited multiple branching
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Fig. 3 Histological examination of HUVECs within NHDF sheets. Magnetically labeled NHDFs and HUVECs were ad-
mixed and seeded onto an ultralow-attachment plate, followed by placement of a magnet under the plate and co-
culture for 1 d. Bright-field micrographs of cross-sections of the cell sheets stained against vWF double-stained with
tube-like structures and connection of two tube-like structures, respectively. (c) Transmission electron microscopy
of cross-sections of fabricated cell sheets. Lumen (Lu) was evident. Arrows indicate magnetite particles

1 (g)

Number of pixels

0 . A L . .
0 1 2 3 4 5
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points, on day 5 (Figure 4(d)). Time-course analysis
of HUVEC areas was performed by computerized im-
age analysis of the number of pixels occupied by
HUVECs including tubule areas; the fluorescence area

56

Fig. 4 Fluorescence images of HUVECs on NHDF sheets.
Magnetically labeled NHDFs were seeded onto an
ultralow-attachment plate, followed by placement
of a magnet under the plate and culture for 1 d.
Subsequently, HUVECs (a—d) or NHEKSs (e and f)
were seeded onto NHDF sheets. Cells were ob-
served periodically by fluorescence microscopy.
(2) and (e), 4 h; (b), 1 d; (c), 2 d; (d) and (f), 5 d.
(g) Time-course analysis of HUVEC areas was per-
formed by the computerized image analysis of the
number of pixels occupied by HUVEC-containing
tubule areas. Data points are means + SD (n = 4)

on the NHDF sheets increased (Figure 4(g)), thus sug-
gesting that HUVEC:s proliferated and/or spread on the
NHDF sheets for 5 d. On the other hand, although
NHEKs adhered on the NHDF sheets at 4 h after

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



Fig. 5 Morphological changes of HUVECs on NHDF sheets. Fluorescence microscopy of HUVECs revealed vacuole (a,
day 3, indicated by arrowheads) and lumen formation (b) consisting of two (left, day 5) or more cells (right, day 3),
and sprouting of cord-like structures (c, day 5) on NHDF sheets. (d) Bright-field micrographs of immuno-staining
against vWF (brown) double-stained with Berlin blue (blue) in thin slices (4 um) of sheets revealed capillary lumen

formation (indicated by an arrow) by HUVECs

co-culture (Figure 4(e)) and slightly increased in the
cell number (data not shown), NHEKSs did not organ-
ize cordlike network structures even after a 5-d cul-
ture period (Figure 4(f)).

Two major morphologic changes that regulate
HUVEC tube development include lumen formation
and sprouting, and these changes control how HUVECs
interconnect into 3D networks. Fluorescence micro-
scopic images of HUVECs co-cultured on NHDF
sheets revealed vacuoles (Figure 5(a)) and lumens
consisting of two or three HUVECs (Figure 5(b)), as
well as sprouting with long cord-like structures
(>250 pm, Figure 5(¢)). Inmuno-staining against vVWF
on thin slices (4 um) of the sheets revealed capillary
lumen formation surrounded by HUVECS (Figure 5(d)).

Tube-like formations of HUVECs were observed
in both cases (Figures 3-5) after short-term 3D co-cul-
ture, but there may be differences between two meth-
ods with regard to the angiogenesis process. HUVECs
incorporated within the NHDF sheets formed tube-like
structures on day 1 (Figure 3), but the cross-sectional
analysis revealed that the number of vWF-positive
tube-like structures did not increase until at least 5 d
after co-culture (data not shown). On the other hand,
when HUVECs were seeded onto NHDF sheets,
HUVEC:s proliferated and/or spread during the 5-d in-
cubation period (Figure 4(g)). We suppose that the poor
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growth of HUVECS within the NHDF sheet was mainly
caused by contact inhibition, i.e., HUVECs could not
spread in the highly dense NHDF sheets.

In the present study, we showed that NHDF sheets
constructed by Mag-TE induced HUVECs to generate
a primitive cord-like network (Figure 4(d)), via vacu-
ole (Figure 5(a)) and lumen formation (Figure 5(b)),
and sprouting (Figure 5(c)), which mimic the processes
observed during early angiogenesis in vivo. For appli-
cation to tissue engineering, transplantation of pre-
formed capillary structures may be crucial for graft
survival. HUVEC-derived cords formed in 3D colla-
gen gels have been shown to survive and inosculate
with mouse microvessels after transplantation
(Schechner er al., 2000). Because blood vessels are
stabilized by association with pericytes, including
embryonic fibroblasts (Levenberg et al., 2005) or
smooth muscle cells, co-culture of these cells may be
a possible approach. Previously, we succeeded in con-
structing Mag-tissue engineered small-diameter vas-
cular tissue consisting of heterotypic layers of endothe-
lial cells, smooth muscle cells and fibroblasts (Ito ef
al., 2005b). Thus, the Mag-TE technique can be ap-
plied to construct a vascularized NHDF sheets incor-
porating pericytes or smooth muscle cells for vascular
stabilization after transplantation. Furthermore, Mag-
TE technique can be used for micro-patterning of
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target cells, including HUVECs (unpublished results).
Thus, we believe that designed capillaries can be
formed on NHDF sheets by using micro-patterned
magnets, and we are planning to construct native-like
thick 3D structures consisting of multi-layer of the
sheet.

Conclusions

We developed a novel methodology to construct
vascularized cell sheets using MCLs and magnetic
force (“Mag-TE”). Mag-TE ailowed the in vitro fabri-
cation and harvesting of NHDF sheets containing ECM
and capillaries, and this technique may be applied to
the engineering of thick 3D tissues for nutrient or oxy-

gen supply.
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Abstract

An optimal and individualized treatment protocol based on accurate diagnosis is urgently required for the adequate treatment of patients. For
this purpose, it is important to develop a sophisticated algorithm that can manage large amount of data, such as gene expression data from DNA
microarray, for optimal and individualized diagnosis. Especially, marker gene selection is essential in the analysis of gene expression data.

In the present study, we developed the combination method of projective adaptive resonance theory and boosted fuzzy classifier with SWEEP
operator method for model construction and marker selection. And we applied this method to microarray data of acute leukemia and brain tumor.
The method enabled the selection of 14 important genes related to the prognosis of the tumor. In addition, we proposed improved reliability index
for cancer diagnostic prediction of blinded subjects. Based on the index, the discriminated group with over 90% prediction accuracy was separated
from the others.

PART-BFCS with improved Rlgrcs method does not only show high performance, but also has the feature of reliable prediction fusther. This result
suggests that PART-BFCS with improved Rlgrcs method has the potential to function as a new method of class prediction for diagnosis of patients.

© 2006 Elsevier B.V. All rights reserved.

Kevwords: Cancer diagnosis; Fuzzy classifier; Projective adaptive resonance theory; Marker gene selection; Reliability index

1. Introduction

Cancer is a major cause of disease related to human deaths
in many developed countries. Frequently, the prognosis of can-
cer patients with the same clinical diagnosis can be different.
Therefore, it is important that the prognosis of cancer patients is
accurately determined, and an adequate treatment is proposed.
However, the sensitivity of cancer patients to radiotherapy and/or
chemotherapy is determined by complex causality involving
multiple factors, and not a single factor because the mechanisms
of cancer development (or malignancy) are extremely complex.
Gene expression data from DNA microarray are individualized
and are useful in the diagnosis and prognosis of diseases [1].
However, to conduct analysis, it is necessary to select signifi-
cantly differentially expressed genes that are strongly related to
diagnosis or prognosis of disease because the performance of

* Corresponding author. Tel.: +81 52 789 3215; fax: +81 52 789 3214.
E-mail address: honda@nubio.nagoya-u.ac.jp (H. Honda).
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classification analysis can decline due to such large quantities
of data.

Feature selection has been performed in order to screen can-
didate genes for modeling. There are two types of approaches—
wrapper approach and filter approach. In the former approach,
features (genes) are selected as a part of mining algorithms,
such as support vector machines (SVM) [2], fuzzy neural net-
work (FNN) combined with SWEEP operator (FNN-SWEEP)
method [1], and boosted fuzzy classifier with SWEEP operator
(BFCS) method [3]. On the other hand, in the filter approach,
features are selected by filtering methods, such as U-test, t-test,
signal-to-noise statistic (S2N) [4] and projective adaptive res-
onance theory (PART) [5], prior to the application of mining
algorithms.

These methods were often used alone in previous studies. In
the present study, we combined various wrapper and filtering
approaches and then, we applied these methods to gene expres-
sion profile data of leukemia and central nervous system tumor. It
is necessary that specific and essential marker genes are selected
for cancer classification and diagnosis. Minimum gene sets with-
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out false positive ones should be extracted. Therefore, various
methods were compared under the condition of small inputs. The
combination method of PART and BFCS was the best under this
condition.

2. Materials and methods
2.1. Data processing

We used two kinds of gene expression profiles. The first
one is the gene expression profiles, obtained from http:/www.
genome. wi.mit.edu/cgi-binfcancer/datasets.cgi, reported by
Golub et al. [4]. The data set comprised 7129 human genes
(probe sets) and 72 patients (47 acute lymphoblastic leukemia
(ALL) and 25 acute myeloid leukemia (AML)), which were
obtained from acute leukemia patients at the first time of
diagnosis. In this experiment, the data set was partitioned into
one data set comprised of two groups: 38 patients (27 ALL,
11 AML) as a modeling data set for constructing the class
prediction model (predictor) and 34 patients (20 ALL, 14 AML)
as a blinded data set for evaluating the constructed predictor.
We excluded those genes for which all the 72 patients showed
an intensity of less than 1000 signals [6] prior to applying the
various filtering methods. Thus, 2476 genes were selected for
the present study.

The second one is gene expression data set of medulloblas-
toma, which is a type of central nervous system (CNS) tumor,
obtained from  http://www.genome.wi.mit.edu/MPR/CNS,
reported by Pomeroy et al. [7]. Patients with medulloblastoma
are treated by combinations of surgery, radiotherapy, and
chemotherapy. In the present data set, the following three drugs
are mainly used for chemotherapy: vincristine, cisplatin, and
cytoxan., Therefore, by using gene selection and prognosis
modeling proposed in the present study, the gene related to the
treatment response can be extracted. The data set comprised
7129 human genes (probe sets) and 60 patients from whom
tumor specimens were obtained by surgery. Among these 60
patients, a few patients (16) had a short follow-up period.
Therefore, we used the data of the remaining 44 patients for
the construction of a 4-year survival prediction model. Of these
44 patients, 26 patients remained alive after 4 years and 18
patients had died. In this experiment, the data set was randomly
partitioned into three data sets consisting of two groups: 30 or
29 patients (18 or 17 survivors, 12 dead) as a modeling data set
for constructing the class prediction model (predictor) and 14
or 15 patients (8 or 9 survivors, 6 dead) as a blinded data set for
evaluating the constructed predictor. We excluded those genes
for which all the 44 patients showed the intensity of less than
1000 signals prior to applying the various filtering methods.
Thus, 2713 genes were selected for the present study.

In order to validate performance of models, 10 independent
predictors were constructed from these genes by the parameter
increasing method (PIM). The prediction accuracy of the blinded
data set was utilized for comparison of model performance, and
the accuracy was calculated as the average of 10 independent
combination predictors.

A total of 1000 genes were selected by various gene screening
methods, e.g. Mann—Whitney’s U-test, signal-to-noise statistic
(S2N), and projective adaptive resonance theory (PART), prior
to the model construction step. Subsequently, various modeling
methods were applied as described in the following sections.

2.2. Determination of optimal input number

When a large number of inputs are provided in the model,
the model is excess fitted to the training data and the robust-
ness is lost. Therefore, in order to construct a model with
relatively high robustness, we assumed that the number of IF-
THEN rules should not exceed the sample number [1]. Then, we
used a stopping condition in the present study such that the total
input number became Nyyribuee in all the selected weak learners;
Nawibuie 1s defined according to the following condition:

Nauribue < logy N n

where Nyuribute indicates the optimum selected attribute number.
Using Eq. (1), Nauribute 18 4 since N is 30 (or 29) for the CNS
data set and 5 since N is 38 for the leukemia data set.

2.3. Boosted fuzzy classifier with SWEEP operator (BFCS)

Boosting was proposed by Schapire [8], and thus far, sev-
eral derivative boosting algorithms [9—11] have been developed.
Boosting is useful for class prediction using high dimensional
inputs and is very fast algorithms.

In the previous study, we developed a boosted fuzzy classi-
fier with SWEEP operator (BFCS) method (3] on the basis of
AdaBoost [9], which is the most basic boosting algorithm. This
method enables the evaluation of reliability of the predictions
for each patient. On the other hand, it is difficult to evaluate the
reliability of the predicted results of the conventional boosting.

Fig. 1 shows the structure of BFCS. BFCS is composed of
one-input type I fuzzy neural network (FNN) models [12]. In the
present study, one-input FNN models were used as weak learn-
ers in the BFCS model, and they were combined by connection
weights, which were determined by the AdaBoost algorithm.
FNN has three types of weight parameters (wc, wg, and wy)
{12]. In the present study, parameter wg is a constant value
(=2.01In((1.0+0.995)/(1.0-0.995))) [12], and w¢ is a thresh-
old that has the best odds ratio in the case that only one input
was used. we and wy were determined; wg was calculated by the
SWEEP operator method {12].

2.3.1. Reliability index for BFCS (old Rlgrcs)

Reliability index (RI) based on fuzzy inference has been pro-
posed to evaluate the result of class prediction by Huang and Li
{13]. We have developed a reliability index for BFCS (Rlggcs)
by modifying RI for boosting.

We modified RI equations as follows:

RI _ INT(diffgrcs - 10) + 1, if O < diffgpcs < 0.9
BFCS = 1o, if diffgres > 0.9

2
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1-input FNN
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Fig. 1. Concept of the BFCS model.

where

Z,T {a, . argmin(diffv)}

ve M,
T
Z: o
where T indicates the number of weak learners in the BFCS
model, M, indicates set of input variables in rth selected weak
learner, a; indicates the connection weight of the rth selected

model in the construction of BFCS models, and diff, is defined
by the following equation:

diff, = uhighest(Xv) — Unext highesl(Xv) )

where v indicates the vth input in the BFCS model and u(x,)
indicates the grade of the fuzzy membership function when the
vth input x,, was inputted. It is defined by the following equation
(12}

diffgpcs = 3)

1
T+ exp{—wg(xy + we)}

Uy )
RIgrkcs is calculated for each example. Here, the greater RIgrcs
the sample has, the more reliable its prediction.

2.3.2. Improved reliability index for BFCS (new Rlgrcs)

In the present study, we propose improved reliability index by
modifying equation of Rlggcs for more practical cancer diagno-
sis. For previous reliability index, argmin(diff,)s in each weak
learner, that mean distance from boundary line, are multiplied
by a; and summed. For improved reliability index, argmin(diff;,)
in weak learner that output opposite to integrated model, is used
as negative value. It is defined by the following equation:

ve M,

Z’r o

ST {cx, g argmin(diffv)}

diffgrcs = (6)

where

-1,
& = +1,

where O, indicates output of th model, and Oy indicates output
of integrated model.

if sign (O,) # sign (Oy)

o . )
if sign (Oy) = sign (Oy)

2.4. k-Nearest neighbor (kNN)

The k-nearest neighbor (kNN) methods are based on a dis-
tance function for pairs of tumor samples, such as the Euclidean
distance. The kNN proceeds as follows to classify blind data
set observations on the basis of the modeling data set. For each
patient in the blind data set (a) finding the k-closest patients in the
modeling data set and (b) predicting the class by majority vote;
that is, choosing the class that is most common among those
k-neighbors. The number of neighbors k =3 was used because a
similar cross-validation accuracy of model was obtained in the
modeling data set for various k.

2.5. Multiple regression analysis (MRA)

The multiple regression analysis (MRA) is one of conven-
tional methods. The MRA is a concerned with describing and
evaluating the relationship between a patient’s outcome and gene
expression. MRA models are used to help us predict patient’s
outcome by using gene expression data.

2.6. Weighted voting (WV)

The weighted voting (WV) method was originally pro-
posed by Golub et al. [4] to manage microarray data. The
weights of each gene were calculated by the signal-to-noise.
The linear models of one gene were assembled with gene
weight.
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2.7. Support vector machine (SVM)

The support vector machine (SVM) was originally proposed
by Vapnik and Chervonenkis [ 14] and is used to avoid the “curse
of dimensionality”. SVM is superior to many other conventional
methods and is frequently used in bioinformatics. In the present
study, the SVM-LIGHT software package [15] was used. It was
modified, and a PIM function was added to select a combination
of inputs. In the present study, the regulatory parameter ¢ was
the default value of SVM_LIGHT ((avg(input vector)?)~1). A
linear kernel was used because a similar cross-validation accu-
racy of model was obtained in the modeling data set for various
kernels.

2.8. Fuzzy neural network (FNN) combined with SWEEP
operator method (FNN-SWEEP)

The fuzzy neural network (FNN) combined with SWEEP
operator method (FNN-SWEEP method) was also applied for
model construction. The FNN-SWEEP method was originally
proposed by Noguchi et al. (16] and was modified by Ando
et al. [1] 1o manage microarray data. FNN has three types
of weight parameters (wc, wg, and wr) [12] as shown in
Fig. 2. If wc and wg are fixed, FNN can be treated as multiple
linear regression model in which ws is variable parameter.
Therefore, wy was easily optimized without training. In the
FNN-SWEEP method, only parameter wy was optimized by

Fig. 2. Three-input type-1 FNN model.

the SWEEP operator method during the feature selection step.
After the input combinations were determined, FNN models
with the selected input combinations were optimized using a
backpropagation algorithm on model construction step. In the
backpropagation algorithm, the number of epochs was set 1o

Table |
Comparison of accuracies on various combination methods for leukemia data set (%)

Inputs

1 2 3 4 5
BFCS with PART 779 + 10.7 674 + 7.6 84.7 + 74 86.5 = 44 89.1° £ 7.3
BFCS with S2N 78.8 £ 10.6 674 £ 76 844 + 73 85.6 £ 5.7 832+ 22
BFCS with U-test 78.8 £ 10.6 674 + 7.6 8441+ 73 85.6 = 5.7 832+ 22
BFCS without screening 78.8 + 10.6 674 £ 7.6 844 £ 73 856 +£ 5.7 832 £ 22
SVM with PART 774 + 100 794 £ 7.5 80.0 £ 8.2 809 £ 9.7 824 + 8.4
SVM with S2N 762 £ 112 785 £ 7.0 81.8 £ 7.7 832 £ 9.0 82.4 + 9.7
SVM with U-test 762 £ 11.2 785 £ 7.0 826 + 6.2 84.1 £ 6.7 83.5 £ 80
SVM without screening 76.2 + 11.2 785 £ 7.0 835162 847 + 64 85.0 £ 7.7
FNN-SWEEP with PART 776 £ 122 77.1 £ 13.1 79.7 £ 9.1 80.3 + 8.1 859+ 7.7
FNN-SWEEP with S2N 779 £ 119 803+ 78 81.8 £ 8.0 81.5 + 8.2 815190
FNN-SWEEP with U-test 779 £ 11.9 803+ 7.8 812+ 75 826 £ 93 812 £+ 85
FNN-SWEEP without screening 779 £ 119 80.3 + 7.8 81.8 + 8.0 844 + 9.0 83.5 £ 8.7
kNN with PART 803+ 11.8 753+ 11.8 765+ 11.8 80.0 £ 123 77.6 £ 125
kNN with S2N 79.1 £ 128 829 + 128 82.6 £ 125 79.7 £ 9.8 79.4 4 9.1
kNN with U-test 79.1 £ 12.8 84.1 £ 99 82.1 £ 9.0 81.5 & 10.5 81.8 £ 108
kNN without screening 79.1 £ 12.8 79.4 + 124 80.0 £ 11.3 78.8 £ 10.7 81.5 £ 93
MRA with PART 77.4 £ 11.2 79.4 + 10.9 794 + 103 753+ 114 64.1 & 8.2
MRA with §2N 779 £ 11.1 80.6 £+ 8.8 832+ 77 747 £ 9.6 64.7 £ 8.2
MRA with U-test 779 £ 11.1 80.6 + 8.8 83.5 &+ 8.0 762 £ 9.7 67.1 £ 7.0
MRA without screening 779 £ 11.1 80.6 + 8.8 83.8 £ 82 76.2 + 7.0 66.8 £ 6.8
WYV with PART 79.7 £ 10.7 76.5 £ 12.5 8244170 75.3 + 8.6 724 £ 11.2
WV with S2N 782 £ 11.2 835+ 75 709 £ 13.1 712 £ 126 70.6 £ 10.1
WV with U-test 782 £ 11.2 856 + 5.8 76.2 £ 10.7 732 £ 142 762 £ 115
WV without screening 782 £ 11.2 788 £ 7.9 76.2 £ 13.6 77.1 £ 10.7 853+ 94

The average blinded accuracies and their S.D.s were calculated from 10 combination models constructed by PIM.

% The highest accuracy.
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5000, and the learning rate was set to 0.1, these values are the
same as those reported by Ando et al. [1].

2.9. Model construction with parameter selection

The parameter increasing method (PIM) [17] was used to
select input combinations for model construction of FNN-
SWEEP, SVM, iNN, MRA, and WYV. This was done as
follows.

First, we predicted the subtype of each sample by using the
prediction model with a single input. Prediction models for each
probe were constructed in a series, and all the probes were
ordered based on the accuracy of the constructed models. In
the next step, the probe having the highest accuracy level was
used for constructing a combination model.

Second, we selected a partner probe for the probe selected
in the first step in order to increase the prediction accuracy. To
accomplish this, we constructed a two-input model in which
a ranked probe was designated as input 1, and input 2 (part-
ner probe) was selected to provide the highest training accuracy
while applying FNN-SWEEP (or SVM, iNN, MRA, and WV)
and PIM to the modeling data. By repeating this step, a com-
bination of Nyyribue candidate probes was identified for use as
input probes in the model construction.

Finally, combinations of N,yribute probes, i.e. from the first to
the Nayributeth probe were evaluated. We constructed Nyyribute
predictor models, beginning with one input using only the
first-selected probe to Nyyribuie inputs using all the Nyyribue
probes. The predictor models were specifically constructed
by using a backpropagation algorithm for FNN-SWEEP or
quadratic programming for SVM. The performance of the pre-
diction models was evaluated by applying them to the blinded
data set.

For the two gene expression profile data, the genes with the
first to the 10th highest accuracies were used as the first inputs
for the construction of the 10 combination models by PIM. The
S.D.s of blinded accuracies were calculated by using ones of
these 10 combination models.

2.10. PART-BFCS method

Previously, we developed PART filtering method by modify-
ing PART [18,19]. And, we developed and combined the PART
filtering method as a gene filtering method and BFCS as a mod-
eling method. In this PART-BFCS method, PART first preselects
the genes that show small variances within a class. Then, BFCS
rapidly selects these genes to build a highly accurate and reliable
predictor.

PART has two important parameters, vigilance and distance
parameters. The vigilance parameter was optimized so that mod-
eling samples clustered well. The distance parameter was used
to control the number of extracted genes. The genes extracted
by PART showed low standard deviation (5.D.) in lower gene
expression class. The predictor using genes with low S.D. in
lower class showed high performance [5].

In BFCS model, one-input FNN models on the basis of neu-
ral network and fuzzy logic, were used as weak learners. FNN

Table 2
Frequency of construction of high performance model

Methods

Leukemia® CNSsP
BFCS with PART 4/10 13/30
BFCS with S2N 0/10 3/30
BFCS with U-test 0/10 3/30
BFCS without screening 0/10 3/30
SVM with PART 2/10 2/30
SVM with S2N 1710 2/30
SVM with U-test 2/10 0/30
SVM without screening 0/10 0/30
FNN-SWEEP with PART 0/10 3/30
FNN-SWEEP with S2N /10 0/30
FNN-SWEEP with U-test 0/10 0/30
FNN-SWEEP without screening 0/10 0/30
kNN with PART 0/10 0/30
kNN with S2N 0/10 0/30
kNN with U-test 0/10 0/30
kNN without screening 0/10 0/30
MRA with PART 0/10 ) 0/30
MRA with S2N 0/10 0/30
MRA with U-test 0/10 0/30
MRA without screening 0/10 0/30
WYV with PART 0/10 1/30
WYV with S2N /10 2/30
WYV with U-test 0/10 1/30
WYV without screening 0/10 0/30

2 Ten combination models from first to 10th models were constructed by PIM
for each method in five-inputs. The accuracies of the models with first and second
highest performance were 100% (=100 x 34/34) and 97.1% (=100 x 33/34),
respectively. The number of the models with 100% or 97.1% accuracies were
counted from 10 combination models.

b Ten combination models from first to 10th models were constructed by PIM
for each method and each set (of three-fold cross-validation) in four-inputs.
The accuracies of the models with first and second highest performance were
86.7% (=100 x 13/15) and 85.7% (=100 x 12/14), respectively. The number of
the models with 86.7% or 85.7% accuracies, were counted from 30 combination
models for three data sets.

has three types of connection weights (w¢, wg, and wy). These
parameters were optimized as mentioned in section of BFCS
algorithm. The only one parameter that should be optimized
is the number of input in boosting model. This parameter was
optimized by using the number of samples.

3. Results and discussion

3.1. Comparison of the performance of PART-BFCS and
the other methods

The performances of wrapper approaches with filter
approaches as class predictors were investigated. For compari-
son, many combinations of various wrapper approaches, such as
BFCS, SVM, FNN-SWEEP, k-nearest neighbor (kNN), muiti-
ple regression analysis (MRA), and weighted voting (WV), and
various filtering approaches, such as U-test, S2N, PART, and no
screening, were constructed. The performance of the predictors
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Table 3
Comparison of cross-validation accuracies on various combination methods for CNS tumor data set (%)

Inputs

1 2 3 4
BFCS with PART 65.6 £ 11.1 709 £ 14.3 745 £ 97 773" + 8.8
BFCS with S2N 675 £ 115 674 £ 13.2 710 £ 97 71.1 £ 9.5
BFCS with U-test 67.5 £ 11.5 66.3 £ 12.8 712 £ 9.2 713 £ 9.1
BFCS without screening 675 £ 115 66.3 + 12.8 712 £92 713+ 9.1
SVM with PART 65.1 & 149 65.6 = 12.9 653 + 129 658 & 142
SVM with 82N 680+ 11.6 66.8 £ 9.0 69.5 & 8.1 68.3 + 103
SVM with U-test 676 £ 119 66.3 £ 10.1 68.0 + 8.8 65.7 & 8.1
SVM without screening 676 £ 11.9 659 + 9.6 68.2 + 8.6 66.3 & 10.0
FNN-SWEEP with PART 65.1 £ 11.3 66.5 + 10.3 655 + 12.6 622 + 13.1
FNN-SWEEP with S2N 672 £ 126 629 £ 11.9 609 + 10.4 59.1 £ 129
FNN-SWEEP with U-test 670+ 126 625 £ 11.1 60.4 + 10.1 59.1 £ 144
FNN-SWEEP without screening 67.0 £ 126 62.7 £ 10.6 603 £ 116 587+ 119
kNN with PART 603+ 116 59.3 £ 10.5 589 £ 122 598 + 114
ANN with S2N 595+ 119 572 £ 10.8 55.6 £ 10.9 55.0 £ 106
kNN with U-test 595 £ 109 586 £ 11.5 580 £ 99 571111
kNN without screening 58.0 £ 12.6 56.6 £ 11.7 575+ 97 575+ 90
MRA with PART 652+ 112 64.2 + 11.1 61.8 + 14.6 552+ 118
MRA with S2N 672119 633 £ 12.7 63.0 £ 10.9 569 £ 9.6
MRA with U-test 672 £ 119 618 £ 11.6 60.1 £+ 10.4 55.1 £ 12.1
MRA without screening 672 £ 119 627+ 113 59.1 £ 103 543 £ 136
WYV with PART 61.7 £ 143 63.9 £ 12.9 60.9 + 13.0 64.6 + 12.0
WV with S2N 633 + 13.8 633 £+ 12.1 62.6 + 12.1 63.1 £11.3
WYV with U-test 66.1 £ 11.4 626 £ 9.3 623 + 104 632 + 10.1
WYV without screening 66.1 £ 11.4 626+ 11.4 630+ 11.3 63.6 + 9.6

The average blinded accuracies and their S.D.s were calculated from 10 combination models constructed by PIM.

¥ The highest accuracy.

was compared on the basis of the accuracy by using a blinded
data set that was not used for modeling. By using 10 independent
class predictor models, the average accuracy for blinded data set
was calculated for the CNS and leukemia data sets.

The results of leukemia data are shown in Table 1. The result
shows that average accuracy of the PART-BFCS models is the
highest as shown in Table 1. In this experiment, top 10 indepen-
dent class predictor models were constructed by PIM (parameter
increasing method) [17] for each condition and data set. And
the numbers of construction of high performance model (100%
or 97.1% accuracy) were counted for each method as shown in
Table 2. Four models among 10 models of five-input show 97.1%
or more accuracy for PART-BFCS method. Next, the results for
CNS data are shown in Table 3. The inputs used in the predictors
were gradually increased from the one-input model to four-input
model. As shown in Table 3, the PART-BFCS method clearly
showed high performance when compared with the other meth-
ods in all input models with the exception of one-input model.
The accuracy of the PART-BFCS method gradually increased
and eventually, it reached 77.3% in the four-input models. On
the other hand, SVM, FNN-SWEEP, kNN, MRA, and WV with
various filtering showed an accuracy of 55.1-68.3%, which was
lower than that of PART-BFCS. Average accuracy of three-input
SVM models with S2N was the highest except BFCS models
(69.5%). By using U-test, however, we found that the accuracy
of BFCS with PART was significantly (P =5.94 x 10~*) higher

than one of SVM with S2N. In the four-input models, PART-
BFCS method could constructed the most models that showed
accuracies were 86.7% (first highest) or 85.7% (second high-
est), as shown in Table 2. These results could be explained by
the facts that PART is the useful filtering method that could
improve performances of simple models [5], BFCS is the mod-
eling method in which the model is constructed by assembling
simple models, such as one-input FNN. Otherwise, complex
models are constructed by other modeling methods. Table 2
shows that the most high performance models were constructed
by PART-BFCS method. Therefore, combination of PART and
BFCS is the best one.

3.2. Evaluation of prediction results using improved Rlgrcs

PART-BFCS method can estimate assurance of results by
calculating reliability index for BFCS (Rlggcs). In the present
study, we propose improved Rlggcs (new Rlgrcs) by modifying
equation of Rlprcs (old Rlgpcs) for more practical cancer
diagnosis. For acute leukemia and CNS data, both Rlggcs of
each patient in blinded data were calculated (Fig. 3). Fig. 3
shows distributions of correct and incorrect sample for old and
new Rlggcs. It is necessary that there are many incorrect sam-
ples in low Rlgpcs and many correct samples in high RIgfcs.
For old Rlggcs, two distributions are not separated (P=0.169,
0.311), as shown in Fig. 3A and B. On the other hand, they
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Fig. 3. Comparison of old and new Rlggcs. White bars and gray bars indicate the distribution ratio of correct sample and incorrect samples, respectively. The P-values
were calculated by Mann—Whitney test and indicate the difference in Rlggcs distribution between the correct and incorrect samples.

are clearly separated (P=6.44 x 10712, 1.95 x 10~°) for new
Rlgrcs, as shown in Fig. 3B and D. Based on this new index,
the discriminated group with over 90% prediction accuracy
was separated from the others. For example, the patients who
had new Rlggcs > 5 corresponded to 48.5% of all patients for
leukemia data, and an accuracy of 99.4% was achieved. And, the
patients who had new Rlggcs > 5 corresponded to 29.3% of all
patients for CNS data, and a accuracy of 90.7% was achieved.
This result implies new Riggcs more practical than old one.
Old RI is mean distance from boundary line for each gene.
BFCS is one of voting methods by assembling simple methods.
Improved Rl is modified by adding each signs of simple models
in the BFCS model. Thus, improved Rl is superior to old RI.

3.3. Comparison of selected genes with known prognostic
marker genes

We investigated the presence of previously reported prognos-
tic marker genes among the genes selected in the 10 constructed
combinations of four-input PART-BFCS models. There were
total of 40 genes in 10 models. Some genes were selected sev-
eral times. In the case of PART-BFCS, 14 genes among 40 genes
are independent, as shown in Table 4. Three genes among these
14 genes were reported to be prognostic markers for cancer: The
CCND| gene was reported by Tan et al. [20] to be a high-risk
marker gene. CCNDI plays an important role in regulating the

progress of the cell division during the G1 phase of the cell
cycle. Overexpression of CCNDIJ correlates with sensitivity to
cisplatin [21]. The LIF gene was reported by Park et al. [22] to
be a low-risk marker gene. LIF induces growth arrest and dif-
ferentiation of cells. The USP4 (UNPH) gene was reported by
Frederick et al. [23] to be a low-risk marker gene. These obser-
vations accurately matched with low or high gene expression of
the above-mentioned three marker genes, as shown in Table 4.
These findings suggest that the PART-BFCS method may be
used to identify new marker genes.

3.4. Comparison of genes used in PART-BFCS predictors
and other predictors for CNS data

We firstly compared FNN-SWEEP and BFCS to investigate
numerical character of the genes selected by PART-BFCS. Both
FNN-SWEEP and BFCS are based on FNN. The one-gene pre-
dictors were constructed for each gene from second input to
fourth input in the two methods. And then, average model-
ing accuracy of one-gene predictors for 10 combinations, was
calculated (Table 5). The BFCS genes used as one-gene predic-
tors showed clearly higher accuracy than FNN-SWEEP ones, as
shown in Table 5. The average modeling accuracies of the genes
from second to fourth were 83.3%, 77.3% and 79.0% for BFCS,
and 72.0%, 68.7% and 65.7% for FNN-SWEEP, respectively.
The PIM method was used in the FNN-SWEEP. This method is



