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lymphocytes and afferent veiled cells (Stoll et al, 2002), B
lymphocytes and veiled cells (Dubois et al. 1999), and
interdigitating dendritic cells and afferent antigens (Imai
et al. 1998). Afferent veiled cells may transport cancer-re-
lated antigens from dendritic cell infiltration into the pri-
mary focus (Tsujitani et al. 1990; Tsuge et al. 2000), while
clusters of T and B lymphocytes and dendritic cells (Creu-
sot et al. 2002) appear to be easily formed when the sur-
face area of the cortex is large and when the T and B
lymphocyte-containing areas are intermingled. With these
features in mind, during the present study we noted the
basic architecture (i.e. the configuration and the relative
proportions of the cortical and sinusoidal areas) of var-
ious lymph nodes. We then carried out a comparative his-
tological study to characterize the histological architectur-
al features of lymph nodes, especially of the cortex, from
aged experimental animals and elderly humans in order
to estimate any potential alterations in nodal function
with aging in humans.

Materials and methods

Materials, Twelve submandibular, 14 axillary central, 44 thoracic
{20 subcarinal and 24 pulmonary hilar), 50 abdominal (14 super-
ior mesenteric, 15 paracolic and 21 paraaortic) and 9 inguinal
lymph node specimens from 2 total of 129 nodes were obtained
from 27 donated cadavers (12 men and 15 women) aged from 72
to 95 years at death. Only one node was collected from each site
in a respective cadaver. The cadavers showed no macroscopic
evidence of tumors and, according to their death certificates,
none of them died from neoplasms. The most common cause of
death was pneumonitis, according to the death certificates All
cadavers were fixed by arterial perfusion of 10% formalin solu-
tion 24-48 hours after death. Most of the human specimens used
during the present study were also used in other recent studies
{Sato et al. 2003; Taniguchi et al. 2003).

As morphometrical controls, 84 nodes were obtained from
14 aged experimental animals, i.e., 4 white rabbits (2 males and
2 females, aged 12-24 months), 4 guinea pigs (4 males aged
14 months), 2 Beagle dogs (2 males aged 8 years) and 4 Wistar
rats (4 males aged 12-15 months). The animals had all been
maintained under conventional feeding conditions, and were sa-
crificed by deep anesthesia with methylether before collection of
the nodes. The sample nodes included 21 submandibular, 12 axil-
lary, 7 pulmonary hilar or other thoracic (pulmonary-regional),
28 superior mesenteric, 4 lumbar or paraaortic and 12 inguinal
nodes. Because the nodes were difficult to find in some animals
and/or at some sites, one or more nodes (3 at most) were col-

tected from each site where nodes could be identified. The nodes
were fixed by immersion in 10% formalin sclution.

Aged mice were not included in the present study because of
difficulty in identification of the small nodes, less than 3mm in
the maximum diameter, and because, in our preliminary work
using conventional C57 black and Bulb C mice aged 4-5 months
{(unpublished data), few regional difference was found in the histo-
logical configuration (see also “Study limitation™ in Discussion).

Sectioning. Paraffin-embedded specimens of the nodes were pre-
pared using routine procedures, and 10 pm-thick serial sections
of each complete specimen were cut. We marked two axes for 3-
dimensional reconstruction according to a conventional method:
briefly, each paraffin block specimen was prepared as a cube or
rectangular block with right angles between all adjacent surfaces
and, before de-paraffinization, the glass slide was marked on two
of the comers using a sharp glass-cutter. Using these labels, we
were able 1o precisely compare structures between slices, but
PC-aided 3-dimensional reconstruction was not performed.

Staining. Most sections were stained with hematoxylin and ecsin
(HE). Immunohistochemistry was also performed on several of
them. The primary antibodies used in the immunchistochemical
evaluation were anti-CD3 monocclonal antibody as a T lympho-
cyte marker (DAKO A/S, Glostrup, Denmark) for all materials
including the animal nodes due to its cross reaction between
mammals, and anti-human CD68 monoclonal antibody as a
macrophage marker (DAKO A/S) for the human nodes only.
Counterstaining, if necessary, was performed with hematoxylin.

Morphometry. Using HE-stained sections, a morphemetrical study
of the cortex and medullary cord {i.e., all cortical areas) was
performed on all 74 animal and 129 human nodes (see above).
Two or three sections from each node were studied; these
always included both the hilus and the largest section of all
the serial sections of the node. Their images were contrast
enhanced with picture processing software (Photoshop;
Adbe, US.A) and the cortex measured with the NIH image
(httpu//rsb.info.nih.gov/nih-image/). Because of 3-dimensional ob-
servations using serial sections (sce above), we assumed that the
results obtained from two or three slices would be representative
of the entire node and, in the present study, we roughly esti-
mated the proportional cortical areas as all cortical areas/all no-
dal areas in two to three slices (henceforward referred to as the
“proportional area”). The proportional area obtained from one
of the two or three slices of a node was different from that ob-
tained from another section through only peripheral parts of the
node. However, the difference was limited to 20% of the mini-
mum value. The average will be shown in the Results.

Terminology. To facilitate comparative discussion, the terminol-
ogy for lymph nodes used in the present study is based on that
used in human anatomy (Richter and Feyerabend 1991; Foldi
and Kubik 1993). In rats, rabbits and guinea pigs, we found the

«

Fig. 1. Histology of lymph nodes from elderly humans and aged experimental animals.

The largest or nearly largest serial sections of submandibular (parts A-E) and superior mesenteric (parts F-J) nodes from rats (parts
A and F), guinea pigs (parts B and G), rabbits (parts C and H), dogs (parts D and I) and humans {parts E and J). Hematoxylin and
eosin (HE) stain. The secondary follicles (arrows in B-D, G and I} can be seen in nodes from guinea pigs, dogs and rabbits. The me-
dullary cord is very thin in the animal nodes (arrowheads). Note the thin superficial cortex (arrows in J) and thick cord-like structures
(arrowheads in J) in the human mesenteric node. A follicle can be seen close to the hilus in this node (asterisk in J). h, hilus; h in par-
entheses, site near hilus. All parts are shown at the same magnification: the scale bar in A indicates 500 ym.
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Fig. 2. Pulmonary regional nodes from a guinea pig, a dog and a human,

HE staining (parts A, C and D), CD3 (parts B and E and, an insert of part C) and CD68 (part F) immunohistochemistry. The upper
four parts (A, B, and D-F) are shown at the same magnification (scale bat in part A, 1 mm). The pulmonary regional nodes of the
guinea pig (parts A and B) have a sinus-rich architecture similar to those of humans (parts D-F). The medullary sinus of the guinea
pig appears red because intranodal bleeding occured during dissection (part A). Part B shows a section almost 1 mm from that in part
A (asterisks indicate the corresponding sites within the node according to a conventional reconstruction technique: see Materials and
Methods). Severe anthracosis of the medullary sinusoidal macrophages is characteristic of the human node (parts D-F). In
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axillary, inguinal and superior mesenteric node at sites corre-
sponding to those in the human body. However, the thoracic
nodes could not be identified as clearly as in humans (see the
first paragraph of the Results). The nodes adjacent to the sub-
mandibular gland (i.¢., the submaxillary nodes described by

Ethics. The protocol for the present research project did not in-
clude any specific issue that needed to be approved by the Ethics
Committees of our institutions. The present work conformed to
the provisions of the declaration of Helsinki, 1964 (as revised in
Washington 2002),

Greene 1955; the facial nodes by Tilney 1971) were termed the
submandibular node, as in humans.

Fig. 3. Lumbar or paraaortic nodes from a rat and a human,

Part A shows the macroscopic dissection of a rat lumbar node. Ao, aorta; Ce, cecum; Dp, diaphragm; IVC, inferior vena cava; Kn,
left kidney; LLN, lumbar lymph node; Lv, liver; Pr, prostate; Sv, seminal vesicle. The asterisks in part A indicate the corresponding
parts of the cut rectum. Parts B and C illustrate the results of CD3 immunohistochemistry of the rat lumbar node (part B) and of the
corresponding node in the human (the lower abdominal paraaortic node, part C). These are shown at the same magnification (scale
bar in part B, 300 pm). The areas enclosed by dotted lines in part B and the arrows in part C indicate follicles or B lymphocyte-con-
taining areas. Note the large aggregations of T lymphocytes in the rat node (part B) in contrast to the cord- or island-like configura-
tion of the T cell-containing areas in the human node (part C). h, hilus.

«

contrast, in the dog node, anthracotic cells are localized in the medullary cords and parts of cortices (part C). Note that the minute
medullary cords of the guinea pig node (part B) contain few CD3-positive cells, in contrast to the thick cords of the human node
(part E). The arrows in parts B and E indicate B lymphocyte-containing areas or follicles. For the dog node, a major color figure of
part C is a higher maginification view of the inserted, black and white figure. B Iymphocyte areas are indicated by a star and two as-
terisks in the insert and the asterisks correspond to those in a major figure of part C. h, hilus. Parts D-F show sections located very
near to each other, Note the area enclosed by the dotted line in parts E and F, in which most of the CD68-positive cells are not ac-
companied by anthracosis.
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Fig. 4. Paraaortic nodes in dogs.

The dog paraaortic node (part A, HE staining) carries a superficial cortex layer in the afferent side (asterisks). However, darkly-
stained follicle-like structures (white stars) do not correspond to B lymphocyte-containing areas (see also part C). h, hilus. The para-
aortic nodes are large and multiple in number (part B; a specimen cleared in methyl salicylate). A node with a white star is histologi-
cally demonstrated in parts A and C; Hiatus, aortic hiatus of the diaphragm; IMA, inferior mesenteric artery. Part C (CD3 immuno-
histochemistry) is a higher magnification view of a sguare in part A. One of the two white stars in part A corresponds to that in
panel C. Arrows, follicles or B lymphocyte-containing areas. Scale bars in parts A, B and C indicate 1 mm, 10 mm or 300 um, respec-
tively.
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Results

Gross observations. The pulmonary hilar node, which is
well developed in humans, was not found at the hilum in
rats or rabbits, but was located along the distal trachea
and was very small. In these animals, this node seemed to
correspond to the paratracheal, tracheobronchial and/or
subcarinal node in humans. Thus, in this study, we chose
the term “pulmonary regional nodes” rather than hilar
node. Although the paraaortic node group always con-
sisted of at least ten large, slender nodes in humans, we
did not find any lymph nodes along the abdominal aorta
or inferior vena cava in the three animal species exam-
ined except for dogs. The nearest equivalent in the rat
seemed to be the lumbar node (Greene 1955; that was
different from the iliac node in Tilney 1971), which was
situated at the caudal angle of the aortic bifurcation or
along the origin of the common iliac vessels.

Histology as determined by HE staining. In the lymph
nodes of rats, guinea pigs, dogs and rabbits, the cortex
could easily be discriminated from the medullary sinus
(Fig. 1). The cortex issued numerous thin protrusions into
the medullary sinus. These protrusions were identified as
the medullary cord. However, the submandibular node of
rats (Fig. 1A) and the rabbit pulmonary hilar node (not
shown) carried far fewer medullary cords, which were
much shorter than those at the other sites. Thus, in these
nodes, the cortical and sinusoidal areas tended to be
clearly separated. No anthracotic macrophages were found
in the pulmonary regional nodes of rats, rabbits, and
guinea pigs. Although specific methods such as peanut ag-
glutinin staining or an jmmune complex trapping assay
(Horie et al. 1999) were not used, we were at least some-
times able to identify the germinal centers of the subman-
dibular and superior mesenteric nodes of all four animal
species by HE staining (Figs. 1 B-D, G and I). However,
in rats and rabbits (especially rats), there were far fewer
germinal centers per section than in guinea pigs and dogs.
Guinea pig and dog nodes carried germinal centers at
four of the five sites examined, the exception being the
pulmonary hilar nodes. In guinea pigs, the maximum dia-
meter of the secondary follicle in the inguinal and super-
ior mesenteric nodes ranged from 300400 um, and these
follicles were larger than those in the submandibular and
axillary nodes (100-300 pm). Dog secondary follicles, 70-
300 pm at the maximum diameter, were usually smaller
than those of guinea pigs in the corresponding sites.
Nevertheless, despite the above observations, regional dif-
ferences in the nodes between the five sites examined in
animals seemed to be less clear-cut than in humans (see
below),

The human submandibular, axillary and inguinal nodes
had a histological architecture similar to those of animals.
Thus, they could be clearly divided into the cortical and
medullary sinusoidal areas because of the prominent cor-
tical area with small numbers of medullary cords seen in
each section (Fig. 1E). However, in human thoracic and

abdominal nodes (i.e., the subcarinal, pulmonary hilar,
superior mesenteric, paracolic and paraaortic nodes), the
superficial cortex was often thin, sometimes even thinner
than the maximum diameter of the follicle (Figs. 1-3).
This feature was observed in all sections, including the
largest section through the hilus, Because of the thin,
fragmented cortex, the paracortex or deep cortex was of-
ten difficult to identify in these human nodes. Thus, espe-
cially in human abdominal nodes, a cord- or island-like
arrangement of the cortical area was evident. Notably,
germinal centers were rarely observed in nodes from el-
derly humans; among the 129 nodes examined, they were
found in only two paracolic and two paraaortic nodes,
{(present in only two of the 27 cadavers; not shown in fig-
ures). The secondary follicles (maximum diameter 200~
350 um) were usually larger than the primary follicles or
B lymphocyte clusters (150~-250 pm) in each section.

The trabeculae were poorly developed in the rat, gui-
nea pig and most human nodes. However, in rabbits and
dogs, some nodes were divided into two or three parts by
thick, fibrous trabeculae. Nevertheless, the cortices of the
human paraaortic nodes were sometimes divided into
small nodules, and each nodule was surrounded by thick
fibrous tissue (not shown). This tissue did not, however,
appear to correspond to real trabeculae separating the af-
ferent drainage territories (Bélisle and Sainte-Marie
1981) because it was distributed randomly and indepen-
dently of the afferent duct terminals along the subcapsu-
lar sinus.

In addition, numerous anthracotic macrophages were
evident in the sinusoidal areas of the human thoracic
nodes (Fig. 2D). Some anthracotic cells were also present
in the cortical areas. Notably, in dog pulmonary regional
nodes, anthracotic cells were localized in the medullary
cords and parts of cortices (Fig. 2 C). Nodal hyalinization,
appearing as a glassy, eosinophilic deposit, was sometimes
seen in the human thoracic and paraaortic nodes (not
shown in figures; details described in Taniguchi etal.
2003). In contrast, we found no nodal hyalinization in the
four animal species examined.

Immunohistochemistry. On CD3 immunohistochemistry,
the follicles were revealed as round areas with relatively
poor staining (Fig. 2). These corresponded to the follicles
identified by HE staining except for those in dogs (see
the last sentence of this subsection). Notably, in guinea
pigs, dogs and humans, primary follicles or B lymphocyte
clusters were located not only in the superficial cortex
but also in the medullary cord, although the cord faced
the medullary sinus rather than the subcapsular sinus.
The cord- or island-like cortical areas in the human nodes
contained numerous CD3-positive cells, whereas few posi-
tive cells were found in the minute medullary cord of the
animal nodes (Fig.2B). This difference in histological
configuration was most evident between the human para-
aortic node and the rat lumbar node, even though these
sites were similar. In the rat lumbar node, CD3-positive
cells formed centrally and/or superficially located clusters
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or cores (Fig. 3B), whereas in the human cortical arcas
they occurred in a cord- or island-like configuration that
included follicles (Fig. 3C). Dog paraaortic nodes were
somewhat similar to humans because of thin cortical
areas, thick medullary cords and rich sinusoidal areas
(Fig. 4 A). However, in dogs, the afferently-sided superfi-
cial cortex was not fragmented but formed a continuous
sheet facing the afferent side of the node. Notably, CD3-
positive cells formed follicle-like clusters in the dog
superficial cortex as well as in the deep cortex (Figs. 4 A
and 4C).

CD68 immunchistochemistry of the human pulmonary
regional nodes showed that positive cells were not usually
anthracotic, especially when the macrophages were lo-
cated away from the hilus (Figs. 2D and 2 E). Anthracotic
cells in both the cortical and sinusoidal areas were also
CD68 positive. In human abdominal nodes, CD68 positive
cells tended to surround each of the island-like cortical
areas (figures, not shown).

Proportional area of the cortical area. The cortex and me-
dullary cord, i.e., the area in which lymphocytes accumu-
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Fig. 5, Proportional areas of the cortical areas in nodes from gui-
nea pigs, rats and rabbits.

The figure shows five columnar sets of labels, which indicate the
proportional areas of the nodal cortices (%, y-axis) in the sub-
mandibular (submandib), axillary, pulmonary regional (pulm.re-
gion), superior mesenteric (sup.mesenter) and inguinal node
groups, respectively. The black circles represent the guinea pig,
the open circles represent the rat, the black stars represent the
rabbit and, the open stars represent the dog. Lack of or smaller
number of the labels within some columns (as seen for the pul-
monary regional nodes), indicate that the node could not be or
was only rarely found,

lated, usually cccupied 70-90% of the total nodal area in
rats, rabbits, dogs and guinea pigs (Fig. 5). However, the
propertional area of the cortex tended to be small in the
pulmonary regional nodes, although few nodes were ex-
amined because of difficulty in finding them. Interindivi-
dual variations were evident in the human as well as the
animal nodes. Nevertheless, the proportional area of the
cortices of the submandibular and inguinal nodes tended
to be relatively large in animals. Moreover, in the human
nodes, we found clear region-specific differences in the
proportional area (Fig. 6). The human pulmonary hilar
and subcarinal nodes had a small proportional cortical
area (almost 30%), whereas a large proportional area
tended to be found in the submandibular, inguinal, axil-
lary and superior mesenteric nodes. In particular, in the
first two of these sites, the cortical area always occupied
more than 80% of the node, and this was consistent with
nodes from the corresponding sites in animals except for
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Fig. 6. Proportional areas of the cortical areas in human nodes,

Each of the eight sets of labels indicates the proportional areas
of the nodal cortices (%, y-axis) in the submandibular (subman-
dib), axillary, subcarinal, pulmenary hilar (pulm.hitar), superior
mesenteric (sup.mesenter), paracolic, paraaortic and inguinal
node groups, respectively. Discordance of the number of labels
in each column (as seen for the inguinal node group) indicates
small interindividual variation found during the first step of the
present observations.
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dog axillary nodes in which very thin medullary cords
occupied in the large sinus area.

Although there were sufficient human specimens to
allow statistical analysis, no intersexual differences in
morphometry were evident because of relatively small
numbers of specimens and because of the great interindi-
vidual variation.

Discussion

Although the numbers of species examined were limited,
the present study demonstrated species-specific and re-
gion-specific differences in the histological configurations
of lymph nodes from aged animals and humans, especially
with respect to the histology of the lymphocyte-accumu-
lating area, i.e., the cortex and medullary cord, Regional
differences were evident between two main groups of
sites; one group included the submandibular, axillary and
inguinal nodes, while the other comprised the thoracic
and abdominal nodes. The present two groups of nodes
seemed to correspond to the somatic and visceral node
classifications by Tilney (1971) and Hoshi et al. (2001).
Notably, the differences between the two groups of nodes
were more evident in humans than in the four animal spe-
cies examined. In the human, most abdominal nodes were
characterized both by the smaller proportional areas of
their cortical areas and by the thin or island-like cortex.
Thus, the afferently-sided, superficial cortex became simi-
lar to parts of the medullary cord. Gretz et al. (2000) sug-
gested that Iymph-borne cytokine transportation from the
subcapsular sinus to the high endothelial venule was fa-
cilitated by thin superficial cortices. Among the animal
nodes examined, the pulmonary regional node of the gui-
nea pig was an exception, in that it had a relatively nar-
row, thin cortex with numerous, minute medullary cords.
However, the guinea pig medullary cord contained few
CD3-positive cells, in contrast to the human node.

These observations raise the questions of why such dif-
ferences between the somatic and visceral node groups
occur, and why these differences are more evident in
human nodes. Horie et al. (1999} experimentally demon-
strated that rapid numerical and volumetric alterations in
follicles are caused by stimulants administered to the af-
ferent side of the node. Conversely, long-term stimulation
by different antigens in humans was most likely to cause
changes and fixation of differences in the histological
configuration. The functions of the human colon and
cecum seem to be quite different from those of animals
in several respects, including antigen presentation. Also
in contrast to the animal nodes except for dog nodes,
the human pulmonary hilar and subcarinal nodes were
markedly characterized by anthracotic macrophages and
small cortical proportional areas, Notably, the human sub-
carinal node, in which the lymph flow from the esophagus
joins the lymph drainage of the lower lung lobe (Richter
and Feyerabend 1991; Foldi and Kubik 1993), showed the

second smallest proportional area overall, but with a
large degree of interindividua!l variation. Thus, conversely,
the pulmonary lymph flow may prohibit the maintenance
of a large cortical proportional area in the human.

In the human, numerous large paraaortic nodes are sit-
uvated alongside the abdominal aorta, including the aor-
tic bifurcation (Richter and Feyerabend 1991; Féldi and
Kubik 1993). Dog paraaortic nodes were also multiple
and large, but they did not form a nodal chain. In con-
trast, only one or two lumbar nodes were found at corre-
sponding sites in another three animal species tested,
although Crouch (1969) reported the lower abdominal
paraaortic nodes to be well developed in the cat. In hu-
mans, the relatively short lumbar and intestinal Iymph
trunks drain into some of the paraaortic nodes, and these
nodes in turn issue two or three roots of the thoracic
duct. Conversely, the cisterna chyli is rather atypical in
humans. Thus, human paraaortic nodes occupied a criti-
cal position as the last-intercalated node for metastasis
of abdominal and pelvic solid neoplasms (Hirai et al.
2001; Murakami et al. 2002). In contrast, in animals, the
long lumbar and intestinal trunks join to make the cister-
na chyli from which the thoracic duct originates (Greene
1955; Crouch 1969; Miller 1969; Tilney 1971). The histol-
ogy of the rat lumbar node, rich in cortical tissue, was
quite different from that in humans (Fig. 3; see also be-
low). Dog paraaortic nodes were rich in sinusoidal tissue,
but the superficial cortex was not fragmented. These dif-
ferences seemed to be related to the patterns of origin of
the thoracic duct. In animals, it appears to be difficult for
intestinal lymph to reach the lumbar node, even if lymph
reflux occurs.

A cord- or island-like arrangement of the cortices was
evident in almost all sections of human abdominal nodes,
especially of the paraaortic nodes. This feature was not
restricted to the area around the nodal hilus but occurred
even in the afferent areas of the cortices. Although PC-
aided reconstruction was not included in the present
study, we recently demonstrated the 3-dimensional con-
figuration (Sato et al. 2003). In contrast, in the animals
examined, the medullary cord was so thin that it could be
clearly discriminated from the thick superficial cortex. In
the lymph nodes of the wallaby (Old and Deane 2002),
pig (Hoshi et al. 1986) and bovine (Aijima et al. 1986),
the cortex-like areas or nodules seem to be surrounded
by a sinus-like area. However, in these animals, each
nodule seemed to correspond to a single functional unit
(Bélisle and Sainte-Marie 1981) and to receive afferent
vessels independently. In contrast, in most human ab-
domina! neodes, the island-like cortex or nodules are
surrounded by the sinus-like area common for several
afferent openings (Sato et al. 2003). Because of the inter-
mingling of the lymphocyte-containing areas and because
of the larger surfaces surrounded by the sinus, various
critical cell-cell interactions between the cortical and
sinusoidal components {see Introduction) appeared to be
facilitated by the island-like cortical structures when com-
pared with animal nodes.
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Because the sentinel node procedure has become a
standard component of world-wide surgical treatment of
early solid neoplasms (see Introduction), allowing investi-
gation of the cells involved and determination of at which
stage of invasion metastatic cancer cells are eliminated or
lodged in a node, as well as evaluation of which cytokines
modulate the process, many institutes in Japan have
begun to develop experimental models using animals.
However, none of the researchers has so far taken spe-
cies- and region-specific variations in lymph node histol-
ogy into consideration. This is important since variation is
likely to be age-dependent, or, strictly speaking, aging
seems to enhance the degree of variation. Although the
rat mesenteric node is an especially convenient site for
research on sentinal nodes, the histological differences
might be even more evident between relatively young
rats, which are routinely used in experiments, and elderly
people suffering from cancers. In our opinion, based on
the present results, guinea pigs appear to be a much bet-
ter animal model of thoracic and abdominal cancer me-
tastasis in the elderly than rats.

Study limitation. A potential limitation of the present
study hinges on whether the body of an elderly (70 to 90-
year-old) human is accurately reflected by the animals
used in the present study. The apparent histological dif-
ferences between human and animal nodes, including the
low proporticnal area of the cortical area in the human,
might be due to the relatively “young” age of the animals
used.

Mice are the most popular experimental animals, but
they were not included in the present study (see also
Materials and methods). According to our preliminary
studies using immunohistochemistry, the histology was
usually composed of the peripherally-located B-lympho-
cyte areas, including a few primary follicle, and the cen-
trally-located T-lymphocyte clusters. It was similar to the
present observations of rat submandibular and lumbar
nodes (Figs. 1A and 3B).
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Increased Expression of the Genes for Mitotic
Spindle Assembly and Chromosome Segregation
in Both Lung and Pancreatic Carcinomas

KENJI HAMADA! MICHIO UEDA?, MASAMI SATOH?2, NAOHITO INAGAKT,
HIROSHI SHIMADA3 and HISAFUMI YAMADA-OKABE!

!pharmaceutical Research Department IV, Kamakura Research Laboratories,

Chugai Pharmaceutical Co. Ltd., 200 Kajiwara, Kamakura, Kanagawa 247-8530;
2Department of Surgery, Tohoku University, 4-1 Seiryoucho, Aobaku, Sendai, Miyagi 980-8575;
3Department of Surgery, School of Medicine, Yokohama City University,

3-9 Fukuura, Kanazawa, Yokohama, Kanagawa 236-0004, Japan

Abstract., Genes whose expression was modulated in two
different tumor types, lung or pancreatic carcinoma, were
identified by DNA microarray and subsequent expression
correlation analyses. For more accurate comparison of the
gene expression between tumor and normal cells, tumor cells
and normal epithelium cells were isolated by laser-captured
microdissection. Genes whose expression was significantly
altered in lung carcinomas or pancreatic carcinomas as
compared to their normal counterparts were ranked by the T-
values calculated from the Fisher’s ratios and their
corresponding background Fisher's ratios, followed by
statistical confirmation using the Welch's t-test. Among the
genes that were ranked in the top 150, either in lung
carcinomas or pancreatic carcinomas, expressions of MAD2,
BUBI, BUBIB, HEC, CENPE, ZWINT, KNSL1, SMC4,
CCNB, TK and PMS2L6 were found to be significantly up-
regulated in both tumor types. Interestingly, 8 of the above 11
genes code for the proteins involved in the mitotic spindle
assembly and chromosome segregation. Furthermore, the
search for genes whose expression correlated with one of the
above 5 genes yielded additional genes that are also considered
to be involved in mitotic spindle assembly and chromosome
segregation. Thus, increased expression of the genes for mitotic
spindle assembly and chromosome segregation are a common
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feature of at least lung carcinomas and pancreatic carcinomas
and, therefore, such genes may be potential targets for widely
effective anticancer agenls.

Lung cancer and pancreatic cancer are among the most
frequent causes of cancer death worldwide. Although new
molecular-targeting drugs such as Iressa and Gemzar have
been introduced into their treatment, the efficacy of
chemotherapeutic agents against these cancers is still
limited (1, 2). Since lung and pancreatic cancers are often
asymptomatic in their early stages, most patients have
widespread disease at the time of diagnosis. Genome-wide
gene expression analysis by DNA microarray with surgical
specimens has led to the identification of new sets of genes
involved in the development and growth of tumors,
metastasis, prognosis and sensitivity and resistance to drugs
in many cancer types (3, 4).

DNA microarray is a powerful technique for comprehensive
analysis of gene expression, though a method for extracting
genes of interest from a large number of genes using a
relatively small number of samples has not been well
established. Previously, we adopted a combination of the
Fisher’s ratio and the leave-one-out method to analyze DNA
microarray data and identified genes that were differentially
expressed between HBV- and HCV-infected hepatocellular
carcinomas (5, 6).

In an attempt to understand more about the fundamental
molecular characteristics of lung and pancreatic cancers and
to identify useful molecules for therapies and diagnosis
across different tissue and tumor types, we analyzed the
gene expression profiles of two different tumor types, lung
carcinomas and pancreatic carcinomas, and compared the
results with profiles of their normal counterparts.

Because of a higher percentage of stromal cells such as
fibroblasts within lung and pancreatic tumor tissues, gene
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expression profiling of these tumor tissues is rather
complicated. To achieve an accurate comparison of the gene
expression profiles of tumor and normal cells, cells in tumor
tissues and their normal counterparts, i.e. normal epithelia of
lung and pancreatic ducts, were isolated by laser-captured
microdissection. For DNA microarray data analysis, T-values
from Fisher’s ratio and its corresponding background Fisher’s
ratio were applied to select genes whose expression was
significantly altered in tumor tissues; the significance of the
expression was statistically confirmed by Welch’s t-test. By
this gene selection procedure, we found that the expression
of the 8 genes that are involved in spindle checkpoint and
function during the metaphase to anaphase transition are up-
regulated in both lung carcinomas and pancreatic carcinomas.
Furthermore, a search for genes whose expression correlated
with that of these 8 genes yielded additional genes
responsible for mitotic spindle assembly and/or chromosome
segregation. Thus, the altered expression of the genes for the
metaphase to anaphase transition seems a commen and
important cellular response in tumor cells in vivo,

Materials and Methods

RNA isolation from microdissection sample. Samples of lung
carcinoma and pancreas carcinoma were collected at Tohoku
University Hospital and Yokohama City University Hospital,
Japan, respectively. Written informed consent was obtained from
all paticnts before surgery and the study protocol was approved by
the Institutional Review Board for the Use of Human Subjects at
each university. Tumnor cells and non-tumorous normal cells were
isolated by laser capture microdissection (model LM200, Arcturus,
CA, USA). RNA isolation from microdissected samples was done
with a Micro RNA Isolation Kit (Stratagene, CA, USA) according
to the instruction manual.

c¢RNA synthesis and hybridization. Biotin-labeled ¢RNA was
synthesized by two rounds of cDNA synthesis. In the first round,
¢DNA was synthesized from 20-50 ng of total RNA with 5 pmole of
T7-promoter-linked (dT)-24 primer, 5-GGCCAGTGAATTGTAA
TACGACTCACTATAGGGAGGCGG-(T)24-3', in RT-buffer
containing 0.5 mM dNTPs, 10mM DTT, SmM MgCl, and 50 units
of SuperScript II Reverse Transcriptase (Invitrogen, CA, USA) at
42°C for 1 h. Reverse strand ¢cDNA was synthesized at 16°C for
2 h in a buffer containing 0.2mM dNTPs, 40 units of E.coli DNA
polymerase, 1 unit of E.coli DNA ligase and 2 units of RNase H.
Next, T4 DNA polymerase (10 units) was added to the reaction
mixture and incubation was continued at 16°C for 5 min, The
resulting ¢DNA was purified with Phase Lock Gel Light
{Eppendorf, Germany), precipitated in cthanol and used as the
template for cRNA synthesis. (RNA was synthesized with T7 RNA
polymerase (MEGAscript, TX, USA) in a buffer containing 7.5mM
of dNTPs at 37°C for 6 h, purified with RNeasy (QIAGEN, CA,
USA), precipitated in ¢thanol and used as the template for the
second round of synthesis. In the second round, cDNA was
synthesized in a buffer containing all the ¢cRNA synthesized in the
first round, 1 pg of random hexamer (Invitrogen} 0.5 mM dNTPs,
10mM DTT, 5mM MgCl, and 50 units of SuperScript IT RT at
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25°C for 10 min followed by 50-min incubation at 42°C. RNase H
(2 units) was then added to the reaction mixture and incubation
was continued at 37°C for 20 min. After inactivation of RNase H at
95°C for 2 min, reverse strand cDNA was synthesized with the T7-
promoter linked (dT)-24 primer at 16*C for 2h, purified with Phase
Lock Gel Light, separated from the oligo-hexamer by QIAquick
(QIAGEN), and precipitated in ethanol, The biotin-labeled cRNA
was synthesized from the second round cDNA as a template. The
c¢DNA was incubated in a buffer containing T7 RNA polymerase,
7.5 mM each of ATP, GTP and biotin-CTP, and biotin-UTP at
37°C for 6 h. The resulting cRNA was purified with RNeasy
{QIAGEN) and precipitated in ethanol. This procedure yielded
approximately 100 pg of biotin-labeled cRNA from 20-50 ng of
total RNA. After confirming the quality of c¢RNA by
electrophoresis, 30 pg of the cRNA was fragmented in a buffer
containing 40 mM Tris-acetate, pH 8.1, 100mM KOQAc and 30 mM
MgOAc at 95°C for 35 min.

Ten micrograms of the fragmented cRNA were used for the
hybridization with Affymetrix GeneChip®. Hybridization, washing,
staining, amplification of the signals and scanning of the signals
were carried out as described in previously (5, 6). The signal was
calculated and normalized (global scaling by target intensity at 300)
with Affymetrix Microarray Suite software (ver. 4.0}

Statistical analysis and selection using Fisher's ratio. Gene selection
was carried out using a two-step selection procedure. Genes whose
expression was significantly different between the two groups were
selected according to the T-value calculated by Fisher's ratio and
background Fisher’s ratio (5,6), followed by statistical confirmation
from Welch’s -test.

The Fisher’s ratio for the jth gene was calculated by the formula:

FG)=(uj(A)-pi(B))2/(P{A)o52(4) + P(B)o—*(B)})

where yj represents the mean value, o-j2 represents the variance, and
P represents the number of the a priori probability. To reduce sampling
error, Fisher’s ratio was calculated for all [ 4C, 4.1 X 1pCyp.1] Sample
combinations generated by extracting one sample from each group (A
and B); distributions of all sample combinations were determined.

Distribution was evaluated using the background Fisher’s ratio that
was calculated from randomly generated sample combinations, where
samples were randomly divided into two groups consisting of n, and
ng irrespective of their cell types, i.e., tumor or normal cells. In this
process, the random permutation method was applied 1000 times to
produce a background distribution.

Distribution of the Fisher’s ratios is symmetrical for the average
values when two groups are different, whereas the average of the
Fisher’s ratio is close to 0 and the distribution takes positive value
if two groups are not different. Therefore, the Fisher’s ratio’s
distribution generated by 1000 random trials was adjusted by the
distribution of a presumptive 2000 trials that was symmetrical to
the Y axis, where the average Fisher's ratio is 0. Then, each gene
was ranked according to a T-value for z-test between distributions
of the true Fisher's ratio and background Fisher’s. The T-value for
the jth gene was calculated by following formula:

T}"_" (‘FJ avg. of true ~ P} avg. of bg) / (a_;Frmez‘fntme‘*'o'JFbgz/ ”bg) 05

where F; o oo Fjavg. of bp 97 truc’s Piruer O b5 and r,, are the
mean of Fisher's ratio, the mean background Fisher’s ratio,
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Figure 1. T-values calculated from Fisher’s ratio and p-values from Welch’s t-test. T-values for each gene were calculated from Fisher's ratio and
background Fisher's ratio and plotied along with p-values of Welch’s t-test. A: Double plot of the T-values and p-values for all genes. B: Double plot of
the T-values and p-values for the top 150 genes selected according to the T-values. Blue dots and red dots indicate genes selected from lung tissues and
from pancreas tissues, respectively. All the top 150 genes selected by T-value show statistical significance {p<0.05) as shown in panel B.

variance of true Fisher's ratio, the number of sample sets for
calculating true Fisher's ratios, variance of background Fisher's
ratios and the number of sample sets for calculating background
Fisher’s ratios. In addition, o-;F;,, was replaced by (1000-1/2000-
1)%5 x gF,, for correction. The absolute value of T-values were not
considered because F; 4, of sue > Fiavg of bg is important in this
process. Finally, the significance of differences in the expression of
the selected genes was validated by Welch’s s-test, which is

indicated as the p-value.

Gene clustering and Pearson’s correlation analysis. Clustering was
performed with a hierarchical clustering tool (7) after normalizing
each gene expression and calculating the average distance.
Pearson’s correlation was calculated using Microsoft EXCEL.
GeneSpring 5.0 (Silicon Genetics, CA, USA) was used for gene
ontology classification .

Results

To profile the gene expressions of the two tumor types, laser-
capture microdissection was used for the DNA microarray
because lung tumor and pancreatic tumor tissues often
contain large portions of stroma cells such as fibroblasts.
For the comparison of gene expression profiles between
tumor cells and cotresponding normal tissues, we isolated
cells from the normal epithelium of lung and pancreatic
ducts. Total RNA was isolated from approximately 2,000
cells of 14 lung carcinomas, 9 normal lung epithelia, 13
pancreatic carcinomas and 13 normat epithelia of pancreatic
ducts. Because the total RNA extracted from the dissected
cells (20-100 ng) was not sufficient to generate cCRNA for
hybridization, it was amplified by twice repeating the
synthesis of cDNA and cRNA.

To identify the genes whose expression was significantly
different between tumor and normal cells, we calculated
Fisher’s ratios for various combinations of the sample sets.
For lung tissues, we created 14 different sample sets
consisting of 13 lung carcinomas and 9 different sample sets
consisting of 8 normal lung epithelia. The average and
standard deviation of the Fisher’s ratios between tumor and
normal from all 126 (14 x 9) combinations were calculated
for each gene. To evaluate the distribution of the true
Fisher's ratio, mean background Fisher’s ratios were
calculated from 1000 randomly-generated sample sets,
which were further adjusted by the distribution of 2000
presumptive trials (see Materials and Methods). Then, the
true Fisher’s ratios for each gene were ranked in order of
T-values for the z-test, that was determined with the true
and background Fisher’s ratios. The same analysis was
performed with pancreatic carcinomas and normal
epithelium of the pancreatic ducts, and the genes ranked
based on the order of the T-values. Figure 1 shows a
scattered plot of T-values and p-values determined by the
Welch's ¢-test in each gene. In both lung carcinomas and
pancreatic carcinomas, all of the top 150 genes ranked by
this method showed p-values less than 0.05 (Figure 1 B).

When the lung tissue specimens were clustered with genes
that were ranked in the top 150, tumor and normal samples
were clearly separate; the same was also true for pancreatic
tissue specimens (Figures 2 and 3). Among the top 150
tanked genes for lung or pancreatic tissues, many encode
proteins respensible for the mitotic spindle assembly and/or
chromosome segregation that function at G2-M transition.
We therefore examined whether the expressions of genes
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Figure 2. Separation of tumor cells from normal cells by clustering with
genes selected according to T-values in lung tissues. Lung carcinoma
turmor and epithelium of normal tissues were clustered with the top 150
genes selected according to their T-values (A) and with the 11 genes that
were commonly selected in both fung and pancreas tissues (B). Eight out
of the 11 genes that were commonly selected in both lung and pancreas
tissues are responsible for spindle andfor kinetochore. Note that the
expression of the § genes was up-regulated in fumor cells compared with
normal cells in lung.

involved in the spindle and kinetochore were different
between tumor and normal cells in lung and pancreatic
tissues. According to the classification of the genes based on
annotation using the GeneSpring ontology, the Affymetrix
U95A chip appeared to contain 42 probes for the spindle-
and kinetochore-related genes. Clustering the lung or
pancreatic tissues with the 42 genes also clearly distinguished
tumor tissues from normal tissues (Figure 4). These results

234

tumor normal

normal tumor

Figure 3. Separation of tumor cells from normal cefls by clustering with
genes selected according 10 their T-values in pancreatic tissues. Pencreatic
carcinoma {tumor) and pancreatic duct epithelium (normal) tissues were
clustered with the top 150 genes selected according to their T-values (A)
and with the 11 genes that were commonly selected in both lung and
pancreas tissues (B). Eight out of the 11 genes that were commonly
selected in both lung and pancreas tissues are responsible for spindle
endfor kinetochore. Note that the expression of the 8 genes was up-
regulated in tumor cells compared with normal cells in pancreas.

indicate that one of the most significant differences in the
gene expression profiles between tumor and normal tissues is
the modulation of the expression of the genes for spindle,
kinetochore and their related functions.

In an attempt to identify common changes in gene
expression among tumors of different tissue types and stages,
we looked for genes whose expression was altered in both
lung carcinomas and pancreatic carcinomas. Among the top
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Figure 4. Separation of tumor cells from normal cells by clustering with genes for kinetochore- and spindle-related genes. Tumor and normal tissues of
lung (A) and pancreas (B) were clustered with 42 genes that are classified as kinetochore- and spindle-reiated genes. Kinetochore- and spindle-related
genes in the probes of the Affymetrix GeneChip U95A ver.2 were selected based on the ontology classification of genes by GeneSpring. Expression patterns
berween tumor and normal cells of most of genes are similar in pancreas and lung, but those of genes with orange bars (U50733, PS1, KNSL4, PSEN],

BIRCS and ZW10) show different paterns.

150 ranked genes whose expression was significantly altered
in lung carcinomas and pancreatic carcinomas as compared
to their normal counterparts, 11 genes were found whose
expression was up-regulated in both tumors: MAD2LJ,
KNSL1, ZWINT, BUBIB, PMS2L6, CENPE, TK {thymidine
kinase), HEC, SMC4L1, CCNBI and BUB! (Figures 2B, 3B
and Table I). Although PMS2L6 and TK are responsible for
DNA mismatch repair and DNA synthesis, respectively (8,
9), other genes encode proteins for mitotic spindle assembly
and/or chromosome segregation. BUB? (10), BUBIE (11,
12), CENPE (13) HEC (14) and MAD?2 (15-18) proteins
serve as spindle checkpoints by inactivating the CDC20
protein (19-21). We therefore asked whether the expression
of BUBI, BUBIB, CENPE, HEC, or MAD2L] correlated
with that of CDC20. As shown in Figure 5, expression of
CDC20 was also up-regulated in tumors compared to normal
tissues, but it did not correlate well with the expression of
the above 5 genes. However, there was a clear correlation

between the expression of HEC and that of BUBIB in both
lung carcinomas and pancreatic carcinomas (Figure 5F), The
search for genes whose expression correlated to that of
BUB1L, BUBIB, CENPE, HEC, or MAD2L]I with a p-value
less than 0.01, in both lung carcinomas and pancreatic
carcinomas, yielded 40 genes. Among these 40 genes, 13
genes turned out to be responsible for the spindle and/or
kinetochore, or chromosome segregation-related genes. As
shown in Table I, the expression of BUB! correlated with
that of HSP90, HEC, alpha-centractin, CENPE and
topoisomerase truncated form, and that of HEC correlated
with those of TOPBPI, STKi5 YES! and CCNBI.
Furthermore, there were clear correlations of the expression
between TTK and TOP2A, between MAD2L 1 with CENPF,
and between MAD2LI and a gene for kinesin-related
protein. All of the genes described above encode proteins
involved in spindle assembly and/or chromosome segregation
at the metaphase to anaphase transition. Together, these
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Table 1. Genes that were commonly identified in top 150 selected genes in lung and pancreas tissue samples.

lung panc

probe set  Common  Genbank Map N-average T-average T/MN= p-value N-average  T-average T/N= p-value

of i-test of t-test
37282_at  MADZL1 AJ0G0186 4q27 16,7162  150.5+£119.5 9.0 000106 223+102  658x423 2.9 0.00307
40726_at KNSL1 V37426 10q24.1 31.3£152 35351833 113 0.00002 704287 1923x89.1 2.7 0.00032
35995_at ZWINT  AF067656 10q21-q22 162.2+438 1535.6x1018.0 9.5 000022 263.0+93.9 770.3x1521 29 0.00000
35699_at BUBIB  AF053306 15q15 87.6+379  407.1%2073 4.6 000006 67.6x17.0 193.6x445 2.9 0.00000
32310 f at  PMS2ZLS  AI341574  7qll-q22 89.5+31.6 2720+121.9 3.0 000007 1056454 1783x455 1.7 0.00043
37173 at CENPE 215005  4q24-q25 7035 62.1£34.6 8.9 0.00004 6.3+1.7 22.8%227 3.6 002226
41400_at  Thymidine  K02581 16 1729629 6450%2832 37 (00002 2238723 476.2+189.1 21  0.00040

kinase 1

40041_at HEC AF017790  18pl11.31 9132246 737.1x457.6 81 000015 1281744 3688x1386 29 0.00003
34878_at SMC4L1l  AB019987  3q26.1 73.6+30.4  389.3x2736 53 000083 515%222 13542862 26 000448
34736_at CCNB1 M25753 5q12 20.8+13.4  399.622463 192 0.00007 S548x249 21832902 4.0 0.00002
41081_at BUB1 AF053305 2q14 225+£12.8 95.94£50.9 43  0.00011 195%9.9 52.7=x149 27 0.00000

T/N: fold change from average.

Table I1. Genes whose expression correlated with that of sprindle checkpoint genes and are annotated as kinotochore, sprindie and/or cell cycle regulator.

lung panc
R= p-value R= p-value

correlation probe

with set name Genbank  normal tumor normal tumor normal tumor normal  tumor
BUB1 33984 _at HSP90 M16660  0.20827  0.66632  0.59076  0.00927 0.27428  0.76149 036443 0.00249
BUBI1B 40041_at HEC AF(G17790  0.17073 0.80793  0.66053  0.00047 032325 075760 028134 0.00270
BUBI1B 40052_at alpha-centractin  XB2206  0.04522  0.66539  0.90803  0.00940 017569  0.68711  0.56588 0.00947
CENPE 904_s at topisomerase L47276 0.35131 0.75735 0.35390 0.00171 0.07661 0.82605  0.80356 0.00050

truncated form

CENPE 572_at TTK M86699  0.26738  0.71506  0.48671 0.00405 0.15075  0.80071  0.62301 0.0011
CENPE 40145_at TOP2A Al375913 040864 0.71436 027484  0.00410 0.11770  0.76879 0.70176 0.00213
HEC 38834 at TOPBP1 D87448 046506 085710  0.20716  0.00009 0.27504  0.69860  0.36310 0.00790
HEC 34852 g at STK15 AF011468 0.79709  0.82081 0.01010  0.00032 050624  0.72144  0.07753 0.00538
HEC 1674_at YES1 M15990 039334  0.68805 029495 . 0.00652 0.05013  0.87856  0.87082 0.00008
HEC 34736_at CCNB1 M25753 0.28043  0.67576 046483  0.00798 0.52419  0.73341  0.06594 0.00433
MADZL1  1721_g_at MAD2L1 765410  0.20799  0.93691 059127  0.00000 0.73235  0.80665  0.00442 0.00086
MAD2L1  37302_at CENPF U30872 051337 081226  (.15750  0.00042 0.64759¢  0.90752 001671 0.00002
MAD2ZL1 38933 at kinesin ALO021366 0.14247  0.66756  0.71463  0.00909 0.53421 0.77461  0.06003 0.00018

related protein

Among 40 that were identified by the expression correlation analysis with spindle checkpoint genes, 13 genes that are annotated as kinetochore,

spindle and/or celt cycle regulator are indicated.

results suggest that up-regulation of the expression of the
genes for mitotic spindle and chromosome segregation is a
common feature of tumor cells in at least lung and
pancreatic cancers.

Discussion
We selected 150 genes whose expression was modulated in lung

carcinomas or pancreatic carcinomas as compared to their
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normal counterparts, Le. epithelium of lung and pancreatic
ducts. To avoid the stroma cells from gene expression analysis,
DNA mictoarray was performed with tumor cells and
corresponding normal cells isolated by laser capture
microdissection, Previous reports also compared the gene
expression profiles of pancreatic adenocarcinomas with normal
epithelium of ducts (22, 23). In this study, we looked for genes
that were commonly up-regulated or down-regulated in
different tumor types, and gene expression profiling was carried
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Figure 5. Correlation of the expressions berween CDC20 and spindle checkpoint genes. Correlations of the expression of the CDC20 and spindle
checkpoint genes such as BUBI, BUBIB, CENPE, HEC and MAD2L1 were examined. The expression of CDC20 in each sample was plotted with that
of BUBL (A), BUBIB (B}, CENPE (C), HEC (D) and MAD2L1 (E). Correlation of the expression between BUBIB and HEC is also indicated (F).
Gene expression in tissue is indicated as follows: red circles, lung carcinomas; blue circles, normal lung epithelium; red triangles, pancreatic carcinomas;
and blue triangles, epithelium of normal pancreatic ducts. Note that there is a positive correlation between the expression of BUBIB and HEC (F).
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APC/C inactive
metaphase

APC/C active
anaphase

Figure 6. Predicted expression network of spindle checkpoint genes, cell cycle regulators and kinetochore binding proteins in tumor cells. An expression
network of the genes for spindle checkpoint, cell cycle regulation and kinetochore binding was predicted based on the gene expression profile and
correlation analysis of the genes that are involved in spindle checkpoint. In lung and pancreasic tumor tissues, expression of spindle checkpoint genes was
significantly up-regulated (center, in red) as compared to their normal counterparts. Up-regulation of the expression of spindle checkpoint genes will
resielt in the suppression of the CDC20 activity that regulates anaphase promoting complex {APCIC) activity. The dotted blue arrows indicate a correlation

of the expression in both lung carcinomas and pancreatic carcinomas.

out with pancreatic carcinomas and lung carcinomas. Genes
whose expression differed between tumor and corresponding
normal tissues were ranked by T-values determined from the
true Fisher’s ratios and background Fisher’s ratios, calculated
from various combinations of the tumor and normal tissues.
Validation by Welch’s t-test revealed that differences between
tumor and normal tissues in the expression of the top 150 genes
ranked by T-values were considered to be statistically
significant, because p-values were below 0.05. Performance of
this screening procedure was reasonably high, because cluster
analysis with the genes ranked top 150 in each tumor type
clearly distinguish tumor from normal specimens. Genes ranked
in the top 150 include many genes responsible for G2-M
transition, especially for mitotic spindle assembly and
chromosome segregation, strongly suggesting that one of the
most remarkable features of tumor cells in vivo is the altered
expression of genes involved in G2-M transition. In fact, cluster
analysis with genes involved in mitotic spindle assembly and
chromosome segregation also clearly distinguish tumor tissues
from normal tissues in both lung and pancreas specimens.
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Among the gé'n:és whose expression was significantly
different in the tumnor tissues as compared to their normal
counterparts, 11 genes were commonly identified in two
different tumor types with different tissue types and stages.
Furthermore, 9 out of the 11 genes were found to be
responsible for mitotic spindle assembly or chromosome
segregation at the metaphase to anaphase transition, and the
expression of all 9 genes were up-regulated in tumor cells as
compared to their normal counterpart. Among these genes,
MAD2L1, BUBL BUBIB, HEC and CENPE encode spindle
checkpoint proteins that are responsible for monitoring the
attachment of microtubules to kinetochore, Furthermore,
the expressions of other cell cycle and kinetochore-related
genes such as ZWINT, KNSL1, SMC4L1 and CCNBI also
increased in both lung carcinomas and pancreatic
carcinomas. ZWINT was originally identified as a gene for a
protein that interacts with ZWI0, whose defect caused
aneuploidity in Drosophila and was shown to regulate
anaphase onset in a tension-sensitive manner (24}, KNSLI
and SMC4LI encode a microtubule protein necessary for
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mitotic spindle formation and a protein essential for
mitotic chromosome condensation, respectively (25), The
reason for the increased expression of the G2-M
checkpoint genes in tumor tissues remains unknown, but
the sensitivity and specificity of tumors to M-phase
inhibitors such as taxanes, vinorelbine and epothilones may
be attributable to an increased expression of G2-M
checkpoint genes in tumeor cells.

We applied Pearson’s correlation in order to explore the
expression network of spindle checkpeint genes. A search
for genes whose expression correlated with that of
MAD2L1, BUB1, BUBIB, HEC, or CENPE yielded 40
genes. Among these 40, 13 genes including YEST (26, 27),
CCNBI (28, 29), TOP24 (and truncated form of
topoisomerase) (30-32), TOPBP! (33), STKI15/Aurola A
(34), TTK (35), Hsp90 (36) and alpha centractin (37) are
involved in the metaphase to anaphase transition. The
predicted gene expression network is summarized in Figure
6. The genes identified by the correlation analysis have not
been reported as spindle checkpoint genes; however,
several lines of evidence suggest that they are involved in
kinetochore and/or spindle function. Both kinesin-related
protein and alpha-centractin are thought to be responsible
for kinetochore movement {37). CENPF shares a sequence
homology with kinesins and localizes at the kinetochore
plate to regulate kinetochore maturation (38). In addition,
CENPF interacts with the CENPE (13), and CENPE also
interacts with BUBIB (39). TTK, STK15 and YES all
possess kinase activities and affect chromosome
segregation. TTK, a human homologue of yeast MPS1, is
required for the assembly of spindle checkpoint proteins
(35). STK15/Aurora A kinase has been shown to be
essential for chromosome segregation and centrosome
functions (34). Furthermore, over-expression of STK15 in
mammalian cells resulted in aneuploidy {34). YES, an src-
related protein tyrosine kinase, is likely to be involved in
mitotic progression because an inhibitor of this kinase
interfered with spindle assembly (26, 27). HSP90 is a core
centrosomal component and treatment of the cells with its
specific inhibitor, geldanamycin, caused aberrant mitotic
spindles (36). In Drosophila, the Cdc37/Hsp90 complex
modulates a function of Aurora B kinase that is essential

for chromosome segregation (40). TOP2A codes for

topoisomerase that is necessary for the maintenance and
segregation of the mitotic chromosomes (30, 32). Finally,
CCNB is a cyclin responsible for the metaphase to
anaphase transition (29). Thus, correlation analysis is a
useful method to explore the functional networks of genes
with mRNA expression profiles.
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