
An Invasion-Independent Pathway of Blood-Borne
Metastasis

A New Murine Mammary Tumor Model

Takashi Sugino,* Takashi Kusakabe,*
Nobuo Hoshi,* Tomiko Yamaguchi,*
Takanori Kawaguchi,* Steve Goodison,†

Masayuki Sekimata,‡ Yoshimi Homma,‡ and
Toshimitsu Suzuki*
From the Departments of Pathology * and Biomolecular Science,‡

School of Medicine, Fukushima Medical University, Fukushima

City, Japan; and the University of California San Diego Cancer

Center and the Department of Pathology,† University of

California San Diego, La Jolla, California

It is generally believed that active invasion by cancer
cells is essential to the metastatic process. In this report,
we describe a murine mammary tumor (MCH66) model
of metastasis that does not require invasion into the
vascular wall of both the primary tumor and the target
organ, in this case, the lung. The process involves in-
travasation of tumor nests surrounded by sinusoidal
blood vessels, followed by intravascular tumor growth
in the lung, without penetration of the vascular wall
during the process. Comparative studies using a non-
metastatic MCH66 clone (MCH66C8) and another highly
invasive metastatic cell line (MCH416) suggested that
high angiogenic activity and sinusoidal remodeling of
tumor blood vessels were prerequisites for MCH66 me-
tastasis. Differential cDNA analysis identified several
genes that were overexpressed by MCH66, including
genes for the angiogenesis factor pleiotrophin, and ex-
tracellular matrix-associated molecules that may modu-
late the microenvironment toward neovascularization.
Our analyses suggest that tumor angiogenesis plays a
role in the induction of invasion-independent metasta-
sis. This model should prove useful in screening and
development of new therapeutic agents for cancer me-
tastasis. (Am J Pathol 2002, 160:1973–1980)

Blood-borne metastasis is a complex biological process
comprised of multiple steps, such as intravasation, trans-
port via the blood, extravasation, and secondary growth
in the target organ. The invasive property of cancer cells
is generally believed to be the most essential factor in this
process, and enabling the metastatic cells to break
through the vascular wall barrier at the site of dissemina-

tion. However, we have previously described an alterna-
tive metastatic pathway that does not seem to require
invasiveness to the vascular wall in spontaneous mam-
mary tumors.1 In this metastatic process, tumor nests
were enveloped by vascular endothelial cells and en-
tered the circulation, and subsequently, trapped tumor
emboli grew within pulmonary arterioles. In this sponta-
neous mammary tumor model, the metastatic cells do not
need to penetrate the vascular wall at either the primary
or metastatic tumor site, disseminating via a metastatic
pathway that is independent of tumor cell invasiveness.
In the absence of invasion, the facilitation of this meta-
static process likely requires angiogenesis to envelop
tumor emboli with endothelial cells.

To further investigate the mechanisms of invasion-in-
dependent metastasis, we established two metastatic
cell lines, one highly invasive (MCH416), and one with
poor invasive ability (MCH66) from spontaneous mam-
mary tumors. We also derived a nonmetastatic clone
(MCH66C8) from the weakly invasive cell line. We com-
pared the biological activities of invasiveness and angio-
genesis of these three cell lines, and using differential
screening of mRNA populations, identified several can-
didate genes that were overexpressed in MCH66, and
that may play a role in an invasion-independent meta-
static pathway.

Materials and Methods

Cell Line Establishment

To establish immortal cell lines, cells from naturally oc-
curring mammary tumors in C3H mice were minced. After
removal of large tissue clumps with nylon mesh the cells
were plated in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum. Cultures were maintained
at 37°C in a humidified 5% CO2 atmosphere. By observ-
ing lung metastasis at 7 weeks after inoculation of 1 �
107 cells in the fat pads of C3H mice, two metastatic cell
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lines, MCH66 and MCH416, were selected. Clonal sub-
lines of MCH66 were isolated by the limiting dilution
technique. After fat pad inoculation of 1 � 107 cells, a
nonmetastatic clone (MCH66C8) was selected.

Determination of Doubling Time

For growth-rate determination in vitro, 1 � 104 cells were
seeded into 12-well tissue-culture plates and the number
of cells per well determined every 24 hours for 4 succes-
sive days. Growth curves were constructed and used to
calculate doubling times.

Growth Properties in Vivo and Spontaneous
Metastasis Assay

Cells (1 � 107) suspended in 200 �l of serum-free Dul-
becco’s modified Eagle’s medium were inoculated into
the fat pads of 6-week-old female C3H/He mice. Tumors
were surgically removed every week and growth curves
constructed by measuring tumor weight. To assay for
spontaneous metastasis, five mice from each surgical
group were sacrificed at 2 weeks after surgery and the
number of lung colonies counted with a dissecting micro-
scope. In addition, at 5 weeks and at 10 to 13 weeks after
fat pad inoculation, animals were sacrificed and metas-
tases in major organs were examined.

Morphological and Immunohistochemical
Examination

Tumor tissues and general organs were fixed with 10%
formalin for paraffin-embedded sections and/or with 4%
paraformaldehyde for frozen sections. Sections were he-
matoxylin and eosin (H&E)-stained and immunostained
using a streptavidin-biotin kit (Nichirei, Tokyo, Japan).
Sections were incubated with polyclonal rabbit antibodies
to laminin (ICN, Costa Mesa, CA), collagen type IV (Pro-
gen, Heidelberg, Germany), or heparin sulfate proteogly-
can (Chemicon, Temecula, CA) and with monoclonal rat
antibody to mouse CD31 (PharMingen, San Diego, CA).

Assessment of Neovascularization

The neovascular development was assessed not by the
number but by the area of blood vessels within a tumor
because the neovasculature was constructed of dilated
and fused sinusoidal vessels. The H&E-stained sections
were used to assess neovascular development in each
tumor type. Blood vessel morphometry was evaluated in
five low-power fields (�40) for every three tumors of each
cell line. The areas of blood vessels and tumor paren-
chyma exclusive of necrosis were measured per each
field using a computerized image analyzer (Image-Pro
Plus; Media Cybernetics, Silver Spring, MD). The propor-
tion of total vascular area in each tumor was used as an
index of vascularity in each tumor cell line.

Gelatin Zymography and Immunoblotting

Protease activities of MCH66 and MCH416 cells were
determined using gelatin zymography. Concentrated cul-
tured media containing 10 �g of protein were electropho-
resed in 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels co-polymerized with 1 mg/ml of gel-
atin. Gels were washed for 30 minutes in 2.5% Triton
X-100 and incubated in 50 mmol/L of Tris-HCl, pH 7.6, 1
�mol/L of ZnCl2, and 5 mmol/L of CaCl2 for 48 hours at
37°C. After incubation the gels were stained with Coo-
massie blue. Equal amounts of protein from conditioned
media were analyzed by Western blotting using a poly-
clonal antibody (2 �g/ml) against human 72-kDa gelati-
nase (IBL, Fujioka, Japan).

Dorsal Air Sac Assay

The dorsal air sac assay was applied to mice to examine
the angiogenesis activities of the three cell lines accord-
ing to methods described by Itoh and colleagues.2 Milli-
pore chambers containing 1 � 106 cells were implanted
into the dorsal subcutaneous tissues of anesthetized fe-
male C3H mice. On day 4, after intravenous injection of
India ink, angiogenic responses were assessed using
dissecting microscope photographs. Vertical histological
sections of the subcutaneous tissues were made and the
number of blood vessels counted with a computerized
image analyzer (Image-Pro Plus, Media Cybernetics).

cDNA Synthesis

Total RNA was extracted from cultured cells using an
RNA extraction kit (Qiagen, Tokyo, Japan). Poly(A)�-en-
riched RNA was obtained using an oligo (dT) purification
kit (Promega, Madison, WI). The SMART PCR cDNA syn-
thesis kit (Clontech, Palo Alto, CA) was used to generate
high yields of full-length cDNA.

Semiquantitative Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR) and
Southern Hybridization

Semiquantitative mRNA analysis using RT-PCR and South-
ern blot analysis was performed as described.3 The optimal
number of PCR cycles was determined to be 20 to ensure
logarithmic amplification. PCR primers sequences were
as follows: pleiotrophin, 5�-GCAATATCAGCAGCAAC-
GTAGAAA-3� and 5�-TGGCGTCTTTT AATCCAGCATC-3�;
midkine, 5�-AGTGTTCGGAGTGGACCTGGGG-3� and
5�-TC CGTTCAGGCTCCAGGCGA-3�; vascular endothelial
growth factor, 5�-CGAGACCCTGGTGGACATCT-3� and 5�-
CACCGCCTCGGCTTGTCAC-3�; angiogenin, 5�-GTTG-
GAAGAGATGGCGATAAGC-3� and 5�-GACTGACTCTTAA
TGGCTTTTGAGAC-3�; platelet-derived growth factor-A,
5�-CGGTCATTTA CGAGATACCT-3� and 5�-TTTTG-
TTTTCGCTCTCTGTG-3�; platelet-derived growth factor-B,
5�-GCGACC ACTCCATCCGCTCCTTTG-3� and 5�-CCG-
AGCTTGAGGCGTCTTGGCT-3�; basic fibroblast growth
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factor, 5�-AGCGGCATCACCTCGCTTCC-3� and 5�-TGGA
AGAAACAGTATGGCCTTCTGTCC-3�; hepatocyte growth
factor, 5�-TACA GGGGAACCAGCAATACCA-3� and 5�-
TCAAACTAACCATCCACCCTACTGT-3�; G3PDH, 5�-
TTCATTGACCTCAACTACATG-3� and 5�-GTGGCAGT-
GATGGCATGG AC-3�. PCR amplification products were
analyzed by Southern-blotting using alkaline-phosphatase-
labeled DNA internal oligonucleotides made using Direct
Labeling and Detection Systems (Amersham Pharmacia
Biotech, Tokyo, Japan).

Suppression Subtractive Hybridization (SSH)

MCH66 cDNA was subtracted against cDNA from
MCH416 or MCH66C8 cell lines using the PCR-Select
cDNA Subtraction kit (Clontech) according to the manu-
facturer’s protocols. Forward SSH (subtraction of
MCH416 or MCH66C8 drivers from MCH66 tester) and
reverse SSH (subtraction of tester from drivers) were
performed and SSH-PCR products directly ligated into
the pGEM T-easy plasmid vector and transfected into
JM109 competent cells (Promega). Plasmids containing
cloned sequences from the subtracted libraries were
identified using the PCR-Select Differential Screening
protocol (Clontech). cDNA fragments consistently ex-
pressed at higher levels in MCH66 compared to
MCH66C8 and MCH416 were sequenced using the Dye
Terminator Cycle Sequencing Kit and automated fluores-
cent DNA sequencer (Amersham Pharmacia Biotech).
DNA database searches were performed using the
FASTA program and the NCBI DNA Data Bank database.

Virtual Northern Blot Analysis

To confirm the differential expression of the subtracted
MCH66 cDNAs, virtual Northern blot analysis was per-
formed. cDNA from all three cell lines (0.2 �g per lane)
were electrophoresed, transferred onto nylon mem-
branes, and hybridized with each of the subtracted cDNA
probes labeled with alkaline-phosphatase (Amersham
Pharmacia Biotech). A mouse G3PDH probe was used as
a control. The autoradiograms were analyzed on a den-
sitometer with a computerized image analyzer (Image-
Pro Plus).

Results

Establishment of Cell Lines and Growth
Properties

Two cell lines were established from spontaneous murine
mammary tumors, MCH66 as a noninvasive but meta-
static model and MCH416 as an invasive and metastatic
model. To facilitate comparative analyses of biological
activities and gene expression, we also isolated a non-
metastatic clone, MCH66C8, from the MCH66 cell line.

Phase-contrast microscopy showed that MCH66,
MCH66C8, and MCH416 cells all demonstrated a poly-
gonal morphology typical of epithelial cells. Although

there were no significant differences observed in the in
vitro doubling times of the MCH66 (14.4 hours) and
MCH416 (12.0 hours) cell lines, the MCH66C8 clone
exhibited a relatively slower growth rate (19.2 hours).

However, there were marked differences in growth
rates in vivo (Figure 1A). Although MCH66 became de-
tectable at 7 days after orthotopic inoculation and then
exhibited logarithmic growth, MCH66C8 growth was
markedly retarded. The MCH416 cells exhibited a 4-week
latent growth period and overall growth was much slower
relative to MCH66.

Metastatic Propensity of the Cell Lines

Time course observations of secondary lung colony de-
posits demonstrated that lung metastasis started at 2
weeks after inoculation, when primary tumor weight
reached �1.0 g (Figure 1B). However, MCH416 cells did
not give rise to lung metastases until 8 weeks after inoc-
ulation when primary tumors reached �2.0 g in weight
(data not shown).

The three cell lines showed marked differences in the
incidence and distribution of spontaneous metastasis
(Table 1). Mice inoculated with MCH66 cells exhibited a
high incidence of metastasis, exclusively localized in the
lung, even at 10 to 12 weeks when tumor weights had
exceeded 10.0 g. By 10 to 14 weeks, when MCH416
tumors had reached a similar size to that of 5-week
MCH66 tumors, the tumor cells had spread widely to
multiple organs in blood-borne, lymphatic, and transco-

Figure 1. In vivo growth properties and generation of pulmonary metastasis.
A: Tumor growth curves for the subcutaneously inoculated cell lines. Filled
circle, MCH66; filled square, MCH66C8; open circle, MCH416. Each point
represents the mean � SEM tumor weight. B: Time course of the number of
lung metastatic colonies from MCH66 tumors. No colonies were detected in
MCH416- or MCH66C8-inoculated mice until 8 weeks after inoculation.
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elomic pathways. No MCH66C8 metastases were found
in any of the organs examined.

Morphological Differences of Primary Tumors

All three cell lines grew in the mammary fat pad as poorly
differentiated adenocarcinomas with solid cellular ar-
rangements. However, each cell line xenograft displayed
distinct morphological features. The first feature was in-
vasiveness. Although MCH66 and MCH66C8 cells
formed well-demarcated tumors with no detectable inva-
sion (Figure 2, A and B), MCH416 tumors invaded the
surrounding fat tissue as early as 7 days after inoculation
(Figure 2C). Some late-stage tumors penetrated the ab-
dominal wall and entered the peritoneal cavity.

The second feature was stromal morphology. MCH66
tumors formed small tumor cell nests (50 to 200 �m in
diameter) at 7 days after inoculation, and were observed
to be surrounded by fibrous stroma (Figure 2D). A con-
tinuous basement membrane, containing collagen type
IV, laminin, and heparan sulfate proteoglycan, was ob-
served between the tumor cell nest and the stroma (Fig-
ure 2E). In contrast, MCH66C8 and MCH416 tumors grew
as sheets of cells with scanty fibrovascular stroma.

The third feature was vascular architecture. At 7 days
after inoculation, MCH66 tumors induced high peripheral
vascularization, such that newly formed blood vessels
extended around the tumor nests (Figure 2F). As the
tumor grew, the blood vessels developed into fused di-
lated sinusoidal structures and enveloped entire tumor
nests, such that the tumor islands appeared to be entirely
surrounded with blood (Figure 2G). Endothelialized tu-
mor nests were observed in the veins draining the
tumor and in the pulmonary arterioles. Embolized tumor
cells grew expansively within the vessels (Figure 2H),
and then extravasated to the lung parenchyma. Con-
versely, MCH66C8 and MCH416 tumors were poorly vas-
cularized and showed none of the features of intravasa-
tion apparent in MCH66 tumors.

Tumor Vascularity and the Correlation to
Metastasis

To quantify the vascular development stimulated by the
inoculated tumors, intratumoral vascular area was mea-

sured using an image analyzer. The proportions of vas-
cular areas in MCH66 tumors were significantly higher
than those for MCH416 or MCH66C8 tumors, with the
difference being most conspicuous at late growth stages
(Figure 3A). The differences in vascular areas between

Table 1. Spontaneous Metastases of Cell Lines

Cell lines

MCH66 MCH66C8 MCH416

Weeks after inoculation 5 10 to 12 10 to 14 12 to 13
Tumor weight, g 2.24 � 1.14 11.9 � 7.70 1.65 � 0.98 3.23 � 1.70
Incidence of metastasis 11/11 8/9 0/6 15/24

Lung 11/11 8/9 0/6 10/24
Ovary 0/11 0/9 0/6 2/24
Kidney 0/11 0/9 0/6 1/24
Lymph node 0/11 0/9 0/6 8/24
Peritoneum 0/11 0/9 0/6 6/24

Metastases in general organs were examined by dissecting microscopy and confirmed by histological sections. Mice inoculated with 1 � 107

MCH66C8 and MCH416 cells were sacrificed when tumors reached equivalent weights to 5-week MCH66 tumors.

Figure 2. Cell line histology. MCH66 (A) and MCH66C8 (B) tumors grew
expansively, whereas invasive growth of MCH416 (C) was evident. D:
MCH66 tumors at 7 days after inoculation formed small nests surrounded by
fibrous stroma. Dilated sinusoidal vessels were observed around the nests. E:
Immunohistochemistry for laminin shows continuous basement membrane
around the MCH66 tumor nests. F: MCH66 tumors at 21 days after inocula-
tion. Tumor nest was involved in the developed sinusoidal vessels. G: Tumor
nest in the blood was surrounded by a vascular endothelial layer that
immunostained with anti-CD31 antibody. H: Intravascular MCH66 tumor
growth subsequent to embolization in the pulmonary arteriole. For laminin
and CD31 immunohistochemistry, counterstain is hematoxylin. All others are
H&E. Original magnifications: �100 (A–C); �200 (D–H).
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the three cell line xenografts seemed to be dependent on
the development of sinusoidal vessels.

Among individual MCH66 tumors, we observed a pos-
itive correlation between intratumoral vascular area and
the number of lung metastatic colonies (Figure 3B). This
is in line with the histological findings, indicating that the
development of sinusoidal vessels may contribute to the
pulmonary metastasis of MCH66 tumors.

Gelatinase Activity

To analyze the gelatinase activity of MCH66 cells we
performed gelatin zymography. Weaker gelatinolytic ac-
tivities of matrix metalloproteinases-2 and -9 were ob-
served in MCH66 cells, relative to that of MCH416 cells
(Figure 4A), correlating with the invasive properties of the
two cell lines. Immunoblot analysis also detected no
MMP-2 protein band present in MCH66-conditioned me-
dia (Figure 4B).

Angiogenic Activity

We examined the angiogenic activity of the three cell
lines using the dorsal air sac assay. Although MCH66
cells induced numerous neomicrovessels, much less an-

giogenic activity was stimulated by either MCH416 or
MCH66C8 cells (Figure 5A). Image analysis of histologi-
cal sections also demonstrated a significantly higher an-
giogenic activity of MCH66 cells relative to both MCH416
and MCH66C8 cells (Figure 5B).

Expression of Angiogenesis Factors

In an attempt to identify the corresponding angiogenesis
factors expressed during the increased vascular induc-
tion of MCH66, we analyzed specific mRNA expression
by semiquantitative RT-PCR and by Southern blot hybrid-
ization. Of the angiogenesis factors pleiotrophin, midkine,
vascular endothelial growth factor, angiogenin, platelet-
derived growth factor-A, and -B, basic fibroblast growth
factor, and hepatocyte growth factor, only pleiotrophin
was differentially expressed in MCH66 cells (Figure 6A).
Expressions of midkine, angiogenin, or platelet-derived
growth factor-A or -B were not differential and basic
fibroblast growth factor and hepatocyte growth factor
were undetectable.

Identification of Differentially Expressed Genes
by SSH

SSH was performed to identify genes differentially ex-
pressed in the invasion-independent metastatic cell line
MCH66. A MCH66 cDNA library was subtracted from
either MCH66C8 or MCH416 cDNA libraries and 200
cDNA clones from each subtraction were recovered and
maintained by cloning into the TA vector. Reverse North-
ern analysis identified 82 and 48 MCH66 clones that were
differentially expressed relative to MCH66C8 and
MCH416, respectively. The 130 cloned sequences con-

Figure 3. Intratumoral vascularity. A: The proportion of vascular area within
tumors at an early growth stage (days 12 to 14 of MCH66 and MCH66C8, and
day 35 of MCH416) and at a late growth stage (day 35 of MCH66 and days 56
to 70 of MCH416). Filled square, MCH66; light gray square, MCH66C8;
dark gray square, MCH416. Results are means � SEM, n � 15 microscopic
fields for each group. *, P � 0.01; **, P � 0.05. B: Correlation between the
number of pulmonary metastatic colonies in mice inoculated with MCH66
and the proportion of vessel area in the tumors. P � 0.017.

Figure 4. Activities of gelatin degradation and MMP-2 expression. A: Gelatin
zymography of conditioned media from cultured cells. Molecular weights
were calculated using protein standards. B: Immunoblot analysis with an
MMP-2 antibody confirmed the zymography results.

Figure 5. Angiogenesis activities of cell lines using dorsal air sac assay. A:
Representative views with a dissecting microscopy of the dorsal skin of mice
implanted with chambers filled with MCH66, MCH416, or MCH66C8. B: The
number of vessels per 1-mm width of vertical histological section was
estimated using an image analyzer. Results are means � SEM.
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sisted of 66 unique transcripts and of these, 44 showed
homology to known genes, according to searches of
available public databases. Virtual Northern analysis
identified 15 sequences (10 previously published and 5
expressed sequence tags) that were consistently ex-
pressed at higher levels (�2.0-fold) in MCH66 cells rel-
ative to both MCH66C8 and MCH416 cells (Figure 6B
and Table 2).

Discussion

The sequential process of MCH66 metastasis is schemat-
ically illustrated (Figure 7). At the primary site, MCH66
cells intravasate into the newly formed blood vessels that
envelop the tumor nests (Figure 7A). In the target organ,
the tumor nests realize their metastatic potential by me-
chanical embolization and intravascular proliferation in
the pulmonary arteriole (Figure 7B).

Our findings using this model suggest a metastatic
pathway that differs from the currently held concept of
metastasis in a number of ways. The first important dif-
ference is that the active invasion of cancer cells may not
be an absolute requirement for metastasis. In the stan-
dard model, cancer metastasis is thought to depend on
cellular invasiveness via enzymatic degradation of the
extracellular matrix and vascular walls, and cell motility
leading to migration into the interspace. In our study, the
MCH416 cell line was used as a model of the invasion-
dependent metastatic pathway, and showed widespread
metastasis based on an invasive phenotype. In contrast,
the process enabling the dissemination and secondary
growth of MCH66 cells did not involve the penetration of
tumor cells into the vascular wall, and therefore did not
require invasive activity. In fact, the MCH66 cell line
exhibited a higher metastatic potential than the invasive
and metastatic cell line MCH416, despite having low
invasive activity as indicated by the expansive growth in
vivo and weak gelatin-degrading activity. To our knowl-
edge, this is the first description of a metastatic model
that is independent of invasive ability.

Another aspect of metastasis revealed during the
study of this model concerns the morphology of the tumor
emboli in the circulation. Most experimental studies on
metastasis have supposed that tumor emboli are disor-
ganized clumps of cells that have become detached
through the loss of intercellular adhesion. However, in our
system the tumor cells conserved tissue organization by

Figure 6. Analysis of differentially expressed MCH66 genes. A: Semiquanti-
tative RT-PCR and Southern blot analysis of angiogenesis factors. Basic
fibroblast growth factor (bFGF) or hepatocyte growth factor (HGF) expres-
sion was not detected in any of the cell lines. VEGF, vascular endothelial
growth factor; PDGF, platelet-derived growth factor. B: Virtual Northern blot
analysis for cDNA clones of known genes from MCH66 libraries subtracted
from MCH66C8 and MCH416. LPS-BP, lipopolysaccharide-binding protein;
IGFb-BP5, insulin-like growth factor-binding protein-5; CRBP1, cellular reti-
nol binding protein-1; SLPI, secretory leukocyte protease inhibitor.

Table 2. List of Differentially Expressed Genes in MCH66

Accession code Identities

Fold expression to*

MCH66C8 MCH416

NM010937 N-ras 7500 1000
NM008489 LPS-BP 2400 7.6
NM011812 Fibulin 240 45
L12447 IGF-BP5 110 18
NM011701 Vimentin 90 15
NM011254 CRBP1 44 6.3
NM011414 SLPI 33 25
NM012004 COP9 26 4.5
U69262 Matrilin-2 20 2.0
NM013586 Lor2 13 17
ESTs

W41550 466 21
BF227629 273 109
1540000J07 116 13
D730004N16 61 7.7
AV212550 13 6.4

LPS-BP, lipopolysaccharide-binding protein; IGFb-BP5, insulin-like
growth factor-binding protein-5; CRBP1, cellular retinol binding
protein-1; SLPI, secretory leukocyte protease inhibitor.

*Fold expression levels in MCH66 relative to MCH66C8 and
MCH416, respectively, were normalized for G3PDH expressions.

Figure 7. Schematic showing the process of blood-borne metastasis of
MCH66 tumors. A: Intravasation of a tumor nest enveloped by vascular
endothelial cells. B: A tumor embolus, conserving its tissue organization and
endothelial covering, is mechanically arrested in an arteriole and then intra-
vascularly proliferates. During this metastatic process, the tumor cells do not
pass through vascular walls.
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maintaining a nested architecture throughout the meta-
static process. In line with this finding, several studies
have demonstrated that intravenously injected multicel-
lular tumor clusters have higher metastatic efficiencies
than single cells.4–6 The well-organized MCH66 tumor
cell emboli presumably have an advantage of survival
and proliferation in the blood vessels, and this may be
further enhanced by the fact that the tumor cell emboli in
the circulation remain covered by a vascular endothelial
cell layer. There has been little discussion on whether
stromal elements accompany metastatic cancer cells,
instead more emphasis has been placed on sole cancer
cells moving to, and thriving in target organs. Further
studies are required to clarify the fate and role of tumor-
accompanying vascular cells, both in the circulation and
at the target organ.

The most critical step in the generation of the MCH66
tumor emboli seemed to be intravasation. The finding that
vascularity in MCH66 tumors was significantly higher
than in MCH416 or MCH66C8 tumors and positively cor-
related with the number of lung metastatic colonies sug-
gests an important role for sinusoidal development of
tumor vasculature in the intravasation process. In a vari-
ety of human cancers, intratumoral vascularity is
strongly associated with metastasis and patient prog-
nosis.7–9 However, apart from tumor growth, there has
been no definitive explanation for a direct role of in-
creased tumor vascularity in the metastatic process. Our
results demonstrate a direct relationship between tumor
angiogenesis and intravasation, and suggest that metas-
tasis is dependent not only on vascularity but also on
vascular morphology.

Our studies suggest the possibility that two biological
activities are involved in the development of the sinusoi-
dal vasculature that envelope the tumor nests. One is
angiogenesis activity; the dorsal air sac assay demon-
strated higher angiogenic activity in MCH66 tumors than
in MCH66C8 or MCH416 tumors. The observed more
rapid growth of MCH66 tumors in vivo may be because of
this activity. Analysis of a panel of known angiogenesis-
related factors showed that only pleiotrophin could be
regarded as a plausible candidate for this activity.
Pleiotrophin is a secreted angiogenesis factor expressed
in a variety of tumors,10 and the ribozyme targeting of
pleiotrophin has been shown to reduce the growth, an-
giogenic activity, and metastasis of human melanoma
cells.11

Another activity that may be involved in the develop-
ment of endothelialized tumor emboli in sinusoidal ves-
sels is vascular remodeling. Our time-course observa-
tions of MCH66 tumors after inoculation demonstrated
the formation of tumor nests surrounded by basement
membrane and fibrous stroma before associated vascu-
lar spreading, and the consequent vascular development
into sinusoidal structures. It is known that extracellular
matrix components induce angiogenesis.12,13 Heparan-
sulfate proteoglycan, a basement membrane compo-
nent, can bind to various heparin-binding growth factors
including vascular endothelial growth factor, basic fibro-
blast growth factor, and pleiotrophin.14–16 Therefore, in
addition to angiogenesis induction, extracellular matrix

components assembled around MCH66 tumor nests may
also participate in the generation of sinusoidal vessels
that allow, or facilitate intravasation. In fact, several mol-
ecules that were found to be differentially expressed in
MCH66 cells by SSH are related to cell-stromal interac-
tion and extracellular matrix assembly. Fibulin-5 is an
epidermal growth factor-like protein expressed in devel-
oping arteries and neural crest-derived tissues.17 Fibu-
lin-5 is a novel vascular ligand for integrin receptors that
may play a role in vascular development and remodeling.
Matrilin-2 is an oligomeric protein that forms a filamentous
network in the extracellular matrices of various tissues,
but its functions are yet to be fully determined.18,19 The
Lor-2 gene encodes a novel lysyl oxidase-related protein
thought to be a key enzyme in the control of collagen and
elastin maturation.20 These findings support the hypoth-
esis that extracellular matrix components may promote
invasion-independent metastasis.

Our results demonstrate that the metastatic potential of
the MCH66 murine tumor model is dependent not on
invasiveness, but on tumor angiogenesis. Although this
model would not be applicable to the metastasis of all
human cancers, microscopical observations of routine
surgical specimens do suggest that similar metastatic
processes may occur in some types of human cancer.
For example, textbooks of pathology describe intravas-
cular tumor emboli of follicular carcinoma of the thyroid
that are covered by endothelial cells.21,22 Further de-
tailed investigations are required to find out if this model
also applies to other kinds of human cancer.

The derivation of these mammary tumor cell lines pro-
vides a pertinent experimental system for controlled in-
vasion-independent metastasis evaluation and will
greatly facilitate the identification of genetic and bio-
chemical differences involved in the cancer metastasis.
Manipulation of candidate genes and subsequent analy-
sis of upstream and downstream effects will permit eval-
uation of important outstanding questions in this field.
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