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Separable growth and migration factors for large-cell lymphoma cells
secreted by microvascular endothelial cells derived from target organs for
metastasis

J. Hamada, P.G. Cavanaugh, 0. Lotan & G.L. Nicolson

Department of Tumor Biology, The University of Texas M.D. Anderson Cancer Center, Houston, Texas 77030, USA.

Summary Metastatic variant sublines of the murine large-cell lymphoma cell line RAW 117 were tested for
their growth and migration properties in vitro in medium conditioned by soluble factors released from
syngeneic mouse liver-, lung-, and brain-derived microvessel endothelial cells. Medium conditioned with
hepatic sinusoidal endothelial cells stimulated the growth of highly liver-colonising (RAWl 17-H10) and highly
liver- and lung-colonising (RAW117-L17) sublines at higher rates than the poorly metastatic parental line
(RAW117-P) (H10>L17>P). Medium conditioned with lung microvessel endothelial cells selectively
stimulated the growth of the lung-colonising RAW117-L17 subline. Medium conditioned with brain micro-
vessel endothelial cells showed no growth selectivity, and equivalently stimulated the growth of various
RAW117 cell sublines. Medium conditioned with hepatic sinusoidal endothelial cells preferentially promoted
the migration of the liver-colonising H10 and L17 sublines, and medium conditioned with lung endothelial
cells differentially stimulated the migration of the lung-colonising L17 subline; whereas medium conditioned
with brain endothelial cells only slightly stimulated the migration of L1 7, but not H10 or P cells. Fractionation
of medium conditioned with hepatic sinusoidal endothelial cells by DEAE Sephacel anion exchange
chromatography revealed that the growth-stimulating activities were clearly separable from migration-
stimulating activities. The growth- and migration-stimulating activities released from organ microvessel
endothelial cells may be important in determining the ability of RAW 117 cells to selectively form metastatic
colonies in particular organs.

Certain cancers show metastatic patterns that cannot be
explained by mechanical lodgement or anatomical considera-
tions (Sugarbaker, 1981; Nicolson, 1988a,b). Paget (1889)
originally proposed the 'seed and soil' hypothesis to explain
the selective colonisation of certain organs by metastatic
cells, theorising that the unique properties of particular
tumour cells ('seeds') and the different characteristics of each
organ microenvironment ('soil') collectively determine the
organ preference of metastasis.

In support of Paget's hypothesis (1889) several human and
animal metastatic models have been developed by selecting
variant cell lines for their ability to metastasise or colonise
particular organs in normal or immune-impaired animals
(Fidler, 1986; Nicolson, 1988a,b). One model suitable for
studying tumour cell and host properties important in organ
preference of metastasis is the murine large-cell lymphoma
RAW117. The parental cell line (RAW117-P) is poorly
metastatic, whereas variant sublines established by sequential
in vivo selection for enhanced liver (RAW117-H10) or lung
(RAW117-L17) colonisation are highly metastatic to liver
(H10) or liver and lung (L17) independent of their site of
injection (Brunson & Nicolson, 1978; Reading et al., 1980a;
Nicolson et al., 1982).

Highly metastatic RAW117 cells possess a variety of
differences in cell surface properties. These include differences
in the exposures of cell surface proteins (Miner et al., 1981)
and glycoproteins (Reading et al., 1980a,b), amounts of viral
antigens (Reading et al., 1980a; Yoshida et al., 1987),
glycolipids (Joshi et al., 1987), lectin-binding sites (Reading et
al., 1980b; Irimura et al., 1986), adhesion molecules
(McGuire et al., 1984; Tressler et al., 1989; Nicolson et al.,
1989), and sensitivities to host effector systems (Reading et
al., 1983; Miner & Nicolson, 1983; Joshi et al., 1987; Yoshida
et al., 1987; LaBiche et al., 1988). Particularly important is
the differential growth response of RAW117 sublines to
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target organ-conditioned medium (Nicolson, 1987). In such
media are growth factors and inhibitors (Horak et al., 1986;
Yamori et al., 1988; Cavanaugh & Nicolson, 1989) and
motility-stimulating factors (Varani, 1982).

Microvascular endothelial cells are the first cell type
encountered by blood-borne malignant cells in organs, and
they are involved in important steps of the metastatic process
such as adhesion and invasion (Nicolson, 1988b, 1989; Bel-
loni & Tressler, 1990; Weiss et al., 1989). Since differences in
structural and functional properties exist among microvessel
endothelial cells from different organs (Palade et al., 1979;
Auerbach et al., 1985; Belloni & Nicolson, 1988; Belloni &
Tressler, 1990; McCarthy et al., 1991; Belloni et al., 1992), we
examined differences in the growth and migration respon-
siveness of RAW117 cells to soluble factors derived from
mouse liver, lung, and brain microvessel endothelial cells.
Our results demonstrate that organ preference of metastasis
may involve responses to specific growth and migration fac-
tors secreted by target organ-derived microvessel endothelial
cells.

Materials and methods

Cells

RAW117-P, -H10, and -L17 large-cell lymphoma cell lines
were maintained as cultures suspended in plastic Petri dishes
(Falcon, Lincoln Park, NJ) in Dulbecco-modified Eagle's
minimal essential medium (DME) supplemented with 5%
foetal bovine serum (FBS) and 2.2 mM D-glucose. Mouse
hepatic sinusoidal, lung, and brain microvessel endothelial
cells were isolated by collagenase digestion from the micro-
vasculatures of mouse liver, lung, and brain, respectively
(Belloni & Nicolson, 1988; Belloni et al., 1992). The
endothelial cells were characterised by their morphologies,
lack of platelet binding, presence of Factor VIII antigen,
binding of acetylated low-density lipoprotein, and other pro-
perties (Belloni et al., 1992). Endothelial cells were grown on
gelatin-coated tissue culture dishes in a 1:1 (v/v) mixture of
DME and F12 medium (DME/F12) supplemented with 5%
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FBS and 50 fg ml-' of endothelial cell mitogen (Biomedical
Technologies Inc., Stoughton, MA).

migration-stimulating activities, the factions were first
dialysed against DME/F12 medium.

Endothelial cell-conditioned medium

When endothelial cells (passage numbers 8-13) plated on
gelatin-coated culture dishes reached confluency, the medium
was discarded; the monolayer cultures were washed twice
with DME/F12 medium without FBS and then incubated
with DME/F12 medium without FBS for 24 h. The cultures
were replaced with fresh DME/F12 medium without FBS
and incubated for 2 days. The medium was collected and
centrifuged at 800 g for O min, and the supematants were
recentrifuged at 25,000 g for 1 h, filtered through 0.22ym
filters, and stored at - 20°C until use.

Assay for growth stimulation ofRA WH17 cells by endothelial
cell-conditioned medium
Tumour cells were plated into 96-well microtitration plates
(Flow Laboratories, McLean, VA) at a density of 1 x 104
cells/well in 100 jLI of DME supplemented with D-glucose
and 0.6% FBS. Conditioned medium from endothelial cells
(100 l/well) was added into each well. DME/F12 medium
was added into wells as a negative control. After 2, 3, or 4
days of incubation, the cell number in each well was deter-
mined with a Coulter counter (Model ZM) using triplicate
samples.

Assay for chemotaxis of RA W117 cells toward endothelial cell-
conditioned medium

Chemotactic activity of tumour cells toward endothelial cell-
conditioned medium was measured using TranswellM (Cos-
tar, Cambridge, MA) chambers with 6.5 mm diameter, tissue
culture-treated filters with 3 Am pores according to the
method of Repesh (1989) with some modifications. Tumour
cells (2 x 106mV-1) were suspended in DME supplemented
with D-glucose and 0.1 % bovine serum albumin, the cell
suspensions (1001 l) were then placed into the upper com-
partment of a TranswellM chamber. Endothelial cell-
conditioned medium or DME/F12 supplemented with 0.1%
bovine serum albumin (as a negative control) was then
placed into the lower compartment. After incubation for
5-6 h, cells that penetrated through the filters were counted
with a Coulter counter. Each filter was fixed with 3%
glutaraldehyde in Dulbecco's phosphate-buffered saline
(DPBS) and stained in Giemsa solution. After the cells
attached to the upper side of the filter were removed by
wiping with a cotton swab, the cells attached to the lower
side of the filter were counted using a microscope. The total
number of cells in the lower TranswellT compartment and
on the lower side of filter were determined, and chemotaxis
was expressed as the number of cells penetrating through the
filter per 2 x 105 cells added to the upper compartment.

Results

Growth stimulation by endothelial cell-conditioned medium

In each of the RAW1 17 cell cultures containing 0.3% FBS,
the three different endothelial cell-conditioned media sti-
mulated but did not inhibit growth during the cell-growth
assay (2-4 days). In negative control wells into which DME/
F12 medium was added instead of endothelial cell-
conditioned medium cell numbers increased in cultures of P
and HIO cells but not L17 cells. Medium conditioned with
hepatic sinusoidal endothelial cells stimulated the growth of
highly liver-metastatic HIO cells at higher rates than P or L17
cells (Figure 1). Although L17 cells were selected for lung
colonisation, they can form metastatic colonies in liver, and
they were less growth-stimulated by medium conditioned
with liver endothelial cells than H10 cells. Poorly metastatic
parental P cells were stimulated poorly by medium condi-
tioned with liver endothelial cells (Figure 1). Medium condi-
tioned with lung endothelial cells stimulated the growth of
L17 cells at higher rates than either P or H10 cells (Figure 2).
Medium conditioned with brain endothelial cells stimulated
the growth of all three RAW1 17 cell lines (Figure 3). There
was a tendency of brain endothelial cell-conditioned medium
to stimulate the growth of the highly metastatic (LI 7 and
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Anion exchange chromatography of medium conditioned with
hepatic sinusoidal endothelial cells

Medium conditioned with hepatic sinusoidal endothelial cells
was concentrated using a stirred-cell filtration apparatus
fitted with YMIO membrane (Amicon, Beverly, MA) and was
dialysed against 20 mM phosphate buffer, pH 7.0. The
dialysate was then applied to a DEAE Sephacel anion
exchange Pharmacia LKB, Piscataway, NJ) column (2.5 x
14 cm) equilibrated with the same buffer. The unbound
material was eluted with the same buffer, and the bound
material was eluted with a continuous linear gradient of
0-0.5 M NaCl in 20 mM phosphate buffer, pH 7.0 (400 ml
total volume). Fractions (5 ml) were collected at a flow rate
of 0.5 ml min-'. The protein content of each fraction was
determined with the Coomassie blue dye-binding assay
(Pierce Chemical Co., Rockford, IL) using bovine serum
albumin as a standard. To measure the growth- and
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Figure 1 Growth-stimulating activity of medium conditioned
with hepatic sinusoidal endothelial cells for RAW117 sublines P,
L17, and HIO at days 2, 3, and 4. Cell growth assay was
performed as described in Materials and methods. Columns and
error bars show means and standard deviations of triplicate
samples, respectively. P values were calculated according
to Student's t-test: *, P<0.01 compared with controls;
**, P<0.001 compared with controls.
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Figure 2 Growth-stimulating activity of medium conditioned
with lung endothelial cells for RAW1 17 sublines P, L17, and HO0
at days 2, 3, and 4. Cell growth assay was performed as in Figure
1. Columns and error bars show means and standard deviations
of triplicate samples, respectively. P values were calculated ac-
cording to Student's t-test: *, P<0.01 compared with controls;
**, P<0.001 compared with controls.
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Figure 3 Growth-stimulating activity of medium conditioned
with brain endothelial cells for RAW117 sublines P, L17, and
H1O at days 2, 3, and 4. Cell growth assay was performed as in
Figure 1. Columns and error bars show means and standard
deviations of triplicate samples, respectively. P values were cal-
culated according to Student's t-test: *, P<0.01 compared with
controls: **, P<0.001 compared with controls.

H10) sublines at higher rates than the poorly metastatic
parental cell line (Figure 3).

Cell-motility stimulation by endothelial cell-conditioned
medium

A chemotaxis assay using TranswellT chambers revealed
that endothelial cell-conditioned medium contained chemo-
attractants for the RAW1 17 sublines (Figure 4). Examination
of the migration-stimulating patterns of media conditioned
with hepatic sinusoidal endothelial cells and lung endothelial
cells, respectively, indicated that motility stimulation cor-
related well with the metastatic abilities of RAWI 17 sublines.
Medium conditioned with hepatic sinusoidal endothelial cells
stimulated the migration of highly liver-colonising (LI7 and
H10) sublines, and this effect was dose-dependent at higher
rates than the poorly metastatic parental line (Figure 4a).
Medium conditioned with lung endothelial cells strongly
stimulated the migration of the highly lung-colonising L17
cells versus P and H10 cells (Figure 4b). Although medium
conditioned with brain endothelial cells stimulated the dose-
dependent migration of parental and L17 cells (but not H10
cells), the rates of cell migration were less than that caused
by medium conditioned with either hepatic sinusoidal
endothelial cells and lung endothelial cells (Figure 4c). To
examine whether the cell migration activities were due to
chemotactic or chemokinetic factors, a checkerboard analysis
was performed with medium conditioned with either liver

endothelial cells (Tables I and II) or lung endothelial cells
(Table III). Medium conditioned with hepatic sinusoidal
endothelial cells and lung endothelial cells, respectively,
appeared to contain both chemotactic and chemokinetic
activities for H10 or L17 cells. In comparing these two
activities, medium conditioned with hepatic sinusoidal
endothelial cells or with lung endothelial cells, respectively,
stimulated mainly chemotactic rather than chemokinetic mig-
ration of HIO of L17 cells (Tables I-III).

Partial purification ofgrowth- and migration-stimulating
activities

Partial purification of the growth- and migration-stimulating
activities from medium conditioned with hepatic sinusoidal
endothelial cells revealed that these two activities were prob-
ably due to different factors present in endothelial cell-
conditioned medium. Medium conditioned with hepatic
sinusoidal endothelial cells was concentrated by using a
YM 10 membrane with a molecular mass exclusion of
> 10 kDa. After dialysing the concentrate against 20 mM
phosphate buffer, and then applying the resulting concentrate
to a DEAE Sephacel anion exchange chromatography col-
umn, the major growth-stimulating activity for H1O cells was
not bound to the DEAE Sephacel column. In contrast, the
major migration-stimulating activity for H1O cells was eluted
at - 0.15 M NaCl using a continuous linear gradient of
0-0.5M NaCl in 20 mM phosphate buffer (Figure 5).
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Figure 4 Chemotactic activity of endothelial cell-conditioned
medium for RAW117 sublines P, L17, and H1O. Chemotactic
activity is shown for a, medium conditioned with hepatic
sinusoidal endothelial cells; b, medium conditioned with lung
endothelial cells; c, medium conditioned with brain endothelial
cells. The cell motility assay was performed as described in
Materials and methods. Columns and error bars show means and
standard deviations of triplicate samples, respectively. P values
were calculated according to Student's t-test: *, P<0.01 com-
pared with controls; **, P<0.001 compared with controls.

Discussion

We found that medium conditioned with hepatic sinusoidal
endothelial cells stimulated the growth and migration of
liver-colonising sublines (H10 and L17) at higher rates than
the poorly metastatic parental line (P) and that medium
conditioned with lung endothelial cells strongly stimulated
the growth and migration of the lung-colonising L17 cells at
higher rates than H1O or P cells. These phenomena led us to
speculate that soluble factors produced by microvascular
endothelial cells may be important in the organ preference of
metastasis seen in the RAW117 tumour system. We did not
expect, however, that medium conditioned with brain
endothelial cells would stimulate the growth of RAW1 17 cells
and the migration of the L17 subline, since the RAW1 17 cells
are apparently incapable of metastasising to the brain (Brun-
son & Nicolson, 1978; Nicolson et al., 1982). Previously we
demonstrated that conditioned medium from cultured
syngeneic mouse brain organ tissue pieces contained toxic or
growth-inhibitory activity for every RAW1 17 cell line (Nicol-
son, 1987). Therefore, the growth-inhibitory factors released
from brain tissue may have counteracted the growth-
stimulatory factors produced by brain microvessel endothelial
cells, resulting in failure to form metastatic colonies in the
brain.
A previous investigation demonstrated differences in

RAW117 cell adhesion to target organ-derived microvascular
endothelial cell monolayers that correlated well with their

Table I Checkerboard analysis of RAW 117-H10 cell migration
induced by medium conditioned with hepatic sinusoidal endothelial

cells

Concentration Migrated cell number/filter/6 ha
in the lower Concentration of medium in the uppercompartmentr compartment (%)compartment
(%) 0 12.5 25.0 50.0

0 5000 7670 7770 5930
(360) (760) (550) (320)

12.5 14900 13570 10830 10430
(1180) (1360) (160) (600)

25.0 14000 14370 15700 13870
(720) (510) (1480) (580)

50.0 22370 21870 22770 16500
(1860) (580) (580) (1150)

aMigration-stimulating activity was measured as described in
Materials and methods. Data are expressed as the mean of triplicate
samples. Numbers in parentheses indicate standard deviation. Column
heads indicate medium concentration (%) in upper compartment.

Table II Checkerboard analysis of RAW 117-L17 cell migration
induced by medium conditioned with hepatic sinusoidal endothelial

cells

of medium Migrated cell number/filter/6 ha
in tedlwe Concentration ofmedium in the upperin the lowercoprmn %
compartment compartment (%)
(%) 0 12.5 25.0 50.0
0 2900 2930 2630 3400

(1420) (490) (400) (900)
12.5 4430 5470 5430 4630

(710) (400) (930) (590)
25.0 8430 5730 5430 6370

(1450) (550) (670) (1290)
50.0 10130 8230 9230 5870

(380) (570) (710) (640)

aMigration-stimulating activity was measured as described in
Materials and methods. Data are expressed as the mean of triplicate
samples. Numbers in parentheses indicate standard deviation. Column
heads indicate medium concentration (%) in upper compartment.

Table III Checkerboard analysis of RAW 117-L17 cell migration
induced by medium conditioned with lung endothelial cells

Concentration Migrated cell number/filter/6 ha

in the lower Concentration ofmedium in the upper
compartment compartment (%)
(%) 0 12.5 25.0 50.0
0 5330 5330 4470 4100

(740) (640) (600) (500)
12.5 6070 5970 4530 5250

(590) (1290) (600) (640)
25.0 15270 12300 5600 6070

(860) (2290) (750) (700)
50.0 17830 16770 15930 6900

(860) (1270) (640) (200)

aMigration-stimulating activity was measured as described in
Materials and methods. Data are expressed as the mean of triplicate
samples. Numbers in parentheses indicate standard deviation. Column
heads indicate medium concentration (%) in upper compartment.

organ-colonisation properties (Nicolson, 1988a; Nicolson et
al., 1989). Thus it is also possible that the failure of RAW1 17
cells to metastasise to the brain might be due to their lack of
adhesiveness to brain endothelium. Taken with the results
presented here, we suggest that each RAW 117 subline pos-

1
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Figure 5 Anion exchange chromatography of medium condi-
tioned with hepatic sinusoidal endothelial cells. a, Medium condi-
tioned with hepatic sinusoidal endothelial cells was dialysed
against 20 mm phosphate buffer, pH 7.0, and applied to a DEAE
Sephacel column; the bound material was then eluted with a

NaCl gradient. b, Growth- and c, migration-stimulating activities
of the pooled fractions from the DEAE Sephacel column were

determined with RAW1 17-H10 cells.

sesses multiple differences in properties that contribute to
their successful metastatic colonisation of particular organs

and that no single tumour cell ('seed') or endothelial cell
('soil') factor or property probably determines the organ

preference of metastasis. Since each organ consists of many
types of cells and extracellular matrices, tumour cells may

undergo complex interactions with host cellular and stromal
components to form metastatic colonies in specific target

organs.
Fractionation of medium conditioned with hepatic sinus-

oidal endothelial cells by anion exchange chromatography
revealed that the RAW117 growth-stimulating factor, or fac-
tors, was different from the migration-stimulating factor, or

factors. Elsewhere we have shown that the total growth
activity of organ-conditioned medium was reduced by
10-20% after passage through an anti-human transferrin
antibody-affinity chromatography column, suggesting that a

major growth-stimulating activity was due to transferrin

(Nicolson et al., 1992). We have performed similar
experiments with medium conditioned with liver endothelial
cells and have found that some of the growth-stimulating
activity is due to transferrin (unpublished observations). In
contrast to previous studies in which a lung-derived growth
factor identified as a transferrin-like molecule stimulated the
growth of L17 cells at a higher rate than H10 or P cells
(Nicolson et al., 1989; Cavanaugh & Nicolson, 1990, 1991),
medium conditioned with hepatic sinusoidal endothelial cells
stimulated the growth of H10 cells at higher rates than P or
L17 cells. Therefore, endothelial cell-secreted component(s)
other than transferrin are probably involved in the growth
stimulation of liver-colonising H10 cells. With the exception
of the transferrin-like growth factor, the hepatic sinusoidal
endothelial cell-derived growth factors have not been
identified as known peptide growth factors or other organ-
associated growth factors. Others have reported that various
organ tissues contain growth factors (McMahon et al., 1982;
Tucker et al., 1984; Szaniawaska et al., 1985; Yamori et al.,
1988), but for the most part these factors have not yet been
isolated. It is unlikely that the unidentified liver endothelial
cell-derived growth factors are known heparin-binding
growth factors, such as epidermal growth factor, platelet-
derived growth factor, fibroblast growth factors, or endo-
thelial cell growth factor, because they did not bind to a
heparin-affinity chromatography column (unpublished obser-
vations).
We found that a migration-stimulating factor purified from

medium conditioned with hepatic sinusoidal endothelial cells
was a glycoprotein that migrated as a component of
Mr> 200,000 upon nonreducing sodium dodecylsulfate
polyacrylamide gel electrophoresis (unpublished observa-
tions). There are only two reports of liver tissue-derived
chemotactic factors for tumour cells (Hujanen & Terranova,
1985; Cerra & Nathanson, 1991). The tissue-derived factors
were partially purified by gel-filtration chromatography, and
it seems unlikely that migration-stimulating factor derived
from hepatic sinusoidal endothelial cells is the same molecule
as these previously identified factors. Their molecular weights
from gel filtration appear to be quite different. We are now
examining the migration stimulating activity present in media
conditioned with lung endothelial cells and brain endothelial
cells, respectively.
The differences in responsiveness of RAW117 sublines to

growth- and migration-stimulating factors secreted by
endothelial cell-conditioned medium suggest that organ-
related differences in metastatic properties may be related to
growth or chemotactic factor production by organ endo-
thelial cells. We and other investigators have previously
shown that there are differences in morphological properties,
responsiveness to growth factors, and expression of adhesion
molecules among endothelial cells derived from different
organs (Palade et al., 1979; Auerbach et al., 1985; Belloni &
Nicolson, 1988; Belloni & Tressler, 1990; Belloni et al., 1992;
Pauli et al., 1990; McCarthy et al., 1991). Such differences
are probably important in explaining not only the organ
preference of tumour metastatis but also normal and
pathologic vascular responses. Although the properties and
characteristics of cultured endothelial cells may not be the
same as those found in endothelial cells in vivo, it is likely
that the organ differences in secretion of growth and
migration-stimulating factors by cultured microvessel endo-
thelial cells parallel their activities in vivo under conditions of
angiogenesis and wounding (Nicolson et al., 1992).

This study was supported by National Cancer Institute grant R35-
CA44352(0IG) to G.L. Nicolson and National Institute Core grant
P30-CA 16672.
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