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Abstract

To investigate the relationship between angiogenesis and
hepatic tumorigenesis, we examined the expression of vascu-
lar endothelial growth factor (VEGF) in 8 human colon
carcinoma cell lines and in 30 human colorectal cancer liver
metastases. Abundant message for VEGFwas found in all
tumors, localized to the malignant cells within each neo-
plasm. Two receptors for VEGF, KDRand fiti, were also
demonstrated in most of the tumors examined. KDRand
fltl mRNAwere limited to tumor endothelial cells and were
more strongly expressed in the hepatic metastases than in
the sinusoidal endothelium of the surrounding liver paren-
chyma. VEGFmonoclonal antibody administration in tu-
mor-bearing athymic mice led to a dose- and time-depen-
dent inhibition of growth of subcutaneous xenografts and
to a marked reduction in the number and size of experimen-
tal liver metastases. In hepatic metastases of VEGFanti-
body-treated mice, neither blood vessels nor expression of
the mouse KDRhomologue flk-1 could be demonstrated.
These data indicate that VEGFis a commonly expressed
angiogenic factor in human colorectal cancer metastases,
that VEGFreceptors are up-regulated as a concomitant of
hepatic tumorigenesis, and that modulation of VEGFgene
expression or activity may represent a potentially effective
antineoplastic therapy in colorectal cancer. (J. Clin. Invest.
1995.95:1789-1797.) Key words: KDR* Fltl * Flk-1 * angio-
genesis * hepatic

Introduction

Cancer metastasis is thought to be an inefficient process, requir-
ing a complex set of interactions between tumor cells and the
host leading to development of a grossly demonstrable second-
ary. A commonly described model of metastasis holds that once
neoplastic cells leave a primary tumor and reach the circulation,
a series of hurdles must be overcome to establish a metastatic
deposit. These hurdles include evasion of host immune surveil-
lance, arrest within a distant capillary bed, adherence to endo-
thelial cells of the target organ, invasion across the endothelial
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basement membrane, proliferation of both neoplastic and stro-
mal cells at the secondary site, and neovascularization (1). This
metastatic cascade model provides a framework for the study
of the regulation of metastasis and may provide insights into
novel therapeutic strategies. While considerable experimental
evidence lends support to the postulated roles of adhesion mole-
cules, proteolytic enzymes, and both autocrine and paracrine
growth factors in the process of metastasis (2), the contribution
of angiogenesis to secondary tumor formation has principally
been inferred from numerous investigations of models of subcu-
taneous tumor growth (3). The ability of a primary tumor to
induce angiogenesis appears to reflect a balance between posi-
tive and negative regulatory factors (4) and is felt to represent
a fundamental element in the control of tumor growth beyond
2-3 mmin greatest dimension. The majority of attention has
been directed toward the identification of various peptide
growth factors, elaborated by certain tumor cells, which exhibit
direct angiogenic activity, as defined by their ability to stimulate
proliferation and motility of endothelial cells in culture and to
induce new blood vessel formation in rabbit cornea or chick
chorioallantoic membrane assays (4). Recently, considerable
interest has developed in the possible participation of the endo-
thelial mitogen vascular endothelial growth factor (VEGF)' in
malignant tumor growth.

VEGF is a homodimeric glycoprotein consisting of four
isoforms (containing either 121, 165, 189, or 206 amino acid
residues in the mature monomer), which are generated by alter-
native splicing of mRNAderived from a single gene (5, 6).
While all forms of VEGFpossess a signal sequence, only the
smaller two species are secreted (5). In contrast, the larger
forms are associated with heparin-bound proteoglycans in the
extracellular matrix (7). VEGF is mitogenic for a variety of
large and small vessel endothelial cells, induces the production
of tissue factor, collagenase, plasminogen activators, and their
inhibitors, and stimulates hexose transport in these cells as well
(for review see reference 6). VEGFis also known as vascular
permeability factor by virtue of its permeability enhancing ef-
fects (8). VEGFgene expression has been demonstrated in sev-
eral human cancer lines in vitro (9 ) and in surgically resected
tumors of the human gastrointestinal tract (10), ovary (1 1), brain
(12), and kidney (13). Recently, elevated serum levels of VEGF
have been reported in patients with lung and gynecologic can-
cers (14). Scatchard analysis of binding kinetics of '25I-VEGF
to several types of bovine and human endothelial cells has
indicated two classes of high affinity binding sites (15), and
two receptor tyrosine kinases have recently been identified for
which VEGFacts as a high affinity ligand: the fms-like tyrosine

1. Abbreviations used in this paper: bFGF, basic fibroblast growth fac-
tor; GAPDH, glyceraldehyde phosphate dehydrogenase; HGF, hepato-
cyte growth factor; VEGF, vascular endothelial growth factor.
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kinase fltl (16) and KDR(17). The importance of VEGFand
its receptors in glioblastoma growth has recently been demon-
strated in vivo. Kim et al. (18) reported that administration of
neutralizing monoclonal antibody directed against human
VEGFinhibited growth of subcutaneous human xenografts in
the nude mouse, and Millauer (19) demonstrated growth sup-
pression of the C6 rat glioblastoma in the nude mouse after
local administration of retrovirus expressing a dominant nega-
tive mutant of flk-1, the murine homologue of KDR. In this
investigation, we have examined the possible role of VEGFand
its receptors in the growth of colorectal cancer metastases in
the liver. While prominent tumor vascularity represents an im-
portant histologic hallmark of glioblastoma (12), colorectal can-
cers generally are poorly vascularized and are not characterized
by prominent perivascular edema. Nevertheless, VEGFmRNA
was found to be ubiquitously expressed in human liver metasta-
ses from primary colon or rectal cancers as assessed by either
Northern analysis or in situ hybridization. Both fltl and KDR
mRNAcould be demonstrated in hepatic metastases but not in
the surrounding normal hepatic parenchyma. Wealso provide
evidence, using neutralizing VEGFmonoclonal antibodies, that
VEGFserves a major function in hepatic tumorigenesis in an
athymic mouse model of experimental liver metastasis.

Methods

Materials
Guanidinium isothiocyanate was purchased from GIBCO BRL (Gaith-
ersburg, MD). Radionucleotides were obtained from Amersham Corpo-
ration (Arlington Heights, IL). Cell culture reagents were obtained from
the Cell Culture Facility, University of California Medical Center (San
Francisco, CA). Recombinant human VEGF165 (rhVEGF) was purified
from conditioned media of transfected Chinese hamster ovary cells as
previously described (20, 21). Monoclonal antibody 4.6.1 (22) used to
neutralize VEGFbioactivity in vivo as described below is specific for
human VEGF.

Human tissues
Specimens of liver metastases from colorectal cancers were taken from
biopsied or resected tumors after submission of the tissue to the Depart-
ment of Pathology in patients with metastatic disease confined to the
liver undergoing either hepatic resection or placement of an implantable
infusion pump for hepatic intraarterial chemotherapy. The presence of
cancer was confirmed by routine histological examination. Normal liver
was obtained from those patients who underwent liver resection for
colorectal cancer metastases and was taken from a portion of the speci-
men well away from all surgical margins. Aliquots of tissue were either
frozen immediately in liquid nitrogen or prepared for in situ hybridiza-
tion by fixation in 4% paraformaldehyde at 4°C for 4 h, followed by
immersion in 15% sucrose/PBS at 4°C for 2 h, and then embedded in
optimal cutting temperature compound. All specimens were stored
at -700C.

In situ hybridization for VEGF, flti, flk-J, and KDR
Antisense and sense riboprobes for VEGFwere obtained by subcloning
a fragment corresponding to the residues 924-1920 of a human cDNA
(5) into a pRK5 vector in both orientations with respect to the SP6
promoter. The linearized riboprobes were labeled with 125 XCi [33P]UTP
(> 2,000 Ci/mmol; DuPont-New England Nuclear, Boston, MA) in an
in vitro transcription reaction.

For the VEGF receptors KDR, fltl and flk-1, PCR was used to
derive a template for subsequent in vitro transcription as previously
described (23). For KDR, PCR primers were designed to generate a
fragment that spanned the transmembrane region, corresponding to nu-
cleotides 2098-2408 of the cDNA sequence. For fit, primers for PCR

were designed to include the transmembrane domain, generating a frag-
ment corresponding to nucleotides 2088-2475 of the full length cDNA
clone. Sequences for T3 and T7 bacteriophage promoter were included
in the original PCRprimer sequence for both templates. Each template
was then used to generate 33P-labeled antisense and sense RNAprobes
by in vitro transcription. For hybridization, 5-mm sections were prepared
and treated as previously described (18).

Cell lines and culture
The human colorectal carcinoma lines LS174T, HCT 15, SW620,
COLO201, COLO205, and COLO320 (obtained from Dr. Young
Kim, UCSF) were grown and maintained in DMEMsupplemented with
10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100
Mg/ml) (complete DMEM), in a 5%CO2environment unless otherwise
indicated. LS LiM 6 is a derivative of LS 174T selected for its high
liver metastasizing ability during cecal growth (24), and HM7 is a
variant of LS 174T selected in vitro for high mucin production which
also has a high liver-colonizing capacity after splenic-portal injection
in athymic mice (25). To determine the effect of rhVEGF on prolifera-
tion of colon carcinoma lines in vitro, 2,000 cells/well were cultured
overnight in flat-bottom 96-well microtiter plates at 370C in complete
DMEM.The medium was aspirated and fresh serum-free medium con-
taining 0-100 ng/ml rhVEGF or 10 Mg/ml of mAb4.6.1 was added to
S replicate wells. Cells were cultured for 72 h, and cell number was
estimated using the MTTassay (26). For determination of VEGFsecre-
tion, the cell lines COLO205, HCT 15, and LS LiM6 were grown to
confluence in 6-well tissue culture plates in complete DMEM. The
cultures were washed with HBSS and replaced with 2.0 ml of fresh
serum-free medium. Cells were maintained at 370C for 48 h, conditioned
media were collected, cells were removed by centrifugation at 10,000
rpm for 10 min, and supernatants were stored at -70°C. VEGFimmu-
noactivity was assayed in duplicate cultures by ELISA as previously
described (21).

Cell migration assay
The effect of anti-VEGF on migration of colon carcinoma lines was
demonstrated by using the microcarrier bead assay (27). Briefly, a sus-
pension of LS LiM6 cells was seeded into a 100-mm culture dish at
105 cells/ml in 20 ml of complete DMEMand 5 mg/ml dextran matrix
beads (Cytodex 2; Pharmacia LKB Biotechnology, Piscataway, NJ).
Bead cultures were incubated for 3 d, allowing cells to attach to beads
and undergo 1-2 doublings. Attached cells were counted by removing
a 1-ml aliquot from the bead culture, washed with Ca2/Mg2'-free phos-
phate-buffered saline, trypsinized (0.05% trypsin/0.02% EDTAin Ca2+/
Mg2+-free HBSS) to detach cells, and counted with hemacytometer. The
bead suspension was adjusted to 2 x l05 cells/ml in serum-free DMEM,
and 0.5 ml was seeded into 2-cm2 wells of 24-well plates. To each of
six wells, 50 Mg/ml rhVEGF or epidermal growth factor (Sigma Chemi-
cal Co., St. Louis, MO), and 10 Mg/mI anti-VEGF mAb4.6.1 or control
mAbwas added in a volume of 25 ml in various combinations as shown
in Table I. Plates were incubated for 48 h, after which the wells were
rinsed three times with PBS to remove beads, and the attached cells
were stained with 1.0% crystal violet in deionized water. The cells were
counted by optical microscopy using a Zeiss ID 02 microscope and
x 10 objective. Data were expressed as cells per 10 fields.

RNA isolation and Northern analysis
All colon carcinoma lines were grown to confluence in complete DMEM
in 2-cm tissue culture plates, and total cellular RNAwas extracted using
RNAzol B (Tel-Test, Inc.; Friendswood, TX). Total RNAfrom human
tissues was prepared using the guanidinium isothiocyanate/cesium chlo-
ride gradient method (28). RNAsamples were resolved by electrophore-
sis through 1% agarose gels containing 2.2 M formaldehyde in Pipes
buffer, transferred to nylon membranes (Amersham Corp.), and cross-
linked to the membranes by ultraviolet irradiation. Blots were hybridized
to the full length fragment of human VEGFl65 cDNA for 1 h at 68°C
in QuikHyb (Stratagene, La Jolla, CA). The cDNAprobes were labeled
with [a-32P]dCTP to a specific activity of 1-2 x 108 cpm/mg DNAusing
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Table I. Effect of VEGFon Migration of the Human Colon
Carcinoma LSLiM6 In Vitro*

Condition Concentration Cell migrationt

(cells per 10 high
power fields)

Control 186±11
rhVEGF,65 50 ng/ml 255±31
VEGFmAb 10Oug/ml 166±19
Control mAb 10 pg/ml 203±20
EGF 50 ng/ml 932±84§
EGFplus VEGFmAb 50 ng/ml and 10 Ag/mI 897±64§
EGFplus control mAb 50 ng/ml and 10 Ag/ml 997±67§

* After adherence of human colon carcinoma cells to beads and culture
for 72 h, a bead suspension was used to inoculate 24-well tissue culture
plates containing either serum-free DMEMalone or the indicated growth
factors or monoclonal antibodies. After an additional 48 h, cells migrat-
ing off of the beads were enumerated as described in Methods.
* Mean±SEMof six replicate wells. § P < 0.001 vs control by Student's
t test.

the random hexamer labeling method (Rediprime; Amersham Corp.).
Typically, 1-2 x I0' cpm of 32P-labeled probe was used for an 80-cm2
filter in 7 ml of solution. Final washes were in 0.1 X SSC, 0.1% SDS
at 400C. The membranes were exposed to Kodak (Rochester, NY) XAR-
2 film with an intensifying screen at -700C for 24 h. To control for total
RNAcontent in each sample, the blots were stripped and subsequently
rehybridized to a human glyceraldehyde phosphate dehydrogenase
(GAPDH) probe (1.3-kb human GAPDHcDNA; American Type Cul-
ture Collection, Rockville, MD).

Animal tumor growth
Subcutaneous tumors. Confluent cultures of LS LiM6 or HM7grown
in 10 cm2 Petri dishes were harvested by brief trypsinization (0.05%
trypsin/0.02% EDTAin Ca2"/Mg2 -free HBSS), washed several times
in Ca2+/Mg2+-free PBS, and resuspended at a final concentration of 5
x 107 cells/ml in serum-free DMEM.The presence of single cells was
confirmed by phase-contrast microscopy, and cell viability was deter-
mined by trypan blue exclusion. Pathogen-free Balb/c NCR-NUathymic
mice (3-4-wk-old females obtained from Simonsen Laboratories, Gil-
roy, CA) were housed in sterilized cages and injected subcutaneously
with 5 x 106 viable tumor cells. Animals were observed daily for tumor
growth, and subcutaneous tumors were measured using a caliper every
3 d. Beginning 1 d after tumor inoculation and every 3-4 d thereafter,
animals were injected intraperitoneally with varying amounts of either
anti-VEGF mAb4.6.1 (0-200 Ag per mouse) or a control mAbof the
same isotype (200 Ag/mouse) (20) in a volume of 0.25 ml in 0.9 M
NaCl . Tumor volumes were calculated as previously described (29).

Liver metastases. HM7cells were grown to confluence and harvested
as described above for subcutaneous injection and resuspended in serum-
free DMEMat a concentration of 20 x 106 cells/ml. Athymic mice
were anesthetized with methoxyfluorane by inhalation, prepared in a
sterile fashion, and the spleen was exteriorized through a left flank
incision. 2 x 106cells in 100 Al were slowly injected into the splenic
pulp through a 27-gauge needle over 1 min, followed by splenectomy
1 min later. Experimental animals were given VEGFantibody 4.6.1 or
control antibody (100 Ag/mouse) by intraperitoneal injection beginning
1 d after splenic-portal injection and every 3-4 d thereafter. All animals
were killed when the first mouse appeared lethargic and an enlarged
liver could be palpated (day 28). The livers were excised and weighed,
and the metastases were enumerated using a dissecting microscope. To
estimate tumor volume, the diameter of each liver metastasis was mea-
sured to the nearest millimeter, and the volume of each tumor was
calculated by assuming it to be a sphere. The sum of the volumes of

all tumors in each liver was determined. The livers of two control
animals were nearly replaced by tumor and individual nodules could
not be distinguished. Tumor volume was estimated in these two livers
as follows: the total liver volume was measured by displacement of
water in a 20-ml graduated cylinder, and the tumor volume was esti-
mated to represent 85% of the liver (see Fig. 5).

Statistics
Mean values for tumor volumes, tumor weights, liver weights, and
number of liver tumors and colon carcinoma cell migration were com-
pared by the Student's t test using a computer program (StatWorks)
with P < 0.05 considered significant.

Results

VEGFgene expression in human liver metastases from
colorectal cancer
Wefirst determined the relative abundance of VEGFtranscripts
in biopsied or resected hepatic metastases by Northern analysis
using a cDNA probe which hybridizes with all known splice
variants of VEGF mRNA. Tissue samples were taken from
nonnecrotic areas of the tumor periphery and frozen immedi-
ately in liquid nitrogen. Hybridization of the VEGFprobe to a
major species of 3.3 kb with a lesser signal from a transcript
of 4.4 kb is demonstrated in Fig. 1. Each of the 16 tumors
analyzed expressed VEGFmRNA,but to varying degrees. This
may reflect patient to patient variation in the ratio of stromal
cells to neoplastic cells in the portion of tumor analyzed or a
true variability in gene expression between different metastatic
tumors. RNAwas also extracted from adjacent grossly normal
liver of those patients undergoing liver resection and subjected
to Northern analysis for VEGFexpression. A detectable signal
for VEGFwas observed in three out of five livers (data not
shown). An additional 14 colorectal metastases were examined
for VEGFgene expression by in situ hybridization using 33P-
labeled antisense and sense riboprobes. Intense expression of
VEGFwas present in the majority of carcinoma cells in all 14
metastases, while labeling of tumor stromal cells did not exceed
background levels seen with the sense VEGFriboprobe (Fig.
2, a and b). Specific hybridization of the VEGFantisense ribo-
probe to histologically normal liver was also demonstrated, al-
though the level of VEGFgene expression was dramatically
less than that seen in the tumors, consistent with the Northern
analysis (Fig. 2, e and f. VEGFmessage in the nontumorous
liver was localized primarily to hepatocytes and scattered perisi-
nusoidal cells in these sections. The same tumors were also
analyzed for VEGFreceptor gene expression by in situ hybrid-
ization using sense and antisense riboprobes forflt -1 and KDR.
A majority of biopsies showed expression of both receptors
localized to vascular endothelium within the connective tissue
stroma of the carcinoma (Fig. 2, c and d). None of the carcinoma
cells within the tumor showed hybridization with probes for
either receptor. flt-1 was more consistently expressed by tumor
vessel endothelium (12/14 tumors) although a majority of biop-
sies showed concurrent fit and KDRexpression (8/14). Control
experiments using 33P-labeled sense riboprobes for KDRand
fltl produced very low levels of background labeling, compara-
ble with that demonstrated for the VEGFsense riboprobe in
Fig. 2, b and f (data not shown). The lack of specific labeling
of endothelial cells in both tumorous and histologically benign
livers by the VEGF antisense riboprobe serves as a further
control for the specific labeling of tumor vessel endothelium
using the riboprobes for KDRand fltl. When adjacent normal
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Figure 1. VEGFgene expression in human colo-
rectal cancer liver metastases. Total RNA(20
jsg) extracted from 16 biopsied or resected liver
metastases were separated by agarose gel elec-
trophoresis, transferred to a nylon filter, and hy-
bridized to a 32P-labeled cDNAprobe for human
VEGF165 as described in Methods. Film expo-
sure was for 24 h. The predominant VEGF
mRNAspecies expressed measured - 3.3 kb.
The Northern blot was stripped and rehybridized
using a probe for human GAPDH.

3), were tested for secretion of VEGFimmu-
were grown to confluence in 2.0 ml of complete
ibed in Methods and changed to fresh DMEM.
a from duplicate wells were collected and as-
by ELISA. The concentrations of VEGF in

ed by COLO205 (0.65±0.01 ng/ml), HCT
ng/ml), and LS LiM6 (2.19±0.32 ng/ml)
frrelated well with the relative amount of VEGF
cells determined by Northern analysis.

)f VEGFin vivo
mor growth. To determine the possible contri-
to tumor formation in vivo, we examined the
iman colon carcinoma lines HM7and LS LiM6
nimals were given either a neutralizing mono-
o human VEGFor an isotypic control antibody
I injection twice weekly beginning 1 d after

Figure 2. Photomicrographs of in situ hybridization
of colon carcinoma metastases in the liver. (a)
VEGFantisense probe. Note intense hybridization
signal specific to the carcinoma cells. The signal is
more intense toward the lumen of the tumor acini,
presumably the areas of relative ischemia. (b) VEGF
sense probe. Negative control. (c) KDRantisense
probe. Note specific hybridization to the endothe-
lium of the large vein; adjacent carcinoma cells are
negative. (d) flt antisense probe. Hybridization is
confined to the endothelium of vessels; carcinoma
cells are negative. (e) Normal liver, VEGFantisense
probe. Note specific hybridization centered predom-
inantly on hepatocytes. The level of signal intensity
is less than that noted for the carcinoma cells shown
in a. (f) Normal liver, VEGFsense probe. Negative
control.
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Figure 3. VEGFgene expression in eight human colorectal carcinoma
cell lines. Cells were grown to confluence in complete DMEMmedium
containing 10% fetal bovine serum. RNAwas extracted, and Northern
analysis was performed using cDNA probes for human VEGF165 and
GAPDHas in Fig. 1. Film exposure was 16 h for the VEGFhybridiza-
tion.

subcutaneous inoculation of 5 X 106 cells into the flank. Ani-
mals were killed either 14 d (HM7) or 21 d (LS LiM6) later,
and the subcutaneous tumors were carefully excised and
weighed. While all animals developed tumors, anti-VEGF treat-
ment led to a 76% reduction in tumor weight at day 14 (HM7)
and an 88% reduction at day 21 (LS LiM6) (Fig. 4 A). A
separate group of 30 mice was then inoculated subcutaneously
with LS LiM6 and treated twice weekly with either 0.9 MNaCl,
control mAbmpl20 (200 Mg/mouse), or with varying doses of
anti-VEGF mAb4.6.1, and tumor volumes were measured over
3 wk. A dose-dependent inhibition of tumor growth was ob-
served over the range of mAbdoses tested (10-200 ,g/mouse)
(Fig. 4 B). A 90% reduction in tumor volume was seen with a
dose of 100 mg/mouse compared with the control mAb-treated
animals. At the 10-,Lg dose level, a significant reduction in
tumor volume (62%) was seen in comparison with the saline-
treated controls (P = 0.033). Neither exogenous rhVEGF (1-
50 ng/ml) nor anti-VEGF mAb4.6.1 (10 Mg/ml) had any effect
on proliferation of LS LiM 6 or HM7cells in vitro (data not
shown). Wealso examined the possibility that VEGFmay act
as an autocrine migration factor for colon carcinoma. LS LiM6
cells were cultured in the presence of microcarrier beads for 3
d. Beads to which cells had become adherent were then used
to test the effect of either exogenous rhVEGF165 or monoclonal
antibody to VEGFin a 48-h migration assay (27) under serum-
free conditions (Table I). Neutralizing antibody to human VEGF
had no effect on either basal or epidermal growth factor-stimu-
lated migration of LS LiM6 cells. Also, the addition of exoge-
nous VEGF(50 ng/ml) similarly led to no stimulation of base-
line cell migration in this assay. These data suggest that the
inhibition of human colon cancer growth in the nude mouse by
antibody 4.6.1 is not a consequence of an inhibition of cancer
cell proliferation or motility.

Experimental hepatic metastases. The liver is typically the
first and most frequent site of metastasis in colorectal cancer
(30). Consequently, an effective antineoplastic therapy in this
disease must be capable of modulating tumor growth at this
orthotopic site. Wechose to use a previously established model
of experimental liver metastasis from human colorectal cancer
in the athymic mouse to investigate the contribution of VEGF
to hepatic tumorigenesis (25). The livers of 12 animals were
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Figure 4. Neutralizing monoclonal antibody directed against human
VEGFinhibits human colon cancer growth subcutaneously in the
athymic mouse. (A) 1 d after subcutaneous inoculation of the human
colon carcinoma cell lines LS LiM6 or HM7into the flanks of athymic
mice, intraperitoneal injection of either control mAb(solid bars) or anti-
VEGFmAb(gray bars) given twice weekly was begun. On either day
14 (HM7) or day 24 (LS LiM6) after inoculation, tumors were excised
and weighed (n = 5 in each HM7group and n = 10 in each LS LiM6
group). (B) Dose-dependent inhibition of tumor growth by anti-VEGF
mAb. Groups of five athymic mice were inoculated subcutaneously with
the colon carcinoma line LS LiM6, and 1 d later, intraperitoneal injec-
tions of either 0.9 MNaCl (filled boxes), control mAb (200 tg, open
boxes) or anti-VEGF mAb (10 .g, filled circles; 50 sg, open triangles;
100 Mg, open circles; or 200 1g, filled triangles) were begun and contin-
ued twice weekly for 3 wk. Tumor dimensions were measured with a
caliper, and tumor volumes were calculated.

inoculated with HM7cells by splenic-portal injection. This hu-
man colon carcinoma line has been shown to exhibit a high
potential for spontaneous liver metastasis after cecal implanta-
tion (25). Beginning 1 d after inoculation, animals were treated
by twice weekly intraperitoneal injections of either anti-VEGF
or control monoclonal antibody (100 dIg/dose). All animals were
killed 4 wk later. The appearance of the livers of representative
animals is given in Fig. 5. Again, all animals showed evidence
of hepatic tumors, but a dramatic reduction in the number and
size of liver metastases was observed in the anti-VEGF-treated
animals. The average number of tumors per liver and the mean
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Figure 5. Neutralizing antibody to human VEGFinhibits growth of experimental hepatic metastases in the athymic mouse. 1 d after splenic-portal
tumor cell inoculation (2 million HM7cells), twice weekly antibody injections were begun, and animals were killed after 4 wk. Livers of representative
animals are shown.

estimated tumor volume per liver were 10- and 18-fold greater,
respectively, in the control animals versus the anti-VEGF-
treated mice (Table II). Liver weights were also significantly
greater in the control versus anti-VEGF-treated animals
(3.68±1.25 g vs 1.09±0.04 g, respectively; P = 0.03). When
the size distribution of liver tumors was examined, the influence
of anti-VEGF therapy became even more evident. An average
of 91% of tumors per liver in the anti-VEGF-treated mice was
smaller than 1 mmand 6 out of 7 of these mice had no tumor

Table II. Effect of VEGFmAbTreatment of Athymic Mice
Bearing Experimental Hepatic Metastases from Human
Colorectal Carcinoma

Anti-VEGF
Parameter* mAb Control mAb PI

Number of tumors per liver 22±9 226±113 0.05
(range) (2-67) (13-500)
Tumor volume per liver (mm3) 166±183 3053±1080 0.01
Liver wt (g) 1.09±0.04 3.68±1.25 0.03
Percentage of tumors < 1 mm 91±5 38±16 0.005

Athymic mice were given experimental hepatic metastases by splenic
injection of 2 million human colon carcinoma cells (HM7). Beginning
1 d after tumor inoculation, mice were treated with either control (n
= 5) or anti-VEGF (n = 7) mAb (100 ,g/injection) by twice weekly
intraperitoneal administration. 4 wk after inoculation, all animals were
killed, and various parameters of liver tumor growth were measured, as
described in Methods. * Mean±SEM. * P value by Student's t test.

> 3 mmin diameter. In contrast, only 38% of the tumors from
the control mice were under 1 mmin diameter, and all control
animals were found to bear tumors measuring 8 mmor greater
in diameter. Expression of VEGFand flk-1, the mouse homo-
logue of the human VEGFreceptor KDR, was analyzed in liver
metastases of control mAb and anti-VEGF mAb-treated mice
(Fig. 6). As we observed in biopsied human liver tumors, human
colon cancer xenografts in the mouse liver strongly expressed
VEGFmRNA.VEGFexpression was confined to the epithelial
cells within each tumor and was equivalent in the control and
anti-VEGF-treated animals (Fig. 6, a and b). Background label-
ing with a VEGFsense riboprobe in the experimental mouse
liver metastases was comparable with that demonstrated with
the sense riboprobe in the human liver metastases, as in Fig. 2
b (data not shown). Strong labeling of tumor blood vessels was
observed in the liver tumors of control antibody-treated mice,
using the flk-1 antisense probe (Fig. 6 c). However, no blood
vessels were identified in the small hepatic metastases of the
anti-VEGF-treated mice, and we observed no specific hybrid-
ization of the flk-1 probe in these tumors (Fig. 6 d).

Discussion

Approximately 60,000 patients die each year in the United
States from colorectal cancer, and 40,000 of these will have
liver metastases as the principal site of disease (31). It is esti-
mated that liver resection for colorectal secondaries is curative
in only 1,000-1,500 of these individuals. Of the remaining
patients, standard chemotherapeutic agents may be delivered
either systemically or by regional infusion, but response rates
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Figure 6. (a) Photomicrograph of in situ hybridization of VEGFantisense probe to section of carcinoma metastasis in the liver of a control nude
mouse. Note intense hybridization to the carcinoma cells. (b) Photomicrograph of VEGFin situ hybridization to a carcinoma metastasis in the liver
of a nude mouse treated with VEGFantibody. (c) Positive hybridization of Flk-l antisense probe to the lining endothelium of a large blood vessel
within a carcinoma metastasis in the liver of a control nude mouse. (d) In situ hybridization with a flk-l antisense probe to a carcinoma metastasis
in the liver of a nude mouse treated with VEGFantibody. Positive hybridization is present in rare perisinusoidal cells in the adjacent normal liver.
Vessels are not present in the tumor metastasis from the anti-VEGF-treated mice, and probe hybridization is not evident.

do not exceed 50% and no patient is cured (32). In an effort to
better understand the biology of metastasis in colorectal cancer,
we have tested the hypothesis that angiogenesis plays a funda-
mental role in the formation of liver metastases from human
colorectal cancer, and that the endothelial cell mitogen VEGF
may act as a major regulator of hepatic tumorigenesis in this
disease.

In agreement with this hypothesis, Northern analysis of cul-
tured human colon carcinoma demonstrated expression of
VEGFmRNAto varying degrees in all cell lines tested. The
cDNAprobe hybridized predominantly to a 3.3-kb mRNAspe-
cies which probably represents VEGF165 (5). Three of these
lines were tested for VEGF secretion, and immunoreactive
VEGFwas identified in the conditioned media of these cells
(COLO 205, HCT 15, and LS LiM6) in amounts which were
proportional to their expression of VEGFmRNA.Several other
peptide growth factors have been reported to act as direct endo-
thelial mitogens, including basic fibroblast growth factor
(bFGF), hepatocyte growth factor (HGF), and transforming
growth factor alpha (TGFa). bFGFhas been well characterized
as an angiogenic protein with a potency which is comparable
with that of VEGF(33). The expression of bFGF in primary
human colorectal cancers is sparse, however, and immunoactiv-
ity resides principally in the stromal cells of these tumors (34).
While bFGF lacks a signal sequence and is not likely to act as

a carcinoma-derived endothelial growth factor in human colo-
rectal cancer, bFGF can be demonstrated in the extracellular
matrix in many tissues and synergizes with VEGFusing both
in vitro and in vivo assays of angiogenesis (35). Consequently, a
contributory role of bFGF in colon cancer metastasis formation
cannot be excluded. HGF, also called scatter factor, can stimu-
late endothelial cell proliferation and migration in vitro and is
angiogenic in a rabbit cornea assay (36). The HGFreceptor,
cMET, is overexpressed in colon cancers and may regulate the
invasive behavior of these neoplasms (37). However, HGF, the
cMET ligand, appears to be expressed by stromal cells rather
than the carcinoma cells within human colon cancer metastases
(our unpublished observations). While TGFa is secreted by a
variety of human colon cancer lines, this growth factor and
its receptor are expressed at comparable levels in benign and
malignant gastrointestinal epithelium (38). Expression of other
potential angiogenic factors in human colorectal cancer remains
to be investigated.

That the expression of VEGF in colon carcinoma is not
restricted to tumor cell lines in vitro is demonstrated by the
finding of strong VEGFgene expression by either Northern
analysis or in situ hybridization in each of 30 liver metastases
from colon or rectal primaries. VEGFmRNAwas identified
throughout each tumor examined, but was confined to the malig-
nant cells of the neoplasm. These data are consistent with the
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finding of Brown and co-workers (10) of an enhanced expres-
sion of VEGFin primary colon cancers compared with matched
normal colonic mucosa. Adjacent, histologically normal liver
in these patients also expressed VEGFmRNA, although at lev-
els which were considerably lower than those found in the
hepatic tumors. In agreement with the report of Monacci et al.
(39) in the rat, in situ hybridization studies of normal human
liver revealed that VEGFmRNAwas localized to hepatocytes
and to a small number of scattered Kupffer cells. The function
of hepatocyte-derived VEGFis not clear. It has been suggested
that in addition to a possible role in development and differentia-
tion of the vascular system, VEGFmay contribute to mainte-
nance of vascular integrity and physiologic homeostasis in the
adult, particularly in tissues bearing fenestrated endothelium
such as the kidney, spleen, and liver (40). In addition to expres-
sion of the ligand, high affinity binding of 1251-VEGF to both
small and large vessels in tissue sections of normal mouse liver
has been reported (41). In the present study, however, no spe-
cific hybridization of RNAprobes for either known VEGFre-
ceptor was observed in histologically normal human liver. It is
possible that expression of either KDRorflt occurs in the human
liver at levels which are too low to be detected by in situ
hybridization. Alternatively, VEGFmay associate with binding
sites in hepatic endothelial cells which are not encoded by KDR
or fltl.

In contrast with the surrounding normal liver, expression of
both VEGF receptor genes was identified in the majority of
hepatic metastases in which tumor vessels were seen. Hybridiza-
tion of the probes for KDRand fIth was limited to endothelial
cells of both large and small vessels in the neoplasms. Since it
has been shown that after splenic tumor injection the vascular
supply of experimental hepatic metastases develops from he-
patic sinusoids (42), these data suggest that an up-regulation
of KDR and fitl in sinusoidal endothelial cells occurs as a
concomitant of hepatic tumorigenesis. The relative contribution
of KDR/flk-l and fltl in mediating the various actions of vascu-
lar endothelial growth factor is unclear. Recent evidence sug-
gests that KDR/flk-l may be the more important site for trans-
duction of the mitogenic activity of VEGF. Using porcine endo-
thelial cells which lack endogenous VEGF receptors,
Waltenberger and co-workers (43) demonstrated that cells
transfected with KDRrespond to VEGFby both proliferation
and chemotaxis. However, cells expressing fltl lacked either of
these responses (43). Consistent with these findings, Millauer
et al. (19) showed that, by blocking functional flk-1 expression
alone in rat glioblastoma in vivo using a dominant-negative fik-
1 mutant, tumor growth is dramatically diminished. It is possible
that heterodimeric complexes between flk-1 and fltl may exist
which are inactivated by the dominant-negative flk-1 mutant
lacking the intracellular kinase domain. However, the existence
of such hybrid VEGFreceptors has yet to be demonstrated.

The mechanism of the apparent increase in VEGFreceptor
mRNAexpression in liver metastases is unknown, but may
represent a key element in the regulation of colon cancer tumori-
genesis in the liver. While the homologous up-regulation of
other peptide hormone receptors by their cognate ligands has
been reported (44, 45), preliminary experiments have failed to
demonstrate an increase in binding of '"I-VEGF to bovine aor-
tic endothelial cells exposed to 20 ng/ml of rhVEGF165 for 24 h.
Heterogeneity is known to exist among endothelial cells derived
from different tissues with regard to growth factor respon-
siveness (46), and bovine aortic endothelial cells may not accu-

rately reflect the behavior of hepatic sinusoidal endothelium.
Factors secreted by colon carcinoma cells other than VEGF
may be responsible for heterologous up-regulation of KDRand
fitl in human liver metastases from colon cancer. Experiments
are underway to test this hypothesis, using isolated rat liver
sinusoidal endothelial cells exposed to either rhVEGF or to
HM7cell conditioned medium. Alternatively, the up-regulation
of VEGFbinding sites in tumor endothelial cells may occur
under the influence of factors derived from other tumor stromal
cells, such as fibroblasts, infiltrating leukocytes, or pericytes.
Nevertheless, the recent finding of a similar up-regulation of
VEGFreceptor mRNAexpression in tumor vessels relative to
vessels in the surrounding normal parenchyma in a rat glioma
model (47) as well as in human renal cell carcinomas (48)
suggests that induction of KDRand fltl may represent a key
element in the regulation of solid tumor formation. It will thus
be important to better understand the mechanisms which govern
the expression of KDRand fltl in hepatic sinusoidal endothe-
lium as a function of liver tumorigenesis.

While these data establish the presence of all elements of
the VEGFsystem in metastatic colorectal cancer in humans,
the in vivo studies provide evidence that this system is central
to the formation and growth of hepatic secondary tumors. In a
subcutaneous tumor model of human colon carcinoma in the
nude mouse, intraperitoneal injection of neutralizing mono-
clonal antibody directed against VEGFdelayed the onset of
tumor formation and markedly diminished the rate of tumor
growth in a dose- and time-related fashion. Using a mouse
model of experimental liver metastases, the inhibitory effect of
anti-VEGF treatment was even more pronounced. 4 wk after
intrasplenic tumor inoculation, all animals had developed liver
tumors. However, the anti-VEGF-treated animals contained
significantly fewer and significantly smaller tumors than the
control group. Most of the tumors in the treated group were
under 1 mmin diameter and all were under 3 mmin greatest
dimension. This finding corresponds well to the estimation by
Folkman (49) that tumors require neovascularization for growth
beyond a diameter of 2-3 mm.

The regimen of anti-VEGF administration in this investiga-
tion was begun 1 d after tumor inoculation and thus most closely
resembles an adjuvant therapy. Future studies will examine the
activity of a VEGFagainst established liver metastases in colo-
rectal cancer. Targeting the tumor vasculature was first proposed
by Folkman as a fundamentally novel approach to cancer treat-
ment (49). Various agents which may inhibit tumor angiogen-
esis have been identified which act directly upon endothelial
cells to block the proliferative response to mitogens (4). The
present data emphasize, however, that despite the potential con-
tribution of TGFa, HGF, and bFGF or other tumor-derived
angiogenic growth factors, strategies designed to antagonize
one specific endothelial mitogen, VEGF, may form the basis of
an effective antineoplastic therapy in human colorectal cancer.
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