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Neuropilin-1 in Human Colon Cancer

Expression, Regulation, and Role in Induction of Angiogenesis
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Neuropilin-1 (NRP-1), a recently identified co-recep-
tor for vascular endothelial growth factor, is ex-
pressed by several nongastrointestinal tumor types
and enhances prostate cancer angiogenesis and
growth in preclinical models. We investigated the ex-
pression and regulation of NRP-1 and the effect of
NRP-1 overexpression on angiogenesis and growth of
human colon adenocarcinoma by immunohisto-
chemistry and in situ hybridization. NRP-1 was ex-
pressed in 20 of 20 human colon adenocarcinoma
specimens but not in the adjacent nonmalignant co-
lonic mucosa. By reverse transcriptase-polymerase
chain reaction analysis, NRP-1 mRNA was expressed
in seven of seven colon adenocarcinoma cell lines.
Subcutaneous xenografts of stably transfected
KM12SM/LM2 human colon cancer cells overexpress-
ing NRP-1 led to increased tumor growth and angio-
genesis in nude mice. In in vitro assays, conditioned
medium from NRP-1-transfected cell lines led to an
increase in endothelial cell migration, but did not
affect endothelial cell growth. Epidermal growth fac-
tor (EGF) led to induction of NRP-1 in human colon
adenocarcinoma cells and selective blockade of the
epidermal growth factor receptor (EGFR) decreased
constitutive and EGF-induced NRP-1 expression.
Blockade of the Erk 1/2 and P38 mitogen-activated
protein kinase signaling pathways also led to a de-
crease in constitutive and EGF-induced NRP-1 expres-
sion. These findings demonstrate the ubiquitous ex-
pression of NRP-1 in human colon cancer and suggest
that NRP-1 may contribute to colon cancer angiogen-
esis and growth. This study also suggests that EGF and
mitogen-activated protein kinase signaling pathways
play an important role in NRP-1 regulation in colon
cancer cells. (Am J Pathol 2004, 164:2139-2151)

The growth of cancers and the development of metasta-
sis is angiogenesis-dependent. Of the many proangio-
genic factors identified, vascular endothelial growth fac-
tor (VEGF; also known as vascular permeability factor) is
the best characterized. VEGF has been associated with
increased angiogenesis and advanced-stage disease in
a variety of solid tumor types including colon cancer.?
The VEGF family of proteins are highly structurally related
proteins including VEGF-A (commonly designated as
VEGF), VEGF-B, VEGF-C, VEGF-D, and VEGF-E, and
placenta growth factor.®~® The most prominent and char-
acterized member, VEGF-A, exists as different isoforms
based on the number of amino acids: VEGF,,,, VEGF 45,
VEGF, g5, VEGF,go, and VEGF,os. Most studies suggest
that VEGF, g5 is the most abundant and biologically active
isoform.®” Members of the VEGF family act primarily via
three membrane-bound tyrosine kinase receptors: VEGF
receptor-1 (VEGFR-1; Flt-1), VEGFR-2 (FIk-1/KDR), and
VEGFR-3 (Flt-4).8 Although these receptors were initially
thought to be present only on endothelial cells, recent
evidence suggests that VEGF receptors may also be
infrequently expressed on tumor cells.®1°

Neuropilin (NRP)-1 was originally described as a 130-
to 140-kd cell-surface glycoprotein expressed in the de-
veloping Xenopus laevis nervous system."' Subsequently,
it was discovered that this transmembrane glycoprotein
is a receptor for the semaphorins/collapsins, a large fam-
ily of secreted and transmembrane proteins that serve as
guidance signals in axonal and neuronal develop-
ment.'?'> Several studies have also suggested a role for
NRP-1 in embryological vasculogenesis and angiogene-
sis. NRP-1 has been shown to be expressed in the de-
veloping skeletal and cardiovascular systems in embry-
0s."216 NRP-1 knockout mice suffer from insufficient and
delayed vascularization leading to embryonic death,'”:'®
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whereas overexpression of NRP-1 in transgenic mice is
lethal because of hemorrhage in the head and neck,
excess blood vessel formation, and malformed hearts.'®
NRP-1 has also been found to be expressed in adult
endothelial cells and, to a lesser degree, in a variety of
other tissues including lung, heart, liver, kidney, pan-
creas, and placenta as well as in osteoblasts and bone
marrow stromal cells.’9:2°

The specific functions of NRP-1 in vessel development
and angiogenesis remain to be elucidated. 2" Unlike
VEGFR-1, VEGFR-2, and VEGFR-3, NRP-1 does not con-
tain a tyrosine-kinase domain and therefore seems to act
as a co-receptor for VEGF,4s."° The binding of VEGF, g5
to NRP-1 is mediated by amino acids residing at the
carboxyl-terminal part of the exon 7-encoded peptide of
VEGF,g.'® In contrast, the binding of VEGF,s to
VEGFR-1 and VEGFR-2 occurs via exon 3 and exon 4,
respectively,'® thus enabling VEGF,gs to bind to both
NRP-1 and VEGFR-1 or VEGFR-2 simultaneously. Inhibi-
tion of VEGF, 45 binding to NRP-1 in endothelial cells also
decreases VEGF, g5 binding to VEGFR-2 and subsequent
mitogenic activity.?® Furthermore, co-transfection of
NRP-1 into VEGFR-2-expressing endothelial cells en-
hances the binding of VEGF, 45 to VEGFR-2 and subse-
quent mitogenic and chemotactic activity as compared to
cells expressing VEGFR-2 alone.'™'® Endothelial cells
expressing NRP-1 but not VEGFR-2 do not respond to
any VEGF isoform, suggesting that NRP-1 is not a signal-
ing receptor for chemotaxis, in and of itself, but rather
acts as a co-receptor for VEGFR-2, enhancing VEGF’s
activity as an angiogenic factor.™®

Expression of NRP-1 has recently been found in pros-
tate cancer, breast cancer, and melanoma cell lines as
well as several tumor types from patient speci-
mens. #2325 Qverexpression of NRP-1 in rat prostate
carcinoma cells results in increased tumor growth in vivo
as well as increased microvessel density and endothelial
cell proliferation.’®'* Prostate tumor cell NRP-1 expres-
sion also enhances binding of VEGF,45 to these tumor
cells.’® Recent studies suggest that VEGF, ¢ has a direct
effect on tumor cells mediated through NRP-1. VEGF 45
has been shown to act as an autocrine survival factor in
NRP-1-positive breast carcinoma cells lacking VEGFR-2,
likely occurring via activation of the PI-3 kinase path-
way.?® In studies on human tumor specimens, NRP-1
expression correlates with the metastatic potential, stage,
and grade of prostate cancer. NRP-1 has also been
found to be associated with advanced stage and grade
of astrocytoma.?*2¢

However, the expression and regulation of NRP-1 in
gastrointestinal malignancies, including colorectal ade-
nocarcinoma, has not been characterized. In this study,
we investigated the expression of NRP-1 in human colon
adenocarcinomas and uninvolved colonic mucosa, and
the effect of NRP-1 overexpression on tumor growth and
angiogenesis. We also investigated mechanisms of in-
duction of NRP-1 in human colon adenocarcinoma cell
lines.

Materials and Methods

Tissue Specimens

Specimens of colon adenocarcinoma and adjacent non-
malignant colonic mucosa were obtained from 20 pa-
tients at The University of Texas M. D. Anderson Cancer
Center immediately after resection under a protocol ap-
proved by the institutional review board at M. D. Ander-
son Cancer Center. Specimens were either frozen in
optimum cutting temperature (OCT) solution (Miles,
Elkhart, IN) and stored at —80°C or fixed in formalin and
embedded in paraffin at the time of their collection. The
histopathological diagnosis of colon adenocarcinoma
and adjacent nonmalignant mucosa was confirmed by
the Department of Pathology. No patients received pre-
operative chemotherapy or radiation therapy.

Reagents and Chemicals

Recombinant human epidermal growth factor (EGF), in-
sulin-like growth factor-1 (IGF-1), interleukin-18 (IL-1B),
and tumor necrosis factor (TNF)-a were purchased from
R&D Systems (Minneapolis, MN). U0126, the extracellu-
lar signal-regulated kinase 1/2 (Erk 1/2) mitogen-acti-
vated protein kinase (MAPK) inhibitor, was obtained from
New England Biolabs (Beverly, MA). The phosphatidyl-
inositol-3 (PI-3) kinase inhibitor Wortmannin was pur-
chased from Sigma Chemical Company (St. Louis, MO).
The P38 MAPK inhibitor SB203580 was purchased from
Calbiochem (San Diego, CA). The anti-human EGF re-
ceptor (EGFR) monoclonal antibody C225 was kindly
provided by Daniel J. Hicklin, Ph.D. (ImClone Systems,
New York, NY).

Cell Lines

The human colon adenocarcinoma cell lines HT29,
SW480, SW620, and RKO, and human umbilical vein
endothelial cells (HUVECs) were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). The human
colon adenocarcinoma cell lines KM12L4, KM12SM,
KM12SMLM2, and KM20 were provided by IJ Fidler,
D.V.M., Ph.D. (M. D. Anderson Cancer Center). Colon
cancer cell lines were cultured and maintained in minimal
essential medium (MEM) supplemented with 10% fetal
bovine serum (FBS), 2 U/ml penicillin-streptomycin, vita-
mins, 1 mmol/L sodium pyruvate, 2 mmol/L L-glutamine,
and nonessential amino acids at 37°C in 5% CO, and
95% air. HUVECs were plated onto 0.5% gelatin-coated
flasks and maintained in MEM supplemented with 15%
FBS, 2 U/ml penicillin-streptomycin, vitamins, 1 mmol/L
sodium pyruvate, 2 mmol/L L-glutamine, and nonessential
amino acids at 37°C in 5% CO, and 95% air.

Immunohistochemical Staining for NRP-1 in
Frozen Tissue Specimens

Tissue specimens frozen in OCT solution were sectioned
(8 to 10 wm thick), mounted on positively charged Super-



frost slides (Fisher Scientific, Houston, TX), and air-dried
for 30 minutes. Sections were fixed in cold acetone (5
minutes) followed by 1:1 acetone:chloroform (5 minutes)
and then acetone (5 minutes) and washed with phos-
phate-buffered saline (PBS) three times for 3 minutes
each time. All samples were incubated with 3% hydrogen
peroxide in methanol for 12 minutes at room temperature
to block endogenous peroxidase. Sections were then
washed three times for 3 minutes each time with PBS (pH
7.5) and incubated for 20 minutes at room temperature in
a protein-blocking solution consisting of PBS supple-
mented with 1% normal goat serum and 5% normal horse
serum. The primary antibody directed against NRP-1,
polyclonal rabbit anti-NRP-1 (1:150 dilution; Santa Cruz
Biotechnology Inc., Santa Cruz, CA), was applied to the
sections, which were incubated overnight at 4°C. Sec-
tions were then rinsed three times for 3 minutes in PBS
and incubated for 10 minutes in protein-blocking solution.
The secondary antibody [peroxidase-conjugated goat
anti-rabbit IgG (H+L), Jackson Research Laboratories,
Westgrove, PA] was then used at a 1:400 dilution. Sec-
tions were washed three times with PBS followed by
rinsing with PBS/0.1% Brij detergent. This was followed
by incubation with stable diaminobenzidine substrate
(Research Genetics, Huntsville, AL), during which the
staining was monitored by bright-field microscopy. The
reaction was halted by rinsing with ddH,O. The sections
were counterstained with Gill's no. 3 hematoxylin solution
(Sigma Chemical), mounted with Universal Mount (Re-
search Genetics), and analyzed with light microscopy.
The protocol for control specimens was similar except
that the primary antibody was omitted.

Immunofiuorescent Staining for NRP-1 and
CK-22 in Frozen Tissue Specimens

Tissue specimens frozen in OCT were sectioned and
processed as described above. Immunofluorescent
staining for NRP-1, cytokeratin-22 (CK-22, an epithelial
cell marker), and NRP-1/CK-22 double staining were per-
formed in the manner previously described.?”

In Situ Hybridization

In situ hybridization was performed as previously de-
scribed.?® An anti-sense NRP-1-specific riboprobe was
made from a 750-bp 3" UTR cDNA fragment in Bluescript
I KS(+) (Stratagene, La Jolla, CA) by using a digoxigenin
RNA-labeling kit (Boehringer Mannheim, Indianapolis, IN)
and used in in situ hybridization as previously de-
scribed.?®

RNA Extraction and Northern Blot Analysis

Total RNA was harvested from subconfluent tumor cells
in culture by using Trizol Reagent (Life Technologies,
Inc., Grand Island, NY) following the manufacturer’s in-
structions. Northern blot analysis was performed as pre-
viously described.®° Briefly, 25 ug of RNA was fraction-
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ated on 1% denaturing formaldehyde/agarose gels and
transferred to a Hybond-N+ positively charged nylon
membrane (Amersham Biosciences, Piscataway, NJ)
overnight by capillary elution. After ultraviolet crosslinking
at 120,000 mJ/cm? with an ultraviolet Stratalinker 1800
(Stratagene), the membranes were prehybridized at 65°C
for 3 to 4 hours in rapid hybridization buffer (Amersham).
The membranes were then hybridized at 65°C overnight
with the cDNA probe for NRP-1 or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The probed mem-
branes were then washed and autoradiography per-
formed. The cDNA probes used comprised a human
NRP-1 450-bp cDNA probe derived from the reverse
transcriptase-polymerase chain reaction (RT-PCR) prod-
uct of PC-3 human prostate cancer cells (purchased from
American Type Culture Collection) using the primers 3'-
ACGATGAATGTGGCGATACT-5" and 5'-AGTGCAT-
TCAAGGCTGTTGG-3" and a GAPDH probe (purchased
from American Type Culture Collection). Probes were
purified by agarose gel electrophoresis using a Qiaex gel
extraction kit (Qiagen, Chatworth, CA). Each cDNA probe
was radiolabeled with [a-*2P]deoxyribonucleotide
triphosphate by the random-priming technique using the
Rediprime labeling system (Amersham).

Subcloning of NRP-1 into pcDNAS. 1 and
Transfection

The full-length cDNA for NRP-1 was subcloned into the
BamHI site of pcDNA3.1 (Invitrogen, San Diego, CA) as
previously described.?” Vectors containing NRP-1 or
vector alone (pcDNA3.1) were transfected into
KM12SMLM2 cells by lipofection according to the man-
ufacturer's protocol (Hoffman-La Roche, Ltd., Basel,
Switzerland). Selective medium containing 200 ug/ml of
hygromycin was added 48 hours later, and viable colo-
nies were selected and expanded. Cells from subconflu-
ent cultures were then harvested for Western blot analy-
sis and in vivo animal experiments as described below.

Animals and Tumor Inoculation

Eight-week-old male nude mice were obtained from the
National Cancer Institute’s Animal Protection Area (Fred-
erick, MD) and acclimated for 1 week while caged in
groups of five. Mice were fed a diet of animal chow and
water ad libitum throughout the experiment. Mice were
randomly assigned to one of three groups (10 mice per
group); body weight at assignment was similar among
the groups. After cell viability was verified as being =80%
by trypan blue exclusion, control and experimental
KM12SMLM2 cells (1 x 10° cells in 200 ul) were injected
by means of a 30-gauge needle and 1-ml syringe sub-
cutaneous in the right flank of the animals. Tumor growth
was measured every second to third day. Tumor volume
was calculated as (diameter® X length)/2. All of the ani-
mal studies were approved by the Institutional Animal
Care and Use Committee of the M.D. Anderson Cancer
Center. Animals in all of the three groups were killed 18
days after tumor cell inoculation because of lethargy and
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the first signs of the moribund state. Tumors were har-
vested and placed in either 10% formalin for paraffin
fixation or OCT.

Immunohistochemical Staining and
Quantification of CD31

Frozen tumors from animal experiments were sectioned
and processed as described above. Staining and quan-
tification of CD-31 (vessels) was performed as previously
described.?” Briefly, CD-31-positive endothelial cells
were detected by localized red fluorescence with a rho-
damine filter mounted on a Zeiss universal microscope
(Carl Zeiss, Thornwood, NY). Tumor vessels were
counted 2 mm from the tumor edge in four distinct quad-
rants at X100 magnification. Results were confirmed by
two observers in a blinded manner. Tumor vessel area
was selectively measured in pixels® using NIH Image
1.62 imaging software. Necrotic areas were excluded.

Determination of Tumor Cell Growth

To determine the effect of NRP-1 overexpression on
monolayer cell growth in vitro, NRP-1 and pcDNAS.1
empty vector transfectants were plated into 96-well
plates (Becton Dickinson, Franklin Lakes, NJ) at a density
of 2000 cells per well in 10% MEM. Cell number was
assessed by measuring the mitochondrial reduction of
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium  bro-
mide (MTT, Sigma) to formazan. MTT was added at 24,
48, and 72 hours after plating at a final concentration of
2.5 mg/ml. After incubation for 90 minutes, the medium
and MTT were removed and dimethyl sulfoxide was added
for 1 minute. Optical density was measured at 570 nm.

Determination of Endothelial Cell Growth in
Response to Conditioned Media

To determine the effect of conditioned media from NRP-
1-transfected KM12SMLM2 colon adenocarcinoma cells
on the growth of endothelial cells, NRP-1 and pcDNA3.1
empty vector transfectants were grown to 80% conflu-
ence in 10% MEM. The media was then changed to 1%
MEM for 48 hours. This media was then collected, cen-
trifuged to remove cellular debris, and given to HUVECs
plated in 96-well plates in vitro for 24 to 48 hours. Cell
number was then assessed by the MTT assay as de-
scribed above.

Determination of Tumor Cell and Endothelial
Cell Migration

NRP-1- and pcDNA 3.1-transfected KM12SMLM2 cells
were seeded onto hydrated 24-well migration plates
(Becton Dickinson) at a density of 70,000 cells/well
(membrane insert) in FBS-free MEM. MEM containing
10% FBS or 10% FBS plus VEGF,45 (10 ng/ml) were then
added to the bottom well as chemoattractants and
cells were incubated for 48 hours. Nonmigrated cells

were then removed and migrated cells were fixed and
stained using the Diff-Quick fixative (Dade Behring,
Deerfield, IL) using the manufacturer’s instructions. Mi-
grated cells were counted in five distinct areas at X100
magnification.

HUVECs were seeded onto hydrated 24-well migration
plates (Becton Dickinson) at a density of 40,000 cells/well
(membrane insert) in FBS-free MEM. MEM containing 1%
FBS or conditioned medium from NRP-1- and pcDNA 3.1
(empty vector)-transfected KM12SM/LM2 cells, as de-
scribed above, were then added to the bottom well as
chemoattractants; cells were incubated for 6 hours. Non-
migrated cells were then removed and migrated cells
were fixed and stained using the Diff-Quick fixative (Dade
Behring) using the manufacturer’s instructions. Migrated
cells were counted in five distinct areas at X100 magni-
fication.

Immunoprecipitation and Western Blot
Hybridizations

Human colon cancer cells were rinsed twice with ice-cold
PBS and lysed with protein lysis buffer [20 mmol/L so-
dium phosphate (pH 7.4), 150 mmol/L NaCl, 1% Triton
X-100, 5 mmol/L ethylenediaminetetraacetic acid, 5
mmol/L phenylmethyl sulfonyl fluoride, 1% aprotinin, 1
pg/ml leupeptin, and 500 pmol/L NagVO,]. In addition,
resultant tumors from in vivo studies were homogenized
on ice and protein was extracted as described above.
For Western blot hybridization, aliquots (50 ug) of protein
were subjected to electrophoresis on 8% polyacrylamide
gels followed by electrotransfer to nitrocellulose mem-
branes (Schleicher & Schleicher, Keene, NH). Mem-
branes were blocked with 5% fat-free milk in 0.1% Tween
20in PBS. The primary antibodies used in this study were
1:150 dilution of rabbit polyclonal anti-NRP-1 (Santa
Cruz) and 1:1000 dilutions of rabbit polyclonal anti-phos-
pho-specific p44/42 MAPK (Erk 1/2) antibody, anti-phos-
pho-specific P38 MAPK antibody, anti-phospho-specific
Akt antibody, and anti-B-actin antibody (all from New
England Biolabs). The membranes were then washed
and treated with the secondary antibody labeled with
horseradish peroxidase (anti-rabbit immunoglobulin from
donkey at a 1:3000 dilution; Amersham). Protein bands
were visualized using a commercially available chemilu-
minescence kit (Amersham). Before reprobing, the mem-
branes were washed with stripping solution [100 mmol/L
2-mercaptoethanol, 2% sodium dodecyl! sulfate, and 62.5
mmol/L Tris-HCI (pH 6.7)] for 30 minutes at 50°C. For
immunoprecipitation, 500-ug aliquots of protein were in-
cubated with 10 ul of NRP-1 antibody (H-286, Santa Cruz
Biotechnology) at 4°C for 1 hour. The protein was then
precipitated overnight at 4°C with 25 ul of Protein A/G
plus Agarose (Santa Cruz Biotechnology) per the manu-
facturer’s instructions. The precipitated protein was then
washed, denatured, and used for Western blot hybridiza-
tion as described above using a different NRP-1 antibody
(A-12, Santa Cruz Biotechnology) at a 1:200 dilution.



Effects of Cytokines on NRP-1 mRNA and
Protein Levels in Human Colon Cancer Cell
Lines

To determine the effects of the cytokines EGF, IGF-1,
IL-18, and TNF-a on NRP-1 mRNA expression, human
colon cancer cells (HT29, KM12L4, and SW-480) were
grown to subconfluence in standard medium as de-
scribed above, and the medium was changed to 5%
FBS-containing medium overnight. Cells were then incu-
bated with EGF (50 ng/ml), IGF-1 (100 ng/ml), IL-1B
(10-50 ng/ml), or TNF-a (10 to 20 ng/ml) in 1% FBS-
containing medium for various times ranging from 4 to 24
hours. Total RNA was extracted and NRP-1 mRNA ex-
pression was determined by Northern blot analysis as
described below. For immunoprecipitation, cells were
treated with various cytokines for 48 hours and protein
was then harvested for NRP-1 levels as described above.

Effect of Increasing Doses of EGF on NRP-1
mRNA Induction in HT29 Cells

To determine the effect of increasing doses of EGF on
NRP-1 mRNA expression, HT29 human adenocarcinoma
cells were grown to subconfluence in standard medium
as described above and the medium was changed to
medium containing 5% FBS overnight. Cells were the
incubated with EGF (0, 0.01, 0.1, 1, 5, 50, and100 ng/ml)
for 24 hours in medium containing 1% FBS. Total RNA
was extracted and NRP-1 mRNA expression was deter-
mined by Northern blot analysis as described above.

Effect of C225 of EGF-Induced NRP-1T mRNA in
HT29 Cells

To determine the effect of blocking the EGF receptor
(EGFR) on NRP-1 expression, HT29 cells grown under
conditions described above were pretreated with the
EGFR monoclonal antibody C225 (10 wg/ml) for 1 hour in
1% FBS-containing medium, followed by the addition of
EGF (50 ng/ml) for 24 hours. Total RNA was extracted
and Northern blot analysis was performed as described
above.

Determination of EGF’s Effects on Erk 1/2, Akt,
and P38 Phosphorylation in HT29 Cells

To determine the effect of EGF on the protein levels and
phosphorylation of the signaling intermediates Erk 1/2,
Akt, and P38, cells grown under the conditions described
above were incubated with EGF (50 ng/ml) for O, 10, 15,
30, or 60 minutes in 1% FBS-containing medium, and cell
lysates were obtained. Phosphorylated and total protein
levels were determined by Western blot analysis as de-
scribed above.
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Determination of Effects of Erk1/2, Akt, and P38
MAPK Inhibition on NRP-1 Induction by EGF

To determine the effects of inhibiting activation of Erk 1/2,
Akt, and P38 on NRP-1 induction, HT29 cells grown un-
der the conditions described above were pretreated with
200 nmol/L Wortmannin, 10 umol/L U0126, or 25 umol/L
SB203580 for 1 hour in 1% FBS-containing medium, fol-
lowed by the addition of EGF (50 ng/ml) for 24 hours. In
preliminary studies, doses of the signaling inhibitors
demonstrated inhibition of the intended pathways without
increasing cell apoptosis. Total RNA was extracted, and
Northern blot analysis was done as described above.

Statistical and Densitometric Analysis

Tumor volume, tumor mass, the number of CD31 cells,
and the total vessel area were compared using unpaired
Student’s t-tests (InStat for Macintosh; GraphPad Soft-
ware, San Diego, CA). P = 0.05 was deemed significant.
Densitometric analysis of autoradiographs was per-
formed using NIH Image Analysis software (V1.62) from
the National Institutes of Health (Bethesda, MD) to quan-
tify the results of Northern blot analysis.

Results

Immunohistochemical Staining of Colon
Adenocarcinomas for NRP-1

To investigate whether NRP-1 is expressed by human
colon adenocarcinoma and/or adjacent nonmalignant
mucosa, immunoperoxidase staining was performed on
20 frozen human colon adenocarcinoma specimens.
NRP-1 protein was expressed in all 20 adenocarcinoma
specimens studied but was not detectable in the adja-
cent nonmalignant colonic mucosa in any specimen (Fig-
ure 1, top). To further ascertain the origin of NRP-1 pro-
duction, immunofluorescent double staining for NRP-1
and CK-22 (an epithelial cell marker), as previously de-
scribed,?” was performed on 10 colon adenocarcinoma
specimens. NRP-1 expression was localized to the ade-
nocarcinoma epithelial cells in all specimens (data not
shown).

Detection of NRP-1T mRNA by in Situ
Hybridization

To determine the expression of NRP-1 mRNA in human
colon adenocarcinoma and nonmalignant colonic mu-
cosa, in situ hybridization was performed on 20 human
colon adenocarcinoma specimens. NRP-1 mRNA ex-
pression was present in all adenocarcinoma specimens
but was not detectable in the adjacent nonmalignant
colonic mucosa (Figure 1, bottom) in agreement with the
results of immunohistochemical staining.
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Mucosa Adenocarcinoma

Case 1

Case 2

Case 1

Case 2

Figure 1. Representative tissue sections investigating NRP-1 protein and NRP-1 mRNA expression in nonmalignant human colonic mucosa and in colon adenocarcinoma.
Top: Frozen sections were immunohistochemically stained, and representative images were obtained by light microscopy. The presence of NRP-1 is indicated by brown
staining. NRP-1 protein was detected in the epithelium of all cancers but was not detected in nonmalignant colonic epithelium. Bottom: Paraffin-embedded sections were
examined by in situ hybridization for NRP-1 mRNA expression. NRP-1 expression is indicated by the presence of purple-blue staining. NRP-1 mRNA was detected in the
epithelium of all cancers but was not detected in nonmalignant colonic epithelium. Original magnifications, X100.
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RT-PCR Analysis for Expression of NRP-1 in
Colon Adenocarcinoma Cell Lines

The expression of NRP-1 mRNA by human colon adeno-
carcinoma cell lines was examined by RT-PCR. In all
seven cell lines tested, NRP-1 mRNA was constitutively
expressed (Figure 2, top). HUVECs, used as a positive
control, also expressed the NRP-1 transcript.

Effects of NRP-1 Transfection on Tumor Growth
and Vessel Counts

KM12SM/LM2 were chosen for transfection studies be-
cause these cells are transfected with high efficiency in
our laboratory. NRP-1-transfected clones were screened
for exogenous NRP-1 protein expression by immunopre-
cipitation and Western blot analysis (Figure 2, bottom).
Vector-only transfected cells were used as controls. We
selected a clone (C-3) with high NRP-1 expression and
the pooled clones of NRP-1 transfectants for in vivo stud-
ies. Tumors in mice with NRP-1-transfected KM12SM/
LM2 cells were fourfold to sixfold larger in mass (P <
0.05) and sevenfold to ninefold larger in volume (P <

Table 1. Effect of NRP-1 Transfection on Tumor Growth
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0.01) than those from the pcDNA3.1 (empty vector)-
transfected cells (Table 1). NRP-1 levels in harvested
tumors were examined by immunoprecipitation and were
higher in NRP-1 transfectants when compared to
pcDNA3.1 empty vector transfectants (data not shown).
Immunohistochemical staining (hematoxylin and eosin) of
these tumors revealed no differences in tumor cell necro-
sis or morphology (see Figure 4). Staining for CD31,
however, revealed that NRP-1-transfected tumors con-
tained a larger number of vessels in addition to a higher
total vessel area when compared to pcDNAS.1-trans-
fected tumors (Table 1, Figure 3).

Effect of NRP-1 Transfection on Tumor Cell
Migration and Growth in Vitro

Transfection with NRP-1 led to a greater than twofold
increase (P < 0.0001) in the migration of KM12SM/LM2
cells in standard medium and a fivefold increase (P <
0.0001) in response to VEGF, 45 compared to pcDNA3. 1
controls (data not shown). Tumor cell growth in vitro, as
measured by MTT assay at 24, 48, and 72 hours after
seeding, was not significantly different among the NRP-1
transfectants compared to pcDNA3.1 vector-only trans-
fectants.

Effect of NRP-1 Transfection on Endothelial Cell
Migration and Cell Number

Conditioned medium from NRP-1-transfected KM12SM/
LM2 cells led to a greater than twofold increase (P <
0.001) in the in vitro migration of HUVEC cells as com-
pared to conditioned medium from pcDNA3.1 (empty
vector) controls (Figure 4). In vitro exposure of HUVECs to
conditioned media from NRP-1-transfected KM12SM/
LM2 cells did not lead to a change in cell number, as
determined by MTT assay, when compared to condi-
tioned media obtained from empty vector-transfected
KM12SM/LM2 cells (data not shown).

Effects of EGF, IGF-1, IL-18, and TNF-a on
NRP-1 mRNA in Colon Adenocarcinoma Cell
Lines

Because overexpression of NRP-1 led to increased tumor
growth and angiogenesis, we sought to determine factors
that lead to NRP-1 induction. In preliminary studies, we
found that the cell line with the greatest cytokine-medi-
ated induction of NRP-1 was the HT29 cell line. Therefore,

Tumor volume

Tumor vessel Total tumor vessel

Tumor mass (gm) (mm?3) count/HPF area (pixels?)
pcDNA 3.1 0.09 = 0.05 87 = 42 19+2 4848 + 644
NRP-1 pool 0.55* = 0.13 736" + 164 37F+2 91615 + 1364
NRP-1 C-3 0.38* = 0.12 607" = 187 30F £ 2 98981 + 743

*P < 0.05 versus pcDNA3.1; TP < 0.01 versus pcDNA3.1; ¥P < 0.01 versus pcDNA3.1; SP = 0.02 versus pcDNA3.1; 1P = 0.0005 versus pcDNAS.1
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Figure 3. Immunohistochemical analyses of tumors with increased NRP-1 expression. Representative photomicrographs demonstrating H&E-staining and tumor
vessel staining (CD31) in tumors from mice injected with KM12SMLM2 human colon cancer cells transfected with pcDNA 3.1 (empty vector) or NRP-1. The
presence of CD-31-stained vessels is indicated by the reddish-brown staining. Original magnifications: X100 (H&E); X200 (CD31).

for cytokine and signaling studies we focused our inves-
tigations on this cell line. To examine the role of different
cytokines in the regulation of NRP-1 in human colon
adenocarcinoma, HT29 cells were treated with EGF,
IGF-1, IL-1B8, or TNF-« for 4 to 24 hours after which cells
were harvested for measurement of NRP-1 mRNA levels

by Northern blot analysis. EGF increased NRP-1 mRNA
expression (Figure 5, top), with maximum expression
observed at 24 hours (2.5-fold by densitometric analysis).
Treatment with IGF-1 also increased NRP-1 mRNA levels
(twofold by densitometric analysis), but in contrast, incu-
bation with IL-18 or TNF-« did not (Figure 5, top). Addi-
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Figure 4. Effect of conditioned medium from NRP-1 transfectants on endo-
thelial cell migration. HUVECs were plated into migration assay chambers
using conditioned medium from NRP-1 or pcDNA 3.1 (empty vector)-trans-
fected KM12SMLM2 human colon cancer cells as chemoattractants, as de-
scribed. After 6 hours, migrated HUVECs were fixed, stained, and then
counted in five distinct areas. Top: Mean number of migrated HUVECs per
HPF in response to conditioned medium from pcDNA3.1 and NRP-1 trans-
fectants (*, P < 0.001 versus pcDNA 3.1). Bottom: Representative micro-
graphs showing the presence of migrated HUVECs (purple cells) in response
to conditioned media. Original magnifications, X100.

tional time points up to 48 hours after stimulation and
higher doses of IL-18 (50 ng/ml) and TNF-a (20 ng/ml)
also failed to increase NRP-1 mRNA levels (data not
shown). Similar experiments performed with KM-12L4
and SW-480 human colon adenocarcinoma cells also
showed increased NRP-1 mRNA levels (twofold to four-
fold as measured by densitometry) in response to EGF.

Effects of EGF, IGF-1, IL-18, and TNF-a on
NRP-1 Protein Levels in HT29 Colon
Adenocarcinoma Cells

To determine whether these various cytokines also led to
increases in NRP-1 protein production, HT29 cells were
treated with EGF, IGF-1, IL-18, or TNF-a for 48 hours after
which cells were harvested for measurement of NRP-1
protein levels by immunoprecipitation. In agreement with
the findings of NRP-1 mRNA levels, EGF and IGF-1 both
led to an increase in NRP-1 protein levels as compared to
controls, whereas IL-18 and TNF-a did not (data not
shown).

NRP-1 Induction by EGF in Human Colon
Adenocarcinoma Cells Is Dose-Dependent

HT29 cells were treated with escalating doses of EGF (0
to 100 ng/ml) for 24 hours after which NRP-1 mRNA levels
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Figure 5. Effect of cytokines on NRP-1 mRNA induction in HT29 human
colon adenocarcinoma cells. Top: HT29 cells were grown to 80% conflu-
ence and treated with EGF (50 ng/ml), IGF-1 (100 ng/mbD), IL-18 (10
ng/mb), or TNF-a (10 ng/mD) for 24 hours. Total RNA was then harvested
and Northern blot analysis for NRP-1 was performed. Ethidium bromide
staining was done to detect 18S RNA, which served as a loading control.
Bottom: Effect of increasing doses of EGF on NRP-1 mRNA expression in
HT29 human adenocarcinoma cells. Cells were grown to 80% confluence
and treated with varying doses of EGF as indicated for 24 hours. Total
RNA was then harvested for Northern blot analysis of NRP-1 mRNA
expression.

were analyzed. There was an increase in NRP-1 expres-
sion with increasing concentration of EGF beginning at 1
ng/ml with maximum mRNA induction (2.1-fold increase
versus control, as determined by densitometric analysis)
at 50 ng/ml (Figure 5, bottom). This dose of EGF was
therefore used in subsequent experiments.

Effect of the EGFR Monoclonal Antibody C225
on EGF-Induced NRP-1 Expression

HT29 cells were pretreated with the EGFR monoclonal
antibody C225 before the addition of EGF (50 ng/ml). The
presence of C225 completely abolished EGF-induced
NRP-1 mRNA expression as determined by Northern blot
analysis (data not shown).

Effect of EGF on the PI-3 and MAPK Signal
Transduction Pathways

To determine the signaling pathways induced by EGF,
HT29 cells were treated with EGF and harvested at var-
jous time points for analysis of signaling intermediates by
Western blotting. As shown in Figure 6, top, EGF induced
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Figure 6. EGF induction of signaling pathways and regulation of NRP-1.
Top: Effect of EGF on intracellular signaling pathways in HT29 human
adenocarcinoma cells. Cells were grown to 80% confluence and treated with
EGF (50 ng/ml) for the indicated times. Protein was harvested for Western
blot analysis of the indicated signaling intermediates. Bottom: Northern blot
demonstrating effect of signaling inhibitors on EGF-induced NRP-1 mRNA
expression. HT29 cells were grown to 80% confluence and pretreated with
Wortmannin (200 nmol/L, PI-3 kinase inhibitor), U0126 (10 wmol/L, Erk 1/2
MAPK inhibitor), or SB20358 (50 mwmol/L, P38 MAPK inhibitor) for 1 hour
before treatment with EGF (50 ng/ml) or vehicle (MEM containing 1% FBS)
for 24 hours. Total RNA was then harvested for analysis of NRP-1 mRNA
expression as described in text.

Erk 1/2 phosphorylation by 10 minutes, and phosphory-
lation of Erk 1/2 returned to baseline levels by 60 minutes.
Phosphorylation of P38 was also increased by 15 to 30
minutes and returned to baseline levels by 60 minutes.
Phosphorylation of Akt was transiently increased at 10
minutes and 60 minutes.

Regulation of EGF Induction of NRP-1 by the
Erk and P38 MAPK Pathways

To investigate the roles of different signal transduction
pathways in EGF-induced NRP-1 expression in human
colon adenocarcinoma cells, HT29 cells were pretreated
with the PI-3 kinase inhibitor Wortmannin, the Erk 1/2
MAPK inhibitor U0126, or the P38 MAPK inhibitor
SB203580 before the addition of EGF. Inhibition of the Erk
1/2 MAPK pathway or the P38 MAPK pathway abrogated
both constitutive and EGF-induced NRP-1 mRNA expres-
sion (Figure 6, bottom). Inhibition of the PI-3 kinase path-
way, however, had no effect on either constitutive or
EGF-induced NRP-1 expression.

Discussion

The expression of NRP-1 has been recently been de-
scribed in numerous tumor systems, including prostate,
pituitary, squamous cell, and breast cancers.’* To our

knowledge, this is the first study to describe the expres-
sion of the novel VEGF receptor NRP-1 in human colon
adenocarcinoma. NRP-1 expression and production
were present in all human colon adenocarcinoma spec-
imens but not in the nonmalignant colonic mucosa. Con-
stitutive expression of NRP-1 mRNA was also present in
all human colon adenocarcinoma cell lines tested con-
sistent with studies on human tissues. Overexpression of
NRP-1 by human colon adenocarcinoma cells led to sig-
nificantly increased tumor growth as well as increased
tumor vessel counts and overall vessel area. These find-
ings suggest that NRP-1 is associated with the growth
and development of colon adenocarcinoma as well as
increased angiogenesis in vivo. Furthermore, the demon-
stration that increased NRP-1 expression led to in-
creased tumor cell migration in response to VEGF sug-
gests that this increase in tumor growth is associated with
a direct biological effect on tumor cell behavior. Miao and
colleagues'? recently reported similar findings in pros-
tate cancer. Using AT2.1 rat prostate carcinoma cells
transfected with NRP-1 using a tetracycline-induced pro-
moter, treatment with the tetracycline homologue, doxy-
cycline (Dox), led to increased NRP-1 expression, in-
creased VEGF, g binding, and increased cell motility.'*
When rats injected with these tumors were fed Dox,
NRP-1 synthesis was induced and the resulting tumors
were larger and exhibited increased microvessel density,
proliferating endothelial cells, dilated blood vessels, and
decreased apoptosis'® providing the first evidence that
NRP-1 overexpression leads to increased tumor growth
and angiogenesis in vivo.

The precise mechanisms by which NRP-1 expression
and subsequent angiogenesis lead to increased tumor
growth are still unclear. Although conditioned media from
NRP-1-transfected colon cancer cells failed to have any
direct effect on the growth rate of endothelial cells in this
study, endothelial cell migration was significantly in-
creased suggesting that a soluble mediator may be par-
tially responsible for the observed increase in angiogen-
esis and tumor growth. In all of the colon tumor lines
tested, VEGFR2 was not expressed by RT-PCR or en-
zyme-linked immunosorbent assay, although VEGFR1
was (data not shown). Because it has been shown that
VEGF-A binding to both NRP-1 and VEGFR2 on endothe-
lial cells leads to increased mitogenic and chemotactic
activity,'®2? we, as have others, theorize that VEGF may
bind NRP-1 on tumor cells and VEGFR2 on endothelial
cells simultaneously increasing endothelial cell activity
and providing a juxtacrine mechanism for NRP-1 induc-
tion of angiogenesis and tumor growth.'?

Several lines of evidence support the fact that angio-
genesis is important in the growth and metastasis of
colon cancer. A large number of angiogenic factors have
been shown to regulate angiogenesis in colon cancer,
with VEGF appearing to be one of the most impor-
tant.2”31-3% For example, studies have demonstrated that
VEGF is increasingly produced during progression from
nonmalignant colonic mucosa to adenoma and finally to
adenocarcinoma,®®37 that the expression of VEGF and
its receptor correlates with the development of colon
metastasis,’ and that increased VEGF expression by tu-



mors is associated with decreased survival in patients
with node-negative colon cancer.®® Similarly, anti-VEGF
therapies have been associated with decreased tumor
vascularity, tumor growth, carcinomatosis, and metasta-
sis and increased survival in animal models.3°~*2 This
study provides further support for the role of VEGF in
colon cancer growth and angiogenesis via its newly dis-
covered receptor NRP-1.

Following the demonstration that NRP-1 is expressed
in colon cancer contributes to increased tumor growth,
we sought to determine NRP-1’s potential regulatory fac-
tors. The epidermal growth factor receptor (EGFR) has
been shown to regulate a variety of different angiogenic
factors, including VEGF, in several tumor types.*®“** Re-
cently, EGF has been shown to regulate NRP-1 expres-
sion in astrocytoma cells, but the signaling intermediates
that regulated this induction were not investigated.® In
our study, EGF increased NRP-1 mRNA expression to
varying degrees in all human colon adenocarcinoma cell
lines studied. Three cell lines were studied to verify that
the effect of EGF on NRP-1 induction was not a phenom-
enon of a single cell line. This increase in NRP-1 mRNA
expression was also associated with an increase in
NRP-1 protein levels. The finding that EGFR activation led
to NRP-1 induction further supports a role for EGF in
angiogenesis and growth of colon cancer.”® Further-
more, the addition of a monoclonal antibody to the EGFR
(C225) abrogated EGF-induced NRP-1 mRNA expres-
sion lending further support to the role of EGFR in the
regulation of NRP-1. IGF-1 also increased NRP-1 expres-
sion and protein production, a finding that has not been
previously reported. TNF-a, an inflammatory cytokine,
has recently been reported to increase VEGFR-2 and
NRP-1 expression in human vascular endothelial cells.*®
In our study, however, TNF-a and IL-1p failed to signifi-
cantly increase NRP-1 expression in any of the colon
adenocarcinoma cell lines tested.

The EGF system is comprised of its receptor, EGFR
and its ligands, EGF, transforming growth factor-a, hep-
arin-binding EGF-like growth factor (HB-EGF),*” amphi-
regulin, betacellulin, epiregulin, and epigen.*® Activation
of EGFR has been implicated in the progression and
metastasis of colorectal cancer. A large percentage of
colon cancer cell lines**~>" and specimens®*°2 express
EGFR, and both transforming growth factor-a and EGF
have been shown to increase colon adenocarcinoma cell
growth in vitro.>* The expression of EGFR has been
shown to be higher in colon adenocarcinoma than in
adjacent normal mucosa,®®*® and higher in advanced
stage human specimens compared to less advanced
specimens.®? Increased EGFR expression by human co-
lon adenocarcinoma has also been correlated with in-
creased hepatic metastases®” and metastatic potential in
vivo.®® Although the mechanism by which EGF may in-
crease colon cancer growth is less clear, results from this
study suggest that enhancement of NRP-1 expression by
EGF may provide one possible explanation and further
studies are warranted.

The intracellular signaling pathways governing NRP-1
induction have not been fully elucidated. A study in as-
trocytoma cells suggested that the ras-GTP (MAPK) sig-
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naling pathway may regulate NRP-1 expression.?® Con-
sistent with those results in our study, constitutive
expression of NRP-1 in colon adenocarcinoma also ap-
pears to be regulated, in part, by the Erk 1/2 MAPK
signaling pathway. Considering that the EGFR monoclo-
nal antibody abrogated baseline expression of NRP-1,
this may be, in part, because of autocrine activation of the
Erk 1/2 MAPK pathway. The addition of EGF in the pres-
ence of an Erk 1/2 MAPK inhibitor was able to induce
NRP-1, albeit to a significantly lesser degree suggesting
that the Erk MAPK pathway may be partially, but not
solely, responsible for EGF-induction of NRP-1. Baseline
and EGF-induced NRP-1 expressions in our system were
also decreased by inhibition of the P38 MAPK signaling
pathway, a finding that has not been previously de-
scribed. Although constitutive NRP-1 expression was es-
sentially abolished by inhibition of the P38 pathway, the
addition of EGF was still able to increase NRP-1 expres-
sion despite P38 inhibition, suggesting that multiple in-
tracellular signaling pathways are important in EGF-in-
duction of NRP-1 expression. In contrast, although EGF
transiently increased phosphorylation of Akt in a biphasic
manner, the PI-3 kinase pathway does not seem to play a
role in the constitutive or EGF-induced expression of
NRP-1 in this system.

In summary, our study suggests that the novel VEGF
receptor NRP-1 is expressed in human colon adenocar-
cinoma but not in nonmalignant colonic mucosa and is
associated with increased tumor growth and angiogene-
sis. Although the exact mechanisms by which NRP-1
regulates tumorigenesis and angiogenesis are still un-
clear, EGFR activation may play an important role, lend-
ing further support to EGFR’s potential involvement in the
growth of colon cancer. The regulation of NRP-1 expres-
sion appears to involve, at least in part, EGFR-dependent
signaling pathways that have also been shown to be
important in modulating the production of other angio-
genic factors including VEGF. Further in vitro studies,
particularly involving the NRP-1 promoter, as well as fur-
ther in vivo studies investigating tumor growth, survival,
and the molecular interaction between tumor cells and
the surrounding endothelial cells are necessary to ulti-
mately determine both the mechanism and the role of this
novel VEGF receptor in the pathogenesis and progres-
sion of human colon adenocarcinoma.
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