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Adipose tissue secretes factors linked to colon cancer risk includ-
ing leptin. A hallmark of cancer is sustained angiogenesis. While
leptin promotes angiogenesis in adipose tissue, it is unknown
whether leptin can induce epithelial cells to produce factors that
may drive angiogenesis, vascular development and therefore
cancer progression. The purpose of this study was to compare
the effects of leptin-stimulated colon epithelial cells differing in
adenomatous polyposis coli (Apc) genotype (gatekeeper tumor
suppressor gene for colon cancer) on angiogenesis. We employed
novel colonic epithelial cell lines derived from the Immorto mouse
[young adult mouse colon (YAMC)] and the Immorto-Min mouse
[Immorto-Min colonic epithelial cell IMCE)], which carries the
Apc Min mutation, to study the effects of leptin-stimulated colon
epithelial cells on angiogenesis. We utilized ex vivo rat mesenteric
capillary bioassay and human umbilical vein endothelial cell
(HUVEC) models to study angiogenesis. IMCE cells stimulated
with leptin produced significantly more vascular endothelial
growth factor (VEGF) than YAMC (268 + 18 versus 124 + 8 pg/
ml; P < 0.01) cells. Leptin treatment induced dose-dependent in-
creases in VEGF only in IMCE cells. Conditioned media from
leptin (50 ng/ml)-treated IMCE cells induced significant capillary
formation compared with control, which was blocked by the ad-
dition of a neutralizing antibody against VEGF. Conditioned
media from leptin-treated IMCE cells also induced HUVEC cell
proliferation, chemotaxis, upregulation of adhesion proteins and
cell-signaling activation resulting in nuclear factor kappa B nu-
clear translocation and DNA binding due to VEGF. This is the
first study demonstrating that leptin can induce preneoplastic co-
lon epithelial cells to orchestrate VEGF-driven angiogenesis and
vascular development, thus providing a specific mechanism and
potential target for obesity-associated cancer.

Introduction

Increasing epidemiological evidence has demonstrated that obesity
is associated with an increased risk of cancer, especially colon cancer
(1-3). Obese individuals have a large amount of adipose tissue that
secretes various growth factors and cytokines that play a role in the
low-grade, chronic inflammatory state that is linked to their obesity
and subsequent cancer risk. Leptin, an adipocyte-derived hormone
that classically plays a crucial role in regulating energy balance, is
elevated in obese individuals (4). It is unclear whether elevated leptin
levels may have effects on colon epithelial cells and the development

Abbreviations: APC, adenomatous polyposis coli; ELISA, enzyme-linked
immunosorbent assay; HUVEC, human umbilical vein endothelial cell; ICAM,
inter-cellular adhesion molecule; IMCE, immorto-min colonic epithelial cell;
MIP3, macrophage inflammatory protein 3; NFxB, nuclear factor kappa B;
PDTC, pyrrolidine dithiocarbamate; SAPK, stress-activated protein kinase;
VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial growth
factor; YAMC, young adult mouse colon.

of colon cancer or if it may indirectly mediate the process via a wide
variety of other cell types located in the gut.

Elevated serum leptin levels are associated with several cancers
including colon (5), prostate (6) and breast (7). In addition, elevated
leptin levels are positively correlated with the likelihood of developing
larger and more advanced tumors (7,8). Conversely, elevated leptin
levels have not been associated with late stage/large tumors, most
probably due to the weight loss, which is typical in advanced stage
cancer patients. /n vitro data are more consistent regarding the effects of
leptin on cell fate. In tumor cell lines, leptin treatment induces cell
proliferation in colon (9-11), breast (12,13), gastric (13), prostate
(13,14) and ovarian cancer (15). Based on these data, it is probably
that leptin has cancer cell stage-specific and tissue-specific actions that
ultimately result in a growth-promoting effect on neoplastic cells.

Invitro models, animal studies and clinical evidence lend support to
the hypothesis that cancer development largely depends on the ability
of survival-advantaged mutant cells (such as ApcMi™+ colonic epithe-
lial cells) to hijack and exploit the normal physiological processes of
the host (16). Truncating mutations in the adenomatous polyposis coli
(APC) gene are initiating events in colorectal carcinogenesis; a major-
ity of adenomas in inherited and sporadic forms of colorectal cancers
have mutations in Apc (17). The normal cellular functions of APC,
including proliferation, migration, differentiation and apoptosis are
disrupted by these truncating mutations (18).

Epithelial cells, when stimulated, can produce immunomodula-
tory mediators that can modulate neoplastic phenotypes such as
angiogenesis and cell growth and survival (19). Hanahan et al.
(20) suggest that there is a set of six traits that are shared by virtually
all types of human cancer, titled the ‘hallmarks of cancer’. One of
these traits is sustained angiogenesis. Angiogenesis, the growth of
new blood vessels, is critical for the growth and spread of tumors.
This event supplies the growing tumor with many things including
oxygen, nutrients, growth factors and hormones (21). The prolifer-
ative index of tumor cells decrease with the increasing distance from
the nearest vessel. Further, the growth of these tumors does not
become rapid until this vascularization occurs (22). Driving these
vascularization events is the expression of angiogenic growth fac-
tors. A clear correlation was observed between the expression of
angiogenic growth factors and progression and prognosis of tumors
(21,23).

In a homeostatic situation, proangiogenic factors are counterbal-
anced with antiangiogenic factors. Tumors seem to be able to alter the
‘angiogenic switch’ by swaying the ratio of angiogenesis inducers to
angiogenesis inhibitors in favor of angiogenesis (20). One of the main
proangiogenic factors is vascular endothelial growth factor (VEGF).
VEGEF expression is associated with advanced tumor progression and
a poor prognosis in colon cancer (21,22). ‘Activation of the VEGF/
VEGEF receptor axis triggers multiple signaling networks that result in
endothelial cell survival, mitogenesis, migration and differentiation.
VEGF also mediates vessel permeability and has been associated with
malignant effusions’ (21).

In addition to VEGEF, certain chemokines have proangiogenic capa-
bilities (24). Various CXC and CC chemokines have different angio-
static properties, ranging from induction of endothelial cell migration
and/or proliferation in vitro, neovascularization in vivo or to act as
angiostatic molecules themselves. Among the CC chemokines, CCL1
(I-309), CCL2 (MCP-1), CCL1 (eotaxin), CCL15 (Leukotactin-1) and
CCL16 (HCC-4) have direct roles in angiogenesis. These chemokines
have corresponding receptors that are expressed on endothelial cells
(24). Macrophage inflammatory protein 3 (MIP3), a member of the CC
chemokine family, has been recently reported to induce endothelial cell
migration and tube formation via CCR1, a hallmark of angiogenesis
(24.,25).

Previously, our laboratory demonstrated that leptin preferentially
promotes the survival and proliferation of a preneoplastic colon
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epithelial cell line [Immorto-Min colonic epithelial cell (IMCE)
(ApcMin/+)] compared with the normal colon epithelial cell line [young
adult mouse colon (YAMC) (Apc™/*)] (26). These cell lines (YAMC
and IMCE) are excellent models of normal and preneoplastic cells.
The phenotypic changes seen in the IMCE (ApcMi™+) cells, including
growth factor-induced migration, cell-cell communication and induc-
ible nitric oxide synthase/cyclooxygenase expression, are consistent
with known early phenotypes in human colorectal cancer (27-29).
While leptin itself promotes angiogenesis in adipose tissue (30,31),
it is not known whether leptin can induce epithelial cells to produce
factors that may drive an angiogenic response such as endothelial
chemoattraction and growth factor production. Therefore, the purpose
of this study was to investigate the role of leptin-exposed colon epi-
thelial cells differing in Apc genotype on angiogenesis.

Materials and methods

YAMC (Apc™*) and IMCE (Apc™™*) cells and cell culture conditions

The YAMC (Apc™*) and IMCEs (Apc™Mi™*) were kindly provided by
Dr Robert Whitehead (Vanderbilt University; Nashville, TN). Cells were
cultured as described previously (29). Briefly, cells were cultured in RPMI
(Life Technologies, Rockville, MD) growth media containing newborn
calf serum (Gemini Bio-Products, Woodland, CA), murine interferon-y
(Life Technologies), insulin—transferrin—selenium (Life Technologies) and
penicillin—streptomycin (Invitrogen, Grand Island, NY) at 33°C on collagen
I (Life Technologies) -coated flasks until reaching ~70% confluence. Cells
were then transferred to 39°C in serum- and interferon-y-free medium over-
night to allow for a brief stabilization period. These cell lines behave like
normal cells in that they are contact inhibited and undergo apoptosis if they
achieve maximal confluence. Conditions have been optimized for cells to pro-
liferate slowly for 24 h at 39°C and then undergo cell death over 5-8 days,
similar to the life cycle of a normal colon epithelial cell (32).

Leptin treatment of IMCE and YAMC cells

After the stabilization period of 24 h at 39°C, the IMCE (ApcMi™+) and YAMC
(Apct'*) cells were treated with either serum-free RPMI medium alone
(CON-control), 1 ng/ml leptin (L1) or 50 ng/ml leptin (L50) (R&D Systems,
Minneapolis, MN). After 48 h of treatment, media was collected from the
flasks of treated cells and stored at —80°C until use. This media collected
from these treated IMCE and YAMC cells is hereafter referred to as
conditioned media. Total protein was measured using the bicinchoninic acid
protein assay (Pierce Biotechnology, Rockford, IL) in the conditioned media
samples to adjust for cell number/confluency if necessary. However, total pro-
tein was not different between the conditioned media samples (data not
shown). The dose of leptin and collection period was based on our previous
studies using leptin, IMCE (Apc™Mi™*) and YAMC (Apc™/™) cells (26) as well
as physiological leptin levels found in obese mice (30 ng/ml) (33) and obese
human subjects (31.3 ng/ml) (34). Leptin levels in the conditioned media were
measured by commercial enzyme-linked immunosorbent assay (ELISA; R&D
Systems) to verify that leptin was no longer present and hence could not have
direct effects.

VEGF ELISA

The release of VEGF into the culture medium was quantified by sandwich
ELISA according to the manufacturer’s instructions (R&D Systems). Briefly,
50 pl of undiluted culture medium was added to each well and incubated
according to instructions. Upon completion of the assay procedure, the plate
was read at 450 nm wavelength using a Synergy HT plate reader (Bio-Tek,
Winooski, VT). The role of p38 and nuclear factor kappa B (NFxB) in leptin
driven VEGF production from IMCE (ApcM™*) cells was tested by cotreating
IMCE (ApcMi™*) cells with leptin (50 ng/ml) and a specific p38 inhibitor,
SB202190 (A.G. Scientific, San Diego, CA) at a concentration of 50 nM
or a specific NFkB inhibitor (35), pyrrolidine dithiocarbamate (PDTC) (Tocris,
Ellisville, MO), at a concentration of 100 nM.

Angiogenesis assay (rat mesentery)

All animals were cared for according to Michigan State University animal care
and use protocols. A total of 40 male Sprague-Dawley rats were used for this
study (12-20 weeks of age). The rats were euthanized with CO,, and the small
intestine and its mesenteric attachments were removed. The first and last loop
of the intestine and mesentery were removed from the jejunum and ileum by
cutting along the adipose tissue adjacent to the external wall of the gut. These
segments of the mesentery were divided into individual wedge-shaped win-
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dows, as described previously (36). Each rat yielded 15-18 windows. Windows
were then randomized to various study treatments, three tissue control win-
dows (immediately fixed), three windows for media control (treatment with
serum-free media alone) and three windows per conditioned media treatment
group. Windows were exposed to 1 ml conditioned media in 24-well culture
plates and placed in a 37°C incubator for 24 h. VEGF and MIP3 antibody
neutralization experiments were carried out using a 30 min pretreatment with
anti-VEGF antibody or anti-MIP3 antibody at 1 pg/ml (Santa Cruz Biotech-
nology, Santa Cruz, CA) and then cotreatment with serum-free or conditioned
media.

After the treatment period, tissue windows were fixed for 30 min in 4%
formalin. The tissue was then rinsed in phosphate-buffered saline and
incubated in tetramethylrhodamine derivative of the Griffonia simplicifolia I
lectin (Vector laboratories, Burlingame, CA) as described previously (37).
After rinsing, the mesenteric windows were mounted on microscope slides
in a water-soluble mountant Gelvatol (Monsanto, St Louis, MO) for subse-
quent analysis by epifluorescence microscopy.

Angiogenic response to conditioned media was quantified by visual
assessment of percent coverage of the microscope field by angiogenesis.
Differences among the groups were tested using the one-way analysis of
variance in combination with Bonferroni’s multiple comparison test with
statistical significance discerned at P < 0.05. Experiments were repeated
at least three times and data shown are representative from one experiment.
Data were assessed statistically using Prism® software (Graph Pad, San
Diego, CA).

HUVEC cells and culture conditions

Human umbilical vein endothelial cells (HUVECs) were obtained from
Cascade Biologics (Portland, OR) and cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen), 1%
penicillin—streptomycin and Low Serum Growth Supplement (Cascade Bio-
logics). Cells were cultured on collagen I-coated flasks or 96-well plates at
37°C in 5% CO,. At confluence, media was changed to Dulbecco’s modified
Eagle’s medium with 0.25% fetal bovine serum and 1% penicillin—streptomycin
for 12 h before treatment.

Conditioned media and leptin treatment of HUVECs

After the 12 h low serum incubation period, the HUVECs were treated with
conditioned media collected from the leptin-treated IMCE (ApcMi™*) and
YAMC (Apc” ) cells (as described above) for 0, 5, 15, 30 or 60 min and 0,
0.5, 1.5, 3 or 6 h. HUVECs were also treated with leptin directly (1 or 50 ng/ml).
Flasks of cells were scraped in sample buffer for western blot. Cells cultured in
96-well plates were used for proliferation assays.

Leptin-treated HUVEC cell proliferation assay

HUVECs were grown as described above. Briefly, cells were seeded in 96-well
plates. After the 12 h low serum incubation period, the cells were treated with
conditioned media from control and leptin (1 and 50 ng/ml)-treated IMCE
(ApcMi+) and YAMC (Apc*'*) cells or leptin alone (1 and 50 ng/ml). The
antibody neutralization experiments were carried out using an anti-VEGF or
anti-VEGFR-2 antibody (Santa Cruz Biotechnology) at a concentration of
1 pg/ml alone or with cotreatment of conditioned media from IMCE (ApcMi™'™)
treated with leptin (50 ng/ml). The NF«B inhibitor experiment was carried out
using a specific NFkB inhibitor, PDTC (Tocris), at a concentration of 1.0, 0.1
and 0.001 uM with a cotreatment of conditioned media from leptin (50 ng/ml)-
treated IMCE (ApcMi™*) cells.

Cell proliferation was measured after 24 h of treatment using the commer-
cial CelTiter96 Aqueous kit according to manufacturer’s instructions (Promega
Madison, WI). Briefly, 20 pl per well of CellTiter96 Aqueous One solution
reagent was added to the 96-well plate containing the cells in 100 pl of culture
media and incubated for 1 h at 37°C in 5% CO,. Upon completion of the assay
procedure the plate was read at 490 nm using the Synergy HT plate reader
(Bio-Tek).

HUVEC chemotaxis

HUVEC cells were cultured as described above. HUVEC cell number was
assessed by trypan blue dye exclusion using a hemocytometer. Cells were then
collected and prepared per manufacturer’s instructions for the QCM™ che-
motaxis ECM510 cell migration assay (Chemicon, Temecula, CA). Briefly,
40 000 HUVEC cells were seeded in the upper chamber of the provided 96-
well plates. The lower chambers were filled with conditioned medium from
control or leptin-treated IMCE (Apc™i™+) or YAMC (Apc™'*) cells. The plates
were incubated overnight to allow for HUVEC cell migration through the pores
and into the lower chamber or to the outside bottom of the chamber. Any cells
attached to the outside of the chamber were detached using the provided de-
tachment buffer and collected according to manufacturer’s instructions. Cells

691



J.M.Birmingham et al.

were detected using a compound that fluoresces when exposed to non-specific
enzymes in live cells (provided with the kit). The plate was read at an excitation
wavelength of 485 nm and emission wavelength of 530 nm using a Cytofluor
fluorescent plate reader (Millipore Corporation, Bedford, MA) and data were
analyzed.

Western blotting

Cells were grown and treated as described above. At collection, cells
were washed twice with cold phosphate-buffered saline, scraped into
1 ml sample buffer (sodium dodecyl sulfate Reducing Buffer; 0.5 M
Tris—HCl, glycerol, 10% sodium dodecyl sulfate and 0.5% bromophenol
blue in ddH,0), sonicated and boiled. Samples were then loaded on an equal
protein basis of 40 pg per lane, subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to an Immobilon-FL
polyvinylidene difluoride membrane (Millipore Corporation). Membranes
were probed with primary antibodies against inter-cellular adhesion mole-
cule ICAM)-1 (1:100), vascular cell adhesion molecule (VCAM)-1 (1:100),
E-selectin (1:1000), pSAPK (1:500), stress-activated protein kinase (SAPK)
(1:500), p42/44 (1:1000), pp42/44 (1:1000) and NF«B (1:1000) (Santa Cruz Bio-
technology) with shaking overnight at 4°C. Actin (1:1000; Santa Cruz Biotech-
nology) was also run for normalization. Incubation with the primary antibody was
followed by appropriate infrared-labeled second antibodies and detected using the
Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

Nuclear and cytoplasmic protein extraction

HUVECs were cultured and treated with conditioned media from leptin (50 ng/
ml)-treated IMCE (ApcMi“”) cells for 0, 0.5, 1.5, 3.0 and 6.0 h. Nuclear
and cytoplasmic protein fractions were then extracted. Cells were scraped in
Meng-Mo buffer [25 mM 3-(N-morpholino)propanesulfonic acid, 2 mM
ethylenediaminetetraacetic acid, 0.02% sodium azide (NaN3), 10% glycerol,
20 mM sodium molybdate (Na,MoO,-2H,0)]-containing protease inhibitor
and lysed using a Dounce homogenizer (38). Cytoplasmic fraction was sepa-
rated and nuclear pellet isolated via centrifugation. Cytoplasmic fraction was
removed and nuclear pellet resuspended in Meng-Mo buffer. Pellet was washed
and high-salt nuclear extracts were prepared by suspending the nuclear pellet
in MENG-Mo containing 500 mM NaCl.

Nuclear activation assay

NFkB activation was measured in HUVEC nuclear extracts using the Trans-
AM™ Transcription Factor Assay Kit according to the manufacturer’s instruc-
tions (Active Motif, Carlsbad, CA) as described previously (39). Briefly, 20 pg
of nuclear extract was applied to the plates and incubated according to man-
ufacturer’s instructions. Substrate-activated horseradish peroxidase-conjugated
secondary antibody provided a sensitive colorimetric readout that was quanti-
fied by spectrophotometry at 450 nm wavelength using a Synergy HT plate
reader (Bio-Tek).

Statistical analysis

Data were assessed statistically using Prism® software (Graph Pad) and sta-
tistical significance was set at P < 0.05. Differences among the groups were
tested using the one-way analysis of variance in combination with Bonferroni’s
multiple comparison test, with statistical significance discerned at P < 0.05.
Experiments were repeated at least three times and data shown are from a
representative experiment.

Results

Leptin analysis of conditioned media from IMCE (ApcM™*) and
YAMC (Apct/*) cells

Leptin was measured by commercial ELISA in the conditioned media
of the leptin-treated IMCE (ApcMiv+) and YAMC (Apc™/+) cells after
the 48 h treatment period [data not shown, (39)]. This verified that
leptin was no longer present in the media and ruled out a direct effect
of any residual leptin.

VEGF production is induced by leptin treatment in IMCE (Apc™Miv/+)
cells

IMCE (ApcMiv+) control cells made significantly more VEGF than
YAMC (Apct/+) (268 = 18 versus 124 + § pg/ml, P < 0.01) control
cells (Figure 1A). Leptin treatment induced a dose-dependent in-
crease in VEGF production in IMCE (ApcMiv+) cells significant com-
pared with control at all doses tested. In YAMC (Apc™/*) cells leptin
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significantly induced VEGF only at the highest leptin concentration
(50 ng/ml) (Figure 1A).

Leptin treatment of IMCE cells induces angiogenesis in rat mesenteric
windows

Digital images of rat mesenteric windows visualized the angiogen-
esis. A significant difference was observed in the mesentery win-
dows incubated with conditioned media from IMCE (ApcMin/+)
cells. Control-treated windows are shown in Figure 1B-a. With the
addition of leptin at a dose of 1 ng/ml, formation of capillaries
started to occur and a small amount of the mesenteric window
showed angiogenesis (Figure 1B-b). Interestingly, when a larger
dose of leptin was used (50 ng/ml), the window was filled with a large
vessel as well as many small capillaries growing out from the layer
of adipose tissue as well as sprouting from the center of the large
vessel that runs through the mesentery window (Figure 1B-c).
Bar graphs further illustrate the angiogenesis by showing the
percent coverage achieved based on the photographs described
above. Conditioned media from leptin-treated IMCE (ApcMiv/+)
cells significantly induced angiogenesis at the 50 ng/ml dose
(P < 0.001) compared with both control and a 1 ng/ml leptin dose
(Figure 1D).

As demonstrated in Figure 1B, mesenteric windows incubated with
conditioned media from control and 1 ng/ml leptin-treated YAMC
(Apc™'*) cells showed no vessel growth coming from the outer ring
of adipose tissue adjacent to the external wall of the gut (Figure 1B-e,f
and C). However, the formation of a few small capillaries was induced
when the mesenteric window was incubated with media from YAMC
(Apc™'*) cells treated with a 50 ng/ml dose of leptin that was not
significantly different from control or 1 ng/ml leptin (Figure 1B-g
and D).

Figure 1B also demonstrated visually the antibody neutralization
experiments. Pretreatment with anti-VEGF antibody significantly de-
creased the amount of capillary formation induced by the 50 ng/ml
dose of leptin (P < 0.001) (Figure 1B-d and E). Pretreatment with
anti-MIP3 antibody failed to block the capillary formation induced
with the addition of the high dose of leptin alone (image not shown;
Figure 1F).

Effect of leptin-treated IMCE cells on HUVEC cell proliferation and
chemotaxis

Treatment with media that contained 10% serum (as a positive
control) significantly induced HUVEC cell proliferation as
expected. However, conditioned media from control IMCE
(ApcMiv/+) or YAMC (Apct/+) cells did not induce cell prolifera-
tion compared with cells treated with serum-free media alone.
Conditioned media from leptin-treated IMCE (ApcMin/+) cells
significantly increases HUVEC cell proliferation in a dose-
dependent manner compared with treatment with serum-free media
alone and conditioned media from control IMCE (ApcMiv/+) cells
(Figure 2A). Treating the HUVEC cells directly with leptin did
not induce cell proliferation (Figure 2B). Conditioned media
from leptin-treated YAMC (Apct'*) cells showed no effect on
HUVEC cell proliferation at either dose (Figure 2A). Conditioned
media from leptin-treated IMCE (ApcMin/*) cells also signifi-
cantly increased HUVEC cell migration compared with treatment
with serum-free media alone, whereas the conditioned media
from the YAMC (Apc*/*) cells showed no significant effect
(Figure 2C).

Leptin-treated IMCE cell media increased adhesion proteins in
HUVEC cells

HUVECs were incubated with conditioned media from leptin (50 ng/
ml)-treated IMCE (ApcMiv+) cells. Total cell lysates from HUVEC
cells were collected and probed using western blot. This treatment
induced increased ICAM-1, VCAM-1 and E-selectin at 6 h post-
treatment (Figure 3A and B) in HUVECs. As a positive control,
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Fig. 1. VEGF production from IMCE and YAMC cells treated with leptin and induction of angiogenesis. (A) The effect of leptin on IMCE (Apc™Mi™*) and
YAMC (Apc™*) cell production of VEGF. Cells were treated with leptin (1 or 50 ng/ml) for 48 h; media was collected and analyzed for VEGF using
ELISA. Results are representative of at least three separate experiments. *P < 0.01 (compared with YAMC CON); a = P < 0.05 (compared with IMCE
CON). (B) Epifluorescence visualization of microvessels in rat mesenteric windows using the Griffonia simplicifolia 1 lectin. Rat mesenteric windows
were treated with conditioned media collected at 48 h from IMCE (Apc™Mi™*) or YAMC (Apc*'*) control or leptin (1 or 50 ng/ml) treated cells.
Representative stimulus-specific capillary coverage is illustrated by G.simplicifolia 1 labeling for: (a) media from IMCE control cells, (b) media from IMCE
leptin (1 ng/ml)-treated cells, (c) media from IMCE leptin (50 ng/ml)-treated cells, (d) media from IMCE leptin (50 ng/ml)-treated cells cotreated with
anti-VEGF antibody (1 ug/ml), (e) media from control YAMC cells, (f) media from YAMC leptin (1 ng/ml)-treated cells and (g) media from YAMC leptin
(50 ng/ml)-treated cells. (C) Graphical illustration of percent capillary coverage of rat mesenteric windows comparing control media from IMCE and
YAMC cells, which was not different. (D) Graphical illustration of percent capillary coverage of rat mesenteric windows after treatment with conditioned
media from leptin (1 and 50 ng/ml)-treated IMCE and YAMC cells. Only the L50 media induced a significant increase in capillary coverage of the rat
mesentery window. (E) Graphical illustration of percent capillary coverage of rat mesenteric windows after a pretreatment with an anti-VEGF neutralization
antibody followed by treatment with conditioned media from leptin (0 and 50 ng/ml) treated IMCE and YAMC cells. The capillary formation induced by the
leptin (50 ng/ml)-treated IMCE media was blocked by cotreatment with anti-VEGF antibody. (F) Graphical illustration of percent capillary coverage of
rat mesenteric windows after a pretreatment with an anti-MIP3 neutralization antibody followed by treatment with conditioned media from leptin (0 and
50 ng/ml)-treated IMCE and YAMC cells. Cotreatment of leptin (50 ng/ml)-treated IMCE media with an antibody against MIP3 did not block capillary
formation. Data shown are the mean + standard deviation of 10 mesenteric windows per treatment from one representative experiment. The experiments were
repeated three times. a = no statistical difference; b = P < 0.001 (compared with all treatments). CON = conditioned media from control IMCE or YAMC
cells, L1 = conditioned media from leptin (1 ng/ml) treated IMCE or YAMC cells, L50 = conditioned media from leptin (50 ng/ml) treated IMCE or YAMC
cells.

tumor necrosis factor-o treatment induced adhesion molecules in NFkB p65 DNA binding was increased significantly at 0.5 h and
HUVECs. decreased in a time-dependent manner; however, was still signifi-
cantly elevated at 1.5 h (Figure 4B).

Leptin-treated IMCE cell media increased cell-signaling molecules in

HUVEC cells Effect of VEGF, VEGFR-2 and NF«xB inhibitors on I-L50 stimulated
Media from leptin (50 ng/ml)-treated IMCE (ApcMiv+) cells in- ~ HUVEC cell proliferation

creased HUVEC cell activation of SAPK in a time-dependent fashion Leptin (50 ng/ml)-treated IMCE (ApcMiv+) (I-L50) -conditioned
(Figure 3C) reaching highest levels at 30 and 60 min. Media from media significantly increased HUVEC cell proliferation (Figure
leptin (50 ng/ml)-treated IMCE (ApcMiv+) cells increased HUVEC 5A). This effect was significantly decreased by cotreatment with
cell activation of p42/44 after 5 min, decreased slightly after 15 and anti-VEGF antibody and anti-VEGFR-2 antibody compared with
down by 30 min (Figure 3C). Nuclear NFxB protein was increased at I-L50 alone (Figure 5A). Figure 5B depicts a significant increase in
0.5 h in HUVECS treated with conditioned media from leptin (50 ng/ I-L50-induced HUVEC cell proliferation that was significantly
ml)-treated IMCE (ApcMiv+) (I-L50) cells (Figure 4A). Further, decreased by treatment with PDTC, an NFkB inhibitor.
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a= P < 0.05 (compared with CON); b = P < 0.001 (compared with CON). (B) The effect of direct leptin treatment alone on HUVEC cell proliferation. (C) The
effect of conditioned media from IMCE (Apc™™+) or YAMC (Apc™/*) control or leptin (1 or 50 ng/ml)-treated cells on HUVEC cell migration using the QCM
chemotaxis assay. a = P < 0.05 (compared with SF control); b = P < 0.001 (compared with CON and L1). Results are representative of three separate
experiments. SF = treatment with serum free medium alone, 10% = treatment with media that contained 10% serum (as a positive control), CON = conditioned
media from control IMCE or YAMC cells, L1 = conditioned media from leptin (1 ng/ml) treated IMCE or YAMC cells, L50 = conditioned media from leptin

(50 ng/ml) treated IMCE or YAMC cells.

Discussion

The impact of obesity and cancer are a priority for the health of the
nation. Leptin, an adipocyte-derived hormone crucial in regulating
energy balance, is elevated in obese individuals. We show for the first
time that leptin induces only colon epithelial cells carrying a mutation
in Apc, a gatekeeper mutation in colon cancer, to produce increased
concentrations of VEGF. We go on to show that the VEGF in the
conditioned media of the epithelial cells is responsible for increased
capillary formation in a functional angiogenesis bioassay. Based on
this observation of increased VEGF and the importance of the phe-
notype of angiogenesis in carcinogenesis (20), we wanted to under-
stand if this increase in VEGF was bioactive and thus, resulted in
increased angiogenic potential. We found that this increase in VEGF
was only translated into increased angiogenic potential in the IMCE
cells treated with leptin. This is evidenced by data indicating that
pretreatment with a neutralizing anti-VEGF antibody significantly
decreased the amount of capillary formation induced by the 50 ng/
ml dose of leptin (P < 0.001) suggesting a possible mechanism
(Figure 1B-d and E). Numerous studies have demonstrated leptin’s
ability to induce angiogenesis by stimulating increased production of
VEGEF (14,30). However, it is novel that leptin differentially induced
VEGF production in colon epithelial cells. Similar to our findings,
leptin significantly induced expression of VEGF as well as induced
cell migration and increased the expression of growth factors control-
ling proliferation, metastasis and angiogenesis in prostate cancer cells
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(14). Our data indicate that VEGF production is increased in IMCE
(ApcMiv+y cells probably via signaling through NFxB. Pretreatment
with anti-MIP3 antibody failed to block the capillary formation
induced by treatment with conditioned media from high dose
leptin-treated IMCE cells (Figure 1F), demonstrating that the
mechanism of angiogenesis is not through MIP3.

Endothelial cells must undergo a series of events to support capil-
lary formation. These events include endothelial cell chemoattraction,
increased endothelial cell expression of adhesion proteins for cell-to-
cell adhesion and endothelial cell proliferation (40,41). We sought to
understand which of these events were regulated by the colon epithe-
lial cell treated with leptin. We utilized HUVEC cells, a model of
human endothelial cells, to identify the potential mechanism through
which the increased capillary formation occurs. Conditioned media
from leptin-treated IMCE (ApcMi™+) cells significantly increased
HUVEC cell migration in a dose-dependent manner. Conditioned
media from leptin (50 ng/ml)-treated IMCE (ApcMiv+) cells also
significantly increased HUVEC cell proliferation (Figure 2A).

The proliferative effect of conditioned media from leptin-treated
IMCE (ApcMiv+) cells on HUVEC cells was significantly decreased
by cotreatment with either a neutralizing anti-VEGF antibody or
a neutralizing anti-VEGFR-2 antibody compared with [-L50 alone
(Figure 5A). These data demonstrate that when signaling through
the VEGF pathway is blocked, either through ligand or receptor in-
hibition, proliferation is inhibited. This further supports the role of
VEGEF in [-L50-stimulated HUVEC cell proliferation. I-L.50 media
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Fig. 3. Adhesion molecule production by and activation of HUVECs as demonstrated by western blot. (A) The effect of conditioned media from IMCE (ApcMi'+)
control or leptin (50 ng/ml)-treated cells on ICAM-1, VCAM-1 or E-Selectin upregulation at 6 h post-treatment of HUVEC cells. (B) Densitometric representation
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as a protein loading control. Results are representative of two separate experiments. C = media from HUVEC control cells, TNF = 5 ng/ml tumor necrosis factor-o
as positive control, I-CON = conditioned media from IMCE (ApcMi™*) control cells, I-L50 = conditioned media from leptin (50 ng/ml) treated IMCE (ApcMiv+)

cells.

also induced the phosphorylation of mitogen-activated protein kinase
p42/44 and SAPK (Figure 3C). Binding of VEGF ligands to its re-
ceptor activates p42/44 and SAPK pathways and leads to functional
changes that include increased cell migration and invasion as well as
increased NFkB p65 translocation into the nucleus (42). Further,
VEGF promotes growth of cancer cells and cell proliferation through
activating VEGFR-2 signaling (43,44).

We identified that conditioned media from the leptin-treated epi-
thelial cells caused endothelial cell proliferation, migration and
upregulation of adhesion molecules probably resulting from NFxB
activation and nuclear translocation. The increase in NFkB nuclear
translocation and DNA binding, shown in figure 4, supports a role for
HUVEC cell NFkB activation by conditioned media from leptin-
treated IMCE (ApcMin+) cells. Figure 5B shows a significant increase
in I-L50-induced HUVEC cell proliferation that is decreased signif-
icantly by cotreatment with PDTC, a NFkB inhibitor, at all doses
tested. Further, neutralizing antibodies against VEGF and VEGFR-2
block the HUVEC cell proliferation, demonstrating that inhibition of
NFkB signaling decreases proliferation and that it acts through the
VEGFR-2 receptor. This is further confirmation that in the VEGF
pathway, VEGFR-2 signals through NFkB to increase adhesion mol-
ecules, thereby suggesting a mechanism by which leptin-treated
IMCE (ApcMiv+) cells induce proliferation in HUVECs.

VEGFR-2 regulates endothelial cell migration, proliferation and
differentiation and plays a key role in mitogenic, chemotactic and

prosurvival signals (45,46). VEGFR-2 is the chief mediator of the
angiogenic and permeability-increasing effect of VEGF. Conversely,
VEGFR-1 has been shown to have no effect on cell proliferation (42).
The major function of VEGFR-1 signaling in endothelial cells is the
release of tissue-specific growth factors (45). Activation of VEGFR-2,
not VEGFR-1, is required for the antiapoptotic effects of VEGF in
HUVECsS (45). A study by Von Marschall et al. (2000) found specific
immunostaining for both VEGFR-1 and VEGFR-2 in the endothelial
cells of vascular structures surrounding tumor cells of pancreatic
cancer samples; however, it was higher for VEGFR-2 than VEGFR-1
(43% compared with 29%). In contrast, no receptor expression was
observed in endothelial cells of normal pancreas or chronic pancrea-
titis, indicating that upregulation of the VEGF receptors is specific to
cancer cell progression in the pancreas and not associated with
chronic inflammation (44).

Conditioned media from leptin-treated IMCE (ApcMiv+) cells
stimulated expression of adhesion molecules ICAM, VCAM and
E-selectin. We believe that this is due to VEGF, as studies indicate
that VEGF induces adhesion molecules in HUVECs and is mediated
largely through NF«B activation (23). Cell adhesion molecules play
a key role in the formation of the vasculature and have been detected
in the blood vessels during angiogenesis (40). Adhesion molecules
play a large part in tumor development by mediating both interactions
between cancer cells and interactions between cancer and other cells,
including endothelial cells (47).
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Fig. 4. NFxB nuclear translocation and DNA binding in HUVECS following
conditioned media treatment. (A) The effect of conditioned media from
leptin (50 ng/ml)-treated IMCE (ApcMi™*) cells on HUVEC cytoplasmic and
nuclear NFkB translocation. Cells were treated overnight in serum free
medium prior to exposure to treatment. Nuclear extracts were collected at
time points shown. (B) The effect of conditioned media from leptin (50 ng/
ml)-treated IMCE (ApcMi™*) cells on nuclear NFkB DNA binding at various
time points using the TransAM NFxB kit. a = P < 0.05 (compared with
0h); b =P < 0.001 (compared with 0 h). Results are representative of two
separate experiments.

In general, our data are consistent with data from the Min mouse
model. The Min mouse carries a mutation in the Apc gene (identical
to our colon epithelial cells) resulting in small intestinal polyp for-
mation. Korsisaari et al. (2007) treated Min mice with a monoclonal
antibody-targeting VEGF-A and genetic deletion of VEGF-A selec-
tively in intestinal epithelial cells (48). They established that blocking
VEGF-A signaling resulted in tumor growth cessation and long-term
survival in an intestinal adenoma model. The authors go on to suggest
that “VEGF-A inhibition may be a previously uncharacterized strat-
egy for the prevention of the angiogenic switch and growth in in-
testinal adenomas’ (48). Goodland et al. (2006) treated Min mice
with an oral-signaling inhibitor of VEGF to investigate the role of
VEGF-2 in adenoma development and growth. They blocked angio-
genesis and limited the growth of adenomas to <1 mm (49). Together,
these results indicate that VEGFR-2 signaling may play key roles in
the development and progression of intestinal adenomas. While our
cells are colon epithelial cells from the Min mouse and these tumors
are small intestinal, together these data suggest that angiogenesis
signals are critical at much earlier stages of cancer progression than
previously suggested. In addition, obesity, and in particular elevated
leptin, may act to enhance or speed the process of angiogenesis in
colon cancer progression by inducing ApcMiv* epithelial cells to
produce more VEGE.

In regards to the observation that leptin administration to ApcMi/+
mice did not enhance polyp formation (11), we proposed at least two
important differences, aside from the in vivo versus in vitro experi-
mental systems including dose of leptin and cell type, which may
explain the apparent contradictory findings. First, the serum levels
of leptin achieved by administration to Apc™Mi™¥* mice (7.4 versus
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Fig. 5. Inhibition of conditioned media driven HUVEC cell proliferation.
(A) The effect of conditioned media from leptin (50 ng/ml)-treated IMCE
(ApcMin+) cells and coincubation with anti-VEGF or anti-VEGFR-2
antibody (1 pg/ml) on HUVEC cell proliferation as measured using the
Aqueous One proliferation assay. (B) The effect of conditioned media from
leptin (50 ng/ml)-treated IMCE (Apc™i™*) cells and cotreatment with
pyrrolidine dithiocarbamate (PDTC; NF«kB inhibitor) at 1.0, 0.1 or 0.001 uM
on HUVEC cell proliferation. Results are representative of three separate
experiments. a = no significant difference; b = P < 0.01 (compared with all
treatments). I-L50 = conditioned media from leptin (50 ng/ml) treated IMCE
(ApcMin/+y cells.

control 2.3 ng/ml) did not achieve concentrations consistent with
ApcMiv+ mice with high-fat diet-induced obesity (14.39 versus con-
trol 5.93 ng/ml) (50). The concentrations of leptin used in the present
in vitro study are more reflective of leptin levels in C57BL/6J mice
with diet-induced obesity (30 ng/ml) (33). As such, the concentrations
of leptin used in this study are relevant to obese mice but not in murine
leptin administration studies, which achieve only modest increases in
serum leptin concentrations. Finally, the cell lines used in this study
are derived from the colon of the min mice, whereas most polyps form
in the small intestines of ApcMi™+ mice. It may be that small intestinal
epithelial cells respond differently to leptin than colon epithelial cells.

Our data begin to explain the mechanism behind leptin as a risk for
colon cancer. Taken together, these findings represent an important
key observation that strengthens the potential mechanism behind the
obesity—colon cancer link. Obesity is a risk factor for several cancers
including colon cancer; however, the mechanism is poorly under-
stood. We show that a hallmark of cancer, sustained angiogenesis,
is regulated very early in the process of colon carcinogenesis by the
epithelial cells carrying an Apc mutation. Our in vitro data show that
leptin acts in a mechanistically distinct manner to induce and orches-
trate angiogenesis cross talk in models of normal and preneoplastic
colon epithelial cells and endothelial cells. These findings, if con-
firmed in relevant animal and human model systems, enhance the



biologic plausibility that leptin may act at an early stage of carcino-
genesis to regulate epithelial-endothelial cell cross talk. This may
represent a target for prevention of obesity-associated cancer.
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