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ABSTRACT
Purpose: The purpose of this study was to identify a
mediator produced by human colon cancer cells that is
responsible for the induction of hyperplasia in the adjacent
mucosa.
Experimental Design: Seventy human colon cancer surgical specimens were immunostained to determine the presence of cytokines that can induce hyperplasia in the adjacent
mucosal. Human colon cancer cells with low and high metastatic potential were implanted into the cecal wall of nude
mice. The resulting lesions were studied by immunohistochemistry to detect possible mediators of mucosal hyperplasia.
Results: Immunostaining of 70 colon cancer specimens
from 70 patients suggested that mucosal hyperplasia and
distant metastasis were associated with the expression of
interleukin (IL)-15 and, to a lesser extent, transforming
growth factor ␣. The production of IL-15 by colon cancer
cells was not associated with the infiltration of natural killer
cells into the tumors. Cecal tumors produced in nude mice
by human colon cancer cells with low and high metastatic
potential (KM12C and KM12SM cells, respectively) ex-
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pressed similar levels of transforming growth factor ␣, and
expression of IL-15 was detected only in the metastatic
KM12SM cells and was associated with hyperplasia of the
surrounding mucosa. The expression of the IL-15 receptor
in rat intestinal epithelial cells (IEC6 cells) was confirmed by
immunoblotting with antibodies against IL-15 receptor ␣
and IL-2 receptor ␤ and ␥ subunits and by a binding assay
using 125I-labeled IL-15 (Kd ⴝ 0.011 nM). IL-15 stimulated
proliferation of the IEC6 cells, even under serum starvation.
Treatment of IEC6 cells with IL-15 decreased doxorubicinmediated cytotoxicity. In IEC6 cells treated with either
IL-15- or KM12SM-conditioned medium, immunoblotting revealed a decrease in the production of p21Waf1,
Bax, and Bak and an increase in the production of cyclin
E, proliferating cell nuclear antigen, the phosphorylated
active form of AKT, basic fibroblast growth factor, and
vascular endothelial growth factor, changes associated
with cell growth, survival, and induction of angiogenesis.
Conclusions: These data indicate that IL-15 produced
by metastatic colon carcinoma cells can induce hyperplasia
in the mucosa adjacent to colon cancer, thus contributing to
angiogenesis and progression of the disease.

INTRODUCTION
Hyperplastic changes in the mucosa adjacent to human
colon cancer are associated with disease progression (1). These
changes, which include high Ki-67 labeling indices, increased
production of proangiogenic molecules, and intense angiogenesis, have the potential to promote the growth of colon cancers
and produce metastasis (2). These initial findings in specimens
of human colon cancers were confirmed in a nude mouse model
implanted orthotopically with colon cancer cells. Specifically,
high levels of PCNA2 and increased cell proliferation on bromodeoxyuridine labeling in highly metastatic KM12SM cells
were associated with hyperplastic morphology in the adjacent
mucosa, whereas in KM12C (the parental cell line of KM12SM
that has low metastatic potential) cells, PCNA and proliferation
levels were lower, and the adjacent mucosa showed little or no
hyperplasia (2). Increased levels of VEGF and basic fibroblast
growth factor and reduced levels of mouse IFN-␤ in the mucosa
adjacent to highly metastatic KM12SM tumors were associated
with dense vascularization at the mucosa-tumor boundary (2).
However, the factors that induce hyperplasia in the mucosa
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The abbreviations used are: PCNA, proliferating cell nuclear antigen;
VEGF, vascular endothelial growth factor; EGF, epidermal growth
factor; TGF, transforming growth factor; IL, interleukin; DXR, doxorubicin; RT-PCR, reverse transcription-PCR; IL-15R, IL-15 receptor;
NK, natural killer; ROS, reactive oxygen species; FBS, fetal bovine
serum; Ab, antibody; pAKT, phospho-AKT.
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adjacent to colon cancer are unknown. Colon cancers produce
various growth factors and cytokines, such as EGF and TGF-␣,
that can induce epithelial cell proliferation (3, 4). IL-15, an
autocrine/paracrine factor produced by colon cancer cells (5),
has been shown to promote the proliferation, motility, and
invasiveness of colon cancer cells as well as increase their
tolerance resistance to apoptosis (5). IL-15 has also been shown
to play a role in the repair of colon mucosal epithelium and to
cooperate with growth factors and cytokines, such as TGF-␣,
TGF-␤, IL-1, IL-2, and IL-4, that are involved in inflammatory
bowel disease (6). Whether the expression of IL-15 by human
colon cancer cells is also associated with the induction of
mucosal hyperplasia and angiogenesis was the subject of our
present study.

MATERIALS AND METHODS
Surgical Specimens. Seventy formalin-fixed, paraffinembedded archival surgical specimens from 70 patients with
primary colon adenocarcinomas that had invaded the subserosal
layer were randomly selected from the Hiroshima University
Hospital and the JR Hiroshima General Hospital of West Japan
Railway Company. In 33 of the 70 cases, lymph node metastases were detected (Dukes’ C). The other 37 cases had no
evidence of lymph node metastasis (Dukes’ B). None of the
patients had distant metastases at the time of resection of the
primary neoplasms.
Immunohistochemistry. Consecutive 4-m sections
were stained immunohistochemically using the immunoperoxidase technique described previously (2). Anti-IL-15 polyclonal
Ab (clone L-20; Santa Cruz Biotechnology, Santa Cruz, CA)
and anti-TGF-␣ monoclonal Ab (Oncogene Research Products,
Cambridge, MA) were used at a concentration of 1 g/ml. The
association between the IL-15 and TGF-␣ expression and hyperplastic changes in the mucosa adjacent to the tumors was
determined. Mucosal hyperplasia was defined as the presence of
cryptic columns in the mucosa within 2 mm from the edge of the
tumors that were 1.5 times as tall as columns in the mucosa 10
cm away from the tumor (Fig. 1A). For detection of NK cells,
we used the anti-CD56 Ab (DAKO Corp., Carpinteria, CA) and
anti-IL-15R␣ polyclonal Ab (clone H-107; Santa Cruz Biotechnology) at the concentration of 1 g/ml. Specimens were colordeveloped with diamine benzidine hydrochloride (DAKO
Corp.). Meyer’s hematoxylin (Sigma Chemical Co., St. Louis,
MO) was used for counterstaining. The number of NK cells was
determined by counting cells in 100 high-power fields, which
were equivalent to a 20-mm2 area.
Cell Cultures. IEC6 rat intestinal epithelium cells were
purchased from Dainihon Pharmaceutical Co. (Tokyo, Japan).
The human colon cancer cell line KM12C was established in our
laboratory from surgically resected primary colon cancer (7, 8).
KM12SM cells were established in culture from liver metastases
produced by KM12C cells growing in the cecal wall of nude
mice (7, 8). The two cell lines were routinely maintained in
RPMI 1640 (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan)
containing 10% FBS (Whittaker M. A. Bioproducts, Inc., Walkersville, MD) at 37°C in 5% CO2 and 95% air.
Animal Model. Specific pathogen-free male athymic
BALB/c mice were purchased from the Animal Production Area

Fig. 1 Immunostains of colon cancer (Dukes’ classification C). A,
hyperplastic changes in mucosa adjacent to the cancer (T; H&E stain).
B, IL-15-positive staining in cancer cells. C, infiltration of tumor by a
few NK cells (arrow) was detected with anti-CD56 Ab. Bar, 100 m.

of the National Cancer Institute-Frederick Cancer Research Facility (Frederick, MD). Animals were maintained and used
according to institutional guidelines in facilities approved by the
American Association of Laboratory Animal Care in accordance
with current regulations and standards of the United States
Department of Agriculture, Department of Health and Human
Services, and the NIH. The mice were used when they were
8 –10 weeks of age. To produce cecal tumors, we implanted 1 ⫻
106 viable KM12SM or KM12C cells into the cecal wall of nude
mice, as described in detail previously (9).
RT-PCR. The expression of IL-15 and TGF-␣ mRNA
was assessed with RT-PCR using 0.5 g of total RNA extracted
with a RNeasy kit (Qiagen, Hilden, Germany). The primer sets
were as follows: (a) human IL-15, 5⬘-CAA-AGC-ACC-TAACCT-A-3⬘ (forward) and 5⬘-ATA-ACT-TGT-AAC-TCC-A-3⬘
[reverse (referred to GenBank AF031167)]; (b) rat IL-15, 5⬘CAA-AGA-GGA-GGC-GTT-C-3⬘ (forward) and 5⬘-CTT-TCAATT-TTC-TCC-A-3⬘ [reverse (referred to GenBank NM013129)];
and (c) human TGF-␣, 5⬘-GAG-TGC-AGA-CCC-GCC-CGTGGC-3⬘ (forward) and 5⬘-CCA-GGA-GGT-CCG-CAT-GCTCAC-3⬘ [reverse (referred to GenBank M31172)]. ␤-Actin was
also amplified for internal control. PCR products were electro-
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phoresed in 2% agarose gel and stained with ethidium bromide.
The experiment was performed three times.
In Vitro Cell Growth. IEC6 cells seeded at a density of
2000 cells/well in 96-well plates were cultured for 12 h in
regular medium. The cells were washed twice with PBS and
treated under conditions detailed below in this section. Cell
growth was monitored after 12, 24, 36, 48, 72, and 96 h using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (5). Absorbance at a 595 nm wavelength was measured. Each experiment was performed three times.
IEC6 cells were cultured in medium containing IL-15 and
under serum-free conditions with or without 10 ng/ml IL-15
(Peprotec Ltd., London, UK). To neutralize the effects of IL-15,
we used polyclonal anti-IL-15 goat Ab (clone L-20; Santa Cruz
Biotechnology) or polyclonal anti-IL-15R␣ goat Ab (clone
H-107; Santa Cruz Biotechnology) at concentrations of 2 g/ml
(5). Goat IgG Ab (2 g/ml) was used as a control. At this
concentration, the Abs were not toxic (data not shown). For
serum starvation, cells seeded onto 96-well tissue culture plates
were washed twice with PBS and treated with serum-free RPMI
1640 after 12 h of culture in regular medium. Each experiment
was performed three times.
DXR (Sigma Chemical Co.) was used to induce cytostatic
and cytolytic effects. IEC6 cells were seeded onto 12-well cell
culture plates with a cell density of 50,000 cells/well. The cells
were treated for 24 h with various concentrations of DXR
(0.003– 0.3 g/ml), with or without 10 ng/ml IL-15. Detached
cells collected from the medium and PBS washings were stained
with trypan blue. Attached cells were trypsinized briefly and
stained with trypan blue. For each treatment group, live cells
(unstained) and dead cells (stained) were counted separately
using a Nesbeuer-type hemocytometer. Detached cells were also
stained by Giemsa to confirm apoptosis.
Preparation of Extracts. Subconfluent cultures of cells
were washed twice with PBS, harvested in PBS with a cell
scraper, and centrifuged. The cell pellet was resuspended in a
suspension buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5
mM EDTA, 50 g/ml phenylmethylsulfonyl fluoride, and 1
g/ml aprotinin], and SDS was added to make up a 1% final
concentration for cell lysis. The lysate was then boiled for 10
min and passed 20 times through a 21-gauge needle. The supernatant of the centrifuged (10,000 ⫻ g, 5 min) lysate was used
as total cell lysate for analyses.
Cultured Cell Medium. KM12SM or KM12C cells
were cultured at a density of 1 ⫻ 106 cells/10-cm2 tissue culture
plate in serum-free RPMI 1640. After 48 h, the medium was
collected, filtered (pore size ⫽ 0.22 m; Becton Dickinson
Labware, Bedford, MA), concentrated with a Centricon filter
device (Millipore Corp., Bedford, MA), and mixed with an
equal volume of fresh RPMI 1640 (20% FBS). KM12SM cultured medium was also treated overnight at 4°C with 1 g/ml
anti-IL-15 Ab (clone L-20; Santa Cruz Biotechnology) and then
mixed with the same volume of RPMI 1640 [20% FBS
(KM12SM cultured medium plus IL-15 Ab)]. IEC6 cells treated
with KM12SM cultured medium or KM12SM cultured medium
plus IL-15 Ab were harvested after 48 h, and the extracted cell
lysates were subjected to immunoblotting.
ELISA for IL-15. An ELISA system was purchased
from Genzyme-Techne Co. (Minneapolis, MN), and the assay

Table 1 Association between hyperplasia in mucosa adjacent
to colon carcinomas and production of metastases in 70 clinical
specimens
Nodal metastasis
Mucosal
hyperplasiaa

No. of
cases

Positive
cases

Negative
cases

Positive
Negative

44
26

30 (68%)b
3 (12%)

14
23b

a
Hyperplastic change of mucosa was defined morphologically as
cryptic columns 1.5 times taller than control mucosa 10 cm from cancer
lesion.
b
P ⬍ 0.001 (two-tailed Fisher’s exact test).

was performed according to the company’s instructions. For the
assay, 1 ⫻ 106 cells were seeded into 6-well tissue culture plates
and cultured for 12 h in regular medium. The cells were then
washed twice with PBS and treated for 24 h with 2 ml of
serum-free RPMI 1640. At that time, the cultured medium was
collected and centrifuged. To confirm the specificity of ELISA,
IL-15 (100 pg/dl) solubilized with PBS served as a positive
control.
Immunoblotting. Total cell lysates were prepared as described above. Immunoblot analysis of 50-g lysates was performed using 12.5% SDS-PAGE followed by electrotransfer
onto nitrocellulose membranes. The membranes were first incubated with an appropriate primary Ab, and the filters were
then incubated with peroxidase-conjugated anti-IgG Ab (Medical and Biological Laboratories, Ltd., Nagoya, Japan). The
immune complex was visualized using the enhanced chemiluminescence Western blot detection system (ECL; Amersham
Biosciences, United Kingdom Limited, Buckinghamshire,
United Kingdom). The primary Abs used and their manufacturers were as follows: (a) anti-p21Waf1 and anti-cyclin E (PharMingen, San Diego, CA); (b) anti-PCNA (DAKO Corp.); (c)
anti-VEGF, anti-AKT, anti-IL-2 receptor subunit ␤ (clone
C-20), anti-IL-2 receptor subunit ␥ (clone M-20), and anti-IL15R subunit ␣ [clone H-107 (all from Santa Cruz Biotechnology)]; (d) anti-pAKT (New England Biolabs, Inc., Beverly,
MA); and (e) anti-tubulin (Zymed Laboratories, Inc., South San
Francisco, CA). Specific signals on the developed films were
stored in a computer and scanned using NIH Image software
(NIH, Bethesda, MD).
125
I-Labeled IL-15 Binding Assay. Recombinant human IL-15 (Peprotec, Ltd.) was labeled with Na125I (Amersham) using iodination reagent (Pierce Biotechnology, Inc.,
Rockford, IL) to a specific activity range of 28,000 –30,000
cpm/fmol. The binding assay was carried out by modifying a
method described previously (5, 10). Cells were seeded in
6-well tissue culture plates at 1 ⫻ 106 cells/well. After 24 h, the
cells were washed with binding medium (RPMI 1640 containing
1% BSA) and treated with diluted concentrations (100 nM) of
125
I-labeled IL-15 (nonspecific binding) or unlabeled IL-15
(specific binding) in 0.5 ml of binding medium. The binding
reaction was carried out for 4 h at 4°C. The cells were then lysed
using 0.1 N NaOH and 0.025% SDS and counted in a liquid
scintillation counter. Data were obtained from duplicate experiments.
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Table 2 Expression of IL-15 and TGF-␣ in 70 clinical specimens of
human colorectal cancers is associated with induction of hyperplasia
in mucosa adjacent to the lesions
Mucosal
hyperplasiaa

No. of
cases

Positive
Negative
Pc

44
26

No. of positive casesb
IL-15

TGF-␣

Both

10
1
0.0444

11
8
1.0000

23
3
0.0007

a

Hyperplastic change of mucosa was defined morphologically as
cryptic columns 1.5 times taller than control mucosa 10 cm from cancer
lesion.
b
Positivity was determined by immunostaining.
c
Calculated using the two-tailed Fisher’s exact test.

DNA Fragmentation. To examine DNA fragmentation,
cells were lysed with hypotonic lysis buffer [0.2% Triton X-100,
10 mM Tris-HCl (pH 7.6), 1 mM EDTA (pH 8.0)] on ice for 20
min. After centrifugation, supernatant of the lysate was treated
with proteinase K and RNase A at 65°C for 30 min and precipitated with 100% ethanol and 0.1 M sodium acetate. Precipitated
DNA was resolved into small amount of TE buffer [10 mM
Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0)]. The whole amount of
the purified DNA samples was separated on a 2% agarose gel.
DNA fragmentation was assessed twice.
Statistical Analysis. Statistical significance was examined using the two-tailed Fisher’s exact test or the unpaired
Mann-Whitney U test. Ps ⬍ 0.05 were considered significant.

RESULTS
Mucosal Hyperplasia and Expression of IL-15 and
TGF-␣ in Surgical Specimens of Human Colon Cancers.
Mucosal hyperplasia was observed in 44 of the 70 surgical
specimens of human colon cancers (63%; Fig. 1A; Table 1) and
found more frequently in metastatic (30 of 33) than in nonmetastatic (14 of 37) colon cancers (P ⬍ 0.001). Among the 44 cases
with mucosal hyperplasia, IL-15 expression in colon cancer
cells was detected in 33 specimens (75%), and TGF-␣ expression was detected in 34 specimens (77%; Fig. 1B; Table 2). Of
these 44 cases, 23 specimens (52%) showed expression of both
IL-15 and TGF-␣. TGF-␣ expression alone was detected in 8 of
26 cancers with normal adjacent mucosa (31%) and thus was not
specific to mucosal hyperplasia (P ⫽ 1.0000). In contrast, the
expression of IL-15 or IL-15 combined with TGF-␣ was higher
in cases with mucosal hyperplasia than in cases without mucosal
hyperplasia (P ⫽ 0.0444 and P ⫽ 0.0007, respectively). Thus,
IL-15 expression alone or IL-15 expression combined with TGF-␣
was frequently found in tumor cells of cases with mucosal hyperplasia. The adjacent mucosa did not express IL-15. NK cell infiltration was detected by immunostaining using anti-CD56 Ab in
IL-15-producing and non-IL-15-producing tumors (Fig. 1C; Table
3). The number of NK cells infiltrating the tumors did not vary
significantly between the IL-15-producing and the non-IL-15producing tumors (Dukes’ B or C cases). In contrast, the number of
infiltrating NK cells was higher in Dukes’ B cases (4.18 ⫾ 2.29
cells/mm2) than in Dukes’ C cases (1.00 ⫾ 0.40 cells/mm2),
regardless of IL-15 production (P ⬍ 0.001).

Table 3

Number of infiltrating NK cells in surgical specimens of
human colon cancer

Dukes’
classification

IL-15
expression

No. of
cases

No. of NK cells
(per mm2)a

Pb

B
B
C
C

(⫺)
(⫹)
(⫺)
(⫹)

33
4
11
22

4.18 ⫾ 2.37
4.13 ⫾ 1.72
0.85 ⫾ 0.25
1.07 ⫾ 0.44

0.7954
0.1217

a

The number of NK cells was determined by counting cells in 100
high-power fields equivalent to 20 mm2.
b
Calculated by unpaired Mann-Whitney U test.

Induction of Hyperplasia in Colonic Mucosa by Human
Colon Cancer Cells in Nude Mice Is Associated with Expression of IL-15. The expression of IL-15 mRNA in KM12C and
KM12SM human colorectal carcinoma cells was examined by
RT-PCR (Fig. 2A) and by immunohistochemical analysis of the
tumors growing in the cecum of nude mice (Fig. 2B). In agreement with our previous report (2), the mucosa adjacent to
KM12SM tumor cells in nude mice cecum was thickened with
elongated crypts and increased areas of PCNA-positive nuclei,
whereas the mucosa adjacent to KM12C tumors had fewer
hyperplastic changes (Fig. 2B). IL-15 mRNA was detected in
KM12SM cells, and IL-15 protein was detected in the KM12SM
tumors. The KM12C cells and tumors did not express IL-15. In
contrast, TGF-␣ mRNA was detected in both KM12SM and
KM12C cells. The expression of IL-15 and TGF-␣ mRNA in
noncancerous rat IEC6 intestinal epithelial cells (examined by
RT-PCR) was weak (data not shown). The concentration of
IL-15 in the culture medium of KM12SM cells (determined by
ELISA) was 420 ⫾ 76 pg/dl (mean ⫾ SD; n ⫽ 3), whereas the
concentrations of IL-15 in the culture media of KM12C and
IEC6 cells were below the limit of detection. NK cell infiltration
of the cecal tumors was detected by immunostaining using
anti-IL-15R␣ Ab (Fig. 2B). The number of infiltrating NK cells
was 0.3 cell/mm2 in IL-15-producing KM12SM tumors and 4.3
cells/mm2 in the IL-15-negative KM12C tumors.
Expression of IL-15R by IEC6 Cells. Next, we examined whether intestinal epithelial cells expressed the IL-15R.
Production of the IL-15R-specific ␣ subunit and ␤ and ␥ subunits, which are common with IL-2, was detected in IEC6 cells
(Fig. 3A). The IL-15R␣ level was not affected by the treatment
of cells with IL-15- or KM12SM-conditioned medium (Fig. 5).
A binding assay with 125I-labeled IL-15 revealed two types of
binding kinetics to the IEC6 cells (Fig. 3B). Scatchard plot
analysis showed both high-affinity binding sites (Kd ⫽ 0.011
nM, Bmax ⫽ 0.012 fmol) and low-affinity binding sites (Kd ⫽
0.07 nM, Bmax ⫽ 0.016 fmol).
Effects of IL-15 on the Growth and Survival of IEC6
Intestinal Epithelial Cells. Next, we examined the effect of
IL-15 on growth of IEC6 cells (Fig. 4A). Culturing cells in
medium containing IL-15 increased their proliferation by 24%.
IEC6 cells were cultured under serum-free conditions with or
without 10 ng/ml IL-15. Treatment of IEC6 cells with IL-15
increased their growth by 21% compared with serum-starved
cells without IL-15. Treatment of IEC6 cells with anti-IL-15 Ab
or anti-IL-15R␣ Ab neutralized the IL-15-induced growth en-
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Fig. 3 A, production of IL-15R-specific ␣ subunit and ␤ and ␥ subunits
common to IL-2 in IEC6 cells. Rat spleen cells served as positive
controls. Fifty g of total cell lysate were subjected to 12.5% SDSPAGE and electroblotted onto nitrocellulose membranes. Tubulin
served as an internal control. B, specific binding of IL-15 to IEC6 cells
was detected using 125I-labeled IL-15. Scatchard plot analysis of 125I
-labeled IL-15 binding generated two classes of binding sites, highaffinity sites and low-affinity sites (inset).
Fig. 2 A, expression of TGF-␣ and IL-15 mRNA by KM12SM (high
metastatic potential) and KM12C (low metastatic potential) human
colon cancer cells as determined by RT-PCR. ␤-Actin mRNA served as
an internal control. B, immunostaining of human IL-15 and mouse NK
cell marker (IL-15R␣) in KM12SM and KM12C tumors growing in the
cecum of nude mice. Strong IL-15 immunoreactivity was found in
KM12SM cells but not in KM12C cells. Few NK cells were found in the
KM12SM tumor. The mucosa adjacent to the KM12SM tumor showed
thickened hyperplastic changes. Arrow, IL-15R␣-positive NK cell.

hancement of IEC6 cells under serum starvation conditions
(Fig. 4B).
To examine the effects of IL-15 on cell survival, IEC6 cells
were incubated for 24 h in media containing different concentrations of DXR. The numbers of viable and dead cells were
determined using trypan blue dye exclusion staining. As shown
in Fig. 4, C and D, the presence of IL-15 significantly increased
cell survival with a maximal effect at 0.003 g/ml DXR. The
number of viable IEC6 cells treated with IL-15 and 0.003 g/ml
DXR was 1.2 times higher than that of cells treated with DXR
alone. For each concentration of DXR, IL-15 treatment decreased the number of dead cells to half the number in the
untreated cells. Treatment of IEC6 cells with anti-IL-15 Ab or
anti-IL-15R␣ Ab prevented the anticytolytic effect of IL-15
(Fig. 4E), thus allowing apoptosis to occur in the IEC6 cells
(Fig. 4F). We confirm the antiapoptotic effect of IL-15 on IEC6
cells treated with serum withdrawal (data not shown).

Alteration of Expression of Cellular Proteins in IEC6
Cells by IL-15- and KM12SM-Conditioned Medium. In the
last set of studies, we examined the production by IEC6 cells of
proteins associated with the cell cycle, cell survival, and the
production of angiogenic molecules (Fig. 5). After 48 h of
treatment with IL-15, the levels of cyclin-dependent kinase
inhibitor p21Waf1, cyclin E, and PCNA in IEC6 cells were
21%, 192%, and 138%, respectively, the levels measured in
untreated control cells, and the production of VEGF increased to
139%, respectively. The level of pAKT, an active form of the
antiapoptotic serine/threonine kinase AKT (11), increased to
183% of the control level, whereas the total AKT protein level
was unaltered by IL-15 treatment (Fig. 5). In cells exposed to
IL-15, the levels of the proapoptotic factors Bax and Bak were
reduced to 11% and 7%, respectively, as compared with the
levels in control cells (data not shown).
The IEC6 cells also were cultured in preconditioned medium from KM12SM cells that contained 630 pg/ml IL-15 (as
measured by ELISA). Treatment of IEC6 cells with KM12SMpreconditioned medium produced changes in the levels of expression of all of the above proteins, similar to the changes
produced by IL-15 (Fig. 5). The effects of KM12SM-preconditioned medium on IEC6 cells were negated by pretreatment with
anti-IL-15 Ab.
Finally, the IEC6 cells were cultured in preconditioned
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Fig. 4 A, the effect of IL-15 on growth of IEC6 cells. Cells seeded in 96-well plates at a density of 2000 cells/well were treated with medium with
or without 10 ng/ml IL-15. Cell growth was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 12–96 h later. Results
represent the mean ⫾ SD. B, neutralizing effect of anti-IL-15 or anti-IL-15R␣ Abs on IL-15-induced cell growth of serum-starved cells. IEC6 cells
cultured in serum-free medium were treated with IL-15 (10 ng/ml) alone or with anti-IL-15 Ab (2 g/ml) or anti-IL-15R␣ Ab (2 g/ml). Cell growth
is represented as a relative value compared with that of IEC6 cells growing in regular medium. C and D, anticytostatic and anticytolytic effects of
IL-15. IEC6 cells were treated with different concentrations of DXR (0.003– 0.3 g/ml) for 24 h. The number of viable (C) and dead (D) cells was
determined by trypan blue staining. E, neutralizing effect of anti-IL-15 or anti-IL-15R␣ Abs on DXR-induced cytolysis. IEC6 cells treated with
various combinations of DXR (0.3 g/ml), IL-15 (10 ng/ml), anti-IL-15 Ab (2 g/ml), or anti-IL-15R␣ Ab (2 g/ml) for 24 h. The number of dead
cells was determined by trypan blue staining. F, Giemsa staining of IEC6 cells treated with DXR (0.3 g/ml; left panel). Arrowheads point to apoptotic
figures. DNA purified from DXR-treated IEC6 cells showed fragmentation (right panel).

medium from IL-15-negative KM12C cells (Fig. 5). The expression level of each of the above proteins produced by IEC6 cells
treated with KM12C-preconditioned medium changed little or
not at all from the levels found in untreated IEC6 cells.

DISCUSSION
The expression of IL-15 has been shown to play a role in
colon cancer progression by influencing cell growth, invasion,

and apoptosis (10). In the present study, expression of IL-15 was
associated with the induction of mucosal hyperplasia by metastatic colon cancer cells, suggesting that IL-15 expression is
closely related to the production of metastasis. Data from experimental systems support the trophic effect of IL-15. Implantation of human colon cancer cells into the cecal wall of nude
mice leads to the establishment of a growing tumor (9). In this
orthotopic mouse colon cancer model, highly metastatic
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Fig. 5 Effects of IL-15-, KM12SM-, and KM12C-preconditioned media on protein expression in IEC6 cells. The production of p21Waf1,
cyclin E, PCNA, total AKT, pAKT, VEGF, and IL-15R ␣ subunit was
examined by immunoblotting. Tubulin served as an internal control.
Cells were treated with 10 ng/ml human IL-15, concentrated KM12SMconditioned medium (KM12SM-CM), concentrated KM12SM-conditioned medium pretreated with anti-IL-15 Ab (KM12SM-CM⫹␣IL15Ab), or concentrated KM12C-conditioned medium (KM12C-CM) for
48 h. Fifty g of total cell lysate were subjected to 12.5% SDS-PAGE
and electroblotted onto nitrocellulose membranes.

KM12SM human colon cancer cells expressed IL-15, whereas
low-metastatic KM12C cells did not. Moreover, the present
immunohistochemical analysis of autochthonous colon cancer
specimens revealed that whereas metastatic colon cancer cells
express IL-15, the adjacent mucosa does not. As we reported
previously on colo320 cells (5), IL-15 shows direct effects on
KM12SM colon cancer cells. IL-15 enhances cell motility and
invasion in vitro on KM12SM cells, whereas it has less effect on
KM12C cells (data not shown). KM12SM cells also express
EGF receptor at high levels, which is closely associated with
metastatic potential of the cells through autocrine stimulation by
TGF-␣ (2, 3, 12). In contrast, KM12C cells express EGF receptor at lower levels than KM12SM cells (2, 13). The pair of
KM12SM and KM12C cells is a suitable model for analyzing
roles of IL-15 in colon cancer.
IL-15 can induce proliferation, invasion, and production
of proangiogenic factors by colon cancer cells (5). Our present data indicate that IL-15 produced by colon cancer cells
can induce cell growth and reduce DXR-induced apoptosis of
intestinal epithelial cells. IL-15 also increases the production
of angiogenic factors by intestinal epithelial cells, which
suggests that IL-15 can contribute to both mucosal hyperplasia and angiogenesis and, hence, to tumor progression and

metastasis (1, 2). Colon cancer cells produce various growth
factors, including TGF-␣ (3), and KM12SM cells produce
IL-15 as well. In IEC6 cells treated with KM12SM-conditioned medium plus anti-IL-15 Ab, the up-regulated expression of pAKT and VEGF was partially neutralized by TGF-␣
produced by the KM12SM cells. Treatment of IEC6 cells
with KM12SM-conditioned medium plus both anti-IL-15 and
anti-TGF-␣ Abs neutralized up-regulation of pAKT and
VEGF expression (data not shown).
In lymphoid cells, IL-2 receptor ␤/␥ complex and IL-15R␣
are required for signal transduction and high-affinity binding of
IL-15, respectively (14). It was suggested recently that IL-15R␣
is also involved in signal transduction in certain cell types (15);
for example, synovial cells involved in rheumatoid arthritis
express functional IL-15R complex (16). Our data demonstrate
that IEC6 intestinal epithelial cells express IL-15R␣ and IL-2
receptor ␤/␥ subunits and have a high affinity for IL-15 (i.e., the
IL-15Rs are functional).
IL-15 is a chemoattractant to NK cells, and hence its
expression is considered to be protective against the progression of colon cancers (17) and other neoplasms (18 –20). In
advanced cancers, the infiltration of NK cells into tumors and
the activity of NK cells is reported to be suppressed (21–23).
In the present study, we found that the number of NK cells
infiltrating tumors was not associated with IL-15 production
and that fewer NK cells infiltrated metastatic (Dukes’ C)
tumors than infiltrated nonmetastatic (Dukes’ B) tumors.
Also, the experimental KM12SM tumors (which have high
metastatic potential) had fewer infiltrating NK cells than did
the KM12C tumors (which have low metastatic potential).
Collectively, these findings suggest that cancer cells may
possess a mechanism to combat NK cells. NK cells express
surface receptors that transduce intracellular signals through
SHP-1 activation and inhibit cellular function (24 –27). Activation of this inhibitory pathway in NK cells by products
released from tumor cells has not been reported. ROS can
inhibit NK cell activity (28), and tobacco carcinogens suppress NK cell activity through ROS produced by activated
cyclooxygenase 2 and increased levels of prostaglandin E2
(29). Because many types of cancer cells produce ROS,
inhibition of NK cells by ROS from KM12C or KM12SM
tumors may be relevant to our study findings. Various growth
factors and cytokines are produced by colon cancer cells (3).
Some, such as TGF-␤ (30), TGF-␣ (31), hepatocyte growth
factor and insulin-like growth factor II (32), and GM3 (33),
are reported to have inhibitory effects on NK cells. In the
present study, we found that many IL-15-producing colon
cancers concurrently produced TGF-␣. These findings suggest that NK cell activation and the anticancer effects of
IL-15 might be negated by ROS and growth factors concurrently produced by tumor cells. IL-15 has opposite biological
effects in colon cancer cells than in the host immune system:
the direct action of IL-15 on colon epithelial cells and cancer
cells promotes the growth of cancer cells (5, 34, 35), whereas
its activation of NK cells can have an antitumor effect (15–
18). In the above scenario, the IL-15-producing colon cancer
cells exploit the protumor effects of IL-15 in cancer-cancer
and cancer-mucosa interactions to promote tumor progression and metastasis.
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Tumor cells that stimulate proliferation of adjacent normal
tissues can benefit from the induction of angiogenesis necessary
to support the hyperplasia. Moreover, hyperplastic tissues produce a variety of growth factors that act as autocrine factors on
normal cells and as paracrine factors on tumor cells. For example, scirrhous-type gastric cancers that produce TGF-␤ or platelet-derived growth factor can induce production of hepatocyte
growth factor by fibroblasts (36, 37), and pancreatic adenocarcinomas that produce basic fibroblast growth factor or EGF can
induce desmoplastic stromal changes or hyperplasia of duct
epithelia associated with neovascularization (38). The present
data from human colon cancers indicate that production of IL-15
can stimulate intestinal epithelial cells to proliferate and produce
proangiogenic molecules. The angiogenesis supporting the induction and maintenance of the hyperplasia also contributes to
the progressive growth of the colon cancer.
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López for expert assistance with the preparation of the manuscript.

REFERENCES
1. Kuniyasu, H., Oue, N., Shigeishi, H., Ito, R., Kato, Y., Yokozaki, H.,
and Yasui, W. Prospective study of Ki-67 labeling index in the mucosa
adjacent to cancer as a marker for colorectal cancer metastasis. J. Exp.
Clin. Cancer Res., 20: 543–548, 2001.
2. Kuniyasu, H., Yasui, W., Shinohara, H., Yano, S., Ellis, L. M.,
Wilson, M. R., Bucana, C. D., Rikita, T., Tahara, E., and Fidler, I. J.
Induction of angiogenesis by hyperplastic colonic mucosa adjacent to
colon cancer. Am. J. Pathol., 157: 1523–1535, 2000.
3. Fidler, I. J. Critical determinants of human colon cancer metastasis.
In: E. Tahara (ed.), Molecular Pathology of Gastroenterological Cancer,
pp. 147–169. Tokyo: Springer-Verlag, 1997.
4. Ferrara, N. Vascular endothelial growth factor and the regulation of
angiogenesis. Recent Prog. Horm. Res., 55: 15–35, 2000.
5. Kuniyasu, H., Oue, N., Nakae, D., Tsutsumi, M., Denda, A., Tsujiuchi, T., Yokozaki, H., and Yasui, W. Interleukin-15 expression is
associated with malignant potential in colon cancer cells. Pathobiology,
69: 86 –95, 2001.
6. Podolsky, D. K. Healing the epithelium: solving the problem from
two sides. J. Gastroenterol., 32: 122–126, 1997.
7. Morikawa, K., Walker, S. M., Jessup, M., and Fidler, I. J. In vitro
selection of highly metastatic cells from surgical specimens of different
primary human colon carcinomas implanted into nude mice. Cancer
Res., 48: 1943–1948, 1988.
8. Morikawa, K., Walker, S. M., Nakajima, M., Pathak, S., Jessup,
J. M., and Fidler, I. J. Influence of organ environment on the growth,
selection, and metastasis of human colon carcinoma cells in nude mice.
Cancer Res., 48: 6863– 6871, 1988.
9. Fidler, I. J. Orthotopic implantation of human colon carcinomas into
nude mice provides a valuable model for the biology and therapy of
metastasis. Cancer Metastasis Rev., 10: 229 –243, 1991.
10. Kuniyasu, H., Oue, N., Tsutsumi, M., Kubozoe, T., Tahara, E., and
Yasui, W. Heparan sulfate enhances invasion by human colon carcinoma cell lines through expression of CD44 variant exon 3. Clin. Cancer
Res., 7: 4067– 4072, 2001.
11. Cross, T. G., Scheel-Toellner, D., Henriquez, N. V., Deacon, E.,
Salmon, M., and Lord, J. M. Serine/threonine protein kinases and
apoptosis. Exp. Cell Res., 256: 34 – 41, 2000.
12. Takahashi, Y., Ellis, L. M., Wilson, M. R., Bucana, C. D., Kitadai,
Y., and Fidler, I. J. Progressive upregulation of metastasis-related genes
in human colon cancer cells implanted into the cecum of nude mice.
Oncol. Res., 8: 163–169, 1996.

13. Singh, R. K., Tsan, R., and Radinsky, R. Influence of the host
microenvironment on the clonal selection of human colon carcinoma
cells during primary tumor growth and metastasis. Clin. Exp. Metastasis, 15: 140 –150, 1997.
14. Anderson, D. M., Kumaki, S., Ahdieh, M., Bertles, J., Tometsko,
M., Loomis, A., Giri, J., Copeland, N. G., Gilbert, D. J., Jenkins, N. A.,
Valentine, V., Shapiro, D. N., Morris, S., W., Park, L. S., and Cosman,
E. Functional characterization of the human interleukin-15 receptor ␣
chain and close linkage of IL15RA and IL2RA genes. J. Biol. Chem.,
270: 29862–29869, 1995.
15. Bulfone-Pau, S. S., Bulanova, E., Pohl, T., Budagian, V., Durkop,
H., Ruckert, R., Kunzendorf, U., Paus, R., and Krause, H. Death
deflected: IL-15 inhibits TNF-␣-mediated apoptosis in fibroblasts by
TRAF2 recruitment to the IL-15R␣ chain. FASEB J., 13: 1575–1585,
1999.
16. Kurowska, M., Rudnicka, W., Kontny, E., Janicka, I., Chorazy,
M., Kowalczewski, J., Ziolkowska, M., Ferrari-Lacraz, S., Strom,
T. B., and Maslinski, W. Fibroblast-like synoviocytes from rheumatoid arthritis patients express functional IL-15 receptor complex:
endogenous IL-15 in autocrine fashion enhances cell proliferation
and expression of Bcl-xL and Bcl-2. J. Immunol., 169: 1760 –1767,
2002.
17. Tasaki, K., Yoshida, Y., Miyauchi, M., Maeda, T., Takenaga, K.,
Kouzu, T., Asano, T., Ochiai, T., Sakiyamna, S., and Tagawa, M.
Transduction of murine colon carcinoma cells with interleukin-15 gene
induces antitumor effects in immunocompetent and immunocompromised hosts. Cancer Gene Ther., 7: 255–261, 2000.
18. Di Carlo, E., Meazza, R., Basso, S., Rosso, O., Comes, A.,
Gaggero, A., Musiani, P., Santi, L., and Ferrini, S. Dissimilar antitumor reactions induced by tumour cells engineered with the interleukin-2 or interleukin-15 gene in nude mice. J. Pathol., 191: 193–
201, 2000.
19. Gri, G., Chiodoni, C., Gallo, E., Stoppacciaro, A., Liew, F. Y., and
Colombo, M. P. Antitumor effect of interleukin (IL)-12 in the absence
of endogenous IFN-␥: a role for intrinsic tumor immunogenicity and
IL-15. Cancer Res., 62: 4390 – 4397, 2002.
20. Fehniger, T. A., Cooper, M. A., and Caligiuri, M. A. Interleukin-2
and interleukin-15: immunotherapy for cancer. Cytokine Growth Factor
Rev., 13: 169 –183, 2002.
21. Villegas, F. R., Coca, S., Villarrubia, V. G., Jimenez, R., Chillon,
M. J., Jareno, J., Zuil, M., and Callol, L. Prognostic significance of
tumor infiltrating natural killer cells subset CD57 in patients with
squamous cell lung cancer. Lung Cancer, 35: 23–28, 2002.
22. Pross, H. F., and Lotzova, E. Role of natural killer cells in cancer.
Nat. Immunol., 12: 279 –292, 1993.
23. Schantz, S. P., and Ordonez, N. G. Quantitation of natural killer
cell function and risk of metastatic poorly differentiated head
and neck cancer. Nat. Immunol. Cell Growth Regul., 10: 278 –288,
1991.
24. Long, E. O., Barber, D. F., Burshtyn, D. N., Faure, M., Peterson,
M., Rajagopalan, S., Renard, V., Sandusky, M., Stebbins, C. C., Wagtmann, N., and Watzl, C. Inhibition of natural killer cell activation
signals by killer cell immunoglobulin-like receptors (CD158). Immunol.
Rev., 181: 223–233, 2001.
25. Blery, M., Olcese, L., and Vivier, E. Early signaling via inhibitory
and activating NK receptors. Hum. Immunol., 61: 51– 64, 2000.
26. Lanier, L. L. NK cell receptors. Annu. Rev. Immunol., 16: 359 –
393, 1998.
27. Ryan, J. C., and Seaman, W. E. Divergent functions of lectin-like
receptors on NK cells. Immunol. Rev., 155: 79 – 89, 1997.
28. Hellstrand, K., Brune, M., Naredi, P., Mellqvist, U. H., Hansson,
M., Gehlsen, K. R., and Hermodsson, S. Histamine: a novel approach to
cancer immunotherapy. Cancer Investig., 18: 347–355, 2000.
29. Castonguay, A., Rioux, N., Duperron, C., and Jalbert, G. Inhibition
of lung tumorigenesis by NSAIDS: a working hypothesis. Exp. Lung
Res., 24: 605– 615, 1998.

Downloaded from clincancerres.aacrjournals.org on January 17, 2022. © 2003 American Association for
Cancer Research.

4810 Mucosal Trophic Effect of IL-15

30. Ebert, E. C. Inhibitory effects of transforming growth factor-␤
(TGF-␤) on certain functions of intraepithelial lymphocytes. Clin. Exp.
Immunol., 115: 415– 420, 1999.
31. Hilakivi-Clarke, L., and Dickson, R. B. Stress influence on development of hepatocellular tumors in transgenic mice overexpressing
TGF-␣. Acta Oncol., 34: 907–912, 1995.
32. Francavilla, A., Vujanovic, N. L., Polimeno, L., Azzarone, A.,
Iacobellis, A., Deleo, A., Hagiya, M., Whiteside, T. L., and Starzl, T. E.
The in vivo effect of hepatotrophic factors augmenter of liver regeneration, hepatocyte growth factor, and insulin-like growth factor-II on
liver natural killer cell functions. Hepatology, 25: 411– 415, 1997.
33. Bergelson, L. D. Gangliosides and antitumor immunity. Clin. Investig., 71: 590 –594, 1993.
34. Cao, S., Troutt, A. B., and Rustum, Y. M. Interleukin 15 protects
against toxicity and potentiates antitumor activity of 5-fluorouracil alone
and in combination with leucovorin in rats bearing colorectal cancer.
Cancer Res., 58: 1695–1699, 1998.

35. Carson, W. E., Giri, J. G., Lindemann, M. J., Linett, M. L., Ahdieh,
M., Paxton, R., Anderson, D., Eisenmann, J., Grabstein, K., and Caligiuri, M. A. Interleukin (IL) 15 is a novel cytokine that activates human
natural killer cells via components of the IL-2 receptor. J. Exp. Med.,
180: 1395–1403, 1994.
36. Kuniyasu, H., Yasui, W., Kitadai, Y., Yokozaki, H., Ito, H., and
Tahara, E. Frequent amplification of the c-met gene in scirrhous type
stomach cancer. Biochem. Biophys. Res. Commun., 189: 227–232,
1992.
37. Yokozaki, H., Ito, M., Yasui, W., Kyo, E., Kuniyasu, H., Kitadai,
Y., Tsubouchi, H., Daikuhara, Y., and Tahara, E. Biologic effect of
human hepatocyte growth factor on human gastric carcinoma cell lines.
Int. J. Oncol., 3: 89 –93, 1993.
38. Kuniyasu, H., Abbruzzese, J. L., Cleary, K. R., and Fidler, I. J.
Induction of ductal and stromal hyperplasia by basic fibroblast growth
factor produced by human pancreatic carcinoma. Int. J. Oncol., 19:
681– 685, 2001.

Downloaded from clincancerres.aacrjournals.org on January 17, 2022. © 2003 American Association for
Cancer Research.

Production of Interleukin 15 by Human Colon Cancer Cells Is
Associated with Induction of Mucosal Hyperplasia,
Angiogenesis, and Metastasis
Hiroki Kuniyasu, Hitoshi Ohmori, Takamistu Sasaki, et al.
Clin Cancer Res 2003;9:4802-4810.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/9/13/4802

This article cites 34 articles, 8 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/9/13/4802.full#ref-list-1
This article has been cited by 9 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/9/13/4802.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/9/13/4802.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on January 17, 2022. © 2003 American Association for
Cancer Research.

