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Abstract. Leptin, which is encoded by the obese gene, is a
multifunctional neuroendocrine peptide that regulates appe-
tite, bone formation, reproductive function and angiogenesis.
The aims of the present study were to investigate the expres-
sion of leptin in 80 patients with colorectal cancer (CRC) and
to determine the effects of leptin on the malignant properties
of CRC cells. We evaluated the expression of leptin in tissues
of 80 patients with CRC. Suspension cultures were used to
isolate CRC stem cells following pretreatment with leptin. We
analyzed the effects of leptin on the adhesion and invasive
capacities of CRC cell lines. The effects of leptin on JAK
and ERK activation were examined using western blotting.
Leptin expression was associated with CRC progression and
increased the number and size of spheroid formation by CRC
cell lines. Leptin enhanced cell invasion and adhesion and
activated JAK and ERK signaling in the CRC cell lines. The
present study demonstrated that leptin influences the growth
and survival of CRC stem cells and regulates adhesion and
invasion of colorectal carcinoma through activation of the
JAK and ERK signaling pathways.

Introduction

Colorectal cancer (CRC) is one of the most common neoplasms
worldwide (1). A large body of epidemiological evidence
suggests that obesity increases CRC risk in men (relative risks
of ~1.5-2.0) and women (relatively risks of ~1.2-1.5) (2,3).
Although the molecular mechanisms underlying this associa-
tion are unknown, data acquired from experiments performed
in vitro suggest the direct involvement of fat tissue in CRC
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development. Adipocytes and preadipocytes stimulate the
growth of CRC cells (4), and the principal hormone synthe-
sized by adipocytes is leptin. Leptin is encoded by the obese
gene and functions as a neuroendocrine hormone that has
attracted attention since its identification in 1995 (5). Leptin
regulates appetite, bone formation, reproduction and angio-
genesis (6). These biological activities suggest that it plays
an important role in proliferation, invasion and metastasis of
cancer cells (7). In humans, circulating leptin levels correlate
with body mass index and are significantly elevated in obese
individuals (8). Recent data clearly indicate that the mitogenic,
anti-apoptotic, proinflammatory and angiogenic properties of
leptin promote the development and progression of different
types of cancers (9). Several reports have described the mito-
genic effects of leptin on gastric (10), breast (11), ovarian (12),
prostate (13) and endometrial cancer cells (14). Two studies
demonstrated that increased leptin levels are associated with
greater risk of CRC development, particularly in males (15,16).
Furthermore, in colon epithelial cells, leptin was found to
induce chemokine production associated with macrophage
activation similar to that observed in an adenomatous polyp-
osis coli genotype (17,18). The aims of the present study were
to investigate the expression of leptin in 80 patients with CRC
and to determine the effects of leptin on the malignant proper-
ties of CRC cell lines.

Materials and methods

Case selection and immunohistochemical assessment. For
immunohistochemical staining, we obtained formalin-fixed,
paraffin-embedded tissue samples from 80 patients diagnosed
with CRC at Chonnam National University Hospital, Gwangju,
Korea. The histology of the tumors was analyzed, and the
pathological stage was estimated according to the TNM score.
Patients (stage I, n=20; stage I, n=20; stage III, n=20 and
stage IV, n=20) were randomly selected from each of the stage
categories. The specimens were fixed in 10% neutral-buffered
formalin, embedded in paraffin and stained with hematoxylin
and eosin. The present study was approved by the Institutional
Review Board of Chonnam National University Hospital.

For immunohistochemical staining, tissue sections were
deparaffinized, rehydrated and subjected to epitope retrieval.
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To block endogenous peroxidase activity, tissues were treated
with Peroxidase-Blocking solution (Dako, Carpinteria, CA,
USA) and incubated with a polyclonal rabbit anti-leptin anti-
body (A-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
which was diluted 1:100 using goat serum and incubated with
the sections at room temperature for 1 h. After three 2-min
washes with phosphate-buffered saline (PBS), the sections
were incubated with a biotinylated goat anti-rabbit secondary
antibody for 30 min (Dako). After three 2-min washes in PBS,
horseradish peroxidase-streptavidin (Dako) was added to the
sections for 30 min, followed by another three washes for
2 min in PBS. Reactions were detected using with 3,3'-diami-
nobenzidine substrate (Vector Laboratories, Burlington, ON,
Canada) for 1 min, and the cells were counterstained using
Mayer's hematoxylin. Then slides were dehydrated following a
standard procedure and sealed with coverslips.

Tissue specimens reacted with the anti-leptin antibody
were examined at low and then at high magnification by two
pathologists blinded to the identities of the samples. In cases
of heterogeneous patterns in some sections, the classification
was determined by the dominant pattern, and the intensity of
stained cells was designated as negative, weak, moderate or
strong.

Cell culture and leptin pretreatments. We selected three
human CRC cell lines (LS174T, HCT 116 and CaCo-2) since
they express leptin at high levels. They were obtained from
the Korean Cell Line Bank (KCLB) and cultured at 37°C
in a humidified atmosphere containing 5% CO,. Cells were
grown in Dulbecco's modified Eagle's medium (DMEM)
containing 4,500 mg/I glucose, 100 mg/1 streptomycin and
2 mM L-glutamine supplemented with 10% fetal bovine
serum (FBS) (both from Gibco Invitrogen Inc., USA). After
24 h of serum starvation, the culture media were replaced with
serum-free media containing the indicated treatments. After a
further 24 h incubation, 10 ng/ml human recombinant leptin
(Sigma-Aldrich Corp., St. Louis, MO, USA) was added for
different times.

Spheroid formation assay. Cells were grown to 70% conflu-
ence, trypsinized and plated in 100 cm? diameter culture dishes
at a density of 1,000 cells/ml in serum-free DMEM containing
10 ng/ml human recombinant basic fibroblast growth factor,
(bFGF) and 10 ng/ml human epidermal growth factor (hEGF)
(both from R&D Systems, Minneapolis, MN, USA). A density
of at least 1,000 cells/ml was established for forming tumor-
spheres/colonospheres (serving as an in vitro model of cancer
stem cells). All cultures were incubated at 37°C in a humidi-
fied atmosphere containing 5% CO,. Cells were grown as
suspension cultures for 1-2 weeks for tumorsphere formation.
Colonies were counted in 10 randomly selected fields at x10
magnification using an Olympus IX50 inverted microscope.

Western blotting. To extract proteins, cells were lysed with
RIFA buffer (1 M Tris-HCI, 150 mM NaCl, 1% Triton X-100
and 2 mM EDTA) containing 1 mM phenylmethanesulfonyl
fluoride (PMSF) and Halt™ protease inhibitor cocktail
(Thermo, Rockford, IL, USA). The protein concentrations of
the cell lysates were quantitated using the BCA™ protein assay
(Thermo) with bovine serum albumin (BSA) as a standard.
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The lysates (25 pg protein) were subjected to electrophoresis
on 10% SDS-polyacrylamide gels and then electrophoretically
transferred to polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA). The membranes were incubated for
1 h in blocking solution [5% BSA in TBS-Tween-20 buffer
(TBST)] and sequentially blotted with primary antibodies
at 4°C overnight. Antibodies against Janus kinase 2 (JAK?2),
phospho-JAK?2, AKT, phospho-AKT, ERK, phospho-ERK,
MAPK, phospho-MAPK and B-actin were purchased from
Cell Signaling Technology (Beverly, MA, USA). After
rinsing in TBST, membranes were incubated with horse-
radish peroxidase (HRP)-labeled anti-rabbit or anti-mouse
immunoglobulin secondary antibodies (1:2,000 dilution) (Cell
Signaling Technology) at room temperature for 1 h. Enhanced
chemiluminescence was used to detect the bands, which were
visualized using a Fuji LAS-3000 image analyzer (Fuji Film,
Tokyo, Japan).

Adhesion assay. The 96-well plates were prepared. Three
human CRC cell lines were detached from the surfaces of
culture flasks with 5 mM EDTA in PBS, resuspended in culture
medium containing 0.02% BSA to 2.4x10° cells/ml, and 100 ul
of cell suspension was added to each well. All cells were
assayed in quadruplicate. After incubation for 12 h at 37°C
in an atmosphere containing 5% CO,, the supernatant from
each well was removed. After washing out non-adherent cells,
adherent cells were incubated for 4 h in medium containing
500 pug/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) solution. The absorbance of the reaction
product was measured at 550 nm. Adherent cells were counted
in three random area of each well.

Invasion assay. Cell invasion assays were performed using
Transwell filter chambers (8.0-ym pores) coated with 1%
gelatin overnight and dried at room temperature. Human CRC
cell lines were harvested, washed once in serum-free media,
and seeded at 2x10° cells in 120 p1 of medium containing 0.2%
BSA in the upper chamber. Then, 400 u1 of 0.2% BSA medium
containing 20 pg/ml of human plasma fibronectin (Calbiochem,
La Jolla, CA, USA), a chemotactic factor, was loaded into
the lower chamber. The Transwell apparatus was incubated
for 24 h at 37°C. Cells that invaded the bottom surface of
the upper chamber were fixed with 70% ethanol and stained
with Diff-Quik solution (Sysmex, Kobe, Japan) following the
manufacturer's protocol. The non-invasive cells on the top
surface were wiped off with cotton balls, and the stained cells
on the bottom surface were counted in five selected fields (each
0.5 mm?) of six random squares using a hematocytometer
placed on the stage of a light microscope. Results are expressed
as the means = standard error of the mean (SEM) of the number
of cells/field of three individual experiments.

Statistical analysis. The statistical significance of differences
between data sets was determined using the paired t-test. The
\* and Fisher's exact test, where appropriate, were used to
compare expression of leptin with various tumor stages. All
reported p-values were two-sided and p<0.05 was considered
to indicate a statistically significant result. The Statistical
Package for the Social Sciences (SPSS)/PC 20.0 (Chicago, IL,
USA) was used to perform the calculations.
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Figure 1. Immunohistochemical detection of leptin expression in human colorectal cancer. (A) In the CRC tissues, leptin was clearly expressed in the cytoplasm
of the colorectal cancer gland cells of stage I, I, IIT and IV, respectively. (B) Leptin expression was undetectable in 19/20 (95%) patients with stage I CRC and
5/20 (25%) patients with stage IV CRC. In contrast, leptin was ‘moderately to strongly’ expressed in 0/20 tissue samples with stage I CRC and in 10/20 tissue
samples with stage IV CRC. Expression of leptin was significantly associated with tumor stage (p<0.0001).

Results

Association of leptin expression and tumor stage. We deter-
mined the level of expression of leptin in 80 CRCs of different
stages. Leptin was clearly expressed in the cytoplasm of the
CRC cells. Leptin expression was ‘undetectable’ in 19/20
(95%) patients with stage I CRC and 5/20 (25%) patients with
stage IV CRC. In contrast, leptin was ‘moderately to strongly’
expressed in 0/20 patients with stage I CRC and in 10/20 (50%)
patients with stage IV CRC. Expression of leptin was signifi-
cantly associated with tumor stage (Fig. 1, p<0.0001).

Spheroid formation induced by leptin. Cancer cells can be
cultured in suspension to form spheres in serum-free replace-
ment medium. To test whether human CRC cell lines could
form spheres, CaCo-2, LS174T and HCT 116 cells were
cultured in a suspension-culture system. Tumorsphere forma-
tion by CaCo-2, LS174T and HCT 116 cells was observed on
day 5, accounting for 3.73+0.25, 2.80+0.26 and 3.13+0.32%
of the total cell population by day 11, respectively. A greater
number of large aggregates and colonies formed in the leptin-
treated cultures relative to the controls (p<0.05). Leptin

exposure increased the average colony size formed by each
cell line (Fig. 2).

Induction of adhesion and invasion in leptin-treated cells. In
the adhesion assays, leptin treatment for 12 h enhanced cell-
cell adhesion of HCT 116 cells compared with the untreated
HCT 116 cells (p=0.006); however, there was no statistically
significant difference between the treated and untreated
LS174T (p=0.140) and CaCo-2 cells (p=0.147, Fig. 3).

We next determined whether leptin treatment influ-
ences the invasiveness of the colon cancer cell lines The
number of invading HCT 116 cells treated with leptin
(10 ng/ml) was 574.3+562.5 when compared with the control
value of 502.6+£502.2 (Fig. 4A, p=0.178). The number of
invading CaCo-2 cells treated with leptin (10 ng/ml) was
3,395.6+£1571.2 when compared with the control value of
1,512.6+850.9 (Fig. 4B, p<0.001).

Activation of JAK2 and ERK signaling in cells treated with
leptin. In the CRC CaCo-2 cells, leptin (10 ng/ml) stimulated
the phosphorylation of JAK2 at the different treatment times.
Increased phosphorylation of JAK2 was observed within
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Figure 2. Spheroid formation assays. Leptin increased the number and size
of the spheroids in the (A) CaCo-2, (B) LS174T and (C) HCT 116 cell lines.

30 min after leptin treatment followed by a decline. In the
LS174T and HCT 116 cells, leptin stimulated the phosphoryla-
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Figure 3. Adhesion assays. Leptin treatment for 12 h enhanced cell-cell adhe-
sion of HCT 116 cells compared with the untreated HCT 116 cells (p=0.006),
but there were no statistically significant differences between the treated and
untreated LS174T (p=0.140) and CaCo-2 cells (p=0.147).

tion of ERK. The levels of total (T) JAK2, ERK, MAPK and
AKT were not altered in the three CRC cell lines after leptin
treatment (Fig. 5).

Discussion

In the present study, we demonstrated that leptin enhanced the
malignant phenotypes of three cell lines derived from human
CRCs.

Epidemiologic studies suggest that obesity is a risk factor
for colon cancer development (16,19). In contrast, Stattin et al
suggested that leptin is simply an innocent bystander, serving
merely as a correlate of other obesity-induced adverse altera-
tions in metabolism that may be the true cause of CRC (16).
In human CRC tissue, but not in normal mucosa or adenomas,
leptin and its receptor are overexpressed, which correlates
with the expression of the proneoplastic transcriptional regu-
lator, hypoxia-inducible factor 1, and a more advanced tumor
phenotype (21,22). Moreover, leptin is gradually expressed in
the progression of normal cells to adenomas and subsequently
to carcinomas, suggesting that leptin may be involved in multi-
step colorectal carcinogenesis (3).

In the present study, we determined the expression of
leptin in tissue samples from 80 Korean patients with CRC
and the associated clinicopathologic factors. We showed that
patients with more advanced stage tumors expressed higher
levels of leptin. Expression levels of leptin and its receptor
were previously found to correlate with the grade of tumor
differentiation, depth of bowel wall invasion, Dukes' stage and
distant metastasis in CRC patients, suggesting that the binding
of leptin to its cellular receptor promotes the proliferation of
CRC cells (23). However, data for the leptin concentration in
the sera of patients with CRC are discrepant. For example,
three studies report that decreased serum leptin levels are
associated with tumor aggressiveness (21,24,25).

Cancer stem cells are rare, but play an important role in
the maintenance of cancer homeostasis (26). Stem cells of
the gastrointestinal tract may serve as a principal target of
tumorigenic mutations due to their naturally long life-span
and capacity for self-renewal. The concept of stem cell-driven
tumorigenesis in CRC is supported by the identification and
phenotypic characterization of a subpopulation of colon
cancer cells capable of initiation and sustained reproduction
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Figure 4. Cell invasion assay. (A) The number of invading leptin-treated
(10 ng/ml) HCT 116 cells was 574.3£562.5, whereas that of the negative con-
trol was 502.6+502.2 (p=0.178). (B) The number of invading leptin-treated
(10 ng/ml) CaCo-2 cells was 3395.6+1571.2, whereas that for the negative
control was 1512.6+850.9 (p<0.001).

of human colon carcinomas in immune-compromised mice
(tumor-initiating cells or colorectal tumor stem cells) (27).
Cancer stem cells (CSCs) form spheres when cultured in vitro
in serum-free suspension cultures. This sphere-formation tech-
nique was used to isolate putative CSCs from freshly isolated
brain (28), breast (29) and colon tumors (30). Furthermore,
spheroid culture (or colonospheres) generated from a limited
number of human CRC-derived cell lines are enriched for cells
that express colonic CSC markers (31,32). Increasing evidence
suggests that stem cells play a decisive role in the progression
and metastasis of CRC.

CSCs possess the ability to self-renew and differentiate
into different cell types. Moreover, CSCs play an important
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Figure 5. Analysis of JAK and ERK phosphorylation. (A) Leptin stimulated
the phosphorylation (P) of JAK?2 at different treatment times in CaCo-2 cells.
Increased phosphorylation of JAK2 was observed within 30 min after leptin
treatment (10 ng/ml) followed by a decline. (B) In LS174T and (C) HCT 116
cells, leptin stimulated the phosphorylation of ERK. The levels of total (T)
JAK?2, ERK, MAPK and AKT were not altered in three CRC cell lines fol-
lowing leptin treatment.

role in the maintenance of cancer homeostasis, metastasis,
resistance to therapy and subsequent tumor recurrence (26,33).
In the present study, leptin increased the number and size of
tumorspheres formed by HCT 116, LS174T and CaCo-2 cells.
Bartucci et al reported that leptin enhances the formation
of tumorsphere by increasing their size and number (27).
Therefore, leptin may affect the growth and survival of CRC
stem cells that promote colorectal carcinogenesis.
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Cancer progression is a multistep process that enables
tumor cells to migrate to points far from a given primary
tumor mass (20). Here we showed that leptin enhanced the
invasive potential of CaCo-2 cells and the adhesive potential of
HCT 116 cells. These effects are consistent with the ability of
leptin to enhance the malignant phenotypes of CRC cells, such
as local invasiveness and the formation of distant metastasis.
Moreover, these results are consistent with our confirmation
here of leptin expression in human CRC tissue, which was
associated with advanced tumor stage.

To elucidate the signaling pathways involved in leptin-
mediated induction of malignant properties of CRC cells,
we showed that leptin rapidly induced the phosphorylation
of JAK2 and ERK, thus activating these key signal transduc-
tion pathways associated with cell growth. These results are
consistent with those of others that demonstrated the enhanced
activation of the JAK/STAT signaling pathway and elevated
expression of genes that are targeted by the STAT3 signaling
pathway in colorectal adenomas compared with normal
colorectal tissues (34). Although we did not study the pharma-
cologic inhibition of this pathway here, our results suggest that
leptin-mediated JAK and ERK signaling may control invasion
and migration. Further investigations are required to clarify
the role of CSC in the invasion and migration of CRC cells.

Our results were inconsistent regarding adhesion and
invasion, signaling pathways and spheroid formation in the
three CRC cell lines. These cell lines mirror the features of
the original, individual, diverse tumors from which they were
derived and reflect different stages of tumors occurring in the
same organ as well as their metastatic cells. Therefore, each
of these three colon cancer cell lines may possess distinct
combinations of unique oncogenes and tumor-suppressor
mutations (35).

In conclusion, in the present study, we demonstrated that
leptin affected the spheroid formation of colorectal cancer
cell lines and regulated adhesion and invasion of colorectal
carcinomas through activation of the JAK and ERK signaling
pathways.
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