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Role of the long form leptin receptor and of the STAT3
signaling pathway in colorectal cancer progression
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Abstract. Although a number of recent studies have reported
the involvement of leptin in colorectal carcinogenesis, findings
are contradictory and difficult to interpret. Our group has
previously reported that leptin signaling might have an impor-
tant role in the development of colorectal adenomas. In this
study, we investigated leptin signaling in colorectal carcino-
genesis focusing in particular on the differences in leptin
signaling between colorectal adenoma and cancer. Whereas
no significant differences in the serum leptin levels were
observed among normal control subjects and adenoma/cancer
patients, increased expression and activation of the long form
leptin receptor (ObRL) was observed in colorectal adenoma
and cancer tissues compared with the normal colorectal
tissues. However, no significant differences were observed
between the colorectal adenoma and cancer tissues. Significant
increases in the phosphorylation levels of important molecules
of the JAK/STAT signaling pathway, located downstream of
leptin signaling, and transcriptional regulation of STAT3-
downstream target molecules were observed in colorectal
adenoma tissue compared with the findings in normal colorectal
tissues. Furthermore, these changes were significantly more
pronounced in colorectal cancer compared to colorectal
adenoma tissues. This is the first analysis of leptin and JAK/
STAT signaling in a human colorectal adenoma-carcinoma
sequence. These results suggest that the STAT3-mediated
leptin signaling through the activation of ObRL may be
involved in colorectal carcinogenesis, both in adenoma forma-
tion and in the progression to cancer. STAT3 signaling in
colorectal cancer may be mediated not only by leptin but by
other factors.
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Introduction

A number of recent studies have reported that leptin is
involved in colorectal carcinogenesis (1-3). Although several
studies have demonstrated the role of leptin as an important
growth factor for colorectal cancer cell lines in vitro (1-3), the
relationship between leptin signaling and colorectal cancer
development in vivo still remains controversial. Animal
experiments conducted in vivo in rodent models of colorectal
carcinogenesis have revealed no effects of leptin signaling on
colorectal carcinogenesis (2,4,5). In contrast, many previous
clinical studies have shown a significant association between
serum leptin levels and the presence of colorectal cancer
(6-13). Thus, the results of previous clinical studies and animal
experiments are contradictory and difficult to interpret.

In a previous study, we demonstrated an important role of
leptin signaling in the development of colorectal adenoma (14).
Although we found no association between serum leptin levels
and the presence of colorectal adenoma, increased expression
of the long form leptin receptor (ObRL) and activation of JAK/
STAT signaling were observed in colorectal adenoma tissues
as compared with the observations in normal tissues. These
results clearly suggest that the leptin signaling pathway plays a
crucial role in the growth of colorectal adenoma.

Meanwhile, the progression of adenoma to cancer is another
important step in colorectal carcinogenesis. However, the role
of leptin signaling in the progression of adenoma to cancer is
still unclear. Therefore, in this study, we investigated the leptin
signaling in colorectal carcinogenesis especially focused on the
differences in leptin signaling between colorectal adenoma and
cancer.

Materials and methods

Study population. The study protocol was approved by the
Yokohama City University Hospital Ethics Committee.
Written informed consent was obtained from all the subjects
prior to their participation in the study.

Thirty-one patients diagnosed as having colorectal cancer
between January 2008 and July 2009 at Yokohama City
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Table I. Characteristics of the study patients.
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Characteristics Controls Adenoma Cancer P-value
No. of patients 68 60 31

Age (year) 62.0+14.0 64.3+11.1 64.3+8.7 0.53
Gender, male/female 37/31 40/20 19/12 0.37
Waist circumference (cm) 84.3x10.1 85.5+8.3 84.0+9.6 0.52
BMI (kg/m?) 22.6+3.5 23.5+2.7 224432 0.10
VFA (cm?) 74.6£49.7 91.0+£39.0 83.7+49.1 0.08
FBS (mg/dl) 111.7+£27.2 105.0+25.5 103.9+18.8 042
HbAlc (%) 57+12 5.5+2.9 54+0.6 0.99
Leptin (ng/ml) 54442 5.4+4.0 49+43 0.69

Data are shown as the mean + standard deviation (SD). BMI, body mass index; VFA, visceral fat area; FBS, fasting blood sugar. Statistical

analysis was performed by the Kruskal-Wallis test.

University Hospital, 68 control subjects in whom colonos-
copy confirmed the absence of any colorectal polyps, and 60
adenoma patients were recruited for this study. The exclusion
criteria were subjects with familial adenomatous polyposis,
inflammatory bowel disease, radiation colitis or any malignant
disease, and subjects with a previous history of colectomy,
gastrectomy or colorectal polypectomy. We also excluded
colorectal cancer patients with weight loss of over 5% in the
previous 6 months, to avoid the confounding effects of the
effects of weight loss on the serum leptin levels.

Collection and analysis of blood samples for determination of
the leptin levels. Blood samples were obtained in the morning on
the day of colonoscopy, after the subjects had fasted overnight.
Serum leptin levels were measured with an enzyme-linked
immunosorbent assay of human leptin (SRL Co., Tokyo, Japan).

Immunohistochemical analyses. The expressions of ObR
and phospho-STAT3 (p-STAT3) were investigated in normal
colorectal, adenoma and cancer tissues. A total 40 samples
of normal colorectal and adenoma tissues, and 20 samples of
cancer tissues were obtained from the study subjects. The tissue
samples were isolated, formalin-fixed and paraffin-embedded,;
the paraffin-embedded samples were then deparaffinized
and rehydrated. Sections prepared from the specimens
were incubated with antibodies for ObR (1:50, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and p-STAT3
(Tyr 705) (1:50, Cell Signaling Technology, Danvers, MA,
USA) as the primary antibodies, using an LSAB2 kit (Dako
Cytomation, Glostrup, Denmark). They were then incubated
with biotinylated immunoglobulin as the secondary antibody
and treated with peroxidase-conjugated streptavidin. The
antibody complex was visualized with 3,3'-diaminobenzidine,
tetrahydrochloride (Dojindo Laboratories, Kumamoto, Japan).
The expressions of ObR and p-STAT3 were analyzed with light
microscopy in 10 different fields of each section, and the mean
percentage of the gland cells that showed positive staining
was scored by two pathologists. The ObR and p-STAT?3
expressions were classified into two categories depending on
the percentage of cells showing positive staining: negative,

0-15% of all the gland cells showing positive staining; positive,
>15% of all gland cells showing positive staining, as previously
described (15).

Western blot analysis. Samples of normal colorectal tissue and
colorectal adenoma and cancer tissues were isolated, and the
extracted protein was separated with sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE); the separated
proteins were then transferred to a polyvinylidene difluoride
(PVDF) membrane (Amersham, London, UK) and probed
with primary antibodies specific for phospho-ObR (p-ObR)
(Tyr 1141), p-ObR (Tyr 985), ObR (Santa Cruz Biotechnology),
phospho-JAK?2 (p-JAK2), JAK2, p-STAT3 (Tyr 705) STAT3
(Cell Signaling Technology), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Trevigen, Gaithersburg, MD, USA).
Horseradish peroxidase-conjugated secondary antibodies and
the ECL detection kit (Amersham) were used for the detection
of specific proteins.

Real-time RT-PCR. Samples of normal colorectal tissues and
colorectal adenoma and cancer tissues were isolated, and
total-RNA from the colorectal cancer and normal colorectal
tissues was extracted using the RNeasy mini kit (Qiagen,
Hilden, Germany). For the real-time reverse-transcriptase
polymerase chain reaction, total-RNA was reverse-transcribed
into cDNA and amplified with the real-time quantitative
polymerase chain reaction method using the StepOne Plus
Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). Probes and primer pairs specific for ObRL, short form
leptin receptor (ObRS), BclX, c-Myc, cyclin DI, cdc2, cyclin
B1, VEGF and 18S were purchased from Applied Biosystems.
The concentrations of the target genes were determined using
the competitive computed tomography method and the values
were normalized to the internal control.

Statistical analysis. Statistical analyses were performed using
the Kruskal-Wallis test and the Fisher's PLSD test. All analyses
were performed using the StatView software (SAS Institute,
Cary, NC, USA). A P-value <0.05 was regarded as denoting
statistical significance.
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Figure 1. (A-C) Immunohistochemical staining for leptin receptor (ObR) and (D and E) mRNA levels of the long and short forms of ObR, namely, ObRL and
ObRS. (A) Normal colorectal tissue, (B) colorectal adenoma tissue and (C) colorectal cancer tissue. Scale bar, 100 gm. The relative mRNA expressions of (D)
ObRL and (E) ObRS in normal colorectal, and colorectal adenoma and cancer tissues are expressed as the ratios relative to the expression level of 18S. Each

column represents the mean + SEM. “P<0.05; “P<0.01.

Results

Serum leptin levels and colorectal cancer. The clinical
characteristics of the colorectal cancer patients and the control
subjects are shown in Table I. No significant differences in
the serum leptin levels were observed in these groups. There
were also no significant differences in the age, BMI or other
obesity-related factors in these groups.

Leptin receptor (ObR) expression in normal colorectal,
colorectal cancer and adenoma tissues. To examine the
expression levels of the ObR in normal colorectal, colorectal
adenoma and cancer tissues, immunohistochemical staining
and gene expression analyses were performed. Strong
expression of ObR was found in the colorectal adenoma and
cancer tissues, but not in the gland cells of normal colorectal
tissue (Fig. 1A-C). The detection frequency of ObR in colo-
rectal cancer was 90.0% (18/20) and that in colorectal adenoma
was 67.5% (27/40). In addition, the mRNA expression levels of
ObRL and the ObRS in the normal colorectal and colorectal
cancer and adenoma tissues were investigated. The expression
levels of ObRL mRNA were significantly higher in the
colorectal adenoma and cancer tissues than in the normal
colorectal tissue (Fig. 1D). No significant differences in the
expression levels were observed between colorectal cancer
and adenoma tissues. The expression levels of ObRS were also
higher, but not significantly, in the colorectal adenoma and
cancer tissues than in the normal colorectal tissue (Fig. 1E).

Activation of leptin receptor. We also investigated the acti-
vation of the leptin receptor with Western blot analysis of

the phosphorylation of the cytoplasmic domain of ObRL. A
significant increase in ObR expression and phosphorylation
of ObRL-Tyr1141 was observed in the samples collected from
the colorectal adenoma and cancer tissues as compared with
the findings in normal colorectal tissue (Fig. 2A and B). No
significant differences were observed between the colorectal
cancer and colorectal adenoma tissues. As the phosphorylation
of Tyr 1141 in ObRL is required for leptin-induced activation
of STAT3 (16), these results indicate that overexpression and
activation of ObR are induced in colorectal adenoma and cancer
tissues. In contrast, no significant difference was observed in
the phosphorylation level of Tyr 985 in ObR, which is required
for activation of the ERK (extracellular-signal-regulated kinase)
signaling pathway (Fig. 2C) (17).

Phosphorylated STAT3 in colorectal cancer. To confirm the
activation of the STAT3 pathway, immunohistochemical
staining and Western blot analysis for p-STAT3 were
performed. Increased expression of p-STAT3 was observed in
the nuclei of gland cells of the colorectal adenoma and cancer
tissue specimens, indicating that STAT3 was activated in
these tissues. On the other hand, no expression was observed
in normal colorectal tissue specimens (Fig. 3). The detection
frequency of p-STAT?3 in colorectal cancer was 85% (17/20)
and that in adenoma was 57.5% (23/40). Western blot analysis
demonstrated that the levels of p-JAK2 and p-STAT3 were
significantly higher in colorectal cancer tissue than in the
normal colorectal and adenoma tissues (Fig. 4). These results
suggest that activation of STAT3 was significantly increased in
colorectal adenoma and cancer tissues compared with normal
colorectal tissues, with significantly increased activation also
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Figure 2. Western blot analysis for ObR and phosphorylated ObR (Tyr 1141 or Tyr 985). (A) ObR, (B) Tyr 1141-phosphorylated and (C) Tyr 985-phosphory-
lated ObR. Upper panels: representative Western blot analyses for ObR, Tyr 1141-phosphorylated and Tyr 985-phosphorylated ObR. Lanes 1 and 2: normal
colorectal tissues; lanes 3 and 4: adenoma tissues; lanes 5 and 6: cancer tissues. Lower panels: ratios of the expression levels of ObR, Tyr 1141-phosphorylated
and Tyr 985-phosphorylated ObR to the expression level of GAPDH are shown. Each column represents the mean + SEM. "P<0.05.
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Figure 3. Immunohistochemical staining for phosphorylated STAT3. (A) Normal colorectal tissue, (B) colorectal adenoma tissue and (C) colorectal cancer tissue.

Scale bar, 100 ym.
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Figure 4. Western blot analysis for phosphorylated JAK2 and STAT3. (A) Phosphorylated JAK?2 and (B) phosphorylated STAT3. Upper panels: Representative
Western blot analyses for phosphorylated and total levels of JAK2 and STAT3. Lanes 1 and 2: normal colorectal tissue; lanes 3 and 4: adenoma tissue; lanes 5
and 6: cancer tissue. Lower panels: ratios of the levels of the phosphorylated proteins to the total protein level. Each column represents the mean = SEM. “P<0.01.
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Figure 5. Expressions of downstream genes encoded by STAT3 transcriptional regulation in normal colorectal, colorectal cancer and adenoma tissues. The
relative mRNA expressions of (A) BclX, (B) cyclin D1, (C) c-Myc, (D) cdc2, (E) cyclin Bl and (F) VEGF expressions in normal colorectal, adenoma and cancer
tissues were expressed as ratios relative to the expression level of 18S. Each column represents the mean = SEM. “P<0.05; “'P<0.01.

seen in colorectal cancer tissues compared with colorectal
adenoma specimens.

STAT3-mediated transcriptional regulation of gene
expression. Alterations of the mRNA levels of the genes
encoded by STAT3 were investigated with real-time RT-PCR.
The expression levels of the apoptosis-suppressing protein
BclX, the late G1 to G1/S phase proteins cyclin D1 and c-Myc,
the G2/M phase proteins cdc2 and cyclin B1 (18), and of the
genes encoding the angiogenesis protein VEGF (19) were
significantly higher in colorectal cancer tissue than in the
normal colorectal and colorectal adenoma tissues (Fig. 5).
These results suggest strong activation of the JAK/STAT
signaling pathway in colorectal cancer tissues as compared
with normal colorectal and colorectal adenoma tissues.

Discussion

Previous studies have suggested the existence of an associa-
tion between the serum leptin levels and the development of
colorectal cancer (6-13). In this study, however, we observed
no statistically significant differences in the serum leptin
levels among the normal control and colorectal adenoma/
cancer patients. Stachowicz et al reported that the serum leptin
levels were not dependent on the clinical or pathological stage
of progression of colorectal cancer (20). Combined with this
report, the results of our present study suggest that the serum
leptin levels are not associated with the presence of tumor in
the course of colorectal carcinogenesis.

We observed significantly higher expression and activation
levels of ObRL in colorectal adenoma and cancer tissues than in
normal colorectal tissue. In addition we focused on the differ-
ences in the expression and activation levels between colorectal
adenoma and cancer tissues, and observed no significant differ-
ences in the expression or activation levels of ObRL between
colorectal adenoma and cancer tissues. These results suggest
that leptin may play a crucial role not only in the development
of colorectal adenoma but equally in that of colorectal cancer.

We also showed activation of the JAK/STAT pathway
which is located downstream of the activation of leptin
receptor signaling. Several other studies have also reported
more pronounced activation of JAK/STAT signaling in
colorectal cancer tissues than in normal colorectal tissue
(15,21-23). These reports lend support to our present observa-
tions. However, our results showed a discrepancy between the
expression and activation levels of ObR and the activation of
JAK/STAT signaling. Although we observed no significant
differences in the expression or activation levels of ObR
between colon cancer and adenoma tissues, activation of the
JAK/STAT pathway was significantly more pronounced in
colorectal cancer tissue than in colorectal adenoma tissue.
JAK/STAT signaling has been reported to be mediated not
only by leptin receptor signaling, but also by several cytokines
and hormones, such as IL-6 (24-26). Therefore, based on our
findings we suggested that STAT3 was phosphorylated by
leptin signaling in both colorectal cancer and adenoma tissues.
In addition, in colorectal cancer, we speculated that STAT3
may also be phosphorylated by other signaling processes.
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These results suggest that leptin signaling in the activation of
STAT3 was important especially in colorectal adenoma that
was in an early phase of colorectal carcinogenesis.

In conclusion, no significant differences in the serum
leptin levels were observed among normal control subjects and
adenoma/cancer patients. We observed increased expression
and activation of the ObRL in colorectal cancer and adenoma
tissues compared with normal colorectal tissue. Significantly
increased phosphorylation levels of the important molecules
of the JAK/STAT signaling pathway and transcriptional
regulation of the STAT3-downstream target molecules were
observed in colorectal adenoma tissues as compared with
the findings in normal colorectal tissue. Furthermore, these
changes were more pronounced in colorectal cancer tissue
than in colorectal adenoma tissue. Further investigations are
required to clarify the exact roles of leptin signaling and JAK/
STAT signaling in colorectal carcinogenesis, and the detailed
mechanisms underlying colorectal carcinogenesis.
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