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Abstract
Several pro-angiogenic/pro-inflammatory factors involved in endometrial cancer are regulated by
leptin but the signaling mechanisms responsible for these leptin induced actions are largely
unknown. Here we report that in benign (primary and HES) and cancer endometrial epithelial
cells, EEC (An3Ca, SK-UT2 and Ishikawa) leptin in a dose-dependent manner regulates vascular
endothelial growth factor, (VEGF); interleukin-1 beta, (IL-1β); leukemia inhibitory factor, (LIF)
and their respective receptors, VEGFR2, IL-1R tI and LIFR. Remarkably, leptin induces a greater
increase in VEGF/VEGFR2 and LIF levels in cancer than in benign cells. However, IL-1β was
only increased by leptin in benign primary-EEC. Cancer-EEC expressed higher levels of leptin
receptor (full-length OB-Rb and short isoforms) in contrast to benign primary-EEC. Leptin-
mediated activation of JAK2 (janus kinase 2) was upstream to the activation of PI-3K
(phosphatidylinositol-3 kinase) and/or MAPK (mitogen activated protein kinase) signaling
pathways. Leptin induction of cytokines/receptors generally involved JAK2 and MAPK activation
but PI-3K phosphorylation was required for leptin increase of LIF, IL-1/IL-1R tI. Leptin-mediated
activation of mTOR (mammalian target of Rapamycin), mainly linked to MAPK, played a central
role in leptin regulation of all cytokines and receptors. These results suggest that leptin's effects
are cell-specific and could confer a proliferative or cell survival advantage or possibly promote
endometrial thickness. Leptin's effects on pro-angiogenic molecules were more evident in
malignant versus benign cells and may imply that there is an underlying shift in leptin induced cell
signaling pathways in endometrial cancer cells.
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INTRODUCTION
Leptin actions are more often than not related to energy balance. However, leptin is also
recognized for its contributions to reproduction, angiogenesis, proliferation and
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inflammation. Therefore it is not surprising that leptin's actions are now being linked to the
development and pathogenesis of cancer and endometriosis (1-9).

The leptin sequence is highly conserved among mammalian species (10). In contrast, its
receptor, OB-R has several isoforms (11) believed to be produced by alternative splicing.
OB-Rb (full-length and functional isoform) and OB-Ra (a short isoform) are main isoforms
found in diverse tissues (12), including the endometrium (13-15). Higher concentrations of
OB-Ra to OB-Rb in endometrial cancer cells have been described (16) but the implication of
this ratio is unclear.

Leptin binds to OB-Rb in an absolute specific way leading to the activation of any one of
canonical signaling pathways (17) including JAK2/STAT3, PI-3K/AKT1 (18,19) and
MAPK/ERK1/2 (20). Although not as common, other, kinases such as p38 protein kinase
(21) and jun n terminal kinase (JNK) (22), protein kinase C (PKC) and AMP-activated
protein kinase (AMPK) (23) are activated in response to leptin in some cell types.

Endometrial epithelial cells (EEC) express OB-R and are targets for leptin actions
(13-15,24). Accumulating evidence support the idea that leptin signaling is essential for the
acquisition of endometrial receptivity and successful embryo implantation (25,26) but
aberrant leptin actions have been found involved in pathological conditions (i.e.,
endometriosis and endometrial cancer) (1,2,8,9,16,27-29).

Leptin's pleiotropic actions in the endometrium involve the increase in levels of pro-
angiogenic and inflammatory cytokines (i.e., VEGF, LIF and IL-1), their cognate receptors
and adhesion molecules (i.e., β3 integrin) (9,25,30,31). In this respect, leptin signaling could
be essential for angiogenesis and inflammation required for endometrial cell adhesion,
proliferation, survival and migration (1-3,6,9,25,30-34).

In spite of the increasing evidence supporting leptin's role as an important factor in
endometrial biology, there is a lack of information on leptin-mediated signaling mechanisms
in benign versus malignant cells. To this end, we have investigated how leptin induced
signaling impacts levels of important cytokines/receptors for angiogenesis and inflammation
in benign and malignant EEC. Our results suggest leptin triggers specific signaling pathways
in a hierarchal fashion and often differentially with respect to the regulation of VEGF, LIF,
IL-1 and their cognate receptors in benign compared to malignant EEC. Our results further
suggest that malignant-EEC are more sensitive to leptin induced stimulatory effects of pro-
inflammatory/pro-angiogenic molecules. The differential responses of malignant EEC to
leptin maybe related to a shift in the versatility of endometrial cancer cells.

MATERIALS AND METHODS
Materials

Antibodies for non-phosphorylated (F-2) and phosphorylated STAT3 (p-STAT3, B-7), non-
phosphorylated and phosphorylated pAKT1, VEGF-R2 (flk-1 or KDR), all OB-R isoforms
(extracellular domain NH2 end) and OB-Rb (long isoform intracellular COOH end), their
blocking peptides for competition studies, non-specific species-matched IgGs, HeLa and
RAW 264.7 lysates for Western blot positive controls were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Anti phospho-p42/44 MAPK and anti p42/44 MAPK
antibodies were purchased from Cell Signaling Technology, Inc (Danvers, MA). Anti β actin
antibodies (ab8226) were purchased from Abcam Inc (Cambridge, MA). Specific antibodies
IR-Dye-800nm and IR-Dye-800nm were purchased from Rockland (Gilbertsville, PA).
Normal serum from mouse, goat, rabbit and horse and biotinylated antibodies were obtained
from Biomeda (Foster City, CA) and Vector Laboratories (Burlingame, CA), respectively.
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ALI 3409 biotinylated antibody was obtained from BioSource International (Camarillo,
CA). Human recombinant leptin was obtained from R&D Systems Inc. (Minneapolis, MN).
Fetal bovine serum (FBS) was obtained from Gemini Bioproducts (Woodland, CA), and
DMEM/F-12 and antibiotic-antimycotic mixtures were purchased from Gibco BRL Products
(Gaithersburg, MD). Wortmannin was purchased from Upstate (Charlottesville, VA).
Tryphostin AG 490, PD 98,059, Rapamycin and other chemicals were obtained from Sigma
(St. Louis, MO). To assess specificity of leptin-induced effects a pan-inhibitor of leptin
signaling, leptin receptor antagonist (LPrA1), was synthesized and purified as described
elsewhere (26). The peptide was dissolved in sterile filtered vehicle solution [0.04%
dimethylsulfoxide (DMSO)-PBS] and kept at 4°C until use.

Endometrial cells
Human endometrial epithelial adenocarcinoma cells (Ishikawa, from ECACC 9832301,
Wiltshire, UK grade 1), SK-UT2 (grade 3), An3Ca (grade 3, derived from a lymph node;
ATCC), HES (a cell line derived from a benign proliferative endometrium, provided by Dr.
Douglas Kniss, Ohio State University, Columbus, OH) and primary EEC cells were used to
assess leptin-induced signaling pathways and molecular targets. All primary endometrial
samples were collected in accordance with an approved IRB at Massachusetts General
Hospital, Boston, MA. The endometrial epithelial cells were isolated from discarded
hysterectomy tissue of benign etiologies as previously described (35). Briefly, endometrial
tissue was minced and treated with collagenase I (0.1%)–DNAse I, 0.005% for 1 h at 37°C.
After gland sedimentation, primary EEC were purified of endometrial stromal cells (ESC)
and macrophage contaminants by repeated incubation at 37°C in Falcon flasks. Dispersed
epithelial cells were counted with a hemocytometer and cell viability was assessed by
optical microscopy using the Trypan Blue exclusion method. The mean cell viability was ≥
95%. Cell homogeneity (∼92%) was checked in smears using antibodies against cytokeratin
(Ck; EEC+), vimentin (Vm; ESC+) and CD45 (leukocyte +) (35).

Treatments
Primary EEC and cell lines were cultured on uncoated flat-bottomed plastic twelve-wells
plates for 4 and 7 days, respectively, in DMEM-MCDB105 medium containing 10% FBS; 5
μg/ml insulin, 1% amphotericin B, 100 μg /ml streptomycin and 100 U/ml penicillin until
80% confluence. To eliminate any cytokine effect from the FBS supplement, the cells were
washed twice with phosphate-buffered saline (PBS)-2% bovine serum albumin (BSA) and
cultured an additional 2 days in DMEM-MCDB105−2% BSA (without serum or insulin;
basal medium). Next, the cells were washed out three times with the culture medium and
were then incubated for up to 24 h (times indicated in figure legends) in basal medium
containing leptin (0, 0.62, 6.25 or 62.5 nM) plus or minus kinase inhibitors (AG 490 for
JAK2/STAT3, 30 μM; PD 98,059 for MAPK/ERK1/2, 30 μM; Wortmannin for PI-3K/
AKT1, 20 μM (6); and Rapamycin 20 nM for mTOR) (4).

Dependence of phosphorylation and signaling intermediaries on leptin binding to OB-R was
assessed in cells cultured in basal medium containing leptin and a pan-inhibitor of leptin
signaling (leptin peptide receptor antagonist-1, LPrA1, 300 nM) (26). Negative controls for
inhibitor effects included vehicle solutions, either 0.05% ethanol for kinase inhibitors or
0.04% DMSO for LPrA1. After treatment, the cells were washed with ice-cold PBS and
homogenized on ice with lysis buffer (20 nM Tris (pH 7.4) containing 137 nM NaCl, 2 mM
EDTA, 10% glycerol, 50 nM β-glycerol phosphate, 1% Nonidet P-40, and a mixture of
protease and phosphate inhibitors composed of 100 μM antipain, 0.1 mg/ml trypsin
inhibitor, protease inhibitor cocktail 1:50 (Sigma), 50 nM NaF, 2 mM phenyl-
methylsulfonyl fluoride, and 2 mM sodium orthovanadate). Cellular lysates were
centrifuged at 2400 × g at 4°C for 10 min. Lysates were kept at −20°C until ready for use in
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Western blot analysis. Duplicate wells were run for each treatment and the experiments were
repeated at least three times with different cell preparations. Protein concentrations in cell
lysates were determined by the Bradford method (Bio-Rad Laboratories, Hercules, CA)
(36). BSA was used as standard. Results were expressed as mg/ml.

Western blots
Thirty μg of protein in Laemmli buffer containing β-mercaptoethanol were loaded on 10%
SDS-PAGE precast gels (Bio-Rad). Electrophoresis was performed at 220 V for 5 min
followed by 165 V for 40 min (Bio-Rad, electrophoresis apparatus) in Tris-glycine buffer
(pH 8.4). Electroblotting onto 0.2 μm nitrocellulose membranes was performed at 22 V
overnight at 4 °C in 48 nM Tris-39 nM glycine buffer containing 0.037% SDS and 20%
methanol. Membranes were washed with 20 mM Tris, 137 mM NaCl (pH 7.4) buffer
containing 0.15% Tween 20 (vol/vol) (wash buffer) and incubated for 1 h at room
temperature (RT) in blocking buffer (wash buffer containing 5% wt/vol non-fat milk). The
membranes were subsequently incubated for 1 h at RT with 1 μg/ml of specific antibodies in
wash buffer containing 2.5% horse, goat or mouse normal serum. After washing (four times
5 min/each), membranes were incubated for 1 h at RT with biotinylated secondary antibody.
Antigen detection was carried out by incubation in streptavidin-horseradish peroxidase
conjugate (Amersham, Piscataway, NJ) diluted 1:2000 in wash buffer for 30 min at RT.
Specific bands in the blots were visualized using ECL-chemiluminescent reagent
(Amersham) and Imagetek-B film (American X-ray & Medical Supply, Rancho Cordoba,
CA). Simultaneous detection of the above antigens with antibodies linked to IR-Dye-800nm
(0.2 μg/ml; IRDye800™) and IR-Dye-700nm (0.2 μg/ml; Cy5.5) for Odyssey InfraRed
Imagining System (LI-COR, Inc., Lincoln, NE) was also carried-out. Quantitative analyses
of Western blot results for antigen expression were evaluated with the NIH Image 1.62
program or Li-COR Odyssey Software and expressed as percent of controls. Electrophoresis
and Western blot analysis were repeated three times using cell lysates from at least three
independent experiments. Antibodies to anti-β-actin and non-phosphorylated proteins were
used as loading controls.

IL-1, VEGF and LIF determinations
Conditioned media from EEC cultured for 24 h were used to quantify the effects of leptin
and inhibition treatment on the levels of IL-1β, VEGF and LIF by ELISA (Quantikine, R&D
Systems, Minneapolis, MN). Experiments were repeated at least three times. Antigen
concentrations from conditioned media were calculated as pg/ml/mg of total protein or
expressed as percentage of control. IL-1β, VEGF and LIF concentrations were within the
dynamic range of the standard curve. Standards, controls and samples were assayed in
duplicate. Intra- and inter-assay coefficients of variation were between 1−2% and 5−8%,
respectively. According to the manufacturer the performance characteristics of ELISAs for
IL-1β, VEGF and LIF were as follows: 100% specificity; sensitivity of 0.1 pg/ml, <5.0 pg/
ml and <8 pg/ml, no significant cross-reactivity or interference with other cytokines and
growth factors for both natural and recombinant human IL-1β, VEGF and LIF, respectively.

Data Analysis
A one-way ANOVA test with Dunnet error protection and a confidence interval of 95% was
used from the Analyze-it software (Microsoft Excel, Leeds, UK; http://www.analyse-it.com)
for data analysis. All data are presented as mean ± SEM. Values for P <0.05 were
considered statistically significant. The model included the main effects of treatments and
replicates.
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RESULTS
Expression of short isoforms and OB-Rb by endometrial epithelial cells

Figure 1 depicts the results from Western blot determination of OB-R isoforms detected
with antibodies for extracellular domain (NH2 end) and intracellular (COOH end) domains
in extracts from the EEC tested. Analysis of blots showed that all EEC expressed, to some
extension, the full-length OB-Rb isoform together with others several shorter OB-R
isoforms (see Fig 1A and B). Densitometric analysis suggests that immortalized and cancer
EEC express higher detectable quantities of total OB-R (Fig 1D) compared to benign
primary EEC. Ishikawa cells showed the highest level of total OB-R. In contrast, primary
EEC expressed the lower levels of OB-Rb (Fig 1B and E).

Signaling pathways activated by leptin in endometrial epithelial cells
Benign and malignant EEC responded to leptin stimulation by differentially activating the
major (canonical) leptin signaling pathways (JAK2/STAT3, MAPK/ERK1/2, PI-3K/AKT).
Time-course studies in EEC showed that leptin-induced phosphorylation of STAT3, ERK1/2
and AKT1 was observed by 5 min, peaked by 20 min and decreased after 60 min (Fig. 2).
Therefore, further experiments tested leptin effects at 20 min.

The leptin effects were found dose-dependent in all cell tested. Fig 3 shows that addition of
increasing concentrations of leptin to the incubation medium of EEC produced a dose-
related stimulation of STAT3, ERK1/2 and AKT1 phosphorylation. Maximal increase for
different kinases was obtained with 62.5 nmol/l leptin but varies between EEC (130 to 240
%). These leptin induced effects were abrogated with the pan-inhibitor for leptin signaling,
LPrA1 (See Fig 3A and B). Kinase inhibition studies using AG490 suggest that leptin-
mediated JAK2 phosphorylation was upstream to MAPK and PI-3K phosphorylation (Fig
3C and D). Incubation of EEC with the JAK2 inhibitor alone did not change the basal levels
of phosphorylated MAPK (ERK1/2) or AKT1. However, co-incubation of EEC with leptin
plus AG490 simultaneously decreased the levels of leptin-induced pSTAT3, pERK1/2 and
pAKT1 (See Fig 3C and D). Additional experiments were completed with 62.5 nM leptin.

Table 1 shows the relative levels of phosphorylated kinases activated by leptin in EEC.
PI-3K/AKT1 and MAPK/ERK1/2 were activated by leptin in all the cells tested. The overall
pattern of leptin induced ERK 1/2 or AKT1 phosphorylation did not differ between benign
and malignant cells. In primary-EEC leptin induced the greatest increase in pSTAT3. On the
other hand, leptin had no effect on pSTAT3 in An3Ca cells (Table 1).

Leptin induction of VEGF, LIF, IL-1 and their receptors
Leptin signaling differentially impacted on the levels of pro-angiogenic and inflammatory
cytokines/receptors in benign compared to malignant EEC (Table 2). Conditioned media
from benign cells (primary EEC and HES) had non-detectable amounts of VEGF.
Furthermore, treatment with leptin did not affect VEGF levels in conditioned media from
cultures of benign EEC (Table 2). In striking contrast, basal levels of VEGF in conditioned
media from cancer cells were elevated even under basal conditions when compared to the
levels observed in media from benign cells. In cancer cells, leptin induced in a dose-
dependent manner a significant increase in VEGF levels (Table 2).

Leptin also induced the expression of VEGFR2 in all cell lines tested except primary-EEC.
These leptin-induced effects were dose-dependent (data not shown). Benign-immortalized
HES cells responded to leptin stimulation by increasing VEGFR2 expression. This finding
suggests that after being immortalized these cells are not entirely normal or that this line has
undergone subtle changes during the immortalization process or subsequent continued
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passages. Notably, leptin induced the most significant increase in VEGFR2 in SK-UT2 cells
(more than 6 fold; Table 2).

Primary-EEC and two of three cancer EEC tested responded to leptin stimulation as
evidenced by elevated levels of LIF (see Table 2). Similarly to the leptin-induced effects on
VEGF, cancer cells (Ishikawa and An3Ca) were more responsive to leptin stimulation of
LIF than benign cells. In contrast, leptin induced LIFR levels similarly in both benign and
malignant cells. An3Ca cells were the most responsive for increasing LIFR expression by
leptin actions. However, no significant effects of leptin on LIF or LIFR expression were
found in SK-UT2 cells (Table 2).

Leptin only significantly increased the levels of IL-1 (>8 fold) in primary EEC (see Table
2). Unlike primary, malignant EEC were refractory to leptin regulation of IL-1 β levels but
leptin induced an increase in IL-1R tI in all cell lines. These results suggest that in cancer
EEC leptin signaling signature leads to a distinctive increase of VEGF/VEGFR2 and LIF. In
contrast, benign primary-EEC mainly responded to leptin by increasing the levels of IL-1β/
IL-1R tI and LIFR, and to a slight extent, LIF.

Signaling pathways involved in leptin-induction of VEGF/VEGFR2 in cancer EEC
In order to determine the specific signaling pathways responsible for leptin's increase of
VEGF and VEGFR2 in cancer EEC several kinase inhibitors were tested. Inhibition studies
using PD98059 show that leptin-mediated activation of MAPK/ERK1/2 was required for
increase of VEGF levels in cancer cells (Fig 4A). Inhibition studies from cells incubated
with leptin and Wortmannin show that with the exception of Ishikawa cells the activation of
PI-3K/AKT1 was not involved in the leptin-mediated increase of VEGF levels. In sharp
contrast, Rapamycin-inhibition of mTOR effectively abrogated the leptin-induced increase
in VEGF in all cancer cells. These results suggest that in cancer EEC leptin-mediated
regulation of VEGF levels does not proceed through the classical signaling pathway PI-3K/
AKT1/mTOR. Rather, leptin regulation of VEGF in cancer EEC probably proceeds through
a signaling mechanism involving MAPK/ERK1/2/mTOR.

Similar to the findings from leptin regulation of VEGF, leptin did not increase the levels of
VEGFR2 in benign primary-EEC. Results from inhibition studies show that JAK2/STAT3,
MAPK/ERK1/2 and mTOR were involved in the leptin-mediated increase in VEGFR2
expression in cancer cells. In contrast, none of the signaling pathways appeared to be
involved in the regulation of VEGFR2 expression in benign HES cells (see Fig 4B and C)
suggesting that leptin regulation of VEGFR2 in immortalized-benign HES cells involves
other less common leptin signaling pathways.

Signaling pathways involved in leptin-induction of LIF/LIFR
Leptin induced increase in LIF in primary EEC, Ishikawa and An3Ca was abrogated by all
kinase inhibitors tested (Fig 5A). LIFR expression was increased by leptin in all EEC with
the exception of SK-UT2 cells (Fig 5B and C). In contrast to the leptin regulation of LIF,
activation of JAK2/STAT3 and MAPK/ERK1/2 was mainly involved in leptin-mediated
regulation of LIFR expression in primary-EEC, Ishikawa and An3Ca. The activation of
mTOR was involved in leptin regulation of LIF and LIFR levels (see Fig 5B and C).

Signaling pathways involved in leptin-induction of IL-1/IL-1R tI
Kinase inhibition studies show that leptin increase of IL-1β levels in primary-EEC was
mediated by JAK2/STAT3, PI-3K/AKT1 and mTOR signaling pathways (Fig 6A).
However, leptin-mediated increase in IL-1R tI expression in benign primary EEC involved
the activation of all the canonical leptin signaling pathways (Fig 6B and C). In contrast, in
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benign immortalized HES and cancer EEC leptin-mediated increase in IL-1R tI involved the
activation of JAK2/STAT3, MAPK/ERK1/2 and mTOR but PI-3K/AKT1 phosphorylation
did not show a clear pattern. Notably, the highest levels of IL-1 R tI induced by leptin were
seen in SK-UT2 cancer cells.

DISCUSSION
Regulation of energy balance by leptin signaling in the hypothalamus involves the primary
activation of JAK2/STAT3 pathway through OB-Rb (full-length isoform). However, other
signaling pathways are involved in leptin's pleiotropic effects (angiogenesis, inflammation,
proliferation) in peripheral tissues (37). Leptin pro-angiogenesis and pro-inflammatory
effects are thought to be critical for endometrial thickness, implantation (25,26) and
endometrial cancer growth (7,25,33). However, limited data is available on the signaling
mechanisms leading to the leptin-induced effects in EEC. To assess the involvement of
leptin-induced signaling pathways in the regulation of levels of target molecules related to
angiogenesis and inflammation we investigated time-course and leptin-dose responses in
EEC and, used key kinase inhibitors and a pan-inhibitor of leptin/OB-R signaling (LPrA1)
(26). Leptin at all doses assayed (0.6−62.5 nM) increases phosphorylation levels of main
kinases and levels of cytokines and receptors. Although, 62.5 nmol/l represents a supra
physiological dose the data presented were obtained with this concentration to better
evaluate the leptin's effects.

Leptin activation of JAK2/STAT3 signaling is associated with boxes 1 and 2, only found in
OB-Rb (38-40). Both short OB-Ra and full-length OB-Rb isoforms can activate JAK2 but
OB-Rb has the unique capability to activate STAT3 (41). The OB-Ra isoform lacks box 2
and therefore is considered not fully functional, at least with respect to signaling pathway
activation. However, OB-Ra is able to activate some intracellular signaling pathways (42).
OB-Ra and OB-Rb are able to induce PI-3K and MAPK signaling pathways through box 1
(40,43).

Benign (13) and cancer EEC express the OB-Rb and several short isoforms (7,16). In the
present investigation primary-EEC showed lower expression of OB-Rb (Fig 1B). Cancer
EEC had higher expression of total OB-R (Fig 1A) than benign primary-EEC as was
previously reported (16). Leptin-induced phosphorylation of JAK2 in benign and cancer
EEC was upstream to the phosphorylation of PI-3K or MAPK signaling pathways (Fig 3) as
previous reported (33). The degree of leptin-mediated activation of key kinases in benign or
cancer EEC did not always correlate with the levels of induced molecules. The reasons for
these facts are unknown but seem unrelated to the levels of expression of OB-Rb or other
isoforms. Remarkably, in cancer EEC leptin-mediated activation of mTOR (mainly linked to
MAPK) seems to play a central role in the regulation of these factors (Fig 7).

Angiogenesis is involved in hormonal induced endometrial thickening during the menstrual
cycle and plays a pivotal role in inflammation and development/progression of cancer (44).
Several factors can induce angiogenesis that eventually entails an increase in VEGFR2
levels (45). Leptin, a known mitogenic, inflammatory and angiogenic factor for many tissues
(46-48) increases the levels of VEGF/VEGFR2 in cancer cells (6,49). Consequently, the
blockade of leptin signaling decreases the expression of these pro-angiogenic factors and
mammary tumor growth (6). Leptin induction of IL-1β/IL-1R tI signaling (50) could lead to
the up-regulation of VEGF (51,52). Leptin mainly increases the levels of VEGF and
VEGFR2 in malignant compared to benign EEC (Table 2) and VEGFR2 in immortalized
HES. Interestingly, leptin-induction of VEGF levels in cancer-EEC was related to the
activation of MAPK/ERK1/2 and mTOR but not to PI-3K/AKT1 signaling pathway (Fig 4A
and Fig 7). In particular, An3Ca cells have inactive mutant PTEN (Phosphatase and Tensin
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homolog, a tumor suppressor and inhibitor of AKT). However, the inhibition of PI-3K (in
contrast to the inhibition of mTOR) did not affect leptin-induction of VEGF levels in An3Ca
cells. Rapamycin negatively affects phosphorylation of p70S6 kinase and 4E-BP1 protein,
cell cycle progression and induces G1 arrest (53). Cytokines/ growth factors may activate
mTOR indirectly through PI-3K/AKT1 (54). However, this is not always fully dependent on
PI-3K (55,56) but MAPK/ERK1/2 activity (57). Similarly, in cancer EEC leptin-activation
of MAPK/ERK1/2 and mTOR regulate VEGF levels.

Leptin-mediated increase in LIF levels was higher in cancer ECC (3−5 fold) compared to
benign primary-EEC (1.5 fold; Table 2). The leptin-induced effects on LIF involve all leptin
canonical signaling pathways and mTOR (Fig 5A and Fig 7). However, leptin induction of
LIFR was mainly dependent on MAPK/ERK1/2 and mTOR activation (Fig 5B and C; Fig
7). The signaling potential of LIFR may differ depending upon the tissue and cellular
response initiated (58). In this respect, leptin-mediated increase of LIFR signaling could
oppose the effects of TNF-α (59) and lead to survival and EEC transformation required for
cancer growth. LIF, an essential factor for embryo implantation (60), is a marker of
endometrial cell transformation (61) involved in inflammation/angiogenesis that induces a
variety of disparate biological responses in different cell types. However, the angiogenic
effects of LIF reported have been contradicting (62-64).

Leptin only induced IL-1β levels in primary EEC. The increase was mainly dependent on
JAK2/STAT3, PI-3K/AKT1 and mTOR signaling (Fig 6A and Fig 7). In contrast, leptin
induced IL-1R tI in all EEC through a mechanism that generally includes JAK2/STAT3,
MAPK/ERK1/2 and mTOR but no consistent pattern for PI-3K involvement was found (Fig
6B and C; Fig 7). Differential regulation of IL-1 and its receptor by leptin may be
instrumental to the development of physiological or pathological processes. Chronic
inflammation can induce rapid cell division, increasing the possibility for replication error,
ineffective DNA repair, and subsequent mutations that could pave the way to endometrial
cancer development (65). IL-1/IL-1R tI signaling could induce leptin and OB-R expression
in EEC (30) and LIF/LIFR (25), VEGF (51) and IL-8 expression (66) in cancer EEC.
Although, similar levels of IL-1 have been reported in benign and malignant endometrial
tissues (67), IL-1 signaling in these tissues could mainly depend on the expression/function
of IL-1R tI (68).

The observation that in some cases the inhibition of a particular kinase provoked a further
increase in leptin-induced levels of cytokines/receptors (Fig 4B, Fig 5B and Fig 6A)
suggests that an active and complex crosstalk between leptin-induced signaling pathways
occurs in EEC (6,69). Leptin activation of JAK2/STAT involves the regulatory effects of
CIS family of proteins (SOCS or SSI family) (70). It is conceivable that the inhibition of a
particular signaling pathway could have a positive feedback loop for increasing other leptin-
induced cytokine signaling pathways by inhibiting the production or levels of negative
regulators.

In Summary we have dissected what we believe to be the main signaling mechanisms
involved in leptin-mediated increase in pro-angiogenic/pro-inflammatory factors in benign
and cancer EEC. Present findings suggest that the regulation of JAK2 and MAPK signaling
pathway crosstalk in the activation of mTOR. This could play a central role in leptin pro-
angiogenic actions in endometrial cancer. Overall our results suggest that there is a complex
level of regulation of leptin signaling pathways required to accomplish leptin's normal
biological functions. Among these mechanisms, the relative abundance of OB-R isoforms
and crosstalk between key kinases may have a central influence on the hierarchy and effects
of leptin-induced signaling in endometrial cells. Overall, deregulation of leptin signaling
may contribute to the development of pathological events in EEC. A comprehensive
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understanding of the complex relationships and regulatory mechanisms of leptin signaling
pathways in endometrial cells is needed to help unravel the specific roles of this pleiotropic
molecule in physiologic and pathologic events in the endometrium.
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Table 1

Relative levels of leptin-induced phosphorylated signaling intermediaries in endometrial epithelial cells (EEC)

Cell type pSTAT3 pERK 1/2 pAKT1

Primary EEC 2.4a 1.9a 1.3a

HES 1.4a 2.5a 1.6a

Ishikawa 1.5a 2.2a 1.5a

SK-UT2 1.4a 1.3a 1.4a

An3Ca n.s. 1.3a 1.7a

Note: The data represent quantitative analysis of phosphorylated molecules from benign and cancer EEC after incubation for 20 min with leptin
(62.5 nM). Data are derived from densitometry analysis of bands observed on film calculated by the NIH Image program,
(http://rsb.info.nih.gov/nih-image) or the Li-COR Odyssey Software. The values were normalized to the non-phosphorylated corresponding protein
and expressed on a fold difference from basal expression in vehicle treated cells (control; n ≥ 3). (n.s.) no significant difference with respect to
control

a
P <0.05 significant difference with respect to control.
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Table 2

Relative levels of pro-angiogenesis cytokines/receptors induced by leptin in endometrial epithelial cells (EEC)

Cell type VEGF VEGFR2 LIF LIFR IL-1 IL-1R tl

Primary EEC n.s. n.s. 1.5a 3.0a 8.5a 1.9a

HES n.s. 1.6a n.s. 2.0a n.s. 1.4a

Ishikawa 1.7a 1.8a 2.2a 1.5a n.s. 2.0a

SK-UT2 1.5a 6.2a n.s. n.s. n.s. 5.0a

An3Ca 1.4a 1.5a 4.9a 7.0a n.s. 20a

Note: The data represent fold differences for quantitative analysis of cytokines determined by ELISA and densitometric calculations from Western
blot of cytokine receptors expressed by EEC after incubation for 24 h with leptin (62.5 nM). The Western blot data were normalized to β-actin on a
fold difference from control (basal medium; n ≥ 3). (n.s.) no significant difference with respect to control

a
P <0.05 significant difference with respect to control.
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