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Abstract
High levels of VEGF and leptin are strongly linked to worse prognosis of breast cancer. Leptin
signalling up-regulates VEGF in human and mouse mammary tumor cells (MT), but the specific
molecular mechanisms are largely unknown. Pharmacologic and genetic approaches were used to
dissect the mechanism of leptin regulation of VEGF protein and mRNA in MT (4T1, EMT6 and
MMT). A series of VEGF-promoter Luc-reporters (full-length and transcription factor-binding
deletions) were transfected into MT to analyze leptin regulation of VEGF transcription. Deletion
analysis of VEGF promoter and RNA knockdown shows that HIF-1α and NFκB are essentials for
leptin regulation of VEGF. Leptin activation of HIF-1α was mainly linked to canonic (MAPK, PI-3K)
and non-canonic (PKC, JNK and p38 MAP) signalling pathways. Leptin non-canonic signalling
pathways (JNK, p38 MAP and to less extent PKC) were linked to NFκB activation. SP1 was involved
in leptin regulation of VEGF in 4T1 cells. AP1 was not involved and AP2 repressed leptin-induced
increase of VEGF. Overall, these data suggest that leptin signalling regulates VEGF mainly through
HIF-1α and NFκB. These results delineate a comprehensive mechanism for leptin regulation of
VEGF in MT. Disruption of leptin signalling could be used as a novel way to treat breast cancer.

1. INTRODUCTION
VEGF is a master regulator of the growth of blood vessels required for tissue differentiation
and function. VEGF has several isoforms resulted from alternative splicing of VEGF mRNA.
VEGF-A, the most abundant isoform, binds to transmembrane tyrosine kinase receptors,
VEGFR1 (Flt-1) and VEGFR2 (Flk-1/KDR) to exert its cellular functions. VEGFR2 signalling
is linked to the main known cellular responses to VEGF. Other VEGF isoforms bind to
VEGFR3 (Flt-4), which mediates lymphangiogenesis [1]. Remarkably, the aberrant expression
of VEGF is a hallmark of malignant tumor development required for the colonization of
endothelial cells that allow tumor nutrition. Therefore, VEGF is a viable target for
pharmacological intervention in cancer [2].
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Leptin, a pleiotropic cytokine, is mainly secreted by adipose but also overexpressed by cancer
cells. Strikingly, leptin/OB-R [3–5] and VEGF [6–8] overexpressions in breast cancer are
strongly linked to rapid growth of tumors and worse prognosis. Leptin has absolute specificity
to bind and signal through its receptor, OB-R. However, several OB-R isoforms supposedly
derived from alternative splicing are expressed in different tissues [9] OB-Rb (full length
isoform) is mainly expressed by the hypothalamus where leptin signalling plays a role in
neuroendocrine function and controls the appetite and energy balance in normal-weight
individuals. OB-R short isoforms expressed by peripheral tissues have diminished signalling
capabilities but not well defined biological roles [9]. Leptin/OB-R binding activates several
canonic (JAK2/STAT; MAPK/ERK 1/2 and PI-3K/AKT1) and non-canonic signalling
pathways (protein kinase C, PKC; stress-activated protein kinase c-Jun N-terminal kinase, JNK
and p38 MAP kinase) to exert an increasing number of biological effects in diverse cells
[11]. In addition, leptin activates the 5'-AMP-protein kinase (AMPK) that stimulates fatty-acid
oxidation in skeletal muscle. Leptin also activates cyclic nucleotide phosphodiesterase 3B
(PDE3B) [11]. Importantly, leptin signalling upregulates the expression of several molecules
involved in proliferation, survival, inflammation and angiogenesis, i.e., c-Myc [12], cdk2
[13], cyclin D1 [12–14], BCL2 and surviving [15], β3 integrin [16], leukemia inhibitory factor
(LIF), LIF receptor (LIF-R), interleukin–1 (IL-1), IL-1 receptor (IL-1R tI), IL-1 receptor
antagonist (IL-1Ra) [17–19].

Leptin initially identified as a pro-angiogenic factor [20] is also a positive regulator of VEGF
in endometrial [17,18] and breast cancer cells [14,21]. Furthermore, the blockade of leptin
signaling markedly reduced the growth of tumors and the expression of VEGF/VEGFR2 in
mouse models of syngeneic and human breast cancer xenografts [14,21]. Many growth factors/
cytokines and oncogenes have been shown to induce the expression of VEGF through the
activation and binding of several transcription factors to the VEGF promoter [22].
Transcriptional upregulation of VEGF by hypoxia inducible factor (HIF-1) under hypoxic
conditions has been extensively characterized in many cells and tissues [22]. The mechanisms
involved in VEGF regulation include positive regulation of gene transcription by a series of
activated transcription factors (HIF-1, AP1, NFκB, SP1/SP3) and steroid hormone receptors,
and negative effects of AP2 [23] and p53 [24]. VEGF expression is also under post-
transcriptional control of mRNA stability [25]. However, the specific mechanisms involved in
leptin regulation of VEGF gene are largely unknown.

Here we describe how leptin activates canonic and non-canonic signalling pathways and
transcription factors for the upregulation of VEGF in mouse mammary cancer cells (MT). Basal
expressions of VEGF/VEGFR2, leptin/OB-R and estrogen receptor, ERα were initially
investigated in MT. Pharmacologic and genetic approaches for key leptin-target kinases and
transcription factors were used to dissect the signalling pathways involved in leptin-induced
levels of VEGF protein and mRNA. MAPK, PI-3K, PKC, JNK and p38 MAP kinase signalling
pathways were generally involved in leptin regulation of VEGF. Examination of transcription
factor activation, transcription factor knockdown, effects of inhibitors and deletion analysis of
VEGF-promoter Luc-reporters suggest that HIF-1α and NFκB were essential for leptin
activation of VEGF transcription in MT. These results delineate for first time the mechanisms
for leptin regulation of VEGF and reinforce the idea that the disruption of leptin signalling
could impact breast cancer growth by inhibiting proliferation and angiogenesis.

2. MATERIALS AND METHODS
2.1. Materials and Reagents

Anti-STAT3 (F-2), anti-pSTAT3 (B-7), anti-VEGFR2 (A-3) and anti-estrogen receptor-alpha
(ERα) antibodies, non-specific species-matched IgGs, HeLa, RAW 264.7 and Caco-2 cell
lysates for Western blot positive controls were obtained from Santa Cruz Biotechnology Inc.

Gonzalez-Perez et al. Page 2

Cell Signal. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Santa Cruz, CA). Anti-p42/44 MAPK was from Cell Signalling Technology (Danvers, MA).
Anti-phospho-p42/44 MAPK (Thr202/Tyr204) was obtained from New England BioLabs Inc
(Beverly, MA). Anti-AKT1/PKBα (PH Domain), anti-phospho-AKT1/PKBα (Ser473)
antibodies and wortmannin were from Upstate Inc. (Lake Placid, NY). Anti-mouse leptin
receptor (OB-R) antibody was from BioVision Inc. (Mountain View, CA). Anti-β-actin
antibody was from Abcam Inc (Cambridge, MA). Anti-mouse and anti-rabbit horseradish
peroxidase (HRP) conjugates, and iScript cDNA Synthesis, IQ SYBR Green Supermix and
protein determination kits were from Bio-Rad Lab. (Hercules, CA). Streptavidin-HRP
conjugate was from GE Healthcare UK Limited (Chalfont, UK). Biotinylated anti-mouse IgG/
anti-Rabbit IgG (H+L) and normal horse serum were from Vector Laboratories Inc.
(Burlingame, CA). ECL Western Blotting Substrate and Restor™ Western blot stripping buffer
were from Thermo Scientific (Rockford, IL). Immobilized recombinant Protein G was obtained
from Pierce Biotechnology Inc. (Rockford, IL). Fetal bovine serum was obtained from Gemini
Bioproducts (West Sacramento, CA). Penicillin-streptomycin cocktails were purchased from
Mediatech, Inc. (Manassas, VA). RPMI 1640 medium was from American Type Culture
Collection (ATCC, Manassas, VA). Mouse recombinant leptin, mouse VEGF and leptin
enzyme-linked immunosorbent assay (ELISA) Quantikine kits and DuoSet IC human/mouse
active hypoxia-inducing factor-1 alpha (HIF-1α) activity assay kit were obtained from R & D
Systems Inc. (Minneapolis, MN). Dual-luciferase assay system and pLR-TK plasmid were
obtained from Promega (Madison, WI). Tanshinone IIA was from BIOMAL International
(Plymouth Meeting, PA). NS-398 was from EMD Chemicals Inc. (Darmstadt, Germany).
IKKγ NEMO binding domain (NBD) inhibitory and control peptides were from IMGENEX
(San Diego, CA). RNeasy Mini kits, DNase kits and Superfect transfect reagents were obtained
from Qiagen (Valencia, CA). Nuclear extract kit, TransAM™ AP1 c-Jun, NFκB and SP1
Transcription factor assays kits were obtained from Active Motif (Carlsbad, CA). Tyrphostin
AG490, PD98059, Mithramycin A (from Streptomyces plicatus), YC-1, Gö6976, SB203580,
SP600125, RIPA buffer, Endofree plasmid maxiprep kit, protease inhibitor and phosphatase
inhibitor cocktails 1 and 2 and other chemicals were obtained from Sigma (St. Louis, MO).

2.2. Cell cultures and treatments
Mouse mammary tumor cell lines (MT): 4T1 (CRL-2539), EMT6 (CRL-2755) and
MMT060562 (MMT; CCL-51) were purchased from ATCC. 4T1 and MMT were cultured in
RPMI-1640 medium containing 10% fetal bovine serum (FBS), 100 units/ml penicillin and
100 µg/ml streptomycin. EMT6 cells were cultured in RPMI-1640 medium containing 15%
FBS and 2 mM L-glutamine. All cell cultures were grown as sub-confluent monolayers in a
humidified atmosphere containing 5% CO2 at 37°C. Generally, for treatment experiments cells
were grown until they were 70% confluent in 60 mm dishes, 6-well plates, 12 well plates or
24 well plates. Cells were subsequently serum-starved for 16–24 h and treated with different
compounds in RPMI-1640 medium FBS free (basal medium, BM).

2.3. Endogenous levels of leptin and targeted proteins
To determine the endogenous levels of expression of selected proteins the cells were cultured
in 12 well plates (1.5 × 105 cells/well) with BM for 24–48h. Culture supernatants were
harvested for VEGF and leptin determinations by ELISA and cell lysates were obtained to
determine VEGFR2, ERα and OB-R levels using Western blot (WB).

2.4. Leptin-dose effects
Semi-confluent cells (70 %) were starved for 24h in BM and incubated with mouse leptin (0,
0.6, 1.2 and 6.2 nM) to determine the dose-effects on levels of VEGF protein (ELISA) and
mRNA (Real-time RT-PCR).
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2.5. Involvement of specific kinases and transcription factors (TF) in leptin-mediated effects
on VEGF

Cells starved as described above were incubated for 24h with mouse leptin (0 or 1.2 nM) in
the presence or absence of inhibitors of JAK2/STAT3 (AG490, 30µM), ERK1/2/MAPK
(PD98059, 30µM), PI3K/AKT1 (Wortmannin, 20µM), PKC (Gö6976, 20µM), p38/MAPK
(SB203580, 20µM) and JNK (SP600125, 20µM) signalling pathways. The supernatants were
harvested and cell lysates and total RNA were prepared for VEGF protein (ELISA) and mRNA
quantification (Real-Time RT-PCR). In other series of experiments, the relationships between
leptin-activated kinases and specific DNA binding activity of TF was determined. To this end,
the cells were cultured in BM containing the above described kinase inhibitors for 1h in 6 well
plates (5×105 cells/well) or 60 mm dishes (106 cells/dish). Then, leptin 1.2 nM was added to
the wells containing the kinase inhibitors and cells were incubated for 30 min. After treatments,
nuclear extracts were prepared with nuclear extraction kit. Levels of activated TF were
determined at 5 µg protein/well using TransAM SP1, AP1 c-Jun, and NFκB p65 ELISAs.
Nuclear levels of activated HIF-1α were determined at 10 µg protein/well using the DuoSet
IC human/mouse HIF-1α activity assay kit. Assay specificities and sensitivities were verified
using positive controls and in competition assays by testing non-labeled oligonucleotides
provided by the kits. Positive control nuclear extract for HIF-1α was prepared from 4T1 cells
treated with CoCl2 (100µM) for 6h. Protein concentrations were determined by the Bio-Rad
kit.

2.6. Impact of TF inhibition on leptin-mediated effects on VEGF
To further determine the role of specific TF on leptin-mediated increase in VEGF expression
the cells were incubated in BM containing leptin (0 or 1.2nM) in the presence or absence of
inhibitors for HIF-1α (NS398 and YC-1, 10µM), AP1 (Tanshinone IIA, 50µM), NFκB (IKK
inhibitor, 100µM) and SP1 (Mithramycin A, 0.2µM) for 24h. Culture supernatants were
harvested to determine VEGF protein (ELISA) and cell lysates were used to determine VEGF
mRNA (Real-Time RT-PCR).

2.6.1. Short Hairpin RNA Knockdown—Short hairpin RNA (shRNA) constructs against
Mus musculus HIF-1α, NFκB, as well as control plasmid (catalog number TR517255,
TR516641, TR30012) were purchased from Origene, Technologies, Inc. (Rockville, MD).
Plasmid DNA were transformed into competent E. coli, amplified and purified from the culture
using PureLinK HQ mini plasmid purification kit (Catalog number K2100-01, Invitrogen,
Carlsbad, CA). MT were maintained in complete medium and plated onto 6-well culture dishes
(60,000 cells/well for 4T1; 150,000/well for EMT6 and 200,000/well for MMT). After 24 h
the culture medium was changed and cells were transfected with shRNA plasmids (1µg) or
with control plasmid (1µg) using the Superfect transfect reagents following the manufacture’s
guidelines. After 24 h cells were starved for additional 24 h and treated with leptin (6.25nM).
Cell culture supernatants were used to quantify VEGF levels by ELISA. Total RNA was
extracted for VEGF mRNA quantification by real-time RT-PCR. Nuclear extracts were
prepared as described above and used for immunoblot analyses of HIF-1α and NFκB (p65 and
p50).

2.7. Western Blot (WB)
Thirty µg of cell lysate protein were incubated with anti-VEGFR-2 antibody,
immunoprecipitated using Protein G agarose beads and resolved by WB. To detect ERα and
OB-R isoforms 30 µg cell lysate proteins were analyzed by WB. To detect the impact of kinase
inhibitors of signalling intermediaries 40 µg of cell lysate protein were analyzed by WB for
STAT3, p-STAT3, ERK1/2, p-ERK1/2, AKT1 and p-AKT1 kinases. β-actin and non-
phosphorylated proteins were used as loading controls for OB-R, VEGFR2 and ERα and
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phosphorylated kinases, respectively. Positive controls included HeLa, RAW 264.7 and
Caco-2 cells. Nonspecific mouse, rabbit, and goat IgGs were used as negative controls for
Western blot analysis. HIF-1α (MAB 1536, R & D Systems) and, NFκB-p65, NFκB-p50 and
PCNA (proliferation cell nuclear antigen) for loading control (Sc-109, Sc-114 and Sc-7907
antibodies, Santa Cruz Biotech., respectively); were used for immunoblot analyses of nuclear
extracts. The ECL-chemiluminescent assay was used to detect the specific protein bands. To
quantitatively assess the effects of cytokines and inhibitors of leptin/OB-R signalling on
antigen expression, the X-ray films were analyzed using the NIH Image program
(http://rsb.info.nih.gov/ij/).

2.8. Quantification of VEGF and leptin in cell culture supernatants
Mouse leptin and VEGF levels in culture supernatants as determined by ELISA were within
the dynamic range of the ELISA standard curves and expressed as pg/ml/mg of total protein.
Standards, controls, and samples were assayed in duplicate. According to the manufacturer,
the performance characteristics of the mouse VEGF-ELISA were as follows: sensitivity, 3pg/
ml, and 100% specificity for mouse VEGF-A (164 and 120 amino acid residue forms) and no
significant cross-reactivity with any of several tested cytokines or growth factors, including
other VEGF isoforms and their receptors. The mouse leptin-ELISA’s performance
characteristics were as follows: sensitivity 22 pg/ml, 100 % specificity for mouse leptin, no-
cross-reactivity with any of several tested cytokines.

2.9. Real-time RT-PCR detection of VEGF mRNAs in MT
Total RNA from MT were extracted using RNeasy Mini Kit according to the manufacturer’s
protocol. cDNA was synthesized by using iScript cDNA Synthesis kit. Total RNA (0.7–1.0
µg) was used as template for cDNA synthesis. For quantitative comparisons, cDNA samples
were analyzed by real-time PCR using the IQ SYBR Green Supermix on the Bio-Rad’s I cycler.
Relative expression values (R) were calculated using the equation R =
2–(ΔCt target – ΔCt reference), where Ct target is the fractional threshold cycle of the target gene
and Ct reference is the fractional threshold cycle of the reference gene. Primers for VEGF were
forward: 5’-TACCTCCACCATGCCAAGTGGT-3’ and reverse: 5’-
AGGACGGCTTGAAGATGTAC-3’, which amplify 180bp DNA fragment. The 18s rRNA
was used as internal control or reference and was detected using the following primers: forward
5’-GGAAGGGCACCACCAGGAGT-3’ and reverse 5’-
TGCAGCCCCGGACATCTAAG-3’, which amplify 320bp DNA fragment. The VEGF PCR
conditions were: 1 cycle, 95°C for 3 min; 45 cycles, 95°C for 30 sec; 52°C for 30 sec and 72°
C for 30 sec. Different annealing temperatures of 18s rRNA was 61°C. Real-time PCR
determinations were duplicated for each cell preparation.

2.10. Immunocytochemistry (ICC)
4T1, MMT and EMT6 cells (5×105 cells/chamber) were cultured in ICC-treated glass slides
(BD Falcon™, Belford, MA). Semi-confluent cells (~ 70%) were starved in BM for 48h, fixed
with 2% paraformaldehyde solution and incubated with anti-OB-R, ERα and VEGFR2
antibodies (1:100). Negative controls were also included in which the primary antibody was
omitted. Specific staining was developed using the ABC staining system (Santa Cruz
Biotechnology Inc.). Cells were counterstained with hematoxylin and treated with permanent
mounting medium. Staining intensity for each antigen was assigned by two independent
observers using a semiquantitative HSCORE. The HSCORE was calculated using the
following equation: HSCORE = Σ Pi (i +1) as previously described [26].
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2.11. Reporter gene plasmids and constructs
Plasmids of luciferase-reporters for mouse VEGF promoter (full-length) and 5’ deletions of
cis elements for hypoxia response element (HRE), AP1, AP2, NFκB and SP1 were prepared
as previously described [27]. Briefly, pGL3-basic (promoterless) luciferase vector (Promega,
Madison, WI) was used to prepare the reporter constructs. A 1091-bp fragment of the mouse
VEGF promoter region (−975 to +116; full-length pLUC-VEGF-975) (GenBank TM/EMBL
accession number U41393) and a series of its 5'-end deletions pLUC-VEGF-923, pLUC-
VEGF-857, pLUC-VEGF641, pLUC-VEGF-107 and pLUC-VEGF-40 were generated by
PCR using oligonucleotide primers designed with sites for specific restriction enzymes. All
PCR products were sequenced and confirmed to be identical to published sequences within the
mouse VEGF promoter.

2.11.1. Transient transfection experiments and reporter assays—Plasmid pRL-TK
renilla luciferase reporter construct was used for internal control. All plasmids were prepared
using Endofree plasmid maxiprep kit according to the protocol provided. MT were transiently
transfected with plasmids using Superfect following the manufacturer’s guidelines. Briefly,
MT were plated at density of 2×104/well in 96 well plates and cultured until they were ~ 70%
confluent. Cells were starved in BM for 24h and transfected with 0.3 µg of plasmid DNA per
well. To determine the transfection efficiencies of the test plasmids, normalization was
performed by cotransfection 0.03 µg of pRL-TK renilla luciferase expression plasmid per well.
After transfection cells were washed, incubated in BM for 18–24h, and treated with 0.6nM of
leptin for 24h. Cell extracts were prepared and subsequently analyzed for luciferase activity
by Dual-luciferase reporter assay system according to the manufacturer’s protocol. Luciferase
activity was expressed as relative light units (RLU).

2.12. Statistical analyses
One-way analysis of variance and student t tests were used from Prism 5 software. P<0.05 was
designated as a statistically significant difference. All experiments were performed in triplicate
and repeated at least three times, and all samples were analyzed in duplicate. The data were
expressed as means± SEM.

3. RESULTS
3.1. Endogenous levels of cytokines and receptors in MT

To initially characterize MT used in this research the basal expressions of leptin and VEGF
ligands and their corresponding receptors (OB-R and VEGFR2, respectively) and estrogen
receptor alpha (ERα) were investigated. 4T1, EMT6 and MMT secrete leptin and VEGF (Fig
1A) in basal conditions. Interestingly, similar patterns for the basal levels of leptin and VEGF
correlated among these cell lines. The highest basal levels of leptin and VEGF were secreted
by MMT while the lowest levels of these factors were detected in 4T1 cell cultures. The basal
secretion patterns for leptin and VEGF were as follows: MMT>>EMT6>4T1 (Fig 1A). Results
from ICC show that in basal conditions all cells expressed OB-R and VEGFR2 (Fig 1B).
HSCORE analysis suggests that, 4T1 and MMT had higher basal levels for OB-R and VEGFR2
expression (Fig 1B). These results were further corroborated by WB (Fig 1C). Basal expression
of OB-R and VEGFR2 as detected by WB correlated to ICC findings in all cells. However,
MMT and 4T1 cells showed higher expression of VEGFR2 than OB-R (Fig 1C). Thus,
according to WB the basal expression of OB-R and VEGFR2 were as follows:
4T1>MMT>>EMT6. All cells assayed express ERα as detected by ICC (Fig 1B) and WB (Fig
1C). HSCORE analysis suggests that in basal conditions EMT6 cells express lower levels of
ERα compared to 4T1 and MMT (Fig 1B). Thus, according to ICC the ERα basal expression
follows a similar pattern than VEGFR2 and OB-R (4T1, MMT>EMT6). WB analysis
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corroborated the basal expression of ERα in all cells and shows that it is higher expressed by
4T1 cells (4T1>EMT6, MMT; Fig 1C).

3.2. Leptin induces increased levels of VEGF protein and mRNA in MT
Addition of leptin to MT cultures increases VEGF protein and/or mRNA in all cell lines but
not dose-effects were found (Fig 2A–F). VEGF protein was increased in all MT by leptin (Fig
2A, C and D). In comparison, only leptin higher dose (6.25 nM) was able to increase VEGF
protein in 4T1 cells (Fig 2A). Leptin at all doses increased VEGF mRNA in EMT6 (Fig 2D)
but the higher doses of leptin were required to increase VEGF mRNA in 4T1 (Fig 2B) and
MMT (Fig 2F).

3.3. Multiple signal pathways are involved in leptin-mediated regulation of VEGF in MT
To determine which signalling pathways activated by leptin are involved in the regulation of
VEGF in MT several pharmacological inhibitors of specific kinases were used. WB analysis
was used to determine the impact of leptin and inhibitors on the phosphorylation of kinases
and VEGF levels in 4T1, EMT6 and MMT (Fig. 3). Addition of leptin promoted the activation
of leptin canonic signalling kinases (JAK2/STAT3, MAPK/ERK 1/2 and PI-3K/AKT1) in all
MT. The co-incubation of cells with leptin and pharmacological inhibitors of JAK2/STAT3
(AG490), MAPK (PD98059) and PI-3K/AKT1 (wortmannin) abrogated the leptin-mediated
increase of phosphorylated kinases (Fig 2A, B and C). However, leptin-mediated STAT3
phosphorylation was not inhibited by AG490 in 4T1 (Fig 3A). The analysis of leptin and kinase
inhibitor effects suggest that leptin-mediated increase of VEGF protein (Fig 3D) and mRNA
(Fig 3G) was mainly related to the activation of PI-3K and MAPK kinases in 4T. Similar results
were found for leptin regulation of VEGF protein in MMT (Fig 3F and I) and EMT6 (Fig 3E
and 3H) but leptin upregulation of VEGF mRNA only involved MAPK kinase in EMT6 (Fig
3H). Interestingly, inhibition of JAK2/STAT3 signalling increased the basal levels of VEGF
protein and mRNA in 4T1 (Fig 3D and G) and MMT (Fig 3F and I). To further examine how
leptin could regulate VEGF expression in MT a series of pharmacological inhibitors for leptin
non-canonic signalling pathways were used (i.e., Gö6976 for PKC; SP600125 for JNK and
SB203585 for p38 kinase; Fig 4). Remarkably, PKC and p38 kinases were linked to leptin-
induction of VEGF in all MT (Fig 4A, B and C). Intriguingly, p38 MAPK inhibition in basal
conditions increased the basal levels of VEGF in 4T1 cells (Fig 4A).

In addition, JNK activity was related to leptin-mediated increase of VEGF protein in 4T1 cells
(Fig 4A) and EMT6 (Fig 4B). In general, these results suggest that leptin-canonic (MAPK and
PI-3K) and non-canonic signalling (PKC and p38 kinase and to less extent JNK) are involved
in the regulation of VEGF in MT.

3.4. Leptin signalling pathways involved in transcription factor (TF) activation
The VEGF promoter has specific cis-elements for the binding of TF that regulate VEGF
expression. To explore how leptin signalling pathways could be linked to transcriptional
regulation of VEGF gene the activation of several TF (HIF-1α, AP1, NFκB and SP1) was
determined in MT incubated with leptin. To define which leptin-induced signalling pathways
were linked to the specific activation of TF several kinase inhibitors were used (Fig 5).

Leptin signalling activated HIF-1α in all cells tested (Fig 5A–F). In addition, NFκB was
activated by leptin in 4T1 (Fig 5A and D) and EMT6 (Fig 5B and E). Analysis of kinase
inhibition shows that HIF-1α was mainly linked to the activation of specific leptin canonic
(MAKP and PI-3K; Fig 5A, B and C) and non-canonic (PKC, JNK and p38; Fig 5D, E and F)
signalling pathways in MT. However, JAK2/STAT3 pathway was also linked to leptin
activation of HIF-1α in 4T1 (Fig 5A) and EMT6 cells (Fig 5B). Interestingly, the inhibition of
JAK2/STAT3 increased the levels of activated HIF-1α in MMT (Fig 5C). In comparison,
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NFκB was mainly linked to leptin activation of non-canonic signalling pathways (Fig 5D and
E). Though, leptin activation of JAK2/STAT3, MAPK/ERK1/2 and PI-3K were also linked to
NFκB activation in 4T1 (Fig 5A) and MMT (Fig 3C). Intriguingly, leptin did not activated
AP1 in MT but the inhibition of JAK2/STAT3 or PI-3K increased the levels of activated AP1
in 4T1 cells (Fig 5A). Similarly, inhibition of PI-3K (Fig 5B) or p38 (Fig 5E) increased the
levels of AP1 in EMT6 cells. Leptin also activated SP1 in 4T1 cells that was related to all leptin
canonic signalling pathways (Fig 5A).

Overall, these results suggest that leptin signalling mainly activates HIF-1α and NFκB to
regulate VEGF gene expression in MT. Leptin-mediated activation of HIF-1α and NFκB were
mainly related to MAPK, PI-3K, PKC, JNK and p38 signalling pathways.

3.5. Impact of pharmacologic inhibition of TF on leptin-mediated induction of VEGF in MT
To further elucidate how leptin regulate VEGF in MT several pharmacological inhibitors of
TF that can potentially bind to the VEGF promoter were used. The effects of the inhibitors
NS398 (for HIF-1α), Tanshinone IIA (for AP1), inhibitor IKK antagonist (for NFκB) and
Mithramycin A (for SP1) on leptin-induction of VEGF protein and mRNA were determined
(Fig 6). Inhibition of HIF-1α negatively impact leptin-induced levels of VEGF protein in all
cells (Fig 6A, B and C) and negatively affect leptin-mediated induction of VEGF mRNA in
4T1 (Fig 6D) and MMT (Fig 6F). On the other hand, inhibition of NFκB abrogated leptin-
mediated induction of VEGF protein in all MT (Fig 6A, B and C). However, the IKK antagonist
only inhibited leptin-induced VEGF mRNA in EMT6 cells (Fig 6E). Results from Tanshinone
and Mithramycin treatment suggest that AP1 and SP1 are related to leptin regulation of VEGF
protein in all MT (Fig 6A–C) and mRNA in 4T1 cells (Fig 6D). AP1 and SP1 were not
previously identified as a target for leptin in all MT (see Fig 5). However, previous observations
also suggest leptin induces SP1 activation to regulate VEGF in 4T1 cells (see Fig 5A). These
results further confirm previous findings on the essential role of HIF-1α and NFκB activation
for the leptin upregulation of VEGF in MT.

3.6. Cis-acting elements involved in leptin regulation of VEGF promoter in MT
To closely determine which cis-acting elements within the mouse VEGF promoter are involved
in leptin regulation of VEGF transcription, full-length and truncated VEGF promoter
constructs linked to luciferase reporter gene were transiently introduced into MT (Fig 7A).
Luciferase assay was conducted to determine the promoter activity after leptin challenge.
Deletion analysis of luciferase reporter activities shows that leptin significantly increases the
transcriptional activity of full-length VEGF promoter in all MT (Fig 7B). The analysis of cells
transfected with a construct lacking the hypoxia response element (HRE) showed a significant
decrease of the leptin-mediated activation of VEGF promoter in all MT. This suggests that the
HRE region (specific for HIF-1α binding) of VEGF promoter is essential for leptin-induction
of VEGF in MT. In contrast, the deletion of AP1 binding region did not affect leptin-mediated
regulation of VEGF promoter. However, the deletion of AP2 binding region recovered the
ability of leptin to induce the VEGF promoter in 4T1 and EMT6 cells but had no effects on
the leptin regulation of VEGF promoter activity in MMT (Fig 7B). This suggests that AP2
activity could be involved in feed-back regulation of VEGF promoter activity by leptin in MT.
Remarkably, the deletion of NFκB binding sites reduced leptin-mediated activation of VEGF
promoter in EMT6 and MMT (Fig 7B). Finally, the deletion of SP1 binding sites blocked
leptin-induction of VEGF promoter activity in 4T1 cells but had no effects in EMT6 and MMT
(Fig 6B). This suggests that SP1 sites are critical for leptin-induction of VEGF promoter
activity in 4T1 cells but do not play an important role in leptin regulation of VEGF in EMT6
and MMT. In agreement with these observations leptin activation of SP1 in 4T1 cells was
linked to VEGF upregulation (see Fig 5A and Fig 6A and D). These results further suggest
that HIF-1α and NFκB are mainly activated by leptin for upregulation of VEGF in MT.
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3.7. Short Hairpin RNA Knockdown of HIF-1α and NFκB
To further ascertain the roles of leptin-induced TF on VEGF upregulation in MT shRNA were
used. To confirm whether leptin upregulation of HIF-1α and NFkB is linked to increased levels
of VEGF (see Fig 5) 4T1 and EMT6 cells were transfected with shRNA for HIF-1α and
NFκB and MMT were transfected with NFκB shRNA. Knockdown of HIF-1α or NFκB (p50
or p65) genes completely abrogated leptin-induced increase in VEGF protein (Fig 8A, E and
I) and mRNA in all MT (Fig 8B, F and J). Moreover, shRNA treatment for HIF-1α or NFκB
(p50 or p65) completely inhibited leptin-mediated upregulation of VEGF promoter in MT
transfected with full-length pLUC-VEGF-975 (Fig 8C, G and K). WB analysis confirmed that
leptin increased and shRNA treatment reduced the levels of nuclear of HIF-1α and NFκB in
MT (Fig 8D, H and L). These data strongly suggest that leptin uses HIF-1α and NFκB to
upregulate VEGF in MT.

4. DISCUSSION
Overweight and obesity are pandemic, especially in western countries, and strongly linked to
breast cancer incidence. These relationships are probably associated to the activity of adipose
tissue that secretes an array of cytokines and growth factors impacting tumor growth. Among
these factors, leptin has been suggested a major player that has several pleiotropic effects
promoting tumor growth. Moreover, leptin and its receptor, OB-R, are overexpressed in breast
cancer. An increased number of reports support a critical role for leptin signalling in tumor
angiogenesis [20,28]. This could be linked to leptin’s ability to increase the levels of VEGF
[14,19,21]. However, the precise mechanisms linking leptin signalling and VEGF levels in
breast cancer are not well understood. Here we describe for the first time a comprehensive
molecular mechanism for leptin regulation of VEGF in breast cancer cells.

VEGF regulation is complex and occurs at both transcriptional and post-transcriptional levels
in a cell-specific manner. Several cis-regulatory elements for transcription factor binding sites
have been identified within the 5’-flanking promoter region of VEGF promoter [22,29].
Hypoxia is a very well-known factor implicated in the transcriptional upregulation of VEGF
in many tissues. The VEGF promoter contains distal enhancer sites that bind HIF-1α (hypoxia
response elements, HRE) [29] and AP1 [30]. The proximal GC-rich region in the VEGF
promoter contains binding sites for AP2 [23,31], Egr-1 (early growth response-1), WT1 [32],
NFκB [29] and SP1/SP3 [31]. The activation of many of these TF by hypoxia and cytokines/
growth factors is linked to the constitutive and induced expression of VEGF in different cancer
cell lines [30–34]. In addition, ERα-SP1 and -SP3 complexes bind to an imperfect ER site
within the VEGF promoter to regulate VEGF levels in breast (34) and endometrial cancer cells
[35].

In the present studies, we examined the regulation of VEGF in response to leptin within
mammary cancer cells. Initially 4T1, EMT6 and MMT were characterized for the expression
of leptin and targeted molecules. 4T1 and EMT6 cells are derived from BALB/c background.
The 4T1 mouse cell model is commonly used in research because it closely resembles breast
cancer [36]. However, limited information is available on EMT6 (hyperplastic mammary
alveolar nodule origin) and MMT (epithelial origin) cell models. Therefore, all MT were
initially investigated for their basal expression of ligands and receptors. All MT investigated
secreted leptin and VEGF and, co-expressed OB-R, VEGFR2 and ERα in basal conditions.
MMT showed higher levels of leptin and VEGF when compared to EMT6 and 4T1 cells.
Interestingly, the basal levels of leptin and VEGF were harmonized in all MT. These data
confirm our previously results on the synchronized levels of leptin and VEGF in human breast
cancer cell cultures [21] and reinforce the idea that increased levels of leptin derived either
from body, mammary adipose tissues and/or tumor cells can upregulate VEGF in breast cancer.
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To dissect the mechanisms of leptin-induced levels of VEGF protein and mRNA, MT were
challenged with leptin and several pharmacological and genetic inhibitors for key leptin-
targeted kinases and TF and, transfected with reporters containing serial deletions of VEGF-
promoter. Leptin uses a network of canonic and non-canonic signalling pathways to upregulate
VEGF in MT. Leptin induces PI3K, MAPK (ERK 1/2, p38 and JNK) and PKC signalling
pathways to activate HIF-1α and NFκB (see Fig 9). These leptin-mediated events were
strikingly linked to upregulation of VEGF protein and mRNA levels and VEGF-Luc activity.
In addition, JAK2/STAT3 and SP1 were involved in leptin-induced effects on VEGF levels in
4T1 cells. Interestingly, incubation of 4T1 cells with AG490 (a JAK2/STAT3 inhibitor) did
not completely abolish STAT3 phosphorylation. This data suggest that leptin-mediated
phosphorylation of STAT3 in 4T1 could also occur through a JAK2-independent mechanism.
It raises the possibility that leptin/OB-R crosstalk to other kinases, i.e., Src that has been shown
to phosphorylate STAT3 upon leptin challenge in a JAK2-independent manner [37].

We have previously reported that inhibition of leptin signalling significantly impacted on the
levels of VEGF in syngeneic mouse mammary tumors [14] and in human breast cancer
xenografts hosted by immunodeficient mice [21]. In this investigation, we confirmed our
previous finding that leptin induces an increase in the levels of VEGF in 4T1 cells [14].
Furthermore, we found that leptin also induces the increase in VEGF protein levels in EMT6
and MMT and VEGF mRNA in all MT. These results were found in parallel to the leptin-
induction of VEGF promoter activity in all MT assayed. Overall, these data strongly suggest
that leptin induces the transcription and translation of VEGF in breast cancer.

HIF-1 is a heterodimer transcription factor considered a master regulator of hypoxic-gene
expression and promoter of angiogenesis. HIF-1 is composed of two subunits: HIF-1α (induced
by hypoxia) and HIF-1β (constitutively expressed). In normoxia, HIF-1α is targeted to
proteasome degradation via ubiquitinylation [38]. However, under normoxic conditions HIF-1
is upregulated by growth factors, cytokines, oncogenes and hormones [29]. HIF-1 binds to
HRE sites in the VEGF promoter [29] for VEGF regulation. Our present results from deletion
analysis of VEGF promoter suggest that HRE binding sites are critical for leptin regulation of
VEGF gene in MT. Leptin induces the increase of HIF-1α DNA binding activity. Moreover,
leptin–induction of VEGF protein and mRNA was blocked by an inhibitor (NS398) of
HIF-1α. NS398 can reduce HIF-1α mRNA and protein in a COX-2 dependent way but it can
also decrease HIF-1 levels by increasing ubiquitination and the clearance of ubiquitylated
protein [39]. To further confirm these results HIF-1α gene was knocked down with shRNA.
Treatment of cells with HIF-1α shRNA completely abrogated leptin-mediated induction of
VEGF protein, mRNA, promoter-LUC activity and HIF-1α accumulation in the nucleus of all
MT. Present results suggest that leptin-increased VEGF transcription involves the enhanced
ability of HIF-1α to bind HRE within VEGF promoter in MT.

Present findings show that leptin induced VEGF expression through HIF-1α was linked to the
activation of canonic (JAK2/STAT3, PI3K/AKT1 and MAPK/ERK 1/2) and non- canonic
(p38, JNK and to less extent PKC) signalling pathways. This was in agreement to previous
reports showing the involvement of ERK [40], PI-3K [41], p38 MAPK and JNK [40] in the
regulation of VEGF by diverse factors in different cells. In hamster fibroblasts, ERK 1/2
kinases trigger the activation/binding of SP1/AP2 complexes to VEGF promoter [40].
However, ERK but not JNK was essential for HIF-1 activation in human hepatocellular liver
carcinoma cell line, HepG2 [42]. However, present results suggest that leptin-induced JAK2/
STAT3 signals were not essential for VEGF upregulation (see Fig 3). This was in contrast to
findings reported for MCF-7 cells where STAT3 blockade abrogated both HIF-1α and VEGF
expression [43]. HIF-1α is constitutively degraded by ubiquitination under normoxic
conditions [37]. Thus, it is probable that the increased HIF-1α activity by leptin in MT is related
to decreased HIF-1α ubiquitination and proteosome degradation. Therefore, leptin activation
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of HIF-1α could occur in MT through phosphorylation or stabilization of HIF-1α by PKC/
MAPK and PI-3K/AKT1.

Leptin-induced NFκB activation was linked to VEGF expression in MT. Interestingly, leptin
induced increase in NFκB activity in 4T1 and EMT6 but not in MMT. However, deletion
analysis of VEGF promoter suggests that NFκB binding regions were involved in leptin
upregulation of the VEGF promoter in EMT6 and MMT but were not essential in 4T1 cells.
This was further assessed by abrogation of NFκB activation. The IKK inhibitor and NFκB
shRNA negatively impacted the leptin induction of VEGF protein and mRNA in MMT and
EMT6, respectively. Leptin canonic signals (JAK/STAT3, ERK 1/2 and PI-3K) were only
linked to NFκB activation in 4T1 cells. In contrast, leptin non-canonic signals (JNK and p38)
were only involved in leptin activation of NFκB in EMT6 cells. NFκB comprises a complex
family of hetero- or homodimer proteins (i.e., RelA or p65, RlB, cRel, p50, p1005 and p105)
that are kept in inactive forms in the cytoplasm mainly linked to inhibitor proteins (IκB).
Diverse stimuli can activate NFκB that is transported to the nucleus to activate the expression
of genes involved in inflammation, immune regulation, survival and proliferation [44]. The
precise mechanisms involved in leptin activation of NFκB in MT are unknown but may be
related to IKK activation by PKC as it was previously reported in immune cells [44]. Our
previous results on VEGF transcription in macrophages show that HRE is essential for the
VEGF transcription. In these cells, HIF-1α mRNA levels were increased in LPS-treated
macrophages in an NFκB–dependent manner but deletion of putative NFκB–binding sites from
the VEGF promoter did not affect LPS induced VEGF promoter activity, suggesting that
NFκB is not directly involved in VEGF transcription [45]. In contrast, present data from MT
suggest that leptin induce VEGF expression in a HIF-1α and NFκB–dependent way.

Stress-activated protein kinases (p38 MAPK and JNK) increased expression of VEGF by
stabilizing the VEGF mRNA in human embryonic kidney and hamster fibroblasts [43]. On the
other hand, PKC activity was previously found linked to the activation of HIF-1α mainly
through Ras/Raf-1/ERK signalling pathways in bovine aortic endothelial [46] and
fibrosarcoma cells [47]. PKC can activate several members of MAPK family, including p38
MAPK [48]. Moreover, PKC-mediated activation of NFκB was linked to the effects of
inflammatory cytokines and growth factors, i.e., TNF-α, IL-1 and EGF in human kidney cells
[49]. Then, leptin activation of PKC may be upstream to MAPK/ERK and p38 kinases that in
turn activate HIF-1α and NFκB for the regulation of VEGF expression in MT. In agreement
with this notion, both PKC and MAPK/ERK/p38 inhibitors completely blocked the ability of
leptin to activate HIF-1α and upregulate VEGF in MT.

Pro-angiogenic factors show differential mechanisms for VEGF regulation. Present results
show that AP1 is not involved and AP2 is a repressor of leptin-mediated regulation of VEGF
gene expression in MT. In contrast, TNFα can activate VEGF gene expression through SP1
[50], AP2 [31] and HIF-1α [51]. bFGF activated VEGF expression through SP1 [50] and
TGFβ through AP1 and HIF-1α [30]. Interestingly, AP2 is a positive regulator of many genes,
including VEGF in human epidermoid cancer cells [23,31] but can repress VEGF expression
in prostate cancer cells [23] and is a suspected repressor of VEGF in breast cancer [52,53].
These reports are in agreement with our present findings that suggest AP2 represses leptin-
mediated VEGF gene expression in MT.

Diverse tyrosine kinases and growth factors are involved in VEGF regulation in different cells
[41]. Leptin actions leading to VEGF upregulation could be reinforced through crosstalk to
cytokines and growth factors. Indeed, leptin is an up-stream regulator of a number of angiogenic
molecules [17–19]. Various pro-angiogenic/pro-inflammatory factors involved in endometrial
cancer are regulated by leptin [19]. Moreover, leptin is an activator of IL-1 receptor type I gene
expression in endometrial [19] and breast cancer cells (unpublished results). Remarkably,
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leptin can crosstalk to some factors that activate HIF-1 in breast cancer and other cells, i.e.,
IGF and epidermal growth factor receptor-2 (HER2/neu; erbB2) [54,55]. Leptin can also
transactivate ERα [56] that in turn can upregulate VEGF expression through an imperfect
estrogen-responsive element (ERE) and AP1 binding sites in the VEGF promoter [57]. On the
other hand, many growth factors and inflammatory cytokines can activate NFκB in cancer cells
[58]. Therefore, leptin signalling could directly and indirectly (through estrogen and growth
factor/cytokine crosstalk) induce the activation of HIF-1α and NFκB to upregulate the VEGF
gene. Leptin signalling could give an additional advantage to tumors by upregulating VEGF
before hypoxia is manifested. Remarkably, HIF-1α can also induce leptin expression in
choriocarcinoma [59] and breast cancer cells [60]. This suggests the existence of a feedback
loop for leptin activation of HIF-1α and regulation of VEGF and leptin genes. On the other
hand, NFκB can also induce the expression of HIF-1α [61]. Hence, the NFκB-mediated
regulation of HIF-1α, the regulation of leptin by HIF-1α and, leptin upregulation of VEGF
through activation of HIF-1α and NFκB suggest that complex mechanisms for regulation of
VEGF and leptin expression occur in breast cancer. This provides an interesting paradigm for
leptin/VEGF relationships in signal transduction in cancer. Moreover, we have previously
reported that leptin increased the levels of Cyclin D1 in 4T1 cells [14] and MCF-7 and MD-
MBA231 cells [21]. In line with these results, leptin-mediated activation of NFκB could
activate the cyclin D1 promoter [62]. These data support the idea for a dual role of leptin in
breast cancer through the activation of NFκB that can impact both angiogenesis (increased
VEGF) and tumor growth (increased cyclin D1).

4.1. Conclusions
4.1.1. Our data suggest that mechanisms for leptin upregulation of VEGF are cell specific. In
MT leptin regulation of VEGF involves PI-3K/AKT1 and MAPK/ERK 1/2 signalling
pathways. In contrast, leptin-induction of VEGF levels in endometrial cancer cells was related
to the activation of MAPK/ERK1/2 and mTOR but not to PI-3K/AKT1 signalling pathway
[19].

4.1.2. Taken together, our findings add new evidence on biological diversity of leptin signalling
in the regulation of VEGF to promote tumor angiogenesis in normoxic conditions. This also
highlights the importance of studying leptin signalling crosstalk with other factors in the
context of TF activation and gene expression.

4.1.3. Present data together with the previously in vivo findings showing an impressive impact
of leptin signalling inhibition on tumor growth, angiogenesis and reactive stroma [14,21]
emphasize the idea that leptin is an important regulator of the tumor microenvironment and
angiogenesis. Leptin signalling and crosstalk could lead to the promotion of angiogenesis,
growth and survival of breast cancer cells that could be further sustained by increased adiposity
and the associated higher levels of leptin.
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VEGFR2 Vascular endothelial growth factor–receptor 2

ER Estrogen receptor

JAK2 Janus kinase 2

STAT3 Signal transducer and activator of transcription 3

ERK 1/2 Extracellular signal-regulated kinases 1 and 2

PI-3K Phosphatidylinositol-3 kinase

AKT1 Protein kinase B

AMPK 5'-AMP-protein kinase

IGF-1 Insulin like growth factor-1

MT mouse mammary tumor cells

PKC Protein kinase C

MAPK Mitogen-activated protein kinase

p38 p38 MAP kinase

JNK c-Jun N-terminal kinase

PDE3B cyclic nucleotide phosphodiesterase 3B

HIF-1 hypoxia inducible factor

NFκ B Nuclear factor-κ B

AP1 activating protein 1

AP2 activating protein-2

erbB2 or HER2/neu Erythroblastic leukemia viral oncogene homolog 2
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Fig. 1. Endogenous expression of leptin and target molecules in MT
A VEGF and leptin levels in MT as determined by ELISA (pg/ml/mg-protein). B and C, OB-
R, ERα and VEGFR2 expression (arrows) in MT as determined by immunocytochemistry
(ICC) and western blot (WB), respectively. Pictures show representative results from ICC
(magnification ×63). Relative expression of receptors was determined by HSCORE (see
Section 2.10). Quantitative WB data were calculated from densitometric analysis of bands with
the NIH image program. The values were normalized to β-actin as a control. Cells were cultured
for 48h in basal medium (BM). (a) p<0.05 and (b) p<0.01 when comparing levels between
cells. Data (mean ± standard error) representative results derived from a minimum of 3
independent experiments.
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Fig. 2. Dose-effects of leptin on the levels of VEGF protein and mRNA in MT
A, C and E VEGF protein and B, D and F, VEGF mRNA levels induced by leptin (0, 0.6, 1.2
and 6.2nM) in 4T1, EMT6 and MMT, respectively. Cells were cultured for 48h. VEGF levels
were determined by ELISA. VEGF mRNA levels were quantified by real-time RT-PCR. (a)
p<0.05 when comparing levels of VEGF protein (pg/ml/mg-protein) or mRNA to control
(basal). Data (mean ± standard error) representative results derived from a minimum of 3
independent experiments.
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Fig. 3. Leptin induced canonic signalling pathways involved in the regulation of VEGF in MT
A, B and C, representative western blots from leptin induction of phosphorylated proteins in
4T1, EMT6 and MMT, respectively. D, E and F, effects of leptin and canonic signalling
inhibitors on VEGF protein levels in 4T1, EMT6, and MMT, respectively. G, H and I, effects
of leptin and canonic signalling inhibitors on VEGF mRNA levels in 4T1, EMT6, and MMT,
respectively. MT were incubated for 24h with mouse leptin (0 or 1.2 nM) in the presence of
inhibitors of JAK2/STAT3 (AG490, 30µM), ERK1/2/MAPK (PD98059, 30µM) and PI3K/
AKT1 (Wortmannin, 20µM) signalling pathways. VEGF levels were determined by ELISA
(pg/ml/mgprotein). VEGF mRNA levels were quantified by real-time RT-PCR. (a) p<0.05
when comparing levels of protein or mRNA of leptin-treated cells to control (basal) with or
without inhibitors. Data (mean ± standard error) representative results derived from a minimum
of 3 independent experiments. B: Basal, L: leptin, AG: AG490, PD: PD98059, W: Wortmannin.
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Fig. 4. Leptin induced non-canonic signalling pathways involved in the regulation of VEGF in MT
A, B and C, effects of leptin and kinase inhibitors on VEGF levels in 4T1, EMT6 and MMT,
respectively. MT were incubated for 24h with mouse leptin (0 or 1.2 nM) in the presence of
inhibitors of PKC (Gö6976, 20µM), p38/MAPK (SB203580, 20µM) and JNK (SP600125,
20µM) signalling pathways. VEGF levels were determined by ELISA (pg/ml/mg-protein). (a)
p<0.05 when comparing levels of VEGF protein of leptin-treated cells to control (basal) with
or without inhibitors. Data (mean ± standard error) representative results derived from a
minimum of 3 independent experiments. B: Basal, L: leptin, Gö: Gö6976, SB: SB203580, SP:
SP600125.
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Fig. 5. Leptin-induced signal pathways involved in transcription factor activation in MT
A, B and C, transcription factor activities in 4T1, EMT6 and MMT, respectively, treated with
leptin and inhibitors of canonic signalling pathways. D, E and F, transcription factor activities
in 4T1, EMT6 and MMT, respectively, treated with leptin and inhibitors of non-canonic
signaling pathways. MT were cultured for 30 min with leptin (0 or1.2 nM) and inhibitors of
canonic [JAK2/STAT3 (AG490, 30µM), ERK1/2/MAPK (PD98059, 30µM) and PI3K/AKT1
(Wortmannin, 20µM)] and non-canonic [PKC (Gö6976, 20µM), p38/MAPK (SB203580,
20µM) and JNK (SP600125, 20µM)] signalling pathways. AP1, NFκB and SP1 activities were
determined by TransAM ELISA and HIF-1α activity by DuoSet-IC ELISA in nuclear extracts.
TF activity levels were expressed as a percent of basal (vehicle treated) in response to the
various treatments. (a) p<0.05 when comparing levels of TF activity of leptin-treated cells to
control (basal) with or without inhibitors. Data (mean ± standard error) representative results
derived from a minimum of 3 independent experiments. B: Basal, L: leptin, AG: AG490, PD:
PD98059, W: Wortmannin, Gö: Gö6976, SB: SB203580, SP: SP600125.
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Fig. 6. Effects of transcription factor inhibitors on leptin-induced VEGF protein and mRNA in MT
A, B and C, VEGF protein levels and D, E and F, VEGF mRNA levels in 4T1, EMT6 and
MMT, respectively. MT were treated with leptin (0 or 1.2nM) in the presence of inhibitors for
HIF-1α (NS398, 10µM), AP1 (Tanshinone IIA, 50µM), NFκB (IKK inhibitor, 100µM) and
SP1 (Mithramycin A, 0.2µ µM) for 24h. VEGF protein levels were determined by ELISA (pg/
ml/mg-protein) and VEGF mRNA levels were quantified by real-time RT-PCR. (a) p<0.05
when comparing levels of protein or mRNA of leptin-treated cells to control (basal) with or
without inhibitors. Data (mean ± standard error) representative results derived from a minimum
of 3 independent experiments. B: basal, L: leptin, N: NS398, T: Tanshinone IIA, I: IKK
inhibitor, M: Mithramycin A.
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Fig. 7. Leptin regulation of VEGF promoter in MT
A, schematic representation of the full-length mouse VEGF promoter-luciferase reporter
construct and serial 5’-end deletions. A 1091-bp fragment (−975 to +116) of the murine VEGF
promoter, and a series of sequential 5’-end deletion fragments were inserted into a promoterless
luciferase reporter vector (pGL3 basic). B, deletion analysis of VEGF promoter. MT were
transiently transfected with VEGF reporter constructs and treated with leptin (0, 0.6 or 1.2nM),
and luciferase activity was determined (see Section 2.11.) and expressed as a percent of basal
(vehicle treated) in response to the leptin treatment. (a) p<0.05 when comparing levels of
luciferase activity to control (basal). Data (mean ± standard error) representative results derived
from a minimum of 3 independent experiments.
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Fig. 8. Effects of shRNA knockdown of HIF-1α and NFκB on leptin regulation of VEGF in MT
A, E and I, VEGF protein levels and B, F and J, VEGF mRNA levels in 4T1, EMT6 and MMT,
respectively. C, G and K, luciferase activity of VEGF-LUC transfected cells in 4T1, EMT6
and MMT, respectively. D, H and L, WB analysis for HIF-1a and NFkB (p50 and p65) in
nuclear extracts from 4T1, EMT6 and MMT, respectively. PCNA antigen was used as loading
control. MT were treated with leptin (0 or 6.25 nM) in the presence of shRNA for HIF-1α and
NFκB (p50 and p65) for 24h. VEGF protein levels were determined by ELISA (pg/ml/mg-
protein) and VEGF mRNA levels were quantified by real-time RT-PCR. MT were transiently
transfected with full-length VEGF-LUC reporter constructs and treated with leptin (0, 6.25
nM), and luciferase activity was determined (see Section 2.11.) and expressed as a percent of
basal (vehicle treated) in response to the leptin treatment. (a) p<0.05 when comparing levels
of protein, mRNA and luciferase activity of leptin-treated cells to control (basal) with or
without shRNA. Data (mean ± standard error) representative results derived from a minimum
of 3 independent experiments. B: untransfected cells; Contr: cells transfected with control
plasmid; p50, p65 and HIF-1α (cells transfected with specific shRNA)

Gonzalez-Perez et al. Page 23

Cell Signal. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9. Schematic representation of the molecular mechanism for leptin regulation of VEGF in MT
Leptin-induced upregulation of VEGF expression in MT mainly involves the activation of
HIF-1α and NFκB through leptin canonic (PI-3K/AKT1 and MAPK/ERK1) and non-canonic
(JNK, p38 and to less extent PKC) signalling pathways. However, leptin-induced SP1 through
leptin canonic signalling pathways (JAK2/STAT3, MAPK and PI-3K) signalling pathway is
also involved in VEGF gene regulation in 4T1 cells. Leptin activation of PKC may be upstream
to MAPK/ERK and p38 kinases that in turn activate HIF-1α and NFκB for the regulation of
VEGF expression in MT.
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