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Abstract
To investigate whether obesity induces a leptin–Notch signaling axis in breast cancer (BC), leptin-
induced Notch was determined in human MCF-7 and MDA-MB231 and mouse E0771 cells and,
in E0771-BC hosted by syngeneic lean and diet-induced-obesity (DIO) C57BL/6J female mice.
Lean and DIO-mice were treated for three weeks with leptin inhibitor (PEG-LPrA2) one week
after the inoculation of E0771 cells. Leptin induced Notch1, 3 and 4 in BC cells, but Notch2
expression showed opposite pattern in MCF-7 compared to MDA-MB231 cells. Notch loss-of-
function [DAPT and dominant negative (R218H) RBP-Jk (CSL/CBF1)] showed that a functional
leptin-Notch signaling axis was involved in the proliferation and migration of E0771 cells. E0771-
BC onset was affected by obesity [lean mice: 7/10 (70%) vs DIO-mice: 11/12 (92%); Pearson
Chi2: P=0.06]. PEG-LPrA2 significantly reduced BC growth [untreated: 19/42; (45%) vs treated:
8/42 (19%); Pearson Chi2: p=0.008]. PEG-LPrA2 did not influence the caloric intake of mice, but
increased carcass and/or body weights of lean and DIO-mice inoculated with E0771 cells, which
could be related to the improvement of health conditions (less aggressive disease). Importantly,
BC from obese mice had higher levels of Notch3, JAG-1 and survivin than lean mice. Inhibition
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of leptin signaling reduced protein levels of Notch (NICD1, NICD4, Notch3, JAG1 and survivin)
and significantly decreased mRNA expression of Notch receptors, ligands, and targets. PEG-
LPrA's effects were more prominent in DIO-mice. Present data suggest that leptin induces Notch,
which could be involved in the reported higher incidence and aggressiveness and, poor prognosis
of BC in obese patients.
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Introduction
The American Cancer Society estimates that about 296,980 new cases of breast cancer (BC,
invasive and carcinoma in situ) and 39,620 deaths among women suffering from BC will be
detected in the US in 2013. Earlier detection, increased awareness and improved treatment
have resulted in a significant decrease in mortality and consequently an increase in
morbidity from BC during the last decade. Currently, the chance that a woman will die from
BC is about 1 in 36 (about 3%)1. Several factors such as genetic predisposition and
modifiable causes, for example obesity, are thought to contribute to the incidence and
development of BC2.

Several studies have shown that obesity is linked to increased rate of various cancers3, 4.
Obesity, characterized by increase of adipose tissue, is associated with poorer prognosis in
the majority of the studies that have examined this relationship5. Many studies have
hypothesized that diet composition may play an important role in the increased rate of BC6.
It has been observed that BC rates are much higher in countries consuming high-fat diets
than in less developed countries where fat intake is much lower. This also leads to the notion
that obesity is connected to BC incidence3, 7.

The mechanisms underlying obesity-induced risk of cancer is currently not well understood.
Several factors have been proposed to contribute to the lethal relationships between obesity
and development of cancer, poor prognosis, and relapse3. Obesity is considered a mild
inflammatory state that generates several changes in adipocyte and glandular epithelial cell
biology, and in the non-adipose cellular components of the stroma-vascular fraction. These
changes in turn could promote malignant transformation of cells and positively affect cancer
cell survival3, 8. Obesity negatively impacts the survival of BC patients regardless of
menopausal status, as it has been associated with increased risk of recurrence and increased
proportion of BC6, 9. Obese BC patients show high levels of estrogen, which increases the
growth of endocrine responsive tumors. However, not all BC respond to estrogens.
Additionally, estrogen levels are unrelated to BC in premenopausal women, suggesting that
obesity must affect BC through other mechanisms. Correlations between BC, obesity, and
markers of the metabolic syndrome (insulin, free/bioavailable IGF-1 and leptin) have been
shown10. However, the individual contributions of these factors to obesity-related cancers
are often contradictory and not well understood in diverse scenarios.

Leptin has been the most studied adipokine since this protein was first cloned in 199411.
Leptin levels increase proportionally to the size of adipose tissue. Higher levels of leptin are
found in female, postmenopausal women and obese individuals12. Leptin is secreted by
adipose tissue and BC cells2. Leptin signaling and its crosstalk to several oncogenic signals
regulate angiogenesis, stimulate survival, proliferation, and migration of BC cells. Leptin
can also induce pro-oncogenic actions in the stroma-vessel components2, 13. Compelling
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evidence for leptin's oncogenic role in BC was found in obese ob/ob and db/db mice, which
are leptin–deficient and unable to develop mammary tumors. This was true even when they
were crossed with MTTV-TGF-α mice (prone to develop BC)14, 15. Remarkably, these
leptin-deficient and obese mice that are unable to develop BC were found to have high
levels of insulin/IGF-1. Furthermore, we have also provided solid evidence sustaining an
oncogenic role for leptin signaling in BC16-18. Inhibition of leptin signaling via pegylated-
leptin receptor antagonist 2 (PEG-LPrA2) decreased BC growth and reduced the levels of
several oncogenic molecules in several mouse models. Additionally, other studies have
shown that high levels of leptin in obese women can impact transformed BC cells to induce
an alteration to a more aggressive phenotype 19.

Notch is a hallmark of BC. Notch expression is associated to angiogenesis, proliferation,
differentiation, apoptosis, and a more aggressive BC and poor prognosis2. Notch receptors
are mammalian transmembrane proteins that bind membrane-bound ligands expressed by
adjacent cells. The Notch family consists of four receptors Notch1-Notch4 and five ligands:
Jagged 1(JAG1), JAG2, Delta-like 1 (DLL1), DLL3, and DLL4. Leptin can induce the
expression and activation of Notch in BC cells in vitro20. Moreover, leptin is also likely
related to carcinogen-induced BC16.

We hypothesize that leptin could contribute to BC development through the activation of the
Notch signaling pathway. Then, increased levels of leptin found in obesity may induce the
expression of Notch and promote the growth of BC. To test this hypothesis, we investigated
whether leptin induces Notch in E0771-BC cells and derived tumors hosted by lean and
obese mice. The effects of abrogation of Notch signaling via inhibition of γ-secretase and
forced expression of dominant negative RBP-Jk (CSL, an essential Notch transcription
factor) on leptin-induced proliferation and migration of E0771 cells were determined.
Additionally, we investigated the effects of leptin on Notch expression in ER+ breast cancer
versus TNBC cell lines. To test whether increased levels of leptin found in obesity could be
related to Notch expression and development of BC, lean and obese syngeneic C57BL/6J
mice were implanted with E0771 cells and treated with a potent leptin antagonist (PEG-
LPrA2)17. Present data strongly suggest that leptin-induced Notch signaling in BC is
essential for proliferation, migration of BC cells and correlates to BC development in an
obesity context.

Materials and Methods
Reagents and antibodies

Polyclonal Notch1 (sc-373891), Notch4 (sc-56594), Jagged1 (sc-8303), Ob-R-NH2
(sc-1834), leptin (sc-843) and RBP-Jk (Sc-8213) antibodies were obtained from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA. Polyclonal Notch2 (ab-8926) and Notch3
(ab-23426) antibodies were from Abcam Incorporated, Cambridge, MA, USA. Polyclonal
Survivin antibody (71G4B7) was from Cell Signaling, Danvers, MA, USA. Polyclonal anti-
mouse and anti-rabbit antibodies horseradish peroxidase (HRP) conjugates were from Bio-
Rad Laboratories, Hercules, CA, USA. Mouse leptin Quantikine ELISA Kit was purchased
from R&D Systems Inc., Minneapolis, MN, USA. ECL-Western blot stripping buffer was
from Thermo Scientific, Rockford, IL, USA. DMEM was obtained from Life Technologies,
Grand Island, NY, USA. MTT assay kit was purchased from Promega Corporation,
Fitchburg, WI, USA. Dual-luciferase assay system and pGL-3 plasmid were obtained from
Promega (Madison, WI). RNeasy Mini kits, DNase kits and Superfect transfect reagents
were obtained from Qiagen (Valencia, CA). Vectastin ABC-APK and Vectamount were
obtained from Vector Laboratories, Burlingame, CA, USA. Hematoxilyn was purchased
from Dako Corporation, Carpinteria, CA, USA. Monoclonal Notch1 (N6786) and β-actin
(A5316) antibodies, protease inhibitor, phosphatase inhibitor cocktails 1 and 2, fetal bovine
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serum (FBS), DAPT [N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester], DAPI (4',6-diamidino-2-phenylindole) and other chemicals were purchased from
Sigma-Aldrich, St. Louis, MO, USA.

In vitro experiments
Cell cultures

Human MCF-7 (ER+) and MDA-MB231 (ER-) (ATCC, Manassas, VA) and mouse E0771
(ER+; provided by Dr. Mikhail Kolonin; Centre for Stem Cell Research, Institute of
Molecular Medicine, University of Texas) breast cancer cell lines were used. The E0771 cell
line was generated from an estrogen receptor positive (ER+) mammary adenocarcinoma
isolated from a C57BL/6J mouse21. The cells (1.0×105cells/ml) were cultured on oncoated
flat-bottomed plastic 24-well plates with DMEM supplemented with 10% FBS, containing
1% penicillin and streptomycin. Semi-confluent cells were cultured for 16-24h in basal
medium (DMEM without FBS) and treated with different compounds. In all experiments
triplicate wells, tubes and reactions were ran and repeated at least three times with different
cell preparations.

Inhibition of leptin signaling
To inhibit leptin signaling in E0771 cells in vitro and in vivo, a potent inhibitor, leptin
receptor peptide antagonist 2 (LPrA2) was used16-18, 22. LPrA2 shows high binding affinity
for the leptin receptor (Ob-R; Ki ≈ 0.6×1010 M)23. To increase its solubility and half-life the
peptide was coupled to polyethylene glycol (pegylated peptide: PEG-LPrA2; MW≈23000;
half-life in mice via i.v.: unconjugated 1h versus pegylated 66h). In contrast to the
unconjugated peptide, its derivative, PEG-LPrA, is water-soluble18. PEG-LPrA2 and a
pegylated-scrambled peptide (PEG-Sc, for negative control) were synthesized and purified
as previously described16.

Leptin dose-response effects on Ob-R and Notch expression
E0771 wild type cells were cultured in medium DMEM-FBS 10% until semi-confluent
layers were achieved. Cells were starved for 24h in basal medium. Then, cells were cultured
for 30 min in starvation medium containing 1.2 nM PEG-LPrA2 or PEG-Sc (pegylated
peptide inactive control). Cells were cultured for additional 24h in basal medium containing
leptin (0, 0.6, 1.2 and 6.2 nM, equivalent to 0, 10, 20, and 100 ng/ml). Conditioned media
were harvested and cells were lysed as previously described to determine Notch and Ob-R
via Western blot (WB) analysis20. Protein concentrations were determined using the Bio-
Rad kit (Bio-Rad Lab.).

Inhibition of Notch signaling
To pharmacologically inhibit Notch signaling, a γ-secretase inhibitor, DAPT, was used. To
specifically assess the role of RBP-Jk (CBS/CSL, an essential transcription factor for Notch
signaling) a dominant negative construct pCMX-N/R218H (RIKEN, Tsukuba-city, Ibaraki,
JAPAN) deposited by T. Honjo (University of Kyoto, Japan) was used23. R218H carries an
R-to-H substitution at position 218, which is critical for the DNA binding activity of RBP-
Jk. R218H was re-cloned into the pCMX vector and transfected into E0771 cells. To assess
the inactivation of RBP-Jk gene expression by pCMX-N/R218H the cells were co-
transfected with RBP-Jk-Luciferase reporter and Renilla control-plasmid (PGL3-CBF;
Signosis, Inc.). Additionally, the levels of RBP-Jk protein in E0771-R218H cells were
determined by WB after leptin challenge20.
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Cell proliferation
Leptin dose-response effects on proliferation of E0771 wild type and E0771-R218H
transfected cells were determined via MTT assay. E0771 cells were seeded 1×104 per well
in a 96-well plate, starved for 24h and cultured for additional 24h in medium containing
0-1.2 nM leptin plus PEGLPrA2 (0 and 1.2nM). MTT was added (stock: 5 mg/ml, 20 μl/
well) and cells were incubated for 4h at 37°C and lysed (200 μl/well DMSO). Absorbance
was measured at 570 nm (Molecular Devices, CA)20.

Cell migration
E0771 wild type and E0771-R218H cells (5×104) were cultured in basal medium in the
upper chamber of the Boyden chamber inserts (6.4-mm diameter, 8-μm pore size; BD
Biosciences) as previously described20. To determine the effects of leptin and Notch
signaling the cells were placed in a 24-well plate containing 0, 0.6 and 1.2 nM leptin, PEG-
LPrA2 (0 and 1.2 nM) and DAPT (0 or 5 μM/0.1% DMSO). Migration assays were carried
out for 24h. Cells that migrated to the lower side of the insert were fixed with 3.7%
formaldehyde and stained with hematoxylin. Six randomly selected fields (×10 objective)
were photographed, and the migrated and stained cells were counted20.

In vivo experiments
Animals and Experimental procedures

Fifty female C57BL/6J mice seven-week old (Jackson Laboratories, ME, USA) weighting
approximately 18g were randomly allocated into two groups fed with either chow (lean
mice; n=20) or high-fat diet (diet-induced-obesity mice, DIO; n=30), which were prepared
by Harlan Laboratories Inc. (Indianapolis, IN, USA). Mice were housed five per cage in the
animal facilities of Morehouse School of Medicine (MSM, Atlanta, GA, USA) in rooms
maintained at 25°C with 10-15 air exchanges per hour. Artificial light was provided under a
12h/12h light/dark cycle. All housing materials, as well as food and water, were autoclaved
prior to use. All experiments were performed according to the protocol approved by MSM-
IACUC and NIH guide for the Care and Use of Laboratory Animals.

Composition of the experimental diets
The TD.06416 (chow diet: 10% Kcal from fat; 3.6 Kcal/g; Harlan Lab.) and TD.06414
(HFD; 60% Kcal from fat; 5.1 Kcal/g; Harlan Lab.) adjusted calories diets were used16.

Detection of obesity and breast tumor-take model—Obesity was identified at week
5 in mice showing body weights (BW) greater that 20% of BW of lean controls (DIO: BW>
120% BWL). Mice fed HFD that were not obese after week 5th were classified as obesity-
resistant (BW< 120% BWL) and were withdrawn from the experiments. Lean and DIO-mice
(obese) were inoculated into the left lower mammary pad (23-gauge needle) with E0771
wild type cells (1×105) suspended in phosphate saline (PBS)-0.3% matrigel solution
(Sigma).

PEG-LPrA2 treatment—One week after E0771 cell inoculation, PEG-LPrA2 treatment
was applied to mice (treated mice: lean; n=10 and DIO; n=10) via tail vein injections (50 μl/
0.1 mM) once (‘I”) or two times (“II”) a week for 3 weeks. Control mice received no
treatment or PEG-Sc (untreated mice: lean; n=10 and DIO; n=12). Lean and obese mice
were randomly allocated into four subgroups each: lean and DIO receiving no treatment (L-
Unt; n= 5 and DIO-Unt; n=7) or receiving PEG-Sc (L-Sc; n= 5 and DIO-Sc; n=5); and lean
and DIO treated once (L-I; n=5 and DIO-I; n=5) or two times (L-II; n=5 and DIO-II; n=5)
with PEG-LPrA2. Tumor development was detected by palpation of mammary glands. Food
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and caloric intake, BW, and general health status were recorded. After 3 weeks of treatment
(week 9) the mice were sedated with halothane inhalation before the collection of blood
samples via cardiac puncture. One ml blood samples were mixed with 200μl of EDTA
(ethylenediaminetetraacetic acid; Sigma Aldrich St. Louis, MO). Plasma was collected by
centrifugation and stored at −80°C. Final BW and carcass weight were determined.
Mammary tumor tissues were dissected and stored −80°C.

RNA extraction and real-time PCR—RNA was extracted from mammary glands
inoculated with E0771 cells and E0771-derived BC using RNeasy Mini Kit (Qiagen)20.
Total RNA (0.7–1.0 μg) was used as template for cDNA synthesis. First-strand cDNA was
synthesized (Applied Biosystems PCR system 2700 Thermal cycler; Life Technologies)
from total RNA using SuperScript First-Strand Synthesis System with SuperScript II reverse
transcriptase according to the manufacturer's protocols (Invitrogen, Carlsbad, CA). The
cDNA was used as a template in real-time PCR reactions with QuantiTect SYBR-Green
PCR mastermix (Bio-RAD) and was run on a Bio-RAD iCycler machine (Bio-RAD). Real-
time quantitative PCR reactions consisted of 1× SybrGreen Supermix (Bio-Rad), 0.25mmol/
L forward and reverse primers, and 10 ng cDNA. Specifics primers were used for Notch
molecules as previously described20. Cycling conditions consisted of a three-step
amplification and melt curve analysis using the iQ5 Real-time PCR Detection System (Bio-
Rad). PCR conditions were: 1 cycle, 95°C for 3 min; 35 cycles, 95°C for 10 sec; 60°C for 30
sec and 72°C for 30 sec. Amplified cDNA from the reference sample detailed above was
used in a 5-fold dilution series of 100 to 0.16 ng cDNA per reaction. Relative expression
values (R) were calculated using the Ct adjusted method R = 2–(ΔΔCt). Values were
normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression
values20 and to the endogenous control values (untreated lean and DIO mice). Real-time
PCR determinations were triplicated for each sample preparation.

Immunohistochemistry (IHC)—Unmasking of tissue antigens was performed in paraffin
embedded sections from mammary tumors by heat treatment in sodium citrate buffer (pH 6,
10 mM) at 95°C for 15 min. Following primary antibodies diluted in PBS-0.1% BSA
(bovine serum albumin): anti Notch1 (1:50); Notch4 (1:50); Jagged1 (JAG1; 1:50) and
Survivin (1:400) were used. The tissues were incubated with a streptavidin-biotin peroxidase
system (Vectastain, ABC-AP kit; Vector). Negative controls were also included in which the
primary antibody was omitted or substituted with non-specific IgG. DAB substrate (Vector)
was used and the sections were counterstained with hematoxylin. Positive cells were
recorded and counted in randomly chosen fields.

Western blot (WB)—Total proteins from BC cells and E0771-derived BC were extracted
using RIPA buffer containing an enzymatic inhibitor cocktail (Sigma). Thirty μg of protein
lysates were used for WB analysis of Notch as previously described17. β–actin was used as
the experimental loading control. For quantitative evaluation the NIH Image program18 was
used. Protein concentrations of tissue lysates were determined using the Bradford method
(Bio-Rad).

Leptin plasma levels—: Protein levels of leptin in plasma were determined using an
ELISA kit according to the manufacturer's instructions (R&D Systems).

Data Analysis—Summary statistics were performed using Arithmetic means ± Standard
deviation for normally distributed continuous data, and the Geometric mean with 95%
Confidence Interval. Obesity and treatment status were defined as dichotomous variables
with obese or DIO/lean and treated with PEG-LPrA/not treated with PEG-LPrA groups
respectively. Differences between of final BW of lean and obese/DIO mice groups were

Battle et al. Page 6

Int J Cancer. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tested using the student's t-test. Similarly, the student's t-test was used to test the difference
in final BW between PEG-LPrA2 treated and non-PEG-LPrA2 treated mice, and antigen
expression in cell cultures and tumor tissues. The likelihood ratio test was used to test the
assumption that the differences in final BW between PEG-LPrA2 treated and non-PEG-
LPrA2 treated differed by obesity status in a multiple regression model with an interaction
term between obesity status and treatment status. Results of stratified analyses are presented
when the test for interactions was statistically significant. All statistical tests were two-sided
and p-values ≤ 0.05 were considered statistically significant. Chi-squared tests were used to
test the association between tumor detection rates and obesity status. Similar analyses were
used to test the association between tumor detection rates and treatment status. Fisher's exact
test was utilized if expected values in any of the cells of the 2×2 tables were less than 5. The
student's t-test was also used to test the differences in plasma leptin levels between mice
with detectable tumors and mice without detectable tumors. Due to the skewed distribution
of plasma leptin levels, the student's t-tests were performed on the natural logarithm values
of plasma leptin. All statistical tests were performed using STATA SE version 11.

Results
Leptin-induces Notch in human MCF-7 and MDA-MB231 and, mouse E0771 breast cancer
cells

WB analysis showed that leptin induced the expression of several Notch receptors and
activated molecules (NICD), in human and mouse breast cancer cells (Fig 1). NICD1 was
increased by leptin in all cells. However, differential responsiveness for leptin-dose
activation of Notch1 was as follows: E0771>MDA-MB231>MCF-7 cells. Notch3
expression was induced by leptin in MCF-7 cells (Fig 1A and D). A trend for leptin
induction and activation of Notch3 and Notch4 was detected in E0771 cells (Fig 1C and F).
Notch3 was significantly upregulated by leptin in MCF-7 cells (Fig 1A and D). In contrast,
leptin significantly induced Notch4 expression in MDA-MB231 cells (Fig 1B and E). In
addition, leptin activated Notch4 (NICD4) in MCF-7 and MDA-MB231 cells (Fig 1A and D
and, B and E, respectively). Leptin did not affect Notch expression or activation (NICD2) in
E0771 cells (Fig 1C and F). In contrast to MDA-MB231 cells (Fig 1B and E) leptin reduced
Notch2 expression in MCF-7 cells (Fig 1A and D). Incubation of E0771 cells with PEG-
LPrA2 and scrambled control (PEG-SC) demonstrated that the increased level of Notch
expression was leptin-specific (Fig 1C and F). Furthermore, as it was previously found in
MCF-7 and MDA-MB23118, E0771 cells expressed Ob-Rb (long isoform) and Ob-Ra (short
isoform) (data not shown).

Leptin induced cell proliferation and migration are Notch-dependent
Leptin is a known proliferation factor for BC18, 20. Results from MTT assays showed that
leptin significantly increased the proliferation of E0771 cells in vitro, which was completely
abrogated by PEG-LPrA2 (Fig 2A). Furthermore, leptin also increased E0771 cell migration
which was also inhibited by PEG-LPrA2 (Fig 2B and C). To investigate whether leptin-
induced proliferation and migration of E0771 involves Notch signaling, the effects of leptin
on proliferation of E0771 wild type and E0771-R218H mutant (expressing a non-functional
and dominant negative RBP-Jk mutant) cells were compared. In sharp contrast to E0771
wild type cells (Fig 2A), leptin did not induce the proliferation of E0771-R218H cells (Fig
2D). Additionally, leptin-induced effects on migration of E0771 wild type cells (Fig 2B and
C) were not found in E0771-R218H cells (Fig 2E and F). Also the addition of the γ-
secretase inhibitor, DAPT, abrogated leptin-induced migration (Fig 2E and F). These data
strongly suggest that leptin-induced proliferation and migration of E0771 cells requires a
functional leptin-Notch signaling axis. These results led us to investigate whether obesity
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characterized by high levels of leptin can affect the development of E0771-derived BC
hosted by obese mice through a similar mechanism.

Impact of diet and treatment on body weight, food and caloric intake
As expected, feeding a high-fat diet (HFD) significantly increased mouse BW over the first
5 weeks and continued until the end of the experimental period (DIO-mice: 22/30; 73 %)
(Fig 3A and C) compared to lean mice fed a chow diet (Fig 3A and B). In contrast, food
intake was stable and similar for both lean and DIO-mice (range: 1.7-2.4 g/day/mouse)
during the experimental period (Fig 3D). However because the diets were not isocaloric,
DIO-mice consumed more calories (Fig 3F) than the lean mice (Fig 3E). Statistical analysis
showed a significant interaction between obesity status and treatment status, thus stratified
analyses showed that DIO-mice (see Fig 3A and C) were significantly heavier than lean
mice in both PEG-LPrA2 treated (p<0.0001) and non-PEG-LPrA treated mice (p=0.001)
(see Fig 3A and B). However, DIO-mice treated with PEG-LPrA2 were significantly heavier
than untreated DIO-mice (p=0.0013) at the end of the experimental period (see Fig 3C).
Similarly, PEG-LPrA2 treatment increased carcass weight of both lean and DIO-mice (data
not shown; p=0.008). PEG-LPrA2 effects on BW and carcass weight could be related to the
improvement of the health of the mice due to the negative impact of PEG-LPrA2 on E0771-
derived BC.

E0771-derived breast tumors and plasma levels of leptin
This tumor-take model showed that obesity tends to positively increase the detection rate of
BC in DIO mice [DIO 17/22 (77%) vs Lean: 10/20 (50%); Pearson Chi2: p=006] (Table 1).
Strikingly, mice receiving no treatment showed a significantly higher incidence of BC than
those mice treated with PEG-LPrA2 [Lean no treatment: {(L-Unt +L-Sc): 7/10 (70%)} vs
Lean treated:{L-I + L-II: 3/10 (30%)}, and obese no treatment: {DIO-Unt + DIO-Sc: 11/12
(92%)} vs obese treated: {DIO-I + DIO-II: 6/10 (60%)}; Pearson Chi2: p=0008] (see Table
1). Moreover, PEG-LPrA2 affected the development of BC in DIO-mice in a dose-response
manner. The injection of two-doses per week of PEG-LPrA2 showed superior reduction of
detectable BC in DIO-II (2/5; 40%) versus DIO-I mice (4/5; 80%). Present data confirm the
notion that HFD intake and obesity are linked to the development of BC. Moreover, the
results further suggest that leptin signaling is essential for the development of BC.

As predicted, DIO-mice showed higher plasma levels of leptin than lean mice (two-sample t
test, p<0.00001; Fig 4A). Higher leptin levels in DIO and untreated lean mice correlated to
BC detection (two-sample t test with equal variances; p=0.01). PEG-LPrA2 treatment
significantly decreased the levels of leptin in lean mice compared to untreated lean mice (L-
Unt +L-Sc vs L-I +L-II; p=0.02) (see Fig 4A). In contrast, no differences in plasma levels of
leptin were found between treated and untreated DIO-mice (DIO-Unt +DIO-Sc vs DIO-I +
DIO-II; p=0.72) (see Fig 4A). E0771-derived BCs were detected in both lean and DIO-mice.
However, the presence of BC did not alter the levels of plasma leptin either in lean or DIO-
mice (Fig 4B).

Notch expression in E0771-derived breast tumors
We sought to determine whether obesity and leptin signaling could also affect the expression
of Notch in BC. IHC analysis detected Notch and target molecule, survivin, in paraffin
sections. The use of IHC did not allow us to determine if these molecules were differentially
expressed in lean or DIO-mice or whether treatment affected their levels of expression (Fig
5A). The use of a more sensitive method, WB, showed that BC hosted by DIO-untreated
mice had higher levels of Notch3, JAG-1 and survivin (Fig 5B and C). However, Notch4
was overexpressed in BC hosted by lean mice. No effects of treatment or obesity on Notch2
expression and activation were found (Fig 5B and C). PEG-LPrA2 differentially affected the
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expression of Notch in BC from lean compared to DIO-mice (Fig 5D-F). PEG-LPrA2
reduced the levels of activated Notch1 (NICD1) and lowered the expression of Notch4 and
survivin in lean mice (Fig 5D and E). Additionally, DIO-mice treated with PEG-LPrA2
showed reduced the activation of Notch1 (NICD1) and Notch 4 (NICD4) and decreased the
levels of Notch3, JAG1 and survivin. Overall, it appears that PEGLPrA2 affected additional
components of Notch system in DIO compared to lean mice (Fig 5D and E). In addition,
obesity context and higher levels of leptin were related to increased Notch mRNA in E0771-
derived BC. Real-Time RT-PCR demonstrated that PEG-LPrA2 treatment massively
decreased the levels of mRNA for Notch receptors (Notch1-4), ligands (JAG1 and Dll4) and
targeted molecule (survivin) (Fig 5F). These results suggest that obesity and leptin signaling
were linked to the expression of Notch in E0771-derived BC.

Discussion
According to the CDC (Center for Control Disease and Prevention, Atlanta, US), obesity is
pandemic in US. In 2009-2010, it was reported that more than one-third of adults and nearly
17% of youth were obese, however no differences between genders were detected24. The
World Health Organization (WHO) reported that approximately 700 million will be afflicted
with this condition worldwide by 201525. Remarkably, BC risk is increased in obese women
by a factor of 1.12 (1.08-1.16; 95% coefficient interval)3. Combined actions of
inflammatory cues, insulin signaling, altered levels of lipids and changes in adipokine
signaling have been suggested as potential factors promoting BC risk in obesity contexts3.
Obese BC patients show higher mortality rates compared to non-obese patients. Obesity has
been associated with bigger tumors, more advanced disease, poorer prognosis, and/or
increased mortality in women with BC26. Indeed, women with increased adipose tissue had
increased tumor growth rates27. These data may imply that tumors developed in obese
individuals are more aggressive than those found in individuals with less adipose tissue28.
Other studies have also shown that even post treatment of BC a decrease in BW may in fact
lead to higher survival rates7. However, the molecular mechanisms involved in obesity-
related cancer are not well-understood7,28.

Leptin, the most studied adipokine, shows increased levels in obese individuals. However,
obesity is characterized by a leptin resistant status at the hypothalamic level29. High levels
of circulating leptin can then impact normal and cancer tissues expressing Ob-R.
Additionally, BC cells also secrete leptin and overexpress Ob-R. Abnormal leptin and Notch
signaling are hallmarks of BC2,30. Notch signaling pathway is cell and context dependent
and can influence cell fate by regulating programs leading to growth and differentiation.
Furthermore, Notch receptors (Notch1-4) and ligands (JAG1/Dll-4) are not functionally
redundant, as null mutations for each display unique phenotypes31. The crosstalk between
oncogenic signaling pathways triggered by leptin, IL-1 and Notch (NILCO)20 found in BC
could represent the integration of developmental, pro-inflammatory, and pro-angiogenic
events critical for leptin-induced BC cell proliferation/migration and tumor angiogenesis2.
Additionally, leptin-induced Notch seems to be related to DMBA (7,12-
dimethylbenz[a]anthracene)-induced tumors in obese C57BL/6J mice16. Moreover, leptin
induced angiogenic features and Notch signaling in endothelial cells32.

We hypothesize that the activation of a leptin-Notch signaling axis is instrumental and
essential for the relationships between obesity and BC development. E0771 (ER+, PR+ and
HER2-; data not shown) and MDA-MB231 (triple-negative) cells were more responsive to
leptin-induced activation of Notch (NICD1; NICD3 and NICD4) than MCF-7 cells. MCF-7
cells downregulated Notch2, that could provide cell proliferation advantages33. This data
corroborated previous reports showing higher Notch activity in triple-negative BC34.
Inhibition of leptin or Notch signaling via pharmacologic inhibitors for leptin (PEG-LPrA2)
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and Notch signaling (DAPT for γ-secretase) abrogated E0771 cell proliferation and
migration, as it was earlier shown in 4T1 cells20. However, DAPT has a broad range of
inhibitory actions. Therefore, the inhibition of Notch signaling (RBP-Jk gene knockout) was
also achieved by forcing the expression of dominant negative RBP-Jk gene (R218H mutant).
R218H completely abrogated leptin-induced proliferation and migration of E0771 cells.
These data strongly suggest that leptin-induced BC proliferation and migration requires a
functional leptin-Notch signaling axis.

Data from present “tumor-take mouse model” corroborated that a HFD induces obesity and
increases the incidence of BC in mice16,35,36. Importantly, PEG-LPrA2 treatment reduced
the protein and mRNA levels of Notch components within BC tissues. Intriguingly, E0771-
derived BC hosted by lean mice receiving no treatment showed higher levels of Notch4 that
BC in untreated DIO-mice. However, PEG-LPrA2 reduced Notch4 levels within BC from
lean and NICD4 from obese mice. Currently, we cannot provide a plausible explanation for
these disparate results. Therefore, this should be further investigated. Overall, present results
strongly suggest that the development of E0771-BC is linked to obesity and requires a
functional leptin-Notch axis.

Notch signaling is considered as a major cause of BC development that increases BC stem
cells37, relapse38,39 and drug resistance40. In addition to leptin, Notch signaling affected
insulin sensitivity in insulin-resistant mice39 and enhanced the oncogenic potential of insulin
growth factor-1 (IGF-1)42. However, insulin- or IGF-1 induced regulation of the Notch
pathway has not been reported. Overall it is unclear whether these pathways are
predominantly required for cancer in obese humans3.

Present findings further validate the idea that the leptin-Notch axis plays a role in BC
development, which seems to be over activated in obese patients. The overall picture could
be that obesity induces an increase in leptin levels, which can affect several processes linked
to BC development, including accelerated angiogenesis, overexpression of VEGF/
VEGFR-2, induction of oncogenic (Cyclin D1), and anti-apoptotic (Bcl-2) molecules2,17,37.
Moreover, leptin is also able to transactivate VEGFR-2, even in absence of VEGF43.
Potential involvement of leptin2, 44 and leptin-induced Notch in maintenance of BCSC and
drug resistance37 may be involved in the poor prognosis of obese BC patients. However, we
recognize the limitations of the data generated from the breast cancer mouse model used.
Therefore, other factors may also contribute to obesity-related breast cancer.
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Novelty & Impact Statement

Pandemic obesity and breast cancer incidence strongly correlate, but the underlying
mechanisms involved in these relationships are not well understood. Present data show
an unveiled mechanism linking leptin and Notch signaling, which is mainly triggered in
obesity contexts. Leptin-induced Notch signaling axis could contribute to the
aggressiveness and poor prognosis of breast cancer. Present results could help to design
novel strategies to prevent and treat breast cancer, which may be of utmost relevance for
obese patients.
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Fig 1. Leptin induces Notch in human and mouse breast cancer cells
Representative Western blot (WB) results and quantitative analysis of leptin-induced effects
on Notch 1, 2, 3 and 4 in human MCF-7 (A, D) and MDA-MB231 (B, E) and mouse E0771
(C, F) breast cancer cells. Cells were cultured for 24 h and leptin dose-induced (0, 0.6, 1.2
and 6.2 nM) effects were determined as described (see M &M). E0771 cells were also co-
incubated with leptin and leptin inhibitor (leptin receptor antagonist 2, LPrA2) and inert
control (scrambled peptide, Sc). The WB results were normalized to β-actin as loading
control and densitometric analysis of bands for leptin-induced NICD1; Notch2; NICD2;
Notch3; NICD3; Notch4 and NICD4 was carried-out with the image J software. (*) P<0.05
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when comparing levels of protein to control (basal). Data (mean ± standard error)
representative results derived from a minimum of 3 independent experiments.
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Fig 2. Notch's loss-of–function completely inhibits leptin-induced proliferation and migration of
E0771 cells
Leptin-dose response effects on proliferation (A) and migration of E0771 wild type cells
(B). Representative results of leptin and PEG-LPrA2 effects on migration of E0771 wild
type cells (C). Detection of migration of E0771 wild type cells: basal (Ca); PEG-LPrA2
treated (Cb); leptin-treated (Cc) and leptin+PEG-LPrA2 treated (Cd). Leptin effects on
proliferation (D) and migration (E) of E0771-R218H as compared to control E0771 wild
type cells. Representative staining of migration of E0771 wild type and R218H expressing
cells (F). Detection of migration: basal E0771 wild type cells (Fe); basal E0771-R218H cells
(Ff); E0771 wild type cells treated with DAPT (Fg); E0771 wild type cells treated with
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leptin (Fh); E077-R218H cells treated with leptin+ DAPT (Fi) and E0771 wild type cells
treated with leptin+ DAPT (Fj). Proliferation (MTT) and migration (Boyden chamber)
assays were carried-out after 24h of incubation in different conditions and results were
normalized to basal conditions (see Material and Methods). P<0.05 when comparing cell
migration and proliferation to control (basal). Data (mean ± standard error) representative
results derived from a minimum of 3 independent experiments. PEG-LPrA2: pegylated
leptin receptor antagonist 2; R218H: dominant-negative RPB-Jk (CSL) plasmid; DAPT: [N-
[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester], a γ-secretase inhibitor.
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Fig 3. Effects of diets and PEG-LPrA2 treatment on body weight (BW) and caloric intake
Weekly evaluation of BW of mice fed chow (lean; n=20 mice; normal diet 10% Kcal-fat)
and high-fat diets (DIO, diet-induced-obesity mice; n=30 mice, 60% Kcal-fat) (A). Impact
of PEG-LPrA2 treatment on BW of lean (B; n=20) and DIO-mice (C; n=22) mice after
E0771 cell inoculation. Effects of consuming chow and high-fat diets on caloric intake of
lean and DIO-mice (D). Caloric intake overtime of lean (E) and DIO-mice (F) after PEG-
LPrA2 treatment. Obesity in DIO-mice (73%; 22/30) was evaluated at week 5 (see M&M).
Mice were orthotopically inoculated with E0771 cells (1×105 cells). At week 6, lean and
DIO-mice were allocated to 4 subgroups each. Mice were untreated (L-Unt; n=5 and DIO-
Unt; n=7) or received inactive peptide (L-Sc; n=5 and DIO-Sc; n=5) or PEG-LPrA2

Battle et al. Page 18

Int J Cancer. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment [once (L-I; n=5 and DIO-I; n=5) or two times (L-II; n=5 and DIO-II; n=5) a week
for 3 weeks]. (a) P<0.05 when comparing BW or caloric intake between lean and DIO mice.
PEG-LPrA2: pegylated leptin receptor antagonist 2.
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Fig 4. Effects of obesity, E0771-derived breast cancer and PEG-LPrA2 treatment on plasma
levels of leptin in C57Bl/6J female mice
Plasma levels of leptin at week 10 in lean (n=20; fed chow diet: 10% Kcal-fat) versus DIO-
mice (diet-induced-obesity mice; n=22; fed high-fat diet, 60% Kcal-fat); lean-untreated (L-
Unt; n=10) versus Lean-treated (Lean-Treat; n=10) mice and; DIO-untreated (DIO-Unt;
n=12) versus DIO-treated (DIO-Treat; n=10) mice (A). Plasma levels of leptin in lean (L)
and obese mice (DIO) with tumors (E0771-derived breast cancer; BC) or without breast
cancer (no-BC) (B). Pearson Chi2: (a) P<0.00001; plasma levels of leptin in lean versus
DIO mice; and (b) P=0.02, plasma levels of leptin in L-Unt versus L-Treat. Concentrations
of plasma leptin (ng/ml; mean ± standard error) was determined by ELISA and; results are
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derived from 3 replicates. Mice were untreated (received no treatment or pegylated
scrambled inactive control) or treated with pegylated leptin receptor antagonist 2 (PEG-
LPrA2) for 3 weeks.
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Fig 5. Effects of obesity on Notch expression in E0771-derived breast cancer
Representative pictures from the immunohistochemical determination of Notch in E0771-
derived breast cancer (A). Dissection on an E0771-derived breast cancer; black arrow
indicates the tumor burden (Aa). Enhanced view of an E0771-derived breast cancer; (Ab).
Notch1 (Ac); JAG-1 (Ad); survivin (Ae) and Notch4 (Af). Representative results from
Western blot (WB) analysis of NICD1, NICD2, survivin, JAG, Notch4, NICD4 and Notch3
in E0771-derived breast cancer hosted by untreated lean and obese mice (diet-induced-
obesity, DIO) (B). Quantitative analysis of WB results expressed as percentage of levels of
Notch in untreated mice (C). Representative results from WB analysis of Notch proteins in
E0771-derived breast cancer hosted by lean (L) and obese (diet-induced-obesity, DIO) mice
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untreated and treated with PEGLPrA2 (D). Quantitative analysis of WB results expressed as
percentage of levels of Notch in treated mice (E). Quantitative analysis of Notch mRNA
expression (receptors Notch1-4; ligands JAG1 and Dll4 and; targeted gene survivin) as
determined by real-time RT-PCR (F). The WB results were normalized to β-actin as loading
control and densitometric analysis of bands was carried-out with the image J software.
mRNA levels were normalized to GAPDH. At week 6, lean and DIO-mice were allocated to
4 subgroups each and were untreated (Unt), received inactive peptide (Sc) or received PEG-
LPrA2 treatment [once (L-I and DIO-I) or two times (L-II and DIO-II) a week for 3 weeks].
(*) P<0.05 when comparing levels of Notch and survivin in breast cancer tissue from
untreated lean and DIO-mice and when comparing levels of protein or mRNA in treated
mice to control (Unt). Data (mean ± standard error) representative results derived from a
minimum of 3 independent experiments. Black and red arrows show the tumor mass and
positive staining, respectively. Magnification ×40. PEG-LPrA2: pegylated leptin receptor
antagonist 2.
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Table 1

Impact of diet and treatment on breast cancer incidence

Total Treated Untreated

Groups BC-free BC BC-free BC BC-free BC

Lean (n=20) 10 (50%)
10 (50%)

a 7 (70%)
3 (30%)

a 3 (30%) 7 (70%)

DIO (n=22) 5 (33%)
17 (77%)

a 4 (40%)
6 (60%)

b 1 (8%) 11 (92%)

Notes: Did: diet-induced-obesity; GC: breast cancer

a
p=0.006; Pearson Chi2 when compared DIO-BC to Lean-BC

b
p=0.0003; Pearson Chi2; when compared L-treated to untreated and, DIO-treated to untreated.
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