
Abstract. Obesity is considered a risk factor for many cancers,
including breast cancer. Our laboratory has previously shown
that leptin is mitogenic in many cancer cell lines, including
breast. Information regarding the effects of high leptin levels
on leptin receptor expression and signaling is lacking. The
purpose of this study was to characterize leptin receptor
expression in response to leptin in breast cancer cells. In
addition, SOCS-3 expression (a leptin inducible inhibitor
of leptin signaling), plus MAPK and PI3K signaling, were
examined to determine their role in leptin-induced cell
proliferation. Breast cancer cell lines, ZR75-1 and HTB-26,
were treated with 0, 4, 40 or 80 ng/ml of leptin. Multiplex RT-
PCR was performed to determine relative mRNA expression
levels of the human short (huOB-Ra) or long (huOB-Rb) leptin
receptor isoforms, or SOCS-3. MAPK and PI3K signaling was
analyzed by phosphorylation of ERK and Akt, respectively,
via Western blotting. Cell proliferation and inhibitor studies
were analyzed by MTT assay. HTB-26 and ZR75-1 both
expressed huOB-Ra, huOB-Rb and SOCS-3 mRNA; however,
mRNA expression levels generally remained unchanged over
time with leptin treatment. MAPK and PI3K pathways were
activated in the presence of leptin over time. MAPK and PI3K
inhibitors significantly blocked leptin-induced proliferation.

Higher levels of circulating leptin contribute to breast cancer
proliferation by activation of the MAPK and PI3K signaling
pathways involved in cell growth and survival. The mitogenic
effects of leptin are not a consequence of altered leptin receptor
or SOCS-3 mRNA expression.

Introduction

One consequence of obesity is the increased risk of cancer
and cancer progression (1). It has been well documented
that being overweight increases one's risk of developing
certain cancers, including colon, endometrial, breast (in post-
menopausal women), esophageal and renal (2-9) The number
of deaths from cancer that are attributable to being overweight
range from up to 14% in men, to 20% in women (10). For
breast cancer, overweight women with a body mass index
(BMI) of ≥40 have a 2.12-fold higher risk of mortality from
breast cancer than leaner women with BMIs of 18 (10).
Furthermore, the association between higher body weight
and breast cancer risk is strongly linked in postmenopausal
women; however the converse is true for premenopausal
women (11-14). Overall, one's BMI, distribution of body fat,
and level of tumor-promoting hormones, such as estradiol
and insulin, all correlate with breast cancer risk (2,15-20).

Leptin is a 16-kDa peptide hormone involved in regulating
food intake, metabolism, body fat, energy expenditure and
neuroendocrine function (21-24). Mature adipocytes secrete
leptin, and it has been shown that serum leptin levels correlate
with body weight. Obese individuals have an average of 40 ng/
ml of circulating leptin as opposed to lean individuals who
have an average of 4 ng/ml of circulating leptin (25,26). In vitro
studies have shown that leptin does increase cell proliferation
in certain breast, colon, prostate, endothelial, esophageal, and
pancreatic cancer cell lines (4,27-33). Thus, defining the
mechanism(s) involved in cancer cell proliferation in response
to high leptin levels is of paramount importance.

Leptin receptor signaling pathways are important to under-
standing the effects of leptin on cell proliferation. Leptin
binds the leptin receptor (OB-R), a type I cytokine receptor,
that activates JAK/STAT (janus kinase signal transducer
and activator of transcription) and MAPK (mitogen-activated
protein kinase) signaling pathways. Alternative mRNA splicing
gives rise to different isoforms of OB-R, all of which maintain
the same extracellular domain but contain variable lengths of
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the intracellular signaling domain. Two main leptin receptor
isoforms dominate: the short leptin receptor isoform (OB-Ra)
and the long leptin receptor isoform (OB-Rb) (22,34). OB-Rb
contains the full-length intracellular domain and is believed
to be the main leptin signaling receptor. Ob-Ra contains a
truncated intracellular domain and has been shown to
participate in signaling through JAK-dependent activation
of MAPK but cannot activate STAT (35-37). To date, the
physiological relevance of each leptin isoform is still under
investigation.

Further downstream signals activated by OB-Rb are also of
interest in determining the effects of leptin on cell proliferation.
SOCS-3 (a suppressor of cytokine signaling) is a known
leptin inducible suppressor of cytokine signaling (38,39). In
hypothalamic tissues, SOCS-3 mRNA and protein levels have
been shown to increase with leptin treatment, demonstrating
its function as a negative feedback loop for leptin signaling
(40-44). Potential defects in SOCS-3 signaling could contribute
to increased cell proliferation. Also, the altered expression of
signals involved in cell growth and cell cycle progression, such
as extracellular signal-regulated kinase (ERK) or phospha-
tidylinositol 3-kinase (PI3K), could play an important role in
leptin-induced proliferation.

The purpose of this study was to determine the role of
leptin in breast cancer cell proliferation. Two breast cancer
cell lines, ZR75-1 and HTB-26, were assayed for the presence
and expression of huOB-Ra (human OB-Ra) and huOB-Rb
(human OB-Rb) mRNAs in response to leptin treatment. In
addition, SOCS-3 mRNA expression, plus activation of MAPK
and PI3K pathways in response to leptin treatment, were
analyzed.

Materials and methods

Cell lines. Two breast epithelial cancer cell lines previously
reported to respond to leptin treatment were selected for
testing (4,27,29,32,45,46). ZR75-1 is an estrogen-responsive
breast cancer cell line, whereas HTB-26 is an estrogen-receptor
negative cell line (ATCC, Manassas, VA). ZR75-1 cells were
maintained in RPMI media (BioWhittaker, Walkersville, MD)
supplemented with 10% fetal bovine serum (Gibco, Rockville,
MD), 1% antibiotics (100 U/ml penicillin, 100 mg/ml strepto-
mycin; BioWhittaker), and 1% sodium pyruvate. HTB-26
cells were maintained in Leibovitz's L-15 media with 2 mM
L-glutamine (ATCC) supplemented with 10% fetal bovine
serum and 1% antibiotics. All cell lines were maintained at
37˚C in a 5% CO2 atmosphere. 

Leptin treatments. Cells were plated at 1x106 cells per well of
a 6-well plate and allowed to attach overnight. Cells were
then serum-deprived for 20 h and then treated with 0, 4, 40
or 80 ng/ml of human recombinant leptin (R&D Systems,
Minneapolis, MN) for 0, 0.5, 1, 2, 4, 24 or 48 h. Two
independent tissue culture experiments were analyzed per
cell line.

RNA isolation and RT-PCR. Total RNA was isolated from
ZR75-1 and HTB-26 cells treated with leptin at each specified
time point using RNA STAT-60 (Tel-Test, Inc., Friendswood,
TX). RT-PCR was performed using the OneStep RT-PCR kit

(Qiagen, Santa Clara, CA) to amplify the huOB-Ra, huOB-Rb
or SOCS-3 mRNAs. Primers 5'-TTGTGCCAGTAATTATTT
CCTCTT-3' (sense) and 5'-AGTTGGCACATTGGGTT
CAT-3' (antisense) were used to amplify a 200-bp fragment
specific for huOB-Ra (28). Primers 5'-CCAGAAACGTTTG
AGCATCT-3' (sense) and 5'-CAAAAGCACACCACTCT
CTC-3' (antisense) were used to amplify a 609-bp fragment
specific for huOB-Rb (29). Primers 5'-GTCACCCACAGCA
AGTTT-3' (sense) and 5'-CTGAGCGTGAAGAAGTGG-3'
(antisense) were used to amplify a 245-bp fragment specific
for SOCS-3 (47).

Multiplex RT-PCR was performed with an endogenous
standard to determine the relative changes in mRNA expression
in each sample. The 18S rRNA internal control (Ambion,
Austin, TX) was amplified along with the huOB-Ra, huOB-Rb,
or SOCS-3 primer sets. PCR cycle numbers were performed
within the linear range of amplification. Resulting cDNAs were
run on 1% agarose gels, stained with ethidium bromide, and
densitometry readings were taken for all bands (EagleSight
software, Stratagene, La Jolla, CA). Each leptin receptor
or SOCS-3 cDNA band intensity was normalized with its
corresponding 18S cDNA band (324 bp) intensity.

Western blot analysis. Cells were plated at 1x106 cells per well
of a 6-well plate and allowed to attach overnight. Cells were
then treated with 0, 4, 40 or 80 ng/ml of human recombinant
leptin (R&D Systems) for 4 h or treated with 40 ng/ml leptin
for 0, 0.5, 1, 2 and 4 h. Confluent wells were washed at the
appropriate times with cold 1X phosphate-buffered saline three
times and then scraped and transferred to eppendorf tubes.
The resulting cell suspensions were spun cold at 12,000 rpm
for 10 min, supernatants were removed, and the final cell
pellets were then lysed on ice for 30 min in RIPA buffer
[150 mM NaCl, 100 mM Tris (pH 8.0), 1% Trition X-100,
1% deoxycholic acid, 0.1% SDS, 5 mM EDTA, and 10 mM
NaF] supplemented with 2 mM aprotinin, 2 mM leupeptin,
1 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride,
1 mM DTT, and 2 mM pepstatin. Lysates were then spun at
14,000 rpm for 15 min and supernatants were collected and
stored at -80˚C. The protein concentration of the total cellular
protein extract was determined using the Bio-Rad protein
assay reagent (Richmond, CA) and equal protein aliquots
were loaded and separated on SDS-PAGE gels. Proteins were
transferred to nitrocellulose membranes in 20 mM Tris-HCl
(pH 8.0) supplemented with 150 mM glycine plus 20% (v/v)
methanol. Membranes were subsequently blocked with 5%
non-fat dried milk plus 0.05% Tween-20, and antibodies
against phospho-Akt (Ser473) or phospho-p44/42 MAPK
(ERK). The membranes were then washed in 1X phosphate
buffered saline three times and incubated with the appropriate
horseradish peroxidase-linked IgG. Protein bands were
visualized by chemiluminescence (NEN, Boston, MA) and
analyzed using densitometry.

MTT assay. Cells were plated at 1x104 cells/well in a 96-well
plate and allowed to attach overnight. Cells were then serum-
deprived for 20 h prior to drug treatment. Quiescent cells
were then exposed to media containing 10% FBS with 20 or
40 μM LY294002 (Promega, Madison, WI), or 10 or 20 μM
U0126 (Promega), in the presence or absence of human
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recombinant leptin (40 ng/ml) for 24, 48 or 72 h. The final
total volume in each well was 200 μl. Since DMSO was a
solvent for the inhibitors, a dimethyl sulfoxide (DMSO 1:500)
control was included to rule out any cell death due to DMSO
itself. Cell proliferation was measured by 3-(4,5-Dimethyl-
thiazolyl)-2,5diphenyl tetrazolium bromide (MTT) colorimetric
assay (13). Briefly, cells were incubated with the tetrazolium
dye (20 μl/well of a 7.5 mg/ml solution; Sigma, St. Louis,
MO) for 4 h at 37˚C. Mitochondrial dehydrogenase activity
reduces the MTT dye to a purple formazan in living cells.
The formazan crystals were solubilized with the addition of
acidified isopropanol. Cell proliferation was determined by
reading the absorbance per well at 570 nm on an enzyme-linked
immunosorbent assay plate reader.

Statistical analysis. Determination of statistical significance
was performed by analysis of variance. Post hoc comparisons
of individual concentration means with the control were
completed using the Turkey-Kramer Multiple Comparison
test. Data are presented as means and standard errors.

Results

Expression of huOB-Ra mRNA in response to leptin treatment.
RT-PCR of total RNA extracts from HTB-26 and ZR75-1
cell lines treated with leptin over time demonstrated that both

cell lines express huOB-Ra mRNA (200 bp band; Fig. 1). The
resulting huOB-Ra cDNA band densities were normalized to
their respective 18S cDNA band densities, and ratios were
then normalized to the 0 h, 0 ng/ml leptin control. No dose-
dependent effects with respect to mRNA expression levels
were seen over time in HTB-26 or ZR75-1. huOB-Ra mRNA
levels in HTB-26 decreased significantly at the 48-h time
point (P<0.05, treated vs control); however, no significant
time effects were found in ZR75-1. 

Expression of huOB-Rb mRNA in response to leptin treatment.
RT-PCR of total RNA extracts from HTB-26 and ZR75-1
cell lines treated with leptin over time demonstrated that both
cell lines express huOB-Rb mRNA (609-bp band; Fig. 2).
The resulting huOB-Rb cDNA band densities were normalized
to their respective 18S cDNA band densities, and ratios were
then normalized to the 0 h, 0 ng/ml leptin control. No dose or
time-dependent effects were seen with HTB-26 or ZR75-1. 

Expression of SOCS-3 mRNA in response to leptin treatment.
RT-PCR of total RNA extracts from HTB-26 and ZR75-1
cell lines treated with leptin over time demonstrated that both
cell lines express SOCS-3 mRNA (245-bp band; Fig. 3). The
resulting SOCS-3 cDNA band densities were normalized to
their respective 18S cDNA band densities, and ratios were
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Figure 1. Expression levels of huOB-Ra mRNA in HTB-26 (A) and ZR75-1
(B) cells over time in response to treatment with human recombinant leptin.
Data are representative of the average of two independent experiments. All
ratios were determined by dividing the huOB-Ra cDNA band density value
by its respective 18S cDNA band density value, and normalizing to the 0 h,
0 ng/ml leptin data point. *P<0.05, treated vs. control.

Figure 2. Expression levels of huOB-Rb mRNA in HTB-26 (A) and ZR75-1
(B) cells over time in response to treatment with human recombinant leptin.
Data are representative of the average of two independent experiments. All
ratios were determined by dividing the huOB-Rb cDNA band density value
by its respective 18S cDNA band density value, and normalizing to the 0 h,
0 ng/ml leptin data point.
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then normalized to the 0 h, 0 ng/ml leptin control. HTB-26 and
ZR75-1 cells did not exhibit any significant dose-dependent
effects with leptin treatment. HTB-26 showed significant
time-dependent decreases in SOCS-3 mRNA expression at
48-h time point (P<0.01 vs. 0.5- and 2-h time points).

MAPK and PI3K signaling in response to leptin treatment.
HTB-26 cells activated both MAPK and PI3K pathways as
assayed by the phosphorylation of ERK (p-ERK) and Akt
(p-Akt), respectively (Fig. 4). All concentrations of leptin
increased p-Akt (Fig. 4A) and p-ERK (Fig. 4C) levels above
controls at the 4-h time point in HTB-26 cells. Time effects
were observed in HTB-26 cells for both p-ERK and p-Akt
(Fig. 4B and D) when treated with 40 ng/ml leptin. ZR75-1
cells demonstrated increases in p-ERK activation with all
leptin treatments (Fig. 5A) and time effects were evident at 2 h
post leptin (40 ng/ml) administration (Fig. 5B). Activity of
p-Akt was not detected in the ZR75-1 cells (data not shown).

Inhibition of leptin-induced proliferation in HTB-26. HTB-26
cells treated with 40 ng/ml leptin exhibited a significant increase
in cell proliferation at the 48-h time point (P<0.0001 vs. 10%
FBS control; Fig. 6). All inhibitor treatments showed a
significant decrease in cell proliferation as compared to the
10% FBS control (P<0.0001) at the 48-h time point (Fig. 6).

The addition of MAPK inhibitor U0126 (20 μM) decreased
the cell proliferation to 44% (absence of leptin) and 54%
(presence of leptin) as compared to the 10% FBS positive
control (P<0.0001; Fig. 6A) by 72 h. Likewise, the addition
of PI3K inhibitor LY294002 (40 μM) decreased the cell
proliferation to 65% (absence of leptin) and 72% (presence
of leptin) as compared to the 10% FBS control (P<0.0001;
Fig. 6A) by 72 h. The presence of DMSO, a solvent used to
dissolve the inhibitors, did not significantly affect the cell
proliferation.

As shown in Fig. 6B, dose-dependent effects were seen
with HTB-26 cells treated only with LY294002 (20 μM vs.
40 μM; P<0.0001) or U0126 (10 μM vs. 20 μM; P<0.0001)
at 48 h. No dose-dependent effects were seen at 24 h, how-
ever dose-dependent effects were seen at 72 h with U0126
treatment (10 μM vs. 20 μM; P<0.0001; data not shown).
When comparing inhibitor treatments in the presence of
leptin, proliferation was significantly decreased in a dose-
dependent manner for HTB-26 cells treated with U0126
(10 μM vs. 20 μM) or LY294002 (20 μM vs. 40 μM) at
the 48-h time point (P<0.0001; Fig. 6B). No significant
dose-dependent changes were seen at 24 and 72 h (data not
shown). Additionally, there were no significant changes in
cell proliferation when comparing U0126 treatment vs.
U0126 + leptin treatment, or LY294002 vs. LY294002 + leptin
treatment at 48 (Fig. 6B), 24 or 72 h (data not shown).

Inhibition of leptin-induced proliferation in ZR75-1. ZR75-1
cells treated with 40 ng/ml leptin exhibited a significant increase
in cell proliferation at the 48-h time point (P<0.0001; Fig. 7).
All inhibitor treatments showed a significant decrease in cell
proliferation as compared to the 10% FBS control (P<0.0001)
at the 48-h time point (Fig. 7). The addition of MAPK inhibitor
U0126 (20 μM) decreased the cell proliferation to 54%
(absence of leptin) and 61% (presence of leptin) as compared
to the 10% FBS positive control (P<0.0001; Fig. 7A) by 72 h.
Likewise, the addition of PI3K inhibitor LY294002 (40 μM)
decreased the cell proliferation to 49% (absence of leptin)
and 50% (presence of leptin) as compared to the 10% FBS
control (P<0.0001; Fig. 7A) by 72 h. Again, no significant
change in ZR75-1 cell proliferation was observed in the
presence of DMSO.

As shown in Fig. 7B, no dose-dependent effects were
seen with ZR75-1 cells treated only with LY294002 (20 μM
vs. 40 μM) or U0126 (10 μM vs. 20 μM) at 48, 24 or 72 h
(data not shown). When comparing inhibitor treatments in the
presence of leptin, proliferation was not significantly decreased
in a dose-dependent manner for HTB-26 cells treated with
U0126 (10 μM vs. 20 μM) or LY294002 (20 μM vs. 40 μM)
at the 48 (Fig. 7B,) 24 or 72-h time point (data not shown).
Additionally, there were no significant changes in cell prolifer-
ation when comparing U0126 treatment vs. U0126 + leptin
treatment, or LY294002 vs. LY294002 + leptin treatment at
48 (Fig. 6B), 24 or 72 h (data not shown).

Discussion

Growing evidence suggests that obesity is an important risk
factor for certain cancers. The role of the adipocyte hormone,
leptin, in breast cancer cell proliferation is not well understood.
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Figure 3. Expression levels of SOCS-3 mRNA in HTB-26 (A) and ZR75-1
(B) cells over time in response to treatment with human recombinant leptin.
Data are representative of the average of two independent experiments. All
ratios were determined by dividing the SOCS-3 cDNA band density value
by its respective 18S cDNA band density value, and normalizing to the 0 h,
0 ng/ml leptin data point. *P<0.01, treated versus control.
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Figure 4. Leptin-activated PI3K and MAPK signal transduction pathways in HTB-26 breast cancer cells. Cells were treated with 0, 4, 40, or 80 ng/ml of leptin
for 0, 0.5, 1, 2, or 4 h. Representative Western blots are shown. Activation of the PI3K pathway was verified via phosphorylation of AKT (p-Akt) with cells
treated with different concentrations of leptin (A, 4-h time point shown) over different periods of time (B, 40 ng/ml treatment shown). Likewise, activation of
the MAPK pathway was verified via phosphorylation of ERK (p-ERK) with cells treated with different concentrations of leptin (C, 4-h time point shown)
over different periods of time (D, 40 ng/ml treatment shown). Densitometry analysis was normalized to the total AKT or total ERK in each cell lysate.

Figure 5. Leptin activates MAPK signal transduction pathways in ZR75-1 breast cancer cells. Cells were treated with 0, 4, 40, or 80 ng/ml of leptin for 0, 0.5,
1, 2, or 4 h. Representative Western blots are shown. Activation of the MAPK pathway was verified via phosphorylation of ERK (p-ERK) with cells treated
with different concentrations of leptin (A, 4-h time point shown) over different periods of time (B, 40 ng/ml treatment shown). Densitometry analysis was
normalized to the total ERK in each cell lysate.
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In this report, we investigated the molecular basis behind
leptin's mitogenic effect on breast cancer cells.

We have previously shown that leptin stimulates cell
proliferation in certain breast, esophageal and prostate cancer
cell lines in vitro (32). Additional studies have also documented
the mitogenic effect of leptin in other cell lines from tissues
including vascular endothelium (31,48) smooth muscle
(49), and normal and neoplastic colon cells (28,50). However,
in vitro data on leptin-induced cell proliferation in breast
cancer cell lines remains controversial. Several studies have
shown that MCF-7, HTB-26, and HTB131 breast cell lines
fail to demonstrate any effect on cell proliferation in response
to leptin treatment (32,51). Yet, other studies demonstrate
that leptin has a direct effect on the growth stimulation of
MCF-7 cells, as well as T47-D, HBL100 and ZR75-1 breast
cancer cell lines (4,27,29,32,45,46). Discrepancies between
studies could be attributed to the concentration of leptin used,
measurement of cell proliferation, as well as the expression
levels of leptin receptor isoforms themselves found on different
cell lines. We selected the ZR75-1 cell line to study the effects
of leptin because it is estrogen-positive and tamoxifen-resistent,
while HTB-26 is estrogen-negative. Both responded to leptin
treatment with increased cell proliferation by 48 h. A more 

robust response to leptin was observed with the estrogen-
negative HTB-26 cell line at this time. Previous studies have
shown a differential response by breast cell lines to exogenous
leptin (32). These discrepancies are probably due to inherent
genetic differences between breast cancer cell lines.

We hypothesized that changes in leptin concentrations
would cause changes in receptor expression at the level of
mRNA. HTB-26 and ZR75-1 breast cancer cells express
huOB-Ra and huOB-Rb mRNA. Our data is in agreement
with other findings that have also identified huOB-Ra and
huOB-Rb isoforms present in a number of various breast
cancer cell lines (4,27,29,51). Mice defective for the receptor,
OB-Rb, do not develop oncogene-induced mammary tumors
indicating that leptin and its cognate receptor may be involved
in mammary tumorigenesis (52). In this study, the mRNA
expression levels of huOB-Ra did not change for HTB-26 or
ZR75-1 breast cancer cell lines with different concentrations
of leptin over time. We did not expect huOB-Ra levels to
change in response to leptin treatment since huOB-Ra is not
the main signaling isoform. Although we expected the huOB-
Rb mRNA levels to respond to leptin treatment, there was
not a significant change for either HTB-26 or ZR75-1 breast
cancer cell lines. We propose several explanations for this
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Figure 7. Effects of MAPK inhibitor U0126 and PI3K inhibitor LY294002 (LY) on leptin-induced proliferation in ZR75-1 breast cancer cells. Quiescent cells
were exposed to 10% FBS in the presence or absence of 40 ng/ml leptin, with or without LY294002 or U0126. Cell proliferation was determined using an
MTT assay and data was normalized to the 10% FBS control. (A) Cell proliferation was evaluated at 24, 48 and 72 h post treatment: 10% FBS (---), leptin (x),
40 μM LY294002 (•), leptin + 40 μM LY294002 (◊), 20 μM U0126 (▲), leptin + 20 μM U0126 (Δ). (B) ZR75-1 cell proliferation 48 h post leptin treatment.
*P<0.0001 versus 10% FBS control.

Figure 6. Effects of MAPK inhibitor U0126 and PI3K inhibitor LY294002 (LY) on leptin-induced proliferation in HTB-26 breast cancer cells. Quiescent cells
were exposed to 10% FBS in the presence or absence of 40 ng/ml leptin, with or without LY294002 or U0126. Cell proliferation was determined using an
MTT assay and data was normalized to the 10% FBS control. (A) Cell proliferation was evaluated at 24, 48 and 72 h post treatment: 10% FBS (---), leptin (x),
40 μM LY294002 (•), leptin + 40 μM LY294002 (◊), 20 μM U0126 (▲), leptin + 20 μM U0126 (Δ). (B) HTB-26 cell proliferation 48 h post leptin treatment.
*P<0.0001 versus 10% FBS control. †P<0.0001 dose-dependent effects for LY294002 20 μM vs. 40 μM alone or in the presence of leptin, and U0126 10 μM
vs. 20 μM alone or in the presence of leptin.
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observation. Firstly, the number of leptin receptor isoforms
could be so low on HTB-26 and ZR75-1 cell lines that there
is little detectable response to leptin treatment. Secondly, the
mRNA expression levels may not change in response to leptin
treatment and, instead, the stability of the mRNA is maintained
or more receptor protein is produced. Antibodies specific for
each isoform would need to be created to determine isoform
levels. Thirdly, a more sensitive PCR assay may be needed to
detect small changes in mRNA expression levels.

Since the leptin receptor levels did not change in response
to leptin, we hypothesized that changes might occur at the
signal transduction level. huOB-Rb is known to stimulate the
JAK/STAT pathway; one consequence of this signaling
cascade is the upregulation of SOCS-3 to turn off the activated
leptin receptor. Therefore, we tested whether cancer cells are
responsive to the mitogenic effects of leptin due to defects in
leptin signaling, specifically SOCS-3 signaling. Our data
indicates that, overall, no significant changes in SOCS-3
mRNA levels were observed in response to leptin treatment
in HTB-26 or ZR75-1 cells. These results could be interpreted
in three different ways: i) the SOCS-3 pathway is intact and
functioning at a normal level and is not responsible for the
mitogenic effects of leptin; ii) the huOB-Rb leptin activated
pathway is not being turned off by SOCS-3, thus contributing
to the proliferative effects of leptin; or iii) low huOB-Rb
receptor levels on HTB-26 and ZR75-1 cells do not allow for
detectable changes of SOCS-3 mRNA expression. In vivo
studies in animals and hypothalmic tissue have reported
increases in SOCS-3 expression in response to leptin (40-44).
The hypothalamus contains a high percentage of huOB-Rb
and therefore gives a greater detectable SOCS-3 response to
leptin treatment than other cell types. Additional in vitro
studies of cell lines transfected with the leptin receptor have
also supported the in vivo animal studies (41). Chinese hamster
ovary (CHO) cells transfected with OB-Rb exhibited increases
in SOCS-3 mRNA expression in response to leptin, whereas
CHO cells transfected with only OB-Ra showed no changes
in SOCS-3 levels. These transfected cell lines expressed size-
able amounts of the leptin receptor. This again demonstrates
that the level of receptor expression is important in detecting
increases in SOCS-3 mRNA.

Interestingly, another point to consider is that breast cancer
cell lines may be defective in SOCS-3 gene expression. A study
by He et al showed that, in MCF-7 cells, the SOCS-3 gene
promoter is actually silenced due to high promoter methylation
(12). This was also the case with three additional breast cancer
cell lines, but was not seen in normal tissue. They also found
that restoring a non-methylated SOCS-3 gene promoter
restored apoptosis. Our data supports this finding. We have
reported previously that leptin induced proliferation works
by inhibiting apoptosis in some cancer cell lines (53,54).
Therefore, the absence of an increased SOCS-3 response to
leptin may help to block apoptosis and increase cancer cell
survival, but not directly promote cell proliferation.

Since the mRNA levels of huOB-Ra, huOB-Rb and
SOCS-3 did not change in response to leptin, we hypothesized
that leptin may be inducing proliferation via the PI3K and/or
MAPK signaling pathways. Western analysis demonstrated
that both MAPK and PI3K pathways were upregulated in
response to leptin treatment over time in HTB-26 and ZR75-1

cell lines. Our data agrees with other studies that show that
PI3K and MAPK pathways are activated by leptin treatment
in normal cells such as epithelial colonic (28), peripheral
blood mononuclear cells (55,56) and Chinese hamster
ovary cells overexpressing huOB-Ra or huOB-Rb (37,41).
Additionally, T47-D and MCF-7 cell lines have been shown to
induce MAPK phosphorylation in response to leptin treatment
(4,27,29). Leptin also activates the estrogen receptor · through
MAPK pathway (57). Here we report that HTB-26 and
ZR75-1 breast cancer cell lines also induce phosphorylation
of MAPK, in addition to PI3K, in a time-dependent manner
in response to leptin treatment. Both signaling pathways are
involved in cell proliferation and cell survival, thus increased
activation may contribute to the mitogenic effects of leptin. 

To further prove that the mitogenic effects of leptin were
working partly through the leptin-induced huOB-Rb MAPK
pathway, the effects of MAPK inhibitor U0126 and PI3K
inhibitor LY294002 on cell proliferation were analyzed in
the presence and absence of leptin. We observed a significant
decrease in cell proliferation with each inhibitor showing
that the MAPK and PI3K pathways are important to leptin-
stimulated growth. Our data is in agreement with other studies
which show that leptin-induced proliferation and migration are
inhibited by PI3K and MAPK inhibitors in colonic epithelial,
kidney epithelial and gastric cells (58,59). In addition, PI3K,
MAPK and JAK2/STAT3 inhibitors have been shown to
block leptin-stimulated proliferation of T-47D and HBL100
breast cancer cells (4,29). Together with our data, this confirms
that huOb-Rb stimulates both the JAK/STAT and MAPK
(ERK) pathways, and inhibition of these pathways leads to
decreased breast cancer cell growth. We have shown that
MAPK and PI3K inhibitors block leptin-induced proliferation
in vitro in HTB-26 and ZR75-1 breast cancer cells. However,
inhibition was not dependent upon whether the breast cancer
cells were estrogen receptor positive or negative.

Activation of PI3K has been shown to be required for
numerous cell functions including cell growth and proliferation,
migration, adhesion and cell survival (60). More importantly,
PI3K is believed to be required for mitogen-induced inhibition
of apoptosis (14). Our previous studies show that leptin-
induced proliferation in cancer cells is largely due to a decrease
in apoptosis (53,54). Phosphorylation of PI3K phosphorylates
Akt which in turn induces the activity of apoptotic suppressors.
In vitro and in vivo studies have shown that the therapeutic
use of PI3K inhibitors decreases cell proliferation, increases
apoptosis and decreases breast cancer cell proliferation (60-63).
In vivo studies in mice have also shown this to be true for
malignant gliomas, lung cancer and colon cancer (64-67).
Drugs targeting the anti-apoptotic characteristic of PI3K may
provide a successful direction in cancer therapy treatment.

In conclusion, our data demonstrate that the mitogenic
effects of leptin do not involve alterations in the mRNA
expression levels of huOB-Ra or huOB-Rb in breast cancer
cells in vitro. The proliferative effects of leptin are unlikely
to be due to defects in SOCS-3 signaling but are, instead,
closely linked to the mitogenic MAPK and PI3K pathways.
As both of these signaling pathways are involved in cell
proliferation and cell survival, their activation accounts for
the mitogenic effects of leptin in breast cancer cells. Future
studies are ongoing to determine additional signal transduction
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pathways and growth factors upregulated by leptin that
contribute to the mitogenic effects of leptin in cancer cells.
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