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A B S T R A C T

Obesity condition confers risks to breast cancer development and progression, and several

reports indicate that the adipokine leptin, whose synthesis and plasma levels increase with

obesity, might play an important role in modulating breast cancer cell phenotype. Func-

tional crosstalk occurring between leptin and different signaling molecules contribute to

breast carcinogenesis.

In this study, we show, in different human breast cancer cell lines, that leptin enhanced

the expression of a chaperone protein Hsp90 resulting in increased HER2 protein levels. Si-

lencing of Hsp90 gene expression by RNA interference abrogated leptin-mediated HER2 up-

regulation. Leptin effects were dependent on JAK2/STAT3 activation, since inhibition of

this signaling cascade by AG490 or ectopic expression of a STAT3 dominant negative abro-

gated leptin-induced HER2 and Hsp90 expressions. Functional experiments showed that

leptin treatment significantly up-regulated human Hsp90 promoter activity. This occurred

through an enhanced STAT3 transcription factor binding to its specific responsive element

located in the Hsp90 promoter region as revealed by electrophoretic mobility shift assay

and chromatin immunoprecipitation assay. Analysis of HER2, Akt and MAPK phosphoryla-

tion levels revealed that leptin treatment amplified the responsiveness of breast cancer

cells to growth factor stimulation. Furthermore, we found that long-term leptin exposure

reduced sensitivity of breast cancer cells to the antiestrogen tamoxifen. In the same exper-

imental conditions, the combined treatment of tamoxifen with the Hsp90 inhibitor 17-AAG

completely abrogated leptin-induced anchorage-independent breast cancer cell growth.

In conclusion, our results highlight, for the first time, the ability of the adipocyte-secreted

factor leptin to modulate Hsp90/HER2 expressions in breast cancer cells providing novel
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insights into the molecular mechanism linking obesity to breast cancer growth and

progression.

ª 2012 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction leptin and insulin-like growth factor I (IGF-I) signaling, medi-
Breast cancer, a complex and heterogeneous disease, is one of

the most common human malignancies in women world-

wide. The development of human breast cancer is thought

to depend on the accumulation of various genetic alterations,

but it is now clear that modifiable factors such as overweight

(Body Mass Index-BMI 25e30 kg/m2) or obesity (BMI > 30 kg/

m2) conditions also have an important role (Calle and Kaaks,

2004; Calle et al., 2003). Indeed, a number of epidemiological

studies has suggested that obesity and high adipose-tissue

mass are associated with an increased risk of breast cancer

development, as well as with an aggressive tumor phenotype

and a poor survival (Harvie et al., 2003; Lahmann et al., 2004;

Michels et al., 2006). Adipose tissue, initially considered only

a fat-storing tissue, is now known to have much more com-

plex functions mainly mediated by a range of adipose-

tissue-derived signaling molecules named adipokines. Re-

cently, the adipokines are emerging as key mediators linking

obesitywith breast cancer occurrence and among them leptin,

whose synthesis and plasma levels increase proportionally to

total adipose-tissue mass (Considine et al., 1996; Maffei et al.,

1995), has been extensively examined at this regard.

Leptin, a 16 kDa polypeptide hormone encoded by the

obese (Ob) gene, is a pleiotropic molecule that regulates food

intake, inflammation, immunity, cell differentiation and pro-

liferation of different cell types including cells of the breast

(And�o and Catalano, 2011). Interestingly, leptin and both short

and long isoforms of the leptin receptor (ObR) are overex-

pressed in breast cancer cells compared with healthy epithe-

lium (Ishikawa et al., 2004). High expression of leptin

receptor in breast cancer tissue predicts poor prognosis in pa-

tients with high serum leptin levels (Miyoshi et al., 2006), and

over-expression of both leptin and its specific receptors is cor-

related with distant metastasis (Ishikawa et al., 2004). More-

over, it has been reported that this adipokine enhances

in vitro and in vivo breast cancer cell growth (Dieudonne

et al., 2002; Hu et al., 2002; Mauro et al., 2007; Yin et al., 2004)

through the activation of several signaling pathways, such as

those involving Janus kinase 2-signal transducer and activator

of transcription 3 (JAK2-STAT3), mitogen-activated protein ki-

nase (MAPK), and phosphatidylinositol 3-kinase-protein ki-

nase B (PI3K-AKT) (Ahima and Osei, 2004; Sweeney, 2002).

Leptin action is mainly mediated by the long and full-

functional isoform of ObR, but we and other authors have

demonstrated that leptin can exert its activity also interacting

with different signaling molecules. We have previously dem-

onstrated that leptin promotes in situ estrogen production

(Catalano et al., 2003a) and directly transactivates estrogen re-

ceptor (ER)a (Barone et al., 2012; Catalano et al., 2004) in hu-

man MCF-7 breast cancer cells. Saxena et al. (2008) have

reported the existence of a bidirectional crosstalk between
ated by synergistic transactivation of epidermal growth factor

receptor (EGFR), which influences breast cancer cell invasion

andmigration. In addition, two separate studies have reported

an interplay between leptin signaling and the transmembrane

tyrosine kinase receptor HER2, amember of epidermal growth

factor receptor family. In vitro as well as preliminary in vivo

studies have shown that ObR and HER2 are co-expressed in

breast cancer cell lines and tumors (Fiorio et al., 2008) and it

has been demonstrated that leptin can transactivate HER2 in

SKBR3 cells (Soma et al., 2008).

The HER2 gene is amplified and/or overexpressed in

20e25% of ERa-positive breast cancers (Slamon et al., 1989),

and multiple lines of evidences have suggested an important

causal role of HER2 in the pathogenesis of breast carcinoma

(Allred et al., 1992; Glockner et al., 2001). Indeed, HER2 over-ex-

pression affects tumor growth, invasion and resistance to

endocrine-treatments and as recently reported increases the

stem/progenitor cell population of both normal andmalignant

mammary cells (Korkaya et al., 2008). The regulation of HER2

expression is primarily a result of HER2 gene copy number

amplification (Hurst, 2001), but it also occurs at protein level,

through post-transcriptional events mediated by the heat-

shock protein 90 (Hsp90) chaperone activity (Xu et al., 2001).

Indeed, molecular chaperone Hsp90 protects HER2 from

proteasome-mediated degradation (Xu et al., 2001).

In thepresentstudy,wedemonstrate that leptinby inducing

Hsp90 expression enhances HER2 protein levels, providing

a newmolecularmechanismunderlying the crosstalk between

leptin and HER2 signaling pathways in breast cancer cells.
2. Materials and methods

2.1. Reagents, and antibodies

Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal bovine se-

rum (FBS), leptin and TRIzol by Invitrogen (Carlsbad, CA,

USA). L-glutamine, penicillin, streptomycin, phosphate-

buffered saline, aprotinin, leupeptin, phenylmethylsulfonyl

fluoride (PMSF), bovine serumalbumin (BSA), sodiumorthova-

nadate, NP-40, MTT, 4-Hydroxytamoxifen, Epidermal growth

factor and 17-AAG were from Sigma (Milan, Italy). AG490

from Calbiochem. FuGENE 6, TaqDNA polymerase, RETRO-

script kit, Dual Luciferase kit and TK Renilla luciferase plasmid

were provided by Promega (Madison, WI, USA). SYBR Green

Universal PCR Master Mix by Bio-Rad (Hercules, CA, USA). An-

tibodies against Hsp90, b-Actin, by Santa Cruz Biotechnology

(Santa Cruz, CA, USA), total MAPK, phosphorylated p42/44

MAPK (Thr202/Tyr204), totalAkt, phosphorylatedAkt (Ser473), to-

talHER2andphosphorylatedHER2 (Tyr1248) fromCell Signaling

Technology (Beverly, MA). ECL systemand Sephadex G-50 spin
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columns fromAmershamBiosciences (Buckinghamshire, UK).

[g32P]ATP from PerkinElmer (Wellesley, MA, USA). Salmon

sperm DNA/protein A agarose by UBI (Chicago, IL, USA).

2.2. Cell culture

Breast cancer epithelial cell line MCF-7 were cultured in DMEM

mediumcontaining10%fetalbovineserum,1%L-glutamine, 1%

Eagle’s nonessential amino acids, and 1 mg/ml penicilline-

streptomycinat37 �Cwith5%CO2air. SKBR3cellswerecultured

inMcCoy’s 5AMediummodifiedcontaining10% fetalbovinese-

rum, 1% L-glutamine, 1% Eagle’s nonessential amino acids, and

1 mg/ml penicillinestreptomycin. MCF-7/HER2-18 were kindly

provided by Dr. Schiff (Baylor College of Medicine, Houston,

TX, USA) andmaintained as described (Shou et al., 2004).

Before each experiment, cells were grown in phenol red-

free media, containing 5% charcoal-stripped fetal bovine se-

rum for 2 days and then treated as described.

2.3. Plasmids

The reporter construct containing the 50-flanking region of the

human Hsp90a gene promoter (HSPLuc1430) was kindly pro-

vided by Professor KJ Wu (IBMB, National Yang-Ming Univer-

sity, Taiwan). pSG5 vector containing the cDNA encoding

dominant negative STAT3, which is a variant of the transcrip-

tion factor STAT3 lacking an internal domain of 50 base pairs

located near the C terminus (STAT�), was kindly provided by

Dr. J. Turkson (University of South Florida College of Medicine,

Tampa, FL).

2.4. Immunoprecipitation and immunoblot analysis

Cells were treated as indicated before lysis for total protein ex-

traction (Catalano et al., 2009). For co-immunoprecipitation

experiments, we used 1 mg of total protein extract and 2 mg

of Hsp90 or HER2 polyclonal antisera overnight, followed by

protein A/G precipitation. Equal amounts of cell extracts and

coimmunoprecipitated protein were subjected to SDSepolya-

crylamide gel electrophoresis, as described (Catalano et al.,

2010). The bands of interest were quantified by Scion Image la-

ser densitometry scanning program.

2.5. Immunofluorescence

Cells were fixed with 4% paraformaldehyde, permeabilized

with PBS 0.2% Triton X-100 followed by blocking with 5% bo-

vine serum albumin, and incubated with anti-HER2 antibody

and with fluorescein isothiocyanate-conjugated secondary

antibody. IgG primary antibody was used as negative control.

40,6-Diamidino-2-phenylindole (DAPI; Sigma) staining was

used for nuclei detection. Fluorescence was photographed

with OLYMPUS BX51 microscope, 100� objective.

2.6. Real-time RT-PCR assays

Analysis of HER2 and Hsp90 gene expression was performed

by Real-time reverse transcription-PCR. Two micrograms of

total RNA were reverse transcribed with the RETROscript

kit; cDNA was diluted 1:3 in nuclease-free water and 5 ml
were analyzed in triplicates by real-time PCR in an iCycler

iQ Detection System (Bio-Rad, USA) using SYBR Green Univer-

sal PCR Master Mix with 0.1 mmol/l of each primer in a total

volume of 30 ml reaction mixture following the manufac-

turer’s recommendations. Negative control contained water

instead of first strand cDNA was used. Each sample was

normalized on its GAPDH mRNA content. Primers used for

the amplification were: forward 50-CACCTACAACACAGA-
CACGTTTGA-30 and reverse 50-GCAGACGAGGGTGCAGGAT-30

(HER2); forward 50-ATTGCCCAGTTGATGTCATTGA-30 and

reverse 50-ATGCATCTGATGAATTTGAAATGAG-30 (Hsp90);

forward 50-CCCACTCCTCCACCTTTGAC-30 and reverse 50-
TGTTGCTGTAGCCAAATTCGTT-30 (GAPDH). The relative

gene expression levels were normalized as previously de-

scribed (Catalano et al., 2010). ObR gene expression was eval-

uated by the RT-PCR method using a RETROscript kit.

The cDNAs obtained were amplified using the following

primers: forward 50-AGAGAAGCACTTGGTGACTG-30 and

reverse 50-GCCAACAACTGTGGTCTCTC-30 (ObR); forward

50-CTCAACATCTCCCCCTTCTC-30 and reverse 50-CAAATCC-
CATATCCTCGT-30(36B4). The PCR was performed for 35 cy-

cles for ObR (94 �C for 1 min, 58 �C for 1 min, 72 �C for

1 min) and 18 cycles for 36B4 (94 �C for 1 min, 58 �C for

1 min and 72 �C for 1 min), as described (Catalano et al., 2010).

2.7. Soft-agar growth assays

Soft-agar anchorage-independent growth assay was assessed

as described (Giordano et al., 2010).

2.8. RNA silencing

MCF-7 cells were transfected with RNA duplex of stealth

siRNA targeted for the human ObR mRNA sequence (Ambion,

ID:s224009), with siRNA targeted for the human Hsp90 mRNA

sequence (Ambion, ID:119758) orwith a control siRNA (Invitro-

gen ID:45-2001) that does not match with any human mRNA,

used as a control for non-sequence-specific effects to a final

concentration of 50 nM using Lipofectamine 2000 as recom-

mended by the manufacturer. After 5 h the transfection me-

dium was changed with serum-free medium and then the

cells were exposed to treatments.

2.9. Transient transfection assay

MCF-7cellswere transiently transfectedusing theFuGENE6re-

agent with HSPLuc1430 reporter gene. After transfection cells

were treated with leptin in the presence or not of the JAK2/

STAT3 inhibitorAG490 (1 mM) for additional 24hand then lucif-

erase activity was assayed as described (Catalano et al., 2007).

2.10. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from MCF-7 cells, treated or not for 1 h with

leptin, were prepared as previously described (Catalano et al.,

2010). The probe was generated by annealing single-stranded

oligonucleotides, labeled with [g32P]ATP using T4 polynucleo-

tide kinase, and purified using Sephadex G-50 spin columns.

The DNA sequences used as probe or as cold competitors are

the following (nucleotide motifs of interest are underlined

http://dx.doi.org/10.1016/j.molonc.2012.11.002
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and mutations are shown as lowercase letters): STAT3, 50-
AGCACATGGCTTTCGGGGAACCAAAAGTAG-30; mutated

STAT3, 50-GCACATGGCTTTaatttAACC AAAAGTAGGG-30. The
protein-binding reactions were carried out as described

(Catalano et al., 2003b). For experiments involving anti-

STAT3 antibody, the reaction mixture was incubated with

this antibody at 4 �C for 12 h before addition of labeled probe.
2.11. Chromatin immunoprecipitation assay

MCF-7 cellswere treatedwith leptin 500ng/ml or left untreated

for 1 h and then DNA/protein complexeswere extracted as de-

scribed (Lanzino et al., 2010). A 5 ml volume of each sample and

input were used for real-time PCR using the primers flanking

STAT3 sequence in the human Hps90 promoter region: 50-
TTCACCAAGTCCCCGATTCC-30 and 50-GTTCTCGGGGATTCTC-
CAGA-30. PCR reactionswere performedas described above. Fi-

nal results were calculated using the DDCt method as

explained above, using input Ct values instead of the GAPDH

mRNA. The basal sample was used as calibrator.
2.12. Statistical analyses

Each datum point represents the mean � S.D. of three differ-

ent experiments. Data were analyzed by Student’s t test using

the GraphPad Prism 4 software program. P < 0.05 was consid-

ered as statistically significant.
3. Results

3.1. Leptin enhances HER2 protein levels in breast
cancer cells

First, we investigated the effects of the obesity hormone leptin

on HER2 expression in ERa-positive MCF-7 breast cancer cells.

To this aim, we performed both immunoblotting and immu-

nofluorescence (IF) analysis in cells treated with leptin at

500 ng/ml as indicated. Results obtained demonstrated that

leptin exposure increased HER2 protein levels (Figure 1a) and

induced a strong immunofluorescence at the plasma mem-

brane (Figure 1b) compared to untreated cells.

As shown in Figure 1c, HER2mRNA levels were not affected

by leptin treatment, at any time investigated, suggesting that

a post-translational mechanism could be involved in leptin-

mediated HER2 up-regulation. To test this hypothesis, we

evaluated leptin effect on HER2 protein expression in a cell

line engineered to stably overexpress HER2 (MCF-7/HER2-18)

in a manner independent by its own gene promoter activity.

Leptin treatment up-regulated HER2 protein content also in

this cellular model (Figure 1d), confirming that the leptin ef-

fect was not dependent on a transcriptional regulation of

HER2 gene expression. Since herceptin, a humanized mono-

clonal antibody directed against the extracellular domain of

HER2, has been developed as an agent to specifically inhibit

the growth of HER2-overexpressing tumor cells, we performed

anchorage-independent growth assays in MCF-7 cells treated

with herceptin in the presence or not of leptin. As expected,

herceptin did not affect MCF-7 anchorage-independent
growth in basal condition, whereas significantly inhibited

leptin-induced effects (Figure 1e).

3.2. Leptin increases HER2 levels by inducing Hsp90
expression in breast cancer cells

HER2 protein expression can be regulated by the Hsp90 chap-

erone activity that is able to stabilize both nascent andmature

form of this tyrosine kinase receptor (Citri et al., 2004). To in-

vestigate the potential involvement of Hsp90 in leptin-

induced HER2 expression, we evaluated leptin effects on

Hsp90 expression in MCF-7 and in MCF-7/HER2-18 breast can-

cer cells. We found that leptin treatment induced an increase

in Hsp90 protein levels in both cell lines (Figure 2a). Concom-

itantly, co-immunoprecipitation studies revealed a specific in-

teraction between Hsp90 and HER2 that was further increased

after leptin exposure in both cell lines (Figure 2b). To assess

the role of Hsp90 in the leptin-induced HER2 levels, we exam-

ined HER2 expression upon leptin treatment in the presence

of increasing doses (0e50 nM) of a specific Hsp90 inhibitor,

17-allylamino-17-demethoxygeldanamicin (tanespimycin;

17-AAG). Immunoblotting analysis revealed that in leptin-

treated MCF-7 cells low doses of 17-AAG (10 nM) induced

a marked down-regulation of HER2 expression compared to

leptin-untreated cells (Figure 2c, upper panel ). Similar results

were obtained in MCF-7/HER2-18 cells (Figure 2c, lower panel ).

To further confirm the role of Hsp90 in leptin-mediated HER2

up-regulation, we knocked-down Hsp90 in MCF-7 cells with

a specific siRNA (Ambion, ID:119758). As shown in Figure 2d,

Hsp90 silencing abrogated the up-regulatory effects induced

by leptin on HER2 expression, whereas no changes were ob-

served after transfection of cells with a control siRNA upon

identical experimental conditions.

3.3. Leptin up-regulates at transcriptional level Hsp90
gene expression

To explore whether Hsp90 up-regulation relies on transcrip-

tional mechanisms, we evaluated Hsp90 mRNA levels after

treatment with leptin for different times. Exposure to leptin

resulted in a significative increase in Hsp90 mRNA levels in

MCF-7 breast cancer cells (Figure 3a). Then, to confirm the

role of leptin/leptin receptor (ObR) signaling in the abovemen-

tioned effects, we knocked ObR by a specific siRNA (Ambion,

ID:s224009). ObR mRNA expression was effectively silenced

as revealed by reverse transcription-PCR after 24, 48, and 72 h

of siRNA transfection (Figure 3b). As shown in Figure 3c, silenc-

ingof theObRgenecompletely reversed the leptin-inducedup-

regulation of Hsp90 mRNA and protein expression in breast

cancer cells.

Next, we tested the transcriptional activity of a reporter

plasmid containing the human Hsp90 promoter region

(HSPLuc1430), and we found that exposure to leptin signifi-

cantly inducedHsp90promoter activity (Figure3d,upper panel ).

The human Hsp90 promoter contains consensus sites for sev-

eral transcription factors (Stephanou and Latchman) including

STAT3, a well known mediator of leptin signaling (Ahima and

Osei, 2004) (Figure 3d, lower panel ). To verify the involvement

of STAT3 signaling in the leptin-mediated promoter activation,

we tested luciferase activity in thepresence ofAG490, a specific

http://dx.doi.org/10.1016/j.molonc.2012.11.002
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JAK2/STAT3inhibitor.TreatmentwithAG490resulted inacom-

pleteabrogationof leptineffect (Figure3e,upperpanel ). Further-

more, the specific involvement of the STAT3 motif in the

transcriptional regulation of Hsp90 by leptin was investigated

using EMSA. We observed the formation of a specific complex

in nuclear extracts fromMCF-7 cells using synthetic oligodeox-

yribonucleotides corresponding to the STAT3 motif located in

the Hsp90 promoter region (Figure 4a, lane 1), which was abro-

gated by incubation with 100-fold molar excess of unlabeled

probe (Figure 4a, lane 2), demonstrating the specificity of the

DNA-binding complex. This inhibition was no longer observed

whenmutated oligodeoxyribonucleotide was used as compet-

itor (Figure 4a, lane 3). Interestingly, treatment with leptin

strongly increased the DNA-binding protein complex com-

pared with control samples (Figure 4a, lane 4). The inclusion

of an anti-STAT3 antibody in the reaction immunodepleted
thespecificband, confirming thepresenceofSTAT3 in thecom-

plex (Figure 4a, lane 5). Moreover, the role of STAT3 in leptin-

mediated Hsp90 up-regulation at the promoter level was ana-

lyzed by ChIP assays. Using specific antibodies against STAT3

and RNA-polymerase II, proteinechromatin complexes were

immunoprecipitated from cells culturedwith orwithout leptin

for 1 h. The resulting precipitated DNAwas then quantified us-

ing (RT)-PCR with primers spanning the STAT3-binding ele-

ment in the Hsp90 promoter region. As shown in Figure 4b

recruitment of STAT3 (upper panel ) as well as of RNA-

polymerase II (lower panel ) to the Hsp90 regulatory region was

significantly increased upon leptin treatment. Finally, the role

of STAT3 as mediator of leptin signaling in the modulation of

Hsp90/HER2 expression was tested in MCF-7 cells transiently

transfectedwith a dominant negative STAT3 (STAT�) plasmid.

Over-expression of the dominant negative STAT� plasmid, as

http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
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revealed by western blot analysis (Figure 4c, left panel ), com-

pletely abrogated the leptin-mediated HER2 and Hsp90 up-

regulation (Figure 4c, right panel ).

3.4. Leptin modulates HER2/Hsp90 expression in SKBR3
breast cancer cells

As an additional model system to evaluate leptin effect on

HER2 and Hsp90 expression, we used ERa-negative and

HER2-overexpressing SKBR3 breast cancer cells. Treatment

with leptin strongly increased HER2 immunofluorescence at

the plasma membrane compared to untreated cells

(Figure 5a). As expected, treatment with leptin-induced both

HER2 and Hsp90 protein levels, and the ectopic expression of

the STAT� plasmid (Figure 5b, left panel ) inhibited the above

mentioned effects (Figure 5b, right panel ). Moreover, leptin ex-

posure induced a marked increase in Hsp90 mRNA levels

(Figure 5c), and the specific interaction between Hsp90 and
HER2 (Figure 5d). Finally, we demonstrated that, also in this

cellular contest, low doses of the Hsp90 inhibitor 17-AAG com-

pletely abrogated the leptin induction of HER2 protein expres-

sion (Figure 5e). These latter results clearly demonstrate that

Hsp90 activity is involved in leptin-mediated HER2 up-

regulation in different breast cancer cell lines, representing

a general mechanism not related to cell specificity.

3.5. Leptin treatment reduces tamoxifen sensitivity in
breast cancer cells

Since leptin-induced HER2 expression, we next addressed

whether this might result in an altered responsiveness of

breast cancer cells to growth factor stimulation. To test thishy-

pothesis, we performed immunoblot analysis to evaluate the

phosphorylation levels of a number of growth factor signaling

components (HER2, AKT, and MAPK) in cells pretreated or not

with leptin for 24 h and then subjected to short-term

http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
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stimulation with epidermal growth factor (EGF). After leptin

exposure, MCF-7 cells exhibited an enhanced sensitivity

to EGF treatment as evidenced by a rapid (within 1 min) and

higher induction of phosphorylation levels of HER2 as well as

of the downstream growth factor signaling molecules AKT

and MAPK compared to untreated cells (Figure 6a). Moreover,

to confirm that the leptin-induced growth factor

signal amplification depends on pHER2 we analyzed

phosphorylation levels ofHER2,AKTandMAPK in thepresence

of herceptin, a specific HER2 inhibitor. As shown in Figure 6b

herceptin treatment reversed the leptin effects on the phos-

phorylation levels of the downstream growth factor signaling

molecules.
Several preclinical and clinical studies indicate that over-

expression of EGFR or HER2, and/or high levels of phosphory-

lated Akt andMAPK in breast cancers contribute to Tamoxifen

resistance (Arpino et al., 2004; Gee et al., 2001; Perez-Tenorio

and Stal, 2002; Shou et al., 2004). Thus, as a final step of this

study, we investigated if leptin, through the described Hsp90/

HER2 interplay,might influence the sensitivity of breast cancer

cells to tamoxifen treatment. Therefore, we performed

anchorage-independent growth assay in MCF-7 cells treated

with or without leptin in the presence of tamoxifen alone or

in combination of the specific Hsp90 inhibitor 17-AAG. As ex-

pected, Tamoxifen treatment significantly reduced the num-

ber of colonies compared to untreated cells, but it was not

http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002


1     2     3    4     5     6

STAT3

+ + + + -

- + M - - -

- - - + + -

- - - - + -

Nuclear extract

Competitor (100X)

Lep 

Ab STAT3 

a b

0

0,5

1

1,5

2

2,5

3

IP
:S

TA
T3

/In
pu

t
(F

ol
d 

ov
er

 b
as

al
)

Lep +-

*

0
0,5

1
1,5

2
2,5

3
3,5

IP
: P

ol
 II

/In
pu

t
(F

ol
d 

ov
er

 b
as

al
)

+-Lep

*

HER2

β-Actin

Hsp90

1 2.8 0.9 0.9

1 2.5 1.1 1

Lep - +   - +
STAT-e.v. 

STAT3

β-Actin
Lep - +   - +

STAT-e.v. 

1 1.5 2.4 2.6

c

+

Figure 4 e Leptin regulates Hsp90 promoter activity through STAT3-binding site. (a) Nuclear extracts from MCF-7 cells were incubated with

a double-stranded STAT3 specific sequence probe labeled with [g32P]ATP and subjected to electrophoresis in a 6% polyacrylamide gel (lane 1).

Competition experiments were performed adding as competitor a 100-fold molar excess of unlabeled probe (lane 2) or a 100-fold molar excess of

unlabeled oligonucleotide containing a mutated STAT3 sequence (lane 3). Lane 4, nuclear extracts from MCF-7 cells treated with leptin 500 ng/

ml (Lep). Lanes 5, leptin-treated nuclear extracts incubated with anti-STAT3 antibody. Lane 6, probe alone. (b) MCF-7 cells were treated or not

(L) with Lep for 1 h, cross-linked with formaldehyde and lysed. The precleared chromatin was immunoprecipitated with anti-STAT3 (upper

panel ) and anti-RNA-polymerase II (lower panel ) antibodies. A 5 ml volume of each sample and input was analyzed by real-time PCR using

specific primers to amplify Hsp90 promoter sequence, including the STAT3 site. Similar results were obtained in multiple independent

experiments. (c) MCF-7 cells were transiently transfected with either empty vector (e.v.) or STAT3 dominant negative plasmid (STATL) and then

treated or not (L) with Lep for 24 h. STAT3, HER2 land Hsp90 levels were evaluated by immunoblotting. b-Actin was used as loading control.

Numbers on top of the blots represent the average fold change versus untreated cells normalized for b-actin.

M O L E C U L A R O N C O L O G Y 7 ( 2 0 1 3 ) 3 7 9e3 9 1386
able to significantly modify colony numbers in leptin-treated

cells. Moreover, the Hsp90 inhibitor 17-AAG in combination

with Tamoxifen did not exert, in basal condition, any addi-

tional inhibitory effects in colony formation. Importantly, the

combined treatment with 17-AAG and tamoxifen completely

abrogated leptin-induced MCF-7 anchorage-independent

growth (Figure 6b), suggesting a crucial role of Hsp90/HER2 in

mediating leptin effects in breast cancer cell growth

proliferation.
4. Discussion

Here, we provide evidence, for the first time, that the adipo-

kine leptin increased heat-shock protein 90 (Hsp90) chaperone

levels by inducing STAT3 binding to its response element
located in the humanHsp90 promoter sequence in breast can-

cer cells. This results in an enhanced membrane tyrosine ki-

nase receptor HER2 expression that reduces sensitivity of

breast cancer cells to antiestrogen tamoxifen treatment. Be-

cause the recognized importance of Hsp90 and HER2 in pro-

moting breast cancer progression, enhancing our

understanding of the mechanisms able to regulate their ex-

pression in breast cancer cells, under different physiological

and/or pathological conditions such as obesity, could provide

new treatment options for breast cancer.

Heat-shock proteins (Hsp-s), first discovered as mediators

of resistance to hyperthermia and other chemical and physi-

cal stresses in all cellular organisms, appear to play a role

also in many pathophysiological conditions such as cancer.

Indeed, Hsp-s over-expression results in increased incidence

of cell transformation and is clinically correlated with poor

http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
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prognosis and resistance to apoptosis in a wide range of hu-

man cancers including mammary carcinoma (Ciocca and

Calderwood, 2005). Hsp-s are the products of different gene

families and are classified according to their molecular weight

in: Hsp100, Hsp90, Hsp70, Hsp60 and the large family of small

Hsp-s (Craig et al., 1994; Johnson and Craig, 1997). Particularly,

Hsp90, one of the most abundant proteins in the eukaryotic

cells, may contribute to the resistant cancer cell phenotype

by stabilizing the mutated and overexpressed oncogenes

that can overcome the stresses of anticancer therapies

(Calderwood, 2010). There are two major cytoplasmic forms

of Hsp90: the inducible Hsp90a, and the Hsp90b constitutively

expressed and encoded by a related gene (Csermely et al.,

1998). Hsp90 belongs to the class of molecular chaperones
that participate in the normal folding, intracellular localiza-

tion and proteolytic turnover of more than 200 proteins, in-

cluding cell cycle regulators (Cdk4, Cdk6), mutated signaling

proteins (p53, v-Src), metastable signaling proteins (Akt, Raf-

1 and IKK), and steroid hormone receptors (androgen, estro-

gen and progesterone receptors) (Li et al., 2009). In addition,

the Hsp90 chaperone system regulates the mature form of

the membrane tyrosine kinase HER2/ERBB2 which represents

the most sensitive Hsp90 client (Xu et al., 2001).

First, we found that treatment of ERa-positiveMCF-7 breast

cancer cells with the obesity hormone leptin increased HER2

protein expressionwithout affecting itsmRNA levels, suggest-

ing the possibility that an increase in protein stability could be

involved. This hypothesis was confirmed by the results

http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
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obtained in leptin-treated stably transfected MCF-7/HER2-18

cells (Shou et al., 2004), in which HER2 over-expression is

not driven by its own gene promoter activity. It is well known

that HER2 stability is critically dependent on Hsp90 activity.

Indeed, pharmacologic disruption of Hsp90/HER2 association

results in HER2 polyubiquitination and degradation

(Mimnaugh et al., 1996). We have demonstrated that leptin

treatment increased Hsp90 protein and mRNA levels in breast

cancer cells, suggesting that leptin up-regulates Hsp90 expres-

sion via a transcriptional mechanisms. Leptin exerts its ac-

tions by binding to a specific transmembrane receptor (ObR)

(Tartaglia, 1997) by activation of RAS-dependent MAPK path-

way and signal transducers and activators of transcription

(STAT) factors (Baumann et al., 1996; Yamashita et al., 1998).

The involvement of leptin/leptin receptor signaling in the

transcriptional regulation of Hsp90 expression was clearly
demonstrated in MCF-7 cells knocked-down for ObR expres-

sion. In these experimental condition the leptin-mediated

Hsp90 up-regulation was completely abrogated. Moreover,

we found that in breast cancer cells treated with leptin the

amount of HER2 bound to Hsp90was significantly higher com-

pared to untreated cells. These latter results suggest that

leptin-induced HER2 up-regulation involves the Hsp90 chap-

erone activity.

Several small molecule inhibitors of Hsp90, able to reduce

cellular levels of multiple oncogenic client proteins by en-

hancing their ubiquitination and proteasome-mediated deg-

radation, have been identified in the last years. One of these

inhibitors the 17-allylamino-17-demethoxygeldanamycin

(17-AAG), a geldanamycin analog that interferes with the

ATP-binding domain of Hsp90, has been subjected in clinical

trials for different cancers (Lu et al., 2011). Although Hsp90

http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
http://dx.doi.org/10.1016/j.molonc.2012.11.002
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function is essential for normal cell viability and growth

(Borkovich et al., 1989), targeting its activity in cancer cells is

applicable, since it has been demonstrated that Hsp90 in tu-

mor cells has approximately 100-fold higher binding affinity

for the 17-AAG inhibitor than does Hsp90 in normal cells

(Kamal et al., 2003). In addition, a phase II clinical trial of

this inhibitor plus the monoclonal antibody targeting HER2

(trastuzumab) has shown promising results in HER2-positive

metastatic breast carcinoma (Modi et al., 2011). In this study,

the role of Hsp90 on leptin-mediated effects was highlighted

by using either 17-AAG or silencing Hsp90 expression in

MCF-7 breast cancer cells. In these experimental conditions,

leptin effect on HER2 expression was completely lost.

The cellular levels of Hsp90 are mainly regulated by stress

stimuli, through the activation of specific members of the

transcription factor family heat-shock factors (HSFs), which

bind to the responsive element (heat-shock element HSE) lo-

cated in the Hsp90 promoter region (Akerfelt et al., 2010). In

addition, Stephanou and Latchman (2010) have identified

a separate group of transcription factors, such as STAT1,

STAT3 and NF-IL6, also able to modulate Hsp90 gene expres-

sion in non-stress condition and in several disease states. In

agreement with these latter observations, we found that lep-

tin, in non-stressful conditions, is able to transactivate a re-

porter plasmid containing the human Hsp90 promoter

region (HSPLuc1430). Analysis of the human Hsp90 gene up-

stream sequence (NCBI GenBank U25822gi/793941) revealed

the presence of a potential STAT-binding DNA elements (nu-

cleotides �1177 to 1185) that could bind STAT3 transcription

factor (Decker et al., 1997). We have demonstrated in func-

tional studies using a specific JAK2/STAT3 inhibitor AG490,

that the activity of STAT3 transcription factor is essential for

the leptin-mediated effects on Hsp90 promoter. Moreover,

EMSA revealed a marked increase in a specific DNA-binding

complex in nuclear extracts fromMCF-7 cells treatedwith lep-

tin, when a synthetic oligodeoxyribonucleotides correspond-

ing to the STAT3 motif located at �1177 to 1185 of the Hsp90

promoter region was used. The in vivo interaction between

STAT3 and the Hsp90 promoter was further supported by

ChIP assay, where upon leptin treatment we observed an en-

hanced recruitment of both STAT3 and RNA-polymerase II,

to the Hsp90 regulatory region bearing the STAT3-binding el-

ement, supporting a positive transcriptional role for leptin-

activated STAT3 in modulating Hsp90 expression in breast

cancer cells. Finally, the complete abrogation of HER2 and

Hsp90 leptin-mediated up-regulation in the presence of

a STAT3 dominant negative expression vector clearly demon-

strated that STAT3 transcription factor was essential in this

molecular mechanism. Leptin effect on both HER2 and

Hsp90 expression were also reproduced in ERa-negative and

HER2-overexpressing SKBR3 breast cancer cells, suggesting

that it may represent a general mechanism not related to

cell specificity.

Several mechanisms are responsible for the development

of the endocrine resistance in breast cancer, and among these,

increased expression and/or signaling of growth factor recep-

tors have been extensively studied (Arpino et al., 2004; Barone

et al., 2009; Schiff et al., 2003). Experimental and clinical stud-

ies have suggested that both de novo and acquired resistance

to antiestrogen Tamoxifen in breast cancer can be associated
with elevated levels of HER2 (Chung et al., 2002; Gutierrez

et al., 2005; Meng et al., 2004; Shou et al., 2004). We demon-

strated that leptin treatment amplified the responsiveness of

breast cancer cells to growth factor stimulation, suggesting

that increased leptin levels, as in obese women, could sustain

growth factor signaling and thereby limit the efficacy of the

endocrine therapy in breast cancer patients. Indeed, results

from anchorage-independent growth assays indicated that

Tamoxifen was less effective in inhibiting colony formation

in leptin-treated breast cancer cells, and addition of the

Hsp90 inhibitor 17-AAG in combination to Tamoxifen com-

pletely reversed leptin-induced growth.

In conclusion, the present study contributes to define the

biological mechanisms linking obesity to breast cancer pro-

gression, showing, for the first time, a novel role for the

adipocyte-secreted factor leptin in sustaining HER2 protein

levels through an up-regulation of the Hsp90 chaperone ex-

pression. These findings could provide a strong rationale to

support the development of new potential therapeutic agents

to specifically target the leptin/Hsp90/HER2 axis that could be

implemented in the adjuvant breast cancer clinical settings to

improve patient outcome, especially in obese women.
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