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Abstract Expression of the chemokine receptor CXCR4,

a G protein-coupled receptor, and HER2, a receptor tyrosine

kinase, strongly correlates with the aggressive and meta-

static potential of breast cancer cells. We studied estrogen

regulation of CXCR4 in estrogen receptor (ER)-positive

MCF-7 breast cancer cells overexpressing HER2 (MCF7-

HER2). Although estrogen evoked no change in CXCR4

mRNA levels, CXCR4 protein was significantly up-regu-

lated after estrogen treatment of these cells, whereas

estrogen had no effect on CXCR4 protein level in parental

MCF7 cells that are low in HER2. Use of the CXCR4

specific inhibitor, AMD 3100, indicated that this increase in

CXCR4 protein was partially responsible for the increase in

estrogen-induced migration of these cells. The estrogen-

induced increase in CXCR4 protein in MCF-7-HER2

cells was abrogated by the antiestrogen ICI 182780 and

by gefitinib (Iressa; a phospho-tyrosine kinase inhibitor),

indicating an ER-mediated effect and confirming involve-

ment of receptor tyrosine kinases, respectively. Using

specific pathway inhibitors, we show that the estrogen-

induced increase in CXCR4 involves PI3K/AKT, MAPK

and mTOR pathways. PI3K/AKT and MAPK pathways are

known to result in the phosphorylation and functional

inactivation of tuberin (TSC2) of tuberous sclerosis com-

plex thereby negating its inhibitory effects on mTOR,

which in turn stimulates the translational machinery. Small

interfering RNA (siRNA) mediated knockdown of tuberin

elevated the level of CXCR4 protein in MCF7-HER2 cells

and also nullified further estrogen up-regulation of CXCR4.

This study suggests a pivotal role of PI3 K, MAPK and

mTOR pathways, via tuberin, in post-transcriptional control

of CXCR4, initiated through estrogen-stimulated crosstalk

between ER and HER2. Thus, post-transcriptional regula-

tion of CXCR4 by estrogens acting through ER via kinase

pathways may play a critical role in determining the met-

astatic potential of breast cancer cells.
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Abbreviations

E2 17b-Estradiol

ER Estrogen receptor

ICI ICI 182,780

CXCR4 Chemokine receptor (CXC) 4

PI3K Phosphatidylinositol-3-kinase

MAPK Mitogen-activated protein kinase

mTOR Mammalian target of rapamycin

Introduction

Metastasis is the major cause of mortality and morbidity in

breast cancers. Expression of several genes has been shown

to impart metastatic potential and enhanced growth char-

acteristics to the breast cancer. The chemokine receptor

CXCR4, a G protein-coupled receptor (GPCR), is one of
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the proteins that has been shown to play key roles in tissue-

specific metastasis of the cancer cells [1]. Overexpression

of erbB2 (HER2), a receptor tyrosine kinase of the

epidermal growth factor receptor family, has also been

associated with enhanced growth and the metastatic

phenotype of breast cancers. Amplification or overexpres-

sion of HER2 is found in 20–25% of breast cancers and is

frequently associated with metastasis and poor prognosis

[2–4].

Using siRNA or selective synthetic peptides against

CXCR4, several recent studies have shown that CXCR4 is

responsible not only for metastasis but also for primary

growth of the breast cancer [5–9]. Interestingly, studies

aimed at investigating expression of specific genes in

breast cancer responsible for metastasis to bone and lung

found CXCR4 to be significantly up-regulated [10, 11].

Furthermore, a large tissue microarray study from pre-

invasive and invasive breast carcinomas indicated that

higher expression of CXCR4 protein is associated with

tumor progression [12].

Inhibition of the HER2 oncogene using various blocking

strategies has been implemented to restrict the aberrant

signaling cascades initiated by HER2. Herceptin, the

recombinant humanized monoclonal antibody against the

extracellular domain of HER2, has been used therapeuti-

cally to treat HER2 overexpressing breast cancer with

beneficial clinical outcome [13]. Overexpression of HER2

in breast cancers is often negatively correlated with estro-

gen receptor (ER) expression, and estrogen has also been

shown to down-regulate HER2 expression in ER-positive

breast cancer cells [14].

Despite this overall inverse association between the

expression of these proteins, a subset of patients over-

expressing HER2 are also ER positive [2]. A recent study

revealed that 49% of HER2 positive breast cancers also

express ER [15]. Studies also indicate that cross talk

between HER2 and ER in breast cancer cells can lead to

resistance to endocrine therapies like tamoxifen [16, 17].

Although various signaling pathways are known to func-

tion aberrantly in ER positive, HER2 overexpressing cells,

the underlying molecular mechanisms responsible for

tumor progression and metastasis are far from completely

understood.

Studies have conclusively stressed the importance of

CXCR4 in tumor growth and metastasis, but our knowledge

of how CXCR4 itself is regulated in these cells is still

inadequate. Although a recent study established that HER2-

mediated up-regulation of CXCR4 protein is responsible for

the invasiveness of HER2-overexpressing cells [18], there

is no information available regarding the regulation of

CXCR4 in ER positive, HER2 overexpressing breast cancer

cells. Therefore, the aim of these studies was to examine

regulation of CXCR4 in breast cancer cells expressing both

ER and HER2 and to better understand the downstream

processes following cross talk of ER and HER2 and the

impact of estrogen-ER signaling pathways on CXCR4 and

cell motility activities. We find that, in the presence of

HER2 over-expression, the estrogen-occupied ER exerts

regulation of CXCR4 at a post-transcriptional level, with

critical involvement of PI3 kinase/AKT, MAPK pathways

and their subsequent effect on the mTOR pathway, via

tuberin, in the post-transcriptional regulation of this che-

mokine receptor.

Materials and methods

Cell culture and reagents

Cell culture media were purchased from Life Technologies,

Inc. (Grand Island, NY). Calf serum (CS) was obtained

from HyClone Laboratories (Logan, UT), and fetal calf

serum (FCS) was from Atlanta Biologicals (Atlanta, GA).

The parental MCF7 cell line which contains high levels of

ER and low HER2, and MCF7-HER2 cells which have

high levels of ER and high levels of HER2/neu expression,

were maintained in culture exactly as described previously

[19, 20]. At 6 days prior to use in experiments, cells were

plated in 10 cm plates and switched to phenol red-free

media containing 5% charcoal dextran treated calf serum

(CD-CS). Media were changed on day 2 and day 4 of

culture. Cells were treated with ligand as described in

figure legends and all treatment groups were harvested at

the same time.

Total RNA isolation and real time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instruc-

tions. Real-time PCR was performed as described [19].

Briefly, 1 lg of total RNA was reverse transcribed in a

total volume of 20 ll using 200 U reverse transcriptase,

50 pmol random hexamer, and 1 mM deoxy-NTP (New

England Biolabs, Beverly, MA). The cDNA was then

diluted to 100 ll with sterile water. The real-time PCR was

performed in 20 ll reaction which included 19 SYBR

green PCR master mix (Applied Biosystems, Foster City,

CA), 62.5 nM each of forward and reverse primers and

5 ll of diluted cDNA. Reactions were carried out in an

ABI Prism 7900 HT Sequence Detection System (Applied

Biosystems, Foster City, CA) for 40 cycles (95�C for 15 s,

60�C for 1 min) following an initial 10 min incubation at

95�C. The change in expression of transcripts was deter-

mined as described previously and used the ribosomal

protein 36B4 mRNA as the internal control [21].
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Cell migration assay

Cells were grown in 75 cm2 flasks in charcoal-stripped

media for 4 days before treating them with vehicle or

10 nM estradiol for 72 h. Before plating for the migration

assay, the cells were grown in serum-free medium over-

night. The transwell chambers (Corning Inc., Corning, NY)

with 8 micron pore size membrane were equilibrated

overnight with media according to the manufacturer’s

recommendation. Cells were harvested and 300,000–

500,000 cells/ml were added to the upper chamber. The

lower chamber had 10% fetal bovine serum in 19 MEM

media as chemoattractant. Cells were allowed to migrate

for 24 h and, thereafter, non-migrated cells on the upper

surface of the membrane were cleaned with a cotton swab.

The migrated cells on the lower surface of the membrane

were fixed in methanol and stained with Diff Quik solu-

tions I and II (Baxter Scientific Corp., Miami, FL). The

cells were then counted in at least four microscopic fields at

1009 magnification, and experiments were conducted

three times.

Fluorescence microscopy

Cells were grown in 75 cm2 flasks in phenol red-free media

containing charcoal dextran-treated serum and media were

changed on days 2 and 4 of culture. On day 4, cells were

detached and 12,000 cells were plated per well of a 24-well

plate, with each well containing a round cover slip. Cells

were allowed to adhere to the cover slip for 16 h, and

treatments with vehicle or estradiol (10 nM) were then

begun. At the conclusion of treatment, cells were washed

with phosphate buffered saline (PBS) and subsequently

fixed with 4% paraformaldehyde in PBS for 20 min at

room temperature. Cells were next permeabilized with

0.2% Triton X-100 in PBS for 20 min at room temperature.

Cells were then washed with PBS and blocked with 3%

BSA in PBS for 2 h at room temperature, followed by

overnight incubation with anti-CXCR4 primary antibody

(Santa Cruz Biotechnology, Santa Cruz CA) at 1:500

dilution, in a humidified chamber at 4�C. The cells on the

cover slips were washed with PBS containing 0.05%

Tween-20 and incubated with an FITC-labeled goat anti-

rabbit IgG secondary antibody (Santa Cruz Biotechnology,

Santa Cruz CA), at a 1:400 dilution, for 1 h at room tem-

perature. After extensive washing, the cover slips were

mounted on the slides with Vectashield Hard Set Mount-

ing Medium with 4,6-diamidino-2-phenylindole (Vector

Laboratories, Burlingame, CA) to identify the nuclei.

Samples were observed through a Nikon TE2000-5 inver-

ted microscope. Fluorescence images were collected using

a CoolSnap HQ camera (Photometrics, Tuscon, AZ) and

Metamorph software v6.1.

Western immunoblotting

MCF7-HER2 and MCF7 parental cells were plated in 10 cm-

plates (3 9 105 cells per plate). Following plating, cells were

incubated in phenol red-free media containing charcoal

stripped serum, and were grown in serum-free medium for

16–24 h prior to treatment. After treatment with the indicated

compounds for various times, cells were rinsed with cold

phosphate buffered saline and then lysed by incubation with

400 ll per plate of cell lysis buffer (Cell Signaling Tech-

nology, Beverly, MA) supplemented with PMSF (10 lM).

Cell lysates were collected by scraping, and were then soni-

cated (39 for 10 s on ice) and centrifuged at 14,000 rpm for

20 min at 4�C. Cell supernatants were aliquoted and stored

at -80�C. Protein concentration was determined using

BCA Protein Assay Kit (Pierce, Rockford, IL). Proteins

(20–40 lg) were separated by electrophoresis using 10%

polyacrylamide gels containing sodium dodecyl sulfate

(SDS-PAGE) and transferred onto nitrocellulose membranes

(Pall, Pensacola, FL). Primary antibodies used for Western

blotting were raised against phospho-p44/42 MAP Kinase

(Th202/Tyr204), p44/p42 MAP Kinase, phospho-AKT (Cell

Signaling Technology, Beverly, MA), CXCR4 and tuberin

(Santa Cruz Biotechnology, Santa Cruz, CA) and b-actin

(Sigma-Aldrich Corp., St. Louis, MO). Western blotting was

performed according to the manufacturer’s instructions.

Small interfering RNA (siRNA) experiments

For siRNA experiments, MCF7-HER2 cells were grown in

six well plates, in antibiotic-free media. Cells were trans-

fected with 50 nM TSC2 siRNA (smart pool, cat# M-

003029; Dharmacon, Inc.) using 5 ll of Dharmafect

transfection reagent as per manufacturer’s instructions, for

48 h. Cells were then allowed to recover in complete

medium for 24 h, followed by 16 h of serum-free media

incubation, and then 24 h of vehicle or estradiol treatment.

Protein was extracted using RIPA buffer in the presence of

protease inhibitors and western blotting was performed.

Results

Estrogen induces up-regulation of CXCR4 protein

but does not change the CXCR4 mRNA level

in MCF7-HER2 cells

We first examined the effect of estrogen on the levels of

CXCR4 protein in MCF7-HER2 cells and in parental MCF7

cells after different times of hormone treatment. In MCF7-

HER2 cells, but not MCF7 parental cells, estradiol (E2)

elicited a marked increase in CXCR4 protein by 12–24 h that

remained elevated over the 72 h of estrogen treatment, as
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seen by western blot analyses (Fig. 1a). This increase in

CXCR4 protein in MCF7-HER2 cells was mediated by the

estrogen receptor as ICI182,780 (ICI), a pure estrogen

antagonist, was able to block the estrogen-induced CXCR4

protein up-regulation (Fig. 1b). We also monitored the

mRNA level of CXCR4 in these cells by real-time PCR, after

different times of estrogen treatment and found that E2

treatment did not change the CXCR4 mRNA level in these

cells (Fig. 1c). The up-regulation of CXCR4 protein in

MCF7-HER2 cells was further confirmed by immunofluo-

rescence (Fig. 2), which showed a marked increase in

CXCR4 immunofluorescence in these cells after estrogen

treatment.

Estrogen increases migration of MCF7-HER2 cells

in part through CXCR4 up-regulation

The chemokine receptor CXCR4 is well known to impart

migratory potential to cancer cells. To investigate whether

the migration of the cells changes after estrogen treatment,

we pretreated the MCF7 parental and MCF7-HER2 cells

with estrogen or vehicle for 72 h and then studied the

migration of the cells, using transwell chambers, towards

the attractant, 10% FBS in 19 minimal essential media

without phenol red. A large increase (*6-fold) in migra-

tion of MCF7-HER2 cells was observed after E2 treatment

(Fig. 3a), whereas no increase in migration was observed in

parental MCF7 cells (not shown). We further investigated

whether this estrogen-induced increase in migration of

MCF7-HER2 cells was due to the increase in CXCR4, by

using a specific inhibitor of CXCR4, a small bicyclam

molecule AMD3100 [22]. In the presence of this inhibitor,

estrogen treated MCF7-HER2 cells exhibited significantly

less migration than observed in the absence of AMD3100

(Fig. 3c, d), implying that the increased migration stimu-

lated by estrogen was partly attributable to the enhanced

CXCR4 in the cells.

Effect of inhibitors of receptor tyrosine kinase,

PI3 kinase, Phospho MAP kinase and mTOR

on estrogen-mediated up-regulation of CXCR4

protein in MCF7-HER2 cells

In order to further dissect the involvement of downstream

processes, we treated the MCF7-HER2 cells with estrogen

in the presence of the EGFR tyrosine kinase inhibitor Iressa

(ZD1839), the phosphatidylinositol 3-kinase inhibitors,

LY294002 and wortmannin, the MEK1/2 inhibitor PD

98059 or the mTOR inhibitor rapamycin. Cells were also

MCF7-HER2 cells
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Fig. 1 Estrogen mediated up-regulation of CXCR4 protein in MCF7-

HER2 cells, but not in MCF7 parental breast cancer cells. (a) Time

course of E2 treatment of MCF7-HER2 cells or MCF7 cells and its effect

on CXCR4 protein levels. Cells were treated with vehicle (0.1% ethanol)

or E2 (10 nM) for times up to 72 h. (b) Effect of the antiestrogen

ICI182,780 (ICI) on E2 induced up-regulation of CXCR4 protein.

MCF7-HER2 cells were treated with control (0.1% ethanol) vehicle, E2

(10 nM), ICI (10-6 M) or E2 ? ICI for 24 h. (c) CXCR4 mRNA levels

in MCF7-HER2 cells after treatment with control vehicle or E2 (10 nM)

for times up to 24 h. mRNA was monitored using quantitative real time

PCR. Values are mean ± SD from three experiments. In panels (a) and

(b), the western immunoblots were scanned and quantified. Levels of

CXCR4 normalized for b-actin, relative to vehicle treatments, are

indicated above the individual bands of the western blots. The

experiments were repeated three times with similar findings
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Fig. 2 Immunofluorescent cytochemistry showing the increase in

CXCR4 protein in MCF7-HER2 cells after E2 treatment. Cells were

treated with either vehicle or E2 (10 nM) for 72 h, fixed and

processed for immunofluorescence as described in ‘‘Materials and

methods’’. Cells were also stained with DAPI to visualize the nucleus

of the cells
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co-treated with both LY294002 and PD 98059. Assessment

of CXCR4 protein in these samples showed involvement of

PI3K as well as MAPK in the estrogen-mediated up-reg-

ulation of CXCR4 in MCF7-HER2 cells. As evident from

Fig. 4, treatment with the EGFR tyrosine kinase inhibitor,

Iressa, completely abrogated the estrogen-induced CXCR4

up-regulation, AMD inhibitors of PI3 kinase and MAPK

individually or together drastically inhibited the increase in

CXCR4 and also reduced the basal level of CXCR4 below

that of the vehicle treated cells. Noticeably, treatment with

Iressa also considerably inhibited the phosphorylation of

MAP kinase and AKT (PKB). This observation agrees with

an earlier report where Iressa blocked estrogen-mediated

phosphorylation of AKT and MAPK in MCF7-HER2 cells

[20].

Silencing of tuberin (TSC2) increases CXCR4

in MCF7-HER2 cells

Recent studies have noted that tuberin is just upstream of

mTOR and mediates the effects of PI-3 kinase and MAP

kinase pathways on mTOR [23]. To examine whether the

effect of estrogen on CXCR4 also involves tuberin (TSC2),

we used siRNA against tuberin (Smart pool from Dharm-

acon Inc.) to deplete it from cells and evaluated the

CXCR4 expression levels in these MCF7-HER2 cells. As

seen in Fig. 5, knockdown of tuberin was very effective

(ca. 95% knockdown). Of note, we found that tuberin

silencing was enough to up-regulate CXCR4 protein levels

in control MCF7-HER2 cells (Fig. 5) and estrogen treat-

ment of cells depleted of tuberin did not further increase

this 4-fold elevated level of CXCR4, suggesting that the

usual estrogen-induced increase in CXCR4 in MCF7-

HER2 cells may involve tuberin. These findings imply that

F
o

ld
 C

h
an

g
e 

in
 

M
ig

ra
ti

o
n

0

1

2

3

4

5

6

AMD3100
E2 - +

+
+

+--
-

CXCR4

ß-Actin

Veh E2

72 Hours

AMD 3100 +-
E2 + +

0
1
2
3
4
5
6
7
8

Veh E2

F
o

ld
 C

h
an

g
e 

in
  

M
ig

ra
ti

o
n

A

B

C

D

Fig. 3 Up-regulation of CXCR4 by estrogen is partly responsible for

enhanced migration of MCF7-HER2 cells. (a) Cells were treated with

either vehicle or E2 (10 nM) for 72 h and were grown in serum free

medium for 16 h before plating them on the upper chambers of

transwell chambers (Corning Inc.). Cells plated on the upper

chambers were allowed to migrate towards 10% FBS in the lower

chamber for 24 h. (b) Western blot showing the level of CXCR4

protein in the cells under identical treatment conditions. (c) Cells

were treated as mentioned in (a) and were allowed to migrate for 24 h

towards 10% FBS in the lower chamber in the absence or presence of

AMD 3100 (1.25 lM), a CXCR4 specific inhibitor. (d) Representa-

tive photographs of the lower surface of membranes showing the

migrated E2 treated cells in absence or presence of AMD 3100. Cells

were counted in four microscopic fields per membrane, in duplicate

for each condition and repeated three times, with similar results.
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Fig. 4 Effect of HER2/MAPK/AKT/mTOR pathway inhibitors on

estrogen mediated up-regulation of CXCR4 protein levels in MCF7-

HER2 cells. Cells were treated with E2 (10 nM) for 24 h in the

absence or presence of HER2 inhibitor (Iressa, 5 lM), PI-3 kinase

inhibitors (LY294002, 50 lM; wortmannin, 500 nM), MAPK inhib-

itor (PD 98052, 50 lM) or mTOR inhibitor (rapamycin, 100 nM).

Cells were pretreated with inhibitors for 1 h before vehicle or E2 was

added. The blots were scanned and quantified. Beta-actin normalized

values, relative to vehicle treatment, are indicated above the

individual bands of the western blots. The experiment was repeated

three times with similar findings

Veh VehE2 E2

siRNA Control TSC2

TSC2

CXCR4

β-Actin

1.0 0.9 0.1 0.0

1.0 3.4 4.3 4.1

Fig. 5 Effect of siRNA mediated silencing of tuberin (TSC2) on

expression of CXCR4 protein in MCF7-HER2 cells. Cells were

treated with siRNA against TSC2 or control siRNA (RISC-free, from

Dharmacon Inc) before treating with vehicle or E2 (10 nM) for 24 h.

Western blotting was performed for TSC2 and CXCR4. Levels of

b-actin were used to assess equal loading. b-actin normalized

quantified values, relative to vehicle treatment, are indicated above

the individual bands of the western blots. The experiment was

repeated three times with similar findings
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TSC2 is normally suppressing CXCR4 and that the rise in

CXCR4 after estrogen exposure derives from abrogation of

the CXCR4 suppression by TSC2. Because E2 does not

affect the level of TSC2 protein (Fig. 5, control siRNA,

Veh versus E2 lanes), the observations suggest that E2

treatment may instead change TSC2 activity.

Discussion

Amplification or over-expression of HER2 in breast can-

cers represents a clinically unfavorable condition and is

associated with increased proliferation, invasiveness and

poor prognosis [24]. Although expression of estrogen

receptor is inversely associated with HER2 expression in

breast cancers, a subset of HER2 over-expressing breast

cancers also express estrogen receptor. One of the largest

recent studies has reported that 49% of HER2 positive

breast cancers also express estrogen receptor [15]. Poor

responsiveness to tamoxifen therapy is also associated with

increased HER2 expression in ER-positive breast cancers

[25], and this is presumably due to increased cross talk

between ER and HER2 [20]. However, the molecular

mechanisms and the effector molecules underlying the

interactions of these signaling pathways are incompletely

understood. The results of our study help in further

understanding the estrogen mediated crosstalk between ER

and HER2. Our observations show that this crosstalk

increases the level of the chemokine receptor CXCR4

protein, by a post-transcriptional mechanism, and that this

increase was inhibited by the EGFR tyrosine kinase

inhibitor Iressa (gefitinib, ZD 1839) which can block sig-

naling from EGFR and HER2 [20] and by pharmacological

inhibitors of PI3-kinase, phospho-MAPK and mTOR.

The ER is expressed in ca. 70% of breast cancers and it

is thought to influence the phenotypic properties of these

ER-positive tumors, in large part, by broadly impacting the

transcription of genes in many functional categories [19,

26–31]. Our findings, reported here, show that, in the

presence of HER2, crosstalk between these two receptor

pathways allows estrogen to regulate cell behavior by post-

transcriptional mechanisms that involve several protein

kinase pathways in the up-regulation of the chemokine

receptor CXCR4. The involvement of these protein kinase

pathways in CXCR4 regulation is of particular interest

because of the extranuclear, as well as nuclear, localization

and actions of estrogen receptors in breast cancer, and the

increasing evidence for involvement of these pathways in

contributing to the endocrine therapy refractoriness of

breast cancers expressing ER in the context of HER2 over-

expression [17, 18, 24, 32–36].

Recent studies have shown that PI3 K/AKT and MAPK

pathways can coordinately phosphorylate tuberin (TSC2)

of tuberous sclerosis complex, and functionally inactivate it

by not allowing formation of a complex with hamartin

(TSC1). This dissociation of TSC2 leads to the activation

of mTOR, which further stimulates the mRNA translational

apparatus by phosphorylating its two major substrates,

ribosomal p70S6 kinase (S6K) and eukaryotic initiation

factor 4E binding protein-1 (4E-BP1) [23]. Our finding that

knockdown of TSC2 elevated the level of CXCR4 protein

in MCF7-HER2 cells and also nullified further estrogen

stimulation of CXCR4, implies involvement of the TSC

complex.

Clinically, CXCR4 expression strongly correlates with

the degree of lymph node metastasis in breast cancers [37].

In a large breast cancer tissue microarray study, positive

staining of CXCR4 in the cytoplasm was also associated

with invasiveness as well as HER2 expression [12].

Another study likewise found significant positive correla-

tion between HER2 and CXCR4 expression in primary

breast tumor tissues, which was also associated with poor

patient survival [18]. These findings strongly imply a role

for HER2 over-expression in CXCR4 regulation. However,

the exact mechanism of CXCR4 regulation by HER2 is not

known. One of the studies showed that PI3K/AKT/mTOR

pathway is involved in HER2 mediated translational reg-

ulation of CXCR4, and also in inhibiting ligand-induced

CXCR4 degradation [18]. The results of our present study

support these findings as we show that HER2 is required in

estrogen up-regulation of CXCR4 protein levels, without a

concurrent increase in mRNA levels and also that this

involves the PI3K/AKT/mTOR pathway. In addition, our

results indicate that the MAPK pathway is also involved,

and we furthermore show that in the case of HER2 over-

expression in ER-positive breast cancer cells, CXCR4

protein levels are under additional control of estrogen

receptor activation.

Interestingly, some recent studies have also implicated

the MAPK pathway, in addition to the PI3K/AKT pathway,

in the regulation of translational machinery [23, 38]. Our

findings also strongly support this notion because we found

that blocking either MAPK or AKT pathways individually

or simultaneously resulted in a very marked inhibition of

the estrogen-mediated increase in CXCR4 protein.

It is known from previous studies by us and others that

SDF1, the ligand for the CXCR4 receptor, is upregulated

by estrogen in parental MCF7 breast cancer cells [19, 27,

39]. We find that estrogen also upregulates expression of

this ligand in MCF7-HER2 cells. The fact that estrogen

upregulates the ligand in both low and high HER2

expressing MCF7 breast cancer cells while the increase

in cell migration, indicative of a more aggressive and

invasive phenotype is observed only in the MCF7-HER2

cells, implies that up-regulation of the ligand alone is

not sufficient for the invasive phenotype. Therefore, we
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explored the unique estrogen-dependent up-regulation of

the CXCR4 receptor that we observed only in the HER2

overexpressing cells and was found to be associated with a

post-transcriptional increase in CXCR4 protein. The effect

of estrogen in high HER2-expressing, ER-positive cells

suggests that crosstalk between ER and HER2 impacts

CXCR4 levels, up-regulating them, which is critical in

activating the pathways associated with cell migration and

invasiveness. Hence, our data reveals a second level of

regulation by estrogen beyond the CXCR4 ligand SDF1

that involves crosstalk of HER2 with ER and results in

up-regulation of the CXCR4 receptor itself.

Our present model suggests that PI3K/AKT and MAPK

pathways can regulate the translational machinery by con-

verging at tuberous sclerosis complex, which is upstream of

mTOR (Fig. 6). Activated PI3K/AKT and MAPK pathways

phosphorylate TSC2 (tuberin), a component of tuberous

sclerosis complex, which leads to its dissociation from TSC1

(hamartin). This dissociation is known to impair the ability

of TSC2 to inhibit mTOR activity [23]. Activated mTOR

can phosphorylate its two major substrates, ribosomal

protein p70S6 kinase (S6K) and eukaryotic initiation factor

4E binding protein-1 (4E-BP1), which are responsible for

50 TOP mRNAs and 50 cap dependent translation, respec-

tively [40]. We found the estrogen-mediated, translational

up-regulation of CXCR4 in this study to be inhibited by

rapamycin, suggesting involvement of mTOR.

Since the PI3K/AKT and MAPK signaling pathways

converge at TSC2, and its dissociation from TSC1 is a key

event in the activation of mTOR, we further confirmed the

involvement of TSC2 in estrogen-mediated up-regulation

of CXCR4 protein, by silencing TSC2 with siRNA. Indeed,

TSC2 knockdown increased the CXCR4 protein level in

these MCF7-HER2 cells, and estrogen was not able to

further increase this elevated level of CXCR4, suggesting

that estrogen-driven CXCR4 protein up-regulation likely

involves this translational pathway.

Importantly, a recent xenograft study using the same

MCF7-HER2 cells has revealed that these cells are initially

responsive to estrogen deprivation or fulvestrant treatment,

but eventually develop resistance to both. Treating the

animals with Iressa (gefitinib) along with estrogen depri-

vation or fulvestrant delayed the occurrence of resistance

but was not able to prevent it completely [41]. Interest-

ingly, these resistant cells also have elevated levels of p-

MAPK and p-AKT, implying that these pathways may

contribute in the acquisition of resistance.

In summary, this study reports estrogen-driven post-

transcriptional up-regulation of CXCR4 in HER2-over-

expressing, ER-positive breast cancer cells. This process

critically involves mTOR signaling, activated by PI3K/AKT

and MAPK pathways via functional inactivation of TSC2

(tuberin). Thus, estrogen-mediated elevation of CXCR4

protein may play a key role in determining the metastatic

potential of ER-positive HER2-overexpressing breast cancer

cells. The findings suggest that mTOR and CXCR4 blocking

strategies may have a promising therapeutic potential in

HER2-overexpressing, ER-positive breast cancers showing

de novo or acquired resistance to endocrine therapies.
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