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feedforward loop to drive breast cancer cell invasion

Cindy K. Pon,* J. Robert Lane,* Erica K. Sloan,*,†,‡ and Michelle L. Halls*,1

*Drug Discovery Biology Theme, Monash Institute of Pharmaceutical Sciences, Monash University, Parkville,
Victoria, Australia; †Cousins Center, UCLA Semel Institute for Neuroscience and Human Behavior, and
Jonsson Comprehensive Cancer Center, University of California, Los Angeles, Los Angeles, California USA;
and ‡Division of Cancer Surgery, Peter MacCallum Cancer Centre, East Melbourne, Victoria, Australia

ABSTRACT Activation of the sympathetic nervous sys-
tem by stress increases breast cancer metastasis in vivo.
Preclinical studies suggest that stress activates b-adreno-
ceptors (bARs) to enhance metastasis from primary tu-
mors and that b-blockers may be protective in breast
cancer. However, the subtype of bAR that mediates this
effect, as well as the signaling mechanisms underlying in-
creased tumor cell dissemination, remain unclear. We
show that the b2AR is the only functionally relevant bAR
subtype in the highly metastatic human breast cancer cell
line MDA-MB-231HM. b2AR activation results in elevated
cAMP (formoterol pEC50 9.86 6 0.32), increased in-
tracellular Ca2+ (formoterol pEC50 8.20 6 0.33) and re-
duced phosphorylated ERK (pERK; formoterol pIC50
11.62 6 0.31). We demonstrate that a highly amplified
positive feedforward loop between the cAMP and Ca2+

pathways is responsible for efficient inhibition of basal
pERK. Importantly, activation of the b2AR increased in-
vasion (formoterol area under the curve [AUC] relative to
vehicle: 1.826 0.36), which was dependent on the cAMP/
Ca2+ loop (formoterol AUC in the presence of 2959-
dideoxyadenosine 0.646 0.03, orBAPTA-AM0.456 0.23)
but independent of inhibition of basal pERK1/2 (vehicle
AUC with U0126 0.60 6 0.30). Specifically targeting the
positive feedforward cAMP/Ca2+ loop may be beneficial
for the development of therapeutics to slow disease pro-
gression in patients with breast cancer.—Pon, C. K., Lane,
J. R., Sloan, E. K., Halls, M. L. The b2-adrenoceptor acti-
vates a positive cAMP-calcium feedforward loop to drive
breast cancer cell invasion. FASEB J. 30, 1144–1154 (2016).
www.fasebj.org
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Stress causes activation of the sympathetic nervous system
and the release of the catecholamines epinephrine and
norepinephrine, theendogenousagonists of adrenoceptors.
Preclinical studies have shown that stress or treatment
with b-adrenoreceptor (bAR) agonists can accelerate

cancer progression and the development ofmetastasis in
distant organs (1–4). Furthermore, an association has
been found between psychosocial factors such as chronic
stress and depression and accelerated progression of can-
cer (5, 6). The effects of stress on breast cancer metastasis
in vivo may be blocked by bAR antagonists (b-blockers),
suggesting that bAR signaling is necessary for stress to en-
hancemetastasis from primary tumors and that b-blockers
may play a protective role in slowing breast cancer pro-
gression (2). Studies since have found an association be-
tween b-blocker use and improved breast cancer outcome
(7–9). In particular, b-blocker use had a more favorable
outcome in patients with triple-negative breast cancer
(TNBC), which lack expression of estrogen, progesterone,
and HER2 (human epidermal growth factor receptor 2)
receptors and are a subset of more aggressive breast can-
cers (7, 9). TNBC patients prescribed b-blockers had im-
proved relapse-free survival as well as reduced breast
cancer–related recurrence, distant metastasis, and cancer-
related death. Findings from these studies provide evi-
dence that b-blockers may have potential as adjuvant
therapy for patients with TNBC.

bARs are prototypical GPCRs that signal through G
proteins to regulate various cellular events that are im-
portant for cancer progression, including proliferation,
invasion, and activation of immune response (10). bAR
expression has been reported in both tumor and stromal
cells in the local tumor microenvironment (2, 11), sug-
gesting thatbARs inmultiple cell typesmay be activated by
stress. Consistent with this, bAR activation by stress drives
recruitment of immune cells to primary mammary tumors
(2). However, far less is known about whether stress can
also directly activate bARs on tumor cells. Breast cancer
cells express functional bARs, as seen by increased pro-
duction of intracellular cAMP in response to bAR agonists
(2, 12)and inhibitionofbasalphosphorylatedERK(pERK)
in some breast cancer cells (13, 14). In these studies, acti-
vation of the bAR led to an inhibition of cell proliferation
and decreased growth of primary tumors in vivo (13, 14).

Abbreviations: 8-Br-cAMP, 8-bromoadenosine-39,59-cyclic
monophosphate; AC, adenylyl cyclase; AUC, area under the
curve; bAR, b-adrenoceptor; BSA, bovine serum albumin;
db-cAMP, N6,29-O-dibutyryladenosine 39,59-cyclic mono-
phosphate; ddA, 2959-dideoxyadenosine; Epac, exchange
protein directly activated by cAMP; FBS, fetal bovine serum;
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However, stress or bAR activation do not consistently in-
crease primary tumor growth despite accelerating metas-
tasis (2, 4). As there was a more favorable association
reported between b-blocker use and outcome in TNBC,
this may suggest that bARs play a unique role in the pro-
gression of this highly aggressive subset of breast cancer.

Given the increasing evidence that activation of bARs
may promote tumormetastasis in TNBC, it is important to
decipher which bAR subtype is activated in response to
stress or bAR agonist treatment, to discover if there is a
direct effect of bAR activation on the tumor cells, and to
identify the signaling pathways involved inmediating these
effects. In this present study, we examined the subtype of
bAR activated in response to bAR agonist treatment in the
highly metastatic variant human TNBC cell lineMDA-MB-
231HM.We identified the signaling pathways downstream
of bAR activation and investigated the signalingmediators
that control breast cancer cell invasion.

MATERIALS AND METHODS

Reagents

The following compounds were purchased from Sigma-Aldrich
(St. Louis, MO, USA): (2)-propranolol, (2)-epinephrine,
(2)-norepinephrine, 2959-dideoxyadenosine (ddA), KT5720,
ESI-09, 8-bromoadenosine-39,59-cyclic monophosphate (8-Br-
cAMP), N6,29-O-dibutyryladenosine 39,59-cyclic monophosphate
(db-cAMP), forskolin, and ionomycin. Salbutamol hemisulfate,
formoterol hemifumarate, salmeterol xinafoate, ICI-118551 hy-
drochloride, CGP-20712A dihydrochloride, and gallein were
purchased from Tocris Bioscience (Bristol, United Kingdom).
NF023 and NF449 were from Calbiochem (San Diego, CA,
USA). [125I]-(2)-Cyanopindolol (ICYP) was purchased from
PerkinElmer (Waltham,MA,USA). BAPTA-AMandU0126were
from Cayman Chemical (Ann Arbor, MI, USA). Compounds
were dissolved in H2O or DMSO, and DMSO was used as the
vehicle control in all experiments.

Cell culture and transfection

The highly metastatic variant of MDA-MB-231 human breast
adenocarcinoma cells (MDA-MB-231HM) was the gift of Z. Ou
(FudanUniversity Shanghai Cancer Center, Yangpu, Shanghai,
China) (15), and cell identity was verifiedbyCellBankAustralia.
The 66cl4 mammary adenocarcinoma cells were the gift of
R. Anderson (Peter MacCallum Cancer Centre). Cells were cul-
tured at 37°C in a 5% CO2 incubator. MDA-MB-231HM and
parental MDA-MB-231 cells were cultured in DMEM supple-
mented with 5% v/v fetal bovine serum (FBS), 100 U/ml pen-
icillin, and 100 mg/ml streptomycin (Life Technologies,
Carlsbad, CA, USA). 66cl4 cells were cultured in aMEM sup-
plemented with 10% v/v FBS. For siRNA experiments, cells
were electroporated with 50 nM On-Targetplus Smartpool
siRNA (GE Dharmacon, Lafayette, CO, USA) using the Nucle-
ofector Kit V and Amaxa Nucleofector (Lonza, Basel, Switzer-
land). Cells were seeded in 96-well plates at 43 104 cells per well
for cAMP, Ca2+, and pERK1/2 assays or at 13 104 cells per well
for proliferation assays, then serum starved overnight.

Gene expression

RNA was extracted using the RNeasy Kit (Qiagen, Limburg, The
Netherlands), and quantitative real-time PCR (qRT-PCR) was
performed in triplicate from 100 ng RNA using the iScript One-
Step RT-PCR Kit (Bio-Rad, Hercules, CA, USA) and CFX96 Real
Time System (Bio-Rad). TaqMan probes were from Applied
Biosystems (Foster City, CA, USA): ADRB1 (Hs02330048_s1),
ADRB2 (Hs00240532_s1), ADRB3 (Hs00609046_m1), and ACTB
(Hs99999903_m1). Data were analyzed using the 22DCt method
and are expressed relative to ACTB (16).

Radioligand binding

Membranes were prepared from cells grown to 90% confluence.
Cells were rinsed and scraped in homogenization buffer [5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
5 mM EDTA, pH 7.4], then homogenized with a Dounce homog-
enizer (10 strokes per pestle) and centrifuged (800 g, 10 min,
4°C).The supernatantwas collectedand thecell pellet subjected to
another round of homogenization and centrifugation. Superna-
tants were pooled and centrifuged (40,000 g, 10min, 4°C), and the
pellet was resuspended in membrane buffer (50 mM Tris, 5 mM
MgCl2, 1mMEDTA,200mMsucrose, pH7.2) and storedat280°C.

Saturation binding experiments were performed at room tem-
perature inbindingbuffer (50mMTris, 5mMMgCl2,1mMEDTA,
pH 7.2) in 96-well plates. Membranes (5 mg) were incubated with
1 pM to 100 pM ICYP for 1 h with and without antagonists: pro-
pranolol (700 nM, 100 3 KD for b1AR), CGP-20712A (200 nM,
100 3 KD for b1AR) or ICI-118551 (50 nM, 100 3 KD for b2AR)
(17). Reactions were terminated by filtration through presoaked
GF/C filters (1% v/v polyethyleneimine, 30 min) using a Packard
Cell Harvester (PerkinElmer). Filters were washed 4 times with
50 mMTris (pH 7.4, 4°C), and radioactivity was measured using a
Packard Top Count device (PerkinElmer). Results were corrected
for nonspecific binding, determined by 700 nM propranolol.

cAMP accumulation

Cellswere treatedwithantagonistsor inhibitors instimulationbuffer
(140 mM NaCl, 5 mM KCl, 800 nM MgSO4, 200 nM Na2HPO4,
440 nM KH2PO4, 5 mM HEPES, 1.3 mM CaCl2, 5.6 mM glucose,
0.1% w/v bovine serum albumin [BSA], 500 mM 3-isobutyl-1-
methylxanthine, pH 7.4) for 30 min at 37°C. Agonists were diluted
in stimulation buffer, and cells were stimulated for 10 min at 37°C.
Cells were lysed in 50 ml ice-cold ethanol, evaporated, and recon-
stituted in 50ml detection buffer (5mMHEPES, 0.3% v/v Tween-
20, 0.1%w/vBSA,pH7.4).Cell lysates (5ml)were transferred toa
384-well OptiPlate (PerkinElmer) and cAMP detected using the
cAMP AlphaScreen Kit (PerkinElmer). Data are expressed as
pmol/well or basal subtracted and expressed relative to the
100 mM forskolin response, as stated.

ERK1/2 phosphorylation

Changes in ERK1/2 phosphorylation (pERK) were detected us-
ing the AlphaScreen SureFire pERK1/2 Kit (PerkinElmer). Cells
were treated with antagonists or inhibitors diluted in serum-free
medium for 30 min at 37°C, followed by agonists for 15 min.
Medium was aspirated, cells were lysed in 100 ml lysis buffer, and
cell lysates (4 ml) were transferred to 384-well ProxiPlates
(PerkinElmer) for detection. Data are expressed relative to basal.

Calcium mobilization

Cells were washed twice with assay buffer (150mMNaCl, 2.6 mM
KCl, 1.8 mM MgCl2, 10 mM D-glucose, 10 mM HEPES, 2.2 mM

(continued from previous page)
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CaCl2, 0.5% w/v BSA, 4 mM probenecid, pH 7.4) and incubated
with 1 mM Fluo4-AM (Life Technologies) for 1 h at 37°C. Cells
were washed and treated with antagonists or inhibitors for 30min
at 37°C. Fluorescence was detected at 485 nm excitation and
525nmemission for30 s, agonistswereadded, and thefluorescence
was measured every 1.5 s for 4 min using a FlexStation 3 (Mo-
lecular Devices, Sunnyvale, CA,USA). Data are expressed as the
vehicle-subtracted area under the curve (AUC)or as thebaseline-
subtracted increase in fluorescence, as stated.

Cell proliferation

Cells were treated with vehicle or formoterol in 1% v/v FBS me-
dium for 48 h, and proliferation was assessed using the CellTiter
96 Aqueous One Proliferation Assay (Promega, Madison, WI,
USA). Data are expressed relative to vehicle-treated cells.

Cell invasion

Cell invasion assays were performed by xCELLigence Real-Time
Cell Analysis (RTCA) using CIM-16 plates (Acea Biosciences, San
Diego, CA, USA) (18) coated with 30 ml of 0.4 mg/ml Matrigel,
and preincubated at 37°C for 4 h. A total of 180ml of 10% v/vFBS
medium containing ligand with or without inhibitors was added
to the lower chambers, and 20 ml of serum-free medium with
ligand and/or inhibitors was added to the upper chambers. The
plate was incubated in the RTCADP chamber (Acea Biosciences)
at 37°C and 5%CO2 for 1 h, and a backgroundmeasurement was
taken.Cellswere trypsinizedandwashedwith serum-freemedium;
3 3 104 cells were seeded in the upper chambers in serum-free
medium containing ligands and/or inhibitors. After 30 min in-
cubation at room temperature, measurements were taken every
15min for thefirst 4 h, followed by 1 reading every hour for 120 h.
The results are expressed relative to vehicle-treated cells at 120 h.

In vivo chronic stress metastasis model

All procedures involving mice were performed under protocols
approved by the Institutional Animal Ethics Committee and in
accordance with the animal ethics guidelines of the National
Health and Medical Research Council of Australia. MDA-MB-
231HM or 66cl4 cells were injected into the fourth left mammary
fatpadofBalb/cnu/nuorBalb/cmice, respectively, and stresswas
induced as previously described (2, 4). Bioluminescence imaging
(IVIS Lumina II; PerkinElmer) was used to track metastatic pro-
gression (2, 4). Data are expressed relative to nonstressed animals.

Statistical analysis

Data are expressed as means6 SEM from at least 3 independent
experiments performed in at least duplicate. GraphPad Prism 6
software (GraphPad Software, La Jolla, CA, USA) was used for
statistical analysis. Data were analyzed by 1-way ANOVA using
Dunnett’s or Tukey’s multiple comparison test, or Fisher’s least
significant difference test.

RESULTS

The b2AR is highly expressed in
MDA-MB-231HM cells

We used qRT-PCR to identify the bAR subtypes that are
expressed in MDA-MB-231HM cells. These cells express
both ADRB1 and ADRB2; however, ADRB3 mRNA levels

wereundetectable (Fig. 1A). Radioligandbindingwasused
to quantitate the relative protein expression of b1AR and
b2AR on cell membranes. The total number of bAR
binding sites was 71 6 14.31 fmol/mg protein (Fig. 1B).
There was no significant effect on radioligand binding
after the addition of a b1AR-selective antagonist, CGP-
20712A (200 nM) (P = 0.086), which is 500-fold more
selective for the b1AR than the b2AR (17). Conversely,
addition of ICI-118551 (50 nM), a b2AR-selective antago-
nist that is 550-fold more selective for the b2AR than the
b1AR (17), resulted in a 98% reduction in radioligand
binding. Therefore, the b2AR is the predominant subtype
expressed inMDA-MB-231HMcells. This is consistent with
other studies showing higher expression of the b2AR rel-
ative to the b1AR in TNBC cell lines (12, 19).

The b2AR is the only functionally relevant subtype in
MDA-MB-231HM cells: activation increases cAMP and
Ca2+ mobilization but inhibits pERK

Because bARs preferentially couple to Gas to activate
adenylyl cyclase (AC) and increase cAMP, we first exam-
ined whether nonselective and bAR subtype-selective ag-
onists could affect cAMP production in MDA-MB-231HM
cells. Endogenous nonselective agonists (epinephrine and
norepinephrine) andb2AR-selective agonists (salbutamol,
salmeterol, and formoterol) all induced a concentration-
dependent increase in cAMP (Fig. 1E). Although these
cells expressed low levels of the b1AR at the RNA level,
xamoterol, a b1AR-selective agonist, had no effect (data
not shown). This suggests that the b2AR is the only func-
tionally relevant subtype. Activation of the b2AR can also
stimulate Ca2+ signaling (20), and Ca2+ signaling has been
linked to tumor progression (21). Treatment of cells with
formoterol, epinephrine, and norepinephrine increased
Ca2+ mobilization; however, salbutamol and salmeterol
(b2AR-selective partial agonists) and xamoterol (data not
shown) had no effect (Fig. 1F). Previous studies in
HEK293S cells overexpressing theb2AR also showed a very
weak Ca2+ response to the partial agonists salbutamol and
salmeterol compared to isoproterenol and epinephrine
(20). The inability of the partial agonists to increase Ca2+

mobilization suggests that the b2AR may be less efficiently
coupled to this pathway in MDA-MB-231HM cells. Finally,
b2ARs can inhibit phosphorylation of ERK1/2 (pERK) in
breast cancer cells (13, 14). Consistent with this, all bAR
agonists except xamoterol (data not shown) caused a
concentration-dependent inhibition of pERK inMDA-MB-
231HM cells (Fig. 1G). Interestingly, all agonists were
100-fold more potent for pERK inhibition compared to
activation of cAMP and Ca2+, suggesting that the b2AR is
efficiently coupled to inhibition of pERK in these cells
(Table 1). There was no effect of the bAR agonists on the
activation of p38, JNK, Akt, and STAT3 measured using
AlphaScreen assays (data not shown).

The epinephrine- and formoterol-induced changes in
cAMP and pERK were further characterized by Schild
analysis using propranolol, CGP-20712A, and ICI-118551
(nonselective, b1AR-selective, and b2AR-selective antago-
nists, respectively). Schild analysis is a pharmacologic
method for receptor classification (22). It reports a pA2
value, which is a measure of the affinity of a competitive
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antagonist for its receptor, thereby allowing identification
of the functionally relevant receptor subtype within a
mixed receptor population. Both propranolol and ICI-
118551 caused surmountable competitive antagonism of
epinephrine and formoterol, as indicated by the rightward
shift in the concentration–response curves in both cAMP
andpERK signaling assays (Supplemental Figs. 1 and 2). In
contrast, CGP-20712A had no effect. Propranolol, CGP-
20712A, and ICI-118551 alone did not affect levels of
cAMP, pERK1/2, orCa2+ (datanot shown).ThepA2 values
obtained (Table 2) were similar to the reported affinity
(KD) of propranolol, CGP-20712A, and ICI-118551 for the
b2AR (17). This indicates that bAR agonists modulate
signaling via the b2AR, but not the b1AR, in MDA-MB-
231HM cells. To confirm this, ADRB1 and ADRB2 expres-
sion was knocked down by at least 50% using targeted

siRNA (Fig. 1C). In cells transfected with control siRNA,
IC50 concentrations of epinephrine (10 nM) and norepi-
nephrine (100 nM) inhibited pERK (Fig. 1D). There was
no effect of ADRB1 siRNA; however, ADRB2 siRNA abol-
ished this inhibition of pERK. Together, these results
confirm that theb2AR is theonly functionally relevantbAR
subtype expressed in MDA-MB-231HM cells.

A positive feedforward loop links cAMP and
Ca2+ signaling in MDA-MB-231HM cells

We next investigated the signaling hierarchy in MDA-
MB-231HM cells after b2AR stimulation using a panel of
inhibitors. To confirm that the b2AR stimulated cAMP pro-
duction in a Gas-dependent manner, cells were pretreated

TABLE 1. pEC50 and pIC50 values of bAR agonists for cAMP, Ca2+, and pERK

Agonist cAMP Ca2+ pERK

Formoterol 9.86 6 0.32 (4) 8.20 6 0.33 (5) 11.62 6 0.31 (6)***
Salmeterol 8.84 6 0.14 (3) ND 11.11 6 0.16 (3)***
Salbutamol 7.32 6 0.21 (6) ND 9.69 6 0.18 (4)***
Epinephrine 7.43 6 0.33 (4) 6.57 6 0.12 (4) 10.05 6 0.11 (3)***
Norepinephrine 6.01 6 0.01 (4) 5.59 6 0.15 (4) 8.24 6 0.28 (3)***

Agonist potencies expressed as mean 6 SEM pEC50 or pIC50 values for (n) experiments. ND, not
detected. ***P , 0.001 compared to cAMP/Ca2+, 1-way ANOVA with Tukey’s posttest.

Figure 1. bAR subtype expression and signaling in MDA-MB-231HM cells. A) mRNA expression of bAR subtypes in MDA-MB-
231HM cells (n = 5). B) Saturation binding in MDA-MB-231HM cell membranes using ICYP with/without CGP-20712A (200 nM)
or ICI-118551 (50 nM) (n = 4). C) ADRB1 and ADRB2mRNA was decreased in MDA-MB-231HM cells after expression of targeted
siRNA (n = 4). D) Knockdown of b2AR, but not b1AR, abolished 10 nM epinephrine- and 100 nM norepinephrine-induced
inhibition of pERK (n = 3). E) bAR agonists caused concentration-dependent increases in cAMP (n = 3–6). F) Only full bAR
agonists caused concentration-dependent increases in intracellular Ca2+ (n = 4–5). G) bAR agonists caused concentration-
dependent inhibition of basal pERK (n = 3–6). Symbols/bars represent means, error bars SEM. ND, not detected. *P , 0.05,
**P , 0.01, ***P , 0.001, 1-way ANOVA with Dunnett’s (A–C) or 2-way ANOVA with Tukey’s posttest (D).
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with a Gas inhibitor, NF449 (23). Blockade of Gas inhibited
formoterol-induced cAMP, suggesting that the b2AR acti-
vates Gas to increase cAMP (Fig. 2A). bARs can also couple
toGai/oproteins (24, 25);however,NF023, aGai/o inhibitor
(26), had no effect on formoterol-induced cAMP in these
cells (P=0.938). Inaddition to theGa subunit,Gbg subunits
can also activate or inhibit different AC subtypes (27) to
affect cAMP; however, treatment of cells with gallein (28)
had no effect on cAMP after b2AR activation (P = 0.415).
Finally, to determine if activation of ACwas required for the
increase in cAMP (rather than inhibition of the phospho-
diesterases thatdegradecAMP), cellswere treatedwithddA,
an AC inhibitor (29). Preincubation of cells with ddA de-
creased formoterol-induced cAMP production (Fig. 2B).
Therefore, theb2AR activates aGas-AC pathway to increase
cAMP in MDA-MB-231HM cells.

Next we investigated how activation of theb2AR induces
Ca2+ mobilization. As observed for activation of cAMP sig-
naling, increasedCa2+mobilizationwas dependent onGas
but independent of Gai/o, as the Ca2+ response to for-
moterol was decreased after pretreatment of cells with
NF449 but unaffected by NF023 (P = 0.543) (Fig. 3A, B).
In contrast to the cAMP signaling pathway, increased
Ca2+ mobilization was also dependent on Gbg subunits,
as preincubation of cells with gallein inhibited the
formoterol-induced increase in intracellularCa2+(Fig.3A,B).

Stimulation of Ca2+ mobilization by formoterol was also de-
pendent on cAMP signaling, as blockade of AC (ddA) or
the cAMP effector proteins PKA or exchange protein di-
rectly activatedby cAMP(Epac)withKT5720 (30)orESI-09
(31), respectively, abolished formoterol activation of Ca2+

signaling (Fig. 3C–F). This suggests that 2 distinct pathways
contribute to the increase in Ca2+ mobilization after acti-
vation of the b2AR: a direct activation by Gbg subunits and
an indirect activation that is dependent on cAMP and me-
diated by a Gas-AC-cAMP-PKA/Epac pathway.

Cross-talk between Ca2+ and cAMP signaling pathways is
well established (27). Given that b2AR-activated Ca2+ re-
sponses were partially dependent on cAMP (Fig. 3D, F), we
next investigated whether Ca2+ signaling could also affect
cAMPproduction. Interestingly, pretreatment of cells with
BAPTA-AM (a Ca2+ chelator) (32) inhibited cAMP in re-
sponse to formoterol (Fig. 2C). This suggests that the in-
crease in intracellular Ca2+ induced byb2AR activation can
lead to further cAMP production. This was confirmed by
treatment of cells with ionomycin, a Ca2+ ionophore that
causes Ca2+ influx (33). Ionomycin increased basal cAMP
production and further increased formoterol-induced
cAMP production to a greater degree than the effect of
ionomycin on basal cAMP (Fig. 2C, D). These results sug-
gest that a positive feedforward loop links cAMP and
Ca2+ signaling inMDA-MB-231HMcells. Activation of the

TABLE 2. pA2 values for bAR antagonists from Schild analyses

Signaling pathway Agonist Propranolol CGP-20712A ICI-118551

cAMP Formoterol 10.31 6 0.75 (3) 6.14 6 0.54 (3) 9.45 6 0.04 (3)
Epinephrine 9.51 6 0.38 (3) 6.37 6 0.35 (3) 9.41 6 0.13 (3)

pERK Formoterol 10.25 6 0.15 (5) 5.91 6 0.71 (5) 10.11 6 0.07 (5)
Epinephrine 9.99 6 0.11 (4) 6.32 6 0.26 (3) 10.06 6 0.08 (4)

Data are expressed as means 6 SEM for (n) experiments.

Figure 2. b2AR activation increases intracellular
cAMP in MDA-MB-231HM cells through Gas-
AC and Ca2+ mobilization. A) Inhibition of Gas
(10 mM NF449), but not Gai/o (10 mM NF023)
or Gbg subunits (50 mM gallein), decreased
1 nM formoterol-induced cAMP (n = 3–9). B, C)
Formoterol (1 nM)-induced cAMP was also
blocked after (B) inhibition of AC (100 mM
ddA; n = 3–9) or (C) chelation of Ca2+ (20 mM
BAPTA-AM; n = 4–9). Stimulation of Ca2+

influx by ionomycin (1 mM) further in-
creased formoterol-induced cAMP (n = 5–9). D)
Ionomycin alone increased basal cAMP produc-
tion (n = 5–9). Bars represent means, error bars
SEM. *P , 0.05, **P , 0.01, ***P , 0.001, 2-way
ANOVA with Sidak’s (B) or Dunnett’s (A, C)
multiple comparison test or unpaired Student’s
t test (D).
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b2AR with formoterol stimulates a Gas-AC pathway to
increase cAMP; cAMP then activates PKA and Epac to
increase Ca2+ mobilization, which is also influenced di-
rectly by Gbg subunits; increases in intracellular Ca2+

then further increase cAMP.

The positive feedforward cAMP/Ca2+ loop leads to
efficient inhibition of pERK

We then determined the signaling pathway that contrib-
utes to inhibition of pERK upon b2AR activation. There
was no effect of inhibition of Gas or Gai/o using NF449
(P = 0.608) or NF023 (P = 0.069), respectively (Fig. 4A).
However, inhibition of AC (ddA) partially reversed the
formoterol-induced inhibition of pERK (Fig. 4B), sug-
gesting that this response is dependent on cAMP. cAMP
can inhibit ERK phosphorylation via a PKA-Src-Rap1
pathway, which blocks Ras activation, to prevent activa-
tion of the Ras-Raf1-ERK1/2 pathway (34–36). However,
inhibition of PKA (KT5720) had no effect on the
formoterol-induced inhibition of pERK (P = 0.668) (Fig.
4B). We could not determine any involvement of Epac, as
preincubation of MDA-MB-231HM cells with ESI-09 sig-
nificantly decreased basal levels of pERK such that no
further inhibition was induced by formoterol (data not
shown). However, inhibition of Ca2+ signaling (Gbg sub-
units using gallein, or Ca2+ chelation with BAPTA-AM)
reversed the formoterol-induced inhibition of pERK (Fig.
4C). These findings suggest that both cAMP and Ca2+ sig-
naling contribute to the inhibition of pERK in response to
formoterol.

The lack of effect of Gas and PKA blockade on the
formoterol-induced inhibition of pERKmay be due to the

very efficient coupling of the b2AR to this pathway, as
suggested by the increased potency of b2AR agonists for
pERK compared to both cAMP and Ca2+ (Table 1).
Therefore, an alternative approach was used to confirm
that activation of the cAMP/Ca2+ feedforward loop by
formoterol leads to inhibition of basal pERK. Cells were
treatedwitheither forskolin,which activatesAC to increase
cAMP, or the synthetic cAMP analogs 8-Br-cAMP or db-
cAMP (Fig. 4D). All compounds mimicked formoterol in-
hibitionofpERK, reducingbasal pERK levels by 90%, 53%,
and46%, respectively.Treatmentof cellswith ionomycin, a
Ca2+ ionophore, also reduced basal pERK levels by 72%.
This suggests that activation of the cAMP/Ca2+ feedfor-
ward loop can inhibit basal pERK.

Only the feedforward cAMP/Ca2+ loop, and not
pERK inhibition, contributes to increased invasion

To determine the functional consequence of b2AR sig-
naling in TNBC cells, we measured proliferation and in-
vasion, 2 key steps in stress-inducedmetastasis. The MAPK
signaling cascade has amajor role in regulating cell growth
and proliferation (37). Because activation of b2AR signal-
ing in MDA-MB-231HM cells inhibited pERK, we exam-
ined whether proliferation was altered in these cancer
cells. However, increasing concentrations of formoterol
had no effect on cell proliferation (Fig. 5A). We then
assessed tumor cell invasion in real time using xCELLi-
gence (18). AnEMax concentrationof formoterol (0.5mM)
significantly increased the invasion of MDA-MB-231HM
cells over 5d compared to vehicle-treatedcontrols (Fig. 5B,
C), and this was abolished in the presence of ICI-118551,
suggesting that increased invasion is due to activation of

Figure 3. Activation of b2AR induces Ca2+ mobilization by 2 pathways: directly by Gbg subunits and indirectly by Gas-AC-cAMP-
PKA/Epac pathway. A, B) Formoterol (1 nM)-induced Ca2+ mobilization was lost after inhibition of Gas (10 mM NF449) or Gbg
subunits (50 mM gallein), but not Gai/o (10 mM NF023) (n = 3–6). C–F) Inhibition of AC (100 mM ddA) (C, D) and PKA or Epac
(1 mM KT5720 or 50 mM ESI-09, respectively) (E, F) abolished Ca2+ responses to 1 nM formoterol (n = 3–9). Bars represent
means, error bars SEM. ***P , 0.001, 2-way ANOVA with Dunnett’s (B, F) or Sidak’s (D) multiple comparison test.
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the b2AR. To determine which signaling pathways were
responsible for theb2AR-dependent increase inMDA-MB-
231HM cell invasion, we used a panel of inhibitors. Treat-
ment of cells withU0126, aMEK inhibitor, hadnoeffect on
the basal level of cell invasion (Fig. 5D, E). This suggests
that inhibition of pERK afterb2AR activation is not directly
associated with increased cell invasion. Next we assessed
whether formoterol-induced breast cancer cell invasion
required activation of the cAMP/Ca2+ feedforward loop.
Inhibition of Gas and AC with NF449 and ddA, re-
spectively, completely reversed formoterol-induced in-
vasion (Fig. 5F, G). Moreover, blockade of Gbg subunits
with gallein and Ca2+ chelation with BAPTA-AM also ab-
rogated cell invasion induced by formoterol (Fig. 5H, I).
The inhibitors alone had no significant effect on basal
invasion. These results indicate that formoterol induces
breast cancer cell invasion through the activation of the
b2AR-dependent positive feedforward cAMP/Ca2+ loop.

To determine whether the positive feedforward cAMP/
Ca2+ loop was a common feature in other breast cancer
cells, we used the less aggressive parental MDA-MB-231
cells and a 66cl4 mammary adenocarcinoma cell line that
metastasizes in response to stress in vivo via bARs (2). The
66cl4 cells showed a significantly delayed onset of metas-
tasis in response to stress compared to MDA-MB-231HM
cells (Supplemental Fig. 3A). Parental MDA-MB-231 cells
expressedbothADRB1 andADRB2, whereas the 66cl4 cells
only expressed adrb 2 at the mRNA level (Supplemental
Fig. 3B, C). Interestingly, in both cell lines, b2AR agonists
stimulated a much smaller increase in cAMP production
compared to MDA-MB-231HM cells (Supplemental Fig.
3D–F). Moreover, there was no effect of the b2AR agonists
on Ca2+ mobilization, and b2AR activation had varying ef-
fects onpERK (Supplemental Fig. 3G–L). It is possible that
the lack of a Ca2+ signal, and therefore the absence of the

feedforward cAMP/Ca2+ loop in these cells, may explain
the low levels of cAMP production and the slower devel-
opment of metastasis in response to stress.

DISCUSSION

Wehave previously reported that activation of thebARby
chronic stress increases metastasis from primary tumors
in mouse orthotopic models of cancer (2, 4). Retrospec-
tive studies have also demonstrated a clinical association
between b-blocker usage and reduced distant metastasis,
cancer recurrence, andmortality (7–9, 11). However, the
subtype of bAR that mediates this effect, whether the in-
creased sympathetic activity acts directly on the tumor
and/or via the tumor microenvironment, and the cellu-
lar mechanisms underlying increased metastatic dissem-
ination, remain unclear. The results presented here
uncover molecular mechanisms that may underlie the
capacity of stress to promote cancermetastasis at the level
of the tumor cell. We show that the b2AR is highly
expressed and is the only functionally relevant bAR sub-
type in MDA-MB-231HM breast cancer cells. b2AR acti-
vation results in elevated cAMP, increased intracellular
Ca2+, and reduced pERK levels. We reveal a highly am-
plified positive feedforward loop between the cAMP and
Ca2+ pathways, which is responsible for efficient in-
hibition of basal pERK (Fig. 6). Importantly, we link the
positive cAMP/Ca2+ loop, but not inhibition of pERK, to
increased invasion of MDA-MB-231HM cells.

The b2AR, a predominantly Gas-coupled receptor, in-
creased cAMPproduction in response to endogenous and
b2AR-selective agonists, consistent with other studies in
breast cancer cells (2, 12, 19).We show that this increase in
cAMP is due toGas activationofACandwasnot affectedby

Figure 4. b2AR-mediated inhibition of pERK is
dependent on the positive feedforward cAMP/Ca2+

loop. A) Formoterol (10 pM)-induced inhibi-
tion of pERK was unaffected after inhibition of
Gas (10 mM NF449) or Gai/o (10 mM NF023)
(n = 3–12). B) Blockade of AC (100 mM ddA)
reversed inhibition of pERK by 10 pM formo-
terol, but inhibition of PKA (1 mM KT5720)
had no effect (n = 5–11). C) Inhibition of Gbg
subunits (50 mM gallein) or Ca2+ chelation
(20 mM BAPTA-AM) reversed 10 pM formoterol-
induced inhibition of pERK (n = 3–11). D)
Inhibition of pERK by 10 pM formoterol was
mimicked by 10 mM forskolin, 100 mM db-
cAMP, 100 mM 8-Br-cAMP, or 1 mM ionomycin
(n = 5–11). Bars represent means, error bars
SEM. *P , 0.05, ***P , 0.001, 1-way ANOVA
with Dunnett’s multiple comparison test (D) or
2-way ANOVA with Dunnett’s multiple compar-
ison test (C, B).
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Gai/o. Activation of the b2AR increased intracellular Ca2+

by 2 pathways: directly viaGbg subunits and indirectly via a
pathway involving the cAMP-dependent PKA and Epac.
Interestingly, this increase in Ca2+ signaling also activated
the cAMP pathway. This suggests a novel feedforward
mechanism activated by b2AR signaling in MDA-MB-
231HM cells in which initial G protein coupling increases
both cAMP and Ca2+ mobilization. The cAMP effectors
PKA and Epac further increase intracellular Ca2+ levels,
and elevated Ca2+ leads to further stimulation of AC and
additional increases in cAMP to amplify the signal (Fig. 6).
A synergistic relationship between cAMP and Ca2+ signal-
ing has long been observed (27, 38, 39). cAMP itself, in
addition to its effectors PKA and Epac, can have direct
effects on numerous aspects of Ca2+ signaling, including

activation of hyperpolarization-activated cyclic nucleotide–
gated channels, voltage-gated Ca2+ channels, and inositol
trisphosphate (IP3) receptors (27). Indeed, after b2AR ac-
tivation, cAMP-dependent PKA can either directly phos-
phorylate L-type voltage-gated Ca2+ channels to stimulate
Ca2+ influx (40) or activate the ryanodine receptor (41) to
mobilize Ca2+ from IP3-gated intracellular stores (20). Epac
can also directly increase intracellular Ca2+ by activating a
Rap GTPase–phospholipase C-IP3 receptor pathway in
HEK293 cells (42, 43). Conversely, it is also well established
that Ca2+ signaling can regulate ACs and therebymodulate
intracellular cAMP levels, either directly by Ca2+ and/or
calmodulin binding or via effectors including calmodulin
kinase, PKC, or calcineurin (27). InMDA-MB-231HMcells,
activation of this positive feedforward loop mediates 2

Figure 5. Activation of b2AR by formoterol increases breast cancer cell invasion. A) Increasing concentrations of formoterol had
no effect on proliferation of MDA-MB-231HM cells (n = 3). B, C) Formoterol (0.5 mM) induced invasion of MDA-MB-231HM cells
over 5 d, and this was blocked by 100 nM ICI-118551 (n = 3–10). D, E) Inhibition of MEK (10 mM U0126) had no effect on
invasion (n = 3). F–I) The effect of formoterol on invasion was blocked after inhibition of Gas (10 mM NF449) or AC (100 mM
ddA) (F, G) or Gbg subunits (50 mM gallein) or Ca2+ chelation (20 mM BAPTA-AM) (H, I) (n = 3–10). Symbols/bars represent
means, error bars SEM. *P , 0.05, **P , 0.01, ***P , 0.001, 1-way ANOVA with Fisher’s least significant difference test.
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distinct and independent events: highly efficient inhibi-
tion of pERK, demonstrated by significantly increased
potency of all ligands in pERK assays compared to cAMP
and Ca2+ assays (Table 1), and increased cell invasion.

The 2 cAMP effectors, PKA and Epac, have been linked
to increased tumor cell invasion. PKA can activate Src, a
kinase involved in the regulation of cell survival, motility,
and invasion (44). Indeed, hyperactivation of PKA signal-
ing and thereforeelevatedSrcphosphorylation(Ser17and
Tyr419) are associated with accelerated mammary tumor-
igenesis (45).Moreover, previous studies have linkedbAR-
dependent PKA activation to the stimulation of Src and
increased cancer cell invasion. In ovarian cancer cells,
stimulation of bAR leads to cAMP-dependent PKA phos-
phorylationof Src at Ser17 andTyr419, whichwas required
for tumor cell invasion and stress-induced tumor growth
(46). Similarly, activation of bARs in MDA-MB-231 cells
caused PKA activation of Src, which was essential for in-
vasion (47). There is also evidence for an involvement of
cAMP-Epac pathways in tumor cell invasion. Activation of
Epac is important for pancreatic cancer cell migration and
invasion (31), and in fibrosarcoma cells, the Gas-cAMP-
Epac pathway was linked to the formation of invadapodia
(48), plasma membrane–localized complexes that are
important for invasion. Interestingly, there is also evidence
that the Gas-cAMP-Epac pathway can regulate Src kinase
activity (49). As such, we favor the hypothesis that Src links
the feedforward cAMP/Ca2+ loop to enhanced MDA-MB-
231HM cell invasion.

The linkbetween increasedcell invasionand thepositive
feedforward cAMP/Ca2+ loop has important ramifications
for TNBC, as the main cause of mortality in breast cancer
patients is metastatic dissemination of the primary tumor
(50). Tumor cells are exposed to multiple growth factors
and cytokines in the local tumormicroenvironment,which
critically influences cancer progression to metastasis (51).
The transformation of tumor cells into a metastatic phe-
notype in response to the tumor microenvironment re-
quires epithelial to mesenchymal transition. In invasive
breast cancer, this involves significant reorganization of

plasma membrane domains and the underlying cytoskel-
eton (52, 53). In fact, the remodeling of lipid-rich
plasma membrane domains is highly associated with the
transition to more aggressive breast carcinomas (52, 54).
Interestingly, Ca2+/calmodulin activation of AC requires
direct interactions with A kinase anchoring protein,
AKAP79, which in turn scaffolds the Ca2+ channel com-
ponents STIM1 and Orai1 in proximity to the AC in lipid-
rich domains (27, 55, 56). In addition to interacting with
AC/STIM1/Orai1, AKAP79 can also interact with the
b2AR to form large signaling complexes, often dependent
on lipid-rich plasma membrane domains (57–60). It may
be that the plasma membrane organization within these
highly invasive cells facilitates thepositive feedforward loop
between cAMP and Ca2+ signaling pathways, thus pro-
moting increased invasion.

Retrospective clinical studies have reported a variable
strength of association between b-blocker use and cancer
outcomes. Although some studies have reported that
breast cancer patients receiving b-blockers have a more
favorable outcome, defined by reduced distant metastasis,
reduced recurrence, and reduced mortality (7–9, 11, 61),
others found no association between b-blocker use and
outcome (62–65). Interestingly, b-blocker use in TNBC
patients was reported to have a more favorable outcome
compared to estrogen receptor–positive breast cancer pa-
tients (7, 9). It is plausible that in addition to b2AR signal-
ing within the tumor microenvironment (2), the positive
feedforward cAMP/Ca2+ loop identifiedheremayoccur in
a tumor cell–type dependent manner that could impact
b-blocker efficacy in vivo. Indeed, previous studies have
reported thatb2AR-dependent inhibitionof pERK leads to
reduced cell proliferation and/or tumor growth in the
breast cancer cell lines MDA-MB-231, IBH-4, and IBH-6
and in the normal mammary epithelial cell line MCF10A
(13, 14, 60). The authors suggested thatb2AR agonistsmay
be useful adjuvant treatments for breast cancer. This di-
rectly contrasts with our finding that b-blockers would be
useful treatments for TNBC, as they prevented invasion in
the highly metastatic variant of the MDA-MB-231 cell line

Figure 6. b2AR activates a pos-
itive feedforward cAMP/Ca2+

loop in MDA-MB-231HM cells
to increase invasion. Upon
agonist binding to b2AR, Gas
activates AC, which stimulates
cAMP production. In highly
metastatic breast cancer cells,
Gbg subunits activate Ca2+

mobilization, which is further
increased by cAMP effector
proteins PKA and Epac. This
increase in Ca2+ feeds back to
further stimulate cAMP pro-
duction. Activation of the pos-
itive feedforward cAMP/Ca2+

loop identified in MDA-MB-
231HM cells results in inhibition
of pERK1/2 and independently
accelerates breast cancer cell
invasion.
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used in this study (15). These important differences in the
outcome of b2AR activation in distinct tumor cell types
could be influenced by factors including the organization
and expression levels of proteins required for efficient
coordination of cAMP and Ca2+ signaling. In support of
this, the feedforwardcAMP/Ca2+ loopwasabsent inparental
MDA-MB-231 and 66cl4 cells, and this correlated with lower
levels of cAMP after b2AR activation and a delayed onset of
metastasis in response to stress. Alternatively, the disparate
effects ofb-blockers in retrospective clinical studies could be
due to the subtype selectivity of different b-blockers: b1AR-
selective b-blockers are more commonly used clinically and
have been shown to have no beneficial effect on cancer
outcome(8). Itwill be essential for futureprospective studies
to assess the contribution of subtype selectiveb-blockers and
breast cancer subtypes on cancer outcome.

In summary, we have identified the b2AR as the only
functionally relevantbARsubtype inMDA-MB-231HMcells.
Activationof theb2AR in thesebreast cancer cells results in a
positive feedforward loopbetweencAMPandCa2+ signaling
that causes increased invasion.The identificationof a tightly
coupled signaling loop that is activated by b2ARs may be
beneficial for future development of therapeutics to slow
cancer progression in patients with aggressive TNBC.
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14. Pérez Piñero, C., Bruzzone, A., Sarappa, M. G., Castillo, L. F., and
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