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Introduction

Non-small cell lung cancer (NSCLC) is a family of
cancers comprised of four different histological subtypes:
adenocarcinoma, squamous cell carcinoma, large cell
carcinoma and carcinoids. Among the NSCLC subtypes,
adenocarcinoma is the most common with incidence rising (1).
Adenocarcinomas often express activating mutations of
the epidermal growth factor receptor (EGFR) and these
mutations are predictive of responsiveness to cancer therapy
with EGFR tyrosine kinase inhibitors (2). Unfortunately,
resistance to these agents always develops due to the
formation of additional mutations, of which only one type
(EGFR T790M mutation) responds to newer generation
EGFR inhibitors (3).

Beta-adrenergic receptors (B1, B2, B3-ARs) are members
of the seven-transmembrane receptor family coupled to
the stimulatory G-protein G, that activates adenylyl cyclase
(AC), a required step for the formation of intracellular cyclic
adenosine monophosphate (cAMP) (4). The activation
of AC is inhibited by receptors coupled to the inhibitory
G-protein G; and balanced G; versus G; signaling ensures
cAMP homeostasis (5).

The regulatory role of B-ARs in the cardiovascular
system is well established and has provided the rational for
the use of B-AR antagonists (B-blockers) as cardiovascular
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therapeutics (6). The growth stimulating function of
this receptor family on lung adenocarcinomas was first
reported by our laboratory and involved the cAMP-driven
release of arachidonic acid (AA) that activates the AA-
cascade, resulting in the activation of cAMP response
element binding protein (CREB) and extracellular signal-
regulated kinase (ERK) (7) downstream of G,-coupled
receptors of the prostaglandin E2 (PGE2) family while
simultaneously transactivating the EGFR (8). In addition,
it has been shown that the downstream effectors of B-ARs,
cAMP and activated protein kinase A (PKA), cause the
release of EGF (9), interleukin-6 (IL-6) (10) as well as
vascular endothelial growth factor (VEGF) (11), all of
which stimulate NSCLC development and progression
at the levels of cell proliferation and angiogenesis.
Moreover, we have identified the potent nicotine derived
tobacco carcinogen N-nitroso-nicotine ketone (NNK)
as a high affinity agonist for p1 and p2-ARs with strong
pro-proliferative activity in human lung adenocarcinoma
cell lines via B-adrenergic signaling (7), a mechanism
that may contribute to the development of this cancer
in smokers. NNK additionally induced NSCLC of the
adenocarcinoma subtype in Syrian golden hamsters, and
the development of these lung tumors was prevented by
the general B-blocker propranolol whereas treatment with
epinephrine had tumor promoting effects (12).
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The inhibitory neurotransmitter y-aminobutyric acid
(GABA) as well as opioids and endogenous opioid peptides
inhibited the growth of adenocarcinoma cell lines in vitro
and in mouse xenografts by blocking cAMP formation via
their respective G;-coupled receptors (13-16). In accord with
the function of the stress neurotransmitters epinephrine
and norepinephrine as physiological B-AR agonists,
social stress significantly promoted the development and
progression of NSCLC xenografts in mice (17). This
effect was accompanied by increases in the systemic levels
of epinephrine, norepinephrine, cortisol and cAMP, with
increased tumor levels of cAMP, p-CREB and p-ERK while
tumor levels of GABA and its two synthesizing enzymes
GADG65 and GADG67 were reduced (17). All of these cancer
promoting responses of social stress were inhibited by
treatment of the mice with GABA (17).

Cancer stem cells enriched from lung adenocarcinoma
cell lines by selective culture conditions in spheroid
formation assays responded with a significant increase
in stem cell self-renewal to epinephrine, an effect
accompanied by significant increases in the levels of
the NSCLC cancer stem cell markers sonic hedgehog
(SHH) and aldehyde dehydrogenase-1 (ALDH-1) (16).
The stimulating i vivo effects of stress neurotransmitters
on the cancer stem cell driven progression of NSCLC
was corroborated by findings that systemic reductions in
epinephrine and norepinephrine as determined in serum
samples in a mouse model of stress reduction significantly
reduced the development and progression of NSLC
xenografts. while simultaneously reducing the tumor levels
of cAMP, p-CREB, p-ERK, P-AKT, p-Src, VEGE, SHH
and ALDH-1 whereas the expression of pro-apoptotic
proteins increased (16). Interestingly, stress reduction
also significantly increased serum levels of GABA and the
endogenous opioid peptides met-enkephalin, dynorphin A
and dynorphin B, indicating that the observed inhibitory
effects of stress reduction on NSCLC were mediated
by Gj-coupled GABA; receptors (GABA;-Rs) and delta
and kappa-opioid receptors (DORs, KORs) that are also
coupled to G;. In vitro spheroid formation assays with
NSCLC cancer stem cells identified strong reductions
in intracellular cAMP and the cancer stem cell markers
SHH, Notch-1 and ALDH-1 in response to each of
these agents accompanied by complete inhibition of
cancer stem cell self renewal (16). Moreover, it has been
shown that inhibition of SHH signaling or depletion of
its downstream transcription factor GLil enhanced the
therapeutic effects of EGFR tyrosine kinase inhibitors in

© Translational lung cancer research. All rights reserved.

tlcr.amegroups,com

Schuller. cAMP reduction to treat EGFR inhibitor resistance

cancer stem cells from NSCLC cell lines (18), suggesting
an important role of SHH signaling in the development
of EGFR inhibitor resistance. Collectively, these findings
underline the key role of increased intracellular cAMP
in the activation of multiple pathways that drive the
development, progression and EGFR inhibitor resistance
of NSCLC and suggest that agents that inhibit the
formation of intracellular cAMP, including B-blockers as
well as agonists of Gj-coupled receptors such as GABA,
endogenous opioid peptides and opioid drugs may be
useful for the prevention and therapy of NSCLC.

Novel findings

A recent publication in Sei Transl Med (19) has reported
a novel regulatory function of B-ARs in EGFR mutant
NSCLC cell lines exposed to epinephrine and in mouse
xenografts under psychological stress conditions: the f,-
AR-mediated, cAMP-dependent promotion of EGFR
inhibitor resistance via inactivation of tumor suppressing
liver kinase B1 (LKB1), an effect caused by the B,-AR-
stimulated release of interleukin-6 (IL-6) and abrogated
by the general B-blocker propranolol or IL-6 antibodies.
The investigators additionally found a positive association
of high IL-6 levels with the development of EGFR
inhibitor resistance in NSCLC patients and improved
responsiveness to EGFR kinase inhibitor therapy in
NSCLC patients with incidental B-blocker therapy (19).
These findings are of immediate high clinical relevance as
they suggest the off-label use of not only general B-blockers
as concluded by the authors (19) but also other cAMP-
inhibiting agents (Table 1) as promising adjunct therapy
in NSCLC patients for the prevention and treatment
of EGFR inhibitor resistance. The selective role of the
B2-AR without contribution of B1-AR signaling to the
observed promotion of EGFR resistance is of particular
importance as they indicate that newer generation
cardiovascular therapeutics that selectively block B1-ARs
would not be suitable for this strategy.

Agents and lifestyle factors that reduce cAMP
levels (Table 1)

There are numerous therapeutics for non-neoplastic
diseases that inhibit cAMP formation by activating
Gi-coupled receptors and these agents can be
rapidly re-purposed for the adjuvant therapy of lung
adenocarcinomas, including the prevention and treatment
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Table 1 Factors that reduce cAMP levels

S119

Agent

Mechanisms of action

Source

GABA

Opioid peptides

Opioids: opium,
morphin, hydrocodone,
oxycodone, fentanyl

Cannabinoids

Valerian

GABA-BR PAMS

Opioid receptor PAMS

Inhibits cAMP formation via Gi-coupled GABA-
BRs

Inhibit cAMP formation via G-coupled opioid
receptors (mu, kappa, delta)

Inhibit cAMP formation via G-coupled opioid
receptors (mu, kappa, delta)

Inhibit cAMP formation via G-coupled
cannabinoid receptors (CB1, CB2); CB2
receptor-mediated p-endorphin release

Increases endogenous GABA synthesis by
induction of GAD enzymes

Positive allosteric modulation of GABA-BRs
increases sensitivity in the presence of low
GABA levels

Positive allosteric modulation of opioid
receptors increases sensitivity in the presence

Endogenous: increased by stress reduction; nutritional: red
wine, tomatoes, blue and black berries, dietary supplement

Endogenous: increased by stress reduction (dynorphins,
enkephalins, endorphins)

Substance abuse; anesthesia, analgesia, cough suppression

Substance abuse, medical marihuana, synthetic cannabinoid
receptor agonists

OTC herbal root extract used as sleep aid and anxiolytic

Therapeutics for addiction

Currently in drug development

of low opioid levels

Stress reduction/
happiness

Increase endogenous GABA and opioid
peptides while reducing Epi + Nor

Methods to achieve this psychological state vary for each
individual

GABA, v -aminobutyric acid; cAMP, cyclic adenosine monophosphate; OTC, over the counter; Epi, epinephrine; Nor, norepinephrine.

of EGFR inhibitor resistance. Nutritional over the counter
(OTC) GABA supplements are widely used because of
their anxiolytic and muscle relaxing effects. The level of
endogenous GABA is also increased by valerian extract,
a botanical OTC sleep aid that induces the GABA
synthesizing enzymes GAD65 and GAD67 (20). Opioid
drugs that signal through G;-coupled opioid receptors (15)
are used as analgesics and cough suppressants. The levels
of endogenous opioid peptides that are agonists for the
same receptors can be significantly increased by stress
reduction/happiness (16). Medical marihuana reduces
cAMP by binding to Gj-coupled cannaboid receptors
(CB1, CB2) and the CB2 receptor additionally stimulates
the release of endogenous B-endorphin (21). However,
chronic treatment with such Gj-coupled receptor agonists
can potentially de-sensitize the receptors, leading to
tumor promoting effects. Positive allosteric modulators
(PAMs) of Gi-coupled receptors circumvent this problem
as they do not change receptor sensitivity. PAMs for the
GABA;-Receptor are currently used for the treatment of
drug addiction (22) while PAMs for opioid receptors are
currently being developed (23).
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Agents and lifestyle factors that increase cAMP
levels (Table 2)

Caffeine contained in numerous beverages and in many
weight loss products increases cAMP by inhibiting the
phosphodiesterase (PDE) responsible for the enzymatic
breakdown of cAMP and stimulates the in vitro growth of
lung adenocarcinomas (24). Theophylline contained in
tea, and additionally used for the treatment of asthma and
chronic obstructive pulmonary disease (COPD) as well
as theobromine contained in cocoa, chocolate and cola
increase cAMP via the same mechanism as caffeine. Both,
theophylline and green tea have been shown to promote
the growth of lung adenocarcinoma in preclinical studies
whereas they inhibited the development of neuroendocrine
lung cancer (12,25).

"Tobacco products and nicotine replacement therapy increase
cAMP in response to the nicotinic acetylcholine receptor-
mediated release of epinephrine and norepinephrine and
simultaneous impairment of the endogenous GABA system (26).
Alcohol consumption increases cAMP levels by inducing AC
activity (27). Epinephrine, the physiological agonist for -ARs,
is contained in asthma inhalers and in many allergy medications
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Table 2 Factors that increase cAMP
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Type of agent Mechanism of action

Source

Nicotine, NNK, NNN
inhibition of GABA system

nAChR agonists

Caffeine Increase in cAMP via inhibition of PDE
Epinephrine Increase in cAMP via adrergic receptors
Theophylline Increase in cAMP via inhibition of PDE

Theobromine

Alcohol
adenylyl cyclase

Psychological stress

nAChR-mediated release of Epi + Nor,

nAChR-mediated release of Epi + Nor

Increase in cAMP via inhibition of PDE

Increase in cAMP via increased activity of

Tobacco products

Nicotine replacement therapy
Caffeinated drinks, weight loss products
Asthma/allergy medications

Tea, asthma and COPD therapeutics
Cocoa, cola, chocolate

Alcoholic beverages

Increased release of Epi + Nor, suppression of Anxiety, depression, socio-economic

GABA and endogenous opioid system

Estrogens
G,-coupled estrogen receptor

Vitamin A, B-carotene, retinoids
G,-coupled retinoid receptors

Glucocorticoids
G,-coupled steroid receptors

Increase cAMP via non-genomic signaling of

Increased cAMP via non-genomic signaling of Therapeutics for menopause and some birth control

pills; beer contains high levels of plant estrogens

Vitamin supplements

Increased cAMP via non-genomic signaling of ~ Anti-inflammatories, anti-allergenics

GABA, y-aminobutyric acid; cAMP, cyclic adenosine monophosphate; Epi, epinephrine; Nor, norepinephrine; NNK, N-nitroso-nicotine
ketone; NNN, N-nitroso-nornicotine; nAChR, nicotinic acetylcholine receptor; PDE, phosphodiesterase; COPD, chronic obstructive

pulmonary disease.

and decongestants. The levels of endogenous epinephrine and
norepinephrine are also increased in response to psychological
stress (28) while simultaneously the levels of endogenous GABA
and opioid peptides are decreased (29,30).

Estrogens and glucocorticoids previously thought
to bind only to nuclear receptors increase cAMP levels
by binding to non-genomic G,-coupled cell membrane
receptors (31). Vitamin A, B-carotene and retinoids initially
believed to act through nuclear receptors increase cAMP
via similar non-genomic signaling (32,33). In fact, this
mechanism of action likely triggered the increase in lung
adenocarcinoma incidence that lead to the discontinuation
of a lung cancer prevention trial by B-carotene and retinoid
supplementation (34). This interpretation is supported
by observations that p-carotene stimulated the growth of
lung adenocarcinoma cells in vitro via cAMP signaling (32)
and promoted the development of NNK-induced lung
adenocarcinomas in hamsters via this mechanism (33).

Conclusions

Clinical observations have corroborated the preclinical
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findings that cAMP signaling activates multiple pathways
which drive the development and progression of NSCLC.
It has thus been shown that incidental B-blocker therapy
significantly improved survival in NSCLC patients (35)
while overexpression of the Gj-coupled GABA-R was
associated with a better prognosis (36). In light of the
prominent role of P2-ARs in the reported regulation
of EGFR inhibitor resistance (19) the correct choice of
B-blockers for this approach is of key importance. General
beta-blockers such as propranolol are appropriate whereas
selective P1-blockers are contra-indicated as they not only
leave B2-ARs uninhibited but would even cause reactive
sensitization of B2-ARs, resulting in enhanced responses
to agonists (37). It is therefore no surprise that there are
also studies that found no significant survival benefits
in lung cancer patients who had received pre- or post-
diagnostic treatment with beta-blockers (38). Alternatives
to B-blocker therapy summarized in this editorial should
be explored with preference given to PAMs of Gj-coupled
receptors or agents and lifestyles that increase the levels
of endogenous Gj-receptor agonists as these are less likely
to desensitize their respective receptors than high affinity
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synthetic agonists. The powerful influence of the mood
on cAMP signaling cannot be over-emphasized and any
pharmacological attempts to reduce tumor promoting
cAMP signaling have to be accompanied by careful
avoidance of psychological stress, active stress reduction
and targeted activities that convey feelings of happiness.
In addition, the cAMP enhancing agents summarized in
Table 2 have to be avoided as well and any cohort studies
for the assessment of cAMP-reducing therapy have to
be corrected for the potential influence of these agents
on clinical outcomes. Finally, the goal of these strategies
has to be the restoration of cAMP homeostasis and not
its arbitrary blockage/elimination. In turn, this requires
careful monitoring of systemic cAMP levels (e.g., in blood
lymphocytes) analogous to the monitoring of blood sugar
levels in diabetics.
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