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Abstract

The genitourinary tissues express the different subtypes of nicotinic acetylcholine receptors
(nAChRs), which are involved in many physiologic and pathologic processes. New studies
have indicated the significant role of nAChRs in multiple tumor-related properties in different
types of malignancies. Genitourinary cancers (GUCs) represent a heterogeneous population of
cancers, in both histology and approach to treatment. nAChRs are functionally expressed by
a variety of immune cells, tumor cells, and tumor-associated cells in the microenvironment of
GUCGs. In the current review study, publications until May 2021 were included in the literature
review to summarize the potential effects and clinical and experimental significance of nAChRs
in GUCs pathogenesis. The results yielded substantial and some paradoxical evidence regard
the role of different subtypes of nAChRs as potential regulators and predictive biomarkers for
GUCGs. The accumulated evidence demonstrated that nAChRs levels were increased in the
GUCs samples, which provides clinically relevant information on utilizing nAChRs as a new
biomarker to improve the prognosis of these cancers. Also, activation or blockade of these
receptors may lead to different downstream signaling pathways and cause diverse effects.
Regarding the significant global burden of GUCs, evaluation of these receptors and delineating
their molecular mechanisms could enrich our understanding of the biology of GUCs and may

have new opportunities for clinical impacts.

Introduction

The genitourinary system is the number of organs related
to the reproductive and urinary systems. Genitourinary
cancers (GUCs) include a heterogeneous group of cancers
that start in these organs and affect their function.'
Among these cancers, kidney and bladder cancers in both
sex, along with prostate, testis, and penile cancers in men
and cervical, ovarian, and uterine cancers in females, are
the most prevalent types of GUCs.? Along with some
other unspecified GUCs, these cancers represent 25% of
all solid tumors, and each of them is unique, with different
signs and symptoms.* GUCs are highly divergent in terms
of molecular pathology and prognosis, ranging from
excellent outcomes for patients with testicular cancer
to metastatic clear cell renal cell carcinoma, which is
associated with poor outcomes.? In the early phases, GUCs
can be successfully treated by surgical, pharmacological,
and radiotherapy management but in the advanced
stages, these treatment options have a limited or palliative
effect.” Current methods for diagnosis and monitoring

of GUCs are often invasive and have limited sensitivity
and specificity.>® Considering the high morbidity and
mortality of the patients from GUCs each year, there
remains an urgent and unmet need for the development of
new tumor biomarkers and novel therapeutics.” Due to the
lack of sensitive predictive biomarkers, the large number
of GUCs patients are mostly detected at an advanced stage,
and the 5-year survival rate remains far from satisfactory.
Recently, researchers have been devoting themselves to
identifying the novel tumor biomarkers associated with
GUCs screening, diagnosis, prognosis, and evaluation
of therapeutic efficacy to improve their survival rate. As
the incidence of these cancers is on the rise, it is clinically
urgent and necessary to explore reliable biomarkers which
can predict the prognosis of genitourinary system cancers.
Smoking is a well-known modifiable risk factor in the
initiation and progression of many cancers, including
GUCs® (Figure 1). Nicotine is the main component in
cigarette smoke and binds to nicotinic acetylcholine
receptors (nAChRs) and mediates its biological effects via
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the activation of these receptors. nAChRs are pentameric
proteins, made up of five subunit ion channels, and are
permeable to Na*, K*, or Ca** channels. nAChRs can
form heteropentameric receptors containing a- and
B-subunits, as well the subunits a7 and a9 can arrange as
homopentameric cation channels® (Figure 1).

Nicotinic receptors express by many different types of
genitourinary cells such as kidney,'® bladder," prostate,'
testicular,” penile," cervical,”” ovarian,'® uterine,"” as well
in their cancerous cells. Among the different subunits
of nAChR, previous reports indicated that the nAChRs
are associated with different genitourinary cancers-
related properties including CSC renewal, proliferation,
metastasis, angiogenesis, and suppression of apoptosis
(Figure 2). Disrupted signaling via nAChR is associated
with GUCGCs, but the exact underlying causes are not
known.

In this study, PubMed, Google Scholar, Scopus, and
Web of Science databases were searched using the terms
“nicotinic receptors’, “smoking”, “nicotine”, “tumor
biomarker”, “kidney cancer”, “bladder cancer”, “prostate
cancer’, “testicular cancer”, “penile cancer”, “cervical
cancer’, “ovarian cancer’, “uterine cancer’, and their
synonyms and combinations. The diverse and paradoxical
roles of nAChR and the principal controversies relating
to the effects of nAChR on GUC:s are in our focus in this
review article. Nowadays, tobacco smoking is the cause
of ~5-6 million deaths per year. Nicotine is the addictive
component of tobacco acting on nAChR. It is hoped that
identifying the role of nAChR in GUCs improved clinical
outcomes of these cancers and created new treatment
plans for GUC suffered patients. The present review
study provides a rationale to develop novel nAChR-based
diagnostic and therapeutic approaches to suppress the
development progression of these types of malignancies.

Nicotine and its receptors in the cancer context

Nicotine is a lipophilic chiral alkaloid which naturally
synthesized by a family of plants, most predominantly
present in tobacco leaves.”® This substance, first
discovered by German chemists Poslett and Riemann in
the tobacco plant, and its role in muscle tissue activation

40’5

YoV,

Heteromeric
nicotinic acetylcholine receptor

was discovered by Claude Bernard in 1852, which is now
used for recreational and medical purposes.”* Nicotine
is generally present in both -S and -R isoforms that S
isoform is more in nature. These two isoforms at first have
a similar content of impurities because the nicotine from
plants is used to produce them.?' Nicotine is non-ionized
in alkaline pH and is easily absorbed from the epithelium
of the lungs, oral mucosa, nose, and skin.”? The effects of
smoking and the constituents of tobacco were investigated
in numerous studies.” Today, nicotine is also used to treat
addiction. Nicotine also has analgesic properties and
reduces nicotine levels in smokers, leading to reduced
morphine use** Clinical data show that smoking
improves cancer growth and resistance to treatment in
cancer patients.*>*! Tobacco use has been shown to cause
20% of cancer deaths worldwide.” Cigarettes have more
than 60 carcinogenic molecules, including benzo [pyrrh]
(BaP), multi-ring aromatic hydrocarbons, nicotine,
and nitrosamines that increase the risk of lung cancer,
stomach, liver, pancreas, transient cellular cancer of the
bladder, and kidney cancer.***

Nicotine exerts its effects by binding to special
pentameric transmembrane receptors named nAChRs. In
the vertebrates, the nAChRs consist of 17 known subunits,
which are 10a (al-al0), 43 (p1-p4), Y, §, and €, which can
assemble to form a diverse family of nAChR subtypes.’**
These receptors are among the ligand-activated ion
channels that are permeable to various cations, including
Na*, K* or Ca™?* Unlike acetylcholine, nicotinic
metabolism is not broken down by acetylcholinesterase
and is initiated in the liver by the cytochrome P450
enzymes CYP2A6 and CYP2B6, and 70% of the nicotine
absorbed from the gastrointestinal tract is converted to
cotinine.”* With a greater tendency to take acetylcholine
receptors than acetylcholine itself, nicotine can remove
acetylcholine from its receptors by affecting the central
nervous system (CNS), causing problems such asaddiction,
the ability to damage genomes, and cancer."* Also, the
presence of more nicotine than acetylcholine along with
its receptor causes desensitization of cells to nicotine.”
For example, nicotine has a greater tendency to a4{2
heteromeric receptors than a7 receptors, which over time

Homomeric
nicotinic acetylcholine receptor

Figure 1. Nicotinic acetylcholine receptors can be homopentamers or heteropentamers. These receptors are the assembly of five subunits
forming heteropentameric or homopentameric receptors that are arranged around a central ion pore
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Figure 2. Nicotinic acetylcholine receptors (nAChRs) in genitourinary cancers (GUCs). nAChRs are expressed on different types of the
cells in GUC microenvironment, from a wide variety of tissues including kidneys, bladder, as well as male and female reproductive systems.
In addition to tumor cells, other cells like cancer stem cells (CSCs), immune cells, and cancer-associated cells such as tumor-associated
macrophages and cancer-associated fibroblasts express nAChRs. It has been shown that these receptors promote self-renewal of some subsets
of genitourinary CSC and are implicated in tumor metastasis, tumor cell proliferation, angiogenesis, and prevention of apoptosis. Thereby,
the activation of nAChRs by smoking-related ingredients can lead to the development and progression of GUCs and the evaluation of these

receptors could also be useful in GUCs diagnosis and therapy

and constant exposure to nicotine cause desensitization
of a4P2 receptors, while nicotine tendency does not
alter the a7 receptor and over time, it can lead to many
cancers.'®* Cancers that can be caused by nicotine include
small-cell and non-small-cell lung carcinomas, head and
neck, gastric, pancreatic, gallbladder, liver, colon, breast,
cervical, urinary bladder, and kidney cancers.*®*™* In
other words, nicotine is an addictive but non-carcinogenic
substance that performs its biological function through
nAChR, b-adrenoreceptors, and/or epidermal growth
factor receptor (EGFR) in the motor muscle endplates
and the nervous system.**° Consumption of nicotine
derivatives in mice causes pulmonary adenocarcinoma

(PAC), so it can also cause PAC in smokers.”! One of the
most important and abundant groups of these receptors
is a7 and a4p2, in which the a7 receptor is more involved
in inflammatory signaling pathways. The distribution of
these receptors in the neural and non-neural tissues is
very important in their association with various cancers.”
nAChRs are associated with many cancers, including
different types of GUCs, and increasing the expression
of each of these receptors can increase the incidence of
these cancers. In the next sections, after discussion of the
relation between nicotine and its receptors with common
GUCs to both genders such as kidney and bladder, we
continue with describing the potential effects of nAChR
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in male-specific and female-specific cancers.

Kidney cancer

Kidney or renal cancer is a disease in which kidney
cells become cancerous and grow out of control. This
cancer represents 2-3% of all adult malignancies.”
Epidemiological studies have demonstrated that cigarette
smoking is an independent risk factor in the progression
of kidney cancer and the risk of this cancer in smokers is
twice more than nonsmokers.* Therefore, identifying the
novel tumor biomarkers in this smoking-related cancer
remains an urgent and essential need. Almost all kidney
cancers first appear in the lining membrane of the kidney
tubules which is called renal cell carcinoma (RCC). RCC
is a heterogeneous disease with the majority of cases
categorized into one of two major histological subtypes;
80% are clear cell RCC (ccRCC) and 20% are nonclear cell
RCC (nccRCC).” RCC is a commonly encountered GUC
with over 320,000 patients diagnosed annually and an
annual death toll of over 140,000 people in the world. The
potential role of nAChR in the genesis of kidney cancer
was first hypothesized by Rotola et al. Since then, a few
reports with conflicting results have been published on the
topic. Gong and colleagues demonstrated the functional
expression of a7nAChR in human embryonic kidney
cells.* Controversy to the stimulatory role of nAChRs in
kidney cancer, in another study, it was demonstrated that
ACh by targeting a7nAChR on renal macrophages and
subsequent activation of cholinergic anti-inflammatory
pathway alleviate inflammatory processes, which may
play a pivotal role in the management of kidney injury
caused by hemorrhagic shock.”

Bladder cancer

Bladder cancer (BC) is the ninth most commonly
diagnosed cancer in the world, ranks thirteen in overall
mortality ranks.”®® BC causes significant death in the
aging population and is one of the most common GUCs.*
Unfortunately, there have been poor improvements in
the five-year survival rates for BC in over thirty years.®!
Urothelial cell carcinoma (UCC) of the bladder is a type
of cancer that typically occurs in the urinary system. It is
the most common type of BC and accounts for 95% of
diagnosed cases.®* In the last years, numerous urine-based
tests for UCC have been developed and tested in different
populations especially in the elderly patients (median
diagnosis age of UCC is 73 years). For the urological
practice, considering the expression levels of nAChRs
would be useful. Cigarette smoke is a major risk factor
for BC. Yamamoto et al. demonstrated the up-regulation
of nAChRs including al-a7, p1-p4, ¢, and muscarinic
acetylcholine receptors (mAChRs) including M1-M5
subtypes mRNA expression in rat bladder by repeated
administration of nicotine.®® In previous studies, it was
proved that nicotine by activation of nAChRs expressed
in different bladder cells exacerbates the disease of this
organ but the exact mechanisms have not been identified.

Chen et al. investigate whether there is nicotine-induced
bladder epithelial cell proliferation and identify the
signaling transduction pathway regulated by nicotine.®*
Their findings revealed that people exposed to nicotine
could be at risk for potential deleterious effects, including
BC development. The study by Sun and colleagues
revealed that nicotine supports stemness and epithelial-
mesenchymal transition (EMT) in BC stem cells.®® These
results emphasize that nicotine triggers EMT, leading
hence to increased metastasis of BC cells. Therefore, the
use of nAChRs as a potential biomarker and blocking
their signaling pathways might likely counteract nAChRs-
mediated EMT effects on BC pathogenesis.

Prostate cancer

Prostate cancer (PCa) is the second most common
cancer in men and the second leading cause of cancer-
related death in the USA.% Treatment of PCa depends
on the anatomic extent of disease, histologic grade, and
serum prostate-specific antigen level. Localized PCa is
often initially treated with either radical prostatectomy
or radiation therapy. Unfortunately, previous studies
indicated that PCa recurrence will develop in about half
of the patients.® Observational studies have suggested a
possible connection between nAChR and PCa. However,
the association between nAChR and the risk of developing
PCa remains to be investigated. The subunit a5 of nAChRs
as an important member of the nAChR family is involved
in the proliferation and invasion of human PCa cells."
Magnon et al. reported that autonomic nerve development
contributes to PCa initiation and dissemination.*’” In this
study, through the use of animal models of PCa, the
authors demonstrated the role of the parasympathetic
nervous system (PNS) in PCa development and
progression. The results revealed that the cholinergic
fibers of the PNS are responsible for the invasion and
metastasis of PCa cells by releasing ACh. Considering the
potential effects of ACh in activating nAChRs, identifying
the exact role of these receptors in PCa may help us in
determining the appropriate nAChRs-based therapies to
manage the disrupted autonomic mechanisms involved in
the progression of prostate tumors.

Testicular and penile cancer

There is evidence of a possible association between
nAChR-associated pathways and testicular cancer based
on the higher risk of testicular cancer in smoker people.®®
Previous studies designated that, the activation of nAChRs
may be involved in tumor growth and metastasis and
modulate the formation, metastasis, and recurrence of
several types of cancers including testicular cancers.”® Gu
et al. reported that nicotine induces apoptosis in mouse
testes.”” In mouse testes, germ cell apoptosis can be caused
by cigarette smoke and lead to declining quality of semen,
but the exact molecular mechanisms remain unclear.”
Similar to testicular cancer, penile cancer is a relatively
rare disease representing less than 1% of all malignancies
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in Europe and the United States with an estimated
incidence ranging from 0.1 to 1.5 per 100.000 men.
However, the incidence rate increase in less-developed
countries reaches 3.7 per 100.000 men.”" Epidemiological
studies determine that penile cancer was associated with
smoking and this behavior was a risk factor with a dose-
response relation and remained associated with penile
cancer even after adjustment for confounding factors.”>”
The expression, localization, and function of nAChRs
were investigated in the rat corpus cavernosum."* The
results revealed that the a7 subtype of nAChR is expressed
in rat corpus cavernosum and modulates the neurogenic
relaxation response to nicotine." Bozkurt et al. indicated
that nicotine as a potent activator of nicotinic receptors
potentiates the nitrergic relaxation responses of corpus
cavernosum tissue via nAChRs.” Regarding the evidence
about physiologic and pathologic roles of nAChR in
penile tissue, it could be concluded that nAChR is
expressed corpus cavernosum and it may be involved in
the increased risk of penile cancer in smoker patients and
active surveillance of their expression could be a novel
approach to penile cancer diagnosis and monitoring.

Cervical cancer

Three main types of gynecologic cancer (i.e. any cancer
that starts in a woman’s reproductive organs) are cervical
cancer, ovarian cancer, and uterine cancer. Nowadays,
nicotine exposure during pregnancy through cigarette
smoking, nicotine replacement therapies, or electronic
cigarette use continues to be well-identified gynecologic
health problems. Cervical cancer is one of the most
common female malignancies in the world with 570,000
cases and 311,000 deaths globally in 2018.” Cervical
cancer accounts only for 6% of all cancers in the US, but
it is the second leading cause of worldwide cancer-related
mortality.”” The majority of cervical cancer deaths occur
in developing countries due to poor healthcare facilities.
Smoking is one of the major risk factors for cervical cancer.
Lane et al. study show that nicotine enhances cellular
proliferation of cervical cancer cell lines by up-regulating
EGEFR, which leads to increased lymphogenic metastasis
of cervical cancer. In a most relevant study, Calleja-Macias
and colleagues for the explanation of the molecular role
of tobacco smoking in cervical carcinogenesis indicated
that cholinergic signaling through nAChRs stimulates the
proliferation of human CaSki, SiHa, and HeLa cell lines of
cervical cancer.”® Their observations suggest that normal
and neoplastic cervical squamous epithelial cells express
several combinations of the pentameric nAChRs.”® This
observation indicates that cholinergic signaling under
normal physiological conditions and stimulated by
nicotine in tobacco users affects epithelial homeostasis
and neoplastic progression at the cervix tissue. In addition
to nAChRs, Parnell et al. showed that mAChRs in cervical
cancer cells affect cell motility via ERK1/2 signaling.” Liu
et al. indicated that cervical cancer correlates with the
differential expression of nAChRs and reveals therapeutic

targets. In this study, the results showed that a3, a9, a10,
and 4 nAChR subunits were overexpressed in SiHa cells
compared with that in normal cells. a9 and a10 nAChR
subunits were overexpressed in CaSki cells. Alpha-
conotoxins that targeted either a9a10 or a3p4 nAChR
were able to significantly inhibit cervical cancer cell
proliferation.” These findings may provide a basis for new
targets for cervical cancer diagnosis as well as targeted
therapy.

Ovarian and uterine cancer

Ovarian cancer is the most lethal of all gynecological
cancers and is the 5th leading cause of cancer-associated
death for women worldwide. It is typically diagnosed after
it has progressed to advanced stages, and is among more
challenging malignancies to treat.” Therefore, identifying
novel tumor biomarkers is critical to advancing the
diagnosis and treatment of ovarian cancer. Petrik et al.
found a2nAChR and a7nAChR expression in ovarian
tissues and isolated granulosa cells and suggested
that one mechanism by which nicotine may cause the
folliculogenesis defects observed in adult female rats was
through the induction of apoptosis in granulosa cells and/
or oocytes via activation of these receptors.***! Harmych et
al. designated that nicotine inhibits MAPK signaling and
spheroid invasion in ovarian cancer cells.® In this study,
the results indicate that nicotine can suppress spheroid
invasion and compaction as well as proliferation in ovarian
cancer cell lines, and p38 and ERK MAPK signaling
pathways are important mediators of these responses.'®
Uterine cancer is a type of cancer that develops from the
tissues of the uterus. As the endometrium is the inner lining
of the uterus this cancer is also called endometrial cancer.
Franks et al. reported that post-menopausal women who
smoke exhibit a substantially lowered risk of endometrial
cancer.”> In opposition to most of the studies, some
innovative new models provide evidence that smoking
may alter fertility through effects on uterine-fallopian tube
functions which mediate gamete and conceptus transport.
It is of interest that smoking is associated with a decreased
incidence of uterine fibroids, endometriosis, and uterine
cancer, which may reflect inhibitory effects of smoke
constituents on uterine cell proliferation and extracellular
matrix interactions.*

Discussion

Over the past years, there have been marked advances
in our understanding of the molecular interplay within
tumor biology. The genitourinary oncology field needs
integration of results from basic science and clinical
research to improve the current methods for early
diagnosis and therapy. Incidences of GUCs have been on
the rise and are projected to lead to over 33,000 deaths per
year. With the increasing frequency of GU cancers, efforts
have been undertaken to increase the efficacy of current
therapy options and introduce novel diagnostic and
therapeutic targets. However, these efforts require further
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optimization and innovation as the burden of these diseases
is rising concomitantly.** GUCs derive from different
types of cells located in the kidney, bladder, prostate,
testis, and penis in males and three major gynecologic
cancers in females. nAChRs are expressed in both male
and female genitourinary tissues and have an important
role in genitourinary tissue structure and function.
Altogether, a7nAChR, an emerging pharmacological
target for a variety of medical conditions, is expressed
in most GUC tissues with different effects. This receptor
in GUCs represents significant opportunities, especially
in the context of recent breakthroughs. A growing body
of evidence suggests that in GUCs, for which there is
currently no current standard of care or systemic therapy,
nAChR-based therapies may slow disease progression.
Thus, nAChRs may provide a useful signature for GUCs
management and led to changing the current options.
The nicotine is used for smoking cessation to relieve
withdrawal symptoms and has clinical use in some other
conditions.

While the parasympathetic nervous system appears to
be involved in the regulation of tumor progression, its
exact role is still unclear. The nAChRs are an important
regulator of cancer pathways and modulate many
cancer-related processes. Recent experimental and
clinical investigations indicated its role in proliferation,
angiogenesis, metastasis, and apoptosis inhibition. On
the other hand, there is mounting evidence showing
that a7 subtypes of nAChRs have profound impacts
on inflammation control. Activation of these receptors
has profound effects on immune responses through the
cholinergic anti-inflammatory pathway that mediates
primarily by a7nAChR. a7nAChR is an essential regulator
of inflammation,® and its anti-inflammatory function
emerged asanovel therapeutic approach for inflammation-
based diseases in recent years. About 20 years passed
from the publication of Kevin J. Tracey’s report about the
role of a7nAChR in controlling inflammation®* and the
introduction of the term “Cholinergic anti-inflammatory
pathway” in their influential report.*” In recent years, the
causal relationship between inflammation and different
cancer pathogenesis has been a major focus.® Recent
studies have shown that inflammatory cells infiltrate
GUCs and these types of cancers are among tumors that
frequently arise as a result of chronic inflammation. It is
well documented that, in addition to tumor cells, other
tumor-infiltrating immune cells including lymphocytes,®
monocytes,” and macrophages® as well as some other
microenvironment cells such as fibroblasts®>* and
endothelial™* cells express nAChR subunits. These
receptors participate in the pathogenesis of many
different malignancies. However, the exact mechanisms of
nAChR-mediated tumorigenesis are poorly understood.
Thus, identifying the association between inflammatory
responses and GUCs and the essential role of nAChRs in
both of these conditions is helpful to diagnose the diseases.

Conclusion

This review study highlighted the important role of
nAChR in GUCs diagnosis and prognosis (Figure 2). It is
well-known that the risks among smokers are significantly
higher than that of the general population. Based on a
review of the literature, although a relationship between
nicotine and its receptors and the development of GUCs
hasbeen proposed for decades, the results of epidemiologic
studies remain inconclusive. Herein, we described the
effects of nicotinic receptors and their contribution to
GUCs, but the exact underlying mechanisms remain to
be elucidated in future studies. In summary, a growing
body of evidence suggests that in GUCs, for which
there is currently no standard predictive biomarker or
systemic care, nAChR-based approaches for diagnosis and
treatment may provide efficient therapeutic strategy and
slow disease progression.

Conflict of Interest
The authors declare that they have no conflict of interest.

Acknowledgment
The authors would like to thank the Immunology Research Center,
Tabriz University of Medical Sciences for their support.

References

1. Zarrabi K, Paroya A, Wu S. Emerging therapeutic agents for
genitourinary cancers. ] Hematol Oncol. 2019;12(1):89.
doi:10.1186/s13045-019-0780-z

2. Boguslawska J, Kryst P, Poletajew S, Piekielko-Witkowska A.
TGF-B and microRNA Interplay in Genitourinary Cancers.
Cells. 2019;8(12):1619. doi:10.3390/cells8121619

3. Bukowski RM. Genitourinary Oncology: Current Status
and Future Challenges. Front Oncol. 2011;1. doi:10.3389/
fonc.2011.00032

4. Mazzucchelli R, Gasparrini S, Galosi AB, Massari F,
Ciccarese C, Scarpelli M, et al. Immunotargeting and
personalized therapies in genitourinary cancers. Futur Oncol.
2016;12(16):1853-6. doi:10.2217/fon-2016-0183

5. van Rhijn BWG, van der Poel HG, van der Kwast TH. Urine
Markers for Bladder Cancer Surveillance: A Systematic
Review. Eur Urol. 2005;47(6):736-48. doi:10.1016/j.
eururo.2005.03.014

6. Mottet N, Bellmunt J, Bolla M, Briers E, Cumberbatch MG,
De Santis M, et al. EAU-ESTRO-SIOG Guidelines on Prostate
Cancer. Part 1: Screening, Diagnosis, and Local Treatment with
Curative Intent. Eur Urol. 2017;71(4):618-29. doi:10.1016/j.
eururo.2016.08.003

7. Vogelzang NJ. Future directions for gemcitabine in
the treatment of genitourinary cancer. Semin Oncol.
2002;29(1):40-5. doi:10.1053/sonc.2002.30755

8. Gottlieb ), Higley C, Sosnowski R, Bjurlin MA. Smoking-related
genitourinary cancers: A global call to action in smoking
cessation. Rev Urol. 2016;18(4):194-204. doi:10.3909/
riu0729

9.  LipsKS, Yanko O, Kneffel M, Panzer I, Kauschke V, Madzharova
M, etal. Small changes in bone structure of female a7 nicotinic
acetylcholine receptor knockout mice. BMC Musculoskelet
Disord. 2015;16(1):5. doi:10.1186/512891-015-0459-8

10. Rezonzew G, Chumley P, Feng W, Hua P, Siegal GP, Jaimes
EA. Nicotine exposure and the progression of chronic kidney
disease: role of the a7-nicotinic acetylcholine receptor.
Am ] Physiol Physiol. 2012;303(2):F304-12. doi:10.1152/
ajprenal.00661.2011

6 [ ImmunoAnalysis, 2021, 1: 4



Hajiasgharzadeh et al

20.

21.

22.

23.

24.

25.

26.

27.

Suzuki S, Cohen SM, Arnold LL, Kato H, Fuji S, Pennington
KL, et al. Orally administered nicotine effects on rat urinary
bladder proliferation and carcinogenesis. Toxicology.
2018;398-399:31-40. doi:10.1016/j.tox.2018.02.008

Qi J, Xue W, ZhangY, Qu C, Lu B, Yin, et al. Cholinergic a5
nicotinic receptor is involved in the proliferation and invasion
of human prostate cancer cells. Oncol Rep. 2019;43(1):159-
168. doi:10.3892/0r.2019.7411

Zhang Q, Pei L, Liu M, Lv F, Chen G, Wang H. Reduced
testicular steroidogenesis in rat offspring by prenatal nicotine
exposure: Epigenetic programming and heritability via
nAChR/HDAC4. Food Chem Toxicol. 2020;135:111057.
doi:10.1016/j.fct.2019.111057

Faghir-Ghanesefat H, Rahimi N, Yarmohammadi F, Mokhtari
T, Abdollahi AR, Ejtemaei Mehr S, et al. The expression,
localization and function of a7 nicotinic acetylcholine
receptor in rat corpus cavernosum. J Pharm Pharmacol.
2017;69(12):1754-61. doi:10.1111/jphp.12806

Wang C, GuW, ZhangY, JiY, Wen 'Y, Xu X. Nicotine promotes
cervical carcinoma cell line HeLa migration and invasion by
activating PI3k/Akt/NF-xB pathway in vitro. Exp Toxicol Pathol.
2017;69(6):402-7. doi:10.1016/j.etp.2017.03.006

Harmych SJ, Kumar ], Bouni ME, Chadee DN. Nicotine inhibits
MAPK signaling and spheroid invasion in ovarian cancer
cells. Exp Cell Res. 2020;394(1):112167. doi:10.1016/j.
yexcr.2020.112167

Wu Y, Wang L-P, Pan J-Q. Nicotinic acetylcholine receptor
agonists may be a novel therapy for endometriosis.
Med  Hypotheses.  2011;77(5):745-7.  doi:10.1016/j.
mehy.2011.07.028

Hajiasgharzadeh K, Sadigh-Eteghad S, Mansoori B,
Mokhtarzadeh A, Shanehbandi D, Doustvandi MA, et al.
Alpha7 nicotinic acetylcholine receptors in lung inflammation
and carcinogenesis: Friends or foes? | Cell Physiol.
2019;234:14666-79. doi:10.1002/jcp.28220

Grando SA. Connections of nicotine to cancer. Nat Rev
Cancer. 2014;14(6):419-29. doi:10.1038/nrc3725

Huang L-C, Lin C-L, QiuJ-Z, Lin C-Y, Hsu K-W, Tam K-W, et al.
Nicotinic Acetylcholine Receptor Subtype Alpha-9 Mediates
Triple-Negative Breast Cancers Based on a Spontaneous
Pulmonary Metastasis Mouse Model. Front Cell Neurosci.
2017;11:336. doi:10.3389/fncel.2017.00336

Benowitz NL, Hukkanen ], Jacob P. Nicotine chemistry,
metabolism, kinetics and biomarkers. In:  Nicotine
psychopharmacology. Springer; 2009. p. 29-60.

Sanner T, Grimsrud TK. Nicotine: Carcinogenicity and Effects
on Response to Cancer Treatment — A Review. Front Oncol.
2015;5:196. doi:10.3389/fonc.2015.00196

Hajiasgharzadeh K, Somi MH, Mansoori B, Doustvandi MA,
Vahidian F, Alizadeh M, et al. Alpha7 nicotinic acetylcholine
receptor mediates nicotine-induced apoptosis and cell cycle
arrest of hepatocellular carcinoma HepG2 cells. Adv Pharm
Bull. 2020;10(1):65-71. doi:10.15171/apb.2020.008

Flood P, Daniel D. Intranasal Nicotine for Postoperative
Pain  Treatment. Anesthesiology. 2004;101(6):1417-21.
doi:10.1097/00000542-200412000-00023

Habib AS, White WD, El Gasim MA, Saleh G, Polascik TJ, Moul
JW, et al. Transdermal Nicotine for Analgesia After Radical
Retropubic Prostatectomy. Anesth Analg. 2008;107(3):999-
1004. doi:10.1213/ane.0b013e31816f2616

Videtic GMM, Stitt LW, Dar AR, Kocha WI, Tomiak AT, Truong
PT, et al. Continued Cigarette Smoking by Patients Receiving
Concurrent Chemoradiotherapy for Limited-Stage Small-Cell
Lung Cancer Is Associated With Decreased Survival. J Clin
Oncol. 2003;21(8):1544-9. doi:10.1200/JCO.2003.10.089
Hsu W-L, Chen J-Y, Chien Y-C, Liu M-Y, You S-L, Hsu M-M,
et al. Independent Effect of EBV and Cigarette Smoking
on Nasopharyngeal Carcinoma: A 20-Year Follow-Up

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Study on 9,622 Males without Family History in Taiwan.
Cancer Epidemiol Biomarkers Prev. 2009;18(4):1218-26.
doi:10.1158/1055-9965.EPI-08-1175

Browman GP, Wong G, Hodson |, Sathya J, Russell R, McAlpine
L, et al. Influence of Cigarette Smoking on the Efficacy of
Radiation Therapy in Head and Neck Cancer. N Engl ] Med.
1993;328(3):159-63. doi:10.1056/NEJM199301213280302
Browman GP, Mohide EA, Willan A, Hodson I, Wong G,
Grimard L, et al. Association between smoking during
radiotherapy and prognosis in head and neck cancer: A follow-
up study. Head Neck. 2002;24(12):1031-7. doi:10.1002/
hed.10168

Fortin A, Wang CS, Vigneault E. Influence of Smoking and
Alcohol Drinking Behaviors on Treatment Outcomes of
Patients With Squamous Cell Carcinomas of the Head and
Neck. Int J Radiat Oncol. 2009;74(4):1062-9. doi:10.1016/j.
ijrobp.2008.09.021

Sugano N, Minegishi T, Kawamoto K, Ito K. Nicotine inhibits
UV-induced activation of the apoptotic pathway. Toxicol Lett.
2001;125(1-3):61-5. doi:10.1016/S0378-4274(01)00416-7
Tu C-CC, Huang C-YY, Cheng W-LL, Hung C-SS, Uyanga
B, Wei P-LL, et al. The a7-nicotinic acetylcholine receptor
mediates the sensitivity of gastric cancer cells to taxanes.
Tumor Biol. 2016;37(4):4421-8. doi:10.1007/s13277-015-
4260-y

Furrukh M. Tobacco Smoking and Lung Cancer : Perception
Changing Facts. Sultan Qaboos Univ Med J. 2013;13(3):345-
58. doi:10.12816/0003255

Hecht SS. Tobacco carcinogens, their biomarkers and
tobacco-induced cancer. Nat Rev Cancer. 2003;3(10):733—
44. doi:10.1038/nrc1190

Phillips DH. Smoking-related DNA and protein adducts in
human tissues. Carcinogenesis. 2002;23(12):1979-2004.
Millar NS, Harkness PC. Assembly and trafficking of
nicotinic acetylcholine receptors (Review). Mol Membr Biol.
2008;25(4):279-92. doi:10.1080/09687680802035675
Millar NS, Gotti C. Diversity of vertebrate nicotinic
acetylcholine receptors. Neuropharmacology.
2009;56(1):237-46. doi:10.101 6/j.neuropharm.2008.07.041
Zhang B, Madden P, Gu J, Xing X, Sankar S, Flynn J, et al.
Uncovering the transcriptomic and epigenomic landscape
of nicotinic receptor genes in non-neuronal tissues. BMC
Genomics. 2017;18(1):439. doi:10.1186/s12864-017-3813-4
Russo P, Cardinale A, Margaritora S, Cesario A. Nicotinic
receptor and tobacco-related cancer. Life Sci. 2012;91(21-
22):1087-92. doi:10.1016/j.1fs.2012.05.003

Changeux J-P. Nicotinic receptors and nicotine addiction. C
R Biol. 2009;332(5):421-5. doi:10.1016/j.crvi.2009.02.005
Cardinale A, Nastrucci C, Cesario A, Russo P. Nicotine:
specific role in angiogenesis, proliferation and apoptosis. Crit
Rev Toxicol. 2012;42(1):68-89. doi:10.3109/10408444.2011
.623150

Gotti C, Fornasari D, Clementi F. Human neuronal nicotinic
receptors. Prog Neurobiol. 1997;53(2):199-237. doi:10.1016/
S0301-0082(97)00034-8

Basu S, Priya R, Singh TB, Srivastava P, Mishra PK, Shukla
VK. Role of nicotine in gallbladder carcinoma: A preliminary
report. ] Dig Dis. 2012;13(10):536-40. doi:10.1111/j.1751-
2980.2012.00623.x

Wu C-HC-H, Lee C-HC-H, Ho Y-SY-S. Nicotinic Acetylcholine
Receptor-Based Blockade: Applications of Molecular Targets
for Cancer Therapy. Clin Cancer Res. 2011;17(11):3533-41.
doi:10.1158/1078-0432.CCR-10-2434

Calleja-Macias |, Osann K, Remedios-Chan M, Barrera-Saldana
HA, Illades-Aguiar B, Anton-Culver H, et al. Association of
single nucleotide polymorphisms of nicotinic acetylcholine
receptor subunits with cervical neoplasia. Life Sci.
2012;91(21-22):1099-102. doi:10.1016/j.1fs.2012.02.015

ImmunoAnalysis, 2021, 1: 4 | 7



Hajiasgharzadeh et al

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Jensen K, Afroze S, Munshi MK, Guerrier M, Glaser SS.
Mechanisms for nicotine in the development and progression
of gastrointestinal cancers. Transl Gastrointest Cancer.
2012;1(1):81.

Koukourakis G, Zacharias G. Nicotine has implications
in different tumors types. Expert’s eye making a literature
analysis. ] BU ON Off ] Balk Union Oncol. 2011;16(2):210-4.
Arredondo J, Chernyavsky Al, Grando SA. Nicotinic receptors
mediate tumorigenic action of tobacco-derived nitrosamines
on immortalized oral epithelial cells. Cancer Biol Ther.
2006;5(5):511-7. doi:10.4161/cbt.5.5.2601

Laag E, Majidi M, Cekanova M, Masi T, Takahashi T, Schuller
HM. NNK activates ERK1/2 and CREB/ATF-Tvia $-1-AR and
EGFR signaling in human lung adenocarcinoma and small
airway epithelial cells. Int ] Cancer. 2006;119(7):1547-52.
doi:10.1002/ijc.21987

Schuller HM, Plummer HK, Jull BA. Receptor-mediated effects
of nicotine and its nitrosated derivative NNK on pulmonary
neuroendocrine cells. Anat Rec. 2003;270A(1):51-8.
doi:10.1002/ar.a.10019

Belinsky SA, Devereux TR, White CM, Foley JF, Maronpot RR,
Anderson MW. Role of Clara Cells and Type Il Cells in the
Development of Pulmonary Tumors in Rats and Mice Following
Exposure to a Tobacco-Specific Nitrosamine. Exp Lung Res.
1991;17(2):263-78. doi:10.3109/01902149109064417
Shahsavar A, Gajhede M, Kastrup JS, Balle T. Structural Studies
of Nicotinic Acetylcholine Receptors: Using Acetylcholine-
Binding Protein as a Structural Surrogate. Basic Clin Pharmacol
Toxicol. 2016;118(6):399-407. doi:10.1111/bcpt. 12528
Vitale MG, Carteni G. Recent developments in second and
third line therapy of metastatic renal cell carcinoma. Expert
Rev Anticancer Ther. 2016;16(5):469-71. doi:10.1586/14737
140.2016.1168696

Orth SR. Smoking — A Renal Risk Factor.
2000;86(1):12-26. doi:10.1159/000045708

Xu KY, Wu S. Update on the treatment of metastatic clear
cell and non-clear cell renal cell carcinoma. Biomark Res.
2015;3(1):5. doi:10.1186/540364-015-0030-7

Gong Y, Jiang J-H, Li S-T. Functional expression of human a7
nicotinic acetylcholine receptor in human embryonic kidney
293 cells. Mol Med Rep. 2016;14(3):2257-63. doi:10.3892/
mmr.2016.5493

Wu M, Li N, Xu J, Wu L, Li M, Tong H, et al. Experimental
study on the regulation of the cholinergic pathway in renal
macrophages by microRNA-132 to alleviate inflammatory
response. Open Chem. 2018;16(1):176-83. doi:10.1515/
chem-2018-0019

Malats N, Real FX. Epidemiology of Bladder Cancer. Hematol
Oncol Clin North Am. 2015;29(2):177-89. doi:10.1016/j.
hoc.2014.10.001

Antoni S, Ferlay J, Soerjomataram |, Znaor A, Jemal A,
Bray F. Bladder Cancer Incidence and Mortality: A Global
Overview and Recent Trends. Eur Urol. 2017;71(1):96-108.
doi:10.1016/j.eururo.2016.06.010

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA
Cancer J Clin. 2019;69(1):7-34. doi:10.3322/caac.21551
Berdik  C.  Unlocking  bladder  cancer.  Nature.
2017;551(7679):S34-5. doi:10.1038/551S34a

Noone AM, Howlader N, Krapcho M, Miller D, Brest A, Yu M,
et al. SEER cancer statistics review, 1975-2015. Bethesda, MD
Natl Cancer Inst. 2018;4.

Yamamoto N, Yoshida A, TakiY, Onoue S, Kagawa Y, Yamada S.
Up-regulation of nicotinic and muscarinic receptor mRNA in
rat bladder by repeated administration of nicotine in relation
to the pharmacokinetics. Life Sci. 2011;89(9-10):343-8.
doi:10.1016/j.1fs.2011.06.021

Chen R-J, Ho Y-S, Guo H-R, Wang Y-J. Rapid Activation of
Stat3 and ERK1/2 by Nicotine Modulates Cell Proliferation in

Nephron.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Human Bladder Cancer Cells. Toxicol Sci. 2008;104(2):283—
93. doi:10.1093/toxsci’kfn086

Sun X, Song J, Li E, Geng H, LiY, Yu D, et al. Cigarette smoke
supports stemness and epithelial-mesenchymal transition in
bladder cancer stem cells through SHH signaling. Int J Clin
Exp Pathol. 2020;13(6):1333.

Negoita S, Feuer EJ, Mariotto A, Cronin KA, Petkov VI, Hussey
SK, et al. Annual Report to the Nation on the Status of Cancer,
part Il: Recent changes in prostate cancer trends and disease
characteristics. Cancer. 2018;124(13):2801-14. doi:10.1002/
cncr.31549

Magnon C, Hall §J, Lin J, Xue X, Gerber L, Freedland §J, et
al. Autonomic Nerve Development Contributes to Prostate
Cancer Progression. Science (80-).2013;341(6142):1236361-
1236361. doi:10.1126/science.1236361

Srivastava A. Cigarette Smoking and Testicular Cancer. Cancer
Epidemiol Biomarkers Prev. 2004;13(1):49-54.

Gucze PM, Porpaczy Z, Freeman DA. Effect of alkaloids
in cigarette smoke on human granulosa cell progesterone
synthesis and cell viabilit. ~ Gynecol Endocrinol.
1996;10(4):223-8. doi:10.3109/09513599609012313

Gu Y, Xu W, Nie D, Zhang D, Dai J, Zhao X, et al. Nicotine
induces Nme2-mediated apoptosis in mouse testes. Biochem
Biophys Res Commun. 2016;472(4):573-9. doi:10.1016/j.
bbrc.2016.03.044

TolstovY, Hadaschik B, Pahernik S, Hohenfellner M, Duensing S.
Human papillomaviruses in urological malignancies: A critical
assessment. Urol Oncol Semin Orig Investig. 2014;32(1):46.
e19-46.€27. doi:10.1016/j.urolonc.2013.06.012

Hellberg D, Valentin J, Eklund T, Nilsson S. Penile cancer:
is there an epidemiological role for smoking and sexual
behaviour? BMJ. 1987;295(6609):1306-8. doi:10.1136/
bmj.295.6609.1306

Douglawi A, Masterson TA. Updates on the epidemiology
and risk factors for penile cancer. Transl Androl Urol.
2017;6(5):785-90. doi:10.21037/tau.2017.05.19

Bozkurt NB, Vural IM, Sarioglu Y, Pekiner C. Nicotine
potentiates the nitrergic relaxation responses of rabbit corpus
cavernosum tissue via nicotinic acetylcholine receptors.
Eur J Pharmacol. 2007;558(1-3):172-8. doi:10.1016/j.
ejphar.2006.11.053

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal
A. Global cancer statistics 2018: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer ] Clin. 2018;68(6):394-424.
doi:10.3322/caac.21492

Calleja-Macias IE, Kalantari M, Bernard H-U. Cholinergic
signaling through nicotinic acetylcholine receptors stimulates
the proliferation of cervical cancer cells: An explanation for the
molecular role of tobacco smoking in cervical carcinogenesis?
IntJ Cancer. 2009;124(5):1090-6. doi:10.1002/ijc.24053
Parnell EA, Calleja-Macias IE, Kalantari M, Grando SA,
Bernard H-U. Muscarinic cholinergic signaling in cervical
cancer cells affects cell motility via ERK1/2 signaling. Life Sci.
2012;91(21-22):1093-8. doi:10.1016/j.1fs.2012.02.020

Liu Y, Qian J, Sun Z, Zhangsun D, Luo S. Cervical Cancer
Correlates with the Differential Expression of Nicotinic
Acetylcholine Receptors and Reveals Therapeutic Targets. Mar
Drugs. 2019;17(5):256. doi:10.3390/md17050256

Brett MR, Jennifer BP, Thomas AS, Brett MR, Jennifer BP,
Thomas AS. Epidemiology of ovarian cancer: a review. Cancer
Biol Med. 2017;14(1):9-32.  doi:10.20892/j.issn.2095-
3941.2016.0084

Cheng S-F, Qin X-S, Han Z-L, Sun X-F, Feng Y-N, Yang F, et
al. Nicotine exposure impairs germ cell development in
human fetal ovaries cultured in vitro. Aging (Albany NY).
2018;10(7):1556.

Petrik J), Gerstein HC, Cesta CE, Kellenberger LD, Alfaidy N,

[ ImmunoAnalysis, 2021, 1: 4



Hajiasgharzadeh et al

82.

83.

84.

85.

86.

87.

88.

Holloway AC. Effects of rosiglitazone on ovarian function and
fertility in animals with reduced fertility following fetal and
neonatal exposure to nicotine. Endocrine. 2009;36(2):281-
90. doi:10.1007/s12020-009-9229-4

Franks AL, Kendrick JS, Tyler Jr CW, Group C and SHS.
Postmenopausal smoking, estrogen replacement therapy,
and the risk of endometrial cancer. Am J Obstet Gynecol.
1987;156(1):20-3.

Shiverick KT, Salafia C. Cigarette smoking and pregnancy
I: ovarian, uterine and placental effects. Placenta.
1999;20(4):265-72.

Trogdon JG, Falchook AD, Basak R, Carpenter WR, Chen
RC. Total Medicare Costs Associated With Diagnosis and
Treatment of Prostate Cancer in Elderly Men. JAMA Oncol.
2019;5(1):60. doi:10.1001/jamaoncol.2018.3701

Wang HH, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S,
etal. Nicotinic acetylcholine receptor a7 subunit is an essential
regulator of inflammation. Nature. 2003;421(6921):384-8.
doi:10.1038/nature01339

Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina
Gl, Watkins LR, et al. Vagus nerve stimulation attenuates
the systemic inflammatory response to endotoxin. Nature.
2000;405(6785):458-62. doi:10.1038/35013070
Tracey  KJ.  The inflammatory  reflex.
2002;420(December):853-9.

Hajiasgharzadeh K, Somi MH, Sadigh-Eteghad S,
Mokhtarzadeh A, Shanehbandi D, Mansoori B, et al. The
dual role of alpha7 nicotinic acetylcholine receptor in
inflammation-associated gastrointestinal cancers. Heliyon.
2020;6(3): E03611. doi:10.1016/j.heliyon.2020.e03611

Nature.

89.

90.

91.

92.

93.

94.

De Rosa MJ, Esandi MDC, Garelli A, Rayes D, Bouzat C.
Relationship between a7 nAChR and apoptosis in human
lymphocytes. ] Neuroimmunol. 2005;160(1-2):154-61.
doi:10.1016/j.jneuroim.2004.11.010

Yoshikawa H, Kurokawa M, Ozaki N, Nara K, Atou K, Takada
E, et al. Nicotine inhibits the production of proinflammatory
mediators in human monocytes by suppression of I-?2B
phosphorylation and nuclear factor-?B  transcriptional
activity through nicotinic acetylcholine receptor ?7. Clin
Exp Immunol. 2006;146(1):116-23. doi:10.1111/j.1365-
2249.2006.03169.x

de Jonge WJ, van der Zanden EP, The FO, Bijlsma MF, van
Westerloo DJ, Bennink RJ, et al. Stimulation of the vagus
nerve attenuates macrophage activation by activating the Jak2-
STAT3 signaling pathway. Nat Immunol. 2005;6(8):844-51.
doi:10.1038/ni1229

Jensen K, Nizamutdinov D, Guerrier M, Afroze S, Dostal
D, Glaser S. General mechanisms of nicotine-induced
fibrogenesis. FASEB ]. 2012;26(12):4778-87. doi:10.1096/
fj.12-206458

Chen P-C, Lee W-Y, Ling H-H, Cheng C-H, Chen K-C, Lin C-W.
Activation of fibroblasts by nicotine promotes the epithelial-
mesenchymal transition and motility of breast cancer cells. )
Cell Physiol. 2018;233(6):4972-80. doi:10.1002/jcp.26334
Serobyan N, Schraufstatter 1U, Strongin A, Khaldoyanidi SK.
Nicotinic acetylcholine receptor-mediated stimulation of
endothelialcellsresultsinthearrestofhaematopoieticprogenitor
cells on endothelium. Br ] Haematol. 2005;129(2):257-65.
doi:10.1111/5.1365-2141.2005.05446.x

ImmunoAnalysis, 2021, 1: 4 | 9



