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ABSTRACT

Saranyutanon, Sirin, Ph.D., University of South Alabama, August 2022. Effect of Nicotine
on Immune Suppression and Prostate Cancer Pathogenesis. Chair of Committee: Ajay
Singh, Ph.D.

Tobacco or cigarette smoking is the leading cause of several diseases, including
cancer, in the United States and worldwide. Epidemiological data provide strong evidence
for an association of nicotine with prostate cancer risk and recurrence, but experimental
data is largely lacking. Nicotine is an addictive ingredient of tobacco products and other
alternatives, however, its role in prostate tumor biology has not been explored. Further,
while a role of smoking in immunosuppression has been demonstrated, the effect of
nicotine on immune function is largely unknown.
We hypothesized that nicotine suppresses immune function by promoting
alternative polarization of macrophages and promotes prostate cancer cell growth,
malignant behavior and therapy-resistance by activating tumor-supportive signaling
mechanisms. Macrophages are an important component of the innate immune system
having both pro-and anti-inflammatory functions depending upon their polarization state.
M1 polarized macrophages have pro-inflammatory functions, while M2 polarized
macrophages play a role in tissue repair and resolution of the inflammatory response. Most
prostate tumors rely on androgen receptor (AR) signaling and aberrant activation of AR
signaling is considered a major mechanism underlying the failure of primary androgendeprivation therapy (ADT) or resistance to AR signaling inhibitors, such as enzalutamide.
Our studies demonstrate that nicotine induces M2 polarization of macrophages as
well as promotes their growth, migration, and invasion. Mechanistic investigations
xii

demonstrate a role Src-mediated phosphorylation of STAT3 in nicotine-induced
polarization, proliferation, and motility of macrophages. Moreover, we observe that
nicotine treatment augments the growth and malignant behavior of prostate cancer cells
and promotes resistance to androgen-depletion and enzalutamide treatment. We also
observe that nicotine exposure increases the expression of MYB, a transcription factor
protein involved in prostate cancer pathogenesis and therapy resistance, and AR-V7, a
constitutively active AR splice variant. We also show that nicotine sustains the
transcriptional activity of AR in absence of androgens and promotes phosphorylation of
numerous signaling proteins of pathogenic significance. In addition, we demonstrate that
nicotine induces AR-V7 expression via 7-nAChR-mediated activation of Src and AKT.
Overall, our findings suggest a significant role of nicotine in immunosuppression
and prostate cancer pathogenesis and should serve as a foundation for future studies to
further explore its multifaceted roles in prostate carcinogenesis, tumor-stromal crosstalk,
and immune biology.
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CHAPTER I
BACKGROUND

Smoking and human health
Tobacco or cigarette smoking is a foremost kind of tobacco and nicotine use. This
remains the leading cause of preventable diseases, morbidity, and loss of lives in the United
States [1]. According to World Health Organization (WHO), more than 8 million people
worldwide have been killed by this pandemic. More than 7 million and about 480,000
deaths result from direct tobacco use worldwide and in the United States, respectively,
while approximately 1.2 million people are exposed to second-hand smoke around the
world [2]. Current smoking prevalence has dropped, but about 34 million adults still smoke
and use other tobacco-related products [3]. The most common tobacco smoking product is
the cigarette and other forms are cigars, bidis, kreteks, pipes, or water pipes (Hookah).
Furthermore, the smokeless tobacco products such as snus, snuff, dissolvable tobacco, or
chewing tobacco have also been used widely and are greatly addictive. More than 7,000
chemical components are contained in tobacco or cigarette smoke [4]. The devastating
effect of these products related to human health results from a dominant cooperation of
those constituents. Exposure to the toxic mixtures in tobacco or cigarette smoke creates the
adverse health effect in human shortly as well as long-term. The short-term health effects
of smoking can cause disaffected outcomes such as increased oxidative stress, lowered
concentration of folate, riboflavin, melatonin, and antioxidant micronutrients in the
circulation system [5-7]. Smoking also has an acute impact on the respiratory symptoms
including fatigue, dyspnea, wheeze, shortness of breath, phlegm as well as nicotine
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addiction [8, 9]. Importantly, smoking is also independently associated with increased the
risk for mortality in COVID-19 patients [10]. Owing to the adverse acute effects of
smoking, these outcomes result in the predisposition to develop long-term ailments.
Smoking is commonly associated with various diseases for example, diabetes,
periodontitis, asthma exacerbation, respiratory complication, vascular disease, maternal
and infancy effects, pregnancy complication, and cancer [11-13]. Moreover, smoking is
also a significant risk factor contributing to stroke, blindness, deafness, back pain,
osteoporosis, immune response, and reduces fertility in both men and women [14]. Recent
studies have shown that smoking hazard is not only limited to the cancers of lung and oral
cavity, but also of breast, pancreas, stomach, liver, renal, prostate, and head and neck [15,
16]. Numerous studies have also documented that compare to non-smokers, active smokers
have an increased risk of cancer, and smoker patients poorly respond to therapy and have
worse outcomes. It is believed that most of the deleterious effects of tobacco smoking are
due to the presence of toxic chemicals in it. These include i) hydrogen cyanide, carbon
monoxide, and nitrogen oxide as gases; ii) formaldehyde, benzene, acrolein, and Nnitrosamines as a liquid-vapor portion; and iii) submicron-sized solid particles such as
polyaromatic hydrocarbons, phenol, nicotine, and certain N-nitrosamines (TSNAs) [17].
Among these toxic chemical compounds, nicotine, a highly addictive component, is
considered as a non-carcinogenic substance and less harmful as an alternative of tobacco
product [18]. Therefore, people believe that using the alternative tobacco products with
nicotine alone is safer than the conventional tobacco-related products. The most popular
alternative tobacco products is electronic cigarette (e-cigarette) or Electronic nicotine
delivery systems (ENDS) or vape. These products are attractive to young teens and
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beginner smokers. The flavoring and fancy nicotine delivery device could be the entryway
for smokers to initiate smoking and make them addicted to nicotine use. This behavior may
in the long-term lead to the re-consumption of tobacco-related products and have more
adverse health consequences. Apart from alternative tobacco products, the most common
medication known as Nicotine Replacement Therapy (NRT), has been used for smoking
cessation and is being heavily promoted. The main concept of this treatment is giving
patient with the other less harmful forms of nicotine such as gum, patch, inhaler, spray, and
lozenges. These products do not contain other toxic compounds than nicotine [19].
Unluckily, the addictive potentials of nicotine create an immense barrier in the first try for
those who wish to stop smoking. There have been shown that more than 50% of smokers
who strived to quit smoking, relapsed within a month to 1 year of abstinence [20, 21].
Therefore, the concerns with NRT usage should be taken into account regarding to the
undesirable effects.

Nicotine: an addictive component of tobacco smoke
Nicotine is an addictive ingredient in all tobacco products. It is plant alkaloid and
was first isolated in 1828, from tobacco leaves by Wilhelm Heinrich Posselt and Karl
Ludwig Reinmann, German doctor and scientist [22]. Since 17th century, nicotine in the
form of tobacco leaves, has been use to control pests as the botanical insecticide [23].
Naturally, it presents in a clear liquid form of a dibasic alkaloid compound having a
characteristic scent. It becomes darkened and brown when exposed to light and air, and
readily forms salts with acid and metals [24]. Nicotine may be found in all products
containing tobacco, even those that are marketed as less harmful alternatives to smoking,
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such as electronic cigarettes, vape pens, nicotine gum, and nicotine patches. The pH state
influences nicotine absorption through cellular membrane in the human body. Nicotine is
absorbed through the mouth mucosa and airway surface while smoking, boosting its
concentration in the blood circulation. It is a weak base and can dissolve easily in the body
fluids of pH 7.4 or high pH. Nicotine is unionized with this condition, therefore it gets
distributed quickly throughout the body [25]. On the other hand, at low pH or acidic
condition, it is in ionized form and shows slow absorption [26]. Physiological
concentration of nicotine in individual smokers have been detected in plasma at
approximately around 100-200 nM [27, 28].

Nicotinic acetylcholine receptors (nAChRs)
Nicotine is a highly addictive ingredient of tobacco products [29]. Nicotine acts
through nicotinic acetylcholine receptors mediates its functions (nAChRs) [30]. Nicotinic
acetylcholine receptors, also known as nAChRs, are ligand gated ion channels and are
extensively expressed in a variety of cell types, including neuronal and non-neuronal cells.
These receptors are pentameric in structure and are made up of five subunits that are
connected by a central core that is filled with water. The nAChRs consist of seven αsubunits including α2-α10, while α8 only available in birds, and three non-α subunits; β2,
β3, and β4. Muscle type nAChRs, on the other hand, have α1 and four non-α subunits such
as β1, γ, , and  [31, 32]. nAChRs are classified into two classes depending on the makeup
of their subunits:1. Homomeric nAChRs: These receptors include the complex formation
based on single type of subunits such as 5(α7), 5(α5), 5(α9) etc.2. Heteromeric nAChRs:
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These types of receptors are composed of at least two different types of sub-units. The most
abundant type of nicotine receptors are 3(α4)2(β2), 3(α3)2(β4), and 2(α1)β1 [32-34].
nAChRs: mechanism of action
During smoking, blood nicotine content increases rapidly and peaks at the end of
each cigarette. Nicotine enters the brain, crosses blood-brain barrier as fast as 10 seconds,
and binds to nAChRs [35]. Nicotine has higher affinity to nicotinic acetylcholine receptors
than the acetylcholine and among all the nicotine receptors; it has the highest affinity
towards α4β2 nAChRs, a primary mediator of nicotine dependence in neuronal cells [36,
37]. Nicotine interacts with nicotinic acetylcholine receptors in the brain, stimulating
dopaminergic transmission, particularly those located in the ventral tegmental area (VTA)
[38, 39]. This, in turn, activates the reward pathway, which is responsible for the enhanced
mood and cognitive performance [40]. Nicotinic signaling triggers and releases the
dopamine in neuron from the VTA into the nuclear accumbens, which is linked to other
brain regions such as amygdala, hippocampus, and prefrontal cortex [41, 42]. Therefore,
the brain is educated to repeat nicotine-taking behavior by dopamine signaling, causing
nicotine to behave similarly to other addictive agents such as cocaine, heroin, alcohol, and
amphetamine with the craving and withdrawal feature of abusive compounds [43].
Physiologically, nAChRs react to the natural transmitter acetylcholine; nonetheless,
nicotine activates them as well; yet, unlike acetylcholine, nicotine persists for considerably
longer, and as a result, a proportion of nAChRs become desensitized overtime [44, 45].
This desensitization plays role in nicotine tolerance and dependence [46]. A rather
consistent level of plasma nicotine is maintained by the smoker throughout the smoking
day. Repeated intake of tobacco releases nicotine supplied into the brain, which is overlaid
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on an existing level of plasma nicotine. Abstinence from nicotine following prolonged
nicotine exposure could result in unpleasant craving and withdrawal symptoms [47].
Adverse nicotine withdrawal symptoms are also sufficient to support increased nicotine
consumption [48].
Nicotine in cancer pathogenesis
The link between increased cancer risk and tobacco smoking is widely known, with
many evidences published in both human and animal research. Although it cannot induce
carcinogenesis in humans, it supports cancer progression and metastasis in a range of
platforms by stimulating cell-cycle progression, motility, epithelial-to-mesenchymal
transition, invasion, angiogenesis, and apoptosis evasion [49]. Nicotine binding to its
receptor could stimulate multiple signaling pathways, which can lead to malignant
transformation through tumor-promoting actions and inevitably leads to chemotherapeutic
treatment resistance in several malignancies [50, 51].
The irregular proliferation of cancer cells is defined by aberrant expression of cell
cycle regulatory proteins. The proliferation of cells can be promoted by nicotine
administration across many ways depending on the type of cell being treated. Nicotine
stimulates proliferation in certain small cell lung cancer (SCLC), non-small cell lung
cancer (NSCLC), pancreatic cancer, and colon cancer cell lines in a receptor-dependent
manner [52-54]. ERK1/2 phosphorylation was augmented during nicotine-induced lung or
pancreatic cancer cell proliferation, representing a significant function for the ERK/MAPK
signaling axis in nicotine-induced cellular proliferation [55, 56]. Additionally, in NSCLC,
nicotine stimulation resulted in increased levels of phospho-STAT3, which concurrently
stimulates the expression of the IKBKE oncogene and promotes cancer cell proliferation
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[57]. Nicotine promotes the formation of gastric tumors and angiogenesis by progressively
triggering the ERK/COX-2/VEGF signaling cascade both in vitro and in vivo [53].
Moreover, nicotine caused an increase in the expression of PKC, ERK1/2, survivin, and PBcl2 in addition to an increase in the expression of PI3K, which led to a statistically
significant increase in the ratio of P-AKT to AKT in colorectal cancer cells. This results in
increased cell proliferation and decreased apoptosis, which appears to be mediated by 7nicotinic acetylcholine receptors [58].
Cancer cells support their survival by avoiding programmed cell death, generally
referred as apoptosis, which is key to maintaining cellular homeostasis [59]. The treatment
of nicotine to NSCLC has been found to promote anti-apoptotic effects. Nicotine's antiapoptotic effects were mediated by the activation of AKT through dihydro β-erythroidine
(DhβE; the inhibitor of α3β2- and α4β2-subunits)-sensitive nicotinic acetylcholine
receptors, which enabled for XIAP, anti-apoptotic proteins to become stabilized and
enhanced the transcriptional induction of surviving [60]. Nicotine has also been found to
promote anti-apoptotic effect in gastric cancer through α5-nAChR. The α5-nAChR
mediates AKT signaling pathway is implicated in the anti-apoptotic actions of nicotine in
cells that have been forced to die by cisplatin in gastric cancer cells [61]. In addition, in
breast cancer cells, increases the expression of galectin-3. Galactin-3 overexpression is
modulated through α9-nAChR and STAT3. This prevents apoptosis by mitigating
mitochondrial dysfunction and enriching cancer stem-like [62]. Nicotine has been found to
suppress apoptosis in colon cancer cells through α7-nAChR mediating AKT activation,
since the treatment of colon cancer with α-Bungarotoxin (α7-nAChR inhibitor) inhibited
this process [58].
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It is the most common cause of death in cancer patients because the disease spreads
beyond its original place of origin to other parts of the body, this process called metastasis.
Cancer cells must invade surrounding tissues, infiltrate vessels, and migrate to other areas
where they can rest and continue growth [63]. Nicotine induces lung cancer cell migration
and invasion through α5-nAChR and α7-nAChR. Silencing α5-nAChR and treatment of
α7-nAChR with specific inhibitor, α-Bungarotoxin, suppress nicotine-induced cell
migration and invasion in lung cancer cell lines [64, 65]. In vitro studies indicate that
activation of nAChRs and the p38 MAPK mediates activation of MMP-1, MMP-2, and
MMP-9 signaling is responsible for nicotine's ability to promote the invasion and
metastasis of colon cancer cells [66].
Cancer has the potential to spread to surrounding or distant organs, making it
potentially devastating. The expansion of the vascular network is critical for the metastatic
spread of cancer tissue. Angiogenesis, or the formation of new blood vessels from preexisting ones, is critical for invasive tumor development and metastasis [67]. In 2006,
Mousa and colleagues found that nicotine enables the generation of endothelial cell tubes
as well as stimulates the release of basic fibroblast growth factor (b-FGF). Furthermore,
they implanted breast, colon, and lung cancer cells in the chicken chorioallantoic
membrane (CAM) tumor model, and followed by nicotine treatment, and found that in the
CAM model, nicotine enhanced the growth rate of those cancers after 1 week after implant
[68]. Nicotine has been shown to induce angiogenesis in non-small cell lung cancer. In
comparison to control media from untreated cells, conditioned medium derived from lung
cancer cells following nicotine treatment increased capillary and tubule development by
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human umbilical vein endothelial cells (HUVECs), which is dependent on hypoxiainducible factor 1-alpha (HIF-1α) expression [69].

Prostate cancer
Prostate cancer (PCa) is a lethal disease that is presently the second largest cause
of cancer-related mortality in males in the United States. According to the American
Cancer Society, around 248,530 men will be diagnosed with prostate cancer in 2019 and
approximately 34,130 will die as a result of it [70]. The average age of first diagnosis is 66
[71]. Additionally, large racial disparities in prostate cancer health have been documented.
African Americans have a roughly 60 percent higher incidence of prostate cancer and more
than two times the death rate of their European American peers. This makes African
Americans the group most disproportionately affected by the disease [72, 73]. Surgery,
radiation, chemotherapy, and targeted medicines are among options for treating prostate
cancer clinically. Early detection and treatment with surgery or radiation is the expected
norm with prostate cancer in the early stages of the disease. Many cancer patients, however,
are diagnosed after the tumor has spread to other parts of the body, resulting in poor
prognosis. After surgery or radiation, some prostate cancers return, necessitating further
treatment choices for these metastatic or recurring malignancies.
The disease and progression
Men's prostates, which are about the size of a walnut, secrete seminal fluid, which
serves to nourish and transport sperm. The periurethral transition zone, the central zone,
the anterior fibromuscular stroma, and the peripheral zone make up this prostate cancer
structure [74]. The sturdiest peripheral zone of the prostate is the cornerstone of most
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prostate cancers (60–75 %) [75], the transition zone, on the other hand, has been speculated
to have a role in the development of benign prostatic hyperplasia (BPH) [74]. Human
prostate histologically consists of a pseudostratified epithelium and a stromal compartment
separated by a basement membrane. The presence of three terminally differentiated
epithelial cells, luminal, basal, and neuroendocrine cells, defines the pseudostratified
epithelium [76] (Figure 1). A growing body of evidence suggests that the majority of PCa
originates from either luminal or basal cell types [77-79]. However, the question of whether
prostate cancers originating from one cell type are more aggressive than those originating
from other cell types is one that is currently up for discussion [80, 81].

Figure 1. The location and architecture of the human prostate gland. The prostate
gland is located below the bladder and consists of a central, a peripheral, and a transition
zone. Histologically, it is comprised of secretary luminal, basal, and rare intermediate and
neuroendocrine cells. The prostatic epithelium is separated from the stromal cells by the
basement membrane as indicated. Preneoplastic or neoplastic cellular transformation can
initiate from either basal or luminal cells. This figure was adapted from “Cellular and
Molecular Progression of Prostate Cancer: Models for Basic and Preclinical Research”
published in Cancers with the journal’s permission provided in Appendix A.

10

The development of prostate cancers toward a malignant state is a dynamic process
(Figure 2). Premalignant lesions known as prostatic intraepithelial neoplasia (PIN) arise
during the early stages [82]. Following that, localized invasive lesions appear, which
evolve to advanced metastatic prostate adenocarcinomas [74]. PIN are categorized into
low- (LGPIN) and high-grade (HGPIN) lesions of which only HGPIN is described as in
situ carcinoma and well established precursor of invasive prostate cancer. The presence of
luminal epithelial cells with prominent and expanded nucleoli distinguishes PIN, whereas
HGPIN has numerous genetic and molecular similarities with cancer cells [83]. Lesions of
LGPIN and HGPIN originate from normal prostate epithelial cells due to the loss of
phosphatase and the tensin homolog (PTEN), NK3 Homeobox 1 (NKX3.1),
overexpression of MYC proto-oncogene, B-cell lymphoma 2 (BCL-2), and the glutathione
S-transferase pi 1 gene (GSTP1) [84-87]. Telomerase activation, frequent Forkhead Box
A1 (FOXA1) mutation, and further loss of the retinoblastoma protein (RB1) are all factors
that contribute to the development of prostate adenocarcinoma from an advanced PIN
lesion [88-90]. Metastatic prostate cancer is brought on by other genetic abnormalities,
such as the absence of SMAD4 and AR corepressors, EMT, BAI1, and EZH2, as well as
mutations in the AR gene [91-93].
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Figure 2. Histopathological and molecular progression of human prostate cancer.
Metastatic prostate cancer develops via progression through prostate intraepithelial
neoplasia (PIN) and invasive adenocarcinoma through the acquirement of various
molecular alterations as depicted. The invasive adenocarcinoma cells and androgendeprivation therapy resistant cancer cells metastasize to the bone, lymph node, lung, and
liver. This figure was adapted from “Cellular and Molecular Progression of Prostate
Cancer: Models for Basic and Preclinical Research” published in Cancers with the
journal’s permission provided in Appendix A.

Androgen receptor: structure and mechanisms of action
The androgen receptor, generally known as AR, is a steroid hormone receptor as
well as a nuclear transcription factor. The gene that codes for the AR is found on
chromosome Xq11.2-q12, has 8 exons, and takes up a total of 186,587 kb (Figure 3). This
receptor shares many structural similarities with certain other steroid receptors notably
progesterone, estrogen, glucocorticoid, and thyroid hormone receptors (PR, ER, GR, and
TR) [94, 95]. AR consists of four domains, which encoded by exon 1-8: a ligand-binding
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domain (LBD) with intermediate conservation, a DNA-binding domain (DBD) with strong
conservation, an N-terminal domain (NTD) with low conservation, and a hinge region
(HR) that connects the LBD and the DBD. Exon 1 is responsible for encoding the NTD,
which makes up more over half of the total size of the AR. The NTD has an Activating
factor 1 (AF1) region, which is thought to be its principal effector area. The AF1 is made
up of two transcription activation units, Tau-1 and Tau-5, both of which are required for
the AR entire transcriptional activity. Both Tau-1 and Tau-5 possess motifs that are
essential for facilitating the ligand-dependent, inter-domain interaction between the NTD
and the LBD. Tau-1 has the FQNLF motif, while Tau-5 contains the WHTLF motif. The
stability of the AR dimer complex is dependent on the NTD-LBD interaction [96]. Exons
2 and 3 are responsible for the encoding of the DNA-binding domain (DBD), which is
made up of two zinc finger motifs. The first is adjacent to the NTD, contains the P box,
and regulates DNA binding ability at certain DNA regions. The D box, located on the
second zinc finger motif, contributes in AR dimerization. Likewise, a nuclear localization
signal (NLS) linked with the HR is partly situated in the DBD and is responsible for
androgen-bound AR nuclear translocation [97]. The HR, which is positioned between the
DBD and the LBD, is a versatile but poorly preserved linker. The HR and the DBD share
a NLS that binds to importin-α and supports nuclear translocation [98]. Exons 4–8 generate
the ligand-binding domain (LBD), which is crucial for AR to bind to its endogenous
ligands, testosterone and dihydrotestosterone (DHT). The LBD contains a high proportion
of the AR point mutations seen in prostate cancer, indicating their role in pathobiology
connected with altered AR signaling. Various AR splice variants (AR-V7, -V567es, and V9) missing LBD are also frequently documented in advanced prostate cancer (Figure 3).
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Despite the fact that certain AR variants lack LBD, they may nevertheless bind to DNA
and drive constitutive gene transcription in the absence of androgens, according to findings
[99-101].
According to classic model of AR activation, ligand-dependent, inactive AR is
sequestered in the cytoplasm by distinct chaperones and co-chaperones [95, 102]. The act
of ligand binding to the LBD of the AR provokes the detachment of chaperone proteins,
which in turn promotes conformational changes that make it feasible for the AR to dimerize
and interact with a cytoskeletal specific protein filamin A, which helps to foster its
translocation into the nucleus. Nuclear AR interacts to androgen response elements (AREs)
in the promoter and enhancer regions of downstream target genes, establishing
transcriptional coactivator complexes that rearrange chromatin structure to acquire access
to the target initiation site. The RNA pol II machinery is then sustained by the complex so
that it may undergo successive rounds of transcription [95].
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Figure 3. Genomic organization of the AR gene and frequently reported androgen
receptor (AR) splice variants. The gene encoding for androgen receptor is localized on
the long arm of chromosome X in the region Xq11.2-q12. It is comprised of 8 exons that
code for the mature androgen receptor protein having three functional domains: N-terminal
binding domain (NTD), DNA binding domain (DBD), and a carboxy-terminal ligand
binding domain (LBD) that is separated from DBD by a short hinge region (HR). Exon1
encodes for the NTD, exon 2–3 encode for the DBD, exon 4–8 encode for the hinge region
and LBD. Several AR splice variants have been reported that show truncation at DBD or
LBD. AR-V1 is truncated at the end of exon 3 and contains 19 amino acids from cryptic
exon 1 (CE1). AR-V567 is created by skipping of exons 5–7 in the AR mRNA, while ARV7 has splicing of cryptic exon 3 (CE3) after exons 1–3, and AR-V9 is generated by
splicing of cryptic exon 5 (CE5) after exon 3. AR-V1, AR-V7, and AR-V9 all lack LBD.
This figure was adapted from “Therapies Targeted to Androgen Receptor Signaling Axis
in Prostate Cancer: Progress, Challenges, and Hope” published in Cancers with the
journal’s permission provided in Appendix A.
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Additionally, ligand-independent stimulation of AR signaling has been
demonstrated through growth factor and cytokine-mediated pathways [103]. In a way
similar to this, it has been shown that EGF, even in the absence of androgen, could
transcriptionally activate AR by means of the RAS/RAF/MAPK and PI3K/AKT pathways
[104-106].
Apart from this genomic method of action of AR, many androgen-mediated cellular
responses do not need AR-mediated alterations in gene expression. It has been proven that
ligand-bound AR could interact with various molecular signaling molecules in the
cytoplasm and the inner region of the plasma membrane to trigger cell-signaling cascades
[107, 108]. It has been shown that the AR-NTD interacts with the SH3 domain of Src.
Consequently, Src becomes unfolded, which then contributes to autophosphorylation
through the stimulation of its kinase domain. Besides this, the activation of Src leads in the
elicitation of MAPK/ERK signaling, which is mediated by Ras [109]. Palmitoylation or
other membrane proteins like caveolin, according to the findings of certain investigations,
may be responsible for the potential localization of AR on the cell membrane [110, 111].
According to this, the membrane-bound form of the androgen receptor, termed as mAR,
has the ability to initiate cytoskeletal reorganizations through FAK/Cdc24/Rac1/PI3K and
influence the adhesive and migratory activities of prostate tumor cells (Figure 4 ) [112,
113].
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Figure 4. The genomic and non-genomic androgen receptor signaling. Androgen
receptor (AR) in an inactivated state remains sequestered in the cytoplasm by chaperone
proteins. Binding of androgens to the AR results in the dissociation of chaperon complex
that causes a conformational change in the AR followed by its dimerization. AR dimer
translocates into the nucleus and binds to target gene promoters/enhancers facilitated
through its interactions with co-regulators. It then recruits RNA polymerase-II to initiate
gene transcription. AR can also affect cell signaling without directly binding to the gene
promoters. In the absence of androgens, various growth factors and cytokines may also
activate the AR by regulating multiple signaling pathways. In non-genomic AR signaling,
membrane-anchored (through palmitoylation) or membrane-recruited (through Caveolin
1) AR interacts with the SH3 domain of Src leading to its unfolding and activation of the
kinase domain. The activated Src then induces Ras-mediated MAPK/ERK signaling.
Membrane-anchored AR is also shown to trigger cytoskeletal reorganizations via
FAK/PI3K/Cdc24/Rac1 induced signaling. This figure was adapted from “Therapies
Targeted to Androgen Receptor Signaling Axis in Prostate Cancer: Progress, Challenges,
and Hope” published in Cancers with the journal’s permission provided in Appendix A.

Therapeutic resistant in prostate cancer: the mechanisms
AR signaling is widely known to have a significant role in the genesis and
progression of prostate cancer. The course of the illness is strongly linked to a relative rise
in serum prostate specific antigen (PSA), which is the consequence of an androgenregulated gene called KLK3. Because prostate cancer cells need high quantities of
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androgens to develop, therefore androgen-deprivation therapy (ADT) has been used for the
treatment of prostate cancer patients works by reducing the amount of androgens produced
by the testicles [114]. There are many modes of action for inhibiting androgen production
in the testes. Orchiectomy, luteinizing hormone–releasing hormone (LHRH) agonists to
inhibit luteinizing hormone production, and LHRH antagonists to reduce luteinizing
hormone levels are examples of treatments. In around 90% of cases, individuals who use
ADT see a reduction in their PSA levels, which is the greatest indicator of disease remission
[115]. In spite of ongoing hormonal treatment, the condition will usually get worse over a
period of around 2-3 years on average. Castrate-resistant prostate cancer (CRPC) is the
term given to this form of malignancy and the prognosis for metastatic castration-resistant
prostate cancer (mCPRC) is poor, with a mean survival period of about 16–24 months
[115-117]. Since then, second-generation antiandrogen therapies such as enzalutamide,
have considerably revolutionized prostate cancer therapies, particularly in the treatment of
CRPC as a combination with ADT as AR is thought to be functional in CRPC [118]. On
the other hand, prostate cancer cells will ultimately become resistant to the therapy with
enzalutamide [119]. As per this, one of the factors in the development of CRPC is the
abnormal activation of AR in prostate cancer cells including, AR mutations, AR
amplification/overexpression, alternative splicing, and intratumural-androgen biosynthesis
[95].
AR point mutations in the ligand-binding domain have been observed in prostate
cancer, and more commonly in CRPC patients. AR selectivity to natural agonists is lost
with this mutation. AR response to other ligands such as glucocorticoid, estrogens,
progestins, and even antiandrogens like flutamide, is linked to the presence of L701H and
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T877A mutations, which are widespread in CRPC. [120-122]. Other point mutation,
T878A, and F876L are linked to resistance to the second-generation AR inhibitor,
abiraterone and enzalutamide [123-125].
AR overexpression or amplification is among the most prevalent subsequent
activation in castration-resistant prostate cancer [126]. Increased AR expression sensitizes
tumor cells to extremely low doses of androgens and prostate tumor could survive and
proceed to CRPC with ADT [127].
Androgen receptor splice-variants (AR-Vs) such as AR-V1, AR-V567es, AR-V7,
and AR-V9, have emerged as possible key actors in prostate cancer development and
treatment resistance in recent years [128]. AR-V7 is the most prevalent and has been
thoroughly explored and is endogenously identified at the protein level. There is a
correlation between the expression of AR-V7 and a poor prognosis and a diminished
response to ADT since AR-V7 lacks of ligand-binding domain [129, 130].
Intratumoral production of androgens, which is most often observed in CRPC, is a
key mechanism that is thought to be involved in aberrant AR signaling [131]. Components
of the cytochrome P450 enzyme family, CYP11A1 and CYP17A1, are upregulated in
CRPC and are implicated in the manufacture of weak androgens from adrenal cortex,
dehydroepiandrosterone (DHEA), and androstenodione. These weak androgens have the
capability to be synthesized into testosterone and DHT by the enzymes 3-hydroxysteroid
dehydrogenase (HSD), type 5 17-HSD (AKR1C3), and 5-reductase type 2 (SRD5A2), all
of which are expressed by prostate cancer cells [132, 133].
Apart from these mechanisms, our research group also revealed that the oncogenic
transcription factor MYB plays a role in the emergence of androgen deprivation–resistant
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prostate cancer cells in a ligand-independent manner [134]. In the prostate cancer cells, we
observed that MYB and AR interact and co-localize with each other. When grown in an
environment lacking androgens, prostate cancer cells that overexpressed MYB sustained
their androgen receptor in the nucleus and also retained AR transcriptional activity [135].
Additionally, we observed that MYB-overexpressing prostate cancer cells displayed
increased tumorigenicity in vivo when transplanted orthotopically, and rapidly restored
growth after castration leading to shortened survival of mice, compared to the mice
carrying low-MYB-expressing prostate tumors [135]. This research uncovered a
previously unknown MYB-AR crosstalk in prostate cancer and revealed a crucial role of
this crosstalk in castration resistance.
Epidemiology and association between smoking and prostate cancer
The connection between smoking and developing prostate cancer has not been
conclusively established, despite the fact that smoking has been linked to a number of other
types of tumors. However, numerous studies demonstrate to an increased risk of mortality
or recurrence of prostate cancer amongst active smokers in terms of epidemiological data.
Several researchers investigated the relationship between smoking behavior at the
initial diagnosis of prostate cancer and the likelihood of surviving afterword. If a person
smokes and then has prostate cancer, their chances of surviving the illness are much lower.
Meta-analyses of upward to 11,300 prostate cancer patient mortality from Islami group,
suggest a slight but substantial increased probability of death from prostate cancer among
smokers. Research indicates that smoking is a preventable disease for prostate cancer
mortality [136]. In 2003, Plakson and colleagues evaluated a sample of males under the
age of 65 (40-65 years), who had a markedly reduced prevalence of prostate cancer than
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their older peers (>65 years). They reported that a recent population-based studies found a
positive link between smoking and the incidence of prostate cancer [137]. One study has
shown that, at the time of prostate cancer diagnosis among 5366 men, smoking is related
with an increased risk of cardiovascular disease, and increased risk of prostate cancerspecific death and biochemical recurrence. They concluded that men who have not smoked
in at least 10 years have mortality risks of prostate cancer that are comparable to those of
nonsmokers [138]. Another research group also reported in 2009 that the vast majority of
prospective cohort studies, current smoking is related with a modest increase in the risk of
deadly prostate cancer of around 30% more than never or non-smokers [139].
Many studies examined markers of aggressive behavior in smokers at the time of
diagnosis rather than death from prostate cancer [140-143]. Smoking status, especially
current heavy smoking, was shown to be related with an increased risk of prostate cancer
in the Iowa 65+ Rural Health Study. The correlations between current smokers and regional
or distant illness at diagnosis were greater than former smokers [141].
It seems that smokers have a disease that is more advanced when it is detected, a
poorer prognosis, and a larger chance of prostate cancer leading to death. Men who smoke
cigarettes have considerably higher amounts of total testosterone and free testosterone in
their plasma [144]. In addition to the carcinogens that are found in tobacco smoke, it is
probable that smoking has an influence on the advancement of prostate cancer via
mechanisms that are not mutagenic. On the other end, the pathophysiological and
molecular processes that underlie the favorable link between smoking and aggressive
prostate cancer are not completely understood.
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The immune system and human health
The immune system is the principal mechanism by which the body defends itself
against diseases. Disease may be caused by disruptions in the system if the system is unable
to perform its defense activities as well as in the event that the action is harmful to the host.
The immune system consists of two groups: innate and adaptive, each of which is nonspecific and specific defense respectively, and contains specialized cell types that perform
separate effector tasks. Nevertheless, the two sets of the immune system do not operate
completely separately of one another. For instance, the innate system may recruit antigenspecific responses by luring cells to the infection site or damage and by transferring antigen
to lymphoid tissues, which ultimately triggers the release of adaptive effector cell types.
This process is known as cell recruitment [145].
The initial (and rapid) reaction to the identification of pathogens is referred to as
the innate immune response. This defensive mechanism can be found in practically every
living thing and is considered to be the first line of protection. This initial reaction is not
specific (it catches any pathogen or foreign object), and it does not have immunologic
memory of the pathogen or item that is being targeted. Granulocytes, also known as
polymorphonuclear cells, mast cells, macrophages, and dendritic cells are examples of the
kinds of cells that make up the innate immune system and have a rapid response time. Mast
cells are well-known for their potential to swiftly produce histamine and heparin granules
in inflammatory process. Granulocytes are three cell types distinguished by the constituents
of their granules: neutrophils, basophils, and eosinophils. Granulocytes have a crucial role
in the early detection of parasites, extracellular pathogens, and malignancies. The early
entry of granulocytes during infection allowing more immune cells to enter quickly due to
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wound inflammation and dilation of nearby blood vessels. Dendritic cells, often known as
DCs, are capable of phagocytosing invading germs and killing them once they are taken
inside the cell. Macrophages are proficient phagocytic cells that are able to ingest and kill
pathogens that have attacked their host. Macrophages exist in all tissues of the body and
have a very lengthy lifespan [146].
The adaptive immune response, which can be seen in most vertebrates, on the other
hand, is antigen-specific and recognizes particular antigens that are hostile to the host. This
immune response is quite potent and has the capability to develop an immunologic
memory, which is retained by memory cells, enabling the immune system to generate an
effective and rapid response upon subsequent antigen exposure [147]. B and T cells are the
most prominent effectors of the adaptive immune response. B cells are responsible for
producing antibodies that combat infections, and these antibodies are proteins known as
immunoglobulins. The bone marrow is the source of hemopoietic stem cells, which give
rise to B cells. The antibodies flow in the circulation and infiltrate other bodily fluids,
where they attach to the foreign antigen that triggered their synthesis. This interaction
prevents viruses and bacteria toxins from connecting to receptors on host cells, resulting in
their inactivation. The binding also labels invasive pathogens for elimination; primarily by
making phagocytic cells of the innate immune system more easily digested [148]. Whereas
T cells, which are considered as a cell-mediated immunity, originate from common
lymphoid progenitors that come from the bone marrow or the fetal liver and mature in the
thymus gland. Upon the response, activated T cells respond immediately to a foreign
antigen presented on the surface of a host organism. For instance, the T cell might be liable
for the killing of a virus-infected host cell if it detects viral antigens on the cell's surface.
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This would result in the elimination of the infected cell before the virus has the opportunity
to reproduce. In other circumstances, the T cell also generates signal molecules that
stimulate macrophages to eliminate the phagocytosed intruding microorganisms [149].
An immune system disease occurs when your immune system does not function
properly. Your immune system may be harmed or rendered dysfunctional by a wide variety
of deficits and illnesses. There are a number of circumstances that might cause your
immune system to attack healthy cells or make it more difficult for your immune system
to defend you against pathogenic microorganisms. These condition including, allergies,
autoimmune disorders, primary immunodeficiency disorders, infections, cancers, sepsis,
and some medications [150, 151].
Macrophage
Macrophages are cells of the front line innate immune system that make up the
mononuclear phagocyte system. They are equipped with a great range of functions that are
crucial for the maintenance of homeostasis as well as the defensive mechanisms and
development of tissues. The vast majority of tissue resident macrophages originate from
the yolk sac or embryonic hematopoietic stem cells as a monocyte, and are able to selfmaintain regionally. Following this, mature monocytes are released into the bloodstream
and splenic reservoir. When related mobility signaling is triggered, circulating monocytes
pass through the capillary endothelial cell layer, move to various organs, and convert into
tissue-resident macrophages [152]. Nevertheless, macrophage composition in particular
locations, such as the gut and dermis, is reliant on a constant supply from bone marrow
precursors [153]. During the stable state, these macrophages replenish themselves locally,
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demonstrate self-maintenance, and perform a wide array of clearing and organ-specific
trophic actions [154-156].
Macrophages are unique cells because they can alter their phenotype, display the
plasticity, and carry on a variety of different roles [157]. The activation of macrophages
occurs as a direct result of the stimuli that they perceive, in order to fight off the pathogens,
play a function in immunomodulation, and preserve the integrity of the tissue. Based on
the stimulus to which macrophages are subjected, these cells may polarize into classically
activated M1 macrophages (exhibit pro-inflammatory response) or alternatively activated
M2 macrophages (exhibit anti-inflammatory response).
Intracellular pathogens, lipopolysaccharide (LPS), interferon alpha, tumor necrosis
factor alpha, and granulocyte-macrophage colony-stimulating factor (GM-CSF) are the
factors that stimulate M1 macrophages. M1 macrophage phenotypes are distinguished by
the manufacture of high amounts of pro-inflammatory cytokines, strong bacteriacidal and
tumoricidal activities, high expression of inducible NO synthase (iNOS), high
accumulation of reactive nitrogen and oxygen species (ROS) [158]. The classically
activated macrophages have the ability to trigger the release of great amounts of proinflammatory cytokines such as tumour necrosis factor α (TNF-α), Interleukin-1 α (IL-1α),
IL-1β, IL-12, IL-18, and IL-23 [159]. M1 macrophages have been linked to the initiation
and maintenance of inflammation, both of which may have adverse effects on a human
health when they are present in the context of illness [157].
In most cases, M2 macrophages, an anti-inflammatory, are activated by a variety
of stimuli such as fungal cells, parasites, immunological complexes, complements,
apoptotic cells, macrophage colony-stimulating factor (MCSF), IL-4, IL-10, IL-13, IL-33
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and transforming growth factor β (TGF-β). When exposed to particular stimuli, M2
macrophages secrete cytokines and chemokines, in addition to expressing a wide variety
of surface markers. Those include, arginase 1 (Arg-1), TGF-β, IL-10, chemokine CCL18,
and found in inflammatory zone 1 (Fizz1) [160]. M2 macrophages, in terms of their
abilities, exhibit a robust phagocytosis potential, remove debris and apoptotic cells,
enhance tissue regeneration and wound healing, and have pro-angiogenic, pro-tumorigenic
and pro-fibrotic features [160]. The M2 macrophages can be divided into 4 distinct
subtypes according to the stimuli that were administered which are M2a, M2b, M2c, and,
M2d [161]. M2a macrophages can be stimulated by IL-4 an IL-13 resulting in the release
of CD206, IL1Ra, platelet-derived growth factor (PDGF). This subtype plays a role in antiinflammatory and pro-tumorigenic properties. Immune complexes (ICs) and agonists of
the Toll-like receptor (TLR) have been shown to be capable of inducing the M2b subtype.
M2b macrophages are involved in immune modulation and produce cytokines that are both
anti-inflammatory and pro-inflammatory. These cytokines include IL-10, IL-1, IL-6, and
TNF-α. The M2c group has glucocorticoids and IL-10 as inducers, and it substantially
exhibits anti-inflammatory activity against apoptotic cells by releasing high amounts of IL10, CCL-18 and TGF-β. A reduction in the production of pro-inflammatory cytokines is
brought about as a consequence of the activation of the M2d subset by TLR agonists, which
takes place through the adenosine receptor. This will induce the secretion of IL-10,
Vascular endothelial growth factor (VEGF), and TGF-β to promote angiogenesis [162166].
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Smoking and immunity
Tobacco use is associated with an increased risk of acquiring a range of significant
health issues, some of which may be lethal. It also contributes to the deterioration of the
health of those who live in close proximity to the smoker, including members of the
smoker's family and friends. A significant rise in the risk of numerous cardiovascular
disorders, including cardiac arrest, stroke, and erectile dysfunction in males, can be driven
forward by smoking, which not only raises the chance of getting lung cancer, and chronic
obstructive pulmonary disease (COPD), but also significantly raises the likelihood of
acquiring this condition. Tobacco and cigarette use could also aggravate respiratory-related
disease as asthma, bronchitis, and the common cold. Even though toxicants found in
tobacco and cigarettes are to blame for the increased risk of cancer, numerous other
compounds act as pro-inflammatory and immunosuppressive agents as well. Nicotine,
cadmium, formaldehyde, ammonia, carbon monoxide, benzene, hexamine, acetone, and
toluene

are

some

of

the

functional

ingredients

as

pro-inflammatory

and

immunosuppressive agents [167-169].
The immune system is negatively affected by smoking, which might make the body
less effective in fending against illness. In addition to this, it is well established that
smoking disrupts the homeostasis or balance of the immune system. This raises the
likelihood of developing a number of immunological and autoimmune illnesses. When
chronic smokers, COPD patients were compared to healthy non-smokers, Zhang and his
colleagues discovered that the homeostasis of circulating T helper cells was altered in the
former group. They also found that CD4+ T cells, a key component of adaptive immune
system, were more easily polarized into pro-inflammatory subsets thanks to the effects of
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cigarette smoke extract (CSE) [170]. In contrast, it was shown from Castro and colleagues
that smoking during pregnancy decreased the toll-like receptors (TLRs) (TLR)-7 and
interferon regulatory factor (IRF)-7 responsiveness of newborns' cord blood cells in
comparison with non-smoking groups, thereby raising the risk of respiratory infections and
asthma in the children [171]. In addition to this, it has been shown that CSE caused a
decrease in the number of pulmonary dendritic cells (DCs), as well as a suppression of DC
development in murine lymphatic system, and a reduction in the ability to induce T cell
proliferation [172]. On the human DC cell line L428, exposure to smoke for more than 24
hours led to a suppression of functional development of DCs. The authors suggest that the
inhibiting effects of cigarette smoke on the function of DC might potentially lead to
decreased immune responses to a variety of illnesses [173]. In B cells regulation, compared
to non-smokers who also had an infection with Helicobacter pylori (H. pylori), smokers
with an H. pylori infection had a decreased number of regulatory B cells as well as altered
activity of these cells [174]. In a nutshell, smoking causes significant alterations within the
immune system, which manifest as a generalized state of immunosuppression as well as
mixed inflammation all across the body. There is significant data to support that both innate
immunity and adaptive immunity are prone to the risk of cigarette smoke, which alters
immunological balance and is responsible for a variety of disorders. Of these, the effect of
smoking and nicotine on immune suppression in innate immunity, macrophage, is still
largely unknown.
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CHAPTER II
NICOTINE CAUSES ALTERNATIVE POLARIZATION OF MACROPHAGES
VIA SRC-MEDIATED STAT3 ACTIVATION: POTENTIAL
PATHOBIOLOGICAL IMPLICATIONS

Introduction
Tobacco or cigarette smoking is the leading cause of preventable diseases and death
in the United States and worldwide [1, 175]. Most smoking-related deaths occur due to
respiratory and cardiovascular diseases, while smoking is also a significant risk factor for
cancer development [176-178]. Although smokeless tobacco (SLT) products, such as
chewing tobacco, moist snuff, snus, moist powder tobacco, and other tobacco-related
devices such as e-cigarettes are often promoted as safer alternatives, emerging data does
not support this notion [179-181]. Nicotine is an addictive ingredient of tobacco products
and other alternatives, which induces its effect via binding to nicotinic acetylcholine
receptors (nAChRs) [182]. Earlier, it was believed that nicotine's actions are limited to the
central and peripheral nervous system, however, it is now established that nAChRs are
expressed in multiple cell types, including the cells of the immune system [183, 184]. In
fact, nicotine is shown to alter an extensive range of immunological functions, including
innate and adaptive immune responses [185].
Macrophages are the effector cells of the innate immune system, which are
abundant and play distinct roles in immune responses and tissue homeostasis [186, 187].
They are derived from the monocytes circulating in the blood upon their entry into tissues
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in response to the local environment. Macrophages are plastic in nature and can switch
from non-polarized M0 state to M1 or M2 phenotypes depending upon the external stimuli
[188]. M1 polarized or the classically activated macrophages are involved in antimicrobial
activity and generate a pro-inflammatory response, whereas alternatively activated or M2
polarized macrophages promote anti-inflammatory response and wound healing [189,
190]. In general, M1 polarization of macrophages is stimulated by lipopolysaccharide
(LPS) or interferon-γ (IFN-γ), and M2 polarization occurs upon their exposure to
interleukin (IL)-4, IL-10, or IL-13 among other cytokines [188, 191]. Once polarized into
a specific subtype, M1 or M2 polarized macrophages release an array of cytokines to
induce or suppress inflammatory reaction [192].
The goal of the current study was to investigate the effect of nicotine on
macrophage polarization, growth, and invasion and to delineate the underlying mechanism.
Our data demonstrate that nicotine induces M2 polarization of macrophages as well as
promotes their growth, migration, and invasion via Src-mediated STAT3 phosphorylation.
Our findings provide a novel mechanistic basis for pathobiological role of tobacco smoke
and its alternatives in various diseases, including cancer. The results presented here were
adapted from “Nicotine causes alternative polarization of macrophages via Src-mediated
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STAT3 activation: Potential pathobiological implications” published in Journal of Cellular
Physiology with the journal’s permission provided in Appendix A [193].

Material and methods

Cell culture
Human monocyte (THP-1) and mouse leukemic macrophage cell line (RAW264.7)
were procured from ATCC (Rockville) and maintained in Roswell Park Memorial Institute
(RPMI) and Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad),
respectively. The media were supplemented with 10% fetal bovine serum (FBS, R&D
systems, Flowery Branch) and 1% penicillin and streptomycin. THP-1 cells were
differentiated into macrophages (THP-1-MΦ) by stimulation with 5 ng/ml of phorbol 12myristate 13-acetate (PMA) (Sigma-Aldrich) for 24 h. All cell lines were authenticated and
regularly monitored for their typical morphology and intermittently tested for mycoplasma
contamination.
Chemicals
Stattic (STAT3 inhibitor) (Selleckchem), and PP2 (Src inhibitor), (Selleckchem)
were resuspended in DMSO (Corning) to a concentration of 10 mM.
Growth measurement
RAW264.7 (5 × 103 cells/well) and THP-1-MΦ (2 × 104 cells/well) were seeded in
96-well plates (Thermo Fisher Scientific). After 24 h, media was replaced with serum-free
media and after 1 h of pre-incubation, cells were treated with various doses (0, 100, 250,
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and 500 nM) of nicotine (Sigma-Aldrich) for 72 h. After that, the effect on cell growth was
determined by WST-1 assay (Roche Diagnostics GmbH) as per manufacturer's protocol.
For growth measurement by cell counting, RAW264.7 (5 × 104 cells/well) and THP-1derived macrophages (1.5 × 105) were seeded in six-well plates (Thermo Fisher Scientific)
and subjected to treatment as stated above for 72 h. After that, cells were trypsinized,
washed, and resuspended in media. Equal volume of the Trypan blue solution (Thermo
Fisher Scientific) was added to the cell suspension and cells that did not stain with the dye
were counted as viable cells under a phase-contrast microscope using a hemocytometer
(Hausser Scientific).
Cell migration and invasion
RAW264.7 and THP-1-derived macrophages were treated with vehicle or nicotine
(100, 250, and 500 nM) at sub-confluence in serum-free media for 24 h. Subsequently, cells
were harvested, suspended in serum-free media, and re-seeded (2.5 × 105) in a polyethylene
terephthalate membrane inserts for migration assay (six-well inserts, pore size 8 μm; BD
Biosciences). For the invasion assay, cells (5 × 104) were seeded in a Matrigel®-coated
polycarbonate membrane inserts (24-well inserts, 8 μM, BD Biosciences). Inserts were
placed in multiwell plates containing media supplemented with 10% FBS that served as a
chemoattractant. Following 16 h of incubation, cells on the upper surface of the membrane

32

inserts were removed by cotton swab, and those that had migrated/invaded to the bottom
surface were stained using the Diff-Quick cell staining kit (Dade Behring, Inc.), mounted
on a slide, and counted in 10 random fields of view under a microscope (×20
magnification).
RNA isolation, cDNA synthesis, and quantitative real-time polymerase chain
reaction (PCR)
Total RNA was isolated from control and treated cells using RNeasy Purification
Kit (Qiagen) and quantified using Nanodrop-1000 (Thermo Scientific); 1 µg RNA was
used for cDNA synthesis using the Reverse Transcription Kit (Applied Biosystem).
Quantitative real-time PCR was performed in 96-well plate using 20 ng of cDNA template,
SYBR green Master Mix (Thermo Fisher Scientific), and gene-specific primers (Appendix
B: table 1) on iCycler system (Bio-Rad). The thermal conditions for real-time PCR were;
cycle1 95°C for 10 min, cycle2 (×40) 95°C for 10 s and 55–60°C for 45 s. β-actin was used
as internal control.
Immunoblot analyses
Total protein from vehicle- or nicotine-treated RAW264.7 and THP-1-derived
macrophages was isolated in NP-40 lysis buffer containing protease and phosphatase
inhibitors (Thermo Scientific). The protein concentration was measured by the colorimetric
detergent compatible (DC) protein assay; 40–60 μg protein was resolved by
polyacrylamide gel electrophoresis and processed for immunoblotting using specific
primary antibodies. β-Actin was used as an internal control. Super Signal West Femto
maximum sensitivity substrate kit (Thermo Scientific) was used to develop a
chemiluminescence signal, which was captured on a ChemiDoc Imaging System (Bio-
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Rad). Antibodies used were: anti-arginase-1 (1:1000; Abcam), anti-TGF-β1 (1:1000;
Thermo Scientific), anti-STAT3 (1:1000), anti-phospho-STAT3 (Tyr705) (1:1000), antiSrc (1:1000), anti-phospho-Src (Tyr416) (1:1000), anti-β-actin (1:20,000) (Cell Signaling
Technology, Inc.), and anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (1:5000; Santa Cruz Biotechnology).
Multiplex cytokine and chemokine assay
Undiluted cell culture supernatant samples from vehicle or nicotine-treated
macrophages were centrifuged and analyzed for the concentration of secreted analytes
using the 48-plex Human Cytokine/Chemokine Discovery Assay (Eve Technologies
Corp.). The 48-plex discovery assay utilized 50 μl of undiluted cell culture supernatant and
performed in duplicate. Fluorescence intensity (FI) values were derived from the discovery
assay and the FI values were normalized to account for potential batch and plate effects.

Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA). ANOVA was
performed with post hoc Tukey's and Dunnett's multiple comparison test. Unpaired
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Student's t test was used to calculate statistical significance when two groups were
compared. A p value of p ≤ 0.05 was considered statistically significant.

Results

Nicotine treatment induces M2 polarization of macrophages
To examine the effect of nicotine on macrophage polarization, mouse (RAW 264.7)
and THP-derived (THP-1-MΦ) macrophages were used. We first confirmed the expression
of nAChR subunits in these cells. We found that the expression of nAChR subunits
including α2, α3, α5, α7, α9, α10, β2, β3, and β4, were common in RAW264.7, and THP1-MΦ (Appendix B: Figure S1). We next treated RAW264.7 and THP-1-MФ with different
nicotine concentrations (0, 100, 250, and 500 nM) for 24 h, and examined the expression
of M1 and M2 markers by measuring their transcript levels. The result showed reduced
expression of M1 markers, inducible nitric oxide synthase (iNOS) and tumor necrosis
factor-alpha (TNF-α) in nicotine-treated macrophages in a dose-dependent manner
(31178859) (Figure 5a,b), whereas the expression of M2 markers, arginase-1 (Arg-1) and
transforming growth factor-beta 1 (TGF-β1), was significantly increased at higher doses
(31178859) (Figure 5c,d). We further confirmed the expression of M2 markers (Arg-1 and
TGF-β1) by immunoblotting, which also showed their enhanced expression in nicotinetreated macrophages in a dose-dependent manner as compared to those treated with the
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vehicle only (Figure 5e,f). Together, these data suggest that nicotine induces M2
polarization of macrophages.

Figure 5. Nicotine promotes M2 polarization in macrophages. (a, c) RAW264.7 and (b,
d) THP-1-MФ were grown in culture medium and treated with nicotine (0, 100, 250, and
500 nM) for 24 h. cDNA was prepared and quantitative real-time polymerase chain
reaction was performed to evaluated gene expression level for M1 markers (tumor necrosis
factor-alpha [TNF-α] and iNOS), and M2 markers (Arg-1 and TGF-β). (e) RAW264.7 and
(f) THP-1-MФ were grown and treated with nicotine, protein lysate were collected and
protein expression level of Arg-1 and TGF-β was detected by western blot analysis. Data
(mean ± SD) shown in growth as compared to control. β-Actin was used as an internal
control. *p < 0.5, **p < 0.05, ***p < 0.001
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M2 polarized macrophages are further subdivided into four distinct subtypes (M2a,
M2b, M2c, and M2d) depending upon the marker proteins and cytokines that are expressed
by them (Figure 6a) [194-196]. Therefore, to further characterize the nicotine-induced M2
polarized macrophages, we performed their cytokine profiling. THP-1-derived
macrophages were treated with either vehicle or nicotine (500 nM) for 48 h, and culture
supernatant was collected and subjected to 48-Plex Cytokine/Chemokine Array profiling.
We observed the significant presence of 10 cytokines/chemokines, out of which vascular
endothelial growth factor A (VEGF-A), interleukin-1 receptor antagonist (IL-1RA), and
platelet-derived growth factor AA (PDGF-AA) were increased, whereas FMS-like tyrosine
kinase 3 ligand (FLT-3L) and chemokine ligand 5 (CCL5) were considerably reduced in
nicotine-treated THP-1-MФ (Figure 6b). Thus, nicotine-polarized macrophages appear to
exhibit a mixed M2a/d phenotype.
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Figure 6. Nicotine treatment stimulates the M2a/d subtype of macrophages. (a) A
schematic illustrating four subtypes of M2 macrophage and different secreted cytokines
from each subtype (M2a, M2b, M2c, and M2d). (b) THP-1-MФ was grown and treated
with nicotine (0 and 500 nM), the cultured supernatant was collected after 48 h and
multiplex human cytokine array was performed for cytokine profiling
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Nicotine enhances the growth of macrophages
Having observed the effect of nicotine on macrophage polarization, we next
examined whether nicotine also had an effect on the growth of macrophages. RAW264.7
and THP-1-MФ cells were treated with increasing doses of nicotine (0, 100, 250, and
500 nM) and its effect on their growth was examined after 72 h by WST-1 and cell counting
assays. In both the assays, we observed a dose-dependent increase in the growth of both
mouse and human macrophages upon exposure to nicotine (Figure 7a–d). At the highest
dose of nicotine (500 nM), we observed 114% and 104% increase in the growth of
RAW264.7 and THP-1-MФ cells, respectively, by WST-1 assay (Figure 7a,c). Similarly,
by direct cell counting, we observed 99% and 95% increase in the growth of RAW264.7
and THP-1-MФ cells, respectively (Figure 7b,d).
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Figure 7. Nicotine increases growth of macrophages. (a) RAW264.7 and (c) THP-1MФ were seeded into 96-well plate and treated with nicotine (0, 100, 250, and 500 nM)
and cell growth was measured by WST-1 after 72 h. (b) Raw264.7 and (d) THP-1-MФ
were seeded into six-well plate and treated with nicotine (0, 100, 250, and 500 nM) for
72 h. Growth was measured by cell counting using hemocytometer. Data (mean ± SD)
shown in growth as compared to control. *p < 0.5, **p < 0.05, ***p < 0.001

Nicotine-treated macrophages exhibit increased migration and invasion
As we observed the increase of macrophages growth on nicotine treatment, we next
investigated the effect of nicotine on migration and invasion of macrophages. For this, we
treated RAW264.7 and THP-1-MФ with either vehicle or nicotine for 24 h and thereafter
examined their migratory and invasive potential by trans-well assays against a chemotactic
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drive. The data show that the migration and invasion of RAW264.7 and THP-1-MФ cells
is increased significantly in a dose-dependent manner upon nicotine treatment (Figure 4a–
d). At the highest dose (500 nM) of nicotine treatment, ~3.5- and ~4.8- folds increase in
the migration of RAW264.7 and THP-1-MФ cells, respectively, was recorded (Figure
8a,b). Similarly, ~4.3, and ~4.0 folds increase in the invasion of RAW264.7 and THP-1MФ cells was reported, respectively, when treated with the highest dose of nicotine
(500 nM) (Figure 8c,d).
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Figure 8. Nicotine induces cell motility and invasion in macrophages. After nicotine
treatment for 24 h (0, 100, 250, and 500 nM). (a, c) RAW264.7 and (b, d) THP-1-MФ were
seeded on non-coated (migration) or matrigel-coated (invasion) membranes. Cell culture
media with 10% fetal bovine serum (FBS) was used as a chemoattractant in the lower
chamber, cells were allowed to migrated or invaded for 16 h. Bars represent mean ± SD of
migrated or invaded cells per field. *p < 0.5, **p < 0.05, ***p < 0.001
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Nicotine induces phosphorylation of STAT3 through Src activation.
IL-4, IL-13, and IL-6 are known upstream inducers of M2a and M2d subtypes and
they commonly work through STAT3 signaling pathway [197-199]. Since we observed
mixed M2a/d cytokine profile in nicotine-polarized macrophages, we asked if nicotine
could also work through a similar mechanism (Figure 9a). Therefore, we treated
RAW264.7 and THP-1-MФ cells with nicotine (500 nM) for different time durations (0, 5,
15, and 30 min) and examined the expression of total and phosphorylated STAT3 by
immunoblotting. We observed that nicotine treatment led to a time-dependent increase in
STAT3 phosphorylation in both THP-1-MФ and RAW264.7 cells (Figure 9b,c). Src is a
tyrosine kinase that has been shown to directly phosphorylate Stat3 [200, 201] and is also
activated by nicotine treatment via recruitment of β-arrestin [202, 203]. Hence, we first
examined if nicotine also induced Src activation in macrophages. The data show an early
time point increase in phospho-Src (p-Src) in THP-1-MФ and RAW264.7 cells (Figure
9d,e). To determine the role of Src activation in nicotine-induced STAT3 phosphorylation,
we pretreated macrophages with 10 μM of Src-kinase inhibitor (PP2) or vehicle for 30 min
followed by nicotine or vehicle treatment. We found that the pretreatment with PP2
effectively inhibited nicotine-induced STAT3 phosphorylation in THP-1-MΦ and
RAW264.7 cells (Figure 9f,g).
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Figure 9. Nicotine induces phosphorylation of STAT3 through Src activation. (a) A
schematic illustration of M2a macrophage polarization. STAT3 can drive M2a activation
through interleukin (IL)-4 or IL-13 stimulation and nicotine as a proposed inducer. (b,c)
THP-1-MФ or (d, e) RAW264.7 were grown and treated with nicotine (0 and 500 nM) at
different time point (0, 5, 15, and 30 min). Cell extracts were subjected to western blot
analysis using anti-pSTAT3, anti-STAT3, anti-pSrc, anti-Src, and anti-β Actin antibodies.
(f) THP-1-MФ or (g) RAW264.7 were grown and pretreated with Src inhibitor (PP2)
30 min followed by vehicle or nicotine (500 nM) treatment for 30 min. Cell extracts were
subjected to western blot analysis using anti-pSTAT3, and anti-STAT3 antibodies. β-Actin
served as an internal control.
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Src-mediated STAT3 phosphorylation is involved in nicotine-induced phenotypic
alterations in macrophages
We next ascertained if nicotine-induced, Src-mediated STAT3 phosphorylation
was involved in observed phenotypic changes in macrophages. THP-1-MФ were pretreated
with Src (PP2) or STAT3 (Stattic) inhibitors for 1 h, followed by nicotine (500 nM) or
vehicle treatment. Thereafter, we examined the effect on macrophage polarization, growth,
migration, and invasion. The data show that the induced expression of Arginase-1 and
TGF-β1 following nicotine treatment was abrogated in THP-1-MФ pretreated with Stattic
or PP2 (Figure 10a). Similarly, the effect of nicotine on the growth, migration, and invasion
was also abolished in THP-1-MФ cells that had been pretreated with either Src or STAT3
inhibitors (Figure 10b–d). These data establish that the Src-mediated STAT3
phosphorylation is crucial for nicotine-induced macrophages polarization, growth,
migration, and invasion.
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Figure 10. Inhibition of STAT3 abrogates nicotine-induced growth, migration,
invasion, and M2 polarization of macrophages. THP-1-MФ was grown in cultured
medium, pretreated with STAT3 inhibitor (Stattic) or Src inhibitor (PP2) 1 h, followed by
vehicle or nicotine (500 nM) treatment. (a) RNA was extracted and analyzed by
quantitative real-time polymerase chain reaction using primer for M2 markers (Arg-1 and
TGF-β). (b) THP-1-MФ was grown in six-well plate, pretreated with Stattic or PP2 1 h,
followed by vehicle or nicotine (500 nM) treatment. Growth was measured by cell counting
after 72 h. THP-1-MФ was grown, pretreated with Stattic or PP2, and followed by vehicle
or nicotine (500 nM) treatment for 24 h. Cells were seeded into (c) migration or (d) invasion
chambers, 10% fetal bovine serum (FBS) medium was used as a chemoattractant at the
lower chamber, and cells were allowed to migrate or invade for 16 h. Data (mean ± SD)
shown in growth and gene expression level as compared to control. Bars in migration and
invasion represent mean ± SD of migrated or invaded cells per field. *p < 0.5, **p < 0.05,
***p < 0.001
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Discussion
The immune system plays a significant role in health and diseases [204]. Tobacco
smoking has long been associated with various ailments, including cancer. Although earlier
research mainly focused on the carcinogenic chemicals present in cigarette smoke and
other tobacco products, evidence also suggested a role of nicotine in disease pathogenies.
In particular, significant data now exist to support the tumor-promoting role of nicotine
[205, 206]. This study revealed yet another aspect by which nicotine can contribute to
disease development and progression by demonstrating nicotine-induced M2 polarization,
growth, migration, and invasion of macrophages through Src-dependent activation of
STAT3.
The use of tobacco products is highly prevalent among adults worldwide [175].
Some products such as e-cigarettes are being marketed as safer alternatives and their use is
rising among teens [207]. These products contain nicotine as a major ingredient that satiate
addiction and provide pleasure feeling, while being devoid of harmful chemicals of tobacco
smoke [208]. However, concerns have been raised regarding the safety of these products,
particularly in light of previous observations implicating nicotine in cancer pathobiology
[209]. Moreover, many recent studies have reported that smoking has an effect on chronic
inflammation that is associated with asthma and several autoimmune diseases including
rheumatoid arthritis (RA), psoriasis, systemic lupus erythematosus (SLE), Graves'
hyperthyroidism, and multiple sclerosis [210-214]. Tobacco or cigarette smoke is known
to cause compromised host defense responses and immune-suppressive effects. For
instance, it has been shown that chronic exposure of mice to cigarette smoke or nicotine
induces T-cell anergy and decreases T-cell proliferation [215, 216]. The exposure of
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cultured bone marrow neutrophils to the total particulate matter from cigarette smoke
reduced LPS-induced TNF-α production, and also suppressed neutrophil bactericidal
activity [217]. Thus, our study demonstrating a role of nicotine in macrophage polarization
provide another mechanism by which tobacco smoke and alternatives can cause
immunosuppression.
Macrophages are the effector cells of the innate immune system playing distinct
roles in host defense against pathogens and tissue homeostasis [218, 219]. They reside in
almost every tissue of the body and adapt a phenotype based on the tissue
microenvironment. Moreover, monocytes from the systemic circulation can also be
recruited to the damaged tissue as part of the inflammatory and healing process [220, 221].
Thus, optimal functioning of macrophages requires that they gain proliferative and invasive
capabilities besides adapting the required polarized phenotype. An earlier study showed
greater presence of macrophages in the lungs of smokers than nonsmokers [222]. A
presence of immune-inflammation gene signature was also reported in prostate tumors of
smokers [223]. Another study demonstrated that cigarette smoke extract (CSE) promoted
oral leukoplakia via regulating glutamine metabolism and M2 polarization of macrophages
[224]. CSE was also shown to impair the ability of monocyte-derived and alveolar
macrophages to limit mycobacterial growth [225]. Along the same lines, it was shown that
nicotine treatment increased secretion of anti-inflammatory cytokines by suppressing
decidual M1 macrophage polarization in LPS-induced pre-eclampsia-like mouse model
[226]. Nicotine was also shown to attenuate the clinical and histopathological changes
associated with arthritis by reducing CD11b‑positive macrophages in the synovium [227].
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In these contexts, our findings provide direct experimental evidence for a role of nicotine
on macrophage phenotypes, suggesting its broader pathobiological implications.
Macrophages can get activated via classical or alternative mechanisms that result
in M1 and M2 polarization, respectively [188, 191]. The M1 polarization is stimulated by
a bacterial infection, and their cell wall components such as LPS primarily and induces a
pro-inflammatory immune response by releasing the cytokines such as IFN-γ and TNF-α,
IL-6, IL-12, IL-23, and nitric oxide (NO) production [228-230]. The M2 or alternative
polarization of macrophages is induced by multiple stimuli such as IL-4, IL-10, and IL-13
and exerts anti-inflammatory responses [231, 232]. M2 macrophages release a variety of
chemokines and cytokines that contribute to tissue repair and remodeling,
immunoregulation, and tumor-promoting processes [233, 234]. An earlier study reported
that the transcriptional profiling of alveolar macrophages obtained by bronchoalveolar
lavage in healthy smokers showed the induction of genes associated with M2 polarization
[235]. Along these lines, our data provide direct evidence for a role of nicotine in M2
polarization of macrophages. More importantly, we observe nicotine-polarized
macrophages attain a mixed M2a/d phenotype, which is involved in angiogenesis and
tumor development [164, 236]. It is also important to note that our study used both human
and mouse macrophages in our study, which may differ in their underlying biology [237].
Despite this fact, we made similar observations at molecular and phenotypic levels,
supporting the utility of mice as preclinical model. Altogether, our findings are significant
and provide an additional mechanism for a role of nicotine and tobacco smoking in cancer
pathogenesis.
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Interleukins (IL-4, IL6, and IL13) are well-known inducers of M2 polarization of
macrophages working through STAT3 activation [238, 239]. Our data demonstrate that
nicotine also activates STAT3 to cause macrophage polarization. Furthermore, we show
that nicotine-induced STAT3 activation is mediated through the activation of Src. STAT3
phosphorylation by nicotine has been reported in lung and bladder cancer cells [224, 240].
Similarly, Src-mediated activation of STAT3 has also been reported earlier although in
nonimmune cells and associated with cellular proliferation, survival, invasion, and
metastasis [241, 242]. We have also observed the induction of the release of certain
cytokines (VEGF-A, IL-1RA, and PDGF-AA), while CCL5, CCL11, and FLT-3L were
reduced. It is not yet clear if these changes are also mediated through STAT3 activation or
require other signaling effectors. It will also be interesting to investigate the functional
significance of altered nicotine-mediated cytokine secretion in disease etiology and
promotion, especially cancer, via stromal remodeling.
Taken together, our study reveals a novel role of nicotine in alternative polarization
of macrophages via Src-STAT3 signaling axis (Figure 11) that could be implicated in the
promotion of pathobiology of various diseases. Our findings should concern the scientific
community and encourage them to rethink the use of nicotine replacement therapy for
smoking cessation efforts, and look for other alternatives or find ways to mitigate the
undesired actions of nicotine.
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Figure 11. Schematic diagram showing the effect of nicotine on macrophage
polarization. Nicotine binding to nAChRs activates Src, which then phosphorylates
STAT3 to promote macrophage polarization, growth, migration, and invasion.
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CHAPTER III
NICOTINE ENHANCES PROSTATE CANCER CELL GROWTH, MOTILITY,
AND CASTRATION RESISTANCE

Introduction
It is well established that tobacco use is a risk factor for several human cancers,
including prostate cancer [243, 244]. It comprises carcinogens that exert their genotoxicity
by generating DNA adducts and activating reactive oxygen species (ROS), which
ultimately lead to cancer-causing mutations in critical growth promoting and -suppressor
genes. Because of this finding, traditional tobacco and cigarette smoke have been replaced
by alternatives products, such as electronic cigarettes and smokeless tobacco. In addition,
nicotine patches nicotine gum, and other similar products are also being used for smoking
cessation efforts. Unfortunately, in recent years, the use of electronic cigarettes, also known
as vaping, has spread like an epidemic, particularly among adolescents. At the same time,
a large segment of the population continues to smoke though after receiving nicotine
replacement treatment [245]. Nicotine, an alkaloid, is an addictive ingredient in tobacco
smoke as well as other products [246]. It has been demonstrated that nicotine promotes the
development of cancer by acting through the nicotinic acetylcholine receptors, regardless
of the fact that nicotine itself is not a potent carcinogen [247, 248].
In the United States, men are diagnosed with prostate cancer (PCa) more frequently
than any other kind of malignancy, and it is the second highest cause of death in males due
to cancer. According to the estimates provided by the American Cancer Society, there
would be around 34,130 fatalities and 248,530 new cases of the disease in the year 2021.
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[70]. It is well-established that prostate cancer cells rely on androgens for their
development and progression through the androgen receptor (AR)-mediated signaling
pathway [95]. As a result, castration therapy or androgen deprivation therapy (ADT), which
involves reducing levels of androgens or interrupting the interaction between ligands and
receptors, is considered to be the primary line of treatment, whether it be administered
alone or in combination with radiation and chemotherapy [249]. Nonetheless, the majority
of patients who undergo castration therapy will eventually have recurrence and severe
progression [250, 251]. Castration-resistant prostate cancer, also known as CRPC, is
associated with an elevation in serum prostate-specific antigen (PSA), which is a target of
the AR signaling cascade. This suggests that the AR signaling pathway is being reactivated
through alternate pathways [252]. The mechanism underlying CRPC include ligandindependent AR activation, AR amplification/overexpression, AR mutations, alternative
AR splicing that results in AR variants, aberrant expression/activity of AR co-regulators,
and/or intra-tumoral androgen synthesis [95]. There is a strong correlation between
smoking and prostate cancer, according to a number of epidemiological studies that have
been conducted, particularly the aggressive type of the disease and its early development.
Smokers have a worse prognosis than non-smokers for prostate cancer [253]. According to
the findings of the meta-analysis research, smoking cigarettes is linked with a higher
chance of relapse as well as an increased mortality risk [254, 255]. Prueitt and colleagues
investigated the pattern of molecular alterations in smokers' and non-prostate smoker's
tumors in 2016. The study also discovered that immunoglobulin and chemokine
expression, such as IL-8, were elevated in current smokers with prostate cancer.
Additionally, metastasis was ramped up in tumor-bearing TRAMP mice by nicotine
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exposure [223]. In spite of these data, there is a complete paucity of knowledge regarding
the molecular mechanisms that underlie the pathobiological connection of nicotine with
prostate cancer.
The purpose of this particular study was to investigate the influence that nicotine
has on the phenotypes of prostate cancer cells including growth, motility, and castration
resistance and to define the molecular mechanism underlying these changes. According to
the findings of our study, nicotine is responsible for the growth, clonogenicity, migration,
and invasion of prostate cancer cells. Moreover, nicotine also support prostate cancer
growth under androgen-depleted condition as well as follow by enzalutamide treatment.
We demonstrate that nicotine promote prostate cancer cell growth through 7-nAChR
mediates Src and AKT-induced AR-V7 expression. We also observed the increase the
expression of MYB, a transcription factor upon nicotine treatment. Our findings reveal the
effect of nicotine on prostate cancer phenotypic alterations and uncover a potential
molecular underpinning for pathobiological function of nicotine in prostate cancer.

Material and methods

Cell culture

RWPE-1, LNCaP, PC3 (ATCC, Rockville, MD), C4-2 (UroCor), stable MYBknockdown (C4-2-shMYB) and their control transfectants C4-2-Scr were generated in our
previous study [134], and all cells were maintained in Roswell Park Memorial Institute
(RPMI) (Invitrogen). The media were supplemented with 10% fetal bovine serum (FBS,
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R&D systems) and 1% penicillin and streptomycin. All cell lines were authenticated and
regularly monitored for their typical morphology and intermittently tested for mycoplasma
contamination.
Chemicals
Stattic (STAT3 inhibitor) (Selleckchem), PP2 (Src inhibitor), LY294002 (PI3K
inhibitor), SB203580 (p38 MAPK inhibitor), and BD750 (STAT5 inhibitor) (Selleckchem)
were resuspended in DMSO (Corning) to a concentration of 10 mM.
Growth measurement
RWPE-1

(1.5 × 105 cells/well),

LNCaP

(1.5 × 105 cells/well),

C4-2

(7.5 × 104 cells/well), and PC3 (5 × 104 cells/well) were seeded in 6-well plates (Thermo
Fisher Scientific). When the cells were ready, media was replaced with serum-free media
and after 1 h of pre-incubation, cells were treated with various doses (0, 100, 250, and
500 nM) of nicotine (Sigma-Aldrich) for 72 h. After that, the effect on cell growth was
determined by cell counting. Cells were trypsinized, washed, and resuspended in media.
Equal volume of the Trypan blue solution (Thermo Fisher Scientific) was added to the cell
suspension and cells that did not stain with the dye were counted as viable cells under a
phase-contrast microscope using a hemocytometer (Hausser Scientific).
Cell migration and invasion
LNCaP, C4-4, and PC3 were treated with vehicle or nicotine (100, 250, and
500 nM) at sub-confluence in serum-free media for 24 h. Subsequently, cells were
harvested, suspended in serum-free media, and re-seeded (2.5 × 105) in a polyethylene
terephthalate membrane inserts for migration assay (six-well inserts, pore size 8 μm; BD
Biosciences). For the invasion assay, cells (5 × 104) were seeded in a Matrigel®-coated

55

polycarbonate membrane inserts (24-well inserts, 8 μM, BD Biosciences). Inserts were
placed in multiwell plates containing media supplemented with 10% FBS that served as a
chemoattractant. Following 16 h of incubation, cells on the upper surface of the membrane
inserts were removed by cotton swab, and those that had migrated/invaded to the bottom
surface were stained using the Diff-Quick cell staining kit (Dade Behring, Inc.), mounted
on a slide, and counted in 10 random fields of view under a microscope (×20
magnification).
Growth measurement under androgen-depleted condition and enzalutamide
treatment
For growth measurement under androgen-depleted condition, LNCaP and C4-2
were seeded in 100 mm dish (Thermo Fisher Scientific). When the cells were subconfluent, media was replaced with vehicle or nicotine-containing culture media
supplemented with 5% charcoal-stripped serum (CSS, steroid-reduced) (Gemini BioProducts, West Sacramento, CA) for 24 h. After that, cells were trypsinized, washed,
resuspended in media, and re-seeded in 6-well plate, LNCaP (7.5 × 104 cells/well), and C42 (5 × 104 cells/well). Cell were allow to grow for 72 h., media was replaced with vehicle
or nicotine-containing culture media supplemented with 5% CSS for 8 days, and vehicle
or nicotine-containing CSS media was added on top to each well every alternate days. The
effect on cell growth was determined by cell counting every alternate day.
For growth measurement under enzalutamide treatment, LNCaP and C4-2 were
seeded in 100 mm dish (Thermo Fisher Scientific). When the cells were sub-confluent,
media was replaced with vehicle or nicotine-containing culture media supplemented with
5% charcoal-stripped serum (CSS, steroid-reduced) (Gemini Bio-Products, West
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Sacramento, CA) for 4 days. After that, 15 uM enzalutamide (Selleckchem) was added for
4 days. The effect on cell growth was determined by cell counting post-enzalutamide
treatment every alternate day.
Clonogenicity assay
LNCaP and C4-2 were seeded in 100 mm dish (Thermo Fisher Scientific). When
the cells were sub-confluent, media was replaced with vehicle or nicotine-containing
culture media supplemented with 5% charcoal-stripped serum (CSS, steroid-reduced)
(Gemini Bio-Products, West Sacramento, CA) for 24 h. After that, cells were trypsinized,
washed, resuspended in media, and re-seeded in 6-well plate, LNCaP (2 × 103 cells/well),
and C4-2 (2 × 103 cells/well). Cell were allow to grow for 72 h., media was replaced with
vehicle or nicotine-containing culture media supplemented with 5% CSS for 15 days, and
vehicle or nicotine-containing CSS media was added on top to each well every 3 days.
After 2 weeks, colonies were fixed with methanol, stained with crystal violet, photographed
and counted using Image analysis software (Gene Tools, Syngene).
RNA isolation, cDNA synthesis, and quantitative real-time polymerase chain
reaction (PCR)
Total RNA was isolated from control and treated cells using RNeasy Purification
Kit (Qiagen) and quantified using Nanodrop-1000 (Thermo Scientific); 1 µg RNA was
used for cDNA synthesis using the Reverse Transcription Kit (Applied Biosystem).
Quantitative real-time PCR was performed in 96-well plate using 20 ng of cDNA template,
SYBR green Master Mix (Thermo Fisher Scientific), and gene-specific primers (Appendix
B: Table 2) on iCycler system (Bio-Rad). The thermal conditions for real-time PCR were;
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cycle1 95°C for 10 min, cycle2 (×40) 95°C for 10 s and 55–60°C for 45 s. β-actin was used
as internal control.
Immunoblot analyses
Total protein from vehicle- or nicotine-treated LNCaP, C4-2, C4-2 shMYB, and
C4-2 Scr was isolated in NP-40 lysis buffer containing protease and phosphatase inhibitors
(Thermo Scientific). The protein concentration was measured by the colorimetric detergent
compatible (DC) protein assay; 30–60 μg protein was resolved by polyacrylamide gel
electrophoresis and processed for immunoblotting using specific primary antibodies. βActin was used as an internal control. Super Signal West Femto maximum sensitivity
substrate kit (Thermo Scientific) was used to develop a chemiluminescence signal, which
was captured on a ChemiDoc Imaging System (Bio-Rad). Antibodies used were: anti-ARV7 (1:1000; Abcam), anti-AR (1:1000), anti-PSA (1:1000), anti-MYB (1:1000), antiphospho-AKT (T308) (1:1000), anti-AKT (1:1000), anti-Src (1:1000), anti-phospho-Src
(Tyr416) (1:1000), anti-β-actin (1:20,000) (Cell Signaling Technology, Inc.), and antirabbit horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000; Santa Cruz
Biotechnology).
Promoter-reporter luciferase assay
LNCaP and C4-2 cells were transfected with GLuc-ON™ promoter under the
control of PSA and secreted alkaline phosphatase (SEAP) construct (GeneCopoeia). After
24 h of transfection, media were replaced with media supplemented with 5% CSS, and
cultured for 48 h. After that, the supernatant was collected and GLuc and SEAP activity
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was monitored by Secrete-Pair Dual Luminescence Assay Kit. SEAP served as an internal
control.
Human phospho-kinase array
The Proteome Profiler Human Phospho-Kinase Array was used in order to conduct
an analysis of the phospho-kinase profile in the cells (R&D Systems). LNCaP cells were
plated in cultured media in a 100 mm dish and allowed to grow. When the cells were
subconfluent, media was replaced with serum-free media and after 1 h of pre-incubation,
cells were treated with nicotine for 15 min. Samples of cell lysate were obtained and then
applied to each array set, which consisted of two membranes made of nitrocellulose with
the spotted capture antibodies. The biotinylated antibodies were used to detect the attached
protein, and then streptavidin coupled with horseradish peroxidase was used to confirm the
detection. Super Signal West Femto maximum sensitivity substrate kit (Thermo Scientific)
was used to develop a chemiluminescence signal, which was captured on a ChemiDoc
Imaging System (Bio-Rad). The ImageJ program was used to quantitatively analyze the
pixel density of the spots.
Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) with a single
independent variable experiment. ANOVA was performed with post hoc Tukey's and
Dunnett's multiple comparison test. Two-way ANOVA was used with the experiment
which has two independent variables. Unpaired Student's t test was used to calculate
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statistical significance when two groups were compared. A p value of p ≤ 0.05 was
considered statistically significant.

Results

Nicotine treatment promotes growth of prostate cancer cells
To examine the effect of nicotine on prostate cancer cell growth, RWPE-1, LNCaP,
C4-2, and PC3 cells were used. We first confirmed the expression of nAChR subunits in
prostate cancer cell lines using RT-PCR. We found the differential expression of each
subunits, whereas the expression of α7-nAChR, which has been reported to be
overexpressed in several cancer types and associated with oncogenic functions [256], has
increased in LNCaP, C4-2, and PC3 compared to normal prostate cell, RWPE-1 (Figure
12a). We next treated all cell lines with different concentration of nicotine (0, 100, 250,
and 500 nM) under serum-supplemented and serum-free media for 72 h. Then, growth was
measured by cell counting using hemocytometer. We observed a dose dependent increased
in the growth of prostate cancer cells, LNCaP, C4-2 and PC3, while there was no significant
change in growth of normal prostate cells, RWPE-1 (Figure 12b). Interestingly, the growth
induction was observed remarkably in AR-expressing cell lines, LNCaP and C4-2 (Figure
12c,d), whereas less induction in the cells that do not express AR, PC3 (Figure 12e).
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Figure 12. Nicotine promotes growth in prostate cancer cells. (a) Expression of α7nAChR in normal and prostate cancer cell lines. (b) RWPE-1, (c) LNCaP, (d) C4-2, and
(e) PC3 were grown in culture medium and treated with nicotine (0, 100, 250, and 500 nM)
for 72 h. Growth was measured by cell counting using hemocytometer. Data (mean ± SD)
shown in growth as compared to control. *p < 0.5, **p < 0.05, ***p < 0.001
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Nicotine-treated prostate cancer cells enhances migration, invasion and epithelial to
mesenchymal transition (EMT)
To investigate the effect of nicotine on cell migration and invasion, LNCaP, C4-2,
and PC3 were starved for 1 h. and followed by vehicle or nicotine (250 and 500 nM)
treatment for 24 h. Next, cells were trypsinized and re-seeded the cells in serum-free media
in a polyethylene terephthalate membrane inserts (for migration assay), or Matrigel-coated
polycarbonate membrane inserts (for invasion assay). The inserts were placed in the well
containing serum-supplemented media to serve as a chemoattractant, and incubate for 16
h. After that, cells then were analyzed using Diff-Quick staining, imaging under a
microscope at 20x magnification, and counting using ImageJ software. The data show that
the migration and invasion of prostate cancer were significantly increased upon nicotine
exposure to LNCaP (Figure 13a), C4-2 (Figure 13b), and PC3 (Figure 13c) in a dosedependent fashioned.
During the process known as epithelial to mesenchymal transition (EMT), cancer
cells need to acquire mesenchymal properties in order to develop. EMT enables the solid
tumors to become more aggressive, which in turn boosts their ability to invade surrounding
tissue and spread throughout the body [257]. First, we observed the morphological changes
in prostate cancer cell lines after nicotine exposure. We found that both nicotine-treated
LNCaP (Figure 13d) and C4-2 (Figure 13e) cells displayed more mesenchymal-like
structure with a smaller cell body, longer, thinner, and spindle-shape when compared to
vehicle-treated group. We next confirmed the expression of EMT proteins using specific
marker for epithelial and mesenchymal by immunoblotting. Our data show a decreases of
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epithelial expression (E-cadherin) and increased of mesenchymal expression (Slug, Twist,
and Vimentin) when LNCaP (Figure 2f) and C4-2 (Figure 13g) were treated with nicotine.
The results suggest that nicotine promotes cell motility, invasion and support EMT features
in prostate cancer cells.
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Figure 13. Nicotine induces motility, invasion and EMT in prostate cancer cells. After
nicotine treatment for 24 h, LNCaP (a), C4-2 (b), and PC3 (c) cells were harvested and
seeded in serum-free media in migration or invasion chamber. Inserts were placed in the
well with 10% FBS cultured media to serve as a chemoattractant. Cells then were allowed
to migrate or invade for 16 h. Cells were stained, imaged and counted using ImageJ
software. Representative image of LNCaP (d) and C4-2 (e) show mesenchymal-like
structure upon nicotine treatment. Expression of EMT marker was examined in vehicle or
nicotine-treated LNCaP (f) and C4-2 (g) by immunoblotting. Data (mean ± SD) shown in
growth as compared to control. *p < 0.5, **p < 0.05, ***p < 0.001
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Nicotine supports growth under androgen-depleted condition, confers enzalutamide
resistance, and enhances clonogenicity in prostate cancer cells
Medical or surgical castration has been the mainstay of therapy for advanced
prostate cancer to lower the androgen level in the body since Drs. Huggins and Hodges
first revealed the link between androgen signaling and prostate cancer [258, 259].
Unfortunately, prostate cancer patients suffer from the disease recurrence followed by
androgen deprivation therapy [260]. To explore whether nicotine is involved in androgen
deprivation therapy resistance, we pretreated LNCaP and C4-2 cells with either vehicle or
nicotine in androgen-depleted media (CSS) for 24h. Then, we harvested and plated the
cells in 6-well plate. Once the cells were settled down, then nicotine-containing CSS media
was replaced and cells were allowed to grow for 8 days. Nicotine was added and cells were
also counted every alternate day. We observed that when cultured in CSS media, LNCaP
which is the androgen-sensitive cells, failed to grow, while LNCaP cultured under the same
media started to grow upon nicotine treatment (Figure 14a). In contrast, C4-2, which is
androgen-insensitive cells, exhibited slightly reduced growth under androgen-depleted
media compared to the cells under serum-supplemented media. However, C4-2 increased
their growth under androgen-depleted media when nicotine was added (Figure 14b).
Prostate cancer patients usually develop the CRPC after receiving ADT, and many
investigations have shown that AR signaling continues to play an essential role in the
development of CRPC [261]. Therefore, enzalutamide, the AR inhibitor, has been
approved for the treatment of CRPC or in conjunction with ADT to improve long-term
survival in patients with advanced prostate cancer [262, 263]. In the majority of CRPC
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patients, however, enzalutamide resistance has previously been shown [264]. We also
asked question if nicotine supported enzalutamide resistance in prostate cancer cells. We
pretreated LNCaP and C4-2 cell lines with vehicle or nicotine-containing CSS media for 4
days and followed by enzalutamide for the next 4 days. Growth was measured at day 0, 2,
4, post-enzalutamide treatment. We observed that cells that were treated with nicotine were
able to endure the growth inhibition caused by enzalutamide. (Figure 14c-d).
To examine the effect of nicotine on clonogenicity, we treated vehicle or nicotine
for 24 h, then harvest the cells and re-seeded the cell at a low density in 6-well plate.
Nicotine-containing CSS media was added every 3rd day and after 2 weeks, cells were
stained with crystal violet and colonies were counted using ImageJ software. The data
demonstrate that nicotine administration enhanced the clonogenicity of LNCaP by
approximately 150 % (Figure 14e) and by 80 %t in C4-2 (Figure 14f).
Together, these data indicate that nicotine enhances proliferation in androgendepleted condition, provides enzalutamide resistance, and increases clonogenicity in
prostate cancer cells.
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Figure 14. Nicotine supports growth under androgen-depleted condition, confers
enzalutamide resistance, and enhances clonogenicity in prostate cancer cells. LNCaP
(a), and C4-2 (b) were pretreated with nicotine in CSS media, then cells were harvested
and re-seeded. The media was replaced with vehicle or nicotine-containing media and
treated with vehicle or nicotine every alternate day. Growth was measured every alternate
day by cell counting. LNCaP (c), and C4-2 (d) were pretreated with nicotine in CSS media
for 4 days and followed by enzalutamide treatment for another 4 days. Growth was
measured at day 0, 2, and 4. Nicotine pretreated LNCaP (e) and C4-2 (f) cells were seeded
in 6-wel plate at a low density. The media was replaced with vehicle or nicotine-containing
CSS media and cells were allowed to grow for 2 weeks. After that, colonies were stained
with crystal violet, imaged and counted using ImageJ software. Data (mean ± SD) shown
in growth as compared to control. *p < 0.5, **p < 0.05, ***p < 0.001
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Nicotine increases MYB expression in prostate cancer cells
MYB is a proto-oncogene that encodes for a transcription factor. This transcription
factor interacts to certain upstream regulatory proteins of genes in their promoter regions,
which often results in activated gene expression. There have been reports of excessive
MYB expression in haematological as well as various other types of cancer, including
prostate cancer [265-267]. Our previous findings has shown that MYB enhances the
proliferation and androgen-deprivation resistance of prostate cancer cells, and also confers
an aggressive phenotype by accelerating the transition from epithelial to mesenchymal
tissue [134]. Since we observed that nicotine promotes growth and androgen-deprivation
resistance, we also asked if MYB is involved in these changes. After vehicle or nicotine
treatment to LNCaP and C4-2, we found the increase of MYB expression at mRNA level
(Figure 15a,b) as well as protein expression level (Figure 15c,d) upon nicotine treatment
in both prostate cancer cells.
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Figure 15. Nicotine increases MYB expression in prostate cancer cells. (a) LNCaP and
(b) C4-2 were grown and treated with nicotine, for 48 h. cDNA was prepared and
quantitative real-time polymerase chain reaction was performed to evaluated gene
expression level for MYB. Protein lysate of LNCaP (c) and C4-2 (d) after nicotine
treatment were collected and protein expression level of MYB was detected by western
blot analysis. Data (mean ± SD) shown in growth as compared to control. β-Actin was used
as an internal control. *p < 0.5, **p < 0.05, ***p < 0.001

Nicotine increases AR-variant but not AR-full length protein expression in prostate
cancer cells
As we observed an effect of nicotine in enhancing the growth of AR-expressing
prostate cancer cell and under androgen-depleted condition, we then investigated whether
nicotine had an effect on AR expression. After nicotine treatment for 48 h. to LNCaP and
C4-2 cells, the cell lysate was harvested and subjected to immunoblot to examine the
expression of AR. We found that there was no significant change in AR expression in both
vehicle and nicotine treatment in LNCaP (Figure 16a) and C4-2 (Figure 16b). Nevertheless,
we observed the upregulation of AR variant form under AR full-length bands in a dose
dependent manner with the size at approximately 75 kDa. This of observed AR variant
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matched with AR-variant form 7 (AR-V7), which has the expected size near 68 kDa. To
confirm this observation, we performed the immunoblotting with the same protein sample
with specific antibody to AR-V7 (Abcam). The findings convinced us that the protein that
was elevated was AR-V7 in both LNCaP (Figure 16c) and C4-2 (Figure 16d). Furthermore,
we also verified the expression of AR-V7 at mRNA level with primer specific to AR-V7.
We found the increased of AR-V7 at mRNA expression level on nicotine exposure to
LNCaP (Figure 16e) and C4-2 (Figure 16f) cells, whereas there was no change of AR full
length in both LNCaP (Figure 16g) and C4-2 (Figure 16h). Our data suggest that nicotine
increases AR-V7 but not AR-full length protein expression in prostate cancer cells.
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Figure 16. Nicotine increases AR-V7, but not AR full-length, expression in prostate
cancer cells. LNCaP and C4-2 were grown and treated with nicotine, for 48 h. Protein
lysate was collected and protein expression level of AR (a,b), and AR-V7 (c,d) were
detected by immunoblot. LNCaP and C4-2 were grown and treated with nicotine, for 48 h.,
cDNA was prepared and quantitative real-time polymerase chain reaction was performed
to evaluated gene expression level for AR (e,f) and AR-V7 (g,h). Data (mean ± SD) shown
in growth as compared to control. β-Actin was used as an internal control. *p < 0.5,
**p < 0.05, ***p < 0.001

Nicotine sustains transcriptional activity of AR in androgen-sensitive, while
promoting in androgen-insensitive prostate cancer cells
We next explored how nicotine affect AR transcriptional activity using a GLucONTM luciferase reporter plasmid (GeneCopoeia), this plasmid expressed luciferase under
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the control of androgen-responsive PSA promotor. Normalization for transfection
efficiency was accomplished by using secreted alkaline phosphatase (SEAP), which was
under the control of the CMV promotor. LNCaP and C4-2 were transfected with the
construct for 24 h., then vehicle or nicotine-containing CSS media was replaced and
incubated for another 48 h. Cells transfected with plasmid and cultured with vehiclecontaining serum-supplemented media were used as a positive control. After that, the
supernatant was collected, followed by luciferase and SEAP activity assay. Under
conditions where there was a lack of androgen, it was shown that LNCaP cells had a larger
decrease in luciferase activity than C4-2 cells. However, the transcriptional activity was
increased in prostate cancer cells upon nicotine exposure (Figure 17a).
We also investigated the effect of nicotine on PSA, an AR target gene, expression
in prostate cancer cells. In nicotine-treated prostate cells under androgen-depleted
condition, we found that PSA mRNA (Figure 17b,c) and protein (Figure 17d,e) expression
level was increased in both LNCaP and C4-2 cells. Altogether, the data suggest us that
nicotine sustains transcriptional activity of AR in androgen-sensitive, while promoting in
androgen-insensitive prostate cancer cells, and increase the AR target gene, PSA
expression.

MYB does not regulate AR-V7 expression in nicotine-treated prostate cancer cells
MYB and AR-V7 are reported to be involved in castration resistance in prostate
cancer [134, 135, 268, 269]. From previous results, we found the increased of MYB and
AR-V7 expression upon nicotine treatment in prostate cancer cells. We then asked if MYB
regulate AR-V7 expression. We treated vehicle or nicotine in C4-2 Scr and C4-2 shMYB
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cell lines for 48 h., and collected the protein lysate. The lysate was subjected to immunoblot
with AR full length, AR-V7, and MYB protein markers. We found that there was no
significantly change of AR-V7 expression in nicotine-treated C4-2 Scr and shMYB cells
(Figure 17f). This result indicate that MYB does not regulate AR-V7 expression in prostate
cancer cell.
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Figure 17. Nicotine sustains transcriptional activity of AR in androgen-sensitive,
while promoting in androgen-insensitive prostate cancer cells. LNCaP and C4-2 were
grown and treated with nicotine, for 48 h. Protein lysate was collected and protein
expression level of AR (a,b), and AR-V7 (c,d) were detected by immunoblot. LNCaP and
C4-2 were grown and treated with nicotine, for 48 h., cDNA was prepared and quantitative
real-time polymerase chain reaction was performed to evaluated gene expression level for
AR (e,f) and AR-V7 (g,h). Data (mean ± SD) shown in growth as compared to control. βActin was used as an internal control. *p < 0.5, **p < 0.05, ***p < 0.001

Nicotine treatment increases the phosphorylation of several signaling proteins
The aggressiveness behavior of tumor cells is achieved by the hijacking of several
signaling pathways. This allows tumor cells to grow and survive under harsh environmental
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circumstances [270]. To investigate the effect of nicotine on phosphorylation status in
multiple signaling transductions in prostate cancer cells, phospho-proteome array (R&D
system) was performed. We treated LNCaP cells with vehicle or nicotine for 15 min,
collected protein lysate, and incubated with specific capture antibodies spotted
nitrocellulose membranes. The membranes were then subjected to an incubation with
biotinylated antibody cocktails, accompanied by an incubation with Streptavidin-HRP. The
signal was detected by chemiluminescence. The data show that there were multiple
phosphorylated proteins enhanced by nicotine treatment in LNCaP including p38, PDGFR, Src, AKT, and STAT5a/b (Figure 18a).
Src and AKT activation is involved in nicotine-induced AR-V7 expression in
nicotine-treated prostate cancer cells
To narrow down and examine the signaling pathway involved in nicotine-induced
AR-V7 expression in prostate cancer cells, we pretreated LNCaP and C4-2 cells with
various chemical inhibitors for Src (PP2), AKT (LY294002; PI3K inhibitor), STAT5
(BD750), and p38 (SB203580), and followed by vehicle or nicotine treatment. From RTPCR results using primer specific to AR-V7, we found that nicotine-induced AR-V7
expression was abrogated on pretreatment of Src and PI3K inhibitors in LNCaP (Figure
18b) and C4-2 (Figure 18c) cells. We also confirmed that PI3K inhibitor, LY294002,
inhibited AKT activation upon nicotine treatment in LNCaP cells (data not shown).
Together, this data suggest that Src and AKT activation is involved in nicotine-induced
AR-V7 expression in nicotine-treated prostate cancer cells.

75

(a)

(b)

(c)

Figure 18. Nicotine treatment increases the phosphorylation of several signaling
proteins and Src and AKT activation is involved in nicotine-induced AR-V7
expression in nicotine-treated prostate cancer cells. LNCaP was grown treated with
nicotine for 15 min. Protein lysate was collected and perform phospho-kinase array (a),
LNCaP (b) and C4-2 (c) were grown and pretreated with Src, PI3K, p38, and STAT5
inhibitors for 1 h, then nicotine was treated for 48 h. cDNA was prepared and quantitative
real-time polymerase chain reaction was performed to evaluated gene expression level for
AR-V7. (Data (mean ± SD) shown in growth as compared to control. β-Actin was used as
an internal control. *p < 0.5, **p < 0.05, ***p < 0.001

Nicotine enhances AR-V7 via Src activation in prostate cancer cells
We observed from phospho-proteome array that nicotine induced Src
phosphorylation and Src inhibitor suppressed nicotine-induced AR-V7 mRNA expression.
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We subsequent confirmed if nicotine increased Src phosphorylation at protein expression
level. LNCaP and C4-2 cells were treated with nicotine in a different time point, and the
protein lysate was subjected to immunoblot. We found that nicotine increased Src
activation at 5 min (Figure 19a, b). Next, we also observed if Src inhibition would abrogate
nicotine-induced AR-V7 at protein expression level. After pre-treated LNCaP and C4-2
cells with PP2, and followed by nicotine treatment for 48 h., we found that inhibition of
Src suppressed nicotine-induced AR-V7 protein expression as well as PSA (Figure 19c, d).
These data indicate that nicotine enhances AR-V7 via Src activation in prostate cancer
cells.
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(a)

(b)

(c)

(d)

Figure 19. Nicotine enhances AR-V7 via Src activation in prostate cancer cells. LNCaP
(a) and C4-2 (b) were grown and treated with nicotine at 0, 5, and 15 min. Protein lysate
was collected and protein expression level of pSrc and Src were detected by immunoblot.
LNCaP (c) and C4-2 (d) were grown and pretreated with PP2 for 1h., followed by vehicle
or nicotine treatment for 48 h. Protein lysate was collected and protein expression level of
AR-V7 and PSA were detected by immunoblot. β-Actin was used as an internal control.

Nicotine increases AR-V7 expression through AKT activation in
prostate cancer cells
According to previous result obtained from phospho-proteome array, we found that
nicotine induced AKT phosphorylation and PI3K inhibitor suppressed nicotine-induced
AR-V7 mRNA expression. We further confirmed nicotine increased AKT phosphorylation
at protein expression level. LNCaP and C4-2 cells were treated with nicotine in a different
time point, and the protein lysate was subjected to immunoblot. We found that nicotine
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increased AKT phosphorylation at 15 min (Figure 20a,b). Next, we checked to see whether
inhibiting AKT could block effect of nicotine on AR-V7 protein expression. After
pretreated LNCaP and C4-2 cells with LY294002, and followed by nicotine treatment for
48 h., We observed that inhibiting AKT diminished nicotine-induced AR-V7 protein
expression as well as PSA (Figure 20c,d). These results indicate that nicotine increases
AR-V7 expression in prostate cancer cells through activating AKT.

Figure 20. Nicotine increases AR-V7 expression via AKT activation in prostate cancer
cells. LNCaP (a) and C4-2 (b) were grown and treated with nicotine at 0, 5, 15, and 30 min.
Protein lysate was collected and protein expression level of pAKT and AKT were detected
by immunoblot. LNCaP (c) and C4-2 (d) were grown and pretreated with LY294002 for
1h., followed by vehicle or nicotine treatment for 48 h. Protein lysate was collected and
protein expression level of AR-V7 and PSA were detected by immunoblot. β-Actin was
used as an internal control.
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Nicotine mediates AKT phosphorylation through Src activation in
prostate cancer cells
It has been shown that Src family of tyrosine kinases are responsible for mediating
AKT phosphorylation through PI3K and have been linked to several incidences of cancer
[271-273]. Src has also been shown to upregulate upon nicotine treatment in pancreatic
cancer cells [274], as well as AKT in non-small cell lung cancer [60]. Therefore, we asked
whether Src is an upstream regulator of AKT. To answer the question, we pretreated
LNCaP and C4-2 cells with PP2, and followed by nicotine treatment. We found that Src
inhibition suppressed nicotine-induced AKT activation in LNCaP (Figure 21a) and C4-2
(Figure 21b). Our data indicate that in prostate cancer cells, nicotine activates Src, which
in turn phosphorylates AKT.

Figure 21. Nicotine mediates AKT phosphorylation through Src activation in prostate
cancer cells. LNCaP (a) and C4-2 (b) were grown and pretreated with PP2, followed by
nicotine. Protein lysate was collected and protein expression level of pAKT and AKT were
detected by immunoblot. Data (mean ± SD) shown in growth as compared to control. βActin was used as an internal control.
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Nicotine-induced Src and AKT activation through α7-nAChR in
prostate cancer cells
We observed that nicotine treatment induced Src and AKT activation. In addition,
we demonstrated that nicotine activates Src, which in turn causes phosphorylation of AKT.
Our present result also showed the high expression of α7-nAChR in LNCaP and C4-2 cells
upon nicotine treatment, therefore, we hypothesized that nicotine binds to α7-nAChR and
transmit the signal through Src, which in turn activate AKT signaling cascade. To confirm
this, we pretreated LNCaP and C4-2 with α7-nAChR inhibitor, α-bungarotoxin (α-BTX),
and followed by nicotine treatment. We found that suppression of α7-nAChR abrogated
nicotine-induced Src (Figure 22a,b) and AKT (Figure 22c,d) activation in prostate cancer
cells. These data demonstrate that nicotine-induced Src and AKT activation through α7nAChR in prostate cancer cells.

81

Figure 22. Nicotine-induced Src and AKT activation through α7-nAChR in prostate
cancer cells. LNCaP (a,c) and C4-2 (b,d) were grown and pretreated with α-BTX,
followed by nicotine. Protein lysate was collected and protein expression level of pSrc,
Src, pAKT and AKT were detected by immunoblot. Data (mean ± SD) shown in growth as
compared to control. β-Actin was used as an internal control.

Nicotine-induced AR-V7 expression through α-7 nAChR in prostate cancer cells
We showed that nicotine treatment increased AR-V7 expression in LNCaP and C42 cells. Next, we investigated if nicotine-induced AR-V7 expression was through α-7
nAChR. Following a pretreatment with α-BTX, prostate cancer cells were then exposed to
nicotine. According to the results of our immunoblot analysis, blocking the α-7 nAChR led
to the suppression of AR-V7 and PSA expression in LNCaP (Figure 23a) and C4-2 (Figure
23b) cells. Together, our data suggest that nicotine-stimulated AR-V7 expression through
α-7 nAChR in prostate cancer cells.
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Figure 23. Nicotine-induced AR-V7 expression through α-7 nAChR in prostate
cancer cells. LNCaP (a) and C4-2 (b) were grown and pretreated with α-BTX, followed
by nicotine. Protein lysate was collected and protein expression level of AR-V7 and PSA
were detected by immunoblot. Data (mean ± SD) shown in growth as compared to control.
β-Actin was used as an internal control.

Src-mediated AKT phosphorylation through α-7 nAChR is involved in nicotineinduced growth in prostate cancer cells
Our recent data displayed that nicotine enhanced growth of prostate cancer cells.
Additionally, we showed that Src-mediated AKT phosphorylation through α-7 nAChR in
nicotine-treated prostate cancer cells. Here, we hypothesized that these signaling cascades
might contribute to the effect of nicotine on prostate cancer proliferation. We first
pretreated prostate cancer cells with α-BTX, PP2, and LY294002 and followed by nicotine.
After that, the growth was evaluated by utilizing a hemocytometer to count the cells in the
sample. We found that inhibition of α7-nAChR, Src, and PI3K/AKT suppressed nicotinepromoted growth in LNCaP (Figure 24a,c) and C4-2 (Figure 24b,d) cells. Altogether, the
data indicate that Src-mediated AKT phosphorylation through α-7 nAChR is involved in
nicotine-induced growth in prostate cancer cells.

83

Figure 24. Src-mediated AKT phosphorylation through α-7 nAChR is involved in
nicotine-induced growth in prostate cancer cells. LNCaP (a,c) and C4-2 (b,d) were
grown and pretreated with α-BTX, PP2, and LY294002 followed by nicotine. Growth was
measured by cell counting using hemocytometer. Data (mean ± SD) shown in growth as
compared to control. β-Actin was used as an internal control. *p < 0.5, **p < 0.05,
***p < 0.001

Discussion
Prostate cancer is a fatal illness that now ranks as the most commonly diagnose and
the second leading cause of death among men in the United States due to cancer [70]. It is
well established that tobacco use is a risk factor for numerous human cancers, including
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prostate cancer [136, 137]. Nicotine is a highly addictive ingredient of tobacco products,
while it is not carcinogenic by itself [29]. Up to now, however, the underlying mechanism
by which nicotine increases cell viability in prostate cancer cells and induces malignant
behaviors in prostate cancer cells is unknown. This study reveal that nicotine promotes
growth, motility, invasion, and castration resistance in prostate cancer cells. We found that
nicotine treatment increase MYB and AR-V7 expression in prostate cancer cells.
Furthermore, Src-mediated AKT phosphorylation through α-7 nAChR is involved in
nicotine-induced growth in prostate cancer cells.
The most common form of ingesting tobacco and nicotine is via the act of smoking
tobacco or cigarettes. This also continues to be the major cause of preventable illnesses,
morbidity, and mortality rates in the United States [1]. On the other hand, tobacco and
cigarette smoke both contain several carcinogenic chemical components, which are the root
cause of a variety of deadly illnesses [17]. Thus, people believe that using the alternative
tobacco products with nicotine alone is safer than the conventional tobacco-related
products [18]. The safety of these products has, however, been questioned in consideration
of earlier findings linking nicotine to cancer pathobiology [209]. Furthermore, many
studies have reported that nicotine has an effect on lung, pancreatic, colon, bladder, and
breast cancer and promotes their growth, survival, drug-resistance, and metastasis [275277]. Our study demonstrated a role of nicotine in prostate cancer pathogenesis by
enhancing prostate cancer cells growth, especially those expressing AR(LNCaP and C42). Interestingly, we found a role of nicotine in induction of migration, invasion, and EMT
of prostate cancer cells in a dose dependent manner regardless of their AR expression
status. These data suggest that nicotine-activated downstream signaling may crosstalk with
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a multitude of different pathways to influence cellular phenotypes suggesting its broad
pathobiological implications.
The most frequent kind of cancer among males is prostate cancer. In the case of
androgen-dependent cancer, androgen-receptor signaling is critical in the genesis and
progression of prostate cancer [278]. Androgen deprivation therapy, often known as ADT,
is the gold standard first-line treatment for advanced prostate malignancies. This treatment
may be accomplished by either surgical or pharmaceutical means to lower the androgen
level in the body [258]. Unfortunately, following the first therapeutic response, a
significant proportion of patients will inescapably advance to castrate-resistant prostate
cancer (CRPC), a form of the disease that is deadly and has no effective therapies available
[260]. Extensive research suggests that most CRPC continue to depend on AR signaling
even if there is only castrate amounts of androgens available [279]. According to the
CRPC, the second-generation AR inhibitor such as enzalutamide has been used to treat
CRPC patient as a combination with ADT to gain long-term survival benefit [280].
Regrettably, patients, who are treated with enzalutamide, most often acquire resistance to
the drug via a variety of pathways [281]. The use of tobacco products is linked to an
increased risk of disease relapse, metastasis, CRPC, and death after radical prostatectomy
[282]. In these contexts, our data reveal that nicotine promotes proliferation in prostate
cancer cells even when androgen levels are absent under androgen-deprived condition,
makes the cells resistant to enzalutamide treatment, and increases clonogenicity.
MYB is a proto-oncogene that encodes for a transcription factor. This transcription
factor interacts to certain upstream regulatory proteins of genes in their promoter regions,
which often results in activated gene expression. There have been reports of increased
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MYB expression in several forms of cancer, including prostate cancer, as well as in
haematological cancer [265-267]. Our previous findings has shown that MYB enhances
the proliferation and androgen-deprivation resistance of prostate cancer cells, and also
confers an aggressive phenotype by accelerating the transition from epithelial to
mesenchymal tissue [134]. In our study, we observed that nicotine promoted castration
resistance in prostate cancer. In addition, we also found that MYB expression was
increased at both mRNA and protein levels upon nicotine treatment suggesting a potential
underlying mechanism.
Androgen receptor is shown to be active in both the primary tumor and the
metastases of prostate cancer. When it comes to the development and progression of
prostate cancer, androgens play a critical role through the AR-mediated signaling process
[283]. The course of the illness is strongly-linked to a relative rise in serum prostate specific
antigen (PSA), which is the consequence of an androgen-regulated gene called KLK3.
Once prostate cancer patients received ADT or second-generation AR inhibitors as a
combination therapy, for some time, they develop resistance to those treatments [282]. PSA
levels are also rising in men who have castration-resistant prostate cancer [284]. As per
this, one of the factors in the development of CRPC is the abnormal activation of AR in
prostate cancer cells including, AR mutations, AR amplification/overexpression,
alternative splicing, and intratumoral androgen biosynthesis [95]. Based on our
observations, nicotine appears to play a significant role in the development of prostate
cancer in AR-expressing cell lines. Along these lines, we do not find the change in AR
expression on nicotine exposure, interestingly we observe the increase of AR-V7, a
prominent splice variant form of AR, expression at both mRNA and protein levels. This
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AR-V7 is capable of promoting AR signaling even in the absence of ligand contact because
it does not has ligand-binding domain [285]. Furthermore, CRPC had higher levels of
constitutively active AR-V7 expression than castration-sensitive prostate cancer [286]. We
also show that nicotine maintains the activity of the AR in androgen-sensitive prostate
cancer cells while promoting in androgen-insensitive prostate cancer cells. In consistent,
nicotine treatment increase PSA expression, which is the target gene of AR in prostate
cancer cells. MYB and AR-V7 are reported to be involved in castration resistance in
prostate cancer [134, 135, 268, 269]. We found the increased of MYB and AR-V7
expression upon nicotine treatment in prostate cancer cells. Nevertheless, our data indicate
that MYB does not regulate AR-V7 expression in prostate cancer cells. Although MYB is
not an upstream regulator of AR-V7, however; it is possible that MYB might help in
sustaining AR-V7 transcriptional activity and it also be interesting to explore the
interaction between MYB and AR-V7 upon nicotine treatment in prostate cancer.
The aggressiveness behavior of tumor cells is achieved by the hijacking of several
signaling pathways. This allows tumor cells to grow and survive under harsh environmental
circumstances. Nicotine binding to its receptor, nAChR, could activate numerous signaling
pathways, which can lead to malignant transformation through tumor-promoting effects
and, in turn, chemotherapeutic treatment resistance in a variety of cancers. [50, 51].
ERK1/2 phosphorylation was increased during nicotine-induced lung or pancreatic cancer
cell proliferation, indicating that the ERK/MAPK signaling pathway plays an important
role in nicotine-induced cellular proliferation. [55, 56]. Both in vitro and in vivo studies
have shown that nicotine increasingly activates the ERK/COX-2/VEGF signaling cascade,
which in turn encourages the development of gastric tumors and angiogenesis [53].
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Additionally, it was shown that nicotine inhibits apoptosis in colon cancer cells via acting
as a mediator of AKT activation through 7-nAChR. [58]. In this line, with the use of
phospho-kinase array, our data provide the indication that nicotine activates several
phosphorylated protein kinases including p38, PDGF-R, Src, AKT, and STAT5a/b.
Among these kinases, Src and AKT kinases have been involved in nicotine-induced ARV7 expression. We find that nicotine-induced Src and AKT activation through α7-nAChR
in prostate cancer cells. In addition, Src-mediated AKT phosphorylation through α-7
nAChR is involved in nicotine-induced growth in prostate cancer cells. It is not yet known
for certain if or whether this signaling system also plays a role in the motility, invasion, or
castration resistance of cells. Investigating the underlying molecular mechanism and
process of such phenotypic changes should also out to be an intriguing endeavor.
When considered overall, our findings point to a previously unknown function for
nicotine in the proliferation, motility, invasion, and resistance to castration of prostate
cancer cells. The stimulation of nicotine-induced Src and AKT activation through the α7nAChR receptor results in an acceleration of the growth of prostate cancer. Our results give
experimental evidence for a pathobiological link of nicotine with prostate cancer. This data
might be utilized to alert the public about this harmful lifestyle and stress-coping habit
more effectively if it were to be used in conjunction with our findings. Further, the
mechanistic information resulting from our research could be exploited to develop more
effective strategies for prostate cancer management. In addition, the mechanistic
knowledge that was uncovered in our study can be used to design treatment methods for
more successful management of prostate cancer.

89

CHAPTER IV
CONCLUSION

Tobacco smoking is a known risk factor for various human cancers, including
prostate cancer- the most commonly diagnosed malignancy in men in the United States and
the second leading cause of cancer-related death among men in the country [136, 137].
Nicotine, the additive component of tobacco smoke, is extensively used in cigarette
substitutes, such as e-cigarette/vapes, and in nicotine replacement therapy to reduce the
inhalation of carcinogens and other harmful toxic chemicals present in the tobacco smoke
[19]. It is believed that this practice is safer than tobacco smoking and should reduce the
risk of diseases associated with smoking. However, the doubts have been raised
considering undesired non-neuronal effects of nicotine, including its role in cancer
development. Moreover, the addictive properties of nicotine make them addicted to
cigarette- substitutes and many people eventually return to smoking [20, 21].
In our studies, we explored a role of nicotine in immune suppression and promotion
of prostate cancer pathogenesis. We demonstrated that nicotine exposure might lead to
immunosuppression by causing alternative activation of M2 polarization of macrophages,
while also enhancing their proliferation, motility, and invasion. Additionally, we found that
nicotine-polarized macrophages exhibited a mixed M2a/d phenotype, which is associated
with tumor-promoting and angiogenic properties. Therefore, it can help the development
of cancer via indirect mechanisms. Besides, we identified the mechanism involved in
nicotine-induced phenotypic alterations in macrophages to support our functional data and
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this knowledge can be useful for the development of preventive and therapeutic
interventions. Further, our data showed a pathogenic role of nicotine in prostate cancer
development and therapy resistance. From the mechanistic standpoint, we made two
significant observations. We found that the nicotine treatment increased the expression of
MYB, a transcription factor, which we recently implicated in prostate cancer pathobiology
and castration resistance. Moreover, we also found that nicotine treatment increased the
expression of AR-V7, a splice variant form of AR, which is associated with therapy
resistance of prostate cancer cells, especially to enzalutamide treatment. We were also able
to generate additional data to suggest a potential mechanism underlying AR-V7
upregulation by nicotine. These novel findings are of great significance and should be
explored further to gain improved mechanistic insight into prostate tumor pathobiology
associated with smoking behavior and nicotine use. Nonetheless, our work adds to the
literature that raises concern regarding the expanding use of e-cigarettes, especially among
teens. Cancer, in general, takes years to develop and become clinically significant. The
increasing use of nicotine may put our younger generation at risk for an early onset of
cancer, which may not respond well to existing therapies.
While our studies are significant, several questions remain to be answered. It will
be of interest to examine a functional crosstalk between MYB and AR-V7, two proteins of
extreme emerging significance in prostate cancer biology. It will also be important to
define the roles of other transcription factors, such as STATs, and kinases that are activated
by nicotine. In addition, since we observed that nicotine promoted the aggressiveness of
AR-non-expressing prostate cancer cells, it will be important to pursue investigation in this
subtype of prostate cancer as well. Further, it is well established that tumor immune
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microenvironment plays an important role in tumor biology [233]. Therefore, it will be
significant to study nicotine-potentiated crosstalk between immune and cancer cells and its
relevance to cancer progression, aggressiveness, and therapy resistance. Altogether, our
work has yielded several insightful observations and provided new directions to follow to
gain further insight into prostate tumor biology and how it is modulated by the nicotine
use. We expect that our findings will raise awareness and deter people from smoking and
the use of vaping. Our work should also provide the push for regulating and discouraging
the sale and purchase of cigarette substitutes to improve the quality of life for our future
generations.
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Chapter II figures and text from “Nicotine causes alternative polarization of
macrophages via Src-mediated STAT3 activation: Potential pathobiological implications”
published in Journal of Cellular Physiology was used in with permission from the publisher
Willy per the author rights in Willey’s proprietary journals.

130

Appendix B: The primers used in the study
Table 1. Primers for RT-PCR
Gene

Forward primer (5’-3’)

Reverse primer (5’-3’)

Mouse Arginase-1

GGAATCTGCATGGGCAACCTGTGT

AGGGTCTACGTCTCGCAAGCCA

Mouse TGF-β1

TACCATGCCAACTTCTGTCTGGGA

TGTGTTGGTTGTAGAGGGCAAGGA

Mouse TNF-α

GAACTGGCAGAAGAGGCACT

AGGGTCTGGGCCATAGAACT

Mouse IL-6

TACCACTTCACAAGTCGGAGGC

CTGCAAGTGCATCATCGTTGTTC

Mouse β2 nAChR

CTATAACAAGCTGATCCGTCCAG

TGAGGCGATAATCTTCCCACT

Mouse β3 nAChR

ATTACGATGGAATCCCGAAGACT

ATTACGATGGAATCCCGAAGACT

Mouse β4 nAChR

CTGCTATGAAGGGGTGAACATT

CCGTTGGAACGCACGATCA

Mouse α2 nAChR

AACAATGCAGACGGGGAGTTT

GGGAAGAAAGTCACGTCGATG

Mouse α3 nAChR

ACAACGCCGATGGGGATTTC

GTCAAACGGGAAGTAGGTCAC

Mouse α4 nAChR

ACTCTTCTCTGGCTACAACAAGT

CCACACGTTGGTCGTCATCAT

Mouse α5 nAChR

AAAACCAGCTAATGACCACCAA

AGAGAGTCTGAAGGAACACGTAT

Mouse α6 nAChR

TTTTGAATTGGCAATCACGCAA

CCAACGCAATCTGTAGTCCTT

Mouse α7 nAChR

AGTTTTAACCACCAACATTTGGC

AGTTTTAACCACCAACATTTGGC

Mouse α9 nAChR

CTTCTGGAATCAAAGCCGTAGAG

CTACTGGACGCAGAGCATTGG

Mouse α10 nAChR

GCTCACAAGCTGTTTCGTGAC

ACTTGGTTCCGTTCATCCATATC

Mouse β-Actin

CATTGCTGACAGGATGCAGAAGG

TGCTGGAAGGTGGACAGTGAGG

Human Arginase-1

TCATCTGGGTGGATGCTCACAC

GAGAATCCTGGCACATCGGGAA

Human TGF-β1

TACCTGAACCCGTGTTGCTCTC

GTTGCTGAGGTATCGCCAGGAA

Human TNF-α

CTTCTGCCTGCTGCACTTTGGA

TCCCAAAGTAGACCTGCCCAGA

Humane IL-6

AGACAGCCACTCACCTCTTCAG

TTCTGCCAGTGCCTCTTTGCTG

Human β2 nAChR

CAATGGCTCTGAGCTGGTGA

CCACTAGGTGTGAAGTCGTCCA

Human β3 nAChR

AGAGGCTCTTTCTGCAGA

GCCACATCTTCAAAGCAG

Human β4 nAChR

GTGAATGAGCGAGAGCAGAT

GGGATGATGAGGTTGATGGT

Human α2 nAChR

CCGGTGGCTTCTGATGA

CAGATCATTCCAGCTAGG

Human α3 nAChR

TGAGCACCGTCTATTTGAGCG

TGGACACCTCGAAATGGATGAT

Human α4 nAChR

GGATGAGAAGAACCAGATGA

CTCGTACTTCCTGGTGTTGT

Human α5 nAChR

TCATGTAGACAGGTACTTC

ATTTGCCCATTTATAAATAA

Human α6 nAChR

GGCCTCTGGACAAGACAA

AAGATTTTCCTGTGTTCCC

Human α7 nAChR

GGAGCTGGTCAAGAACTACA

CAGCGTACATCGATGTAGCA

Human α9 nAChR

GTCCAGGGTCTTGTTTGT

ATCCGCTCTTGCTATGAT

Human α10 nAChR

CTGTTCCGTGACCTCTTT

GGAAGGCTGCTACATCCA

Human β-Actin

CACCAACTGGGACGACAT

ACAGCCTGGATAGCAACG

Mouse Arginase-1

GGAATCTGCATGGGCAACCTGTGT

AGGGTCTACGTCTCGCAAGCCA

Mouse TGF-β1

TACCATGCCAACTTCTGTCTGGGA

TGTGTTGGTTGTAGAGGGCAAGGA

Mouse TNF-α

GAACTGGCAGAAGAGGCACT

AGGGTCTGGGCCATAGAACT
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Table 1. cont.
Mouse IL-6
Mouse β2 nAChR
Mouse β3 nAChR
Mouse β4 nAChR
Mouse α2 nAChR
Mouse α3 nAChR
Mouse α4 nAChR
Mouse α5 nAChR
Mouse α6 nAChR
Mouse α7 nAChR
Mouse α9 nAChR
Mouse α10 nAChR
Mouse β-Actin
Human Arginase-1
Human TGF-β1
Human TNF-α
Humane IL-6
Human β2 nAChR
Human β3 nAChR
Human β4 nAChR
Human α2 nAChR
Human α3 nAChR
Human α4 nAChR
Human α5 nAChR
Human α6 nAChR
Human α7 nAChR
Human α9 nAChR
Human α10 nAChR
Human β-Actin
AR
AR-V7
PSA
MYB

TACCACTTCACAAGTCGGAGGC
CTATAACAAGCTGATCCGTCCAG
ATTACGATGGAATCCCGAAGACT
CTGCTATGAAGGGGTGAACATT
AACAATGCAGACGGGGAGTTT
ACAACGCCGATGGGGATTTC
ACTCTTCTCTGGCTACAACAAGT
AAAACCAGCTAATGACCACCAA
TTTTGAATTGGCAATCACGCAA
AGTTTTAACCACCAACATTTGGC
CTTCTGGAATCAAAGCCGTAGAG
GCTCACAAGCTGTTTCGTGAC
CATTGCTGACAGGATGCAGAAGG
TCATCTGGGTGGATGCTCACAC
TACCTGAACCCGTGTTGCTCTC
CTTCTGCCTGCTGCACTTTGGA
AGACAGCCACTCACCTCTTCAG
CAATGGCTCTGAGCTGGTGA
AGAGGCTCTTTCTGCAGA
GTGAATGAGCGAGAGCAGAT
CCGGTGGCTTCTGATGA
TGAGCACCGTCTATTTGAGCG
GGATGAGAAGAACCAGATGA
TCATGTAGACAGGTACTTC
GGCCTCTGGACAAGACAA
GGAGCTGGTCAAGAACTACA
GTCCAGGGTCTTGTTTGT
CTGTTCCGTGACCTCTTT
CACCAACTGGGACGACAT
CCAGGGACCATGTTTTGCC
CTCTTGATTGCTGACTCCCTC
CACCTGCTCGGGTGATTCTG
TCAGGAAACTTCTTCTGCTCACA
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CTGCAAGTGCATCATCGTTGTTC
TGAGGCGATAATCTTCCCACT
ATTACGATGGAATCCCGAAGACT
CCGTTGGAACGCACGATCA
GGGAAGAAAGTCACGTCGATG
GTCAAACGGGAAGTAGGTCAC
CCACACGTTGGTCGTCATCAT
AGAGAGTCTGAAGGAACACGTAT
CCAACGCAATCTGTAGTCCTT
AGTTTTAACCACCAACATTTGGC
CTACTGGACGCAGAGCATTGG
ACTTGGTTCCGTTCATCCATATC
TGCTGGAAGGTGGACAGTGAGG
GAGAATCCTGGCACATCGGGAA
GTTGCTGAGGTATCGCCAGGAA
TCCCAAAGTAGACCTGCCCAGA
TTCTGCCAGTGCCTCTTTGCTG
CCACTAGGTGTGAAGTCGTCCA
GCCACATCTTCAAAGCAG
GGGATGATGAGGTTGATGGT
CAGATCATTCCAGCTAGG
TGGACACCTCGAAATGGATGAT
CTCGTACTTCCTGGTGTTGT
ATTTGCCCATTTATAAATAA
AAGATTTTCCTGTGTTCCC
CAGCGTACATCGATGTAGCA
ATCCGCTCTTGCTATGAT
GGAAGGCTGCTACATCCA
ACAGCCTGGATAGCAACG
CGAAGACGACAAGATGGACAA
ACAACTACATGAATGGTAACCA
CCACTTCCGGTAATGCACCA
AGGTTCCCAGGTACTGCT

Figure A1. Expression of nicotinic acetylcholine receptor subunits (nAChRs) in
macrophages: Total RNA was isolated from (A) RAW 264.7 and (B) THP-1-MФ cells
and cDNA was prepared using random primers. RT-qPCR was performed to obtain
threshold cycle (CT) value for each gene encoding nAChR subunits and normalized with
the CT value of the internal control, ACTB (β-Actin).
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Appendix C: Biorender figure citation
Figures 11 was taken from “Nicotine causes alternative polarization of macrophages via
Src‐mediated STAT3 activation: Potential pathobiological implications” (2022), the figure
was created by Biorender.com, 1.5, 4.13, 5.1, and 5.2 were created with BioRender.com.
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