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ABSTRACT

The use of electronic-cigarettes (e-cigs) has increased substantially in recent years, particularly among the younger
generations. Liquid nicotine is the main component of e-cigs. Previous studies have shown that mice exposed to e-cig
aerosols developed lung adenocarcinoma and bladder hyperplasia. These findings implicated a potential role for e-cig
aerosols and nicotine in cancer development, although the underlying mechanisms are not fully understood. Here we
report that exposure to liquid nicotine or nicotine aerosol generated from e-cig induces downregulation of Stem-loop
binding protein (SLBP) and polyadenylation of canonical histone mRNAs in human bronchial epithelial cells and in mice
lungs. Canonical histone mRNAs typically do not end in a poly(A) tail and the acquisition of such a tail via depletion of SLBP
has been shown to causes chromosome instability. We show that nicotine-induced SLBP depletion is reversed by an
inhibitor of a7-nicotinic acetylcholine receptors (a7-nAChR) or siRNA specific for a7-nAChR, indicating a nAChR-dependent
reduction of SLBP by nicotine. Moreover, PI3K/AKT pathway is activated by nicotine exposure and CK2 and probably CDK1, 2
kinases well known for their function for SLBP phosphorylation and degradation, are shown to be involved, a7-nAChR-
dependently, in nicotine-induced SLBP depletion. Importantly, nicotine-induced anchorage-independent cell growth is
attenuated by inhibition of a7-nAChR and is rescued by overexpression of SLBP. We propose that the SLBP depletion and
polyadenylation of canonical histone mRNAs via activation of a7-nAChR and a series of downstream signal transduction
pathways are critical for nicotine-induced cell transformation and potential carcinogenesis.
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Electronic cigarettes (e-cigs) are battery-operated devices that
deliver nicotine in aerosols by electronic heating of a solution
usually containing nicotine, solvents propylene glycol (PG) and
vegetable glycerin (VG), and flavorings. Nicotine itself has gen-
erally been considered noncarcinogenic until recently. As a

consequence, e-cigs are often used as an alternative for conven-
tional cigarettes and thus the use of e-cigs has increased sub-
stantially, particularly amongst younger subpopulations (Bold
et al., 2021; Kwon et al., 2021). However, growing numbers of re-
cent studies have recently demonstrated diverse health effects
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of e-cigs, including their potential carcinogenicity. For example,
mice exposed to e-cig aerosols developed lung adenocarcinoma
and bladder urothelial hyperplasia (Lee et al., 2018; Tang et al.,
2019). This implicated a potential role for e-cig aerosols and nic-
otine in lung cancer development. Specifically, genotoxicity was
proposed as the cause of nicotine-induced tumorigenesis based
on the observation that e-cig aerosols induce mutagenic DNA
adducts, ie, cyclic 1, N2-c-hydroxy-propano-deoxyguanosine [c-
OH-PdG] and O6-methyldG, and inhibits DNA repair in the lungs
of ECS-exposed mice and in human lung epithelial cells (Lee
et al., 2018; Tang et al., 2019).

In addition to mutagenic effects, nicotine is believed to exert
tumorigenic effects via nicotinic acetylcholine receptors
(nAChRs)-mediated activation of a variety of downstream sig-
naling pathways (Grando, 2014; Zhao, 2016). Nicotinic AChRs
are expressed in nonneuronal cells, including lung epithelial
cells (Cheng et al., 2020). Different nAChR subtypes are overex-
pressed in various cancers and cancer progression is known to
be associated with overexpression of nAChRs (Grando, 2014).
Moreover, it has been shown that nAChR genetic variants in-
crease the risk of developing cancer, and that some single-
nucleotide polymorphisms in nAChRs regulate the sensitivity to
nicotine (Saccone et al., 2010; Zhao, 2016). Major tumorigenic
effects of nicotine and principal downstream pathways medi-
ated by nAChRs include facilitated cancer cell growth and prolif-
eration by JAK2/STAT pathway, inhibition of apoptosis by PI3K/
AKT pathway, regulation of cancer cell detachment, migration
and reattachment by Ca2þ-dependent recruitment of CAMKII
and PKC and subsequent phosphorylation and dephosphoryla-
tion of adhesion and cytoskeletal proteins (Paleari et al., 2008;
Russo et al., 2006; Xiang et al., 2016). Although numerous signal-
ing pathways are implicated in nicotine-induced toxicity and
carcinogenicity, the effector(s) that function at “final” steps in
the nAChR-mediated signaling pathways have remained
elusive.

Previously we have demonstrated that exposure to arsenic, a
heavy metal carcinogen, downregulates the expression of Stem-
loop binding protein (SLBP), leading to polyadenylation of ca-
nonical histone H3.1 mRNA (Brocato et al., 2014, 2015). The treat-
ment of cells to MG132, a proteasome inhibitor, rescued the
arsenic-induced downregulation of SLBP protein, suggesting
that proteasomal degradation of SLBP took place in response to
extracellular signal(s). In addition, arsenic exposure reduced the
SLBP mRNA level which was rescued by inhibitors of histone
acetylation and DNA methylation (Brocato et al., 2014), indicat-
ing that epigenetic mechanisms were involved in the arsenic-
induced transcriptional silencing of the SLBP gene.

The result of arsenic-induced polyadenylation of canonical
histone H3.1 mRNA was surprising because the expression of
replication-dependent canonical histone genes, such as histone
H3.1, is largely limited in S phase and their mRNAs do not con-
tain a typical poly(A) tail at their 30 ends like other metazoan
genes. Instead, they contain a highly conserved hairpin struc-
ture, which is bound by SLBP for proper 30 mRNA processing,
generating mature H3.1 mRNA without a poly(A) tail. Mutations
of the SLBP gene can result in misprocessing of the canonical
histone mRNAs, leading to expression of polyadenylated mRNA
from each of the canonical histone genes (Lanzotti et al., 2002;
Sullivan et al., 2001, 2009). Unlike normally processed canonical
histone mRNAs, polyadenylated mRNAs are relatively stable,
which results in existence of canonical histone mRNAs outside
of the S phase and increase in H3.1 protein level (Brocato et al.,
2014; Chen et al., 2020). Polyadenylation of H3.1 mRNA has been
shown to lead to displacement of histone variant H3.3 at active

critical gene regulatory regions, causing deregulation of cancer-
related genes, cell-cycle arrest, chromosome instability and cell
transformation (Chen et al., 2020). These data indicate that over-
expression of polyadenylated H3.1 mRNA due to SLBP depletion
has potential carcinogenic effects (Brocato et al., 2015; Chen
et al., 2020).

In this study, we investigated whether nicotine induces
downregulation of SLBP and polyadenylation of canonical his-
tone H3.1 mRNA in normal human bronchial epithelial (NHBE)
cells and in mice. Moreover, we characterized the factor(s) and
signaling pathway(s) involved in nicotine-induced downregula-
tion of SLBP as well as the role of nAChR activation and SLBP de-
pletion in nicotine-induced cell transformation in cultured
human lung epithelial cells.

MATERIALS AND METHODS

Reagents. Nicotine (no. N3876), 2-dimethylamino-4,5,6,7-tetra-
bromo-1H-benzimidazole (DMAT, no. SML2044), and
Roscovitine (no. R7772) were purchased from Sigma-Aldrich (St
Louis, Missouri). Trizol reagent was obtained from Invitrogen
(Thermo Fisher Scientific, Waltham, Massachusetts). The en-
hanced chemiluminescence (ECL) plus kit was purchased from
Bio-Rad (Hercules, California). The bicinchoninic acid (BCA) pro-
tein assay kit was obtained from Pierce (Thermo Fisher
Scientific). The antibodies were purchased as follows: anti-
CDK2 (1:1000 dilution, no. ab235941), anti-a7-nAChR (1:1000 di-
lution, no. ab216485), anti-histone H3 (1:2000 dilution, no.
ab1791), and anti-SLBP (1:2000 dilution, no. ab181972) were from
Abcam (Cambridge, Massachusetts); anti-CDK1 (1:1000 dilution,
no. 33-1800) and anti-CK2 (1:1000 dilution, no. PA5-95701) were
purchased from Invitrogen (Thermo Fisher Scientific); anti-
histone H4 (1:500 dilution, no. 05-858), anti-histone 2A (1:500 di-
lution, no. 07-146), and anti-histone 2B (1:500 dilution, no. 07-
371) were from MilliporeSigma (Burlington, Massachusetts);
anti-GAPDH (1:2000 dilution, no. sc-47724) was from Santa Cruz
Biotechnology (Dallas, Texas). Antibodies against phosphoy-
lated-AKTT308 (p-AKTT308, 1:500 dilution, no. 2965), p-AKTS473

(1:500 dilution, no. 4060), and AKT (1:1000 dilution, no. 4961s)
were from Cell Signaling Technology (Danvers, Massachusetts).
All other chemicals were of the analytical grade and obtained
from the local chemical suppliers. These chemical reagents
were prepared as stock solutions with sterile water (tissue cul-
ture grade), and then diluted to the final concentrations before
application.

Cell culture and treatment. Immortalized human lung bronchial
epithelial BEAS-2B cells were obtained from the American Type
Culture Collection (ATCC, Manassas, Virginia) and maintained
in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and
100 lg/ml streptomycin. The primary NHBE cells were pur-
chased from Lonza (Switzerland) and maintained in BEGM me-
dium (Lonza, Switzerland) supplemented with 100 U/ml
penicillin and 100 lg/ml streptomycin. Cells were incubated at
37�C in a humidified atmosphere containing 5% carbon dioxide.
In all experiments, cells (0.44� 106) were seeded into 10 cm-di-
ameter tissue-culture dishes with growth medium and allowed
to reach 60% confluence before being exposed to nicotine with
doses 0, 500, and 750 lM for 24 h, or 0, 10, 25, and 50 lM for 1–
4 weeks. For competition inhibition assays, 10 lM Roscovitine,
0.1 lM DMAT, 10 or 25 lM LY294002, 10 lM Mecamylamine
(Sigma-Aldrich, St Louis, Missouri), 10 lM DHbE or 1 lM a-bun-
garotoxin (MilliporeSigma, St Louis, Missouri) was added 1 h be-
fore nicotine treatment.
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Cell proliferation assay. The 3-(4,5-dimethylthiazol-2-ul)-2,5-
diphenyl tetrasodium bromide (MTT, Sigma-Aldrich) cytotoxic-
ity assay measures mitochondrial reductases, which convert
the water soluble MTT salt to a formazan that accumulates in
healthy cells. A total of 5000/well cells were seeded into 96-well
plate, then cells were exposed to increasing concentrations of
nicotine after the cells reached 60% confluency. After 24 h of
treatment, 10 ml MTT was added to each well containing 100 ml
fresh medium with final concentration of 5 mg/ml MTT and in-
cubated for 4 h at 37�C in 5% CO2. At the end of the incubation,
100 ml of isopropanol containing 0.04 N HCl was added to each
well to dissolve the crystals. The absorbance of wells was read
at 570 nm using a microplate reader.

Soft-agar assays. Cells treated with or without nicotine were
rinsed with PBS then seeded in low-gelling temperature
Agarose Type VII (Sigma Aldrich). The cells were seeded in trip-
licate in 6-well plates (5000 cells/well) in a top layer of 0.35%
agarose onto a bottom layer of 0.5% agarose and cultured at
37�C for 6 weeks. Colonies were stained with INT/BCIP (Roche
Diagnostics, Indianapolis, Indiana) overnight for visualization
and quantification of colony growth in agar and photographed.
Colonies larger than 50 lm were counted. All experiments were
performed in triplicates. The results were presented as fold
change versus 0 lM nicotine treatment group after the colonies
were adjusted for plating efficiency.

Western blot. Whole cell lysates were prepared from cultured cell
using RIPA lysis buffer. For mouse lung tissue lysate, 0.1 g of
lung tissue for each sample was shredded and cleaned with pre-
cold PBS, followed by sonication in RIPA lysis buffer to get ho-
mogenate lysate. Protein concentrations were determined by
BCA protein assay (Pierce, Thermo Fisher Scientific). Thirty mi-
crogram of whole cell lysate or 80 lg of tissue lysate per lane
were separated by 14% SDS-PAGE and blots were transferred to
a polyvinylidene difluoride membrane. The membrane was
blocked with 5% skimmed milk in TBST for 30 min at room tem-
perature then incubated with primary antibodies overnight at
4�C and secondary antibody conjugated with horseradish perox-
idase for 1 h at room temperature before visualization by ECL
Plus Western blotting detection reagent (Bio-Rad, Hercules,
California). Semiquantification of the bands were performed us-
ing NIH Image J software.

RNA isolation and real-time quantitative PCR. Total RNA was
extracted using Trizol Reagent (Invitrogen, Grand Island, New
York). Briefly, 1 ml Trizol was directly added to the plate to fully
digest the cells followed by phase separation and RNA precipita-
tion. For lung tissues, 0.1 g of tissue for each sample was quickly
frozen and ground in liquid nitrogen, then mixed with 1 ml
Trizol to extract RNA. The quantity and purity of the RNA pre-
pared from each sample were determined using a NanoDrop
2000 spectrophotometer. Reverse transcription (RT) was per-
formed using SuperScript IV First-Strand Synthesis System
(Invitrogen) with 1 lg of RNA in a final reaction volume of 20 ll
after DNA was removed. After incubation at 50�C for 50 min, RT
was terminated by heating at 85�C for 5 min. Quantitative real-
time PCR analysis was performed using Power SYBR Green PCR
Master Mix (Applied Biosystems, Waltham, Massachusetts). PCR
was performed in triplicate. RNA abundance was expressed as
2-DDCT for the target gene normalized against the GAPDH gene
and presented as fold change to the level in control cells. The
following primers were used:

Immunofluorescence staining. After washing twice with PBS, cells
were fixed with 10% formaldehyde, and incubated with 5% BSA
at room temperature to block nonspecific binding of antiserum.
Cells were incubated with primary antibodies against a7-nAChR
(1:150 dilution) at 4�C overnight. Labeled cells were visualized
by the use of FITC-conjugated secondary antibodies (goat anti-
rabbit) for 1 h at room temperature. A final concentration of
0.1 lg/ml DAPI was then added for 10 min and digital images
were captured using ZOE Fluorescent Cell Imager (Bio-Rad). For
negative controls, the primary antibodies were omitted.

Cell transfection and siRNA knockdown. CDK1, CDK2, CK2a1, CK2a2,
and a7-nAChR siRNAs were purchased from Thermo Fisher (cat-
alog nos. 103821, 118638 146139, 103306, and 114074). Cells were
seeded 24 h before transfection in complete medium without
antibiotics to allow 60%–80% confluency at transfection.
Lipofectamine RNAiMax (Invitrogen, catalog no. 13778150) and
siRNAs were each diluted in serum-free medium. The resulting
2 solutions were then mixed and incubated to enable complex
formation. Cells were then transfected by adding the RNAi-
Lipofectamine complex dropwise to medium to achieve a final
siRNA concentration of 80 pmol/l (for CDK1, CDK2, CK2a1, and
CK2a2) and 40 pmol/l (for a7-nAChR), and cells in negative con-
trol group were transfected with universal negative siRNA. Cells
were incubated at 37�C and knockdown efficiency was exam-
ined at 48 h post-transfection.

pcDNA-FLAG-SLBP plasmids were purified using a commer-
cial Qiagen QIAprep Spin Midiprep kit before transfection.
Overexpression transfections were performed using
Lipofectamine LTX Reagent with PLUS reagent (Invitrogen) fol-
lowing the manufacturer’s protocol. Briefly, 1.5� 106 cells were
seeded into 6-well dishes 24 h prior to transfection. The follow-
ing day, purified plasmid (1mg) was transfected into cells in
each well with 10 ml of Lipofectamine LTX and 2.5 ml of PLUS re-
agent. After 24 h post-transfection, the media was removed and
replaced with fresh DMEM. 0.5 mg/ml of G418 selection agent
was added to the transfected cells 3 days later. The cells were
grown under selection for 3 weeks and harvested for Western
blot and qPCR analysis.

E-cig aerosol exposure. Prior to e-cig aerosols exposure, BEAS-2B
cells were detached by 0.05% trypsin solution and seeded into
Transwell plates containing 0.4 mm pore size polyester

Gene ID Primer Sequence

SLBP Forward 50-CAAGACACCTTCGACAACCT-30

Reverse 50-GTCCCATGAACGTCGACTATAC-30

H3.1c Forward 50-AAATCGCCCAGGACTTCAAA-30

Reverse 50-TCCTGCAGCGCCATCAC-30

H2Ae1 Forward 50-GAAAGCAAGGCGGCAAAG-30

Reverse 50-CACACGGCCAACTGGAAACT-30

H2Bd1 Forward 50-CTCAGAAGAAGGACGGGAAGAA-30

Reverse 50-CGGGATGGACCTGCTTCA-30

H3.2c Forward 50-GTCCACGGAGCTGCTGAT-30

Reverse 50-GCAGGTCCGTCTTAAAGTC-30

H4 Forward 50-TCCGCGATGCTGTCACCTA-30

Reverse 50-TCCATGGCTGTGACTGTCTTG-30

GAPDH Forward 50-TGCACCACCAACTGCTTAGC-30

Reverse 50-GGCATGGACTGTGGTCATGA-30
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membrane inserts in each of 6-well culture plates, at a seeding
density of 120 000/insert. NHBE cells were detached by trypsin
pre-warmed at 37�C and seeded into the Transwell inserts with
at a density of 240 000/insert. Twenty-four hours after seeding,
medium on the apical side of the membrane was removed from
the insert to create an air-liquid interface, and cells on the
membrane were exposed to either filtered clean air (FA) or e-cig
aerosols. Unflavored tobacco e-liquid purchased from a U.S.
brand (Halo) was used in this study with 50% PG and 50% VG
(50:50 PG/VG), containing 0 or 18 mg/ml nicotine. E-cig aerosols
were produced from an automated 3-port e-cig aerosol genera-
tor (e�Aerosols LLC), as described previously (Lauterstein et al.,
2016). Puff aerosols were generated with charcoal and HEPA-FA
using a rotor-less diaphragm pump; the puff regimen consisted
of 55 ml puff volumes of 3 s duration at 30 s intervals at 3.6 V
voltage. Each puff was mixed with filtered dilution air before en-
tering the exposure chamber. After exposure for 20 min, me-
dium on the apical side of the membrane was added and the
cells incubated for 24 h in normal culture condition (37�C in a
humidified atmosphere containing 5% carbon dioxide).

Animal exposure. For in vivo experiments, 8-week-old female A/J
mice were randomly divided into 3 exposure groups consisting
of FA group, PG/VG (50:50) group, and a nicotine (36 mg/ml) plus
PG/VG group. The whole-body inhalation exposure was per-
formed at the University of Rochester. The e-cigarette (EC) ma-
chine was designed to vary puff profile parameters, such as
operating voltage, flow rate, and puff duration and to accommo-
date disposable EC and future EC generations, and has been
used in a number of published in vivo and in vitro studies at NYU
(Church et al., 2020; Lauterstein et al., 2016; Zelikoff et al., 2018)
and other universities. This automated 3-port EC aerosol gener-
ator ( e�Aerosols, developed in Dr Gordon’s lab at NYU
Grossman School of Medicine) was used with 3rd generation
NJOY EC tanks, a popular and widely used e-cig brand with nico-
tine. Each day, freshly made e-liquids (50% PG, 50% VG), with or
without nicotine (36 mg/ml) were used for EC exposures. Before
use, the electrical resistance of each EC was measured to ensure
the integrity of the heating coils, and the voltage adjusted to
produce a consistent wattage for each EC. The aerosol puffs
were generated with charcoal- and HEPA-FA with a regime of
55 ml puff volume of 4 s duration at 30-s intervals for 5 min. To
simulate human vaping profiles, this 5 min puffing profile was
repeated every 30 min for 4 h. Each puff was mixed with filtered
dilution air before entering the exposure chamber. Mice were
exposed to each treatment for 4 h per day, 5 days a week, for
3 months. The target exposure was 50 mg/l by filter weight, the
flow rate was 100 l/min. Mice were maintained at a temperature
of 21�C–23�C and 40%–60% humidity. After the final day of expo-
sure, the animals were transferred to the NYU Langone vivar-
ium and analyzed 3 months later, to determine long-term
consequences of e-cig exposure. The mice were sacrificed and
lung tissues were immediately collected and frozen in �80�C.
All procedures using animals were approved by the New York
University School of Medicine Institutional Animal Care and
Use Committee.

Statistical analysis. All data were expressed as mean 6 standard
deviations (SD), significant differences among and between
group means were carried out using Software SPSS v22.0 (SPSS
Inc., USA). Significant differences between the means were eval-
uated by analysis of variance test (1-way ANOVA). Post hoc tests,
when appropriate, were analyzed using Dunnett’s test.
Statistical significance was defined as p< .05.

RESULTS

Nicotine Exposure Induces Downregulation of SLBP
Previously, we reported that arsenic exposure induces polyade-
nylation of canonical histone mRNAs through depletion of
SLBP, a key factor for pre-mRNA processing of canonical histo-
nes (Brocato et al., 2014). Polyadenylation of canonical histone
H3.1 mRNA caused aberrant transcription, cell cycle arrest, and
chromosome instability in human lung epithelial cells (Chen
et al., 2020). To test the hypothesis that nicotine would have a
similar impact on SLBP expression, human lung epithelial
BEAS-2B cells were treated with nicotine and the SLBP protein
level was measured by Western blot analysis.

To determine suitable nicotine concentrations to be used,
cell viability MTT assays were performed with BEAS-2B cells
treated with either 250, 500, 750, or 1000 mM nicotine for 24 h.
The doses were chosen because an acute increase of nicotine up
to 100 mM in serum and 1000 mM at the mucosal surface immedi-
ately following smoking have been reported (Armitage et al.,
1975; Lindell et al., 1993; Russell et al., 1980). Cell viability was
80% or above at concentrations up to 750 mM (Figure 1A). As sub-
cytotoxic doses (>80% cell viability) are considered appropriate
for generating meaningful outcomes in in vitro carcinogenesis
studies (Mathijs et al., 2010; van Kesteren et al., 2011), cells were
treated with either 500 or 750 mM. Subsequent experiments at
lower doses (approximately 50 mM) are being carried out to vali-
date some of the observed effects. The SLBP protein levels were
reduced by about 25% and 45% following exposures to 500 and
750 mM nicotine, respectively, as compared with the control
(Figure 1B). By contrast, SLBP mRNA level was decreased only by
treatment with 750 mM nicotine, but not by 500 mM, albeit with
no statistical significance (p¼ .08), indicating that nicotine
downregulates SLBP protein levels perhaps through posttran-
scriptional regulation under these conditions.

Next, we examined if similar results were observed at lower
doses of nicotine that are more relevant to the human scenario.
In this case, BEAS-2B cells were treated with 0, 10, 25, and 50 lM
of nicotine for 1–4 weeks. The SLBP protein levels were de-
creased by 30% at 3 weeks during exposure in the 50 lM group
(p< .05) and by 20% at 4 weeks albeit not significantly (p¼ .069)
(Figure 1F and Supplementary Figs. 1A, C, and E). The SLBP
mRNA levels were decreased following a 4-week treatment with
50 lM of nicotine, as compared with the 0 lM control group
(p< .05) (Figure 1G and Supplementary Figs. 1B, D, and F). Taking
together, we conclude that exposure of the NHBE cells to liquid
nicotine can reduce protein and mRNA levels for SLBP.

Nicotine Exposure Induces Polyadenylation of Canonical Histone
H3.1 mRNA and Increases H3 Protein Level
As nicotine exposure reduced SLBP protein level, we investi-
gated whether it induces aberrant 3’-end processing of canoni-
cal histone H3.1 mRNA. The level of polyadenylated mRNAs can
be determined by using real-time quantitative PCR (RT-qPCR)
with oligo (dT) primers for RT, which captures mRNAs with
poly(A) tail. Figure 1D reveals that exposure of BEAS-2B cells to
750 lM of nicotine for 24 h results in approximately a 1.5-fold in-
crease of polyadenylated H3.1 mRNA, as compared with the
control (Figure 1D). Polyadenylation of mRNAs for other canoni-
cal histones including, H2A, H2B, H3.2, and H4 were also in-
creased by exposure of cells to 750 lM nicotine for 24 h
(Supplementary Figure 2A). Given that nicotine exposure in-
duced polyadenylation of all canonical histone mRNAs, we then
examined how these alterations changes protein levels of all 4
core histones. Results of Western blotting showed that the
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protein levels of total histone H3, as well as H2B and H4 were
upregulated following a 24-h treatment with 750 lM nicotine,
compared with the untreated control group (Figure 1E and
Supplementary Figs. 2B–E).

Next, we determined if polyadenylation of H3.1 mRNA is
also induced by low-dose “long-term” treatment of the cells to
nicotine. The level of H3.1 mRNA with a poly(A) tail was signifi-
cantly increased in BEAS-2B cells treated with 50 lM nicotine for

Figure 1. Downregulation of SLBP and polyadenylation of H3.1 mRNA by nicotine. A, BEAS-2B cells were treated with various concentrations of nicotine for 24 h and

subjected to MTT assays. B and C, Downregulation of SLBP by nicotine. The SLBP protein level and mRNA level were measured by Western blot (B) and RT-qPCR (C), re-

spectively, in BEAS-2B cells treated with or without nicotine for 24 h. GAPDH was used as an internal control. The band intensities (left panel in B) were quantified using

ImageJ software and presented as bar graphs to show relative quantification of SLBP protein level (right panel in B). D and E, Polyadenylation of canonical histone H3.1

mRNA by nicotine. The level of polyadenylated H3.1 mRNA (F) and total H3 protein level (G) were determined by RT-qPCR and Western blot, respectively, in BEAS-2B

cells treated with or without nicotine for 24 h. The amount of polyadenylated H3.1 mRNA was measured by RT-qPCR using cDNAs synthesized with oligo (dT) primers,

capturing polyadenylated mRNAs. GAPDH was used as an internal control. The band intensities (left panel in G) were quantified and presented as bar graphs (right

panel in G). F and G, Downregulation of SLBP by low-dose “long-term” treatment with nicotine. The SLBP protein and mRNA levels were measured by Western blot (D)

and RT-qPCR (E), respectively, in BEAS-2B cells treated with (10, 25, and 50 lM) or without nicotine for 4 weeks. GAPDH was used as an internal control. The band inten-

sities (left panel in D) were quantified and presented as bar graphs (right panel in D). H and I, Polyadenylation of canonical histone H3.1 mRNA by low-dose “long-term”

treatment with nicotine. The level of polyadenylated H3.1 mRNA (H) and total H3 protein level (I) were determined by RT-qPCR and Western blot, respectively, in BEAS-

2B cells treated with (10, 25, and 50 lM) or without nicotine for 4 weeks. GAPDH was used as an internal control. The band intensities (left panel in I) were quantified

and presented as bar graphs (right panel in I). Untreated controls were used as references, which were set to 1. The data shown are the mean 6 SD (n ¼ 3). *p < .05 ver-

sus untreated control group.
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4 weeks, compared with the 0 lM treatment group (Figure 1H).
In contrast, cells treated either with 50 lM nicotine for 1–
3 weeks or with 10 or 25 lM nicotine for 4 weeks failed to reach
statistical significance, compared with the control group
(Figure 1H and Supplementary Figs. 3A, C, and E). The H3 protein
level was also upregulated by treatment of cells with 50 lM nic-
otine for 4 weeks (Figure 1I and Supplementary Figs. 3B, D, and
F). These results indicate that in vitro exposure to nicotine leads
to a loss of SLBP, gain of H3.1 mRNA with poly(A) tail, and an in-
crease in H3 protein.

Nicotine-Mediated SLBP Depletion Is a7-nAChR Dependent
Nicotine is an agonist of nAChRs (Albuquerque et al., 2009). To
gain mechanistic insight into nicotine-induced SLBP depletion,
we asked whether the nicotine-induced downregulation of SLBP
requires nAChR activation in BEAS-2B cells. nAChRs belong to
the superfamily of homologous Cys-loop ion channel receptors,
consisting of 9 a (a2–a10) and 3 b subunits (b2–b4). The upregula-
tion of a7-nAChR has been shown to be particularly important
in lung cancer, facilitating the proliferation and migration of
cancer cells in lung tissue (Mucchietto et al., 2016; Schaal and
Chellappan, 2014). Immunofluorescence staining of BEAS-2B
cells demonstrated a dose-dependent increase of a7-nAChR
protein upon nicotine treatment (Figs. 2A and B). a-BTX, a classi-
cal a7-nAChR inhibitor, completely abrogated nicotine-induced
upregulation of a7-nAChR (Figs. 2A and B). Western blot analy-
sis showed that nicotine-induced reduction of SLBP protein
level was attenuated by a7-nAChR inhibitor a-BTX but not by
a3/a4-nAChR inhibitor DHbE (Figs. 2C and D). This finding sug-
gests that the downregulation of SLBP by nicotine is likely de-
pendent specifically on a7-nAChR.

To further validate an essential role for a7-nAChR in
nicotine-induced SLBP depletion, siRNA was used to knock
down a7-nAChR expression. Immunofluorescence staining
revealed a dose-dependent increase of a7-nAChR protein ex-
pression in nicotine-treated BEAS-2B cells that were transfected
with the control siRNAs (Figs. 2E and F). In contrast, transfection
of siRNA specific for a7-nAChR abrogated the nicotine-mediated
upregulation of a7-nAChR (Figs. 2E and F). Notably, nicotine-
induced depletion of SLBP was attenuated by knockdown of a7-
nAChR expression by siRNA (Figs. 2G and H). Together, we con-
clude that the nicotine-induced decrease in SLBP is a7-nAChR
dependent.

Activation of PI3K/AKT Signal Transduction Pathway by Nicotine
Exposure
It has been reported that the stimulation of nAChRs activates
the PI3K/AKT pathway (Kihara et al., 2001). As nicotine upregu-
lated a7-nAChR, we next investigated if PI3K/AKT pathway is
mechanistically involved in the nicotine-induced SLBP deple-
tion. As shown in Figure 3, nicotine treatment significantly in-
creased phosphorylation of AKT at S473 (p-AKTS473), but not p-
AKT T308, measured either directly or relative to total AKT
(Figs. 3A and B). Total AKT protein levels were not changed by
nicotine treatment. To determine whether PI3K/AKT activation
was involved in the depletion of SLBP, cells were pretreated
with 10 or 25 lM LY294002, an inhibitor of PI3K, prior to expo-
sure of the cells to nicotine. Nicotine-induced increase in p-
AKTS473 was reversed by 25 lM LY294002 and by 10 lM LY294002
to a lesser extent, indicating that 25 lM LY294002 efficiently
blocked PI3K/AKT pathway (Figs. 3C and E). Western blot analy-
sis further showed that in control cells, the SLBP protein level
was decreased by about 20% following nicotine treatment albeit
not significantly (p> .05) (Figs. 3C and D, lanes 1–3), whereas the

nicotine-induced SLBP reduction was rescued by 25 lM
LY294002 (Figs. 3C and D, lanes 4–9). These results suggest that
nicotine activates the PI3K/AKT pathway by inducing phosphor-
ylation of AKT at S473, yet its role in the nicotine-induced
downregulation of SLBP was undefined given that no statistical
significance for the changes in the SLBP protein level induced
by nicotine was observed in the control cells.

Regulation of Nicotine-Induced SLBP Depletion by CDK1/2
The level of SLBP is mainly regulated by posttranscriptional
mechanisms in normal cells (Whitfield et al., 2000). Previous
studies have demonstrated that phosphorylation of SLBP at
Thr61 by cyclin A/CDK1 primes phosphorylation at Thr60 by
CK2, which triggers subsequent proteasome-mediated SLBP
degradation at the S/G2 cell cycle border (Bradford and Jin,
2021). Thus, we examined if CDK1 and/or CK2 are involved in
nicotine-induced SLBP depletion. We first measured the
changes of SLBP protein levels following nicotine treatment in
the presence of roscovitine, an inhibitor of CDK1, CDK2, CDK5,
and CDK7 (Cicenas et al., 2015). Nicotine exposure at 750 mM re-
duced the SLBP protein level with statistical significance in the
absence of roscovitine (compare lane 1 with lanes 4 in Figs. 4A
and B), a similar reduction was not observed in the cells pre-
treated with roscovitine (compare lane 2 with lanes 6 in Figs. 4A
and B), suggesting that CDK1, CDK2, CDK5, and/or CDK7 are re-
quired for nicotine-induced SLBP depletion.

For further verifying the role of CDK1/2 in inducing nicotine-
induced SLBP downregulation, BEAS-2B cells were transfected
with control siRNA or siRNAs specific for either CDK1 or CDK2
followed by the Western blot analysis. The results showed
highly efficient knockdown of CDK1 or CDK2 expressions by re-
spective siRNAs (Figs. 4C, D, G, and H). p-AKTS473 was upregu-
lated by nicotine exposure in the control cells as seen in the
“wild-type” BEAS-2B cells (lanes 1–3 in Figs. 4C, E, G, and I).
Interestingly, CDK1 siRNA had no effect on nicotine-induced
changes in p-AKTS473 (Figs. 4C and E). By contrast, the level of p-
AKTS473 was greatly inhibited in the CDK2 siRNA cells (Figs. 4G
and I), suggesting that CDK2 but not CDK1 was responsible for
upregulation of p-AKTS473 by nicotine exposure. In the control
siRNA cells, nicotine exposure decreased the SLBP protein level
by about 30% (p> .05), whereas knockdown of either CDK1 or
CDK2 was able to reverse nicotine-induced depletion of SLBP
(Figs. 4C, F, G, and J). Given that nicotine-induced reduction of
SLBP in the control siRNA cells was not statistically significant,
further studies are needed to confirm the role of CDK1 and
CDK2 in nicotine-mediated SLBP depletion. Nonetheless, they
are likely function through different mechanisms that are either
p-AKTS473-dependent (CDK2) or independent (CDK1).

SLBP Depletion by Nicotine Is Regulated by CK2
To test if CK2 is also involved in nicotine-mediated SLBP down-
regulation, we investigated how DMAT, an inhibitor of CK2,
affects SLBP protein level following nicotine exposure in BEAS-
2B cells. In the absence of DMAT, the SLBP protein level was re-
duced dose dependently by nicotine treatment (lanes 1–3 in
Figs. 5A and B), whereas the SLBP depletion was rescued in the
presence of DMAT (lanes 4–6 in Figs. 5A and B). These data sug-
gest a role for CK2 might in the nicotine-induced loss of SLBP.

The role of CK2 in SLBP downregulation was further verified
by using siRNAs targeting the a1 and a2 catalytic subunit, re-
spectively. Both siRNAs specifically depleted the expression of
respective targeting subunits (compare lanes 1 and 4 in Figs. 5C
and D and Figs. 5G and H). The protein levels for CK2a1 but not
CK2a2 were significantly upregulated by nicotine treatment in
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the control siRNA cells (lanes 1–3 in Figs. 5C and D and Figs. 5G
and H), whereas the induction was not observed in both the
CK2a1- and CK2a2-siRNA cells (lanes 4–6 in Figs. 5C and D and
Figs. 5G and H). Notably, the knockdown of CK2a1 reversed
nicotine-induced p-AKTS473 and the loss of SLBP (lanes 4–6 in
Figs. 5C, E, and F).

By contrast, the CK2a2 knockdown failed to reverse the de-
pletion of SLBP induced by nicotine exposure (lanes 4–6 in
Figs. 5G and J). However, the level of p-AKTS473 was not further
increased by nicotine treatment in the CK2a2 siRNA cells proba-
bly due to the amount of p-AKTS473 has already reached satura-
tion by CK2a2 knockdown even prior to the nicotine treatment

Figure 2. Nicotine-mediated downregulation of SLBP is a7-nAChR dependent. A–B, Immunofluorescence (IF) staining of a7-nAChR in BEAS-2B cells treated with or with-

out nicotine for 24 h in the presence or absence of 1 lM a-BTX, an inhibitor of a7-nAChR. Representative IF staining for a7-nAChR, DAPI, and merged images are shown

(A). The IF intensities for a7-nAChR were determined by ImageJ software, normalized to control group, and presented as bar graphs (B). C and D, a-BTX, an inhibitor of

a7-nAChR, but not DHbE, an inhibitor of a3/4-nAChR, attenuates nicotine-induced downregulation of SLBP. BEAS-2B cells were treated with or without nicotine for 24

h in the presence or absence of DHbE or a-BTX and subjected to Western blot analysis with indicated antibodies (C). The band intensities were quantified and presented

as bar graphs to show relative protein levels for SLBP (D). GAPDH was used as an internal control. E–F, IF staining of a7-nAChR following nicotine treatment of BEAS-2B

cells transiently transfected with the control siRNA or the siRNA specific for a7-nAChR. Representative IF staining for a7-nAChR (green), DAPI (blue), and merged

images are shown (E). The IF intensities for a7-nAChR were determined by ImageJ software, normalized to control group, and presented as bar graphs (F). G and H,

Knockdown of a7-nAChR by siRNA attenuates nicotine-mediated downregulation of SLBP. BEAS-2B cells that have been transiently transfected with the control siRNA

or the siRNA specific for a7-nAChR were treated with or without nicotine for 24 h and subjected to Western blot analysis with indicated antibodies (G). The band inten-

sities were quantified and presented as bar graphs to show relative protein levels for SLBP (H). GAPDH was used as an internal control. Untreated controls in lane 1

were used as references, which were set to 1. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus untreated control group.
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(Figs. 5G and I). Together, these results suggest that the a1 cata-
lytic subunit but not the a2 subunit of CK2 is necessary for
nicotine-induced SLBP depletion.

The Role of a7-nAChR in Nicotine-Induced Regulation of CDK1/2,
CK2, and AKT
We demonstrated that nicotine exposure activates CDK1/2, CK2,
and AKT, which are required for nicotine-induced downregula-
tion of SLBP. To determine if these changes induced by nicotine
are a7-nAChR dependent, we performed Western blot analysis
with the cells transfected with the a7-nAChR siRNA or the con-
trol siRNA. In the control cells, a7-nAChR protein level was in-
creased by about 2-fold following nicotine treatment, whereas
no increase was observed in the cells transfected with siRNA for
a7-nAChR, indicating that induction of a7-nAChR was

successfully inhibited by the a7-nAChR-specific siRNA (Figs. 6A
and B). The levels of p-AKTS473, CDK1, and CK2, but not CDK2
(p¼ .056), were significantly increased following nicotine treat-
ment in the BEAS-2B cells transfected with control siRNA cells,
best revealed with 750 lM nicotine (lanes 1–3 in Figs. 6A and C–
F). Importantly, the increases in p-AKTS473 and CDK1 and CK2
protein levels mediated by nicotine exposure were prevented by
the knockdown of a7-nAChR (lanes 4–6 in Figs. 6A, C, D, and F).
These data suggest that nicotine-induced phosphorylation of
AKT at S473 and upregulation of CDK1 and CK2 are a7-nAChR-
dependent.

Nicotine-Induced Cell Transformation Is a7-nAChR Dependent
To explore a potential role for a7-nAChR in nicotine-induced
cell transformation, we carried out a series of soft agar assays,

Figure 3. Activation of PI3K/AKT signal transduction pathway by nicotine exposure. A and B, Phosphorylation of AKT at S473 by nicotine. BEAS-2B cells were treated

with or without nicotine for 24 h followed by Western blot analysis with indicated antibodies (A). The band intensities were quantified and presented as bar graphs (B).

GAPDH was used as an internal control. C–E, Inhibition of PI3K/AKT pathway attenuates nicotine-induced downregulation of SLBP. BEAS-2B cells were treated with or

without nicotine for 24 h in the presence or absence of LY294002, an inhibitor of PI3K, and subjected to Western blot with indicated antibodies (C). The band intensities

were quantified and presented as bar graphs to show relative quantifications of SLBP (D) and p-AKTS473/AKT (E). GAPDH was used as an internal control. Untreated

controls in lane 1 were used as references, which were set to 1. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus untreated control group.
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which measure the ability of cells to grow anchorage indepen-
dently. We first examined if nicotine can induce cell transfor-
mation. Treatment of BEAS-2B cells with 750 lM of nicotine for

24 h facilitated colony formation in soft agar as compared with
the untreated control cells (Figure 7A). We also examined if
“long-term” low-dose nicotine treatment could induce

Figure 4. Regulation of nicotine-induced SLBP depletion by CDK1/2. A and B, Inhibition of CDKs attenuates nicotine-induced downregulation of SLBP. BEAS-2B cells

were treated with or without nicotine for 24 h in the presence or absence of roscovitine, an CDK inhibitor, and subjected to Western blot (A). The band intensities were

quantified and presented as bar graphs to show relative quantifications of SLBP (B). GAPDH was used as an internal control. C–F, Knockdown of CDK1 by siRNA attenu-

ates nicotine-induced downregulation of SLBP but not phosphorylation of AKT at S473. BEAS-2B cells were transiently transfected with control siRNA or CDK1 siRNA

and then treated with or without nicotine for 24 h followed by Western blot analysis with indicated antibodies (C). The band intensities were quantified and presented

as bar graphs to show relative quantifications of CDK1 (D), p-AKTS473/AKT (E), and SLBP (F). G–J, Knockdown of CDK2 by siRNA attenuates nicotine-induced downregu-

lation of SLBP and phosphorylation of AKT at S473. BEAS-2B cells were transiently transfected with control siRNA or CDK2 siRNA and then treated with or without nico-

tine for 24 h followed by Western blot analysis with indicated antibodies (G). The band intensities were quantified and presented as bar graphs to show relative

quantifications of CDK2 (H), p-AKTS473/AKT (I), and SLBP (J). Untreated controls in lane 1 were used as references, which were set to 1. The data shown are the mean 6

SD (n ¼ 3). *p < .05 versus untreated control group.
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anchorage-independent growth of BEAS-2B cells. The cells were
treated with 10, 25, and 50 lM of nicotine for 1–4 weeks.
Exposure of BEAS-2B cells with 50 lM nicotine for 4 weeks en-
hanced colony formation in soft agar by about 70% as compared
with the 0 lM nicotine treatment group albeit not significantly
(p¼ .086) (Figure 7B and Supplementary Figure 4). These results
indicate that nicotine is able to induce cell transformation
in vitro at least under certain conditions.

We then treated BEAS-2B cells with a-BTX, an inhibitor of
a7-nAChR, or transfected the cells with siRNA for a7-nAChR,
prior to exposure of the cells to nicotine, and then performed
soft-agar assays. Nicotine-mediated colony formation in soft
agar was suppressed by pretreatment of the cells with a-BTX
(Figure 7C). Moreover, knockdown of a7-nAChR by siRNA abol-
ished colony formation in soft agar, regardless of whether the
cells were treated with or without nicotine (Figure 7D),

Figure 5. Nicotine-induced downregulation of SLBP is regulated by CK2. A and B, Inhibition of CK2 attenuates nicotine-induced downregulation of SLBP. BEAS-2B cells

were treated with or without nicotine for 24 h in the presence or absence of DMAT, an CK2 inhibitor, and subjected to Western blot (A). The band intensities were quan-

tified and presented as bar graphs to show relative quantifications of SLBP (B). GAPDH was used as an internal control. C–F, Knockdown of CK2a1 by siRNA attenuates

nicotine-induced downregulation of SLBP and phosphorylation of AKT at S473. BEAS-2B cells were transiently transfected with control siRNA or CK2a1 siRNA and then

treated with or without nicotine for 24 h followed by Western blot analysis with indicated antibodies (C). The band intensities were quantified and presented as bar

graphs to show relative quantifications of CK2a1 (D), p-AKTS473/AKT (E), and SLBP (F). GAPDH was used as an internal control. G–J, Knockdown of CK2a2 by siRNA has

no effects on nicotine-induced downregulation of SLBP. BEAS-2B cells were transiently transfected with control siRNA or CK2a2 siRNA and then treated with or without

nicotine for 24 h followed by Western blot analysis with indicated antibodies (G). The band intensities were quantified and presented as bar graphs to show relative

quantifications of CK2a2 (H), p-AKTS473/AKT (I), and SLBP (J). GAPDH was used as an internal control. Untreated controls in lane 1 were used as references, which were

set to 1. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus untreated control group; &p < .05 versus control group in Ctrl siRNA cells in panel K.
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suggesting that a7-nAChR is required for anchorage-
independent cell growth. Taken together, we conclude that nic-
otine induces cell transformation through the a7-nAChR.

SLBP Overexpression Inhibits Nicotine-Induced Cell Transformation
Nicotine exposure induced cell transformation via a7-nAChR.
Because nicotine exposure led to SLBP protein reduction and H3
protein upregulation via a7-nAChR, we explored the role of SLBP
depletion in nicotine-induced cell transformation. To this end,
we established BEAS-2B cell lines that stably express FLAG-
tagged SLBP. We chose 2 SLBP-overexpressing cell clones (SLBP
clone 1 and clone 2) that expressed relatively low level of exoge-
nous SLBP (Supplementary Figure 5A) to determine how the
overexpression of SLBP affects nicotine-induced cell
transformation.

BEAS-2B cells and SLBP clone 1 and clone 2 were treated
with either 0, 500, or 750 lM nicotine for 24 h. In parental BEAS-
2B cells, nicotine downregulated SLBP and upregulated polyade-
nylated H3.1 mRNA and H3 protein (Supplementary Figs. 5A–E).
In contrast, overexpression of SLBP in both SLBP clone 1 and 2
prevented nicotine-induced loss of SLBP and increase of polya-
denylated H3.1 mRNA and H3 protein (Supplementary Figs. 5A–
E). Importantly, although colony numbers in soft agars were in-
creased with statistical significance by treatment of the paren-
tal cells with 750 lM nicotine for 24 h, cells that expressed FLAG-
SLBP exhibited no colony formation in soft agar in the presence

or absence of nicotine treatment (Figure 7E). Similar results
were obtained when the cells were treated with 50 lM nicotine
for 4 weeks (Figure 7F). These results suggest that SLBP has an
inhibitory effect on anchorage-independent cell growth and is
likely required for nicotine-induced cell transformation.

Exposure to Nicotine Aerosols Generated from e-Cigs Downregulates
SLBP in Normal Human Bronchial Epithelial Primary Cells and in
Mice
We used liquid nicotine to demonstrate downregulation of SLBP
and subsequent increase in polyadenylated histone H3.1 mRNA
and H3 protein level in BEAS-2B cells. It is important to confirm
the results with nicotine aerosols generated by e-cigs. The nico-
tine concentration of e-cig varies between 3 and 36 mg/ml with
recent generations of e-cigs containing up to 60 mg/ml of nico-
tine (Kesimer, 2019). Thus, we generated e-cig aerosols from
unflavored e-liquid, which contains 0 or 18 mg/ml nicotine with
50% PG and 50% VG (50:50 PG/VG). FA was used as the control.
Exposure of BEAS-2B cells to e-cig aerosols generated from e-liq-
uid with 18 mg/ml nicotine, but not with 0 mg/ml nicotine, dra-
matically reduced the protein and mRNA levels for SLBP as
compared with the FA control group (Figs. 8A, B, and D).
Exposure to e-cig aerosols with 18 mg/ml nicotine significantly
increased the protein level of H3 (Figs. 8A and C) and polyadeny-
lated H3.1 mRNA as compared with the FA control (Figure 8E).
By contrast, exposure to e-cig aerosols without nicotine had no

Figure 6. Nicotine-induced activation of AKT, CDK1, and CK2 is a7-nAChR dependent. A, Knockdown of a7-nAChR by siRNA attenuates nicotine-induced activation of

AKT, CDK1, and CK2. BEAS-2B cells were transiently transfected with control siRNA or a7-nAChR siRNA and then treated with or without nicotine for 24 h followed by

Western blot analysis with indicated antibodies. B–F, The band intensities from (A) were quantified and presented as bar graphs to show relative quantifications of a7-

nAChR (B), p-AKTS473/AKT (C), CDK1 (D), CDK2 (E), and CK2 (F). GAPDH was used as an internal control. The controls in lane 1 were used as references. The data shown

are the mean 6 SD (n ¼ 3). *p < .05 versus control group.
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effect on the levels of polyadenylated H3.1 mRNA and H3 pro-
tein (Figs. 8A, C, and E). These data indicate that the loss of SLBP
and gain of polyadenylated H3.1 mRNA can be induced not only
by exposure to liquid nicotine, but also by nicotine aerosols gen-
erated by heating e-cig containing nicotine.

Next, we used NHBE cells to validate our data in primary hu-
man lung cells. Because the cells grow very slowly with limited
passage numbers, we were only able to collect samples for RT-
qPCR assays. The level of SLBP mRNA was reduced by exposure
of NHBE cells to e-cig aerosols with nicotine, but not by e-cig

Figure 7. Nicotine induces anchorage-independent cell growth through the a7-nAChR and overexpression of SLBP rescues nicotine-induced cell transformation. A and

B, Exposure of BEAS-2B cells to 750 lM nicotine for 24 h (A) or 50 lM for 4 weeks (B) enhances anchorage-independent cell growth. After nicotine treatment, the cells

were plated in soft agar, and cultured for 6 weeks. C, Inhibition of a7-nAChR attenuates nicotine-induced anchorage-independent cell growth. BEAS-2B cells were

treated with or without nicotine for 24 h in the presence or absence of a-BTX, an inhibitor of a7-nAChR, and then subjected to soft agar assays. The cells were grown in

soft agar for 6 weeks. D, Knockdown of a7-nAChR inhibits anchorage-independent cell growth. BEAS-2B cells were transiently transfected with control siRNA or siRNA

specific for a7-nAChR, treated with or without nicotine for 24 h, and then subjected to soft agar assays. The cells were grown in soft agar for 6 weeks. E and F, Soft agar

assays. BEAS-2B cells as well as SLBP-overexpressing cells were treated either with 0, 500, and 750 lM nicotine for 24 h, or with 0 and 50 lM nicotine for 4 weeks, and

then plated in soft agar, cultured for 6 weeks. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus control group.
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aerosols without nicotine as compared with the FA control
(Figure 8F). Furthermore, exposure of the primary human lung
cells to nicotine aerosols increased the level of polyadenylated
H3.1 mRNA by more than 2-fold (Figure 8G). These data confirm
the impact of nicotine on SLBP expression and polyadenylation
of H3.1 mRNA in human lung primary epithelial cells.

Changes in SLBP expression and polyadenylation of H3.1
mRNA were also measured in lung tissues collected from fe-
male A/J mice exposed to FA, e-cigs without nicotine (PG/VG
group), or e-cigs with 36 mg/ml of nicotine (PG/VG plus nicotine
group). The mice were exposed 5 days a week for 3 months and
analyzed 2.5 months later. Western blot and RT-qPCR results

Figure 8. Downregulation of SLBP and polyadenylation of H3.1 mRNA by e-cig aerosols with nicotine in human lung primary cells and in mice. A–C, Western blot

detects changes in SLBP and H3 protein levels induced by e-cig aerosols in BEAS-2B cells. BEAS-2B ells were exposed to filtered clean air (FA), e-cig aerosols containing

PG/VG and 0 mg/ml nicotine (PG/VG), or e-cig aerosols containing PG/VG and 18 mg/ml nicotine (PG/VGþNicotine) followed by Western blot analysis. The band intensi-

ties were quantified using ImageJ software and presented as bar graphs to show relative quantifications of SLBP (B) and total H3 (C). GAPDH was used as an internal

control. The FA control group were used as references. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus FA group. D and E: RT-qPCR detects changes in SLBP

mRNA and polyadenylated H3.1 mRNA levels induced by e-cig aerosols in BEAS-2B cells. The amount of polyadenylated H3.1 mRNA was measured by RT-qPCR using

cDNAs synthesized with oligo (dT) primers. mRNA levels for SLBP and H3.1 were normalized to GAPDH. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus FA

group. F and G, Changes in SLBP mRNA and polyadenylated H3.1 mRNA levels induced by e-cig aerosols in NHBE primary cells. mRNA levels for SLBP and polyadeny-

lated H3.1 were normalized to GAPDH. The data shown are the mean 6 SD (n ¼ 3). *p < .05 versus FA group. H–L, Western blot detects changes in SLBP and H3 levels in

lung tissues of mice exposed to e-cig aerosols. A/J female mice were exposed FA, PG/VG, or PG/VG plus 36 mg/ml of nicotine 5 days a week for 3 months. Lung tissues

were collected and protein and mRNA levels were analyzed by Western blot (H–J) or RT-qPCR (K, L), respectively. GAPDH was used as an internal control. The data are

shown for each individual mouse. Relative protein levels were calculated based on band intensity. Error bars represent SD (n ¼ 8 for FA and PG/VG groups; n ¼ 12 for

nicotine exposure group). *p < .05 versus FA group.
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showed that both protein and mRNA levels of SLBP were de-
creased in the nicotine exposure group, but not in the PG/VG
group, with statistical significance (p< .05) as compared with
the FA control group (Figs. 8H, I, and K). Moreover, the level of
polyadenylated H3.1 mRNA was also increased in lung tissues
of mice exposed to e-cig aerosols with nicotine (nicotine group),
but not to e-cig without nicotine (PG/VG group) (Figure 8L). The
total H3 protein levels appeared to be increased in the nicotine
group, but not in the PG/VG group as compared with the FA con-
trol, however, this did not reach statistical difference (Figs. 8H
and J). These results suggest that nicotine exposure downregu-
lates SLBP levels and induces polyadenylation of canonical his-
tone mRNA in vivo.

DISCUSSION

In the present study, using immortalized NHBE BEAS-2B cells,
human primary NHBE cells, and an in vivo exposure, we demon-
strate that nicotine exposure induces the loss of SLBP and the
gain of polyadenylated canonical histone H3.1 mRNA.
Treatment of BEAS-2B cells with liquid nicotine resulted in a de-
crease in both protein and mRNA levels of SLBP and the in-
crease in the levels of H3.1 mRNA with poly(A) tail. Importantly,
the same results were obtained with e-cig aerosols, which were
generated by heating e-cig liquid containing nicotine. The
results were not likely due to other components in the e-cig liq-
uid, such as PG/VG, because the aerosols from e-cig without nic-
otine did not change the levels of SLBP and polyadenylated H3.1
mRNA as compared with the FA control. Moreover, the results
were not likely BEAS-2B cells- and immortalized cells-specific,
because exposure of the primary NHBE cells to nicotine aerosols
also downregulated SLBP mRNA levels and increased the levels
of polyadenylated H3.1 mRNA. These changes were seen in ani-
mal exposure studies as well. Mice exposed to the aerosols from
e-cig with nicotine, but not from e-cig without nicotine, exhib-
ited lower levels of SLBP protein and mRNA levels as well as
higher levels of polyadenylated H3.1 mRNA in the lung tissues
as compared with the FA control groups. Taking together, we
conclude that nicotine exposure induces the SLBP depletion and
polyadenylation of canonical H3.1 mRNA.

The loss of SLBP is associated with genomic instability
(Kodama et al., 2002; Salzler et al., 2009). Although SLBP is in-
volved in the most processes of biosynthesis of canonical histo-
nes, including their pre-mRNA processing, mRNA stability,
nuclear export, and translation. Aberrant 3’ processing, ie, poly-
adenylation of canonical histone mRNAs appeared to be the
major mechanism for SLBP-associated genomic instability, be-
cause overexpression of polyadenylated H3.1 mRNA led to de-
regulation of cancer-associated genes, including lung-cancer
related genes, aberrant cell cycle progress as well as chromo-
some aneuploidy and aberrations (Chen et al., 2020). Not surpris-
ingly, both knockdown of SLBP and polyadenylation of H3.1
mRNA were able to enhance anchorage-independent growth of
BEAS-2B cells, indicating a critical role for the loss of SLBP and
subsequent acquisition of a poly(A) tail at the 3’ end of H3.1
mRNA in cell transformation (Chen et al., 2020). This current
study showed that although nicotine exposure decreased the
level of SLBP, overexpression of SLBP was able to prevent the
nicotine-induced cell transformation. This effect was likely at-
tributable to reduced induction of polyadenylated H3.1 mRNA,
because overexpression of SLBP attenuated nicotine-induced
polyadenylation of canonical histone mRNAs. We propose that
the loss of SLBP and the gain of polyadenylated canonical

histone mRNAs, in particular H3.1 mRNA, may represent a
novel mechanism for nicotine toxicity and cell transformation.

Nicotine acts primarily by activating nAChRs, which are
expressed not only in neuronal cells, but also in nonneuronal
epithelial and endothelial cells (Cattaneo et al., 1993; Cheng
et al., 2020). Deregulation of the nAChRs is often observed in
many cancers, including lung cancer (Mucchietto et al., 2016;
Schaal and Chellappan, 2014). In our study, immunofluores-
cence staining revealed upregulation of a7-nAChR following
nicotine treatment. a7-nAChR was required for nicotine-
induced SLBP downregulation because an inhibitor of a7-
nAChR, but not of a3/a4-nAChRs, attenuated nicotine-induced
loss of SLBP. This was further supported by the observation that
the SLBP level was not changed by nicotine exposure in the a7-
nAChR knockdown cells by siRNA. Our study further demon-
strated that activation of a7-nAChR and subsequent depletion
of SLBP are required for nicotine-mediated cell transformation.
Tang et al. reported that nicotine causes lung carcinogenesis in
mice through inducing DNA damage and inhibiting DNA repair
(Tang et al., 2019). Our data suggested that non-genotoxic func-
tion of nicotine, ie, activation of a7-nAChR and subsequent
downregulation of SLBP and polyadenylation of canonic histone
mRNAs, might be another cause or significant contributor to the
nicotine-induced carcinogenesis. Another implication of this
study is that even without diffusion to the cells, nicotine may
play an important role in nicotine-induced toxicity/carcinoge-
nicity via binding to and activating certain receptors on cell
membrane.

Previous studies have demonstrated that activation of
nAChRs can trigger a varieties of downstream signal pathways,
including PI3K/AKT pathway. Our data showed that nicotine in-
duced phosphorylation of AKT at S473 but not at T308. This was
different from the previous results by West et al. where they
showed that both S473 and T308 of AKT were phosphorylated
by nicotine treatment (West et al., 2003). Differences in the cell
types and thus the composition of nAChR subunits, and doses
and durations of nicotine exposures were likely attributable to
the observed differences between 2 studies. Moreover, the phos-
phorylation of AKT at T308 appeared to be a transient change
with peak levels at 15–30 min post treatment (West et al., 2003),
which might be another reason why we did not see the change
as we measured the phosphorylation status of AKT after 24 h of
treatment. Although it is not clear from the current study if
nicotine-induced activation of PI3K/AKT pathway is required for
downregulation of SLBP, it is possible that AKT may downregu-
late the SLBP level both by transcriptional deregulation and by
proteasome-mediated protein degradation process given that
AKT can target numerous functional protein classes including
transcription factors and E3-ubiquitin ligases among many
others.

In normal cells, the SLBP levels are mainly regulated by a
posttranslational mechanism. Phosphorylation of SLBP at T61
by cyclin A/CDK1 and T60 by CK2 are critical for degradation of
SLBP by the SCF (SKP1-CUL1-F-box protein) ubiquitin ligase
complex (Dankert et al., 2016). Roscovitine, an inhibitor of CDKs
including CDK1 and CDK2, was able to rescue nicotine-induced
downregulation of SLBP protein level. In addition, the SLBP loss
induced by nicotine was reversed either by CDK1 knockdown or
by CDK2 knockdown, suggesting that both CDK1 and CDK2
might play roles in nicotine-induced SLBP downregulation.
However, further research is needed in the future to confirm
this possibility given that nicotine-induced SLBP loss was not
statistically significant in the control siRNA cells (Figure 4).
Interestingly, nicotine-induced p-AKTS473 was not changed by
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CDK1 knockdown but was prevented by CDK2 knockdown.
These results indicate that CDK1 might downregulate SLBP ex-
pression AKT independently probably through direct phosphor-
ylation of SLBP, whereas CDK2 might be involved in SLBP
downregulation through activating AKT. It is known that CDK2/
cyclin A2 phosphorylates AKT at both S477 and T479, triggering
the canonical AKT-pS473 phosphorylation to promote AKT acti-
vation in response to several upstream signals (Liu et al., 2014).

It has been known that the phosphorylation of SLBP by the
tumorigenic potential protein kinase CK2 is primed by the phos-
phorylation by cyclin A/CDK1, both are required for SLBP degra-
dation (Koseoglu et al., 2008). We demonstrate here that nicotine-
induced downregulation of SLBP requires activation of CK2a1
catalytic subunit. Nicotine-induced phosphorylation of AKT at
S473 was attenuated by the CK2a1 knockdown, indicating that
CK2 is required for nicotine-induced activation of PI3K/AKT
pathway. Moreover, it is known that CK2 can indirectly regulate
AKT activity. For example, CK2 inhibits PTEN phosphatase activ-
ity, causing AKT activity; CK2 phosphorylation of mTOR kinases
enhanced the AKT upstream activator mTORC2, which is re-
sponsible for S473 phosphorylation of AKT (Alcaraz et al., 2020).
Thus, in addition to direct phosphorylation of SLBP by CK2 and
subsequent degradation, activation of AKT pathway by CK2
might also be involved in the nicotine-induced SLBP depletion.

a7-nAChR was required for nicotine-induced activation of
CDK1, CK2, and PI3K/AKT pathway. Our findings lend support to
the importance of nAChR in nicotine toxicity and potential carci-
nogenicity, because both inhibition of a7-nAChR by an inhibitor
or by siRNA knockdown reversed nicotine-induced cell transfor-
mation. As PI3K/AKT pathway and kinases like CDK1/2 and CK2
possess many downstream effectors, it is likely that nicotine

may exert its effects not only through targeting SLBP but also
other effectors. We propose that nicotine causes SLBP depletion
and polyadenylation of canonical histone mRNAs through acti-
vation of a7-nAChR and a series of downstream signal transduc-
tion pathways, involving PI3K/AKT, CDK1/2, and CK2 (Figure 9).
This mechanism may be critical for nicotine-induced bronchial
epithelial cell transformation and carcinogenesis.

A key question needs to be addressed among many others is
how PI3K/AKT, CDK1/2, and CK2 are activated by nicotine expo-
sure. Previous studies have demonstrated that nAChR can acti-
vate different kinases in a Ca2þ-dependent or Ca2þ-independent
manner. Activation of nAChR induces influx of Ca2þ, resulting
in increased intracellular Ca2þ concentration, which triggers
binding of Ca2þ to CaM (calmodulin), a major Ca2þ sensor. Ca2þ/
CaM then interacts with the family of CaM kinases (CaMKs) and
activates them by releasing their catalytic domain from autoin-
hibitory domain. A number of studies have shown that a7-
nAChR-mediated activation of MAPK and PI3K pathways
requires Ca2þ-dependent CaMKII activation (Chernyavsky et al.,
2009, 2010; Gubbins et al., 2010). Moreover, a7-nAChR can medi-
ate activation of MAPK and PI3K pathways Ca2þ independently
through activation of Jak2 or FYN tyrosine kinasea
(Chernyavsky et al., 2009, 2010; de Jonge et al., 2005; Kihara et al.,
2001). The mechanisms that control nicotine-induced activation
of PI3K/AKT, CDK1/2, and CK2, Ca2þ dependent or independent,
and their interplays need further investigation in the future.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.

Figure 9. Schematic summary of possible mechanism of nicotine-induced downregulation of SLBP and cell transformation. The graphic was created with

BioRender.com.
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