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Cigarette smoking (CS) causes skeletal muscle dysfunction, leading to sarcopenia and worse prognosis of patients
with diverse systemic diseases. Here, we found that CS exposure prevented C2C12 myoblasts proliferation in a
dose-dependent manner. Immunoblotting assays verified that CS exposure promoted the expression of cell cycle

;i}\;yde suppressor protein p21. Furthermore, CS exposure significantly inhibited replication-dependent (RD) histone
Proteasome transcription and caused S phase arrest in the cell cycle during C2C12 proliferation. Mechanistically, CS

deregulated the expression levels of Nuclear Protein Ataxia-Telangiectasia Locus (NPAT/p220). Notably, the
proteasome inhibitor MG132 was able to reverse the expression of NPAT in myoblasts, implying that the
degradation of CS-mediated NPAT is proteasome-dependent. Overexpression of NPAT also rescued the defective
proliferation phenotype induced by CS in C2C12 myoblasts. Taken together, we suggest that CS exposure induces
NPAT degradation in C2C12 myoblasts and impairs myogenic proliferation through NPAT associated
proteasomal-dependent mechanisms. As an application of the proteasome inhibitor MG132 or overexpression of
NPAT could reverse the impaired proliferation of myoblasts induced by CS, the recovery of myoblast prolifer-
ation may be potential strategies to treat CS-related skeletal muscle dysfunction.

1. Introduction strength, with a risk of physical disability, reduced quality of life, and

death. COPD patients with sarcopenia have a poor prognosis and high

Cigarette smoking (CS) can cause respiratory diseases, such as lung
cancer, chronic obstructive pulmonary disease (COPD), and respiratory
failure, through various mechanisms such as inflammation and oxida-
tive stress (Christenson et al., 2022; Morse and Rosas, 2014; Stampfli
and Anderson, 2009). Among these diseases, COPD is a common chronic
lung disease characterized by persistent airflow limitation, and CS is one
of the main causes (Agusti et al., 2023). Sarcopenia is a common co-
morbidity of COPD characterized by decreased skeletal muscle mass and

mortality (Christenson et al., 2022). However, the cause of CS induced
sarcopenia is not well understood yet. Several studies have identified CS
as a risk factor for sarcopenia. In the MINOS cohort study of 845 men
aged 45-85, smokers had lower relative appendicular skeletal muscle
mass than those who had never smoked, demonstrating that cigarette
smoking is a risk factor for sarcopenia (Szulc et al., 2004). Furthermore,
a Rancho Bernardo cohort study, which examined the prevalence and
risk factors of sarcopenia in 694 men and 1,006 women aged 55-98,

Abbreviations: CS, cigarette smoking; CHX, Cycloheximide; COPD, chronic obstructive pulmonary diseases; DMEM, Dulbecco’s Modified Eagle Medium; DMSO,
dimethyl sulfoxide; DNA, deoxyribonucleic acid; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; GM, growth medium; Hsp, heat shock protein; OD, optical
density; qRT-PCR, quantitative real-time reverse-transcription polymerase chain reaction; RD, replication-dependent; RNA, Ribonucleic Acid; NPAT, Protein Ataxia-
Telangiectasia Locus; HiNF-P, Histone Nuclear Factor P; CDK, Cyclin-dependent kinase; HLB, histone locus body; SEM, standard error of mean.
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identified cigarette smoking as a reversible risk factor for sarcopenia
(Castillo et al., 2003). Moreover, a similar work demonstrated that
sarcopenia in community-dwelling older Chinese men and women was
associated with CS (Lee et al., 2007). However, the cellular and mo-
lecular mechanisms leading to CS-associated muscle breakdown remain
elusive. Nonetheless, recent studies have shed some clues that may
explain the mechanisms underlying CS-induced muscle protein degra-
dation (Kim et al., 2011; Lee et al., 2021).

The maintenance of skeletal muscle mass is related to the metabolism
of skeletal muscle cells and the regenerative ability of skeletal muscle
stem cells (satellite cells) (Cong et al., 2020; Dumont et al., 2015; Hood
etal., 2019; Kaczmarek et al., 2021). The research on COPD complicated
with sarcopenia has focused on the metabolism of skeletal muscle cells
and the direction of skeletal muscle atrophy and senescence (Hood et al.,
2019; Tto et al., 2022), but there is few research on the regeneration of
skeletal muscle satellite cells. Studies have shown that a reduction in the
number and activity of satellite cells is an important cause of skeletal
muscle loss (Zhang et al., 2018). The mechanism by which CS regulates
the regenerative capacity of skeletal muscle satellite cells has not been
well explained.

During eukaryotic cell proliferation, replication-dependent (RD)
histone proteins must be synthesized concurrently with DNA duplication
to replicate chromosomes in the S phase (Mendiratta et al., 2019).
Synthesis of RD histone mRNA occurs in a specific nuclear body called
the histone locus body (HLB), which is tethered to histone gene clusters.
The HLB is a dynamic structure that forms in stem cells just after mitosis
(Duronio and Marzluff, 2017a; Mao et al., 2011; Nizami et al., 2010a;
Sleeman and Trinkle-Mulcahy, 2014). Nuclear Protein Ataxia-
Telangiectasia Locus (NPAT/p220) is a key regulator for HLB forma-
tion, acting as a foundation for the initiation of protein—protein
interaction-based HLB assembly (Becker et al., 2010; Ye et al., 2003;
Zheng et al., 2015). As a commonly used marker to distinguish HLB
structure from other nuclear compartments, NPAT is essential for the
self-renewal of stem cells and is confirmed to be indispensable in both
Drosophila and murine development (Nizami et al., 2010b; Wright et al.,
2017). Thus, NPAT activation must be fine-tuned for the accurate
regulation of proliferation and development. However, it is unclear
whether the regulation of NPAT protein is stimulated by external factors
such as CS exposure.

In the present study, we investigated the effects and molecular
mechanisms of CS on the proliferation of C2C12 myoblasts. CS could
inhibit the cell proliferation by inhibiting RD histone transcription and
causing S phase arrest in the cell cycle. CS significantly decreased the
expression levels of NPAT, which is essential for RD histone transcrip-
tion. Moreover, we found that CS inhibited myoblast regeneration by
promoting the proteasomal degradation of NPAT protein. Notably, we
confirmed that CS inhibited the expression of HiNF-P, which has been
demonstrated to stabilize the NPAT (Miele et al., 2005). The proteasome
inhibitor MG132 was able to reverse CS-induced degradation of NPAT
and S phase arrest during the cell cycle in C2C12 myoblast. This study
sheds light on the molecular mechanisms of CS toxicity and presents a
potential rationale for mitigating tobacco-induced sarcopenia.

2. Methods
2.1. Cell culture and transfection

C2C12 myoblasts (Cell Bank of the Chinese Academy of Science,
China) were grown in DMEM (high glucose) supplemented with 15 %
(v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Hyclone Laboratories, Logan, UT, USA). The cells were
transfected with lipofectamine 2000 (Invitrogen, Fish Scientific, Carls-
bad, CA, USA) according to the protocol of the manufacturer (Cong
et al., 2020; Wang et al., 2004).
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2.2. Construction of expression plasmids

Full-length cDNA of NPAT were cloned into a hemagglutinin FLAG-
tagged expression vector, pXJ40 (Dr E Manser, IMCB, Singapore). To
confirm their identity, several clones were chosen and sequenced in both
directions for each construct by professional sequencing facility
(Shangya Biotechnology Co., LTD, Zhejiang, China). All plasmids were
purified using an Axygen miniprep kit (Axygen, Tewksburg, MA, USA)
for use in transfection experiments. The Escherichia coli strain DH5
(Invitrogen) was used as a host for propagation of the clones.

2.3. CS exposure

3R4F reference cigarettes (University of Kentucky, Lexington, KY,
USA) were selected for CS exposure experiments. All cigarettes were
conditioned at 22 °C £ 1 °C and 60 % =+ 3 % relative humidity for at
least 48 h before being used in the experiments.

Cell exposure treatment was based on the in vitro air-liquid interface
model. For CS exposure treatment experiments, the cells were seeded
onto Transwell inserts (Corning Incorporated, USA) with a 3-pm poly-
carbonate membrane at a density of 2.0 x 10* cells/cm?. Thereafter, an
air-liquid interface was established by removing the medium from the
apical surface and exposing only the basal surface of the cells to the
medium. The cells were further used for subsequent air and CS expo-
sures by Borgwaldt RM20S (Borgwaldt KC GmbH, Hamburg, Germany),
which is a rotary syringe smoking machine specifically designed for in
vitro biological toxicity assessment of CS. The whole CS was diluted with
laboratory air (Temperature 22 °C £+ 1 °C; Humidity 60 % + 3 %) to
series times (50x, 300 x ) to expose C2C12 cells maintained at the
air-liquid interface in exposure chambers housed at 37 °C for 2 h. The
puffing regimen was set according to the International Organization for
Standardization (ISO3308:2012) with the following parameters: a 35-ml
puff drawn over 2 s every 1 min period; a 5 min cycle per cigarette
yielding 12 cigarettes smoked per 1 h of treatment. To avoid potential
exposure to CS components in the nutrient solution due to aerosol
sedimentation, a peristaltic pump was used to replace the nutrient so-
lution at a flow rate of 3 ml/min. Cells were collected for further ex-
periments. (Sup. Fig. 1).

2.4. Immunoblotting

Cells were lysed in lysis buffer (150 mM sodium chloride, 50 mM
Tris, pH 7.3, 0.25 mM EDTA, 1 % [wt/vol] sodium deoxycholate, 1 %
[vol/vol] Triton X-100, 0.2 % sodium fluoride, 0.1 % sodium orthova-
nadate, and a mixture of protease inhibitors from Roche Applied Sci-
ence, Indianapolis, IN). Lysates were then analyzed by immunoblotting
for the indicated antibodies. Anti-NPAT [A302-771A] was obtained
from Bethyl (Montgomery, TX, USA). Anti- HiNF-P [sc-373855] and
anti-p21 [sc-53870] were obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti- Phe, phospho (Ser/Thr) [9631S] was obtained
from Cell Signaling Technology (Danvers, MA, USA). Anti-tubulin
[M1305-2] and anti-actin [M1210-2] were obtained from HuaAn
Biotechnology (Hangzhou, China).

2.5. Immunofluorescence

The cells were seeded on coverslips in a six-well plate for 24 h. Cells
in chamber slides were fixed with 3 % formaldehyde in PBS at 4 °C for
20 min and permeabilized with 0.5 % Triton buffer (0.5 % Triton X-100,
20 mM HEPES-KOH [pH 7.4], 50 mM NacCl, 3 mM MgCl) for 10 min at
room temperature. After being blocking with 10 % bovine serum albu-
min (BSA) in PBS for 1 h, cells were treated with a primary Ab overnight.
P21 and NPAT proteins were detected using anti-p21 (sc-53870, Santa
Cruz Biotechnology) and anti-NPAT (A302-771A, Bethyl) followed by
Alexa Fluor 488-conjugated goat anti-mouse IgG or anti-rabbit IgG
(Invitrogen). The cells were then observed using confocal fluorescence
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microscopy for immunofluorescence detection. The images were
collected using a 63 x 1.4NA or 20 x objective lens through appropriate
laser excitation on an LSM510 Meta laser-scanning confocal microscope
(Carl Zeiss) or an Olympus IX81-FV1000 laser-scanning confocal mi-
croscope. The images were analyzed using Zeiss LSM Image Examiner
Software or FV10-ASW 3.0 Viewer.

2.6. Quantitative real-time reverse-transcription polymerase chain
reaction (qRT-PCR)

Total RNA was extracted using the RNeasy Kit (Qiagen, Chatsworth,
CA, USA). Reverse transcription was performed using a SuperScript III
reverse transcriptase kit (Invitrogen). cDNA was quantified using the
KAPA SYBR FAST qPCR MasterMix Kit (Kapa Biosystems, Wilmington,
MA, USA) and a real-time PCR system (Applied Biosystems, Foster City,
CA, USA). The primer sets for qRT-PCR are:

-Primer: H2A Forward: CGTGCTGGAGTACCTGACG

- Primer: H2A Reverse: CTTGTTGAGCTCCTCGTCGT

- Primer: H2B Forward: AGCTGGTGTACTTGGTGACG

- Primer: H2B Reverse: TACAACAAGCGCTCGACCAT

- Primer: H3 Forward: CGTGGGTCTGTTTGAGGACA

- Primer: H3 Reverse: TGTCCTTGGGCATGATGGTG

- Primer: H4 Forward: ATGTCTGGTCGTGGCAAGG

- Primer: H4 Reverse: TGTTGTCACGCAGCACTTTG

- Primer: Actin Forward: ATGCTCCCCGGGCTGTAT

- Primer: Actin Reverse: ATGCTCCCCGGGCTGTAT

- Primer: p53 Forward: GGCGTAAACGCTTCGAGATG

- Primer: p53 Reverse: CTTCAGGTAGCTGGAGTGAGC

- Primer: p27 Forward: TCAAACGTGAGAGTGTCTAACG

- Primer: p27 Reverse: CCGGGCCGAAGAGATTTCTG

- Primer: p16 Forward: CGTACCCCGATTCAGGTGAT

- Primer: p16 Reverse: TTGAGCAGAAGAGCTGCTACGT

2.7. Chemical reagents

Cycloheximide (CHX) was obtained from Abcam (CAS 66-81-9,
Cambridge, UK) and dissolved in DMSO (to a final concentration of
below 0.1 %). The proteasome inhibitor (MG132) was obtained from
Santa Cruz (sc-201270) and dissolved in DMSO (to a final concentration
of below 0.1 %).

2.8. Cycloheximide (CHX) chase assay

For the CHX chase assay, C2C12 cells were treated with CHX (50 pg/
mL) and harvested at the indicated time points (0, 3, 6, 9, 12, and 15 h
after treatment). The treated cells were lysed, and the lysates were then
analyzed using immunoblotting with anti-NPAT and anti-tubulin
antibodies.

2.9. Proteasome inhibitor MG132 rescue assay

For the MG132 rescue assay, C2C12 cells were treated with MG132
(4 pg/mL) for 12 h before harvesting. The treated cells were lysed and,
the lysates were analyzed using immunoblotting with anti-NPAT and
anti-tubulin antibodies.

2.10. Cell proliferation assays

In this experiment, we established two dilution concentration gra-
dients of 3R4F smoke: the ratio of CS and air were 1:300 and 1:50.
C2C12 cells were cultured in the proliferation medium containing air
and 3R4F smoke for 2 h and then CS exposure was stopped. Then cells
were plated at a density of 200/100-mmdiameter culture dis. Cells were
incubated for 10 days, and the medium was replaced on alternate days.
Colonies were visualized with methylene blue and prior to
quantification.
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2.11. Cell counting Kit-8 (CCK8) assay

The effect of CS on cell viability was assessed by Cell Counting Kit-8
(CCK8) assay (HY-K0301, MedChemExpress, NJ, USA). 10 pl of CCK8
reagent was added to each well and the cells were incubated for 2 h at
37 °C. The optical density (OD) at 450 nm was measured by using
SynergyMx M5 (Molecular Devices, CA, USA).

2.12. Flow cytometry

For flow cytometry, cells were harvested, fixed in ethanol, and
stained with propidium iodide. Flow cytometry analysis was performed
with a FACS can instrument (Ling Zheng et al., 2015).

2.13. Statistical analysis

The data are recorded as means + SEM. For comparison between two
groups, if the data fitted a normal distribution, a two-tailed unpaired
Student’s t-test was used when variances were similar by F test (p >
0.05). Whereas a two-tailed unpaired Student’s t-test with Welch’s
correction was used when variances were different by F test (p < 0.05).
If the data did not fit a normal distribution, a Mann-Whitney U test was
used. If the variation among three or more groups was minimal, ANOVA
followed by Dunnett’s post-test or Tukey’s post hoc test was applied for
comparison of multiple groups. Statistical significance was determined
as indicated in the figure legends. *p < 0.05, **p < 0.01, ***p < 0.001.
The GraphPad Prism 9 software (La Jolla, CA, USA) was used for
analysis.

3. Results
3.1. Smoke exposure inhibits the proliferation of C2C12 cells

To explore the effect of smoke exposure on the proliferation of C2C12
cell, we established two dilution concentration gradients of 3R4F smoke:
the ratio of CS and air were 1:300 and 1:50. The proliferation ability of
C2C12 cells was reflected by the number of cell clones (Fig. 1A and B).
The results demonstrated that compared with the control group without
smoke, the number of clones in the smoke treatment group decreased
significantly, and the number of clones decreased with the increase in
smoke concentration. Similarly, the CCK-8 experiment revealed that the
OD value of the smoke treatment group decreased compared with the
control group, and the OD value decreased more obviously with the
increase in smoke concentration (Fig. 1C). These results suggested that
CS exposure inhibited the proliferation of C2Cl2 cells in a
concentration-dependent manner.

3.2. The inhibitory effects of CS on the proliferation of C2C12 cells
depends on the up-regulation of p21 expression

An appropriate control over cell cycle progression depends on many
factors. Cyclin-dependent kinase (CDK) inhibitor p21 (also known as
P21(WAF1/Cipl)) is one of these factors that promote cell cycle arrest in
response to a variety of stimuli(Karimian et al., 2016). We found that
smoke treatment could up-regulate the expression of p21 compared with
the control group without smoke (Fig. 2A). Moreover, immunofluores-
cence results also revealed that smoking exposure could promote the
expression of p21 compared with the control group (Fig. 2B). These
findings suggest that smoking can inhibit the proliferation of C2C12 cells
by up-regulating the expression of p21. Moreover, further qPCR exper-
iments demonstrated that CS exposure could also obviously increase the
mRNA expression of p53, which was upstream of p2land mildly in-
crease the mRNA expression of other cell cycle suppressors, such as
p27and pl6. (Fig. 2C).
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Fig. 1. CS treatment inhibited myoblasts proliferation. (A) Colony formation was performed on C2C12 myoblasts with air and air-CS mixture (the ratio of CS and air
was 1:300 or 1:50) treatment. (B) Relative numbers of colonies were analyzed. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison. Significant
difference from control, *p < 0.05, **p < 0.01. (C) CCK8 assay was performed on C2C12 myoblasts with or without CS (the ratio of CS and air was 1:300 or 1:50)
treatment. Quantification analysis for OD value was performed. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison. Significant difference
from control, **p < 0.01.
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Fig. 2. CS treatment increased the expression of p21. (A) Lysates of C2C12 myoblasts treated with air and air-CS mixture (the ratio of CS and air was 1:300 or 1:50)
were western blotted with p21 antibody. Actin antibody was used as the loading control. (B) C2C12 myoblasts were treated with air and air-CS mixture (the ratio of
CS and air was 1:300). Cell morphology of the myoblasts was examined through immunofluorescence. P21 (green) was detected through direct staining with its
antibody. Nuclei (blue) were visualized through Hoechst staining. (C) Total mRNA of C2C12 myoblasts treated with air and air-CS mixture (the ratio of CS and air
was 1:300) was extracted, and the gene expression of p27, p16 and p53 was detected using real-time PCR. Tubulin was used as an internal control. Values are shown

as means + SEM. N = 3. A two-tailed unpaired Student’s t-test was used. Significant difference from control, *p < 0.05. **p < 0.01. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. CS exposure caused S phase arrest during the myoblast cell cycle by
decreasing the expression of NPAT protein

We calculated the proportion of myoblasts in different stages during
the cell cycle exposed to CS through flow cytometry. We found that the
proportion of cells increased in the S phase after smoke treatment
compared with the control group, which indicated that CS exposure
caused S phase arrest (Fig. 3A). We also found that 3R4F standard smoke
exposure significantly inhibited replication-dependent histone tran-
scription in myoblasts compared with the air exposure group (Fig. 3B).
These findings suggest that smoke exposure may promote the with-
drawal of the cell cycle by inhibiting histone transcription, thus down-
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(Fig. 3C). Moreover, we found that CS exposure inhibited both the
expression of NPAT protein and its phosphorylation regulation (Fig. 3D).
During cell proliferation, NPAT protein is expressed mostly in the nu-
cleus of proliferating cells as punctate aggregates (Ye et al., 2003). Our
experiments demonstrated that CS exposure could significantly inhibit
the expression of NPAT protein in myoblasts, and the higher the smoke
concentration, the fewer NPAT spots in the nucleus (Fig. 3E). However,
CS exposure did not affect the mRNA transcription level of NPAT in
myoblasts, even at higher concentrations of smoke exposure (Fig. 3F).
To sum up, our experiments demonstrated that CS exposure inhibited S-
phase entry during the myoblast cell cycle by down-regulating the
expression of NPAT protein but not its transcription level.

regulating the proliferation ability of myoblasts. We further compared
the expression of NPAT protein in myoblasts exposed to different con-
centrations of CS. We found that CS exposure could inhibit the expres-
sion of NPAT protein in myoblasts in a concentration-dependent manner
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Fig. 3. CS treatment led to S phase arrest through down-regulation of NPAT. (A) FACS assay for the percentage of cells at the S phase during cell cycles in C2C12 cells
treated with air or air-CS mixture (the ratio of CS and air was 1:300). Values are shown as means + SEM. N = 3. A two-tailed unpaired Student’s t-test was used.
Significant difference from control, *p < 0.05. (B) Total mRNA of C2C12 myoblasts treated with air and air-CS mixture (the ratio of CS and air was 1:300) was
extracted, and the gene expression of H2A, H2B, H3, and H4 was detected using real-time PCR. Actin was used as an internal control. Values are shown as means +
SEM. N = 3. A two-tailed unpaired Student’s t-test was used. Significant difference from control, **p < 0.01. (C) Lysates of C2C12 myoblasts treated with air and air-
CS mixture (the ratio of CS and air was 1:300 or 1:50) were western blotted with NPAT antibody. Actin antibody was used as the loading control. (D) Lysates of
C2C12 myoblasts treated with air and air-CS mixture (the ratio of CS and air was 1:300 or 1:50) were immunoblotted with NPAT and p(S/T) antibody. (E) C2C12
myoblasts were treated with air and air-CS mixture (the ratio of CS and air was 1:300 or 1:50). Cell morphology of the myoblasts was observed through immu-
nofluorescence. NPAT (green) was detected through direct staining with its antibody. Nuclei (blue) were visualized through Hoechst staining. (F) Total mRNA of
C2C12 myoblasts treated with air and air-CS mixture (the ratio of CS and air was 1:300 or 1:50) was extracted, and the gene expression of NPAT was detected using
real-time PCR. Actin was used as an internal control. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison. Values are shown as means + SEM.
Ns: no significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. CS exposure inhibited NPAT protein expression through the
proteasome pathway

Our previous experiments demonstrated that smoke exposure
inhibited NPAT protein expression in myoblasts without affecting their
mRNA transcription. This finding suggests that CS treatment may
accelerate NPAT protein degradation. We, therefore, measured the half-
life of NPAT in the presence of air or CS in C2C12 myoblasts. For this,
new protein synthesis was blocked by treatment with the translational
inhibitor Cycloheximide (CHX). CS treatment significantly promoted the
decay of endogenous NPAT (Fig. 4A). To test whether CS-triggered
NPAT degradation is dependent on the ubiquitin—proteasome proteo-
lytic pathway, we treated myoblasts with the proteasome inhibitor
MG132. Notably, MG132 could restore NPAT expression levels in CS-
treated myoblasts (Fig. 4B). Some studies have reported that HiNF-P
can regulate the stability of NPAT protein. Increasing HiNF-P can pro-
mote the formation of the NPAT/HiNF-P complex, thereby stabilizing
NPAT protein and prolonging its half-life (Miele et al., 2005). We found
that CS exposure also inhibited the expression of HiNF-P (Fig. 4C).
Moreover, both down-regulating of NPAT and exposure to CS could
cause S phase arrest (Fig. 4D). Furthermore, pretreatment with protease
inhibitor MG132 could rescue S-phase entry of myoblasts cells inhibited
by CS exposure during the cell cycle (Fig. 4E). We also found over-
expression of NPAT could rescue both the arrested S-phase progression
and the inhibited proliferation of myoblasts cells induced by CS expo-
sure (Fig. 4F and 4G).

4. Discussion

CS is the main cause of COPD and one of the most important risk
factors for its related complications. Skeletal muscle dysfunction is a
common extrapulmonary complication caused by COPD (Barreiro and
Gea, 2016; Maltais et al., 2014). In COPD patients, impaired muscle
function and loss of mass are common systemic findings. In these pa-
tients, breathing and limb muscles are often affected, leading to
restricted breathing, poor exercise tolerance, and reduced quality of life
(Coronell et al., 2004; Seymour et al., 2010). These findings support that
smoke exposure is an important factor in skeletal muscle dysfunction in
COPD patients. The striking observation that skeletal muscle dysfunc-
tion is likely to manifest before any significant decline in lung function
has led to the concept that smoking alone may be sufficient to drive
skeletal muscle dysfunction in the absence of COPD (Morse et al., 2007).
Therefore, it is urgent to clarify the mechanism of muscle dysfunction
induced by smoke and to search for related regulatory molecular targets
to provide a new way for disease prevention and treatment.

Some studies on the effects of CS on skeletal muscle indicate that
volatile and soluble components of CS, including aldehydes, reactive
oxygen species, and reactive nitrogen, enter the bloodstream and reach
the skeletal muscle of smokers (Rom et al., 2012). In skeletal muscle, CS
components increase oxidative stress directly or through the activation
of nicotinamide adenine dinucleotide phosphate (NADPH), and oxidase
(NOX), and generate ROS and increase oxidative stress. CS-induced
oxidative stress may lead to phosphorylation of p38 MAPK, which in
turn activates the NF-kB pathway through phosphorylation of NF-kB
kinase inhibitor (IKK) and NF-kB inhibitor (IkB) and proteasomal
degradation of IkB, leading to nuclear translocation of NF-kB. Activated
NF-kB triggers the up-regulation of muscle-specific E3 ubiquitin ligase
(Meng and Yu, 2010). The up-regulation of these ligases leads to
increased degradation of skeletal muscle proteins, thereby accelerating
the progression of sarcopenia in smokers. However, most studies are
based on mature muscle tissue or differentiated myotubes; the effect of
CS exposure on skeletal muscle satellite cells and skeletal muscle
regeneration is minimal. Thus, eliminating or preventing the suppres-
sive effects of CS on skeletal muscle myoblast proliferation remains a key
challenge. Our research demonstrated that smoke exposure inhibited
myoblast proliferation (Fig. 1) and promoted the expression of cell cycle
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suppressor proteins, such as p21 and p27, and caused S phase arrest
(Figs. 2 and 3).

Proliferation of myoblasts requires entry into the cell cycle for
replication of genetic material. Cell cycle includes two stages: interphase
(G1, S, G2) and division phase (Blagosklonny and Pardee, 2002). Cyclin-
dependent kinase (CDK) and cyclin regulatory subunits are the main
regulators of cell cycle. The activity of the cyclin kinase-cyclin complex
in the G1 phase determines whether the cell stops dividing or enters the
division cycle. This stage depends on extracellular signaling and intra-
cellular information that leads to whether CDK can be reactivated after
the previous cell cycle. After entering the cell cycle, type D cyclins (D1,
D2, D3 in mammals) are expressed and CDK4 or CDK®6 is activated. The
RB protein is then phosphorylated, which weakens the interaction be-
tween RB and the heterodimer transcription factor E2F/DP. As a result,
the inhibition of E2F by pRB is reduced, which enables the initial tran-
scription of E2F-dependent genes, including cyclin E and other cell cycle
genes. Subsequent activation of CDK2-cyclin E leads to further phos-
phorylation and deactivation of pRb, release of E2F, and complete entry
into the S phase (Ruijtenberg and van den Heuvel, 2016). During S
phase, cells begin to replicate DNA and histone proteins, which is the
basis of subsequent cell division and determines whether the subsequent
cell cycle can proceed smoothly. Our study confirmed that smoke
exposure caused myoblasts S phase arrest by inhibiting replication
dependent histone transcription (Fig. 3).

When the cell cycle is blocked by external factors or internal pro-
grammed regulation, myoblasts will exit the cell cycle. In addition to the
inhibition of pRB-mediated transcription, the induced expression of
some other important proteins can also reflect cell cycle exit. This in-
cludes members of two different CDK suppressor protein (CKI) families
associated with CDK (Sherr and Roberts, 1999): One is the INK4 (In-
hibitor of CDK4) protein family, such as p15, p16, etc., which specif-
ically binds to CDK4/6 kinase and prevents their interaction with D-type
cyclin; The other is the CIP/KIP (Cyclin-CDK-interaction protein) family,
which binds to the CDK-Cyclin complex and blocks its activity. The CIP/
KIP family consists of p21, p27, etc., which plays a particularly impor-
tant role in the regulation of CDK2-cyclin E complex. Our research
demonstrated that smoke exposure promoted the expression of both two
different kinds of CKI families, such as p21, p27and p16(Fig. 2). This
means that smoke exposure can affect multiple regulatory stages of the
cell cycle. In the future, we can conduct more detailed studies on the
regulatory mechanisms at each stage.

The cell nucleus is highly organized and contains many nuclear
bodies. Even without a defining membrane, these nuclear organelles
maintain structural integrity at a steady state, indicating that the
mechanisms controlling nuclear body turnover differ from cytoplasmic
membrane-bound organelles (Grosch et al., 2020; Sabari et al., 2020). A
hierarchically ordered model and a stochastic assembly model were
raised to explain how the HLB assembles (Duronio and Marzluff, 2017a).
In both models, NPAT was proposed as a fundamental scaffold to recruit
other components to initiate the HLB biogenesis. When cells enter the S
phase, Cyclin E/CDK2-phosphorylated NPAT maintains the homeostasis
of HLB, promotes the transcription of histone genes, and regulates the
progression and proliferation of cells in the S phase (Duronio and Mar-
zluff, 2017b; Ghule et al., 2018; Ling Zheng et al., 2015). In the self-
renewal process of pluripotent stem cells, specific Cyclin D2 knockout
can inhibit the phosphorylation of NPAT, reduce the expression of his-
tone H4, and limit the replication of S-phase cells, suggesting that Cyclin
D2-mediated phosphorylation of NPAT is an important cell cycle regu-
lation mechanism (Becker et al., 2010; Jiang et al., 2019). This post-
translational modification of NPAT is required for the association of
NPAT with the histone gene promoter to initiate gene transcription. We
found that CS exposure inhibited both the expression of NPAT protein
and its phosphorylation regulation (Fig. 3). Besides phosphorylation,
acetylation might play roles in modulating NPAT function. This was
suggested by the finding that NPAT transiently interacts with CBP/p300
histone acetyltransferase and contains a potential substrate sequence for
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Fig. 4. CS down-regulated NPAT by promoting proteasomal degradation. (A) cycloheximide C2C12 cells were treated with (CHX) (50 pg/mL) and air or air-CS
mixture (the ratio of CS and air was 1:50) for the indicated times. NPAT expression in cell lysates was tested by immunoblotting analysis. Actin antibody was
used as the loading control. (B) Myoblasts were cultured with air or air-CS mixture (the ratio of CS and air was 1:50), followed by incubation with DMSO (control) or
the proteasome inhibitor MG132 (4 uM) for 12 h. NPAT expression in cell lysates was tested by immunoblotting analysis. Actin antibody was used as the loading
control. (C) Lysates of C2C12 myoblasts treated with air and air-CS mixture (the ratio of CS and air was 1:300 or 1:50) were immunoblotted with NPAT and HiNF-P
antibody. (D) FACS assay for the percentage of cells at the S phase during cell cycles in C2C12 cells treated with air or air-CS mixture (the ratio of CS and air was
1:50), transfected with control siRNA or NPAT siRNA. Values are shown as means & SEM. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison.
Significant difference from control, *p < 0.05. (E) FACS assay for the percentage of cells at the S phase during cell cycles in C2C12 cells treated with air or air-CS
mixture (the ratio of CS and air was 1:50), followed by incubation with DMSO (control) or the proteasome inhibitor MG132 (4 pM) for 12 h. Values are shown as
means = SEM. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison. Significant difference from control, *p < 0.05. (F) FACS assay for the
percentage of cells at the S phase during cell cycles in C2C12 cells treated with air or air-CS mixture (the ratio of CS and air was 1:50) overexpressed of FLAG or FLAG-
NPAT. Values are shown as means + SEM. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison. Significant difference from control, *p < 0.05.
(G) CCK8 assay was performed on C2C12 myoblasts overexpressed of FLAG or FLAG-NPAT with or without CS (the ratio of CS and air was 1:50) treatment.
Quantification analysis for OD value was performed. N = 3. ANOVA followed by Dunnett’s post-test was applied for comparison. Significant difference from control,
*p < 0.05,**p < 0.01.
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CBP/p300 (Wang et al., 2004). In the future, we will also try to explore
the regulation of smoke exposure on the acetylation level of NPAT
protein. This may be another molecular mechanism that regulates
myoblast proliferation.

The role of NPAT in RD histone transcription and proliferation has
been extensively studied over the last decade. NPAT dysfunction con-
tributes to cancer susceptibility. Exome sequencing reveals germline
NPAT mutation as a candidate risk factor for Hodgkin lymphoma
(Saarinen et al., 2011). Furthermore, NPAT variants are associated with
a risk for estrogen receptor-negative breast cancer (Milne et al., 2017).
Therefore, fine-tuning NPAT activation is required to ensure healthy
tissue development and homeostasis. Previous works have demonstrated
that the association of NPAT to FLASH, HiNF-P, YARP, and Cpnl0/
HsplO is essential for the assembly of functional HLBs (Barcaroli et al.,
2006; Koreski et al., 2020; Miele et al., 2005; Zheng et al., 2015).
Interestingly, no evidence shows that NPAT could directly bind to the
histone gene promoter, although it played critical roles in activating
histone gene transcription. This was explained by the finding that NPAT
links directly to a histone nuclear factor, HiNF-P. Down-regulation of
HiNF-P reduces the association of NPAT with the histone H4 promoter
and impairs its transcription (Miele et al., 2005). Further study has
revealed that exogenous expression of HiNF-P enhances the stabilization
of NPAT. We found that CS exposure induced NPAT degradation in
C2C12 myoblasts and impaired myogenic proliferation through HiNF-P-
associated proteasomal-dependent mechanisms. As an application of the
proteasome inhibitor MG132 or overexpression of NPAT could reverse
CS-induced impairments in myoblast proliferation (Figs. 3 and 4). Given
the broad tissue expression pattern of NPAT, its regulatory mechanism
may play a role in divergent aspects of tissue development and
regeneration.

Studies of the adverse effects induced by CS mainly focused on
examing the release of some toxic substances in CS. However, CS is an
extremely complex and dynamic compound. So chemical composition
analysis can’t fully characterize the possible harm of CS to the human
body. So, in vitro air-liquid interface models of respiratory tract tissue
have been improved to assess the toxicity and cellular response of
cigarette smoke. Our study is based on the use of Borgwaldt RM20S to
produce CS-explored cells. In our experiment, reference cigarette 3R4F
was introduced in the system. 3R4F reference cigarette is a ‘US style’
blended product (University of Kentucky), The tar content is 9.4 mg/cig
and the nicotine content is 0.73 mg/cig (Crooks et al., 2013). Earlier our
partner team reported the development of an algorithm based on
quantitative assessment of transcriptomic profiles and signaling
pathway perturbation analysis (SPPA) of human bronchial epithelial
cells (HBEC) exposed to the toxic components present in CS using the
same machine. HBEC were exposed to CS of different compositions and
for different durations using an ISO3308 smoking regime and the impact
of exposure was monitored in 2263 signaling pathways in the cell to
generate a total effect score that reflects the quantitative degree of
impact of external stimuli on the cells(Chen et al., 2021).Considering the
fact that the concentration of smoke inhaled and the concentration of
toxic substances in the blood cannot be controlled when people smoke, a
set of instruments that can produce relatively stable and repeatable
smoke concentrations is particularly important. By experiments in vitro,
our finding has therefore shed light on CS-induced muscle dysfunction
and raised the possibility that the ubiquitin-proteasome proteolytic
pathway of NPAT protein could be a potential therapeutic target.
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