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Abstract
Environmental chemical exposure often causes DNA damage, which leads to cellular dysfunction and the development of 
diseases. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a tobacco-specific carcinogen that is known to cause 
DNA damage, while remains unknown about the underlying mechanism. In this study, simulated doses of NNK exposure in 
smokers, ranging from 50 to 300 μM, were used to detect the DNA damage effects of NNK in two human bronchial epithelial 
cells, 16HBE and BEAS-2B. The comet assay revealed increased DNA damage in response to NNK treatment, as measured 
by increased Olive tail moment (OTM). NNK treatment also led to elevated foci formation and protein expression of γ-H2AX, 
a DNA damage sensor. Dysregulation of proliferation, cell cycle arrest and apoptosis, was also observed in NNK-treated 
cells. Furthermore, the most effective dose of NNK (300 μM) was used in subsequent mechanistic studies. A circular RNA 
circNIPBL was identified to be significantly up-regulated in NNK-treated cells, circNIPBL knockdown successfully allevi-
ated NNK-induced DNA damage and reversed the cellular dysregulation, while circNIPBL overexpression had the opposite 
effect. Mechanistically, we identified an interaction between circNIPBL and PARP1, a critical enzyme of the base excision 
repair (BER) pathway. CircNIPBL silencing successfully alleviated the NNK-induced inhibition of BER pathway proteins, 
including PARP1, XRCC1, PCNA and FEN1, while overexpression of circNIPBL had the opposite effect. In summary, our 
study shows for the first time that circNIPBL promotes NNK-induced DNA damage and cellular dysfunction through the 
BER pathway. In addition, our findings reveal the crucial role of epigenetic regulation in carcinogen-induced genetic lesions 
and further our understanding of environmental carcinogenesis.
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Introduction

Non-coding RNAs (ncRNAs), including microRNAs (miR-
NAs), long non-coding RNAs (lncRNAs) and circular 
RNAs (circRNAs), are important modulators of epigenetic 
regulation, which has an important role in mediating diverse 

biological processes and human diseases. In the past dec-
ade, several ncRNAs, including miRNAs and lncRNAs, 
have been identified in health hazards resulting from envi-
ronmental chemicals by our research group and others (Li 
et al. 2013; Luo et al. 2021; Pan et al. 2019).

CircRNAs are expressed in cell type- and tissue-specific 
patterns, and are highly conserved and stable, in part due 
to their single-stranded covalently closed-loop structures, 
which lack 5′–3′ polarity and poly(A) tails (Li et al. 2018; 
Wang et al. 2020b). Our previous studies have described 
an important role of circRNAs during environmental com-
pound-induced biological malfunction and carcinogenesis. 
For example, circ_CARM1 was shown to competitively 
bind to miR-1288-3p, thereby regulating the migration of 
BPDE-transformed human bronchial epithelial cells, while 
circ_0035266 was found to promote the inflammatory 
response caused by tobacco exposure via the miR-181d-5p/
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DDX3X axis (Hua et al. 2021; Xiao et al. 2021). Although 
the role of circRNAs as miRNA sponges is well established, 
circRNAs have also been found to exert their biological 
function by interacting with different proteins. Previously, 
we have demonstrated that circRNA 406,961 regulates PM 
2.5-induced inflammatory responses by interacting with 
ILF2 protein (Jia et al. 2020). Although circRNAs have been 
reported to play an important role in a variety of biological 
dysfunction, few studies have focused on their role in the 
regulation of genetic lesions.

DNA damage, the most representative genetic lesion, is 
one of the earliest events during carcinogenesis, and may 
alter the genetic sequences that affect cellular processes and 
the initiation of malignant phenotypes (Basu 2018; Roos 
et al. 2016). Several studies have shown that circRNAs have 
inevitable functions in modulate DNA damage by acting as 
miRNA sponges or affecting RNA-binding protein (RBP) 
interaction patterns (Malakoti et al. 2021). For example, 
Han et al. found that circITCH could serve as a sponge for 
miR-330-5p in hiPSC-CMs to promote SIRT6 expression, 
a critical member of the sirtuin family involved in DNA 
repair and the maintenance of genomic stability (Han et al. 
2020). In addition, the circRNAs, CDR1as and cCNTNAP3, 
were reported to modulate the expression of p53 protein, an 
important tumor suppressor, which has been implicated in 
the regulation of DNA repair, cell cycle arrest, and apoptosis 
(Levine and Oren 2009; Lou et al. 2020; Wang et al. 2020a). 
However, the established role of circRNAs in regulating 
DNA damage, especially damage caused by environmental 
chemicals, as well as the molecular mechanisms of circR-
NAs within this context remain largely absent.

The occurrence of DNA damage is associated with a myr-
iad of endogenous and exogenous genotoxic insults. Chemi-
cal carcinogens, one kind of risk factors for cancer etiology, 
have been reported to induce various forms of DNA dam-
age such as DNA-strand breakage, DNA-strand crosslinking, 
chromosomal rearrangements, and DNA-adduct formation 
(Barnes et al. 2018; Poirier 2004). A typical example is 
tobacco smoke, the most prevalent environmental risk factor 
for several types of cancer, due to a process driven by over 
60 carcinogenic compounds that directly damage and mutate 
DNA. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone 
(NNK) is one of the most abundant and highly carcinogenic 
N-nitrosamines (Yoshida et al. 2020). Specifically, NNK 
is a genotoxic carcinogen that contributes to the formation 
of DNA adducts via the metabolism of cytochrome P450 
enzymes, which in turn leads to genomic instability and the 
onset of programmed cell death, such as apoptosis (Balbo 
et al. 2014).

Cigarette smoke and NNK treatment have been shown to 
trigger DNA double-strand breaks (DSBs) in vitro via the 
phosphorylation of histone H2AX at serine 139 (γ-H2AX), 
a sensitive biomarker for DNA DSB detection (Ibuki et al. 

2015; Zhao et al. 2009). In response to DSBs, ataxia telan-
giectasia mutated kinase (ATM) is recruited by γ-H2AX 
and, once phosphorylated, γ-H2AX initiates DNA damage 
repair and downstream protein activation, which in turn 
leads to senescence, cell cycle arrest, apoptosis or DNA 
repair (Amararathna et  al. 2020; Saitoh and Oda 2021; 
Zhao et al. 2009). In addition, nucleotide excision repair 
(NER), mismatch repair (MMR) and base excision repair 
(BER) pathways have been shown to be involved in NNK- or 
cigarette smoke-induced DNA damage repair (Brown and 
Massey 2009; Doukas et al. 2020; La Maestra et al. 2011). 
However, the underlying mechanism behind NNK-induced 
DNA damage and involvement of circRNA remain unclear.

In the present study, we confirmed that NNK exposure 
induces DNA damage in two human bronchial epithelial cell 
lines 16HBE and BEAS-2B, and identified the circRNA, 
circNIPBL (circBase ID: has_circ_0001472), which was 
significantly up-regulated in response to NNK treatment. 
Next, we demonstrated that circNIPBL could promote 
NNK-induced DNA damage by modulating the BER path-
way through interactions between circNIPBL and poly 
(ADP-ribose) polymerase (PARP1). Taken together, our 
data identify a novel mechanism underlying circNIPBL in 
NNK-induced DNA damage, and provide novel insights into 
the epigenetic regulation of genetic lesions.

Material and methods

Cell culture and NNK treatment

16HBE cells were obtained from the Guangzhou Institute 
of Respiratory Diseases, and cultured in Modified Eagle’s 
Medium (MEM) containing 10% fetal bovine serum, as 
described previously (Hua et al. 2019). BEAS-2B cells were 
cultured in serum-free Bronchial Epithelial Cell Growth 
Medium (Lonza, Switzerland), and HEK 293-T cells were 
grown in high glucose Dulbecco’s MEM (DMEM). All cells 
were cultured in a humidified atmosphere consisting of 5% 
CO2 at 37 °C.

NNK (99.9% purified) was purchased from Toronto 
Research Chemicals (TRC, Toronto, Canada), dissolved in 
phosphate buffered saline (PBS) containing toxicity negli-
gible 0.1% DMSO to a final concentration of 100 mM, and 
stored at − 20 °C. To determine realistic simulated doses 
of NNK for this study, we considered the levels of NNK 
in cigarettes and average cigarette consumption of habit-
ual smokers. The amount of NNK in tobacco ranges from 
12 to 110 μg/cigarette (0.058–0.53 μmol/cigarette), while 
the habitual smoker consumes about 20 cigarettes per day 
(Konstantinou et al. 2018). The lung volume of adults (rang-
ing from 2000 to 5000 mL) and low cytotoxicity were also 
considered to determine suitable experimental doses. The 
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most significant damage time point was considered to be 
two months, and the accumulated concentration of NNK in 
two months ranged from 13.92 to 318 μmol. Thus, we used 
NNK at doses of 50, 100, 200 and 300 μM for subsequent 
experiments.

Reverse transcription and quantitative real‑time 
PCR (qRT‑PCR)

Total RNA was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s 
instructions. Reverse transcription was carried out using 
the Reverse Transcription System (Promega, Madison, WI, 
USA). qPCR Master Mix (Promega) was used for qRT-PCR. 
GAPDH was used as the internal control. The thermal cycle 
conditions and data analysis method have been described 
previously (Hua et al. 2019). All primers were synthesized 
by Sangon Biotech (Shanghai, China), and the sequences are 
shown in Supplementary Table S1.

Western blot analysis

Total protein was extracted from both cell lines using Cell 
Lysis Buffer for Western and IP (Biotechnology, Shanghai, 
China), and quantified using the BCA Assay Kit (Thermo 
Scientific, USA). Protein was separated on Precast PAGE 
Gels (Beyotime Biotechnology), then transferred to 0.4 μm 
PVDF membranes. Membranes were incubated with pri-
mary antibodies for 2 h at room temperature or overnight 
at 4 °C, then incubated with specific IRDye® 800CW sec-
ondary antibodies. Protein bands were scanned and quanti-
fied using ODYSSEY CLx (LI-COR, Nebraska, USA). The 
antibodies used in these experiments are shown in Supple-
mentary Table S2.

Immunofluorescence staining

Pretreated cells that had been cultured on round coverslips 
were fixed in 4% paraformaldehyde, washed with 0.5% 
PBST (PBS containing 0.5% Tween20) and permeabilized 
with 0.5% TritonX-100 (diluted in PBST). Samples were 
blocked in bovine serum albumin (1% BSA in PBST), then 
incubated with primary antibodies overnight at 4 °C. The 
following day, coverslips were washed with PBST and incu-
bated with Alexa Fluor® 488 fluorescent secondary antibody 
for 40 min followed by nuclear staining with DAPI. Images 
were acquired using a Leica SP8 confocal microscope.

Comet assay

A single-cell suspension was mixed with 0.7% low melting-
temperature agarose and seeded onto slides. Post-solidifi-
cation, slides were dipped in ice-cold lysis solution (2.5 M 

NaCl, 100 mM Na2EDTA, 10 mM Tris) and lysed for 2 h in 
the dark at 4 °C. Slides were next incubated in an electro-
phoresis buffer to unwind the DNA helix, followed by elec-
trophoresis in constant voltage conditions (25 V, 300 mA) 
for 30 min. Slides were washed in Tris–HCl (pH 7.5) and 
stained using NA-Red (Beyotime). Images for each group 
were captured by fluorescence microscopy, and CASP soft-
ware was used to quantify the Olive tail moment (OTM) 
value of individual cells.

CircRNA screening and characteristic analysis

miRNAs were obtained based on DNA damage response 
(DDR)-related researches, and the most promising miR-
NAs were selected for circRNA prediction. Four circRNAs 
(hsa_circ_0001714, hsa_circ_0000990, hsa_circ_0001320, 
and hsa_circ_0001472) with promising functions and suit-
able sizes were selected for further validation. Prediction 
of potential binding circRNAs was carried out using the 
StarBase database (http://​starb​ase.​sysu.​edu.​cn/) based on 
CLIP experimental data and potential binding sites between 
miRNAs and circRNAs. Specific primers were designed that 
spanned the back-splice junction sites and amplified by qRT-
PCR. The PCR products were used for Sanger sequencing 
to determine the correct junction sequence. To measure 
circRNA stability, 2 ng total RNA was treated with RNase 
R (Epicentre, USA) for 10 min, and circRNA expression was 
detected by qRT-PCR. The subcellular localization of circR-
NAs was determined by qRT-PCR on the RNA nuclear and 
cytoplasmic fractions, and fluorescence in situ hybridization 
(FISH). Nuclear and cytoplasmic fractions of RNA were 
isolated using the PARIS™ Kit (Life Technologies, USA) 
according to the manufacturer’s instructions. The spanning 
junction site circRNA probe modified with 6-FAM was pro-
duced by Sangon Biotechnology. 16HBE cells were cultured 
on coverslips, fixed with paraformaldehyde and incubated 
with circRNA specific probes overnight at 37 °C. Cells 
were counterstained with DAPI and visualized by confocal 
microscopy. Information about the circNIPBL specific probe 
is shown in Supplementary Table S5.

Cell transfection

Small interfering RNAs (siRNAs) and overexpression vec-
tors targeting circRNA were synthesized by GenePharma 
(Shanghai, China). The circRNA upstream intron (300 bp), 
circRNA (1574 bp) and downstream intron (300 bp) were 
included to construct the circNIPBL overexpression vec-
tor. The restriction enzymes BamHI and EcoRI were used 
to insert the above sequence into the pcDNA 3.1+ expres-
sion vector. Lipofectamine 2000 (Invitrogen) was used for 
all circRNA knockdown and overexpression transfections. 
Briefly, cells were seeded into 6-well plates. Lipofectamine 

http://starbase.sysu.edu.cn/
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(3 μL) was mixed in 1 mL OPTI-MEM, while 3 μL siRNA 
(20 mM) or 2 μL overexpression vector (1 μg/μL) was added 
to 1 mL OPTI-MEM and left to stand at room temperature 
for 5 min. After mixing, the solution was left to stand for a 
further 20 min, then added to the 6-well plates (1 mL per 
well) for 6–8 h. The media was replaced with conventional 
media and cells were harvested 48 h later. Circ_S1 (cir-
cRNA small interfering RNA 1) and circ_S2 (circRNA small 
interfering RNA 2) represent two different siRNAs specific 
for circNIPBL, while circ_NC (circRNA small interfering 
negative control) is a genome-wide negative control siRNA. 
Circ_OE (circRNA overexpression) is the overexpression 
vector for circNIPBL, and circ_vector (circRNA empty vec-
tor) is the empty vector control for circRNA overexpression. 
Information about the specific circNIPBL siRNAs and plas-
mids are shown in Supplementary Tables S3 and S4.

CCK8 assay

Cell viability was assessed using a Cell Counting Kit-8 
(CCK8, Dojindo, Japan). Briefly, 5000 cells/well were cul-
tured in 100 μL medium in a 96-well plate. The CCK8 rea-
gent (10 μL) was added to each well at the following time 
points: 12 h, 24 h, 48 h, and 72 h. After 2-h incubation, 
absorbance values were read at 450 nm using a microplate 
reader (BioTek, Winooski, VT, USA). Cell growth curves 
were plotted using the average absorbance of each group.

5‑Ethynyl‑2′‑deoxyuridine (EdU) assay

Since EdU is a thymidine (T) analogue, which can easily 
replace thymidine during cell proliferation, EdU can be 
used as a sensitive marker of proliferative activity. Here, 
the Cell-Light EdU Kit (Ribobio, Guangzhou, China) was 
used to detect EdU activity. Briefly, diluted EdU (1:1000 in 
medium) was added to treated cells and incubated overnight. 
Dyeing and image capture were performed the following day 
according to the manufacturer’s instructions. Cells with a red 
fluorescent signal represented proliferating cells.

Cell cycle assay

The cell cycle was assessed by flow cytometry as described 
previously (Hua et al. 2019), and have made some optimi-
zations. Briefly, cells were trypsinized, single-cell suspen-
sions were prepared, and fixed using 70% ethanol at 4 °C 
overnight. Samples were washed with PBS, then incubated 
with RNase A/propidium iodide (v/v, 1:9) for 1 h. Cell cycle 
flow cytometry was performed on a CytoFLEX flow cytom-
eter (Beckman Coulter, USA), and the resulting data were 
analyzed and visualized using flowJo software (Tree Star 
Inc., USA).

RNA sequencing

After the total RNA has been quality-tested, mRNAs of 
16HBE cells are enriched using magnetic beads ligated to 
Oligo (dT). The extracted mRNA was randomly broken into 
short fragments in fragmentation buffers, and a first-strand 
cDNA was synthesized with six random hexamers using 
the fragmented mRNA as a template. Next, buffers, dNTPs, 
RNaseH, and DNA Polymerase I were added for two-strand 
cDNA synthesis. AMPure XP beads were used to purify the 
double-stranded products. T4 DNA polymerase and Klenow 
DNA polymerase were used to repair the sticky ends of the 
DNA to blunt ends, and to add linkers to the 3′ ends. AMPu-
reXP beads were used for segment selection, and finally PCR 
amplification was performed to obtain the final sequencing 
library. After passing the quality inspection of the library, 
Illumina Novaseq™ 6000 was used for sequencing, and the 
sequencing length was 2 × 150 bp (PE150) at both ends.

CircRNA pull‑down assay

Specific probes spanning the junction sites of circRNAs 
were designed to pull-down proteins potentially interacting 
with circRNA. Probes labeled with desthiobiotin were syn-
thesized (Sangon Biotech), and incubated with total RNA 
(about 107 cells) at 70 °C for 5 min. Then, magnetic beads 
were added, agitated for 30 min, and washed with protein-
RNA capture buffer. Next, the supernatant was discarded 
and the beads were incubated with a protein reacted mix-
ture (containing 100 μg total protein) for 2 h at room tem-
perature. Finally, proteins were eluted from the beads using 
elution buffer for 20 min at 37 °C. Eluted proteins were 
removed and examined by downstream mass spectrometry 
(MS) and western blotting. All the reagents described above 
were obtained from the Pierce™ Magnetic RNA–Protein 
Pull-Down Kit (Pierce Biotechnology, Rockford, USA). MS 
analysis was performed by Oebiotech (Shanghai, China). 
The circNIPBL specific probe used for the RNA pull-down 
assay shared the same sequence as the probe used for the 
FISH assay but was labeled in a different way (Supplemen-
tary Materials Table S5).

Fig. 1   NNK exposure induces DNA damage in human bronchial epi-
thelial cells. A Representative comet assay images of NNK-treated 
cells. B Box plots showing OTM values of 200 individual cells 
detected by comet assay. C Western blot showing up-regulation of 
γ-H2AX expression levels in NNK-treated 16HBE cells. D Statistical 
histograms of relative γ-H2AX expression levels. E Representative 
γ-H2AX immunofluorescence images of NNK-treated 16HBE cells. 
F Statistical analysis of γ-H2AX immunofluorescence. G, H γ-H2AX 
expression levels in NNK-treated 16HBE cells at the indicated time 
points (0 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 48 h). I Immunofluorescence 
staining showing NNK-induced γ-H2AX foci formation at different 
time points. J Statistical analysis of γ-H2AX foci formation

▸
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Statistical analysis

Statistical analyses were carried out using SPSS 22.0 (IBM, 
Chicago, USA) and visualized by GraphPad Prism (San 
Diego, USA). Data are presented as average ± SD (stand-
ard deviation), from at least three independent experi-
ments. *P < 0.05, **P < 0.01, ***P < 0.001. The statistical 

Fig. 2   NNK exposure causes inhibition of cell proliferation, and 
induction of cell cycle arrest and apoptosis in 16HBE cells. Cells 
were treated with the indicated doses of NNK for 48  h. A CCK8 
assay of 16HBE cells treated with the indicated doses of NNK. B 
EdU assays assessing the proliferative rate of NNK-treated cells. C 
Statistical analysis of EdU assay. D Cell cycle distribution of 16HBE 
cells detected by flow cytometry. E Statistical analysis of cell cycle 
distribution. F Flow cytometry detected NNK-induced apoptosis. G 
Apoptotic rate of NNK-treated 16HBE cells

◂

Fig. 3   Characterization of circNIPBL, which is up-regulated in NNK-
treated human bronchial epithelial cells. A Flow diagram of circRNA 
screening. B qRT-PCR was used to verify expression of candidate cir-
cRNA. C, D Dose-dependent circNIPBL expression in bronchial epi-
thelial cells was confirmed by qRT-PCR. E Genomic locus and exon 
composition of circNIPBL, wave curve indicates Sanger sequencing 

of the circNIPBL back-spliced junction site. F qRT-PCR analysis of 
RNase R resistance of circNIPBL. G The expression of circNIPBL, 
linear NIPBL, GAPDH and U6 in nuclear and cytoplasmic fractions 
was detected by qRT-PCR. H Subcellular localization of circNIPBL 
in 16HBE cells was detected by fluorescence in situ hybridization
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difference between two groups was analyzed by Student’s 
t test. Multiple group comparisons were analyzed by One-
way ANOVA, and Bonferroni’s test was used for further two 
group comparisons. P values < 0.05 were considered to be 
statistically significant.

Results

NNK exposure induces DNA damage in human 
bronchial epithelial cells

16HBE cells were treated with different doses of NNK (0, 
50, 100, 200, 300 μM) to determine its DNA damage induc-
tion capability. Comet assays suggested that NNK exposure 
significantly increased the average OTM value of 16HBE 
cells in a dose-dependent manner (Fig. 1A, B). Next, we 
examined the effects of NNK on γ-H2AX, a DNA damage 
sensor protein, by western blotting and immunofluorescence 
staining. We found that γ-H2AX protein levels increased 
gradually in response to NNK exposure in a dose-dependent 
manner. A 3.6-fold increase in γ-H2AX levels was observed 
after treatment with 300 μM NNK for 48 h compared to 
the control group (Fig. 1C, D). Moreover, we found that 
γ-H2AX foci formation in 16HBE cells was significantly 
increased by NNK treatment compared to controls. In par-
ticular, the highest increase in γ-H2AX foci formation was 
observed in 16HBE cells after 300 μM NNK stimulation for 
48 h compared to other groups (Fig. 1E, F). Thus, we used 
300 μM NNK to examine the time–response relationship of 
NNK-induced DNA damage.

As shown in Fig.  1G, a time-dependent increase in 
γ-H2AX levels was observed in NNK-treated 16HBE cells, 
with a more than fourfold elevation in γ-H2AX levels after 
48-h exposure compared to control cells (Fig.  1G, H). 
Furthermore, immunofluorescence staining also revealed 
a time-dependent increase in γ-H2AX foci formation in 
NNK-treated cells after 2-h, 4-h, 8-h, 12-h, 24-h, and 48-h 
exposure (Fig. 1I). In particular, γ-H2AX foci formation 

was significantly increased after 48-h exposure to NNK 
compared to control cells (Fig. 1I, J). Similar NNK-induced 
DNA damage responses were observed in BEAS-2B cells 
(Figure S1). Our findings strongly suggest that NNK induces 
DNA damage in human bronchial epithelial cells.

NNK exposure causes inhibition of cell proliferation, 
and induction of cell cycle arrest and apoptosis 
in 16HBE cells

It is becoming increasingly clear that cumulative DNA dam-
age can lead to cellular dysfunction, such as aberrant cell 
proliferation, cell cycle arrest and apoptosis, providing a 
link between DNA damage and disease progression (Evan 
and Vousden 2001; Jackson and Bartek 2009; Saitoh and 
Oda 2021). Therefore, we next examined the effects of NNK 
on cell proliferation in 16HBE cells using CCK8 and EdU 
assays. The CCK8 assay revealed that differences in cell 
proliferation between NNK-treated and control cells were 
observed after 48 h (Fig. 2A). Notably, NNK was found to 
have a growth-suppression effect on 16HBE cells relative to 
untreated cells. Similarly, the EdU assay revealed inhibition 
of cell proliferation in response to NNK treatment, with a 
significant reduction (approximately 50%) in cell prolifera-
tion rate after treatment with 300 μM NNK compared to the 
controls (Fig. 2B, C).

Since dysregulation of the cell cycle may be an under-
lying cause contributing to changes in cell proliferation 
(Aggarwal et al. 2020), we next examined the effects of 
NNK on the cell cycle in 16HBE cells. Flow cytometric 
analysis showed that the proportion of G2/M phase cells 
after NNK treatment was significantly increased in a 
dose-dependent manner, suggesting that NNK could lead 
to G2/M arrest in 16HBE cells (Fig. 2D, E). Notably, the 
most significant increase in G2/M cells was observed after 
exposure to 300 μM NNK compared to the negative control 
groups. Moreover, we found that NNK treatment induced 
a dose-dependent increase in the apoptosis rates of 16HBE 
cells (Fig. 2F, G). Taken together, our data suggest that 
NNK suppresses 16HBE cellular proliferation by block-
ing cell cycle progression and promoting the apoptosis of 
16HBE cells.

Characterization of circNIPBL, which is up‑regulated 
in NNK‑treated human bronchial epithelial cells

To investigate the underlying mechanisms of NNK-induced 
DNA damage initiation, a PubMed literature search was 
carried out to identify miRNAs associated with DDR. A 
total of 40 miRNAs were identified as being relevant to 
DDR. Of them, 11 (hsa_miR-122-5p, hsa_miR-125b-5p, 

Fig. 4   CircNIPBL promotes NNK-induced DNA damage by mediat-
ing γ-H2AX levels. A, B Knockdown and overexpression efficiency 
of circNIPBL was detected by qRT-PCR. C, D Representative comet 
assay images of circNIPBL-silenced 16HBE cells. Box plots show 
OTM values of 200 individual cells. E, F Overexpression of circ-
NIPBL-aggravated DNA damage was verified by comet assay. G, H 
Western blot analysis was used to detect γ-H2AX expression levels in 
circNIPBL-silenced 16HBE cells. I, J γ-H2AX expression levels in 
circNIPBL-overexpressing 16HBE cells. K–N Immunofluorescence 
assays detected γ-H2AX foci formation in circNIPBL knockdown or 
overexpressed 16HBE cells

◂
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hsa_miR-126-5p, hsa_miR-145-5p, hsa_miR-146a-5p, 
hsa_miR-146b-5p, hsa_miR-181a-5p, hsa_miR-195-5p, hsa_
miR-221-3p, hsa_miR-223-3p, and hsa_miR-24-3p) were 
used for further biological predictions since each miRNA 
was cited in more than 50 publications. Four circRNAs 
(hsa_circ_0001714, hsa_circ_0000990, hsa_circ_0001320, 
and hsa_circ_0001472) were found to bind to at least three 
of these miRNAs according to the StarBase database (http://​
starb​ase.​sysu.​edu.​cn/), suggesting that they may have a 
potential role in the regulation of the DDR (Fig. 3A). We 
next detected the expression of four candidate circRNAs 
by qRT-PCR and found that circNIPBL (circBase ID: hsa_
circ_0001472) was significantly up-regulated in 16HBE 
cells after treatment with 300 μM NNK for 48 h compared 
to controls (Fig. 3B). Further studies demonstrated that 
NNK exposure increased circNIPBL expression in a dose-
dependent manner in 16HBE cells (Fig. 3C). Similar results 
were also observed in BEAS-2B cells based on qRT-PCR 
data (Fig. 3D). Thus, circNIPBL, derived from the NIPBL 
gene exon2-exon9 region, with a spliced length of 1574 bp, 
was selected as a candidate for further exploration in NNK-
induced DNA damage (Fig. 3E).

Sanger sequencing for PCR products and RNase R treat-
ment revealed that circNIPBL stably existed in a circular 
structure (Fig. 3E, F). In addition, nuclear and cytoplasmic 
fractionation assays demonstrated that circNIPBL expres-
sion was more abundant in the cytoplasm than the nucleus 
(Fig. 3G). Furthermore, FISH analysis revealed that circ-
NIPBL was predominantly found in the cytoplasm (Fig. 3H). 
These findings suggest that circNIPBL is up-regulated in 
NNK-treated 16HBE cells and may have a potential biologi-
cal role in the regulation of DNA damage.

CircNIPBL promotes NNK‑induced DNA damage 
by mediating γ‑H2AX levels

To determine whether circNIPBL was involved in the DNA 
damage caused by NNK exposure, we employed loss/gain 
of function approaches by silencing or overexpressing circ-
NIPBL in 16HBE cells. As shown in Fig. 4A, B, circNIPBL 
expression was markedly decreased after transfected two 
siRNAs, and elevated approximately 12-fold after trans-
fected by overexpression plasmid compared to the negative 

control group, while the linear RNA NIPBL transcript level 
was not significantly changed. The comet assay revealed 
that knockdown of circNIPBL significantly reduced NNK-
induced DNA damage (Fig. 4C, D), while circNIPBL over-
expression aggravated NNK-induced DNA damage (Fig. 4E, 
F). Next, we examined γ-H2AX protein expression levels 
after circNIPBL knockdown or overexpression by western 
blot analyses. We found that circNIPBL silencing signifi-
cantly reduced γ-H2AX protein levels in NNK-treated and 
untreated 16HBE cells (Fig. 4G, H). Similarly, decreased 
γ-H2AX protein expression was observed in BEAS-2B cells 
transfected with circNIPBL siRNAs (Supplementary Figure 
S2A and B). In contrast, circNIPBL overexpression led to a 
significant increase in γ-H2AX expression in both 16HBE 
and BEAS-2B cells (Fig. 4I, J, Supplementary Figure S2C 
and D). DNA damage was also assessed by examining 
γ-H2AX foci formation in circNIPBL knockdown or over-
expressing 16HBE cells. Compared to the negative controls, 
circNIPBL silencing caused a reduction in γ-H2AX foci in 
16HBE cells (Fig. 4K, L). Consistent with the western blot 
data, a significant increase in γ-H2AX foci was also found 
in 16HBE cells after transfection with the circNIPBL over-
expression plasmid (Fig. 4M, N). Taken together, our results 
strongly suggest that circNIPBL promotes NNK-induced 
DNA damage in human bronchial epithelial cells through 
the regulation of γ-H2AX expression.

circNIPBL mediates NNK‑induced anti‑proliferation, 
cell cycle arrest and apoptosis in human bronchial 
epithelial cells

To determine whether circNIPBL regulates NNK-induced 
anti-proliferation, cell cycle arrest and apoptosis, we exam-
ined the effects of circNIPBL knockdown and overexpres-
sion in 16HBE cells. As shown in Fig. 5A, circNIPBL 
knockdown resulted in a significant increase in cell pro-
liferation in both untreated and NNK-treated 16HBE cells 
as measured by the CCK8 assay. In contrast, 16HBE cells 
exhibited a significant inhibition in proliferation after circ-
NIPBL overexpression (Fig. 5B). Thus, our data suggest that 
circNIPBL enhances NNK-induced inhibition of 16HBE 
cell growth. We next confirmed the role of circNIPBL in 
mediating cell proliferation using an EdU assay. Our data 
demonstrated that in the presence of the negative siRNA 
(circ_NC) and overexpression vector (circ_OE) controls, 
NNK treatment decreased EdU staining by approximately 
30% of EdU positive rates compared with control 16HBE 
cells, while NNK-induced inhibition of proliferation was 
reversed by circNIPBL knockdown and enhanced after 
circNIPBL overexpression (Fig. 5C–F). Having established 

Fig. 5   circNIPBL mediates NNK-induced anti-proliferation, cell 
cycle arrest and apoptosis in human bronchial epithelial cells. A, B 
Cell proliferation of circNIPBL-silenced or overexpressing 16HBE 
cells was assessed by CCK8 assays. C–F Proliferating cells were 
labeled using EdU after circNIPBL silencing or overexpression. 
G–J Flow cytometry analysis showing the cell cycle distribution of 
16HBE cells. K–N Apoptosis rate of circNIPBL-silenced or overex-
pressing 16HBE cells was determined by flow cytometry

◂

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/


2060	 Archives of Toxicology (2022) 96:2049–2065

1 3

Fig. 6   The base excision repair pathway is involved in NNK-induced 
DNA damage regulation. A Differentially expressed mRNAs between 
circNIPBL-silenced and negative control-treated cells are shown as a 
heat map. B Bubble chart of the top 30 KEGG pathway enrichment 
scores by GSEA method. C Enrichment score diagram of the BER 
pathway. D Scatter plot of circNIPBL pull-down proteins. Blue plots 
indicate specific protein expression in circNIPBL pull-down elution, 

red plots indicate non-specific protein expression in both pull-down 
and input elutions. E Western blot analysis verifying the interaction 
between circNIPBL and PARP1. Histone H3 was used as a loading 
control. F–I qRT-PCR analysis showing PARP1, XRCC1, PCNA and 
FEN1 relative expression levels in NNK-treated 16HBE cells. J, K 
PARP1, XRCC1, PCNA and FEN1 protein expression levels were 
detected by western blot
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that NNK treatment induced G2/M cell cycle arrest and 
subsequent inhibition of cell growth in 16HBE cells, we 
next sought to determine whether circNIPBL had a role in 
mediating cell cycle progression in NNK-treated cells. As 
shown in Fig. 5G, I, we found that silencing circNIPBL 
expression markedly increased G0/G1 cell cycle arrest in 
NNK-treated 16HBE cells, while the percentage of G2/M 
phase cells was significantly reduced as measured by flow 
cytometry. In contrast, circNIPBL overexpression led to a 
significant decrease in the percentage of G0/G1 phase cells, 
and substantial increase in G2/M-arrested cells in both 
untreated and NNK-treated 16HBE cells (Fig. 5H, J). The 
effects of circNIPBL on NNK-induced apoptosis were also 
examined by flow cytometry. We found that NNK treatment 
increased the rate of apoptosis in both two control groups 
(circ_NC and circ_vector). circNIPBL knockdown reversed 
NNK-induced apoptosis, while circNIPBL overexpression 
enhanced it (Fig. 5K–N). Together, these data demonstrate 
that up-regulation of circNIPBL inhibits cell proliferation by 
promoting cell cycle arrest in the G2/M phase and enhancing 
apoptosis in NNK-treated 16HBE cells.

The base excision repair pathway is involved 
in the regulation of NNK‑induced DNA damage

To further understand the underlying mechanisms of 
circNIPBL in NNK-induced DNA damage, we per-
formed mRNA sequencing (RNA-Seq) analysis to detect 
differential expression of mRNAs between circNIPBL-
silenced and circ_NC-treated 16HBE cells. The differ-
ential mRNA expression profiles are shown in a cluster 
heat map (Fig. 6A). In total, 1274 mRNAs were identi-
fied as differentially expressed genes, of which 564 were 
significantly up-regulated and 710 were significantly 
down-regulated in circNIPBL-silenced 16HBE cells. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis was evaluated by the Gene 
Set Enrichment Analysis (GSEA) method using the clus-
terProfiler package (https://​doi.​org/​10.​18129/​B9.​bioc.​
clust​erPro​filer). The top 30 related pathways are shown 
in a bubble chart in Fig. 6B. We identified the base exci-
sion repair (BER) pathway as a candidate pathway that 
showed promising correlation with circNIPBL, due to its 
high enrichment score and low false discovery rate when 
compared to other related pathways (Fig. 6B, C). Details 
of the enriched base excision repair genes are shown in 
Table S6. Next, mass spectrometry was used to validate 
the interactions between circNIPBL and DNA damage-
associated proteins after a pull-down assay. We found that 
circNIPBL could interact with DNA repair proteins such 
as PARP1, FUS, and TIAL1 (Fig. 6D). However, only the 

interaction between circNIPBL and PARP1 protein was 
further confirmed by western blot analysis (Fig. 6E). In 
addition, we found that the expression levels of BER path-
way genes such as PARP1, XRCC1, PCNA, and FEN1 
were all significantly decreased after exposure to high 
concentrations of NNK (200 or 300 μM) as measured by 
qRT-PCR (Fig. 6F–I). PARP1, XRCC1, PCNA, and FEN1 
protein expression levels were also reduced after NNK 
exposure, indicating that the BER pathway was involved 
in the regulation of NNK-induced DNA damage (Fig. 6J, 
K). Similarly, NNK treatment also inhibited expression 
of these BER proteins in BEAS-2B cells (Figure S3). 
Taken together, our results demonstrate that circNIPBL 
interacts with the PARP1 protein of the BER pathway, 
which participates in the modulation of NNK-induced 
DNA damage.

CircNIPBL promotes NNK‑induced DNA damage 
via inhibition of the BER pathway

We next investigated the potential roles of circNIPBL in the 
regulation of the BER pathway in both 16HBE and BEAS-
2B cells. We used siRNAs to knockdown the expression of 
circNIPBL, and found that PARP1, XRCC1, PCNA, and 
FEN1 protein levels were significantly increased in untreated 
16HBE cells based on western blot analyses (Fig. 7A, B). 
Since our earlier data suggested that the inhibitory effect 
of NNK exposure on the BER pathway is through suppres-
sion of PARP1, XRCC1, PCNA, and FEN1 protein expres-
sion, we next examined whether circNIPBL silencing could 
rescue NNK-induced inhibition of the BER pathway. We 
found that circNIPBL silencing successfully increased 
PARP1, XRCC1, PCNA, and FEN1 protein expression in 
NNK-induced16HBE cells (Fig. 7A, B). Similar results 
demonstrating that circNIPBL knockdown could reverse 
the NNK-induced inhibition of the BER pathway were also 
observed in BEAS-2B cells (Fig. 7C, D). Subsequently, we 
overexpressed circNIPBL in 16HBE cells with or without 
NNK treatment. We found that overexpression of circNIPBL 
dramatically decreased PARP1, XRCC1, PCNA, and FEN1 
protein expression compared to negative controls in 16HBE 
cells (Fig. 7E, F). Of note, circNIPBL overexpression com-
bined with NNK treatment exhibited the most significant 
reduction in PARP1, XRCC1, PCNA, and FEN1 protein lev-
els in 16HBE cells, suggesting that circNIPBL has an impor-
tant role in the regulation of NNK-induced DNA damage. 
In addition, we further verified that circNIPBL overexpres-
sion also decreased the expression of BER pathway-associ-
ated proteins in BEAS-2B cells (Fig. 7G, H). Collectively, 
our data demonstrate that circNIPBL plays a critical role 
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in modulating the BER pathway and thus regulates NNK-
induced DNA damage.

Discussion

DNA damage is generally considered to be the initiating 
process of carcinogenesis, and damaged DNA that is not 
properly repaired may lead to genomic instability, apoptosis, 
or senescence, which in turn are implicated in cancer devel-
opment (Guo et al. 2019; Saitoh and Oda 2021; Schiewer 
and Knudsen 2019). It is well established that nuclear DNA 
is the target for various genotoxic agents present in cigarette 
smoke, and thus may result in DNA damage, such as double-
strand breaks in human bronchial epithelial cells (Amarar-
athna et al. 2020; Zhao et al. 2009). NNK, a type of tobacco-
specific nitrosamine, has been confirmed to be a carcinogen 
in lung tumorigenesis in our previous in vivo studies (Wu 
et al. 2013). In the present study, we further investigated 
the potential role of NNK in cellular DNA damage, and 
examined its underlying mechanisms to provide clues for 
revealing the etiology of NNK-induced carcinogenesis. We 
demonstrated that NNK exposure induced DNA damage 
in 16HBE and BEAS-2B cells, and identified a circRNA, 
circNIPBL, that was up-regulated in NNK-treated 16HBE 
and BEAS-2B cells, and was correlated with NNK-induced 
DNA damage. Moreover, circNIPBL was found to promote 
NNK-induced DNA damage through modulation of the 
BER pathway and interactions with the DNA repair protein, 
PARP1. To the best of our knowledge, this is the first report 
to describe the potential role of circRNAs in the regulation 
of DNA damage caused by environmental chemicals.

In response to DNA lesions induced by various envi-
ronmental genotoxic agents, normal cells can initiate 
a specific cellular response, defined as DNA damage 
response (DDR), to maintain genome integrity (Arjumand 
et al. 2018; Dietlein and Reinhardt 2014; Zhang and Peng 
2015). The function of the DDR is to permit normal cells 
to repair DNA damage or if the lesions are beyond repair, 
arrest cell cycle progression and activate the apoptosis 
pathway (Arjumand et al. 2018; Dietlein and Reinhardt 

2014). In this study, we found that NNK exposure caused 
DSBs in both 16HBE and BEAS-2B cells with increased 
γ-H2AX protein expression and γ-H2AX foci formation. 
γ-H2AX is considered to be a marker for DSBs. DSBs are 
a huge threat and result in genome instability, mutations, 
cell death, and tumorigenesis if they cannot be correctly 
repaired (Barnes et al. 2018; George and Rupasinghe 2017; 
Ibuki et al. 2015). Here, we observed apoptosis and cell 
cycle arrest in 16HBE cells after NNK treatment, which 
ultimately led to cell growth suppression and elimination 
of cells with excessive DNA damage. Multiple studies 
have demonstrated that noncoding RNAs (ncRNAs), such 
as miRNAs and lncRNAs, are emerging as critical play-
ers in DNA damage repair and have an essential role in 
maintaining cell survival and normal function (Arjumand 
et al. 2018). For example, Lai et al. showed that miR-7-5p 
impeded DSB repair caused by doxorubicin through reduc-
ing the expression of BRCA1 and Rad51, two sensitive 
markers for homologous recombination repair (Lai et al. 
2019). LncRNA SNHG12 was identified as an impor-
tant regulator of genomic stability because of its crucial 
role in interacting with DNA-dependent protein kinase 
(DNA-PK), a key mediator of the DDR, in atherosclerotic 
lesions (Haemmig et al. 2020). Recently, the emergence 
of circRNAs has provided a better understanding of the 
mechanisms of numerous cellular processes, and further 
provided new insights into the regulation of DNA damage. 
To date, several circRNAs such as circITCH, CDR1as, and 
cCNTNAP3, have been found to be associated with the 
modulation of DNA damage (Han et al. 2020; Lou et al. 
2020; Wang et al. 2020a). Importantly, our study was the 
first to elucidate the mechanism of circRNA in chemical 
carcinogen-induced DNA damage. We found that knock-
down of circNIPBL decreased γ-H2AX protein levels and 
repressed γ-H2AX foci formation, while overexpression 
of circNIPBL had the opposite effect, suggesting that circ-
NIPBL accelerates NNK-induced DNA damage.

Mechanistically, we found that circNIPBL silencing 
significantly elevated PARP1, XRCC1, PCNA, and FEN1 
protein levels, whereas overexpression of circNIPBL 
caused a significant decrease in BER pathway activity. 
Poly (ADP-ribose) polymerase 1 (PARP1), functions as 
a key enzyme in the BER pathway, and has been reported 
to play important roles in numerous biological processes, 
such as DNA repair, chromatin remodeling, and transcrip-
tion (Thomas and Tulin 2013). Here, we found that PARP1 
protein levels were significantly repressed by NNK treat-
ment in a dose-dependent manner, indicating an essen-
tial role in response to DSB repair. A direct interaction 
between PARP1 and histone H2AX has been previously 
described in mammalian cells after exposure to ionizing 

Fig. 7   CircNIPBL promotes NNK-induced DNA damage via inhibi-
tion of the BER pathway. A, B Western blot analysis and quantifica-
tion of BER-associated protein expression in circNIPBL-silenced-
16HBE cells. C, D Western blot analysis and quantification of 
BER-associated protein expression in circNIPBL-silenced BEAS-2B 
cells. E, F Western blot analysis and quantification of BER-associated 
protein expression in circNIPBL-overexpressing 16HBE cells. G, H 
Western blot analysis and quantification of BER-associated protein 
expression in circNIPBL-overexpressing BEAS-2B cells. Protein 
bands were normalized to tubulin-β
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irradiation, which induces DSBs, and promotes rapid 
phosphorylation of H2AX (Du et al. 2006; Thomas and 
Tulin 2013). Similarly, our data confirmed that simultane-
ous changes in PARP1 and γ-H2AX levels occurred after 
NNK treatment, strongly suggesting that both proteins 
have an important role in the regulation of NNK-induced 
DNA damage. As previously reported, the recruitment of 
XRCC1 by PARP1 after DNA damage was considered to 
be a key step for the recruitment of downstream repair 
enzymes (Nassour et al. 2016). Interestingly, we found that 
PARP1, XRCC1, PCNA, and FEN1 protein expression was 
significantly suppressed by NNK, while circNIPBL was 
shown to interact with PARP1 protein. Furthermore, we 
demonstrated that overexpression of circNIPBL could dra-
matically exacerbate NNK-induced DNA damage and cell 
apoptosis through interacting with PARP1 and decreasing 
its protein expression. However, the potential mechanisms 
by which circNIPBL regulates reduced PARP1 expression, 
such as promoting its ubiquitination, were not examined 
here, and will be the focus of future studies.

Conclusions

In summary, our study demonstrated the promotive effects 
of circNIPBL in NNK-induced DNA damage and cellu-
lar dysfunction. Further mechanistic analysis revealed 
that circNIPBL promotes NNK-induced DNA damage by 
suppressing the BER pathway and interacting with the 
DNA repair protein, PARP1. Taken together, our findings 
provide new evidence that circRNAs have a critical role 
in mediating environmental carcinogen-induced cellular 
DNA damage, as well as provide novel insights into under-
standing environmental carcinogenesis.
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