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Abstract
Cigarette smoking is an important risk factor in lung cancer development. As a class of regulatory RNAs, 
microRNAs (miRs) participate in various biological processes. In the present study, we searched for the key miRs 
that mediate cigarette smoke-induced aggressive phenotype in human bronchial epithelial (HBE) cells. Our 
results demonstrated that miR-652 was upregulated in cigarette smoke extract (CSE)-exposed HBE cells. ARID1A 
silencing due to hypermethylation of its promoter accounted for the upregulation of miR-652 in CSE-treated HBE 
cells. Overexpression of miR-652 accelerated the proliferation, migration, and anchorage-independent growth of 
HBE cells exposed to CSE. Knockdown of miR-652 attenuated the growth and migration of CSE-treated HBE cells. 
According to bioinformatic prediction and luciferase reporter assays, ZFAND5 was found to be a target of miR-
652. Overexpression of miR-652 suppressed the protein expression of ZFAND5 in HBE cells, without altering its 
mRNA abundance. CSE treatment reduced the protein expression of ZFAND5 in HBE cells. Depletion of ZFAND5 
potentiated the anchorage-independent growth and migration of CSE-treated HBE cells. Enforced expression of 
ZFAND5 reversed miR-652-mediated enhancement of anchorage-independent growth and migration in CSE-
treated HBE cells. In conclusion, miR-652 potentiates CSE-induced aggressive phenotype in HBE cells by repressing 
ZFAND5 protein expression. The potential involvement of miR-652 in cigarette smoking-related lung carcinogenesis 
warrants further investigation.
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Introduction
Lung cancer is a leading cause of cancer-related deaths 
worldwide [1]. Cigarette smoking is a main risk factor for 
lung cancer [2]. Over 60 carcinogens have been detected 
in cigarette smoke [3]. Benzo(a)pyrene (BaP) and nitro-
samine are the well-defined tobacco carcinogens with 
the ability to cause DNA damage and induce lung cancer 
[4]. Identification of the key factors involved in cigarette 
smoke-induced lung carcinogenesis is important for the 
prevention of this malignant disease.

microRNAs (miRs) are a class of endogenous small 
non-coding RNAs of approximately 22 nucleotides in 
length. They are evolutionarily conserved and can elicit 
posttranscriptional regulation of gene expression via 
incomplete base pairing to the 3′-untranslated region 
(UTR) of target mRNAs [5]. miRs are involved in various 
biological processes including cell proliferation, survival, 
migration, invasion, inflammation, and tumorigenesis [6]. 
A number of miRs have been found to mediate cigarette 
smoke-induced cancer development and progression [7]. 
For instance, cigarette smoke provokes miR-25-3p pro-
duction to enhance the proliferation and invasion of pan-
creatic cancer cells [7]. Another study has reported that 
cigarette smoke exposure leads to epigenetic silencing of 
miR-487b, a tumor suppressor in lung cancer cells [8]. 
Besides the regulation of miRs in cancer cells, cigarette 
smoke also affects the expression of miRs in non-malig-
nant cells [9, 10]. Several miRs such as miR-217, miR-
218, and miR-200c have been found to be downregulated 
by cigarette smoke extract (CSE) in human bronchial 
epithelial (HBE) cells [10–13]. Interestingly, epigenetic 
silencing of miR-218 leads to increased self-renewal and 
malignancy in CSE-treated HBE cells [11]. These stud-
ies suggest that miR regulators play an important role in 
cigarette smoke-induced carcinogenesis.

In the present study, we identified miR-652 as a novel 
key mediator of CSE-induced aggressive phenotype in 
HBE cells. Unlike miR-217, miR-218, and miR-200c, 
the expression of miR-652 was upregulated in HBE cells 
exposed to CSE. Epigenetic silencing of AT-interacting 
domain-rich protein 1 A (ARID1A) led to the upregula-
tion of miR-652 in CSE-treated HBE cells. ARID1A is a 
subunit of the switch/sucrose non-fermentable (SWI/
SNF) chromatin remodeling complex, which alters chro-
matin structure and DNA accessibility to modulate gene 
transcription [14]. ARID1A functions as a tumor sup-
pressor, and its loss contributes to cancer development 
and progression [15, 16]. We demonstrated that overex-
pression of miR-652 enhanced the proliferation, anchor-
age-independent growth, and migration of CSE-exposed 
HBE cells. Hence, miR-652 may act as a potential target 
for the prevention of cigarette smoke-related neoplastic 
transformation in human lung epithelial cells.

Materials and methods
Cell culture
HBEC3-KT bronchial epithelial cells were purchased 
from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were cultured in the Air-
way Epithelial Cell Basal Medium supplemented with 
Bronchial Epithelial Cell growth Kit (ATCC, Manassas, 
VA, USA). HEK293 cells were cultured in RPMI-1640 
medium (Lonza, Basel, Switzerland) supplemented with 
10% foetal bovine serum (FBS; Sigma-Aldrich, St. Louis, 
MO, USA). Routine laboratory testing indicated no 
mycoplasma contamination.

CSE preparation and cell treatment
CSE was prepared as described previously [17]. In brief, 
the condensate from smoking 3R4F Kentucky Research 
cigarettes (University of Kentucky, Lexington, KY, USA) 
was collected using a glass fibre filter. Weight increase for 
the filter indicated the amount of total particulate mat-
ter. The cigarette smoke particulates trapped on the fil-
ter were sequentially extracted using dimethyl sulfoxide 
(DMSO) and culture medium. The DMSO (for water-
insoluble components) and culture medium (for water-
soluble components) extractions were mixed to generate 
the total CSE solution. The CSE was freshly prepared 
before use.

To induce HBE cell malignant transformation, HBEC3-
KT cells were exposed to 10 µg/mL CSE for 1 or 4 weeks 
[17]. The cell medium containing CSE was refreshed 
every 3–4 days. In some experiments, CSE-exposed 
HBEC3-KT cells were treated with 10 µM 5-azacytidine 
(Sigma-Aldrich) [18] for 24  h before analysis of gene 
expression. The cell culture medium was used as the con-
trol for CSE and 5-azacytidine.

RNA extraction and quantitative real-time PCR (qRT-PCR) 
analysis
Total RNA was extracted using Trizol reagent (Thermo 
Fisher Scientific, Waltham, MA, USA) and reverse-tran-
scribed to cDNA using the first-strand synthesis system 
(Thermo Fisher Scientific) according to the manufactur-
er’s instructions. The transcripts ARID1A and ZFAND5 
were measured by qRT-PCR analysis using the following 
primers: ARID1A forward 5′- C C T G A A G A A C T C G A A C 
G G G A A-3′, ARID1A reverse 5′- T C C G C C A T G T T G T T G 
G T G G-3′; ZFAND5 forward 5′- G A G C C C T C G G A C T C C 
A T C A C T-3′, ZFAND5 reverse 5′- A G G C A G A G G C A G G 
A G A A T C A C-3′. The relative gene expression was calcu-
lated by normalizing against the level of GAPDH.

For measurement of miR expression, the All-in-One 
miRNA First-Strand cDNA Synthesis Kit (GeneCopoeia, 
Guangzhou, China) was used. According to the manu-
facturer’s instructions, mature miRs were polyadenyl-
ated by poly(A) polymerase and then subjected to cDNA 



Page 3 of 13Zhang et al. BMC Pulmonary Medicine          (2025) 25:245 

synthesis. qRT-PCR was performed using the All-in-One 
miRNA qPCR Kit (GeneCopoeia) with miR-specific 
primers and universal reverse primers (Supplementary 
Table S1). Relative miR levels were determined after nor-
malization to the endogenous control U6 snRNA.

Methylated DNA immunoprecipitation assay
As described previously [19], methylated DNA immuno-
precipitation assay was performed to assess the methyla-
tion level at the promoter of ARID1A. In brief, genomic 
DNA fragments from CSE-exposed HBEC3-KT cells was 
denatured at 95  °C for 10  min and subjected to immu-
noprecipitation using anti-5-methylcytosine antibody 
(clone D3S2Z, catalog no. 28692; Cell Signaling Technol-
ogy, Danvers, MA, USA). The DNA-antibody mixture 
was incubated overnight at 4 °C. Proteinase K was added 
to release methylated DNA fragments from the DNA-
antibody complex. Quantitative PCR was performed to 
analyze methylated ARID1A sequence using the follow-
ing primers: forward, 5′- A G G G G A C A G A C C T G G A T A 
G G G-3′; reverse, 5′- T C A G C A C T G C C A T T T T A C C C A 
G-3′. An unmethylated sequence, which was used as a 
normalization control, was also analyzed by PCR using 
the following primers: forward, 5′- G A G A G C A T T A G G G 
C A G A C A A A-3′; reverse, 5′- G T T C C T C A G A C A G C C A 
C A T T T-3′.

Plasmids, oligonucleotides, and transfection
Two independent ARID1A short hairpin RNAs (shR-
NAs) were cloned into the pLKO.1 puro vector 
(Sigma-Aldrich), as described previously [20]. The tar-
get sequences for ARID1A shRNAs are as follows: 
shARID1A#1: 5′- T A A T G C C T T G C C C A A T G C C A 
A-3′; shARID1A#2: 5′- A C A T G A C C T A T A A T T A T G C C 
A-3′. The sequences of ZFAND5-targeting siRNAs were 
as follows: siZFAND5#1: 5′-AAUGGAAUGUGUU-
CAGUUUtt-3′; siZFAND5#2: 5′-UGAACUUGUU-
CAAGUGAUAtt-3′. For overexpression studies, ARID1A 
and ZFAND5 cDNAs were cloned to pcDNA3.1(+) vector 
(Thermo Fisher Scientific). miR-652 mimic (MC12699) 
and anti-miR-652 inhibitor (MH12699; Thermo Fisher 
Scientific) were used in this study. Cell transfections were 
conducted using Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA).

Soft agar assay
HBEC3-KT cells were treated with CSE for indicated 
times and tested for clonogenic potential by soft agar 
assays. The 0.6% agar in EMEM was placed to 12-well 
plates and allowed to solidify. 800 viable cells were sus-
pended in 0.4% agar in EMEM and seeded on the bot-
tom agar layer. After 2 weeks of culture, the colonies were 
photographed and counted.

Cell proliferation assay
CSE-transformed HBEC3-KT cells were transfected with 
indicated constructs and seeded on 96-well plates. After 
culturing for 1, 3, or 5 days, the number of viable cells 
was determined using the MTT Cell Proliferation Kit 
(Sigma-Aldrich). Absorbance was measured at a wave-
length of 570 nm.

Transwell migration assay
The migratory capacities of HBEC3-KT cells after indi-
cated treatments were determined by Transwell migra-
tion assays using a Boyden chamber with an 8-µm-pore 
filter membrane. Briefly, cells (1 × 104) in the Airway 
Epithelial Cell Basal Medium were seeded in the upper 
chamber. The lower chamber was filled with the culture 
medium containing 10% FBS. After incubation for 24 h, 
the cells that migrated to the lower chamber were stained 
with crystal violet and counted.

Luciferase reporter assay
The luciferase reporter constructs were prepared by 
inserting the 3′-UTR of ZFAND5, ISL1, TNRC6A, NPTN, 
or CAPZB into pGL3 Luciferase Reporter Vector (Pro-
mega Corporation, Madison, WI, USA). To disrupt the 
putative miR-652 binding site in the 3′-UTR of ZFAND5, 
site-directed gene mutagenesis was performed using the 
QuickChangeXL Site-Directed Mutagenesis Kit (Strat-
egene, La Jolla, CA, USA) following the manufacturer’s 
instructions. The reporter constructs were co-transfected 
to HEK293 cells using Lipofectamine 3000, together with 
miR-652 mimic or negative control mimic (miR-NC). 
The pRL-CMV vector (Promega) that expresses Renilla 
luciferase was used as an internal control. After culturing 
for 24 h, the cells were lysed and examined for luciferase 
activities using the Dual-luciferase Reporter Assay Kit 
(Promega).

Western blot analysis
Cells were lysed in ice-cold lysis buffer containing prote-
ase and phosphatase inhibitors (Sigma-Aldrich). Protein 
concentrations were determined using a BCA Protein 
Quantification kit (Beyotime, Shanghai, China). Protein 
samples were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred onto a 
polyvinylidene difluoride (PVDF) membrane. The mem-
brane was incubated with anti-ZFAND5 (clone OTI1D8, 
catalog no. MA5-26455), anti-ARID1A (clone GT3611, 
catalog no. MA5-27793), or anti-GAPDH (clone 4A9L6, 
catalog no. MA5-35235) antibodies (Thermo Fisher Sci-
entific) at 4  °C overnight, followed by incubation with 
horseradish peroxidase-conjugated secondary antibod-
ies (Thermo Fisher Scientific) at room temperature for 
1 h. Protein signals were detected using the Chemilumi-
nescent Western Blot Detection Kit (catalog no. 32109; 
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Thermo Fisher Scientific). The band intensities were 
quantitated using the ImageJ program (National Insti-
tutes of Health, Bethesda, Maryland, USA).

Statistical analysis
The data were expressed as the mean ± standard devia-
tion. Statistical difference was assessed using the Stu-
dent’s t-test or one-way analysis of variance. A P value 
less than 0.05 was considered statistically significant.

Results
miR-652 is induced in HBE cells exposed to CSE
Analysis of 2 Gene Expression Omnibus (GEO) datasets 
(GSE175462 and GSE107962) revealed 13 common miRs 
that were dysregulated both in lung adenocarcinoma 
samples (relative to adjacent lung tissues) and in lung 
tissues from mice exposed to cigarette smoke (Fig.  1A). 
These miRs are listed as follows: miR-1976, miR-1468, 
miR-3615, miR-552, miR-652, miR-2110, miR-5698, miR-
1258, miR-1248, miR-1299, miR-1262, miR-934, and 
miR-1301. We examined their expression in HBE cells 
exposed to CSE. miR-652 was significantly induced after 
CSE treatment, while the other miRs tested remained 
unchanged (Fig. 1B).

Epigenetic silencing of ARID1A contributes to miR-652 
upregulation upon CSE exposure
ARID1A is a core component of the mammalian SWI/
SNF complex and regulates the expression of a number 
of target genes [14, 15]. Our previous studies have indi-
cated that ARID1A loss induces prolyl 4-hydroxylase 
subunit beta (P4HB) and plasminogen activator uro-
kinase (PLAU) expression in lung cancer cells [20, 21]. 
Therefore, we checked whether ARID1A was involved in 
CSE-induced miR-652 upregulation. Notably, ARID1A 
expression was reduced in HBE cells after CSE treat-
ment (Fig. 2A). Such reduction was rescued by the DNA 
demethylating agent 5-azacytidine (Fig.  2A). Methyl-
ated DNA immunoprecipitation assays confirmed that 
CSE treatment led to hypermethylation at the promoter 
of ARID1A (Fig. 2B). Knockdown of ARID1A promoted 
the expression of miR-652 in HBE cells (Fig. 2C and D), 
whereas overexpression of ARID1A inhibited the expres-
sion of miR-652 in HBE cells (Fig. 2E and F). Additionally, 
CSE-induced upregulation of miR-652 was impaired by 
overexpression of ARID1A (Fig.  2F). These results col-
lectively indicate that CSE induces the expression of miR-
652 through epigenetic silencing of ARID1A.

miR-652 mediates CSE-induced anchorage-independent 
growth and migration in HBE cells
Chronic treatment with CSE alone has been shown to 
promote malignant transformation in HBE cells [13, 22]. 
Thus, we investigated the role of miR-652 in CSE-induced 

malignant transformation of HBE cells. Soft agar assays 
were conducted to assess the anchorage-independent 
growth of HBE cells, a hallmark feature of carcinogen-
esis [22]. After the 4-week treatment with CSE, HBE 
cells acquired the ability to form colonies in soft agar 
(Fig.  3A and B). Notably, miR-652-overexpressing HBE 
cells formed more colonies after CSE treatment (Fig. 3A 
and B). Moreover, CSE-induced HBE cell proliferation 
(Fig.  3C) and migration (Fig.  3D and E) were potenti-
ated by miR-652 overexpression. In contrast, knockdown 
of miR-652 impaired the proliferation, migration, and 
anchorage-independent growth of HBE cells after CSE 
treatment (Fig. 4). These data suggest that miR-652 plays 
an indispensable role in CSE-induced malignant transfor-
mation of HBE cells.

miR-652 represses the expression of ZFAND5 in HBE cells
Both miRDB and TargetScan programs have been widely 
used to predict target genes for the miRs of interest 
[23]. According to the 2 prediction algorithms, ISL1, 
TNRC6A, NPTN, ZFAND5, and CAPZB were poten-
tial targets for miR-652. Luciferase reporter assays were 
performed to check whether miR-652 can modulate 
the expression of these potential targets. As shown in 
Fig. 5A, miR-652 overexpression suppressed the expres-
sion of the luciferase constructs containing the 3′-UTR 
of ZFAND5, but not ISL1, TNRC6A, NPTN, or CAPZB. 
Mutation of the predicted miR-652 binding site in the 
3′-UTR of ZFAND5 disrupted miR-652-mediated repres-
sion of the luciferase reporter (Fig.  5B and C). We next 
examined the effect of miR-652 on the endogenous 
expression of ZFAND5 in HBE cells. Overexpression of 
miR-652 led to a reduction in the ZFAND5 protein level 
in HBE cells, without altering the mRNA abundance 
of ZFAND5 (Fig.  5D and E). Knockdown of miR-652 
caused a marked increase in the protein level of ZFAND5 
(Fig. 5E). These results indicate that miR-652 post-tran-
scriptionally regulates ZFAND5 expression in HBE cells. 
Given the downregulation of miR-652 by ARID1A, we 
investigated the effect of ARID1A depletion on ZFAND5 
protein expression in HBE cells. As shown in Fig.  5F, 
silencing of ARID1A markedly suppressed the expression 
of ZFAND5.

ZFAND5 protects HBE cells from CSE-induced malignant 
transformation
Next, we investigated the role of ZFAND5 in CSE-
induced malignant transformation of HBE cells. Com-
pared to control cells, CSE-exposed HBE cells had a 
lower level of ZFAND5 protein (Fig.  6A). However, the 
level of ZFAND5 transcript was comparable between 
CSE-exposed and control HBE cells (Fig.  6B). Interest-
ingly, knockdown of ZFAND5 potentiated the prolif-
eration, anchorage-independent growth, and migration 
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Fig. 1 miR-652 is induced in HBE cells after cigarette smoke extract (CSE) exposure. (A) Venn diagram depicting 13 differentially expressed miRs that 
were identified from 2 GEO datasets (GSE175462 and GSE107962). (B) Heatmap showing miR expression changes in HBE cells exposed to CSE. Asterisk (*) 
indicates significant difference (P < 0.05) between the control and CSE treatment groups (n = 3)
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Fig. 2 Epigenetic silencing of ARID1A contributes to miR-652 upregulation upon cigarette smoke extract. (A) Measurement of ARID1A mRNA expression 
in different groups. 10 µM 5-azacytidine (Aza) was used to block DNA methylation. *P < 0.05 (n = 3). (B) Quantification of the relative methylation level 
at the ARID1A promoter by methylated DNA immunoprecipitation assays. *P < 0.05 (n = 3). (C) Western blot analysis of ARID1A protein levels in HBE cells 
transfected with control shRNA (shCtrl) or ARID1A-targeting shRNAs (shARID1A#1 and 2). Numbers below the blots represent mean densitometry ratios 
(normalized to the loading control) of three independent experiments. (D) Measurement of miR-652 levels in HBE cells transfected with indicated shRNAs. 
*P < 0.05 relative to the shCtrl group (n = 3). (E) Western blot analysis of ARID1A protein levels. Numbers below the blots represent mean densitometry 
ratios (normalized to the loading control) of three independent experiments. (F) Overexpression of ARID1A inhibited the expression of miR-652 in HBE 
cells with or without 4-week CSE treatment. *P < 0.05 (n = 3)
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Fig. 3 miR-652 overexpression enhances CSE-induced neoplastic transformation of HBE cells. (A, B) Soft agar assays using HBE cells transfected with 
control miR (miR-NC) or miR-652 mimic and treated with CSE for 4 weeks. Quantification of colonies is shown in (B). *P < 0.05 (n = 3). (C) Assessment of the 
proliferation of CSE-exposed HBE cells by the MTT assay. *P < 0.05 (n = 3). (D, E) Transwell migration assay performed in CSE-exposed HBE cells. Representa-
tive images of migrated cells are shown in (D). Scale bar = 20 μm. Quantification of migrated cell number is shown in (E). *P < 0.05 (n = 3)
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of CSE-exposed HBE cells (Fig.  6C and G), suggest-
ing ZFAND5 as a suppressor of HBE cell malignant 
transformation.

miR-652-mediated enhancement of CSE-induced 
aggressive phenotype in HBE cells can be rescued by 
overexpression of ZFAND5
Since miR-652 negatively regulates ZFAND5 expres-
sion in HBE cells, we overexpressed ZFAND5 to rescue 
the promoting effect of miR-652 on HBE cell malignant 

transformation. Western blot analysis validated the 
overexpression of ZFAND5 protein in HBE cells trans-
fected with the ZFAND5-expressing plasmid (Fig.  6H). 
Enforced expression of ZFAND5 significantly blocked 
CSE-induced proliferation, anchorage-independent 
growth, and migration in HBE cells (Fig.  6I and K). 
Most importantly, the miR-652-mediated enhancement 
of HBE cell malignant transformation was reversed by 
overexpression of ZFAND5 (Fig.  6I and K). These find-
ings support that repression of ZFAND5 is involved in 

Fig. 4 Knockdown of miR-652 impairs CSE-induced aggressive phenotype in HBE cells. (A, B) Soft agar assays using HBE cells transfected with anti-
miR-652 or control anti-miR (anti-miR-NC) and treated with CSE for 4 weeks. Quantification of colonies is shown in (B). *P < 0.05 (n = 3). (C) Assessment of 
the proliferation of CSE-exposed HBE cells by the MTT assay. *P < 0.05 (n = 3). (D, E) Transwell migration assay performed in CSE-exposed HBE cells. Repre-
sentative images of migrated cells are shown in (D). Scale bar = 20 μm. Quantification of migrated cell number is shown in (E). *P < 0.05 (n = 3)
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Fig. 5 miR-652 represses the protein expression of ZFAND5 in HBE cells. (A) Effects of miR-652 overexpression on the activities of luciferase reporters har-
boring the 3′-UTR of indicated mRNAs. *P < 0.05 relative to the miR-NC group (n = 3). ns indicates no significance. (B) The predicated miR-652 binding site 
in the 3′-UTR of ZFAND5. The mutant construct showed the disruption of the miR-652 binding site. (C) miR-652 overexpression suppressed the luciferase 
reporter with the wild-type but not mutant ZFAND5 3′-UTR. *P < 0.05 relative to the miR-NC group (n = 3). ns indicates no significance. (D) Measurement 
of ZFAND5 mRNA levels in HBE cells transfected with miR-652 mimic, anti-miR-652 or their corresponding controls. ns indicates no significance (n = 3). 
(E) Western blot analysis of ZFAND5 protein levels in HBE cells transfected with miR-652 mimic, anti-miR-652 or their corresponding controls. Numbers 
below the blots represent mean densitometry ratios (normalized to the loading control) of three independent experiments. (F) Western blot analysis of 
ZFAND5 protein levels in HBE cells transfected with indicated shRNAs. Numbers below the blots represent mean densitometry ratios (normalized to the 
loading control) of three independent experiments
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the miR-652-mediated enhancement of aggressiveness in 
CSE-exposed HBE cells. Discussion

In this work, we indicate a crucial role for miR-652 in 
mediating cigarette smoke-induced aggressive phenotype 
in HBE cells. miR-652 expression is elevated in response 

Fig. 6 (See legend on next page.)
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to CSE treatment. Most intriguingly, enforced expres-
sion of miR-652 accelerates the proliferation, migration, 
and anchorage-independent growth of CSE-treated HBE 
cells. Depletion of miR-652 impedes the CSE-induced 
growth and migration of HBE cells. These results sug-
gest that induction of miR-652 contributes to cigarette 
smoke-related aggressive phenotype in HBE cells.

The expression and function of miR-652 have been 
extensively investigated in different cancers including 
non-small cell lung cancer, hepatocellular carcinoma, 
bladder cancer, and endometrial cancer [24–27]. Elevated 
expression of miR-652 promotes the aggressiveness of 
malignant diseases. For instance, overexpression of miR-
652 enhances the proliferation and invasion of hepato-
cellular carcinoma cells [25]. These studies indicate that 
miR-652 acts as an oncogenic miR to drive malignant 
progression. However, few studies have explored the 
role of miR-652 in the non-malignant context. Our data 
reveal that knockdown of miR-652 impairs the anchor-
age-independent growth and migration of CSE-treated 
HBE cells, highlighting importance of miR-652 in HBE 
cell malignant transformation. Moreover, overexpression 
of miR-652 can potentiate the anchorage-independent 
growth and migration of HBE cells after CSE exposure. 
However, miR-652 alone displays a mild activity to induce 
the growth and migration of HBE cells. In contrast, over-
expression of miR-652 is sufficient to promote the pro-
liferation and invasion of lung cancer and hepatocellular 
carcinoma cells [24, 25]. Thus, in the non-malignant HBE 
cells, the miR-652-induced malignant transformation 
may rely on the cooperation with other genes.

Cigarette smoke exposure causes significant changes 
in DNA methylation patterns in lung epithelial cells 
[28]. The tumor suppressor gene NISCH undergoes 
hypermethylation at its promoter region in response to 
cigarette smoke exposure, contributing to lung cancer 
development [29]. Our previous studies have reported 
that ARID1A acts as a tumor suppressor in lung cancer 
cells [20, 21]. Since ARID1A is the core component of the 
mammalian SWI/SNF complex, its dysregulation alters 
many downstream gene expression [30]. Intriguingly, 
we found that ARID1A has the ability to suppress the 

expression of miR-652 in HBE cells. Moreover, our data 
show that ARID1A is reduced in CSE-treated HBE cells, 
which is a result of hypermethylation of its promoter. 
Therefore, the upregulation of miR-652 in CSE-treated 
HBE cells can be explained by epigenetic silencing of 
ARID1A.

In different cellular contexts, miR-652 exerts its biolog-
ical activities through specific target genes [24–27]. It has 
been reported that miR-652 targets TNRC6A to facilitate 
hepatocellular carcinoma metastasis and progression 
[25]. In bladder cancer cells, miR-652 has been found to 
target KCNN3 [26]. In this study, we identify ZFAND5 
as a novel target for miR-652. Specially, overexpression 
of miR-652 decreases the expression level of ZFAND5 
protein but not ZFAND5 mRNA in HBE cells, indicat-
ing a post-transcriptional regulation. Luciferase reporter 
assays further confirmed that miR-652-mediated repres-
sion of ZFAND5 expression relies on its binding to the 
3′-UTR of ZFAND5. As a member of the zinc finger 
AN1-type domain (ZFAND) family, ZFAND5 can bind 
ubiquitylated substrates and thus accelerate protein deg-
radation [31]. This gene is aberrantly expressed in several 
types of malignancies [32, 33]. Inhibition of ZFAND5 
by miR-221-3p enhances the proliferation, invasion, and 
tumorigenesis in papillary thyroid carcinoma cells [33]. 
In the acidic microenvironment, ZFAND5 suppresses 
breast cancer cell growth through promotion of SLC3A2 
protein degradation [34]. These studies support an 
important role for ZFAND5 in cancer progression. Simi-
lar to miR-652 overexpression, knockdown of ZFAND5 
leads to accelerated transformation of CSE-exposed HBE 
cells. Moreover, enforced expression of ZFAND5 impairs 
the promotion of HBE cell transformation by miR-652. 
Our results indicate the importance of the miR-652/
ZFAND5 axis in coordinating the aggressive phenotype 
of CSE-exposed HBE cells.

A major limitation of this study is lack of in vivo vali-
dation of the in vitro findings. It deserves to be men-
tioned that ARID1A loss is sufficient to drive malignant 
transformation of non-tumorigenic endometriotic cells 
[35]. Given the epigenetic silencing of ARID1A and sub-
sequent induction of miR-652 in CSE-treated HBE cells, 

(See figure on previous page.)
Fig. 6 ZFAND5 protects HBE cells from CSE-induced malignant transformation. (A, B) Measurement of ZFAND5 protein (A) and mRNA (B) levels in HBE 
cells with CSE treatments. ns in (B) indicates no significance (n = 3). Numbers below the blots represent mean densitometry ratios (normalized to the 
loading control) of three independent experiments. (C) Western blot analysis of ZFAND5 protein levels in HBE cells transfected with control siRNA (siCtrl) 
or ZFAND5-targeting siRNAs. Numbers below the blots represent mean densitometry ratios (normalized to the loading control) of three independent 
experiments. (D) Assessment of the proliferation of HBE cells transfected with indicated constructs and treated with CSE for 4 weeks. *P < 0.05 (n = 3). (E, F) 
HBE cells transfected with indicated constructs were exposed to CSE for 4 weeks and tested for colony formation using soft agar assays. *P < 0.05 (n = 3). 
(G) Transwell migration assay using HBE cells transfected with indicated constructs and treated with CSE for 4 weeks. *P < 0.05 (n = 3). (H) Western blot 
analysis of ZFAND5 protein levels in HBE cells transfected with the ZFAND5-expressing plasmid. Numbers below the blots represent mean densitometry 
ratios (normalized to the loading control) of three independent experiments. (I) Assessment of the proliferation of HBE cells transfected with indicated 
constructs and treated with CSE for 4 weeks. *P < 0.05 (n = 3). (J) Soft agar assays using HBE cells transfected with indicated constructs and treated with 
CSE for 4 weeks. *P < 0.05 (n = 3). (K) Transwell migration assay performed using HBE cells transfected with indicated constructs and treated with CSE for 
4 weeks. *P < 0.05 (n = 3)
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further animal studies are needed to explore their poten-
tial to initiate neoplastic transformation of HBE cells. 
Additionally, the role of miR-652 in enhancing CSE-
induced malignant transformation should be verified in 
multiple different HBE cell lines.

In conclusion, miR-652 is upregulated in CSE-treated 
HBE cells as a result of ARID1A silencing and enhances 
CSE-induced malignant transformation of HBE cells. 
Repression of ZFAND5 accounts for miR-652-mediated 
enhancement of HBE cell transformation upon CSE 
exposure. These data provide a rationale for exploring the 
role of miR-652 in cigarette smoke-related cancer devel-
opment in animal models.
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