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A B S T R A C T

ZnO nanoparticle (ZnO NP) exposure causes oxidative stress in the respiratory system, leading to pulmonary
damage. Activating transcription factor 3 (ATF3) participates in a variety of cellular stress responses. However,
the role of ATF3 in ZnO NP genotoxicity and cytotoxicity remains to be explored. Here we reported that ZnO NP
treatment dramatically induced the expression of ATF3 in human bronchial epithelial (HBE) cells, which was
mediated by the nuclear factor erythroid 2-related factor 2 (Nrf2). ATF3 was required for the repair of ZnO NP-
induced DNA damage as gamma foci number increased when endogenous ATF3 was silenced. Moreover, ATF3
also contributed to ZnO NP-induced cell apoptosis. Mechanistic study revealed that ATF3 interacted with the p53
protein and upregulated its expression under ZnO NP treatment. Collectively, our findings demonstrated ATF3 as
an important regulator of epithelial homeostasis by promoting both DNA repair and the death of damaged cells
under ZnO NP-induced genotoxic stress.

1. Introduction

Nanoparticles (NPs) are engineered structures with less than 100 nm
in at least one dimension. These materials are increasingly being used
for diverse industrial and biomedical applications as well as in con-
sumer products (Nel et al., 2006). Among these NPs, zinc oxide nano-
particles (ZnO NPs) are one of the most important metal oxide nano-
particles, which have raised serious concerns about their safety for
human health and the environment (Nel et al., 2009). As airway re-
presents the predominant exposure route for ZnO NPs, it becomes im-
perative to understand the potential toxic effects of ZnO NPs on the
human respiratory system and the underlying molecular mechanisms.

Free radical production has been thought to be one of the primary
mechanisms of metal or metal oxide nanoparticle toxicity. The pro-
duction of reactive oxygen species (ROS) by ZnO NPs damages cellular
components including DNA (Brown et al., 2014; Nel et al., 2006). Ac-
cumulating in vitro studies have demonstrated the genotoxicity induced
by ZnO NPs in human cells. For instance, ZnO NP-induced DNA breaks
were observed in human lung epithelial cell line BEAS-2B and A549
(Heim et al., 2015; Roszak et al., 2016). Upon DNA damage, cells re-
spond by either damage repair or undergoing apoptosis to prevent the
risk of becoming tumorigenic. Therefore, the outcome of ZnO NP

genotoxicity relies on the interplay of the physicochemical properties of
ZnO NPs and cellular responses (Ng et al., 2011). A few proteins, such
as p53, have been reported to participate in ZnO NP-induced DNA
damage response (Ng et al., 2011). However, other key factors parti-
cipating in cellular responses to ZnO NPs remain to be identified.

ATF3, a basic leucine zipper (bZIP) DNA binding protein, is a
member of the ATF/cAMP-responsive element binding protein (CREB)
transcription factor family and can form homodimers or heterodimers
with other bZIP proteins to repress or promote transcription (Wei et al.,
2014). Although the basal expression is minimal, ATF3 expression is
rapidly induced by a wide range of cellular stresses including oxidative
stress and DNA damage (Chen et al., 1996). It has been reported that
ATF3 plays an important role in maintaining genome stability and
promoting DNA damage response (Wang et al., 2018). Studies have also
shown that ATF3 engages in the regulation of cell death under stresses
(Bar et al., 2016; Turchi et al., 2008). Moreover, ATF3 is positively
involved in particulate matter-induced airway inflammation in vitro and
in vivo (Yan et al., 2018). Intriguingly, a recent RNA sequencing study
has identified the induction of ATF3 by ZnO NPs, strongly suggesting
the involvement of this protein in ZnO NP response (Moos et al., 2011).
However, the precise role of ATF3 in ZnO NP toxicity needs to be de-
termined.
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In this study, we evaluated the expression of ATF3 in ZnO NP
treatment and the regulatory pathway. Furthermore, we demonstrated
an essential role of ATF3 in regulating the genotoxic and cytotoxic ef-
fects of ZnO NPs.

2. Materials and methods

2.1. ZnO nanoparticles

ZnO nanoparticle was from Sigma-Aldrich (#637238, Sigma-
Aldrich, St. Louis, MO, United States). Nanoparticles were sonicated at
200W for 30 s prior to cells.

Transmission electron microscope (TEM) was taken by a JEOL JEM-
1200EX transmission electron microscope for nanoparticles. ZnO NPs
were dispersed in Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen, Carlsbad, CA, United States) for 0 h and 24 h and then
subjected to dynamic light scattering (DLS) and zeta-potential mea-
surements using the instrument Zetasizer Nano ZS-90 (Malvern
Instruments, Orsay, France). X-ray diffraction (XRD) was performed
using Bruker D8 Advance diffractometer (Bruker, Billerica, MA, United
States) and using CuKα (λ =1.54 Å) as a radiation source.

2.2. Cells culture and nanoparticle treatment

HBE cells were obtained from ATCC and cultured in DMEM medium
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, United States). Cells were maintained at 37 °C in an
atmosphere containing 5% CO2 and 95% humidity.

For ZnO NP treatment, cells were seeded in 6-well or 96-well plates.
After 24 h, cells were treated with ZnO NPs suspended in complete
DMEM medium at the different concentration for the indicated time
and then subjected to further experiments.

2.3. ROS detection

Total ROS was detected by using a fluorescent probe 2′,7′-di-
chlorofluorescein-diacetate (DCFH-DA) (Sigma-Aldrich). Briefly, cul-
tured HBE cells were treated with or without ZnO NPs for 6 h and then
incubated with 10 μM of DCFH-DA at 37 °C for 30min. After rinsing
with PBS to eliminate excess DCFH-DA, cells were harvested in 0.5ml
PBS and the fluorescence intensity was monitored with a flow cyt-
ometer (Beckman Coulter, Brea, CA, United States).

2.4. Cell counting Kit-8 (CCK8)-based viability assay

The effect of ZnO NPs on cell viability was assessed by CCK8 assay
(Dojindo Laboratory, Japan). HBE cells plated in 96-well plate were
transfected with siRNAs for 48 h. Cells were then treated with ZnO NPs
for another 24 h. 10 μl 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 VarioskanFlash (Thermo Fisher Scientific).

Fig. 1. Characterization of ZnO nanoparticles. (A) Transmission electron microscopy image of ZnO NPs. (B) The size distribution of ZnO NPs. ZnO NPs exhibited
good monodispersity and showed approximately normal distribution. (C) XRD analysis of ZnO NPs.

Table 1
Physical characterization of ZnO NPs.

Dispersant Hydrodynamic size (nm) Zeta potential (mV)

DMEM+10% FBS 152.8 ± 6.4 −25.4 ± 0.9
ddH2O 210.6 ± 5.8 +26.3 ± 1.5
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2.5. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay

MTT assay was performed as described previously (De Vitis et al.,
2011; Lombardi et al., 2017). Briefly, cells were plated in 96-well plates
with 104 cells per well. After overnight incubation, cells were treated
with or without ZnO NPs for 24 h. The cell number was determined
using a modified MTT assay. The percentage of survival was calculated
as the absorbance ratio of treated to untreated cells. The data are pre-
sented as the mean ± SEM of 3 independent experiments.

2.6. Apoptosis assay

HBE cells seeded in 6-well plates were transfected with siRNAs for
48 h. After ZnO NP treatment for 12 h, both floating and attached cells

were harvested and applied to annexin V detection. Briefly, re-sus-
pended cells were stained with 5 μL of annexin V-FITC (Biovision,
Mountain View, CA, United States) for 5min in the dark and then
analyzed by flow cytometry (Beckman Coulter).

2.7. γH2AX immunofluorescence staining

γH2AX staining was performed as described previously (Sun et al.,
2018). In brief, after ZnO NP treatment, cells were fixed in 4% paraf-
ormaldehyde and then permeabilized in 0.2% Triton X-100 at 4 °C for
15min. After blocking with goat serum, cells were incubated with
γH2AX antibody (Upstate, Temecula, CA, United States) for 2 h at room
temperature. After washing, cells were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated goat-anti-mouse secondary antibody
(Life Technologies) for 1 h at room temperature. Then, cells were

Fig. 2. ZnO NPs induce cytotoxicity and
genotoxicity in HBE cells. (A) HBE cells were
incubated with ZnO NPs at different con-
centrations for 24 h and cell viability was de-
termined using CCK-8 assay. (B) HBE cells
were incubated with ZnO NPs at different
concentrations for 6 h. Intracellular ROS gen-
eration was detected by DCFH-DA fluorescent
probe and flow cytometry. (C) HBE cells were
incubated with ZnO NPs at different con-
centrations for 6 h and γH2AX foci were de-
tected by immunofluorescence. (D) The
average number of γH2AX foci per cell and the
percentage of γH2AX foci-positive cells were
calculated. All the data are presented as the
mean ± SEM of three independent experi-
ments. *P < 0.05, **P < 0.01 (n=3,
Student’s t-test).
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counterstained for 15min with 4′, 6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich, St. Louis, MO, United States). Finally, a coverslip was
mounted for visualization.

The γH2AX foci in the nuclei were photographed using a fluorescent
microscope (AX70, Olympus, Tokyo, Japan). The average number of
γH2AX foci per cell and the percentage of γH2AX foci positive cells
were calculated.

2.8. Plasmids

The plasmid expressing ATF3 was kindly provided by Wen Li (The
Second Affiliated Hospital of Zhejiang University School of Medicine).
For the construction of ATF3 promoter plasmid, ATF3 promoter or
Nrf2-binding site deletion mutant was amplified by PCR and cloned to
vector pGL3-basic between XhoI and HindIII sites. Oligo sequences were
listed in Supplemental Table 1.

2.9. RNA purification and reverse transcription reaction

Total RNA was isolated with Trizol reagent (Invitrogen) following
the manufacturer’s protocol. 0.5 μg of total RNA was reverse tran-
scribed using random hexamers and the High Capacity cDNA Reverse
Transcription Kit (Life Technologies, Grand Island, NY, United States).

2.10. Real-time quantitative PCR analysis

Real-time quantitative PCR analysis was performed in 10-μl reac-
tions using SYBR GREEN PCR Master Mix (Applied Biosystems). The
related mRNA level was normalized to the β-actin mRNA level. Data
were analyzed using the 2−ΔΔCtmethod (Livak and Schmittgen, 2001).
Sequences of all the primers used for PCR amplification are listed in
Supplemental Table 1.

2.11. RNA interference

For knockdown experiments, HBE cells were transiently transfected

with 100 pmol of the chemically synthesized siRNAs targeting ATF3 or
the negative control siRNA using Lipofectamine2000 (Invitrogen) fol-
lowing the manufacturer’s recommendations. Cells were harvested
48 h’ post-transfection. siRNAs were synthesized by GenePhama com-
pany (Shanghai, China). siRNA sequences used are designed as follows:
ATF3 siRNA, forward, GGAGGACUCCAGAAGAUGATT, reverse, UCAU
CUUCUGGAGUCCUCCCA; Nrf2 siRNA, forward, GAAUGGUCCUAAAA
CACCATT, reverse, UGGUGUUUUAGGACCAUUCTT; negative control
siRNA, forward, UUCUCCGAACGUGUCACGUTT, reverse, ACGUGACA
CGUUCGGAGAATT.

2.12. Luciferase assay

HBE cells were transfected with ATF3 promoter and pRL-TK as the
internal control. 24 h after transfection, cells were treated with ZnO NPs
for another 6 h. Cells were then lysed and luciferase activity was
measured by the Dual-Luciferase assay system (Promega, Madison, WI,
United States). The firefly luciferase activity was normalized to renilla
luciferase.

Luciferase-based DNA damage detection was performed as de-
scribed previously (Turchi et al., 2009). In brief, the pGL3-control
plasmid was exposed to high doses of UVC radiation (1000 J/m2) to
induce DNA damage. Damaged and undamaged vectors were then in-
troduced into control or ATF3 knockdown cells. After treatment with
5 μg/mL of ZnO NPs for 6 h, cells were washed and recovered for an-
other 6 h. Cells were then lysed and luciferase activity was measured.

2.13. Co-Immunoprecipitation (Co-IP)

Cells transfected with plasmid expressing FLAG-tagged ATF3 were
lysed with RIPA buffer (20mM Tris-HCl, pH 7.5, 150mM NaCl, 1 mM
EDTA, 1% NP-40) with freshly-added complete protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN). Cell lysates were
precipitated with FLAG beads (Sigma) at 4 °C overnight. After washing
3 times with lysis buffer, immunocomplexes were boiled directly in
loading buffer and subjected to sodium dodecyl sulfate polyacrylamide

Fig. 3. ZnO NPs stimulate ATF3 transcrip-
tion through Nrf2 in HBE cells. (A) HBE cells
were incubated with ZnO NPs at different
concentrations or together with NAC for 8 h.
The ATF3 mRNA level was measured by real-
time qPCR. (B, C) HBE cells were incubated
with 7.5 μg/mL of ZnO NPs and harvested at
the indicated time. (B) The ATF3 mRNA level
was measured by real-time qPCR. (C) The ATF3
protein level was detected by immunoblotting.
(D, E, F) HBE cells transfected with siRNA
targeting Nrf2 (siNrf2) or control siRNA were
incubated with or without 7.5 μg/mL of ZnO
NPs for another 6 h. The mRNA level of Nrf2
(D) and ATF3 (E) was detected by qPCR and
the protein level was detected by im-
munoblotting (F). (G) Schematic of a luciferase
reporter of the human ATF3 promoter con-
taining AREs and ARE-deleted promoter. (H)
HBE cells transfected with siRNA targeting
Nrf2 or control siRNA together with wild-type
or ARE-deleted ATF3 promoter luciferase re-
porter construct. Luciferase activity was mea-
sured 24 h following plasmid transfection. The
values are the mean ± SEM of three in-
dependent experiments. *P < 0.05,
**P < 0.01 (n=3, Student’s t-test).
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Fig. 4. ATF3 is required for DNA repair
during ZnO NP treatment. (A) HBE cells
transfected with siATF3 or siCon were treated
with or without 5 μg/mL of ZnO NPs for 6 h.
γH2AX foci formation was detected by im-
munofluorescence. (B) The average number of
γH2AX foci per cell and the percentage of
γH2AX foci-positive cells were calculated. (C)
The intact pGL3-control luciferase vectors or
the vectors damaged by UVC were transfected
into the control cells (siCon) or ATF3 knock-
down cells (siATF3). The cells were then ex-
posed to 5 μg/mL of ZnO NPs for 6 h and re-
covered for another 6 h. The luciferase activity
was detected. The values are the mean ± SEM
of three independent experiments. **P < 0.01
(n=3, Student’s t-test).

Fig. 5. ATF3 contributes to ZnO NP-induced
HBE cell apoptosis. (A, B) HBE cells trans-
fected with siRNA targeting ATF3 (siATF3) or
control siRNA (siCon) were treated with or
without ZnO NPs at the indicated concentra-
tions for 24 h. (A) Cell viability was de-
termined using cell counting kit-8 (CCK-8). (B)
Cell apoptosis was monitored by annexin V-
FITC staining and flow cytometry analysis. (C)
Annexin-V positive cells were quantified. The
values are the mean ± SEM of three in-
dependent experiments. **P < 0.01 (n=3,
Student’s t-test).
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gel electrophoresis (SDS-PAGE).

2.14. Immunoblotting analysis

Proteins were quantified by BCA protein assay kit (Bio-Rad) and
applied to immunoblotting analysis as described previously (Gao et al.,
2014). 50 μg of total proteins were subjected to SDS-PAGE and trans-
ferred to nitrocellulose membrane (Whatman, Clifton, NJ, United
States). The membrane was blocked with 3% bovine serum albumin
(BSA), probed with antibodies targeting to ATF3 (Cell Signaling Tech-
nology, Beverly, MA, United States), Nrf2 (Cell Signaling), p53 (Cell
Signaling), or ACTB (Cell Signaling). The membrane was incubated
with horseradish-conjugated secondary antibodies, detected with the
SuperSignal West Pico chemiluminescence substrate (Thermo Fisher
Scientific), and finally exposed to an X-ray film.

2.15. Statistical analysis

The experiments were repeated at least three times and data were
presented as mean ± SEM. Statistical significance between two groups
was determined with the Student’s t-test. P < 0.05 was considered
significant.

3. Results

3.1. Characterization of ZnO NPs

Biological responses of the ZnO NPs are highly dependent on their
physicochemical properties, including size, shape, and charge (Xu et al.,
2010). We therefore first evaluated the size of ZnO NPs using TEM. Data
showed that the ZnO NPs we used are pseudo-spherical in shape with
the average diameter of 37.3 nm (Fig. 1A). Size measurement by Image
J software showed that ZnO NPs were approximately normally dis-
tributed (Fig. 1B). ZnO NPs were monodispersed and their hydro-
dynamic size in full culture media was 152.8 ± 6.4 nm (Table 1). The
XRD analysis revealed that the ZnO NPs exhibited a hexagonal structure
(Fig. 1C). Further, we measured zeta potentials of ZnO NPs, which

provide information on nanomaterials interaction with biomolecules.
ZnO NPs were positively charged in water (+26.3 ± 1.5mV) but ne-
gatively charged in full medium (-25.4 ± 0.9mV, Table 1), indicating
the adsorption of the negatively charged serum-derived proteins onto
the ZnO NPs.

3.2. ZnO NPs induce cytotoxicity and genotoxicity in HBE cells

Having characterized physicochemical properties of ZnO NPs, we
determined the cytotoxicity of ZnO NPs. To this end, both CCK8 and
MTT assays were applied. Exposure to 5 μg/mL of ZnO NPs for 24 h
significantly reduced cell viability (Fig. 2A, S1). ZnO NPs decreased cell
viability in a dose-dependent manner with an estimated LC50 at about
7.5 μg/mL (Fig. 2A). Induction of oxidative stress has been ascribed as
the main cause of ZnO NPs toxicity (Nel et al., 2006; Wu et al., 2018).
Indeed, we observed that 6 h exposure to 5 μg/mL of ZnO NPs was
enough to induce significant elevation of intracellular ROS level in HBE
cells (Fig. 2B).

To obtain insights into the possible ZnO NPs genotoxicity, we ana-
lyzed DNA-double strand breaks using γH2AX foci staining. We treated
HBE cells with ZnO NPs for 6 h because at this time point we did not
detect any cell viability loss. Data showed that both the average number
of γH2AX foci per cell and the percentage of γH2AX foci positive cells
significantly increased in cells treated with ZnO NPs at the concentra-
tion of 5 μg/mL, indicating the genotoxic effect of ZnO NPs. 7.5 μg/mL
of ZnO NPs did not further increase gamma foci formation (Fig. 2C, D).

3.3. ZnO NPs stimulate ATF3 transcription through Nrf2 in HBE cells

Since ATF3 plays important roles in various stresses, we evaluated
the response of ATF3 to ZnO NPs. To this end, we treated HBE cells with
ZnO NPs and detected ATF3 expression. ZnO NPs increased ATF3
mRNA level in a dose-dependent manner. ATF3 mRNA level increased
to 10.6-fold in cells treated with 5 μg/mL of ZnO NPs for 8 h while
increased to 43.6-fold in cells treated with 7.5 μg/mL of ZnO NPs
(Fig. 3A). The mRNA level of ATF3 started to increase as early as 0.5 h
after ZnO NP treatment, while the protein level started to increase at 2 h

Fig. 6. ATF3 stabilizes the p53 protein. (A)
HBE cells transfected with siATF3 or siCon
were treated with or without 5 μg/mL of ZnO
NPs for 6 h. The protein level of p53 was de-
tected by immunoblotting. (B) HBE cells
transfected with siATF3 or siCon were treated
with 5 μg/mL of ZnO NPs for 6 h. The protein
synthesis was inhibited by CHX and the re-
maining p53 protein was detected by im-
munoblotting. (C) The relative p53 intensity in
(B) was calculated. (D) HBE cells were trans-
fected with plasmid expressing FLAG-tagged
ATF3. Immunoprecipitation was carried out
using FLAG antibody and the im-
munoprecipitated complex was blotted with
p53 antibody and ATF3 antibody. (E)
Schematic model for the role of ATF3 in ZnO
NP-induced DNA damage and cell apoptosis.
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of ZnO NP treatment (Fig. 3B, C). These data indicated that ATF3 is an
early responsive gene during ZnO NP treatment.

ROS scavenger NAC almost reduced ATF3 expression to the basal
level, implying that the induction of ATF3 relies on ROS signaling
(Fig. 3A). Nrf2 is a master transcription factor regulating antioxidant
responses (Li et al., 2004; Ma, 2013). To determine the role of Nrf2 in
regulating ATF3 expression, endogenous Nrf2 was silenced by siRNA
(Fig. 3D, F). Knockdown of Nrf2 resulted in a significant reduction of
ATF3 mRNA and protein expression under ZnO NP treatment (Fig. 3E,
F), indicating that ATF3 transcription is under the control of Nrf2.

By analyzing the ATF3 gene proximal promoter, we identified two
putative antioxidant response elements (AREs), consensus Nrf2-binding
sequences (Fig. 3G). To determine the direct regulation of Nrf2 on ATF3
expression, the luciferase reporters containing ATF3 promoters with
either wild-type or AREs-deleted sequences were used. Data revealed
that luciferase activity of the wild-type ATF3 promoter reporter was
significantly reduced (to 50% of control levels) following knockdown of
Nrf2. However, deletion of ARE region abolished Nrf2 effect, implying
that ATF3 promoter activity is Nrf2-dependent (Fig. 3H).

3.4. ATF3 is required for DNA repair during ZnO NP treatment

Given the induction of ATF3 by ZnO NPs, we investigated the role of
ATF3 in ZnO NP-induced genotoxicity. To this end, the expression of
ATF3 was down-regulated using siRNA (Fig. S2) and DNA breaks were
detected by gamma foci staining. Data showed that the gamma foci
significantly increased after ATF3 knockdown (Fig. 4A, B), indicating
the augment of DNA damage. To further confirm our results, we
quantified the extent of DNA damage by using a luciferase reporter
system. Luciferase vector was exposed to UVC to induce DNA damages.
Damaged and undamaged vectors were then introduced into control or
ATF3 silenced cells. Therefore, the luciferase expression is inversely
proportional to the extent of DNA damage. About 72% of luciferase
vectors were repaired in control cells whereas only about 35% of lu-
ciferase vectors were repaired in ATF3 knockdown cells (Fig. 4C), de-
monstrating an essential role of ATF3 in DNA repair response during
ZnO NP treatment.

3.5. ATF3 contributes to ZnO NP-induced HBE cell apoptosis

Cell apoptosis is one way for the cells to prevent the damaged DNA
from being passed down to its progeny. Therefore, we evaluated the
function of ATF3 in regulating cell apoptosis during ZnO NP-induced
genotoxicity. Both CCK8 and MTT assays showed that the ATF3-defi-
cient cells were resistant to cytotoxic effects of ZnO NPs (Fig. 5A, S3).
Annexin V-FITC staining were used for the detection of apoptosis. Data
showed that apoptosis was significantly induced after ZnO NP treat-
ment. The apoptotic cells were reduced in the ATF3-silenced cells
compared with the control cells, correlating with the attenuated cyto-
toxicity (Fig. 5B, C). These results demonstrated that ATF3 is essential
in mediating cell apoptosis during ZnO NP-induced genotoxicity.

3.6. ATF3 regulates p53 expression

To explore the mechanism of action of ATF3, we first focused on
cellular ROS pathway. Knockdown of ATF3 affected neither the ex-
pression of Nrf2-target gene HO-1 nor cellular ROS level, implying that
ATF3 does not affect Nrf2 signaling (Fig. S4). ATF3 has been reported to
interact with p53 protein (Wang et al., 2018; Yan et al., 2005). As p53 is
a key factor in regulating DNA repair and apoptosis, we explored the
relationship between ATF3 and p53. Data showed that ZnO NP treat-
ment increased p53 protein expression, while knockdown of ATF3 de-
creased p53 level (Fig. 6A). Using CHX to inhibit protein synthesis, we
detected the degradation of p53 protein. Data showed that p53 protein
degraded more quickly after ATF3 knockdown (Fig. 6B, C), indicating
the destabilization of p53 protein. Co-immunoprecipitation (Co-IP)

assay showed that p53 was co-immunoprecipitated by FLAG-ATF3
(Fig. 6D), indicating an interaction between ATF3 and p53. These data
suggested that ATF3 binds to p53 and stabilizes p53 protein during ZnO
NP treatment.

4. Discussion

The toxicity of ZnO NPs has gained much attention with the fast
growth of nanotechnology. Both in vitro and in vivo evidence has shown
that ZnO NPs induce a toxic effect in the respiratory system (Heim
et al., 2015; Nel et al., 2006; Roszak et al., 2016; Wu et al., 2018).
However, the interplay between ZnO NPs and cellular components is
still limited. In this report, we demonstrated ATF3 as an early re-
sponsive gene participating in ZnO NP-induced cellular genotoxic stress
by playing dual roles. On one hand, ATF3 is required for DNA damage
repair and maintenance of genome stability. On the other hand, ATF3
mediates cell apoptosis if the DNA damage is irreparable (Fig. 6E).

The essential role of ATF3 in DNA repair has been consolidated in
various conditions. For example, ATF3 is required for the repair of
double-strand breaks induced by UV or γ-irradiation (IR) (Turchi et al.,
2008). Accordingly, knockdown/knockout of ATF3 expression impairs
double-strand break repair and sensitizes cells to irradiation (Cui et al.,
2015). Moreover, Atf3−/− mouse embryonic fibroblasts had more
aberrant chromosomes and micronuclei and were genetically unstable
(Wang et al., 2018). However, the function of ATF3 in cell-fate deci-
sions regarding cell death or survival under these genotoxic conditions
remains inconsistent. It was reported that ATF3 could promote UV- and
cisplatin-induced cell death (Bar et al., 2016; Turchi et al., 2008). In
agreement with these studies, our data revealed that ATF3 is required
for cell apoptosis under ZnO NP exposure. However, ATF3 was also
reported to protect cells from UV-induced apoptosis by facilitating the
recruitment of Tip60 to damaged DNA sites (Cui et al., 2015). These
inconsistent results are most probably due to the extent of DNA da-
mage. At a low level of genotoxic stress, ATF3 triggers the DNA repair
pathway to restore cellular homeostasis and survival, while at a high
level of genotoxic stress, ATF3 mainly induces apoptosis pathway.
However, the underlying mechanism remains to be elucidated.

Our data showed that the ROS/Nrf2 signaling mediates the induc-
tion of ATF3. First, ROS scavenger NAC almost completely abolished
ATF3 induction. Moreover, we identified Nrf2 as a direct transcription
factor regulating ATF3 expression, as evidenced by the downregulation
of ATF3 in Nrf2 knockdown cells. However, inconsistent with the pre-
vious findings that ATF3 contributed to the anti-oxidative and cyto-
protective functions of Nrf2 (Brown et al., 2008; Rao et al., 2015), we
found that ATF3 has no effect on cellular ROS level and Nrf2-target
gene expression in the context of ZnO NP exposure. Instead, ATF3
mainly participates in DNA repair and cell apoptosis through p53,
which indicates the complex role of ATF3 during cellular stress re-
sponses.

The endogenous p53 is quickly degraded upon MDM2 binding
(Haupt et al., 1997), while the protein is stabilized and acts as the
central factor in controlling DNA repair and the apoptotic pathways in
response to genotoxic stresses (Haupt et al., 1997; Hollstein et al.,
1991). Intriguingly, it was reported that ZnO NP exposure results in the
activation of p53 and cells lacking p53 are resistant to ZnO NP-induced
apoptosis, indicating a role of p53 in ZnO NP toxicity (Ng et al., 2011).
Our data indicated ATF3 stabilizes p53 and p53 might acts as the key
executor of ATF3 function during ZnO NP treatment. Therefore, the
ATF3-p53 might serve as an essential complex guiding the cell fate
decision under genotoxic stress induced by ZnO NPs. It should be noted
that ATF3 stabilizes and activates the p53 protein in different systems
but induces contrast consequences. γ-irradiation-induced apoptosis was
significantly suppressed in Atf3 knockout thymocytes and small in-
testines with impaired p53 activation (Wang et al., 2018). However,
ATF3 was also reported to promote p53-mediated DNA repair and
suppress cell apoptosis in p53 wild-type cancer cell lines during UV
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exposure (Cui et al., 2016). Therefore, the final outcome of the cells
exposed to genotoxic stress relies on not only the extent of DNA damage
inducer but also the genetic background of the cells.

In summary, we demonstrated that the induction of ATF3 is re-
quired for DNA repair and cell apoptosis during ZnO NP treatment. Our
results suggested that ZnO NP-induced toxicity is dependent on both
nanoparticle properties and the endogenous genetic background of the
target cells, such as the expression of key factors including ATF3.
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