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1 | INTRODUCTION

The nucleus has been recognized as the most critical target of ionizing
irradiation to induce biological effects.! However, the role of irradiated

cytoplasmin the induction of biological effects remains largely unknown.

| Teruaki Konishi?®

It has been reported that DNA double-strand breaks (DSB) can be induced by cyto-
plasm irradiation, and that both reactive free radicals and mitochondria are involved in
DSB formation. However, the cellular antioxidative responses that are stimulated and
the biological consequences of cytoplasmic irradiation remain unknown. Using the
Single Particle Irradiation system to Cell (SPICE) proton microbeam facility at the
National Institute of Radiological Sciences ([NIRS] Japan), the response of nuclear fac-
tor (erythroid-derived 2)-like 2 (NRF2) antioxidative signaling to cytoplasmic irradiation
was studied in normal human lung fibroblast WI-38 cells. Cytoplasmic irradiation stim-
ulated the localization of NRF2 to the nucleus and the expression of its target protein,
heme oxygenase 1. Activation of NRF2 by tert-butylhydroquinone mitigated the levels
of DSB induced by cytoplasmic irradiation. Mitochondrial fragmentation was also pro-
moted by cytoplasmic irradiation, and treatment with mitochondrial division inhibitor
1 (Mdivi-1) suppressed cytoplasmic irradiation-induced NRF2 activation and aggra-
vated DSB formation. Furthermore, p53 contributed to the induction of mitochondrial
fragmentation and activation of NRF2, although the expression of p53 was signifi-
cantly downregulated by cytoplasmic irradiation. Finally, mitochondrial superoxide
(MitoSOX) production was enhanced under cytoplasmic irradiation, and use of the
MitoSOX scavenger mitoTEMPOL indicated that MitoSOX caused alterations in p53
expression, mitochondrial dynamics, and NRF2 activation. Overall, NRF2 antioxidative
response is suggested to play a key role against genomic DNA damage under cytoplas-
mic irradiation. Additionally, the upstream regulators of NRF2 provide new clues on

cytoplasmic irradiation-induced biological processes and prevention of radiation risks.
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Development of sophisticated microbeam facilities allowed carrying out
cytoplasm-targeted irradiation using precise doses.? Oxidative DNA
damage and DNA double-strand breaks (DSB) in the nucleus were
observed when only the cytoplasm was targeted, reflecting the indi-

rect action of cytoplasmic irradiation on genomic DNA damage.®* In
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addition, cytoplasmic irradiation led to a notable increase in micronu-
cleus formation in non-irradiated neighboring cells (ie, radiation-induced
bystander effects).” Induced production of reactive free radicals, includ-
ing reactive oxygen species (ROS) and nitric oxide (NO), was observed
in mammalian cells exposed to irradiation.® Reactive free radicals can
directly damage DNA and are considered the key factor in cytoplasmic
irradiation-induced DNA oxidative damage and DSB,*>* also acting as
signaling molecules of specific biological pathways to stimulate stress
responses.7 As targets of cytoplasmic irradiation,® mitochondria show
altered dynamics, which is associated with mitochondrial malfunction
and the occurrence of diseases,” as observed in immortalized human
small-airway epithelial cells (SAE),'® accompanied by a reduction in
respiratory chain functions and enhanced mitochondrial superoxide
production. Another study showed that mitochondrial DNA largely
depleted p° Hela cells showing weaker p53 binding protein 1 (53BP1)
foci formation after cytoplasmic irradiation than normal Hela cells.*
Moreover, p0 Hela cells could not produce bystander damage signal
after cytoplasmic irradiation. These results indicated that mitochondria
are not only a target but are also key mediators of DNA damage signaling
under cytoplasmic irradiation. Nuclear factor (erythroid-derived 2)-like
2 (NRF2) regulates the expression of proteins acting against oxidative

damage“*12

and NRF2-mediated antioxidative pathways play important
roles in maintaining the equilibrium of cellular oxidative status. Under
normal conditions, cytoplasmic NRF2 is kept in association with a clus-
ter of proteins that degrades it through the ubiquitin-mediated pathway;
under stress conditions, NRF2 dissociates from this protein complex and
translocates from the cytoplasm to the nucleus where it binds DNA and
initiates the transcription of its targets. Most NRF2 targets reported to
date are proteins involved in decreasing the cellular oxidative level or
anti-inflammation, such as NAD(P)H quinone oxidoreductase 1 (NQO1),
heme oxygenase-1 (HO-1), and sulfiredoxin 1 (SRXN1). Proteins involved
in other physiological processes such as DNA damage repair and autoph-
agy are also targets of NRF2; these include 53BP1, 8-oxoguanine DNA
glycosylase (OGG1), and sequestosome-1 (SQSTM1).2** Chemicals that
stimulate NRF2 pathways can attenuate cell damage induced by various
types of stresses, including ionizing radiation.?>*¢

Because cytoplasmic irradiation resulted in nucleus DNA damage and
bystander effects, the potential carcinogenic risk for cells when only the
cytoplasm is irradiated has been surmised for the low-dose environmen-
tal radiation emitted by radon.® Therefore, understanding the biological
processes that modulate cytoplasmic irradiation-induced DNA damage
will be valuable not only for radiation protection, but also for radiobiology
considerations. In the present study, we found that the NRF2-mediated
antioxidative response was activated by cytoplasmic irradiation and alle-
viated the induced DSB levels. Additionally, p53, mitochondrial dynamics,
and mitochondrial superoxide were associated with NRF2 activation.

2 | MATERIALS AND METHODS

2.1 | Cellculture

Normal human lung WI-38 fibroblasts were obtained from RIKEN
Bioresource Center and cultured in DMEM (Wako Pure Chemical
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Industries Ltd, Osaka, Japan) supplemented with 10% FBS plus
100 pg/mL streptomycin and 100 U/mL penicillin, under a humidi-
fied atmosphere with 5% CO, at 37°C.

2.2 | Reagents

The following primary antibodies were used: anti-NRF2 (Abcam,
Cambridge, UK), antiphosphorylated-H,A.X (Merck KGaA, Darmstadt,
Germany), anti-HO-1 (Proteintech, Rosemont, IL, USA), anti-p53,
anti-RADS51 (both from Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), anti-XRCC4 (BD Biosciences, Tokyo, Japan), and Alexa-Fluor
594 conjugated anti-COX IV (Cell Signaling Technology, Danvers,
MA, USA). Alexa-Fluor 488 conjugated goat antirabbit or mouse
secondary antibodies and MitoSOX Red mitochondrial super-
oxide indicator (both from Thermo Fisher Scientific K.K., Tokyo,
Japan), mitochondrial division inhibitor 1 (Mdivi-1) and NRF2 in-
ducer tert-butylhydroquinone (tBHQ) (both from Merck KGaA),
and pifithrin-a and mitoTEMPOL (both from Abcam) were also

used.

2.3 | Cytoplasmic irradiation with microbeam

Cytoplasmic irradiation was carried out on the Single Particle
Irradiation system to Cell (SPICE) proton microbeam facility at the
National Institute of Radiological Sciences (NIRS) in Japan. Physical
features of SPICE, methods for cell culturing, and cytoplasmic irra-
diation conditions were described previously.2 Briefly, SPICE pro-
vides a 3.4 MeV proton microbeam approximately 2 um in size and
with a precise number of protons. For WI-38 cells, the absorbed
doses of a single proton traversing the cell nucleus or the whole
cell were estimated at 7.6 and 4.6 mGy, respectively.? The bot-
tom of the microbeam dish was 6-pum thick polypropylene (PP) film
(Chemplex Industries Inc., Palm City, FL, USA). Microbeam dishes
were treated with 1 pg/mL fibronectin dissolved in PBS for 1 hour
at 37°C to enhance attachment of cells to PP film. A cell suspen-
sion (1 mL; 15 000 cells/mL) was plated into the dish and cultured for
48 hours; 0.5 hours before irradiation, the cell culture medium was
replaced with medium containing 1 pg/mL Hoechst 33342 (Dojindo
Laboratories, Tokyo, Japan) for nuclei visualization and for determin-
ing the coordinates of each nucleus within the dish during irradia-
tion. Just before irradiation, the medium was drained off the dish.
To avoid dehydration, a 6-pm-thick PP film covered the cells during
the irradiation process. The dish was set on the X-Y motorized stage
of the SPICE microscopic system? to obtain fluorescence images of
nucleiina 1.64 x 1.64 mm? area. All nuclei were considered elliptical
in shape to calculate the center position of the nucleus, and the cyto-
plasm was targeted at two off-centered positions, which were 14 pm
apart from the nucleus center in the direction of the major axis. All
irradiation procedures, including image capturing, X-Y coordinates
calculation, and irradiation itself were carried out within 10 minutes
for each sample. After irradiation, cell culture media were added to
the dish and the cells were incubated under routine culturing condi-
tions for analysis.



WANG anp KONISHI

88 —
LRRWATSE Cancer Science

2.4 | Immunofluorescence staining

For immunostaining of NRF2, cells were fixed with -20°C methanol
for 10 minutes, dried on a clean bench, and blocked with 5% goat
serum plus 0.5% Triton-X in PBS at 23°C for 2 hours. The primary
antibody was then diluted in antibody buffer [1% BSA in PBS-T (PBS
with 0.1% Triton X-100)] and added to cells. After overnight incuba-
tion at 4°C, cells were washed three times with PBS-T for 5 minutes.
The corresponding Alexa-Fluor conjugated secondary antibody di-
luted in antibody buffer was then added, and cells were incubated
for another 2 hours at 23°C in a dark box with gentle shaking. After
counterstaining with 1 ung/mL Hoechst 33342 (Dojindo Laboratories)
for 20 minutes, cells were washed and subjected to image capture
on the off-line SPICE microscope system. For immunostaining of
other proteins, cells were fixed with 4% paraformaldehyde for
20 minutes and then treated with 0.5% Triton X-100 at 23°C for
30 minutes. Remaining steps were as those used for immunostaining
of NRF2. Fluorescence intensity was analyzed using NIH ImageJ.17
Quantitative analysis of the fluorescence intensity was as described
below. The captured images were converted into 8-bit grey scale
format. Then the corresponding Hoechst 33342 staining or immu-
nofluorescence staining pictures were used to set a threshold to
determine the region of interest (ROI). Area sizes and mean fluores-
cence intensities of each ROl were measured by Imagel. Further, the
fluorescence intensity of each ROl was calculated and recorded. No
less than 100 cells were analyzed for each sample. Fluorescence in-
tensities of each ROl were then summed and divided by the number
of ROl analyzed. Relative fluorescence intensity of each sample was
represented as the value of normalizing the fluorescence intensity to
that from the control sample. Representative raw data are provided
in Tables S1-Sé6.

2.5 | Mitochondrial morphology evaluation

Cytochrome c oxidase IV (COX V), which is localized on the inner
membrane of mitochondria, is involved in mitochondrial electron
transport and is used as a mitochondrial marker. In the present
study, COX IV immunofluorescence staining was used to evaluate
whether cytoplasmic irradiation induced changes in mitochondrial
morphology. Thus, after irradiation, cells were fixed and subjected
to immunofluorescence staining of COX IV. After counterstaining
with Hoechst 33342, images were captured on the SPICE off-line
microscope and NIH ImageJ) was used to assess mitochondrial mor-
phology. Mitochondrial dimensions were converted from pixels to
actual size in pm, and the percentage of tubular mitochondria in the
total mitochondrial mass was quantified to reflect mitochondrial

fragmentation.

2.6 | Measurement of mitochondrial superoxide
production

To detect the level of mitochondrial superoxide production, 0.5

and 2 hours after cytoplasmic irradiation, cells were washed with a

prewarmed buffer. A freshly prepared working solution containing
5 pmol/L MitoSOX Red was used to incubate the cells for 10 minutes
at 37°Cunder a 5% CO, atmosphere. After another wash with the pre-
warmed buffer, MitoSOX Red fluorescence was recorded by the off-
line SPICE microscope and its intensity was analyzed by NIH ImageJ.

2.7 | Statistical analysis

At least 100 randomly selected cells were analyzed for each
experimental sample. Data are presented as mean + SD from at least
three independent experiments. Statistically significant differences
between treated and control groups were determined by ANOVA in
IBM SPSS Statistics (International Business Machines Corporation,
Somers, NY, USA) or by Student's t test in SigmaPlot 12 (Systat
Software Inc., San Jose, CA, USA). Symbols # and ## indicate signifi-
cant differences at P < .05 and P < .01, respectively.

3 | RESULTS

3.1 | Cytoplasmic irradiation enhanced nucleus
localization of NRF2

To confirm the precise cytoplasm-targeted radiation to WI-38 by
SPICE-NIRS microbeam facility, we first irradiated the cytoplasm or
nucleus of WI-38 cells with 200 protons. Four hours post-radiation, im-
munofluorescence staining of YH,A X, the biomarker of DNA DSB, was
carried out. As shown in Figure 1A, nucleus-targeted radiation showed
sharp and focused yH,A.X foci in each WI-38 nucleus. However, cyto-
plasmic radiation resulted in sporadic smaller yH,A.X foci in each WI-38
nucleus, showing obvious contrast with that observed in radiation of
the nucleus. Given the fact that the cytoplasm of WI-38 cells can be
successfully targeted while not hitting the nucleus with the SPICE-NIRS
microbeam facility, the following studies were carried out.
Translocation of NRF2 from the cytoplasm to the nucleus
and upregulation of target proteins indicate NRF2 activation. To
determine whether cytoplasmic irradiation activated NRF2, the
cytoplasm of WI-38 cells was irradiated with 500 protons and,
24 hours later, NRF2 was detected by immunostaining. As shown
in Figure 1B, NRF2 fluorescence in the nucleus of irradiated cells
was 30% higher than that in the nucleus of non-irradiated cells.
The accumulation of NRF2 in the nucleus was then measured
in cells irradiated with five to 1000 protons, which are equiva-
lent to 0.023 Gy to 4.6 Gy proton doses. As shown in Figure 1C,
24 hours after irradiation, levels of NRF2 in the nucleus increased
with increasing numbers of protons hitting the cytoplasm. The
100-proton irradiation resulted in 20% elevation of NRF2 in the
nucleus, and when the dose reached 1000 protons, approximately
50% elevation was observed. Time-dependent accumulation of
NRF2 in the nucleus was also checked after irradiating 500 pro-
tons to the cytoplasm. As shown in Figure 1D, within 24 hours
after irradiation, accumulation of NRF2 in the nucleus showed an
increasing tendency. To confirm the activation of NRF2, expres-
sion of HO-1 was detected at 12 and 24 hours after irradiating
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FIGURE 1 Precise cytoplasm and
nucleus targeted irradiation of WI-38

cells by Single Particle Irradiation system
to Cell facility at the National Institute of
Radiological Sciences (SPICE-NIRS) proton
microbeam. Each cell was irradiated by 200
protons. Four hours post-radiation, yH,A.X
immunofluorescence staining was carried
out (A). The cytoplasm of WI-38 cells was
targeted by 500 protons (B) or by different
amounts of protons (C) 24 h before nuclear
factor (erythroid-derived 2)-like 2 (NRF2)
detection in the nucleus of targeted cells.
At different time points post-irradiation,
nuclear NRF2 (D) and whole cell heme
oxygenase-1 (HO-1) (E) were detected.
Fluorescence intensity was normalized

to that of non-irradiated cells. Scale bar,

50 pm. IR, irradiation. # and ## indicate
significant differences at P < .05 and P < .01,
respectively
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the 500 protons. It was found that HO-1 expression at these time
points increased by 18% and 39%, respectively (Figure 1E). These
results indicated that cytoplasm-targeted irradiation activated
NRF2 antioxidative response.

3.2 | Activation of NRF2 alleviated cytoplasmic
radiation-induced DSB

Cytoplasmic irradiation can lead to DNA damage in the nucleus,
including DSB, which is considered the most hazardous to cells.*
We therefore investigated the effects of activated NRF2 on DSB
formation after cytoplasmic irradiation. To activate NRF2, tBHQ
(15 pmol/L final concentration) was added to WI-38 cells 16 hours
before irradiation. As shown in Figure 2A, tBHQ stimulated the
accumulation of NRF2 in the nucleus. The cytoplasm of WI-38
cells was then irradiated with 200 and 500 protons and, 4 hours
after irradiation, the induced DSB levels were measured using
immunofluorescence staining of szA.X,18 which is a marker for
DSB. Cells irradiated with 200 and 500 protons showed DSB lev-
els 24% and 53% higher than that shown by non-irradiated cells,
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respectively. After the tBHQ treatment, the DSB levels of cells
irradiated with 200 and 500 protons decreased to 115% and
136% of those observed in non-irradiated cells (Figure 2B), indi-
cating that activation of NRF2 protected cells from DNA dam-
age induced by cytoplasmic irradiation. We also detected levels
of RAD51 and XRCC4, which are involved in homologous recom-
bination repair and non-homologous end-joining repair of DSB,
respectively, in cells irradiated with 500 tBHQ-treated or non-
treated protons (Figure 2C). Nucleus accumulation of RAD51 and
XRCC4 increased in irradiated cells compared to that in control
cells, and this increase was further enhanced in cells treated with
tBHQ, indicating that NRF2 alleviated cytoplasmic irradiation-
induced DSB.

3.3 | Mitochondrial fragmentation promoted NRF2
translocation

At 3 and 6 hours after cytoplasmic irradiation by 500 pro-
tons, immunofluorescence visualization of COX IV was car-

ried out to detect morphological changes in the mitochondria.
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As shown in Figure 3A, in the non-irradiated cells, approxi-

XRCC4

RADS1

mately 58% of the mitochondria showed tubular morphology.
At 3 and 6 hours post-irradiation, levels of tubular mito-
chondria decreased to 32% and 44%, respectively. Changes
in mitochondria morphology were also detected at 6 hours
post-cytoplasmic irradiation by 200 protons, and tubular mi-
tochondria corresponded to approximately 51%. These results
indicated that cytoplasmic irradiation fragmented mitochon-
dria. In addition, Mdivi-1, a potent inhibitor of mitochondrial

1’ragmentation,19

was added to the culture medium at the final
concentration of 50 pmol/L from 30 minutes before cytoplas-
mic irradiation until 3 hours post-irradiation. Mitochondrial
fragmentation induced by cytoplasmic irradiation with 500
protons was reversed by the Mdivi-1 treatment (Figure 3B).
To test the relationship between mitochondrial fragmentation
and NRF2 nucleus localization of cells subjected to Mdivi-1
treatment, accumulation of NRF2 in the nucleus was meas-
ured at 6 and 12 hours after cytoplasmic irradiation with 500
protons. Accumulation of NRF2 was 12% lower in the nucleus
of Mdivi-1-treated groups than in the vehicle-treated group
(Figure 3C). Furthermore, level of DSB 4 hours post-500-
proton irradiation was aggravated by the Mdivi-1 treatment,
increasing by 20% (Figure 3D). These results showed that mi-
tochondrial fragmentation induced by cytoplasmic irradiation
contributed to the accumulation of NRF2 in the nucleus and
decreased the residual DSB.

Levels (arbitrary unit) of
RADS51 and XRCC4
=) —
= in =

and XRCC4 levels (C) were detected.
Fluorescence intensity was normalized
to that of non-irradiated cells. Scale bar,
50 pm. IR, irradiation. # and ## indicate
significant differences at P < .05 and

P < .01, respectively

XRCC4

3.4 | p53 enhanced mitochondrial fragmentation
and NRF2 translocation

Next, we examined how p53, an important DNA damage
response protein, responded to cytoplasmic radiation in WI-38 cells
and whether p53 was involved in cytoplasmic radiation-induced
NRF2 activation. Expression of total p53 was downregulated 6 hours
after cytoplasmic irradiation of WI-38 cells (Figure 4A), as levels of
p53in cells irradiated with 500 and 200 protons were 47% and 66%,
respectively, of those in non-irradiated cells. We then checked the
time-course of p53 levelsin WI-38 cells with 500-proton-cytoplasmic
radiation. A decreasing tendency in p53 levels within 6 hours post-
cytoplasmic irradiation was observed (Figure 4B). There was no
change in p53 level 1 hour post-cytoplasmic radiation. Three hours
post-radiation, the level of p53 decreased to approximately 80%
of the level detected in non-irradiated cells. Until the 6-hour time
point post-radiation, p53 level continued to decrease to approxi-
mately 50% of that detected in non-irradiated cells. We then exam-
ined whether p53 affected cytoplasmic irradiation-induced nucleus
localization of NRF2. Pifithrin-a, which is an inhibitor of p53 tran-
scription activity, was added to the culture medium at a final con-
centration of 20 pmol/L from 1 hour before irradiation until 6 hours
post-irradiation. After cytoplasmic irradiation with 500 protons,
WI-38 cells were incubated for 6 or 12 hours. Pifithrin-a treatment
decreased nucleus accumulation of NRF2 to 90% and 83% of the
levels observed in non-treated irradiated cells at 6 and 12 hours
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post-irradiation, respectively, indicating that p53 transcription activ-
ity promoted nucleus localization of NRF2 in cytoplasm-irradiated
cells. Because mitochondrial fragmentation also stimulated accumu-
lation of NRF2 in the nucleus, we tested the effect of p53 on mi-
tochondrial fragmentation after irradiating the cytoplasm with 500
protons. Observation of mitochondrial morphology 3 hours after
irradiation showed that under pifithrin-a treatment, the fraction of
tubular mitochondria was partially restored, from approximately
30% in non-treated cells to 39% in treated cells, indicating that p53
transcription activity promoted cytoplasmic irradiation-induced mi-
tochondrial fragmentation (Figure 4D).

Overall, these results showed that p53 transcription activ-
ity contributed to mitochondrial fragmentation and NRF2 nucleus
localization, although its expression was decreased by cytoplasmic
irradiation.

3.5 | Mitochondrial superoxide stimulated NRF2
translocation

The mitochondrion is a defined target of cytoplasmic irradiation.®%°
Because elevated levels of ROS in cells after ionizing radiation are

common, and NRF2 is an oxidative stress responsive protein, we

0 500
Numbers of protons per cell

next investigated the relationship between mitochondrial super-
oxide production and nucleus accumulation of NRF2. At 0.5 and
2 hours after 500-proton cytoplasmic irradiation, mitochondrial
superoxide levels were detected in WI-38 cells using the MitoSOX
Red fluorescence probe. Mitochondrial superoxide levels were 15%
and 48% higher in irradiated than in non-irradiated cells at 0.5 and
2 hours post-cytoplasmic irradiation, respectively. Treatment with
mitoTEMPOL (10 pmol/L final concentration), a specific scavenger
of mitochondrial superoxide, 30 minutes before irradiation inhib-
ited the elevation of mitochondrial superoxide (Figure 5A). We next
examined whether the increased levels of mitochondrial superoxide
promoted nucleus accumulation of NRF2. Both the accumulation of
NRF2 in the nucleus (12 hours after irradiation) and the upregula-
tion of HO-1 (24 hours after irradiation) in 500-proton irradiated
cells were inhibited by mitoTEMPOL treatment (Figure 5B), reflect-
ing the role of mitochondria-derived reactive species in the acti-
vation of NRF2 after cytoplasmic irradiation. We further checked
the effects of mitoTEMPOL on p53 expression and mitochondrial
fragmentation. Reduced downregulation of p53 was observed
6 hours after 500-proton irradiation in the presence of mitoTEM-
POL, restoring approximately 89% of the level observed in non-

irradiated cells. Non-treated irradiated cells showed p53 expression
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levels approximately 50% that of non-irradiated cells (Figure 5C).
At 6 hours post 500-proton cytoplasmic irradiation, level of tubular
mitochondria in the presence of mitoTEMPOL was almost identical
to that of non-irradiated cells (Figure 5C). These results indicated
that cytoplasmic irradiation-induced elevation of mitochondrial
superoxide played an important role in mediating NRF2 activation
through p53 downregulation and mitochondrial fragmentation.
We further checked the effect of mitoTEMPOL on cytoplasmic
radiation-induced yH,A.X levels. As shown in Figure 5D, in mito-
TEMPOL pretreated cells, yH,A.X levels decreased to 87% and 79%
compared to those in the mock treated and irradiated cells after
200 or 500 protons irradiation, respectively. Together with the
above observations, cytoplasmic radiation-induced mitochondrial
superoxide elevation acted not only as the DNA-damage agent, but

also as a signaling factor to promote cellular self-protection.

4 | DISCUSSION

A canonical theory in radiation biology is that genomic DNA is

the main target for radiation-induced genotoxicity. Genomic DNA

Time (h) post
500 protons cytoplasmic radiation

to that of non-irradiated cells. Cells were
cytoplasm-targeted by 500 protons and
p53 levels were detected at different
time points post-irradiation (B). Effects
of 20 pmol/L pifithrin-a (p53 inhibitor)
on cytoplasm irradiation-induced
nuclear factor (erythroid-derived 2)-like
2 (NRF2) localization to the nucleus (C)
and mitochondrial morphology changes
(D) were detected. Scale bar, 20 pm. IR,
irradiation. # and ## indicate significant
differences at P < .05 and P < .01,
respectively

damage can be caused directly by the radiation beam, or indirectly
by the formation of reactive radical species. Within the past two
decades, evidence from microbeam-based studies showed that cyto-
plasm irradiation leads to DNA damage in the target cell,?* as well as
in bystander cells.?? Elevated reactive radical species are considered
one of the core reasons for such damage. Treatment with ROS scav-
enger DMSO largely decreased the mutation frequency of gene CD59
in A cells irradiated by 4-a particles in the cytoplasm. Moreover,
reduction in intracellular glutathione levels led to a four- to fivefold
increase in CD59 mutation frequency.® Hong et al?® reported that in
A, cells receiving 8-a particle cytoplasmic irradiation, DMSO treat-
ment could suppress the production of 8-hydroxydeoxyguanosine
to the level observed in non-irradiated cells. This evidence led us to
investigate the antioxidative response occurring in the cytoplasm of
irradiated cells.

As a key regulator of oxidative stress in mammalian cells,?*2°
one of the functions of NRF2 is to transcriptionally activate the ex-
pression of proteins such as HO-1, NQO1, and SRXN1, to reduce
oxidative stress. In the present study, we first confirmed that the
NRF2 antioxidative pathway could respond to cytoplasmic irradia-

tion, which was reflected by increased nuclear localization of NRF2
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and expression of its target protein HO-1. Activation of NRF2 is
known to protect cells against various external stresses, including
ionizing radiation. Han et al?® showed that, in mice, theaflavin, a
polyphenolic compound, could ameliorate irradiation-induced he-
matopoietic stem cell injury through NRF2-mediated decline of
ROS levels and DNA damage. Fan et al?” reported that L-carnitine
preserved cardiac function in irradiated mice. To elucidate
whether the stimulated activation of NRF2 could attenuate the
level of DSB in the cytoplasm of irradiated cells, tBHQ, a selective
NRF2 chemical inducer, was used in the present study. tBHQ acti-

vates NRF2 by interacting with thiol groups of cysteine molecules

on the KEAP1 protein, which interferes with the ability of Keapl
to repress Nrf2.28 Wang et al® reported that in tBHQ-treated
mouse heart, expression, transcription and nucleus accumulation
of Nrf2 and its downstream target HO-1 was significantly stimu-
lated. In the present study, pretreatment with tBHQ significantly
stimulated nucleus accumulation of NRF2 in WI-38 cells, and de-
creased cytoplasmic radiation-induced DSB levels, indicating the
protective role of NRF2 toward irradiation. In addition, NRF2 is
also a DNA damage repair regulator. In irradiated human colonic
epithelial cells, Kim et al*° found that NRF2 activation increased

DNA damage signaling by enhancing nucleus accumulation of
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BRCA1 and RAD51, and further identified that NRF2 could bind
the promoter region of 53BP1 and induce its expression.*° Singh

et al'

reported that NRF2 directly bound the promoter region of
the DNA repair enzyme OGG1 and was correlated with estrogen-
induced oxidative DNA damage in breast cancer cells. In the pres-
ent study, we found that RAD51 and XRCC4, two key proteins
involved in DSB repair, showed enhanced nuclear accumulation in
irradiated cells pretreated with tBHQ. This agreed with the results
of previous studies showing that NRF2 protected cells against
radiation-induced damage,'>'¢ and indicated that increased NRF2
activation might contribute to attenuate DSB levels in cytoplasm-
irradiated cells partially through stimulating DNA repair capability.
The NRF2 antioxidative response has been reported to be acti-
vated by ROS and reactive nitrogen species (RNS), as both were
increased in irradiated cells.!? Cytoplasm irradiation might influ-
ence the function of mitochondria, where ATP is synthesized, as
electrons may leak from the mitochondrial respiration chain and
react inappropriately with oxygen to form reactive free radicals.®!
We therefore examined whether the mitochondria-derived ROS
was responsible for the activation of NRF2 in irradiated cells. In
agreement with Zhang,8 an obvious elevation of mitochondrial
superoxide was detected in our study. Furthermore, suppressing
the production of mitochondrial superoxide with mitoTEMPOL re-
sulted in the inhibition of NRF2 nuclear localization and in the up-
regulation of HO-1, indicating that cytoplasmicirradiation-induced
mitochondrial superoxide production is a key stimulus for NRF2
activation. It was reported that in arsenite-treated U937 cells, mi-
tochondrial superoxide triggered two opposite pathways.32 One
was the activation of NRF2 signaling, which enhanced glutathione
biosynthesis to protect cells against arsenite toxicity. Our results
also support this finding.

Mitochondrial superoxide production also affected p53 ex-
pression in irradiated cells. Because p53 is a DNA damage respon-
sive protein, it is usually upregulated in irradiated cells.®® However,
the opposite tendency (ie, p53 downregulation) was observed in
cytoplasm-irradiated WI-38 cells. By suppressing mitochondrial su-
peroxide in irradiated cells, mitoTEMPOL blocked the decreasing
tendency of p53 expression under cytoplasmic irradiation. MDM2
is an E3 ubiquitin-protein ligase that mediates ubiquitination of p53,
leading to its degradation by the proteasome. You et al** found that
in nrf2-deleted murine embryonic fibroblasts, Mdm2 expression was
repressed, both at the protein and mRNA levels. A recent study pro-
vided direct evidence that NRF2 binds to the conserved binding site
upstream of the MDM2/Mdm2 promoter in human MIA PaCa-2 and
mouse KPC cells.® Using a promoter reporter assay, Todoric et al®®
confirmed direct control of MDM2 expression by NRF2. In our study,
activation of NRF2 was observed within 6 hours post-cytoplasmic
irradiation, and it might contribute to the downregulation of p53.
However, a variety of post-transcription modifications of p53 have
been found to be associated with its stability.3¢ Thus, cytoplasmic
irradiation might result in acetylation, methylation, or phosphoryla-
tion of p53 and its destabilization, which should be further investi-
gated. We also observed that inhibition of p53 transcription activity

by pifithrin-a repressed NRF2 nucleus accumulation after cytoplas-
mic irradiation. Tung et al®” found that the expression of NRF2 was
not suppressed in non-small cell lung cancer cell lines harboring
mutant p53. However, wild-type p53 inhibited NRF2 expression by
binding the NRF2 promoter and eliminating its recruitment of SP1.
On the contrary, another report showed that in neuroblastoma
with increased cellular nitric oxide level, p53 bound the promoter
of peroxisome proliferator-activated receptor-y coactivator-1 o and
stimulated its expression.38 This further resulted in the activation of
NRF2-mediated antioxidative responses. P21 is a transcription target
of p53, and it can stabilize NRF2 by binding to KEAP1 and interfer-
ing with NRF2 ubiquitylation and degradation.®’ Thus, the roles of
p53 on NRF2 activation might be controlled by cellular and biological
contexts.

Mitochondria are mobile organelles operating in dynamic net-
works that join each other by a process named fusion and frag-
ment by a process named fission. There is emerging recognition
that disordered mitochondrial dynamics contribute to the patho-
genicity of complex diseases,” and that extracellular stimuli affect
mitochondrial dynamics.*® Mitochondrial fragmentation was ob-
served in our research in cytoplasm-irradiated cells, in line with
the findings of Zhang et al.2 Furthermore, Wu et al'® found that
the mitochondrial fragmentation inhibitor Mdivi-1 could block
cytoplasmic irradiation-induced autophagy in SAE cells, and au-
tophagy inhibition delayed the repair of cytoplasmic irradiation-
induced DSB.** Overall, our results provided another mechanism
for the protective role of mitochondrial fragmentation in decreas-
ing cytoplasmic irradiation-induced DSB level. Albeit scarcely
reported, p53 greatly affects mitochondrial functions, and the
current study showed that p53 affected mitochondrial dynam-
ics. Li et al*? found that, in rat cardiac cells, p53 transcriptionally
upregulated dynamin-related protein-1 (Drp1) and stimulated mi-
tochondrial fragmentation, which initiated H,0,-induced apopto-

sis. Yuan et al*®

also found that in mouse podocytes, suppressed
expression of p53 resulted in reduced transcription of Drpil.
Furthermore, Qi et al** reported that the acetylation of p53 was
important for its binding to the DRP1 promoter and the upregula-
tion of DRP1. Our results were consistent with the above findings
that the transcription activity of p53 contributed to the expression
of DRP1 and mitochondrial fragmentation. This was also in line
with our observation that the inhibition of p53 or mitochondrial
fragmentation resulted in the decrease of NRF2 nuclear localiza-

tion. Moreover, Wang et al*®

reported that, in cultured postnatal
mouse cortical neurons, treatment with the DNA-damaging agent
camptothecin (CPT) resulted in elongated mitochondria, activated
p53, and suppressed the expression of mitochondrial fission pro-
tein Drpl and parkin. However, when p53 was deficient, CPT-
induced Drp1 and parkin downregulation were absent, suggesting
that p53-dependent declines in Drpl and parkin contribute to al-
terations in mitochondrial morphology and lead to the death of
mouse neurons under CPT regulation. Huntington's disease (HD) is
associated with a variety of cellular dysfunctions including exces-
sive mitochondrial fragmentation. Guo et al found that p53 bound
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DRP1 and mediated DRP1-induced mitochondrial and neuronal
damage. Silencing of p53 by siRNA reduced the number of cells
with fragmented mitochondria and promoted cell viability.46 These
studies indicated that p53 has different effects on stress-induced
mitochondrial fragmentation. We also observed that mitoTEMPOL
treatment suppressed mitochondrial fragmentation, highlight-
ing the importance of mitochondrial superoxide in disturbing the
physiological equilibrium of cytoplasm-irradiated cells.

In summary, by using a proton microbeam radiation facility, we
identified that cytoplasmic irradiation stimulated the NRF2 anti-
oxidative response for protection against cytoplasmic irradiation-
induced DNA damage. In addition, p53 transcription activity was
found to be important for promoting mitochondrial fragmentation,
which further led to the activation of the NRF2 antioxidative re-
sponse. Elevation of mitochondrial superoxide after cytoplasmic ir-
radiation was an elicitor for NRF2 activation and for changes in p53
level and mitochondrial morphology. Our results provided new evi-
dence on the importance of oxidative stress responses in regulating

nuclear DNA damage induced by cytoplasmic irradiation.
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