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Abstract

High linear energy transfer (LET) radiation including α particles and heavy ions is the major type

of radiation find in space and is considered a potential health risk for astronauts. Even though the

chance that these high LET particles traversing through the cytoplasm of cells is higher than that

through the nuclei, the contribution of targeted cytoplasmic irradiation, to the induction of

genomic instability and other chromosomal damages induced by high LET radiation is not known.

In the present study, we investigated whether mitochondria are the potential cytoplasmic target of

high LET radiation in mediating cellular damage using a mitochondrial DNA (mtDNA) depleted

(ρ0) human small airway epithelial (SAE) cell model and a precision charged particle microbeam

with a beam width of merely one micron. Targeted cytoplasmic irradiation by high LET α

particles induced DNA oxidative damage and double strand breaks in wild type ρ+ SAE cells.

Furthermore, there was a significant increase in autophagy, micronuclei, which is an indication of

genomic instability, together with the activation of nuclear factor kappa-B (NF-κB) and

mitochondrial inducible nitric oxide synthase (iNOS) signaling pathways in ρ+ SAE cells. In

contrast, ρ0 SAE cells exhibited a significantly lower response to these same endpoints examined

after cytoplasmic irradiation with high LET α particles. The results indicate that mitochondria are

essential in mediating cytoplasmic radiation induced genotoxic damage in mammalian cells.

Furthermore, the findings may shed some light in the design of countermeasures for space

radiation.
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1 Introduction

Space radiation contains a complex mixture of high energy and high atomic number

particles [1]. Astronauts are constantly exposed to space radiation of various types of

particles and energies during long-term stays in space, including low and high LET

radiation. Compared with low LET radiation such as x- or gamma-rays, high LET particles

are much more effective in triggering diverse biological effects in mammalian cells,

including genomic instability and cancer induction [2]. The potential acute and chronic

health effects of high LET radiation are due mainly to direct damage to DNA. Although

direct nuclear damage and subsequent genetic mutations are likely causal events for cancer,

the potential contribution from cytoplasmic damage cannot be ignored. Previous studies

have demonstrated that extranuclear target also plays an important role in mediating the

genotoxic effects of ionizing radiation [3,4]. However, the role of cytoplasmic damage in

promoting genomic instability in the progeny of hit cells is largely unknown. This is mainly

due to the technical difficulties in selectively targeting the cytoplasm without affecting the

nucleus. The Columbia University charged particle microbeam, which can selectively target

the cytoplasm of individual cells with a defined number of α particles, provides a useful tool

to investigate the incidence and mechanism of genomic instability and other chromosomal

damages induced by extranuclear irradiation.

Mitochondria are important dynamic organelles in the cytoplasm whose major function is to

produce ATP through the respiration chain. The unique feature of mitochondria is the

presence of its own genetic apparatus, mtDNA. Mammalian mtDNA encodes 13 transcripts

of the electron transport chain proteins which are essential to maintain normal mitochondrial

function [5]. Mutations in the mtDNA have been associated with several mitochondrial

diseases [6], as well as being implicated in human carcinogenesis [7,8]. Mitochondrial

dysfunction may lead to impaired cellular energy metabolism and increase mitochondria-

derived oxidative stress, thus promoting damage of both nuclear and mtDNA, and activate a

variety of signaling cascades involved in regulating cell proliferation and apoptosis [9].

Moreover, our recent studies have shown that targeted cytoplasmic irradiation resulted in

mitochondrial fragmentation and reduced respiratory chain function in irradiated human

small airway epithelial (SAE) cells, indicating that mitochondria play a potential role in

mediating radiation damages in mammalian cells [10]. Since mitochondrial DNA alterations

are frequently found in various human cancers [7,8] as well as in directly irradiated and in

bystander cells [10,11], our present study elucidating how targeted cytoplasmic stimuli

modulates nucleus damage will provide important information on radiation protection

pertaining to high LET radiation.

In the present report, telomerase-immortalized SAE cell lines with or without mtDNA were

used to investigate the role of mitochondrial function in mediating genomic instability of

high LET radiation. Our results show that cytoplasmic irradiation with high LET particles

induced an increase in nuclear DNA oxidative damage as well as induction of micronucleus

in wild type ρ+ SAE cells. Moreover, there was a significant increase of autophagy that was

reversible at 48 hours. In contrast, the biological effects induced by cytoplasmic irradiation

with high LET particles were minimal in ρ0 SAE cells, with no obvious nuclear DNA

oxidative damage nor micronucleus induction. Similarly, the NF-κB/iNOS signaling
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pathway was activated in ρ+ SAE cells but not in ρ0 SAE. This data clearly validates the role

of mitochondria in modulating the DNA damaging effects of high LET radiation delivered

to the cytoplasm of mammalian cells. Our study explores the differential biological effects

of high LET radiation on nuclear versus cytoplasmic damage.

2 Material and Methods

2.1 Antibodies

The monoclonal antibodies used for this study included: anti-phospho-ATM (Ser 1981)

(Cell Signaling Technology, Inc., Danvers, MA; Cat. #4526); anti-phospho-ATR (Cell

Signaling Technology, Inc., Danvers, MA; Cat. #2853); anti-phospho-DNA PKcs (Ser2056)

(Abcam, Cambridge, MA; Cat. ab18192); anti-phospho-Histone H2AX (Ser139) (Millipore,

Mahopac, NY; Cat. #05-636); anti-8-OHdG (Abcam, Cambridge, MA; Cat. ab10802);

LC3B (Invitrogen, Inc., Palo Alto, CA; Cat. L10382); NF-κB p65 (Cell Signaling

Technology, Inc., Danvers, MA; Cat.4764S); iNOS (Cell Signaling Technology, Inc.,

Danvers, MA; Cat.13120).

2.2 Cell culture

The human telomerase reverse transcriptase (h-TERT) immortalized SAE cells generated

previously in our laboratory [10] were grown in Small Airway Epithelial Cell Growth

Medium (SAGM) medium supplemented with various growth factors supplied by the

manufacturer (Lonza., Maryland, USA). Mitochondrial DNA depleted ρ0 SAE cells were

generated from the parental ρ+ SAE cells using prolonged exposure to ethidium bromide (50

ng/ml) as described before [12]. The medium was supplemented with 50 μg/ml uridine

because cells are auxotrophic to uridine [13]. Cultured cells were maintained at 37 °C in a

humidified 5% CO2 incubator.

2.3 High LET cytoplasmic irradiation procedure

High LET α particles cytoplasmic irradiation was conducted using the microbeam at the

Radiological Research Accelerator Facility of Columbia University. Approximately, 500–

600 cells were plated on microbeam dishes coated with Cell-Tak (BD Biosciences, San Jose,

CA) to enhance cell attachment. A defined number of 4He ions at 5.1 MeV were generated

using a Singletron and the alpha particles were delivered at two target positions of

cytoplasm, which are 8 μm away from each end of the cell nucleus along the major axis of

the nucleus. The LET of the alpha particles is ~95 keV/μ and the dose equivalent is ~ 0.3 Gy

per particle. Detailed methods for targeted cytoplasmic irradiation with the charged particle

microbeam have been described previously [3,14,15]. All control cells were stained and

sham-irradiated as well.

2.4 Immunofluorescence

Cells were grown on polypropylene film of the microbeam dishes and rinsed with PBS post

high LET cytoplasmic irradiation. Cells were fixed with 4% paraformaldehyde in PBS for

15 minutes at room temperature and rinsed three times with PBS. The fixed cells were

permeabilized with 0.2% Triton X-100 in PBS for 20 min and stained with 1:200 dilution of

the following primary antibodies: γ-H2AX, p-ATM, p-ATR, p-DNA-PKcs and LC3B.
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Alexa® Fluor 488 or Tetramethyl Rhodamine labeled secondary antibodies were obtained

from Jackson Immuno Research (Jackson Immuno Research Labs, INC. West Grove, PA;

Cat. 200-542-037 and 200-022-037). DAPI was used for nuclear stain. Images were

captured using a laser confocal microscope (Nikon TE200-C1, Japan).

2.5 Immunocytochemistry

Immediately after irradiation, SAE cells were rinsed with PBS and fixed for 15 min in 4%

paraformaldehyde at room temperature. The fixed cells were permeabilized (0.2% Triton

X-100) for 10 min then rinsed three times with PBS. The cells were immunolabeled with

1:100 dilution of the primary antibody (NF-κB, iNOS) in 2% BSA/PBS for 1 hour; rinsed

three times with PBS, before counterstained with secondary antibody (1:200) and the

immunocomplex was visualized using the Avidin Biotin Complex (ABC) method. The

samples were examined with a Nikon LABOPHOT-2 microscope and images were captured

by the SPOT Basic™ software. The staining intensity was measured by image J (NIH)

software.

2.6 TUNEL staining

TUNEL staining was performed to determine apoptotic nuclei after cytoplasmic irradiation

according to the manufacturer’s instructions (Life Technologies, Inc., Palo Alto, CA). Cells

were fixed in 4% paraformaldehyde for 20 min at 24 hours post irradiation and

permeabilized (0.2% Triton X-100 and 0.1% sodium citrate) for 15 min on ice. TUNEL

reaction mixture was added to cells and incubated for 1 hour at 37 °C in a humidified

incubator with occasional mixing. The samples were observed using a Nikon LABO-

PHOT-2 fluorescence microscope. DNase I-treated cells were used as a positive control and

those without terminal transferase enzyme were used as a negative control.

2.7 Micronuclei scoring

The cytokinesis block technique was used for the micronuclei assay. Briefly, cultures were

treated with 1 μg/mL cytochalasin-B for 36 hours and then fixed with 4% paraformaldehide

for 20 min. The polypropylene films with cells were covered/stained with DAPI mounting

solution. Micronuclei were scored in 200 binucleated cells and classified according to

standard criteria [16]. The micronuclei yield was calculated as the ratio of micronuclei

number to the scored number of bi-nucleated cells.

Statistics analysis

Data were presented as mean±standard deviation. Statistical analysis was performed by

Student’s t test. P<0.05 was considered statistically significant between non-irradiated

control and cytoplasmic irradiation groups.

3 Results

3.1 High LET radiation induced nuclear DNA oxidative damage and chromosomal breaks in
ρ+ SAE cells

To detect oxidative damage in nuclear DNA, both ρ+ and ρ0 SAE cells were irradiated with

α particles through the cytoplasm. The formation of 8-hydroxydeoxyguanosine (8-OHdG), a
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biomarker for the oxidative damage of nuclear DNA, was quantified by

immunocytochemical staining with 8-OHdG polyclonal antibody. As shown in Fig. 1A, 8-

OHdG staining was more intense in the nuclei of cytoplasmic irradiated ρ+ SAE cells when

compared with untreated control cells. Quantification of the staining intensity demonstrated

a two fold increase in 8-OHdG at 0.5 hours post cytoplasmic irradiation and a three fold

increase at 24 hours when compared with controls (Fig. 1C). In contrast, the induction of 8-

OHdG by cytoplasmic irradiation in ρ0 cells was not obvious (Fig. 1B and D). The baseline

levels of 8-OHdG in ρ0 SAE cells were higher than corresponding background levels in ρ+

SAE cells which has been shown in the previous study [12]. These results indicated that

high LET cytoplasmic irradiation induced oxidative damage in the nucleus of ρ+ SAE cells.

Direct DNA damage caused by ionizing radiation has been considered to be the main cause

of mutations. In order to ascertain the role of mitochondria in mediating radiation-induced

genomic instability, the incidence of micronucleus was examined in both ρ+ and ρ0 SAE

cells. Micronuclei were scored in binucleated ρ+ and ρ0 SAE cells at 48 hours post

cytoplasmic irradiation. Representative image showed micronuclei formation in cytoplasmic

irradiated ρ+ SAE (Fig. 1E). Nuclear irradiation with ten α particles induced 18% and 29%

micronuclei frequency in ρ0 and ρ+ SAE cells, respectively. Furthermore, cytoplasmic

irradiation with ten α particles also induced a statistically significant increase to 12% in

micronuclei yield among ρ+ SAE cells. However, cytoplasmic irradiation had no obvious

effect on the frequency of micronuclei in ρ0 SAE cells. These results reveal that the

mtDNA-depleted ρ0 SAE cells are less sensitive to nuclear mutations induced by

cytoplasmic irradiation.

3.2 High LET cytoplasmic irradiation induced DNA double strand breaks in ρ+ SAE cells

As DNA double strand breaks (DSBs) are the main deleterious lesions induced by radiation,

the number of DSBs was scored by examining the foci of phosphorylated H2AX in

cytoplasmic irradiated cells. As shown in Fig. 2A, γ-H2AX foci are visualized as bright

spots in the nucleus of ρ+ and ρ0 SAE cells. According to distribution of cells with γ-H2AX

foci, cells with more than two γ-H2AX foci in the nucleus were quantified as positive cells.

We counted the number of foci per cell and the number of cells with foci in each

experiment, for example, how many cells had one, two, or even five foci. Two groups were

defined in our study: number of cells with less than two γ-H2AX foci, and cells containing

more than two γ-H2AX foci using established methodology [17].

The results indicated that 50% of the ρ+ SAE cells had more than two γ-H2AX foci in the

nucleus at 0.5 hours post-irradiation. The foci induction decreased to 30% at 4 hours and the

level remained relative stable until 24 hours post irradiation (Fig. 2B). The average number

of γ-H2AX foci per cell at the 0.5 hours time point increased to five (Fig. 2C). However, the

average foci number per cell was reduced to three in ρ+ SAE cells at 4 hours post irradiation.

Unlike the ρ+ SAE cells, there was no significant difference in the percentage of γ-H2AX

positive cells and average number of γ-H2AX foci in irradiated ρ0 SAE cells (Fig. 2D and

E).

In order to determine whether common DNA repair proteins participated in the repair of

DNA double strand breaks induced by targeted cytoplasmic irradiation, phosphorylated
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ataxia-telangiectasia mutated (ATM), DNA-dependent protein kinase catalytic subunit

(DNA-PKcs), ataxia telangiectasia and Rad3 related (ATR) were investigated by florescence

immunohistochemistry in ρ+ SAE cells. As showed in Fig. 3A and B, the phosphorylated

ATM (Ser1981) and DNA-PKcs (Ser2056) were colocalized with γ-H2AX foci indicating

ATM and DNA-PKcs may be involved in the DNA damage repair process. However, the

phosphorylated ATR (Ser428), which showed a dispersed pattern in the nucleus (Fig. 3C),

did not co-localize with γ-H2AX foci induced by cytoplasmic irradiation in ρ+ SAE cells,

indicating that ATR might not be a player in repairing the DNA damage induced by

cytoplasmic irradiation.

3.3 High LET cytoplasmic irradiation induced apoptosis/autophagy in ρ+ SAE cells

To assess whether cytoplasmic irradiation induces cell death, terminal deoxynucleotidyl

transferase-mediated dUTP nick-end labeling (TUNEL) stain was used to detect apoptosis in

both ρ+ and ρ0 SAE cell lines. Fig. 4A shows that cytoplasmic irradiation induced 5%

TUNEL positive cells in ρ+ SAE cells at 24 hours post-irradiation and the incidence showed

a slight but insignificant increase at 48 hours. In contrast, there was no induction of TUNEL

positive cells in similarly irradiated ρ0 SAE cells at the 24 hours time point. A delayed

apoptosis of 6%, however, was observed at 48 hours post-irradiation (Fig. 4B).

Since there was increased oxidative stress and DNA damage, but only 5% cell death at 24

hours post cytoplasmic irradiation in ρ+ SAE cells, in addition to DNA repair, we

entertained the idea that autophagy induced by cytoplasmic irradiation may also be a likely

effect. The rational being that cytoplasmic irradiation induces mitochondrial fission (14) and

autophagy is a major cellular quality control process for the selective degradation of

dysfunctional mitochondria. Therefore, we analyzed the level of LC3B, a reliable biomarker

of autophagy in irradiated SAE cells. Chloroquine diphosphate treatment was used as a

positive control (data not shown). Cytoplasmic irradiation caused LC3B to be recruited to

autophagosomes as demonstrated by the appearance of bright punctated structures in ρ+

SAE cells (Fig. 4C). The number of LC3B positive cells increased to 60% at 4 hours post

cytoplasmic irradiation and returned to control values at 48 hours (Fig. 4D). However,

LC3B stain was diffuse in the cytosol in control and cytoplasmic irradiated ρ0 SAE cells

(Fig. 4C). Quantification of LC3B positive ρ0 cells showed no obvious change from 0.5 to

48 hours post cytoplasmic irradiation (Fig. 4E). These results indicated that cytoplasmic

irradiation induced autophagy was dependent on the presence or absence of mtDNA.

3.4 Role of NF-κB in response to high LET cytoplasmic irradiation in ρ+ SAE cells

NF-κB is an important transcription factor and triggered by a wide variety of stimuli

including oxidative stress. Immunocytochemistry was used to quantify whether cytoplasmic

irradiation activates NF-κB protein expression in ρ+ and ρ0 SAE cells. NF-κB p65 staining

images of ρ+ and ρ0 SAE cells post cytoplasmic irradiation 24 hours are shown in Fig. 5A.

There was more intense of NF-κB p65 staining in cytoplasmic irradiated ρ+ SAE cells when

compared with untreated control cells at 24 hours (Fig. 5A, top panel). Quantification of the

result showed that NF-κB p65 was increased approximately two-fold compared with control

at 0.5 to 24 hours post-irradiation in ρ+ SAE cells (Fig. 5B, top panel); however, there was

no obvious NF-κB p65 change in irradiated ρ0 SAE cells (Fig. 5A.B, lower panel).
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In order to determine whether cytoplasmic irradiation leads to the development of

inflammation, the inducible nitric oxide synthase (iNOS) was quantified by

immunocytochemistry. iNOS staining images of ρ+ and ρ0 SAE cells post cytoplasmic

irradiation at 24 hours were shown in Fig. 5C. There was more intense of iNOS staining in

cytoplasmic irradiated ρ+ SAE cells when compared with untreated control cells at 24 hours

(Fig. 5C, top panel). The relative iNOS expression in cytoplasmic irradiated cells was

increased to two fold at 4 hours and lasted until 24 hours when compared with non-

irradiated control (Fig. 5D, top panel). In contrast, there was no significant change of iNOS

expression in the time period of observation in ρ0 cells (Fig. 5C. 5D, lower panel).

4 Discussion

In this study, we found a significant increase in 8-OHdG and micronuclei formation in ρ+

SAE, but not in ρ0 SAE, upon exposure to targeted cytoplastmic irradiation, indicating that

mitochondria, and specifically mtDNA, play an important role in mediating the response.

Micronucleus is often used as a reliable biomarker for genetic damages in mammalian cells

exposed to a variety of genotoxic agents [18]. There is evidence that ultraviolet light, x-ray,

and γ-ray radiation are efficient inducer of 8-OHdG, a well established biomarker for

oxidative DNA damages in various cultured cell lines and animal models [19,20].

Mitochondria are not only the main targets of oxidative damage but the primary site of ROS

production [21]. Excessive production of ROS by mitochondria will lead to irreversible

alterations of lipids, proteins and DNA resulting in further damage to the mitochondria,

cytosol and the nucleus [22]. Furthermore, our previous studies have demonstrated that

cytoplasmic irradiated SAE cells show an increase in mitochondrial fission and superoxide

production that can be quenched by the radical scavenger, dimethyl sulfoxide [14]. It is

likely that oxyradicals induced by membrane lipid peroxidation result in both changes in

mitochondrial morphology as well as mtDNA mutations. Taken together with the present

studies, our results clearly illustrate the essential role of mtDNA in mediating radiation

damages in general, and genomic instability specifically by high LET radiation.

In response to DSBs, members of the kinases in the phosphoinositide three-kinase-related

kinase (PIKK) expand family (ATM, ATR, and DNA-PKcs) are recruited first to the DNA

damage site and phosphorylate histone H2AX which can be visualized as γ-H2AX foci

[23,24]. In the current study, the average γ-H2AX foci increased within 0.5 hours post-

irradiation indicating that DNA DSBs in ρ+ SAE cells was a rapid response event, perhaps

due to oxidative stress. In contrast, ρ0 SAE cells did not show any DSBs indicating that SAE

cells lacking respiratory chain function were less sensitive to DNA damage induced by

cytoplasmic irradiation. There is evidence that mtDNA–depleted human skin fibroblasts (ρ0)

have a reduced genotoxic response, as determined by mutation at the hprt locus on human x-

chromosome [11]. DNA damage triggers phosphorylation of DNA-PKcs at several clusters

of serine and threonine residues (including T2609, S2056, and T3950) that regulate the

function of DNA-PKcs [25]. Moreover, both DNA-PKcs and the related protein kinase

ATM contribute to DNA damage-induced phosphorylation of H2AX on serine 139 to form

γ-H2AX [26]. Previous studies showed that ATM was autophosphorylated on Ser1981 in

vivo after ionizing radiation in mammalian cells [27]. Our study revealed that γ-H2AX

colocalized with ATM (Ser1981) and DNA-PKcs (Ser2056) induced by cytoplasmic
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irradiation, suggesting that ATM and DNA-PKcs participated in the cytoplasmic irradiation

–induced DNA damage response. Although ATR activation was observed after cytoplasmic

irradiation, the activated ATR (Ser428) did not colocalize with the well known DSB

surrogate marker, γ-H2AX as indicated by the dispersed staining pattern of ATR. Even

though ATR is activated primarily in response to single-stranded DNA regions and stalled

DNA replication forks [28], the homogenous pattern of ATR staining may probably due to

both single strand breaks and DSB at stalled replication forks with extended ss DNA

regions, generated by cytoplasmic radiation.

Mitochondria are important dynamic organelles within the cytoplasm that produce ATP

through the process of oxidative phosphorylation and are implicated in response to cellular

stress, such as apoptosis and immune responses [29,30]. When cells suffer irreparable DNA

damage, apoptosis is induced for eliminating damaged cells [31,32]. There are two apoptotic

pathways in the cell, the “extrinsic” death-receptor mediated and the “intrinsic”

mitochondrial pathways. The intrinsic pathway highlights the role of mitochondria in the

regulation of apoptosis [33]. Previous studies have shown that radon exposure increased the

apoptotic rate in both human bronchial epithelial cells and to a lesser degree in mtDNA

knockdown cells [34]. In agreement with these studies, our results showed that cytoplasmic

irradiation induced significant increase in the apoptotic rate in ρ+ SAE cells at 24 and 48

hours. These results demonstrated that the apoptosis observed in ρ+ cells was due to the

intrinsic mitochondrial apoptotic pathway and confirmed the key role that mitochondria play

in the process. However, ρ0 cells without mtDNA and therefore, without functional

mitochondria, also showed increased apoptotic rate, although delayed, after cytoplasmic

irradiation at 48 hours. This delayed response may perhaps be due to the induction of the

extrinsic death ligand-mediated pathway. Our data clearly indicate that the intrinsic

apoptosis pathway is triggered in wild type ρ+ SAE cells exposed to high LET irradiation.

Autophagy is a lysosome-dependent degradation process among eukaryotes which is usually

induced in response to stressful conditions including oxidative stress, hypoxia, DNA

damage, and anti-cancer therapies [35,36]. Autophagy is also a major cellular quality control

process for the selective degradation of organelles, including mitochondria (mitophagy)

[37]. Moreover, autophagy itself has a dual role, having pro-death or pro-survival role

depending on the specific stimuli [38]. Recently, several studies have provided new insight

into p38 and JNK Mitogen Activated Protein Kinase (MAPK) pathway in regulating the

balance between autophagy and apoptosis in response to genotoxic stress [39]. Our current

studies reveal that targeted cytoplasmic irradiation results in an increased rate of autophagy

in ρ+ SAE cells within 24 hours, which returned to control level at 48 hours. However, the

ρ0 SAE cells showed no autophagic response to cytoplasmic irradiation. Moreover, our

previous report showed that targeted cytoplasmic irradiation with α particles induced

mitochondrial fission and respiratory chain dysfunction in ρ+ SAE cells in the immediate

post irradiation period [14]. There is also evidence that cells purposefully segregate its

dysfunctional mitochondria by fission and eliminate them by autophagy [40]. These results,

taken together, suggest that cells can eliminate dysfunctional mitochondria produced as a

result of α particle radiation by autophagy in order to maintain cellular homeostasis.

Although non-functional mitochondria below the mutational threshold could be eliminated

by mitophagy, the accumulation of pathogenic mtDNA mutations in patients demonstrates a
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failure to remove mitochondria containing pathogenic mtDNA by autophagy above the

mutational threshold [37]. This may perhaps be due to the failure of active recruitment of

proteins to mitochondria, such as Parkin, which is critically important for the cell to undergo

autophagy; and failure of activating general macroautophagy, in order to accomplish robust

autophagic sequestration of dysfunctional mitochondria [41].

We also examined the signaling pathways that are triggered by high LET radiation. The NF-

κB pathway is highly sensitive to a variety of stimuli and responsible for regulating gene

expression of factors that control cell proliferation, adhesion, inflammation and redox status.

Furthermore, combined exposure to environmental toxins, such as trichloroethylene and

UVB has been shown to induce a toxic response by up regulating NF-κB dependent iNOS

expression in early tumor promotion events [42]. Similarly, in the present study, we

observed an increased NF-κB p65 and iNOS expression induced by cytoplasmic irradiation

only in ρ+ SAE cells but not in ρ0 SAE cells, indicating that NF-κB/iNOS pathways are

associated with mitochondrial signaling events. Our finding is consistent with previous

reports that NF-κB activation was partially lost in mtDNA-depleted ρ0 HSF in response to α

particle irradiation [43], and that iNOS activation is also dependent on transcription of NF-

κB [44]. Therefore, it is not surprising that iNOS expression is not induced by cytoplasmic

irradiation in ρ0 SAE cells where NF-κB p65 expression is unchanged. Recent studies also

highlight the role of NF-κB signaling in regulating autophagy [45]. The possible mechanism

is that NF-κB can either activate or inhibit signaling pathways that regulate the transcription

of a subset of pro-autophagic-regulating genes leading to the induction of autophagy [46].

Thus, cytoplasmic irradiation is likely to trigger activation of NF-κB/iNOS pathways in a

mitochondrial function dependent manner.

In summary, our studies reveal that targeted cytoplasmic irradiation with high LET radiation

results in oxidative damage and DNA double strand breaks in ρ+ SAE cells. However, the

mtDNA-depleted ρ0 SAE cells show no oxidative stress response to cytoplasmic irradiation.

The damaged DNA is correlated with increased micronucleus formation and apoptosis in ρ+

SAE cells but not in ρ0 SAE cells indicating that mitochondrial function is essential in

regulating genomic instability induced by high LET radiation. Our data clearly demonstrates

the biological consequences of high LET radiation in nuclear versus cytoplasmic damage

and the significant role of mitochondrial function in mediating genomic instability. Finally,

the findings may provide some insight in the design of countermeasures for space radiation

protection.
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Figure 1.
ρ0 SAE cells were less responsive than ρ+ SAE cells to high LET cytoplasmic irradiation

induced nuclear DNA oxidative damage and micronucleus formation. A. Detection of 8-

OHdG by immunocytochemistry. Representative images of untreated and cytoplasmic

irradiated ρ+ SAE cells. B. Representative images of untreated and cytoplasmic irradiated ρ0

SAE cells. C. D. Relative quantification of 8-OHdG staining intensity induced by

cytoplasmic irradiation in ρ+ SAE cells (C) and ρ0 SAE cells (D). Images were quantified by

Image J software. The average intensity (mean ± SD) per cell was obtained from 200 cells

per sample. #, P<0.01 versus the control group. E. Representative images of micronuclei

image of ρ+ SAE cells irradiated with ten α particles cytoplasmic irradiation. Arrows

indicate micronuclei. F. Nuclear irradiation induced an increased micronuclei level in both

ρ+ and ρ0 SAE cells. Cytoplasmic irradiation increased micronuclei in ρ+ SAE cells,

however, ρ0 SAE cells did not show significant increase of micronuclei formation. Data

represent mean ± SD of three independent experiments. In each experiment, 200 cells were

scored. #, P<0.01 versus the non-irradiated control.
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Figure 2.
Cytoplasmic irradiation induced DNA DSBs in ρ+ SAE cells. A. Immunofluorescent

staining of γ-H2AX foci in ρ+ and ρ0 SAE cells treatment with ten α particles cytoplasmic

irradiation at 0.5 hours. B. Percentage of γ-H2AX positive cells after cytoplasmic irradiation

in both ρ+ and ρ0 SAE cells. C. Average foci per cell in ρ+ and ρ0 SAE cells post

cytoplasmic irradiation. Mean percentage of γ-H2AX foci=cells with more than two γ-

H2AX foci/total count cells number

#, P<0.01 versus the control group. Bars indicate ± SD. Results were repeated in three other

experiments. In each experiment, 100 cells were scored.
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Figure 3.
ATM and DNA-PKcs participate in cytoplasmic irradiation induced DNA damage repair in

ρ+ SAE cells. A. Immunofluoresent staining of γ-H2AX and p-ATM (Ser1981) in ρ+ SAE

cells. The γ-H2AX was labeled in red and p-ATM was labeled in green, the yellow in the

merge shows γ-H2AX and p-ATM colocalization in the nucleus. B. The γ-H2AX was

labeled in red and p-DNA-PKcs (Ser2056) was labeled in green, the yellow in the merge

shows γ-H2AX and p-DNA-PKcs colocalization in the nucleus. C. The γ-H2AX (Red)

shows foci in the nucleus, however, ATR (Ser428) staining is diffuse (green) post

cytoplasmic irradiation. These representative images show 0.5 hours post cytoplasmic

irradiation.
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Figure 4.
High LET radiation targeted at cytoplasm induces apoptosis and autophagy in ρ+ SAE cells.

A. Percentage of apoptosis cells induced by cytoplasmic irradiation in ρ+ and ρ0 SAE cells

was detected by TUNEL stain. B. Percentage of the autophagy in ρ+ and ρ0 SAE cells post

ten α particles cytoplasmic irradiation. C. Representative image of LC3B staining of

autophagy in ρ+ and ρ0 SAE cells post ten α particles cytoplasmic irradiation.

#, P<0.01, *, P<0.05 versus the control group. Bars indicate ± SD. Results are mean of three

independent experiments. In each experiment, 100 cells were scored.
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Figure 5.
Effects of NF-κB in the regulation of genomic instability induced by cytoplasmic irradiation

in ρ+ SAE cells. A. Representative image of NF-κB p65 immunocytochemistry staining of

ρ+ and ρ0 SAE cells. B. Quantification of NF-κB p65 by mean gray value of ρ+ and ρ0 SAE

cells. Levels of NF-κB p65 were significantly increased post cytoplasmic irradiation with

ten α particles in ρ+ SAE cells but not in ρ0 SAE cells. C. Representative image of iNOS

immunocytochemistry staining of ρ+ and ρ0 SAE cells. D. iNOS expression were

significantly increased induced by cytoplasmic irradiation in ρ+ SAE cells, however, ρ0 SAE

cells showed no response.

#, P<0.01, *, P<0.05 versus the control group. Bars indicate ± SD. Results were repeated in

three other experiments. In each experiment, 100 cells were scored.
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