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Abstract
Ultrasonic technologies pervade the medical field as a long established imaging modality in clinical diagnostics 

and, with the emergence of targeted high-intensity focused ultrasound, as a means of thermally ablating tumors. 
Ultrasound (US) causes multiple thermal and non-thermal effects, such as mechanical and chemical stresses, that 
can result in damage to the cellular membrane and nucleus, leading to transient membrane pores, alterations in gene 
expression, and cell death, including apoptosis. On the basis of its biological effects US has been proposed as a new 
drug delivery and molecular targeting tool for cancer therapy. However, the molecular mechanisms involved in US-
induced cell killing are not yet fully understood. Recently, we have reported that the mechanical effects of US elicit DNA 
single strand as well as double strand breaking- the most cytotoxic form of DNA damage, which initiates subsequent 
DNA damage response associated with DNA repair, cell cycle arrest, and cell death. Here in the present study we 
have focused on one of the most significant biological effects of US, i.e., DNA damage and discussed the underlying 
mechanisms and a unique cellular response. In addition, we have described the characteristic DNA damage response 
induced by heat stress, which could have caused by the thermal effects of US. Moreover, the study will enrich the 
literature relevant to furthering our understanding of US for future applications in cancer therapy.
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Introduction
Ultrasound (US) has not only been utilized for diagnostic 

purposes, but also for therapy in clinical fields. In recent years, high 
intensity focused US (HIFU) has been developed for ultrasonic 
hyperthermia and thermal ablation of tumors in cancer therapy 
[1]. The biophysical mechanisms of US cancer therapy are classified 
as either thermal or non-thermal effects, the latter being further 
divided into cavitational and non-cavitational effects. Previously, the 
thermal effects of US were thought to be the principal mechanism for 
cancer treatment. However, subsequent studies have demonstrated 
negligible thermal effects for cancer treatment using low-intensity 
pulsed US. Non-thermal cavitation effects have also been considered 
to be responsible for US’s potential in treating cancer. Cavitation is 
the formation of vapor cavities in a liquid. Cavitation is further divided 
into inertial cavitation and non-inertial cavitation. In aqueous solution, 
the collapse of cavitation bubbles produced by inertial cavitation 
causes the temperature and pressure of the vapor to rise, leading to 
the dissociation of water vapor into hydroxyl radicals and hydrogen 
atoms (chemical effects) and the production of mechanical stress, such 
as shear stress, shock wave, and high pressure (mechanical effects). All 
mechanisms are dependent on ultrasonic intensity and exposure time. 
The thermal effect is produced as a result of sound absorption and the 
temperature increase per unit time is proportional to the ultrasonic 
intensity. In addition, cavitational effects are observed only above a 
threshold intensity and exposure time. However, the threshold varies 
depending on the frequency used as well as ultrasonic fields (medium 
composition, tissue type, etc.) [2]. In 1987, Fecheimer et al. were the 
first to report the biological effects of US cavitation [3], where US was 
used to deliver cell impermeable fluorescent dextran molecules into 
mammalian cells by increasing membrane permeability, involving the 
mechanical production of transient membrane pores. In 1999, Ashush 
et al. were the first to report that US can induce apoptotic cell death 
in human leukemia cell lines [4], which is also demonstrated in our 
own research on the activation of the mitochondrial caspase pathway 
in US-treated leukemia cells [5]. Currently, accumulating evidence 
indicates that the non-thermal effects of US-induced reactive oxygen 
species, membrane fluidity, and DNA damage are responsible for cell 
death. In this review, we summarize the research on DNA damage 

and the cellular response provoked by US with the aim of providing 
information regarding the biological effects of US that may be helpful 
for understanding and developing its potential use in cancer therapy.

US-Induced DNA Damage
In 1963, US was shown to induce DNA base damage and digest DNA 

in an aqueous solution, leading to DNA single strand breaks (SSBs) as 
well as double strand breaks (DSBs) [6]. Today, US technology has been 
utilized for molecular biology techniques such as the chromatin shearing of 
fixed cells for chromatin immunoprecipitation assays, and DNA shearing 
for library construction in next generation sequencing [7,8]. In terms of 
DNA damage in living cells exposed to US, sister chromatid exchange 
in human lymphocytes, base damage in mouse breast cancer EMT6 
cells, and SSB formation in human lymphocyte and Chinese hamster 
ovarian (CHO) cells have previously been phosphorylation of histone 
H2AX on Ser139 (γH2AX), a sensitive biomarker for DSBs (detailed in 
the following section). The presence of DSBs was further confirmed 
using a single cell gel electrophoresis assay, called the neutral comet 
assay, a sensitive method for quantifying DSBs at the single cell level. 
One of the characteristics of US-induced DSBs is the heterogeneity of 
H2AX phosphorylation within the population of cells, which contrasts 
with the homogeneity of H2AX phosphorylation in cells irradiated with 
ionizing radiation (IR) reported (Figure 1) [4,9-11]. Suppression of inertial 
cavitation by triatomic N2O gas or addition of a free radical scavenger 
has been shown to almost completely diminish or partially attenuate SSB 
formation, respectively [5]. This indicates that US-induced DNA damage 
is largely dependent on mechanical stress, and to a lesser degree, on free 
radicals that are induced by inertial cavitation. 
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 Despite the accumulating evidence for US-induced SSBs, there 
have been no report showing the US-induced DSBs in the cell nucleus, 
which is the most cytotoxic form of DNA damage. This is probably 
due to the use of classical and relatively insensitive methods for DSB 
detection (e.g., neutral elution assays and pulse field gel electrophoresis) 
because these methods require a 50-100 Gy radiation dose to clearly 
detect the presence of DSBs in the cell nucleus. In recent years, we 
were the first to detect US-induced DSBs in the cell nucleus by using 
a highly sensitive method for DSB detection [12]. In human leukemia 
cells exposed to US, we detected phosphorylation of histone H2AX 
on Ser139 (γH2AX), a sensitive biomarker for DSBs (detailed in the 
following section). The presence of DSBs was further confirmed using 
a single cell gel electrophoresis assay, called the neutral comet assay, a 
sensitive method for quantifying DSBs at the single cell level. One of 
the characteristics of US-induced DSBs is the heterogeneity of H2AX 
phosphorylation within the population of cells, which contrasts with 
the homogeneity of H2AX phosphorylation in cells irradiated with 
ionizing radiation (IR) (Figure 1).

US-Induced DSB Formation Mechanism
The difference in γH2AX staining patterns between US- and IR-

exposed cells may reflect the different mechanisms underlying DSB 
formation. IR-induced DSBs are attributed directly to DNA ionization, 
and indirectly to free radicals. In the case of US, cavitational effects 
are responsible for DSB induction because suppression of inertial 
cavitation by N2O gas completely diminished the induction of γH2AX 
positive cells (Figure 2). As described above, cavitation effects are 
further classified as either chemical or mechanical effects. Considering 
that both IR and US have the potential to induce free radical formation, 
it seems plausible to expect the involvement of free radicals in US-
induced DSBs. However, in contrast with SSB formation, addition of 
free radical scavengers, such as DMSO or N-acetyl cysteine, hardly affect 

US-induced γH2AX levels despite the suppression of extracellular and 
intracellular hydroxyl radical formation. Therefore, it is reasonable to 
assume that the mechanical effects of US cavitation, such as shear stress, 
are more essential for DSB formation in cells exposed to US. Consistent 
with this observation, our classical study in 1985 demonstrated that DSB 
induction in naked DNA is caused by the mechanical effects of US but 
not chemical effects [13]. However, from the available literature, there 
is no direct evidence showing a correlation between such mechanical 
effects and DSB formation in the cell nucleus.

Phosphorylation of Histone H2ax in Cells Exposed to 
US

γH2AX is a phosphorylated histone H2 variant that was reported to 
be a sensitive biomarker for the presence of DSBs [14]. In the presence 
of DSBs, DNA damage sensor proteins such as Ataxia telangiectasia 
mutated (ATM), Ataxia telangiectasia mutated and Rad3-related 
(ATR) and DNA-dependent protein kinase (DNA-PK), members of 
the phosphatidylinositol 3-kinase-related kinase (PIKKs) family, are 
known to phosphorylate histone H2AX [15]. In cells exposed to IR 
or DNA-damaging agents such as bleomycin, H2AX phosphorylation 
is generally dependent on ATM, or ATR and DNA-PK in the absence 
of ATM [16]. In the presence of replicative stress by hydroxyurea, 
H2AX phosphorylation is largely dependent on ATR and is restricted 
in cells during the S phase [17]. Additionally, cells receiving apoptotic 
signaling showed H2AX phosphorylation that is DNA-PK dependent 
[18], which was further corroborated in experiments using DNA-PK 
inhibitor and TNF-related apoptosis-inducing ligand (TRAIL) [18]. 
In line with previous research, we reported a reduction in the IR-
induced γH2AX positive cell population in cells with an ATM specific 
inhibitor (KU55933) [12]. In the absence of ATM inhibitor, DNA-PK 
specific inhibitor (NU7026) did not affected the population of γH2AX 
positive cell, indicating that ATM is predominant kinase involved in 
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Figure 1: Distribution of γH2AX content and DNA content in cells exposed to US (0.3 W/cm2) or IR (10 Gy). After a 30 min incubation period, cells were collected and 
stained as described in [12]. (A) Representative histograms in control, US and IR-exposed U937 cells (B) Distribution of γH2AX positive cells in Jurkat, Molt-4, and 
HL-60 cells post-US exposure.
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H2AX phosphorylation after IR-exposure. However, interestingly 
DNA-PK inhibitor markedly suppressed H2AX phosphorylation 
induced by US, In addition, combination of the ATM and DNA-PK 
inhibitors almost diminished the H2AX phosphorylation. These results 
indicate that γH2AX induced by US is dependent on DNA-PK rather 
than ATM, in contrast with that induced by IR. In agreement with 
these results, US preferentially phosphorylates DNA-PK at Ser2056 
over ATM at Ser1981, the auto-phosphorylation sites of these kinases. 
Additionally, in support of the lack of correlation between ATR and 
H2AX phosphorylation, US-induced γH2AX positive cells were not 
restricted during the S phase (Figure 1). DNA-PK-dependent H2AX 
phosphorylation was initially thought to be associated with apoptotic 
signaling [18]. However, in contrast with treatment with TRAIL, pre-
treatment with Z-VAD FMK, a pan-caspase inhibitor, hardly affected 
the tail moment and population of γH2AX positive cells when exposed 
to US, indicating that US-induced γH2AX reflects DNA damage but 
not initial apoptotic signaling. As observed in the γH2AX staining 
patterns, IR-treated cells showed staining at discrete foci, whereas 
TRAIL-treated cells showed peri-nuclear (peripheral), pan-nuclear 
(diffuse), and apoptotic body localized staining (Figure 3). In contrast, 
US-treated cells showed discrete foci, or pan-nuclear staining with 
discrete foci. In summary, preferential DNA-PK activation followed 
by γH2AX phosphorylation and unique γH2AX staining patterns are 
features of the DNA damage response induced by US. However, the 
H2AX phosphorylation by DNA-PK remains unclear. 

US-induced DSBs and the Cell Death Signaling Pathway
PIKK family proteins are kinases that phosphorylate H2AX as well 

as many effector molecules that regulate DNA repair, cell death and 
cell survival [20-22]. In the presence of DNA damage, ATM and ATR 
are known to activate checkpoint kinase and p53 to regulate the cell-
cycle checkpoint, cell survival, and apoptosis. Additionally, ATM and 
DNA-PK promote cell survival through Akt phosphorylation at Ser473 
[23]. In 2004, Abdollahi et al. reported the molecular mechanisms 
underlying p53-dependent apoptotic signaling in cells exposed to US. 
They demonstrated that TK6 lymphocyte cells with p53 defects were 
more resistant to US than parental control cells harboring wild-type 

p53 [24], suggesting a pivotal role for p53 in US-induced cell death 
signaling. Consistent with this report, we also confirmed that Molt-
4 cells (human leukemic lymphoblast cells) stably transfected with 
shRNA targeting p53 (Molt-4/shp53) were more resistant to US-
induced apoptosis than parental control cells [25]. Furthermore, we 
found that p53 phosphorylation at Ser15 in cells exposed to US was 
dependent on ATM rather than DNA-PK (Figure 4). On the other 
hand, Akt phosphorylation was dependent on DNA-PK rather than 
ATM, which was independent of the p53 phenotype. Consistent with 
this difference between Akt and p53 phosphorylation, ATM inhibitor 
KU55933 attenuated cleavage of caspase-3 and slightly suppressed 
US-induced cell death in Molt-4 cells, but not in Molt-4/shp53 cells. 
Moreover, the DNA-PK inhibitor NU7026 promoted US-induced 
caspase-3 cleavage and cell death in both cell types, indicating that the 
ATM-p53 and DNA-PK-Akt axes play opposite roles in US-induced cell 
death, including apoptosis. Moreover, these results suggest that DNA-
PK may be a useful as a molecular target for US-aided tumor therapy, 
regardless of the p53 phenotype.

DNA Repair of US Induced DSBs
γH2AX forms a platform for DNA repair by recruiting and 

maintaining DNA repair proteins. ATM is recruited to DSB sites in 
conjunction with the MRE11/RAD50/NBS1 (MRN) complex that 
recognizes the double-stranded end of DNA and contributes to DNA 
repair, as found in homologous recombination [26]. DNA-PK binds 
to the Ku70/Ku80 heterodimer that binds to and protects DNA ends 
from degradation, and contributes to DNA repair, such as non-
homologous end joining [27]. In addition to γH2AX foci formation, 
nuclear localization of phospho-ATM at Ser1981, phospho-DNA-PK 
at Ser2056/T2609 and phosphor-NBS1 at Ser343, which are activated 
forms of these proteins [28], were observed in US-treated cells [12]. 
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Figure 2: The effect of triatomic N2O gas on the induction of γH2AX. U937 cells 
were suspended in culture medium saturated with air or N2O followed by sonication. 
N2O saturation and γH2AX staining were performed as described in [12].

Lo
w

 
H

ig
h 

IR
 

Jurkat Molt-4 HL-60 U937 

U
S 

pe
rip

he
ra

l 
D

iff
us

e 
TR

A
IL

 
A

po
pt

ot
ic

 

US 

Plot profile 
(Molt-4) 

Distance 

Intensity 

Figure 3: Immunofluorescence analysis of γH2AX in U937, Jurkat, Molt-4, and 
HL-60 cells with US, IR (3 Gy), or TRAIL (0.1 mg/mL). γH2AX staining was 
performed as described in [12]. Plot profiles of γH2AX intensity in Molt-4 cells 
were obtained by using NIH Image J software. 
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Considering that both γH2AX intensity and tail moment were 
attenuated in a time-dependent manner post US-exposure, it is possible 
that these molecules contribute to DNA repair. However, to the best 
of our knowledge, there is not yet direct evidence demonstrating the 
role of these molecules in US-induced DSB repair. It should be further 
investigated if these proteins contribute to DNA repair in cells with US-
induced DSBs. 

US Induced DNA Damage and Cell Cycle Checkpoint
Cells exposed to genotoxic stress activate cell-cycle checkpoint 

machinery to negatively regulate cell cycle progression. A cell with DNA 
damage avoids entering the next cell-cycle phase until the DNA damage 
is repaired in order to promote cell survival. The cell-cycle checkpoint 
is composed of G1, S, and G2/M checkpoint [29], where the mechanism 
of action of the intra-S phase checkpoint is less clear than that of the 
G1 and G2/M phase checkpoints [30,31]. The G1 checkpoint is mainly 
regulated by cyclin dependent kinase 1A (coding p21), which is a 
representative transcript of p53 [32]. The G2/M checkpoint is regulated 
by checkpoint kinase 1 and 2 (Chk1 and Chk2), which are downstream 
of ATM and ATR [29,33]. Chk1 and Chk2, serine/threonine kinases 
that are functional analogs with dissimilar structures, contribute to cell-
cycle arrest by phosphorylating CDC25 phosphatases.

Since G1 checkpoint activation by p21 is attenuated in cells with 
p53 defects, the cells rely on Chk1/2 and the G2/M checkpoint for cell 
survival when DNA damaging agents are encountered. Considering that 
at least half of all tumors exhibit a p53 mutation or deletion, selective 
inhibition of Chk1/2 is a promising strategy for cancer therapy, and 
some selective Chk1/2 inhibitors are currently in preclinical or phase I/
II clinical trials (shown in https://clinicaltrials.gov) [34-36].

In 2011, Zhong et al. reported US-induced apoptosis and cell-
cycle arrest at the G2/M phase in human leukemia HL-60 cells [37]. 
Our subsequent research revealed that US-induced G2/M arrest is 
dependent on Chk1 in human leukemia Jurkat cells [38]. In general, 

ATM preferentially phosphorylates Chk2 at Thr68 over Chk1 at 
Ser345, and Chk1 phosphorylation is largely dependent on ATR [39]. 
Consistent with previous reports, US-induced Chk1 phosphorylation 
was attenuated by selective inhibitors against ATR (described in [40]), 
but not ATM inhibitors. Chk1 inhibition using the selective inhibitor 
SB218078, or Chk1-targeted siRNA transfection, decreased the 
population of cells in the G2/M phase and increased that in SubG1 phase 
following US-exposure, indicating that Chk1 plays an essential role 
in the G2/M arrest and cell survival in response to US-induced DNA 
damage. Therefore, Chk1 may be a candidate molecular target for US-
aided cancer therapy. Meanwhile, the role of Chk2, a functional analog 
of Chk1, in US-induced cell-cycle arrest and cell death has not yet been 
elucidated. Considering that both ATM and Chk2 have the potential 
to phosphorylate and stabilize p53 (at Ser15 and Ser20, respectively), 
the ATM-Chk2 axis might contribute to p53-dependent apoptosis or 
p21-dependent G1 checkpoint activation in cells exposed to US. Further 
research investigating the role of ATM-Chk2 in US-induced cell death 
and cell-cycle arrest is currently underway.

Heat Induced DNA Damage and γH2AX
In the previous sections, we described the DNA damage and 

cellular response induced by the non-thermal effects of US. Seeing as 
US has been utilized for hyperthermic cancer therapy and the thermal 
ablation of tumors, the understanding of heat-induced DNA damage 
and the associated cellular response may be useful for US applications 
in medical fields. Many excellent textbooks and reviews describing 
DNA damage induced by heat stress (HS) have been published [41-
43]. For the purpose of this review, we will briefly describe the features 
of heat-induced DNA damage and the associated cellular response. 
Regarding the types of DNA damage observed following heat stress 
(HS), DNA SSBs, base damage, inhibition of DNA replication, and 
DNA repair have been reported [44]. The main mechanisms underlying 
heat-induced DNA damage are the production of free radicals and the 
denaturation of proteins associated with DNA replication and repair. 
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HS also induces γH2AX foci; however, there are characteristic 
features of γH2AX foci resulting from the heat-induced DNA damage 
response. Firstly, heat-induced γH2AX foci are mainly observed 
in, but not restricted to, cells in the S phase [44]. Secondly, H2AX 
phosphorylation induced by HS is dependent on ATM but not on ATR 
and DNA-PK, which is different to γH2AX induced by hydroxyurea 
and US [45]. Lastly, 53BP1, a DNA repair protein also utilized as a 
biomarker for DSBs, does not form foci in the cell nucleus under HS 
[46]. This can be explained by 53BP1 having a high molecular weight 
(~220 kDa as a monomer and 450 kDa as a dimer) and is therefore 
sensitive to thermal denaturation. In fact, DNA-PK (470 kDa) is also 
sensitive to HS and transiently loses its activity under HS, although 
its activity recovers in a time-dependent manner post HS treatment, 
probably due to the induction of molecular chaperones such as heat 
shock proteins [47]. It should therefore be considered that protein 
denaturation might affect the function of molecules in the canonical 
DNA damage response pathway.

Heat Induced DNA Damage and Cell Death
p53 has a long-established and well-characterized role in heat-

induced apoptosis. As is the case for IR- and US-treated cells, cells 
harboring wild-type p53 are more sensitive to HS than parental 
controls [48,49]. Phosphorylation of p53 at Ser15 is dependent on 
ATM even in cells exposed to HS [50], which contributes to the stability 
of p53 through the dissociation of MDM2. In contrast with the role 
of p53 in HS-induced cell death, that of ATM and DNA-PK is more 
controversial. Mouse embryonic fibroblasts (MEF) with defects in ATM 
production showed high sensitivity to HS in comparison with parental 
controls [51]. Conversely, sensitivity to HS in fibroblasts isolated from 
ataxia-telangiectasia patients harboring mutated ATM is comparable to 
that in normal fibroblasts [51]. In addition, rodent cells defected with 
DNA-PK showed increased heat sensitivity due to the inhibition of heat 
shock factor 1 (HSF1) [52]; however, the contribution of DNA-PK to 
HSF1 activation was not confirmed in human ovarian cell carcinoma 
HeLa cells [53]. It is possible that the role of ATM and DNA-PK in 
heat-induced cell death is different between mammalian cell types 
and is perhaps species dependent. The abovementioned findings may 
be useful in evaluating the molecular target for hyperthermia or in 
considering the use of HS for cancer therapy.

Heat Induced DNA Damage and Cell Cycle Checkpoints
Accumulating evidence has shown that HS can cause G1 and G2/M 

arrest [54-56] p53-dependent transcription of p21 and p38 MAPK 
dependent CDC25A degradation were demonstrated as mechanisms 
for HS-induced G1 arrest [57]. However, the molecular mechanism 
underlying G2/M checkpoint activation in cells exposed to HS had 
not been extensively investigated. Recently, we demonstrated that 
HS activates the ATR-Chk1 pathway, resulting in G2/M checkpoint 
activation and apoptosis evasion in human leukemia Jurkat cells and 
several adherent cancer cells (HeLa, human squamous cell carcinoma 
HSC-3, and prostate cancer PC3 cells) [57]. The detailed mechanisms 
by which HS activates ATR have yet to be elucidated h however, 
molecules in the canonical ATR pathway, such as Rad9, Rad17, 
topoisomerase (DNA) II binding protein 1 (TopBP1), and claspin, seem 
to be important for ATR activation under HS [59].

Conclusion
Exhaustive studies of the DNA damage response pathway 

have been developed by evaluating the cellular response to IR and 
chemotherapeutic agents. In recent years, inhibition of the DNA 
damage response pathway by small molecules, particularly inhibition 

of DNA repair or cell-cycle checkpoint activation (e.g., PARP inhibitor 
and Chk1/2 inhibitor), is currently being investigated as an approach to 
enhance the effects of DNA damaging agents in clinical cancer therapy 
[60]. In addition to the application of US for thermal ablation of tumors 
and hyperthermia in clinical fields, research on the use of US as a tool 
for drug and gene delivery has also been published [61]. Therefore, the 
use of US for drug delivery might offer a dual advantage for cancer 
therapy since US has potential to both induce DNA damage, and 
deliver the drug or gene targeting the DNA damage response pathway. 
Many studies, including ours, were performed in human cultured cells; 
however, further study in vivo is needed for the further development 
and clinical application of US-aided cancer therapy.
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