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Abstract
Background: Toxoplasma gondii (T. gondii) is an obligate parasite of the warm-blooded animals with a
worldwide distribution. Once having entered a host cell, it manipulates host’s DNA damage response that
is yet to be investigated. The objectives of the present study were three-fold: 1) to assess DNA damages
in T. gondii-infected cells in vitro; 2) to ascertain sources causing DNA damage in T. gondii-infected cells;
3) to investigate activation of DNA damage response during T. gondii infection.

Methods: HeLa, Vero and HEK293 cells were infected with T. gondii at multiplicity of infection (MOI) of
10:1. Infected cells at 10 h, 20 h or 30 h post infection were analyzed for a DNA double strand breaks
(DSBs) biomarker γH2AX using Western blot and immuno�uorescence assay. Reactive oxygen species
(ROS) levels were examined using 2',7'-dichlorodihydro�uorescein diacetate (H2DCFDA), and the impact
of ROS on DNA damage was assessed by inhibition using a ROS inhibitor N-acetylcysteine (NAC). Lastly,
DNA damage response in these T. gondii-infected cells was evaluated by detecting the expression of
active form of ataxia telangiectasia mutated/checkpoint kinase 2 (ATM/CHK2) with Western blot.

Results: Compared to uninfected cells, γH2AX expression in the infected HeLa cells at 10 h, 20 h, and 30 h
was increased over time during T. gondii infection. NAC treatment reduced ROS level in host cells and
signi�cantly decreased the expression of γH2AX. Expression of phosphorylated ATM/CHK2 was elevated
in T. gondii-infected cells.

Conclusion: T. gondii infection triggered DNA DSBs with ROS as a major player in host cells in vitro. It
also concomitantly activated DNA damage response pathway ATM/CHK2. T. gondii struggles a balance
between survival and apoptosis of its host cells for the bene�t of its own survival.

Background
The protozoan parasite Toxoplasma gondii (T. gondii) infects almost all warm-blooded creatures
including humans worldwide [1]. It modulates some biological processes of the infected cell, such as
autophagy and apoptosis, to facilitate its survival and proliferation [2, 3]. A few studies have previously
shown that T. gondii infections trigger DNA damage in the retina and the peripheral blood cells of infected
mice [4, 5].

DNA damage may exhibit many different forms including single strand breaks (SSBs), double strand
breaks (DSBs), missing bases and chemical modi�cation of bases etc. [6]. It may be caused by various
factors of both endogenous and exogenous origin. Examples of each is reactive oxygen species (ROS);
and ultraviolet light and chemical reagents, respectively [7].

ROS is naturally generated from metabolic and biochemical reactions and is a major source of the
endogenous stress [8]. Superoxide, hydrogen peroxide, hydroxyl radicals and singlet oxygen are all ROS.
They can oxidize DNA molecules leading to base oxidization, SSBs and DSBs [9]. Elevated ROS levels
have been previously reported in T. gondii-infected macrophages [10]. However, how T. gondii in�uences
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DNA damage, what the DNA damage responses are, and whether and how ROS triggers DNA damage in
the T. gondii-infected cells all remain to be elucidated. Here, we used a well-characterized marker of DNA
DSBs, γH2AX to demonstrate DNA damage in T. gondii-infected HeLa cells. The levels of γH2AX
increased over time during T. gondii infection and ROS was the major player in the DNA DSBs.
Furthermore, DNA damage response pathway ataxia telangiectasia mutated/checkpoint kinase 2
(ATM/CHK2) was activated, suggesting the possible role of DNA damage in regulation of other biological
processes in the T. gondii-infected host cells.

Methods

Host cells, parasites and mice
Vero (African green monkey kidney cells), HEK293T and HeLa cells were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM (Biological
Industries, Israel) supplemented with 10% fetal bovine serum (FBS) (Biological Industries, Israel) and 1%
penicillin-streptomycin-glutamine (Gibco, USA). All cell lines were treated with MycAway™ elimination
reagent (Yeason, China). Mycoplasma testing was done using One-Step Mycoplasma Detection Kit
(Yeason, China). T. gondii strain RHΔku80 strain and EGFP-RHΔku80 strain were maintained in our own
lab as tachyzoites in Vero cells by serial passage according to the previous report [11]. Six-week-old
BALB/c mice were obtained from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China), and
housed in a ventilated cage kept under a conditioned temperature of 25 oC with a light/dark cycle of
14 h/10 h.

Primary antibodies, secondary antibodies and murine sera
The antibodies to the following molecules were purchased from various sources as indicated. γH2AX
(Cell Signaling Technology, USA) was used to document DNA DSBs. Actin and cleaved caspase 3
(Abcam, UK) were used as loading control and apoptosis indicator, respectively. ATM, ATM-S1981, CHK2
and CHK2-T68 (Cell Signaling Technology, USA) were used to indicate DNA damage response. HRP-
conjugated goat anti-mouse IgG and HRP-conjugated goat anti-rabbit IgG (Fude, China) were used in
Western blot. Donkey anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 594 (ThermoFisher,
USA) were used in immuno�uorescence assay. Anti-T. gondii inner membrane complex 1 (IMC1) and
surface protein 1 (SAG1) mouse sera were kind gifts from colleagues Miss Mi Lin and Miss Mingxiu
Zhao. They were used to detect T. gondii in immuno�uorescence assay and Western blot, respectively. T.
gondii positive serum was harvested from BALB/c mice 6 days post infection (PI) and used to block
invasion of T. gondii into HeLa cells. Negative serum was harvested from the same mice prior to infection
and used as control.

Western blot
Western blot was carried out as previously described [11]. Brie�y, cellular lysis was achieved by
incubation for 30 minutes in ice-cold radioimmunoprecipitation assay buffer (RIPA) lysis buffer
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supplemented with a protease inhibitor cocktail (Bimake, China). The soluble proteins derived from the
supernatants of the centrifugation of the cellular lysates at 12,000 ⋅g, 4 °C for 10 min were measured
using a BCA assay kit (Fude, China). They were then mixed with SDS-PAGE loading buffer and separated
by SDS-PAGE. The 0.22 µm PVDF membrane (Millipore, USA) blotted with proteins was blocked with 5%
skimmed milk (Sangon, China) in Tris buffered saline with 0.5% Tween-20 (TBST) followed by incubation
in suitable primary antibodies. The membranes were then probed with appropriate HRP-conjugated
secondary antibodies (Fude, China). Membranes were rinsed thrice in TBS (10 minutes each) at each
interval. Signals were immediately documented using ChemiDoc™ chemiluminescence system (Biorad,
USA) after membranes were subjected to ECL substrates (Fude, China).

Immuno�uorescence assay
Immuno�uorescence microscopy was carried out as described [10]. Brie�y, cells grown on coverslips in
24-well plate were �xed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 10 minutes
and permeabilized with 0.25% triton-PBS for 10 minutes. They were incubated with the primary
antibodies for 1 h after being blocked with 1% bovine serum albumin for 1 h followed by submerging in
suitable Alexa-�uor-conjugated secondary antibodies for 1 h in dark. Afterwards they were counterstained
with DAPI (Sigma,USA) for 1 minute. At each interval, the cells were rinsed thrice with PBS (10 minutes
each). The coverslips were then mounted and images were obtained using Olympus IX81 FV1000
confocal microscope (Olympus, Japan).

ROS measurement
ROS measurement was carried out as previously described [12]. Brie�y, HeLa cells were seeded on 24-well
plates and infected with T. gondii RH strain at a multiplicity of infection (MOI) of 10:1. Twenty-four hours
PI, infected cells were treated with the ROS inhibitor N-acetylcysteine (NAC) at 50 µm for 1 h, 2 h or 4 h.
They were then incubated in 10 µm 2',7'-dichlorodihydro�uorescein diacetate (H2DCFDA, MCE, USA) in
dark for 30 min in an incubator set at 37 oC and 5% CO2 air�ow after being rinsed 3 times in PBS.
H2DCFDA is a non�uoresent precursor that is intracellularly oxidized by ROS to form highly �uorescent
product DCF. Finally, �uorescence signals of cells were measured by Synergy 2 plate reader (Biotek, USA)
at 485 nm exiting wavelength.

Quanti�cation and statistical analysis
Quanti�cations of Western-blot protein bands were done by Image J. Western blot data from Image J and
�uorescence data from plate reader representing triplicate samples were analyzed by GraphPad Prism
7.0. Analysis was done by comparing the mean of each treated groups with the mean of the control
group. Error bars represent standard deviation of the mean. Statistical signi�cance was determined by
one-way ANOVA. P ≤ 0.05 was considered signi�cant.

Results
T. gondii infection triggered DNA DSBs in host cells in vitro
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DSBs are one of the most common forms of DNA damage [13]. Phosphorylation of H2AX at the ser139
position called γH2AX is a well-characterized marker of DSBs in mammalian cells [14]. To study T. gondii
infection on host cell DNA damage in vitro, we infected Vero, HEK293T or HeLa cells with T. gondii
RHΔku80 strain parasites at a MOI of 10:1. Similar effect was observed among all the three types of cells
upon T. gondii infections. Hela cells were used throughout the entire manuscript unless the other cell type
was speci�cally identi�ed. The cells were harvested at 0 h (uninfected control) 10 h, 20 h or 30 h PI and
analyzed by Western blot to detect γH2AX. Compared to 0 h, γH2AX expression in the infected HeLa cells
at 10 h, 20 h, and 30 h had increased approximately 10-, 85- and 90-fold, respectively (Fig. 1A&B). A
similar trend was observed in the infected Vero and HEK293T cells as well (data not shown). We next
determined the source of γH2AX since Fig. 1A&B did not show whether it originated from the infected
host cells, parasites themselves or both. We puri�ed tachyzoites from the infected Hela cells and
contrasted their levels of γH2AX to those of the infected cells. γH2AX was abundantly detected in the
infected HeLa cells. In contrast, the levels of γH2AX in parasites were below detectable level (Fig. 1C).
These data clearly showed that γH2AX originated from the host cells rather than the parasites
themselves. To further con�rm γH2AX expression and its location upon T. gondii infection, we carried out
indirect immuno�uorescence using anti-IMC1 mouse serum and γH2AX antibody to detect T. gondii and
DNA damage, respectively. Relative to uninfected cells, elevated γH2AX signals were detected in the
nuclei of T. gondii-infected HeLa cells (Fig. 1D). Taken together, our data unequivocally demonstrated that
T. gondii infection induced DSBs in host cells in vitro.

T. gondii induced DSBs were irrelevant to apoptosis and depended on its invasion

It has been reported that γH2AX occurs in early apoptosis when DNA fragmentation just begins to start
[15]. T. gondii infection may initiate apoptosis in some type of cells whereas it may inhibit apoptosis in
others [16]. We next tested whether apoptosis in�uenced γH2AX production during T. gondii infection. To
this end, HeLa cells were treated with staurosporine, an apoptosis inducer [17], at 1 µm for 4 h and
apoptosis was monitored by Western blot of cleaved caspase 3. The latter is an early apoptotic event
[18]. While γH2AX were detected in both staurosporine-treated HeLa cells and T. gondii infected (12 h and
24 h) HeLa cells, cleaved caspase 3 was only detected in staurosporine-treated cells with no trace of its
detection in T. gondii infected cells (Fig. 2A/2B). These data clearly showed that T. gondii infection did
not trigger apoptosis in HeLa cells, which unequivocally ruled out that apoptosis was involved in their
DNA damage.

During early infection, T. gondii invades host cells and leads to the formation of a parasitophorous
vacuole to facilitate its proliferation [19]. We next examined whether T. gondii triggered host DNA damage
before invasion. To this end, EGFP-RHΔku80 T. gondii tachyzoites were incubated with either positive
serum from T. gondii-infected mice or negative control serum for 1 h at 37 oC prior to infection. The
positive serum was used to block the invasion of T. gondii. HeLa cells were then infected with serum-
treated T. gondii at a MOI of 10:1, infected cells were imaged by �uorescence microscopy detecting EGFP
or harvested for Western blot analysis of γH2AX 20 h PI. Compared with negative serum treatment,
positive serum treatment dramatically blocked invasion of T. gondii (data not shown), and decreased
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γH2AX levels by approximately 98% (Fig. 2C/2D). These results strongly indicating that induction of host
DNA damage depends on the invasion of T. gondii.

ROS was associated with host DNA damage
ROS induces oxidative stress, which turns out to cause damages to macromolecules such as proteins,
lipids, and DNAs [20]. Multiple studies have implicated pathogen-induced ROS in host cell DNA damage
[21, 22, 23, 24, 25]. Elevated ROS levels have been reported in host cells during T. gondii infection [10, 26].
We hypothesized that ROS causes host DNA damage during T. gondii infection. To test this hypothesis,
we treated T. gondii infected HeLa cells with N-acetylcysteine (NAC), a ROS inhibitor. NAC was applied to
the infected cells 24 h PI for up to 4 h. Two methods were used to gauge the impact of ROS on host DNA
damage. First, ROS levels of uninfected cells, host cells and NAC-treated host cells were analyzed using
H2DCHFA, a non�uorescent precursor to be converted by ROS to �uorescent DCF. The higher ROS level,
the stronger �orescence reaction produces. The second method was to monitor generation of γH2AX by
Western blot and immuno�uorescence analyses. Results shown that ROS levels in the infected Hela cells
increased by approximately 70% compared to those of uninfected cells 24 h PI. NAC treatment for as little
as 1 h completely offset the in�uence of T. gondii infection by bringing the ROS levels down almost to the
basic level of the uninfected cells (Fig. 3A). Western blot showed that compared to those of the untreated
infected host cells, γH2AX levels in the NAC-treated infected host cells reduced by approximately 85%,
85% and 70% at 1, 2 and 4 hours of NAC treatment, respectively (Fig. 3B/3C). Immuno�uorescence
analyses further con�rmed reduced expression of γH2AX in NAC-treated host cells compared to untreated
host cells (Fig. 3D). These two lines of evidence suggested that diminishing ROS by NAC greatly reduced
γH2AX levels in infected cells, indicating that ROS leads to DNA damage during T. gondii infection.

Host DNA damage response pathway ATM/CHK2 was activated by T. gondii infection

DNA damage response is triggered upon DNA damage in eukaryotic cells. A network of kinase pathways
is involved in this biological process, among which ATM/CHK2 and ATM RAD3-related/checkpoint kinase
1 (ATR/CHK1) are two main pathways responding to DSBs and SSBs, respectively [13]. Since we had
already detected DSBs in host cells, we then examined whether ATM/CHK2 pathway was activated in the
T. gondii-infected cells. ATM-S1981 and CHK2-T68 are the functionally activated form of ATM and CHK2,
respectively. The expression of ATM-S1981 and CHK2-T68 increased approximately 10, 65, 70 and 0, 15,
25 folds, respectively, at 10 h, 20 h and 30 h PI compared to the uninfected controls of 0 h (Fig. 4A/B/C).
This result indicated ATM/CHK2 pathway was activated during T. gondii infection.

Discussion
DNA damage can be classi�ed into SSBs, DSBs, and chemical modi�cation of bases etc. These different
types of DNA damage can be detected by various markers. We used γH2AX to detect DNA DSBs in the T.
gondii infected cells. Other types of DNA damage in the eukaryotic cells can be identi�ed by
corresponding suitable markers. For example, anti-8oxoG antibody can be used to detect chemical
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modi�cation of DNA bases under oxidative stress [27, 28]. Here, DSBs were clearly demonstrated in the T.
gondii-infected host cells. Evaluation of other types of DNA damage in these cells needs to be further
performed.

It has been reported that T. gondii infection inhibits apoptosis of host cells [29]. Our data that T. gondii
infections do not cause apoptosis in its host cells align well with these earlier reports even though they do
not exactly con�rm inhibition of apoptosis in the infected cells. In our experiment of blocking invasion of
T. gondii, one shortcoming of using murine serum to inhibit T. gondii’s invasion of host cells is that there
might exist antibodies to the molecules that play important roles other than its invasion. Reagents that
have been proven to block this parasite invasion are alternatives. This can be achieved by reagent’s
action on either the tachyzoites of T. gondii parasite or host cell themselves. One example of the former is
protease inhibitors such as BAY11-7082 [30]. The latter includes dynamin inhibitor such as dynasore, a
small chemical compound that inhibits dynamin GTPase activity [31]. Due to the technical challenges
these compounds were not used in the current study. Nevertheless, the murine serum containing
polyclonal antibodies used in the current study indeed block the parasites’ invasion of Hela cells.

Our data demonstrate that T. gondii infection causes signi�cant increase in ROS level in HeLa cells.
Although consistent with some earlier reports [10, 26], these are clearly contradicted to at least one other
study. Decreased levels of ROS were observed in the T. gondii-infected ARPE-19 cells, a human RPE cell
line, that had also been exposed to H2O2 treatment, and T. gondii-infected ARPE-19 cells at a MOI of 5:1
without H2O2 treatment showed ROS levels very similar to the uninfected controls [29]. These
contradicted results might be due to different type of cells, i.e., HeLa versus ARPE-19, and different MOI of
10:1 and 5:1. Furthermore, DSBs can be repaired rapidly (shown as decreased γH2AX) within 1 h of ROS
removal by NAC. The repairing could have been documented occurring in minutes if shorter time points in
minutes had been included in our experiment.

Activation of ATM/CHK2 pathway has been reported involved in many biological processes including
DNA damage repair, cell cycle control and apoptosis etc. For example, active ATM/CHK2 pathway leads
to phosphorylation of P53, which is a well-known transcription factor. On one hand, phosphorylation of
P53 at Ser25, Ser20 and Ser33 upregulates the expression of DNA binding protein 2 (DDB2), E3 ubiquitin-
protein ligase MDM2 and CDC25a. These three proteins are the key players in DNA damage repair and
cell cycle control, which contribute to survival of wounded cells [32]. On the other hand, phosphorylation
of P53 at Ser46 by ATM/CHK2 pathway leads to the expression of pro-apoptotic genes, thereby
stimulating apoptosis in wounded cells [33]. We propose that activation of ATM/CHK2 pathway plays a
vital role in the host cells to keep a calculated balance between survival and apoptosis during T. gondii
infection, probably for the bene�t of parasite survival.

Identi�cation of parasite’s molecules causing host cell DNA damage and their molecular interactions with
host cells are beyond the scope of the current study. However, it has been reported that the ROP18 kinase
of T. gondii interacts with host proteins involving DNA repair and other functions [34]. Ocular and brain
lesions caused by T. gondii infections are con�rmed in human individuals with signi�cant DNA repair
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genes polymorphism [35]. Therefore, T. gondii virulence factors associated with DNA damage and host
susceptibility to this damage should be further addressed.

Conclusion
Our studies clearly showed that T. gondii infection induced DNA double strand breaks in host cells. This
process was unrelated to apoptosis and only occurred after the invasion of T. gondii. Reactive oxygen
species was veri�ed as the major factor for DNA double strand breaks in host cells. Host DNA damage
response pathway ATM/CHK2 was activated during T. gondii infection, suggesting DNA damage process
may trickle other biological processes as well. To our knowledge, this is the �rst to document that DNA
double strand breaks occur in the T. gondii-infected host cells. More experiments are needed to explore
the molecular network of DNA double strand breaks as well as other types of DNA damage in host cells in
the future.

Abbreviations
MOI
multiplicity of infection; ROS:Reactive oxygen species; NAC:N-acetylcysteine; ATM/CHK2:ataxia
telangiectasia mutated/checkpoint kinase 2; SSBs:single strand breaks; DSBs:double strand breaks;
FBS:fetal bovine serum; DMEM:Dulbecco's Modi�ed Eagle Medium; IMC1:inner membrane complex 1;
SAG1:surface protein 1; TBS:Tris buffered saline; PBS:phosphate buffered saline; H2DCFDA:2',7'-
dichlorodihydro�uorescein diacetate.
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Figure 1

DNA damage of the T. gondii-infected host cells in vitro. A) HeLa cells were infected with T. gondii
RHΔku80 at a MOI of 10:1. γH2AX levels were detected by Western blot at 0 h (uninfected control), 10 h,
20 h or 30 h post-infection. Actin was used as a loading control. B) Quanti�cation of γH2AX showed in
�gure A. Mean ± SD (n = 3) of γH2AX levels are shown with that of uninfected cells set as one arbitrary
unit. *P ≤ 0.05, ***P ≤ 0.001. C) γH2AX levels were measured by Western blot in T. gondii-infected HeLa
cells and puri�ed T. gondii parasites that were freshly isolated from infected Hela cells. Actin and SAG1
were used as a loading control for host cells and T. gondii, respectively. D) γH2AX by
immuno�uorescence of uninfected (0 h) and infected HeLa cells at 10 h, 20 h or 30 h post-infection. IMC1
mouse serum and DAPI were used to indicate T. gondii and nuclei, respectively. red, γH2AX; green, IMC1;
blue, DAPI. Scale = 30 μm. All experiments were performed in triplicate.
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Figure 2

DSBs of T. gondii-host cells upon its invasion. A) Uninfected HeLa cells were treated with 1 μm
staurosporine for 4 h to induce apoptosis. Treated, uninfected and infected HeLa cells were harvested 12
h or 24 h later, γH2AX and cleaved caspase 3 were detected by Western blot. B) Quanti�cation of γH2AX
in �gure A. Mean ± SD (n = 3) of γH2AX levels are shown with that of uninfected cells set as one arbitrary
unit. ***P ≤ 0.001. C) γH2AX was detected by Western blot on HeLa cells 20 h PI with positive or negative
serum-pretreated EGFP-RHΔku80. D) Quanti�cation of γH2AX in �gure C. Mean ± SD (n = 3) of γH2AX
levels are shown with that of uninfected cells set as one arbitrary unit. ***P ≤ 0.001. All experiments were
performed in triplicate.
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Figure 3

DNA damage associated with reactive oxygen species. A) HeLa cells were seeded in 24-well plate and
infected with T. gondii RHΔku80 at a MOI of 10:1 for 24 h when they were treated with 50 μm NAC for 1, 2
or 4 h along with uninfected cells. All cells were then stained with 10 μm H2DCFDA and �uorescence
signals were recorded. Data are presented as mean ± SD (n = 3), ***P ≤ 0.001, ns: no signi�cance. B)
γH2AX levels of HeLa cells treated in the same way as those cells in A) were measured by Western blot.
C) Quantitative data of γH2AX in �gure B. Mean ± SD (n = 3) of γH2AX levels are shown with that of
uninfected cells set as one arbitrary unit. *P ≤ 0.05, ***P ≤ 0.001. D) HeLa cells were infected with T.
gondii RHΔku80 at MOI of 10:1 for 24 h and treated with 50 μm NAC for 1 h, then assayed for γH2AX by
Immuno�uorescence. red, γH2AX; green, IMC1; blue, DAPI. Scale = 30 μm. All experiments were performed
in triplicate.
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Figure 4

ATM/CHK2 activation upon T. gondii infection. A) HeLa cells were infected with T. gondii RHΔku80 at a
MOI of 10:1. Expression of ATM, ATM-S1981, CHK2 and CHK2-T68 were detected by Western blot at 0 h
(uninfected control), 10 h, 20 h or 30 h post-infection. B) Quantitation of ATM-S1981 in �gure A with ATM-
S1981 levels of uninfected cells set as one arbitrary unit. C) Quantitative data of CHK2-T68 in �gure A
with CHK2-T68 levels of uninfected cells set as one arbitrary unit. Data are presented as mean ± SD (n = 
3), ***P ≤ 0.001, ns: no signi�cance. All experiments were performed in triplicate.
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