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Toxoplasma gondii is the causative agent of toxoplasmosis in animals and humans. This infection is transmitted to humans through oocysts released in the feces of the felines into the environment or by ingestion of undercooked meat. This implies that toxoplasmosis is a zoonotic disease and T. gondii is a foodborne pathogen. In addition, chronic toxoplasmosis in goats and sheep is the cause of recurrent abortions with economic losses in the sector. It is also a health problem in pets such as cats and dogs. Although there are therapies against this infection in its acute stage, they are not able to permanently eliminate the parasite and sometimes they are not well tolerated. To develop better, safer drugs, we need to elucidate key aspects of the biology of T. gondii. In this review, we will discuss the importance of the homologous recombination repair (HRR) pathway in the parasite's lytic cycle and how components of these processes can be potential molecular targets for new drug development programs. In that sense, the effect of different DNA damage agents or HHR inhibitors on the growth and replication of T. gondii will be described. Multitarget drugs that were either associated with other targets or were part of general screenings are included in the list, providing a thorough revision of the drugs that can be tested in other scenarios.
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INTRODUCTION

Toxoplasmosis is a zoonotic infection caused by the protozoan parasite Toxoplasma gondii. This infection is widely distributed in the world, present in 1/3 of the population (Tenter et al., 2000). This wide distribution is based on its life cycle, which has multiple opportunities for transmission to animal hosts. T. gondii is capable of infecting all the nucleated cells of mammals and birds, including humans, with cats being the definitive host (Dubey, 2009). Throughout its life cycle T. gondii has both sexual (definitive host) and asexual (all hosts) reproduction. The asexual phase consists of two stages: tachyzoites, characterized by a fast-replication rate; and bradyzoites, a tissue encysted stage with a slow division rate that evades both immunity as well as available therapies. In human, the infection naturally occurs orally, either by ingestion of oocysts released by felines present in the soil or water sources (Krueger et al., 2014), or by tissue cysts present in undercooked meats (Wilking et al., 2016; Belluco et al., 2018). Vertical transplacental infection can also occur, called congenital toxoplasmosis which, from a clinical point of view, is of greater importance due to the serious consequences that it may have on the fetus or newborn (Montoya and Remington, 2008). In immunocompetent individuals, the infection is generally mild or asymptomatic during the acute phase. However, it is a major opportunistic infection in the immunocompromised, particularly HIV/AIDS patients. In this case, life-threatening brain lesions can arise if proper treatment is not administered; in addition ocular and pulmonary complications can occur from AIDS-toxoplasmosis (Porter and Sande, 1992; Rabaud et al., 1994). Due to the high incidence of toxoplasmosis in animals of importance for human consumption (Dong et al., 2018; Olsen et al., 2019). T. gondii is classified as a food-borne pathogen of high relevance. In fact, the Centers for Disease Control (USA) includes T. gondii among the three pathogens, together with Listeria and Salmonella, as responsible for 70% of foodborne deaths in the United States (Guo et al., 2016).

Toxoplasma gondii is considered a parasite of veterinary and medical importance, because it may cause abortion or congenital disease in its intermediate hosts (Sander et al., 2018). Toxoplasmosis has two clinical phases in intermediate hosts: (i) acute, in which the highly replicative tachyzoite stage spreads throughout the body, and (ii) chronic phase, which involves the formation of tissue cysts, preferentially in the nervous system and skeletal muscle, which remain in the host for a lifetime (Delgado Betancourt et al., 2019; Stelzer et al., 2019). Chronic toxoplasmosis has been correlated with a variety of neuropsychiatric disorders that include memory loss, bipolarism, attention deficit hyperactivity disorder and schizophrenia (Chaudhury and Ramana, 2019; Tyebji et al., 2019).

The treatment of the acute phase in cats and dogs is effective and is based on the use of clindamycin, trimethoprim/sulfonamide or azithromycin, either for systemic toxoplasmosis or to abolish oocyst shedding (cats) (Dubey et al., 2009). In humans, the treatment is based on pyrimethamine/sulfadiazine, trimethoprin/sulfamethoxazole or pyrimethamine/clindamycin (Neville et al., 2015). However, it has been observed that about 40% of patients were forced to stop therapy due to low tolerance and serious adverse effects (Porter and Sande, 1992; McLeod et al., 2006; Rajapakse et al., 2013). In addition, drug resistance cases are being reported in some cases of toxoplasmosis (Montazeri et al., 2018). Also, there are no approved therapies for the eradication of the encysted bradyzoite form. Therefore, intense research is focusing on the development of new drugs against both the acute and chronic phases of T. gondii infection. In this review, we analyze drugs known to induce DNA damage or block the double strand break (DSB) repair pathway for their therapeutic potential against T. gondii. Importantly, many of these drugs have already been approved by the Food and Drug Administration (FDA) or are being examined in clinical trials for other indications (Table S1). We include a list of potential toxic effects of these agents in Table S1 to help prioritize the most promising for future research.



DNA REPAIR MACHINERY

The genomes of all living cells must be protected from DNA damage, which can be sustained through a wide variety of cellular stress and insults. Lesions in DNA can affect transcription, replication and genomic integrity. DSBs are the most harmful for the cell, which is equipped with different ways to repair the DSB (Sancar et al., 2004). Both exogenous events, like irradiation or genotoxic agents, and endogenous, such as oxidation and fork replication collapse, can result in DSB (Figure 1). Once the DSB is generated, different proteins start to sense the damage and trigger a cascade of events and signals that culminate in the regulation of the cell cycle and transcription until the damage is repaired and DNA replication is allowed to continue (Figure 1). In case the damage cannot be repaired, the cell can enter into apoptosis. Failure to repair DNA properly risks genomic instability, which can lead to degenerative changes.


[image: Figure 1]
FIGURE 1. Model of DNA damage response (DDR) due to DSB. (A) The panel shows the cascade of events that are triggered by a DSB and the factors that affect the choice of HRR or NHEJ. (B) The hypothesis of the use of the HRR pathway as a drug target for the development of new anti-T. gondii therapies is graphed.


After sensing the presence of DSB, phosphatidylinositol 3′-kinase–like kinase (PIKK), such as Ataxia telangiectasia mutated (ATM) and DNA dependent protein kinase (DNA-PK), activate (phosphorylate) a series of proteins related to the DNA damage response (DDR). Meanwhile, ATMRad-3-related (ATR), another PIKK, is recruited to stalled replication forks with single strand DNA. When DSB is generated, ATM is the key kinase that phosphorylates sensors such as histone H2A.X, and Mre11, Rad50 and Nbs1 (MRN) complex proteins (Bakkenist and Kastan, 2003) (Figure 1). The phosphorylation of H2A.X in the serine of the SQE motif, referred to as γH2A.X, is an early event and marker of DSB (Rogakou et al., 1998; Sedelnikova et al., 2003). Interestingly, T. gondii tachyzoites contain basal levels of γH2A.X even in normal conditions of growth (Dalmasso et al., 2009; Nardelli et al., 2013; Bogado et al., 2014). It is known that intracellular tachyzoites replicate with a doubling time of 5-9 h (Radke et al., 2001), which could be associated with replication stress and fork collapse. This parallels what is seen due to fork collapse under replication-associated DNA stress in cancer cells (Bartkova et al., 2005). The treatment of intracellular tachyzoites with the specific ATM kinase inhibitor is able to block the growth of T. gondii and arrest them in G1 (Munera López et al., 2019).

In Eukaryotes, there are two well characterized pathways of DSB repair: Homologous Recombination Repair (HRR) and Non-Homologous End Joining (NHEJ). HRR is an error free pathway that is preferentially activated by DSB occurring during late S and G2 phases (Sancar et al., 2004; Blackwood et al., 2013) (Figure 1). Conversely, NHEJ is an error prone mechanism active across the cell cycle. T. gondii has both functional mechanisms (Fenoy et al., 2016). The genome of T. gondii encodes near 50% of HRR proteins described in yeast and mammals, suggesting some divergence exists between these pathways, possibly involving parasite-specific components (Fenoy et al., 2016). Additionally, in yeast there is another process of DNA repair based on recombination, called break-induced replication (BIR), which occurs during phase G2 and it is dependent of a single-end DSB (Ait Saada et al., 2018). Another non-canonical process described in yeast and mammals is alternative NHEJ (aNHEJ) or microhomology-mediated end joining (MMEJ). aNHEJ is less faithful than NHEJ and may be associated with deficiencies in the NHEJ pathway (Deriano and Roth, 2013).

Regarding NHEJ, this system presents key proteins such as DNA-PK (geneID 266010), Ku70 (geneID 248160), Ku80 (geneID 312510) although none ortholog of X-ray repair cross-complementing protein 4 (XRCC4), a protein that bridges DNA to DNA Ligase IV, was detected in T. gondii (www.toxodb.org) (Munera López et al., 2019). Ku70 appears to be essential for T. gondii tachyzoites (Fox et al., 2009), however Ku80 is not and its deletion yielded knockout parasite lines (Δku80) with impaired non-homologous recombination mediated by NHEJ pathway (Fox et al., 2009; Huynh and Carruthers, 2009). T. gondii RHΔKU80 showed similar replication rate and virulence as the parental strain, but a marked sensitivity to the genotoxic agents phleomycin and γ-irradiation (Fox et al., 2009). Sidik et al. (2016) have performed a genome wide-screen in which every predicted T. gondii gene was assigned fitness score from −6.89 to +2.96, where negative values indicate a disadvantage for the growth of the parasite (www.toxodb.org). In this analysis, DNA-PK has a −3.21 score, inferring that this PI3K is essential and could be a promising target of inhibitors. DNA-PK is recruited to DSB sites by Ku proteins and is able to phosphorylate NHEJ-associated proteins such as Ku, XRCC4 as well as Artemis, ligase IV, and XLF (Deriano and Roth, 2013). In addition, DNA-PK is also involved in HRR, together with ATM kinase (Stiff et al., 2004; Wang et al., 2005), and in the cellular response to hypoxia, different metabolic regulation, innate immunity and transcriptional regulation, among others (Goodwin and Knudsen, 2014). Therefore, the importance of DNA-PK in T. gondii viability comparison with Ku80 protein could be due to its pleiotropic role in the parasite biology.

The T. gondii genome harbors 39 coding sequences out of 81 genes described in mammals and yeast responsible for HRR (Fenoy et al., 2016). In general, this pathway is conserved in T. gondii (Figure 2), although some important proteins such as Nbs1 and CtIP are absent. Nbs1 and CtIP have a key role at the beginning of HRR because they are part and regulate the activity of Mre11-RAD50-Nbs1 (MRN) complex, a DSB sensor (Figures 1, 2), and end-chain processing (Fenoy et al., 2016). On the other hand, in mammals, BRCT-domain containing proteins BRCA1 and 53BP are involved in regulating the choice of repair pathway: HRR or NHEJ, respectively. Despite their essential roles no homologs for these proteins were detected in T. gondii. However, other BRCT domain containing proteins were identified in T. gondii without known functions (Fenoy et al., 2016). In T. gondii, the HRR pathway is highly efficient as it was observed in T. gondii Δku80 lines (Fox et al., 2009; Huynh and Carruthers, 2009). It is worth mentioning that the majority of HRR components of T. gondii seem to have essential function, since most show a fitness phenotype score under 0, and even some below−2 (Figure 2). This would indicate that interference of this pathway could significantly alter the proliferation of T. gondii, making HRR an important source of novel therapeutic targets.
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FIGURE 2. HRR and topoisomerase genes of T. gondii. Genes were identified in www.toxodb.org and grouped according to their role in HRR pathway. In addition, phenotype scores associated with fitness were added. The score values were obtained at www.toxodb.org. The scores ranged from −6.89 to +2.96, where negative values indicate that the loss of the gene is disadvantaged or essential for the growth of the parasite.




DNA DAMAGING AGENTS

Nowadays there is a broad spectrum of DNA damage inducers reported in the literature many of which exert their action directly on synthesis and topology of DNA, even some have already been evaluated as anti-toxoplasmic drug targets (Table 1). There is another group of drugs that act indirectly generating oxidative burst that can damage DNA and were assayed against T. gondii (Table 2). On the other hand, the methyl methane sulfonate compound (MMS), which methylates DNA at N7-deoxyguanosine and N3-deoxyadenosine, also generates DNA damage in T. gondii (Munera López et al., 2019). The damage caused by MMS generally is repaired by the base excision repair (BER) pathway, but it can also lead to fork stalling associated DNA damage (Lundin et al., 2005). In general, MMS is used as an experimental mutagenic agent since it is considered carcinogenic group 2A by the World Health Organization, International Agency for Research on Cancer. In the following sections we will focus on the types of drugs that are related to synthesis and topology of DNA (Table 1).


Table 1. DNA damaging agents tested in T. gondii models.
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Table 2. Non direct DNA damaging agents used in T. gondii models.
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Topoisomerase Inhibitors

Interference with DNA replication perturbs progression of the cell cycle and would result in poor proliferation. Topoisomerases are responsible for removing the negative supercoiling that occurs during advances of replication forks or transcription, but also are involved in recombination process (Wang, 2002). Topoisomerases I (Top1) and II (Top2) are enzymes that resolve torsional stress and supercoiled structures on replicating DNA. In T. gondii, both Top1 and Top2 have shown a score associated to a high degree of essentiality (Figure 2). Top1 mediated-DNA relaxation involves the cut of one DNA strands, its rotation and religation. Top2 enzymes also bind to DNA (G-segment), generating a DSB through which another segment (T-segment) of the dsDNA passes, crossing the DSB, in such a way that the ends of G-segment are then re-ligated (Jain et al., 2017). Several Top1 and Top2 inhibitors have emerged in recent years for use in anti-cancer chemotherapies (Jain et al., 2017). This type of drugs can be classified as inhibitors, when they block the enzyme activity or binding to DNA; or venoms, those that stabilize the topoisomerase-DNA complex.

There are several Top1 and Top2 inhibitors or venoms that show anti-T. gondii effect (Table 1). A plant alkaloid, camptothecin (CPT), was one of the first Top1 inhibitors, but other camptothecin derivatives were also studied: topotecan and irinotecan, both approved by the US Food and Drug Administration (FDA) in 1996 (Thomas and Pommier, 2019). Since CPT is insoluble, CPT derivatives topotecan (9-dimethyl-aminomethyl-10-hydroxycamptothecin), irinotecan (7-ethyl-10-Hydroxycamptothecin) and others, contain solubilizing groups added to the core CPT (Musiol, 2017). Moreover, another camptothecin analog, 10-Hydroxycamptothecin, also shows a stronger anti-tumor activity and lesser toxicity than camptothecin (Hu et al., 2011). Recently, CPT has been shown to have moderate anti-T. gondii activity in two independent publications. In one of them, CPT showed a IC50 value near to 5 μM, a dose that leads to a 40% viability of the host cell (Munera López et al., 2019). In the other, Adeyemi et al. (2019) performed a screening of 62 compounds at a concentration of 1.5 μg/mL where CPT (4.3 μM) showed an inhibition of 37% in proliferation and 27% viability of the host cell. Based on these findings, CPT would not present a great value as an anti-T. gondii drug even having been approved by the FDA. However, it could be useful as a model to generate DSB during parasite replication. In fact, increased levels of phosphorylation to T. gondii H2A.X (γH2A.X) were observed in intracellular tachyzoites treated with CPT (Munera López et al., 2019). In the screening performed by Adeyemi et al. (2019), they detected that the analog of camptothecin, 10 hydroxycamptothecin, showed no host cell toxicity and inhibited T. gondii proliferation by 58.16% at a dose of 1.5 μg/mL (4.1 μM). This result suggests that this and other camptothecin analogs could be analyzed in greater depth in their potential as candidates for anti-T. gondii therapy.

Another group of eukaryotic topoisomerase inhibitors are quinolones and fluorquinolones that were first identified as anti-bacterial topoisomerase IV and DNA gyrase drugs (Gootz et al., 1990; Brighty and Gootz, 1997; Jorgensen et al., 2000). Among them, enrofloxacin, ciprofloxacin, fleroxacin, temafloxacin, tosufloxacin, ofloxacin, trovafloxacin and gatifloxacin have been tested in T. gondii models (Khan et al., 1996; Barbosa et al., 2012) and reviewed by Alday and Doggett (2017). Only enrofloxacin, trovafloxacin and gatifloxacin showed anti-T. gondii activity (Table 1). Trovafloxacin was effective both in vitro and in vivo. In the latter, a dose of 100 mg/kg per day during 10 days postinfection with virulent strain RH showed significant protection of infected mice against death (Khan et al., 1996). In addition, lower doses of trovafloxacin combined with other drugs such as clarithromycin, pyrimethamine, or sulfadiazine had a synergistic effect against T. gondii infection (Khan et al., 1997). The same authors tested a new fluoroquinolone, gatifloxacin, which also had partial protection in vivo when administered alone and a synergistic effect in combination with pyrimethamine (Khan et al., 2001). The mechanism of action of these fluoroquinolones against T. gondii was not elucidated. Ciprofloxacin did not show any anti-T. gondii effect in vitro at concentrations from 0.625 to 10 μg/mL (Khan et al., 1996). However, treatment with 25 μM (near 8 μg/mL) ciprofloxacin reduced the amount of apicoplast DNA in T. gondii, suggesting that an apicoplast (prokaryotic-like) DNA gyrase could be a target (Fichera and Roos, 1997). However, it cannot be ruled out that these fluoroquinolones also target eukaryotic topoisomerases. Ciprofloxacin and trovafloxacin have been shown as weak inhibitors of topoisomerase II-α (Gootz et al., 1990; Poulsen et al., 2014).

Artemisinin, a sesquiterpene lactone, and its derivative artemether have shown activity toward tumors and target topoisomerase I whereas artesunate, a semisynthetic derivative of artemisinin, inhibits topoisomerase II (Kadioglu et al., 2017). In an in vitro study, artemisinin and artemisinin derivatives (2a, 2b, 2c, 2d, deoxy-2a and artemether) displayed anti-T. gondii activity, with artemether, 2c and 2b being the most effective drugs on the basis of their therapeutic indices (Jones-Brando et al., 2006). Since artemisinin and some derivatives have shown neurotoxicity, other less toxic compounds (C-10 unsaturated, carba-linked) were synthesized and tested in vitro (D'Angelo et al., 2009). The majority inhibited host cell invasion and/or tachyzoite replication and growth, but none of them were more effective than artemether (D'Angelo et al., 2009). Later, Schultz et al. (2014) tested different artemisinin derivatives, including artemether and the novel LEW3-27 and CPH4-136 in vivo. They observed that only the C-10 carba-linked, unsaturated artemisinin derivative CPH4-136 produced a moderate effect on mouse survival of acute infection, but it displayed a 40% reduction of brain cyst burden in an experimental model of murine chronic infection. In P. falciparum, artemisinin appears to affect many systems, including antioxidant defense, hemoglobin degradation, glycolysis, chaperone machinery, and enzymes of purine and pyrimidine synthesis, among others, but not with topoisomerase (Ismail et al., 2016). Recently, a protease (DegP2) belonging to the high temperature requirement A family (HtrA), predicted as a mitochondrial protein in toxodb, and ARK kinase, predicted as a nucleolar kinase in toxodb, arose as artemisinin targets (Rosenberg et al., 2019). Together, these studies suggest that the aforementioned drugs have complex mechanisms of actions that may involve multiple targets.

Another group of compounds that has been shown to intercalate with DNA and inhibit topoisomerase are β-carbolines and derivatives (Cao et al., 2007). However, β-carbolines could also be multitargeting drugs, inhibiting some kinases such as cyclin dependent kinases and PI3K (Song et al., 2002; Zhang et al., 2016). Moreover, it has recently been observed that β-carboline harmine does not induce DNA damage (Geng et al., 2018). Treatment of intracellular tachyzoites with harmane, norharmane, and harmine reduced parasite replication and growth at concentrations below 12.5 μM (Alomar et al., 2013). However, this study pointed out that the three β-carbolines also affected T. gondii host cell invasion, suggesting that other targets unrelated to DNA topology could be involved. In fact, harmine was identified as a potent anti-plasmodial drug targeting parasite Hsp90 (Shahinas et al., 2012). Plasmodium falciparum and T. gondii Hsp90 are highly identical at primary sequence level, and T. gondii Hsp90 has also shown to be involved in parasite cell cycle and differentiation (Echeverria et al., 2005).

Finally, other topoisomerase inhibitors were assayed against toxoplasmosis in different experiments (Dittmar et al., 2016; Adeyemi et al., 2019): betulinic acid, etoposide, genistin, daunorubicin, doxorubicin and aclarubicin. Evidence of their inhibitory effects against topoisomerases have been observed by different authors (Bodley et al., 1989; Chowdhury et al., 2002; Larsen et al., 2003; Mizushina et al., 2013; Lee et al., 2016; Amaral et al., 2017). It is important to note that only daunorubicin showed effects against T. gondii with an inhibition value of 41.6% and host cell viability of 62.27% at a concentration of 1.5 μg/mL (Adeyemi et al., 2019). Daunorubicin is an anthracycline compound, such as doxorubicin and aclarubicin, that has shown to generate DNA breaks and DNA-protein crosslinking at lower concentrations, suggesting topoisomerase II inhibition (Ciesielska et al., 2005). Daunorubicin is more lipophilic than doxorubicin (Gallois et al., 1998), a property that could be advantageous in the trespassing of the multiple membrane barriers of infected host cells. However, it should be used with caution because daunorubicin, as well as other anthracyclines, has shown cardiotoxicity (Aubel-Sadron and Londos-Gagliardi, 1984).



DNA Intercalating Compounds

Other DNA damaging agents intersperse within the DNA molecule. A single intercalation is usually not enough to cause damage, however major structural changes might lead to inhibition of replication and transcription processes. Most intercalating agents do not produce DSB in purified DNA, suggesting that, in vivo, the stabilization of DNA-intercalating complex disturbs the activity of topoisomerase enzyme (Tomczyk and Walczak, 2018). For this reason, many DNA intercalating compounds are also associated with topoisomerase inhibition. Table 1 summarizes several damage intercalating agents that were tested against T. gondii.

Fluphenazine, trifluoperazine, and thioridazine are phenothiazine drugs widely used as antipsychotics in schizophrenia (Matar et al., 2014). Phenothiazines have been shown to associate externally to plasmid DNA, nicking the supercoiled plasmid under photoinduction (Viola et al., 2003). Because chronic toxoplasmosis has been linked to different mental health disorders (Tyebji et al., 2019), among them schizophrenia, many authors tested the effect of antipsychotic drugs against T. gondii (Holfels et al., 1994; Jones-Brando et al., 2003; Goodwin et al., 2011). Fluphenazine has shown good activity against T. gondii growth (Jones-Brando et al., 2003; Fond et al., 2014; Murata et al., 2017). Fluphenazine, trifluoperazine, and thioridazine had IC50 values in vitro of 1.7, 3.8, and 1.2 μM, respectively (Goodwin et al., 2011). Neither fluphenazine nor thioridazine blocked cyst formation in an experimental model in mouse (Saraei et al., 2016).

Phleomycin is an antibiotic of bacterial origin whose mechanism of action is through intercalating into DNA (Wheatley et al., 1974). This antibiotic affects T. gondii replication and has been used as a selection marker of transfected tachyzoites but not for therapeutic purposes. The treatment of extracellular tachyzoites with high doses of phleomycin reduces their ability to proliferate when these treated parasites are used to infect host cell monolayers (Messina et al., 1995; Soldati et al., 1995). The resistance cassette used in T. gondii vectors encodes BLE protein from Tn5 transposon, which binds to phleomycin in a 1:1 complex, neutralizing its toxicity.

Mitomycin C and hycanthone showed an anti-T. gondii effect but vincristine was not effective enough to be selected for further studies (Dittmar et al., 2016; Murata et al., 2017; Adeyemi et al., 2019). Mitomycin C is a well-known DNA binding compound that induces DNA-DNA interstrand crosslinking (Poll and Arwert, 1985). Hycanthone is a potent mutagen that was demonstrated to intercalate DNA and generate single stranded DNA (Bases et al., 1978). Vincristine was shown to preferentially bind to double stranded DNA, although it showed higher affinity for chromatin than to naked DNA, suggesting an intercalation between the phosphate sugar backbone and histones (Mohammadgholi et al., 2013). Mitomycin C is a drug used to treat some cancers such as breast, bladder, gullet (esophagus), stomach, pancreas, lung, anal and liver cancers. In this regard, anti-T. gondii ability of Mitomycin C was evaluated showing 45.06% of tachyzoite growth inhibition and 103% of host cell viability at 1.5 μM/mL (Adeyemi et al., 2019). The complementation of an Escherichia coli mutant lacking recombinase enzyme RuvC with the ORF expressing the T. gondii TgDRE enzyme recovered bacterial resistance to mitomycin C and UV-light (Dendouga et al., 2002). The TgDRE gene is annotated as a G-patch domain containing protein in toxodb (TGME49_214820) and its contribution to T. gondii lytic cycle fitness has a phenotype score of −4.12, suggesting that it is likely to be essential. It will be interesting to study in the future if TgDRE also confers mitomycin C resistance (or to other DNA damaging agents) in T. gondii.



DNA Synthesis Inhibitors

The synthesis of DNA requires many enzymes, including DNA polymerase and those that synthesize deoxyribonucleotides (e.g., ribonucleotide reductase). The inhibition of some of these interferes with the process by stalling the replication fork, which can consequently generate single strand DNA or even DSB (Abraham, 2001).

Among ribonucleotide reductase inhibitors, hydroxyurea (HU) possesses anti-T. gondii activity affecting its proliferation at 4 mM and induces morphological changes in intracellular tachyzoites (De Melo et al., 2000). In accordance with previous observations, the same dose leads to an arrest in G1 cell division after 24 h of treatment in synchronized intracellular tachyzoites (Munera López et al., 2019). Moreover, the growth of T. gondii is reduced by 50% in the presence of 150 μM HU (Munera López et al., 2019). However, at that dose, HU showed no synergism with KU-55933, an inhibitor of ATM kinase, an enzyme key to the development of HRR.

Another class of ribonucleotide reductase inhibitors with antitumor activity are thiosemicarbazones. The mechanism of action is suggested to be based on their metal chelating nature. Since ribonucleotide reductase enzyme contains a diferric center, thiosemicarbazones change the rate-limiting step in DNA synthesis (Kalinowski et al., 2009). Tenório et al. (2005) synthesized a wide variety of thiosemicarbazone derivatives from two series: (i) thiosemicarbazone compounds 2 and (ii) 4-thiazolidinone derivatives 3. These compounds significantly reduced the number of infected host cells in doses of 1 mM, even more than 4 mM HU. Based on this study, new 4-thiazolidinone derivatives were synthesized which also were very effective against T. gondii but less toxic to the host cell (de Aquino et al., 2008; Liesen et al., 2010).

Fluorouracil (5-FU) generates damage in two ways, one by inhibiting thymidylate synthase, a rate-limiting enzyme for DNA synthesis, and the other through its metabolic conversion to FdUTP which is misincorporated into the DNA molecule (Longley et al., 2003). It has long been known that T. gondii is susceptible to 5-FU. In 1977, Pfefferkorn and Pfefferkorn (1977) had characterized strains of T. gondii resistant to different anti-toxoplasmic agents, including 5-FU. Several years later, the effect of 5-FU on tachyzoite replication in a myoblast cell model was further tested by incorporating [H3]uracil. 5-FU produced a significant replication inhibition from 0.01 μg/mL, being very evident at 0.1 μg/mL, which is below the toxicity concentration for the host cell (Harris et al., 1988). Interestingly, this drug showed a synergistic effect with pyrimethamine. Use of 5-FU was not effective against the cyst in vitro studies (Huskinson-Mark et al., 1991).

Cytarabine is a pyrimidine nucleoside-based anticancer drug that, after three phosphorylation steps, inhibits DNA polymerase by competing with the natural substrate, resulting in DNA synthesis inhibition (Chhikara and Parang, 2010). This drug was tested against toxoplasmosis in vitro and it only reduced intracellular tachyzoite growth by 14% (Adeyemi et al., 2019). It is worth mentioning that in future studies the anti-toxoplasmic capacity of cytarabine could be tested in combination with other anticancer agents, such as daunorubicin, doxorubicin, thioguanine, or vincristine.




HRR INHIBITORS

The Homologous Recombination Repair (HRR) pathway is well conserved in T. gondii, with the majority of related genes exhibiting a negative fitness value, thus highlighting their functional relevance during the tachyzoite replication (Figure 2). HRR is a highly complex process, requiring specific proteins at each step (Fenoy et al., 2016) that may be druggable (Carvalho and Kanaar, 2014; Jekimovs et al., 2014; Velic et al., 2015). HRR starts with sensor proteins that detect the DSB and promote the resection of DNA where different exonucleases participate to generate a long single strand (Figures 1, 2). For example, the exonuclease activity of Mre11 is inhibited by mirin and its amino substituted derivate, PFM39, while N-alkylated derivatives PFM01 and PFM03 block its endonuclease function (Velic et al., 2015). At the same time during DSB sensing, checkpoints are activated and the cell cycle is stopped. ATM, ATR, and DNA-PK belong to PIKK family, and, together with checkpoint kinases (Chk1 and Chk2), are susceptible to inhibition, blocking DNA damage repair (DDR) (Shibata et al., 2014). Once the single strand is generated after DNA resection, the filament recruits the RAD51 recombinase and other proteins that seek a template in which DNA repair associated DNA polymerases synthesize new strands; this process results in Holliday-junction binding, which is resolved by different helicases.

Rad51 seems to be a great pharmacological target due to its central role in the parasites HRR pathway, but structural and enzymatic studies are needed because is highly ubiquitous in the human host, so specific inhibitors have to be achieved to target the parasite protein instead of the human RAD51 (HuRad51) (Kelso et al., 2017). Recent studies are investigating the HuRAD51 inhibitors in parasites. The molecule 4,4′- diisothiocyanostilbene-2,2′-disulfonic acid (DIDS) in humans inhibits the HuRad51 binding to dsDNA and ssDNA (Ishida et al., 2009). DIDS also has effect in Entamoeba histolytica RAD51 inhibiting its DNA binding, and in Entamoeba invadens attenuates the encystations process (Kelso et al., 2017). Plasmodial Rad51 is inhibited by compound B02 (Vydyam et al., 2019). While β-carbolines were suggested to be possible DNA intercalating agents or topoisomerase inhibitors (see above), it has also been observed that they block HRR, affecting the recruitment of RAD51 by a route not yet described (Zhang et al., 2015). More studies should be done to check if β-carbolines affect the HRR pathway in T. gondii.


PIKK Kinase Inhibitors

Given their central role in the cascade of DNA damage repair events, the PIKKs are good candidates as drug targets (Table 3). To note, there are several kinases (e.g., p38 MAPK) whose inhibition can block HRR indirectly, but here we only focus on PIKK inhibitors. T. gondii appears to have the three PIKKs associated with DSB repair: ATM, ATR, and DNA-PK (Fenoy et al., 2016; Munera López et al., 2019). Caffeine is a broad-spectrum kinase inhibitor compound capable of inhibiting the afore mentioned PIKKs (Sarkaria, 2003; Bode and Dong, 2007). When caffeine is applied to infected HFF cultures, it reduces cell growth with an IC50 value 370 μM with a LD100 of 800 μM (Munera López et al., 2019). Similarly, the isoflavonoid quercetin and its relative LY294002 compound were shown to competitively inhibit the binding of ATP to PI3K and DNA-PK (Izzard et al., 1999). Both were assayed by Dittmar et al. (2016), but none of them were selected for further analysis. The compound NU7026 (DNA-PK inhibitor) also showed little value as an anti-T. gondii drug in a first screening (Dittmar et al., 2016). NU7026 is a specific DNA-PK inhibitor based on small molecule NU7741, which displays anti-tumoral activity (Tsai et al., 2017). Moreover, NU7026 at 10 μM shows a synergistic effect with γ irradiation in neuroblastoma cells (Dolman et al., 2015), at a higher dose than that used by Dittmar et al. (2016). For this reason, it would be prudent to reexamine if these DNA-PK inhibitors could affect T. gondii replication either alone or in combination with DNA damaging agents.


Table 3. HRR inhibitors used in T. gondii models.
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KU-55933 is a ATM kinase inhibitor that has been shown to effectively block the intracellular growth of tachyzoites (Munera López et al., 2019). ATM kinase has a central role in activating the response to the DSB, acting very early in signal transduction to begin repair of damaged DNA. ATM-phosphorylated proteins in mammals include histone H2A.X (to give γH2A.X), p53, Mdm2, Chk1, Chk2, Nbs1, Brca1 among others (Boohaker and Xu, 2014; Guleria and Chandna, 2016). In mammals, the presence of DSB causes changes in chromatin in which H3K9 is methylated (H3K9me3), recruiting Tip60, a Histone acetyl transferase belonging to Myst family, which acetylates histones and ATM (Figure 3). Acetylation of ATM is an important postraductional modification (PTM), required for its autophosphorylation, monomerization, and activation (Sun et al., 2005; Guleria and Chandna, 2016). This pathway appears to be present in T. gondii since overexpression of TgMYST-B confers greater resistance of tachyzoites to the DNA damaging agent methyl methanosulfonate (MMS) (Vonlaufen et al., 2010). Furthermore, over-expression of functional TgMYST-B reduces the replication rate of intracellular tachyzoites, strongly suggesting that acetylation of ATM and its subsequent activation results in phosphorylation of checkpoint kinases, an effect that could be reversed by adding KU-55933.
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FIGURE 3. Model of chromatin modification and its impact on DDR. The panel shows the cascade of events that lead to chromatin modification and other post-translational modifications (PTM) that trigger HRR or NHEJ response.


Later, Munera López et al. (2019) observed that the application of KU-55933 to infected host cell cultures blocked the replication and growth of intracellular tachyzoites with an IC50 of 2.15-2.49 μM, while even higher concentrations as 10 μM did not affect host cell viability. It is worth mentioning that KU-55933 blocks the induction of phosphorylation on H2A.X (γH2AX) due to CPT treatment (Munera López et al., 201). These data suggest that KU-55933 affects a kinase able to phosphorylate H2A.X upon DNA injury. Human ATM has a molecular weight of 350–370 kDa, which is similar to yeast (Tel1) near 320 kDa; interestingly, T. gondii ATM has a predicted mass of only 246 kDa (Munera López et al., 2019). The homology within T. gondii ATM is largely limited to the kinase and FATC domains. Notably, searches of the Plasmodium database (plasmodb) only retrieves one PI3K (Fenoy et al., 2016). However, that Plasmodium kinase does not possess the FATC domain and is a kinase exported to the host erythrocyte with a role in hemoglobin trafficking (Vaid et al., 2010). In conclusion, T. gondii, seems to retain the signaling pathway using an ATM-like enzyme, which would have substantial differences with human ATM, making it possible to be targeted by specific drugs.



HDAC/KDAC Inhibitors

Protein acetylation has gained great interest due to its regulatory role in a wide variety of biological processes. Initially, studies were focused on histones, however this PTM is present on many other proteins, including a number involved in DNA repair like chaperone HSP90 and ATM kinase. The acetylation of proteins is mediated by lysine acetyltransferases (HAT/KAT) while deacetylation is performed by lysine deacetylases (HDAC/KDAC). Among the processes controlled by this PTM are epigenetic regulation of gene expression and protein-protein interactions, which in turn could facilitate DNA repair either through HRR or NHEJ (Koprinarova et al., 2011; Roos and Krumm, 2016). T. gondii contains GCN5 and MYST family KATs as well as several HDAC proteins (Vanagas et al., 2012).

HDACs are associated with the regulation of numerous genes that code for proteins involved in DDR. They are also linked to the direct deacetylation of lysines on many of these proteins (Figure 3). As already mentioned above, one of the first steps in the response to DSB damage is the activation of ATM kinase, which depends on acetylation by Tip60. Prior to the DSB resulting from fork collapse, the fork stalling generates ssDNAs which recruit ATR to trigger checkpoints activation. ATR binds to DNA in a protein complex (CHD4) together with HDAC1 and HDAC2 (Schmidt and Schreiber, 1999). Then chromatin is modified during the DDR process being modulation of H4K16ac and H4K56ac marks of key modification. The presence of HDAC1 and 2 at the site of damage leads to the deacetylation of H4K56ac and H4K16ac promoting repair via NHEJ (Miller et al., 2010). The mark H4K16ac prevents BRCT containing protein 53BP from binding to the chromatin and facilitates linkage of another BRCT protein (BRCA1), driving the HRR pathway (Vanagas et al., 2019). On the other hand, the inhibition of HDAC1 and 2 renders higher levels of acetylated Ku70, which does not form Ku70/Ku80 hetero-dimerization, an essential step for NHEJ repair; this therefore sensitizes the cell to genotoxic agents such as bleomycin, doxorubicin, and etoposide (Chen et al., 2007). Interestingly, sirtuins such as Sirt1 can deacetylate the Nbs1 protein, one of the components of MRN sensor complex, which is important for their phosphorylation and concomitant recruitment of DNA repair factors (Yuan et al., 2007) (Figure 3). Later it was shown that one of the roles of Sirt1 is through the acetylation of the RecQ WRN helicase, which is involved in Holliday junction (Uhl et al., 2010). In summary, modulation of proteins through acetylation is a critical part of DSB repair, suggesting that the inhibition of HDAC may result in deficiencies in the DNA damage response. Table 3 lists HDAC inhibitors (HDACi) tested to date for their anti-T gondii action.

Suberoylanilide hydroxamic acid (SAHA) is a pan-HDACi that has shown antitumor activity by regulating HRR-associated genes such as BRCA1 (Konstantinopoulos et al., 2014) and also by affecting the deacetylation of Ku70 (Kerr et al., 2012). SAHA inhibited the growth of T. gondii tachyzoites with an IC50 83 nM, a concentration 10-200 lower than that required to have an in vitro antitumor effect (Strobl et al., 2007). In the same work, other HDACi proved to be very effective in blocking the growth of T. gondii (scriptaid, IC50 39 nM; trichosan A, IC50 41 nM). Interestingly, low doses of these HDACi, between 1 and 50 nM, stimulated the number of tachyzoites in in vitro cultures (Strobl et al., 2007). Other HDACi, such as the carboxylic acids (valproic, butyric and derivatives), showed a reduced inhibitory potential with IC50s between 1 to 5.35μM, while the inhibitor of sirtuin 1, nicotinamide, showed no antitoxoplasmic capacity (Strobl et al., 2007). The plant polyphenol curcumin is another pan-HDAC inhibitor, which also inhibits repair of DSB in yeast (Wang et al., 2015). However, its application in infected cultures of T. gondii did not inhibit the replication of tachyzoite in a drug screen (Adeyemi et al., 2019). It is worth noting that the concentration of curcumin tested against T. gondii was 2.71 μM, whereas in the yeast model 50 μM was used in combination with MMS. In yeast, curcumin inhibits HRR presumably by promoting the degradation of RAD52 recombinase, which does not seem to be conserved in T. gondii (Fenoy et al., 2016).

Resveratrol (RSV) is a natural phenol with a potent antioxidant activity (Murcia and Martínez-Tomé, 2001). However, it has been shown to modulate a great variety of cell-signaling pathways and interact with numerous molecular targets (Harikumar and Aggarwal, 2008). Notably, it was demonstrated that resveratrol is an activator of type III HDAC (Kaeberlein et al., 2005) but, in certain tumor lines, RSV downregulates DNA methyltransferases (DNMT), inhibits HDACs type I or II, and activates HAT, impacting on epigenetic marks in different ways (Chatterjee et al., 2019; Hu et al., 2019; Izquierdo-Torres et al., 2019). RSV inhibits growth of T. gondii in vitro with an IC50 of 54 μM after 24 h of treatment on extracellular tachyzoites (Chen et al., 2019). To note, extracellular tachyzoites do not replicate, suggesting that antioxidant activity may have been responsible for this effect. Adeyemi et al. (2019) also found that RSV had anti-T. gondii activity, with an IC50 of 1.03 μg/ml (4.4 μM) against intracellular tachyzoites. They also demonstrated RSV did not affect the viability of HFF cells, even at 2 μg/ml. The mechanism for RSV is likely to be complicated because it appears to have multiple targets. RSV also targets tyrosyl-tRNAsynthetase (TyrRS), involved in protein synthesis, and TyrRS is linked to the regulation of genes associated with HRR (Cao et al., 2017). RSV causes inactivation of TyrRS, its translocation to the nucleus and, therefore, inhibits HRR (Gao et al., 2019).




CONCLUSIONS AND FUTURE PERSPECTIVES

T. gondii uses both NHEJ and HRR pathways, but evolutionary divergences such as of the lack of key proteins, suggest differences that may have therapeutic value. HRR pathway seems to be relevant even under normal growth conditions, suggesting that across the lytic cycle T. gondii is exposed to situations that generate DSB, like collapse of replication forks. In the future it would be important to better understand the dynamics of the HRR process under normal versus DNA damage conditions. It is also of interest to identify the proteins critical to the cellular decision between using the NHEJ or HRR pathways.

Like other organisms, T. gondii requires high fidelity of DNA replication during proliferation. Drugs that induce DNA damage could be effective against the parasite, but that effectiveness may be limited if DNA repair mechanisms are intact. Combined therapies that induce DNA damage and neutralize repair enzymes may be required. A better approach could be to target topoisomerases and other enzymes (e.g., ribonucleotide reductase) related to the synthesis of the new DNA chain.

The fact that HRR proteins seem to be crucial in T. gondii and that some have structural divergences, make them promising candidates as drug targets. The differences between T. gondii and host enzymes can provide valuable information to obtain drugs that specifically block T. gondii without affecting the human or animal. Among the compounds analyzed here some are multitargets and often exert different actions depending on the organism. It would be best to identify specific and effective drugs against a single target to avoid unexpected adverse effects on the host. In addition, there are many HRR druggable targets that were not assayed against T. gondii yet, but could be excellent candidates. Moreover, the HRR pathway in T. gondii may have other proteins whose identification and analysis in the future will allow us to gain knowledge in the HRR mechanisms and could be novel drug targets.

It is clear that the DNA repair pathway is a promising source of new therapeutic targets while offering an important opportunity to generate knowledge about this biological process. Finally, this mechanism allows the combined use of DNA damaging agents and DNA repair inhibitors, thereby increasing the efficiency of therapies.



AUTHOR CONTRIBUTIONS

SA, LV, and DR designed the review structure, searched the overall data in the bibliography, and wrote the first version of the review. AS, CC, and WS collaborated in writing some specific items and read and corrected the latest versions of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by R01AI129807 (NIAID, NIH, to SA and WS) and ANPCyT grants PICT 2015-1288 and PICT 2017-2485.



ACKNOWLEDGMENTS

SA (Researcher), LV (Researcher), DR (Researcher), CC (Fellow), and AS (Fellow) are members of National Research Council of Argentina (CONICET).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2020.00289/full#supplementary-material



REFERENCES

 Abraham, R. T. (2001). Cell cycle checkpoint signaling through the ATM and ATR kinases. Genes Dev. 15, 2177–2196. doi: 10.1101/gad.914401

 Adeyemi, O. S., Atolani, O., Awakan, O. J., Olaolu, T. D., Nwonuma, C. O., Alejolowo, O., et al. (2019). In vitro screening to identify anti-toxoplasma compounds and in silico modeling for bioactivities and toxicity. Yale J. Biol. Med. 92, 369–383. 

 Ait Saada, A., Lambert, S. A. E., and Carr, A. M. (2018). Preserving replication fork integrity and competence via the homologous recombination pathway. DNA Repair 71, 135–147. doi: 10.1016/j.dnarep.2018.08.017

 Alday, P. H., and Doggett, J. S. (2017). Drugs in development for toxoplasmosis: advances, challenges, and current status. Drug Des. Devel. Ther. 11, 273–293. doi: 10.2147/DDDT.S60973

 Alomar, M. L., Rasse-Suriani, F. A. O., Ganuza, A., Cóceres, V. M., Cabrerizo, F. M., and Angel, S. O. (2013). In vitro evaluation of β-carboline alkaloids as potential anti-toxoplasma agents. BMC Res. Notes 6:193. doi: 10.1186/1756-0500-6-193

 Amaral, C., Toloi, M. R. T., Vasconcelos, L. D., Fonseca, M. J. V., Correia-Da-Silva, G., and Teixeira, N. (2017). The role of soybean extracts and isoflavones in hormone-dependent breast cancer: aromatase activity and biological effects. Food Funct. 8, 3064–3074. doi: 10.1039/C7FO00205J

 Aubel-Sadron, G., and Londos-Gagliardi, D. (1984). Daunorubicin and doxorubicin, anthracycline antibiotics, a physicochemical and biological review. Biochimie 66, 333–352. doi: 10.1016/0300-9084(84)90018-X

 Bakkenist, C. J., and Kastan, M. B. (2003). DNA damage activates ATM through intermolecular autophosphorylation and dimer dissociation. Nature 421, 499–506. doi: 10.1038/nature01368

 Barbosa, B. F., Gomes, A. O., Ferro, E. A. V., Napolitano, D. R., Mineo, J. R., and Silva, N. M. (2012). Enrofloxacin is able to control Toxoplasma gondii infection in both in vitro and in vivo experimental models. Vet. Parasitol. 187, 44–52. doi: 10.1016/j.vetpar.2011.12.039

 Bartkova, J., Horejší, Z., Koed, K., Krämer, A., Tort, F., Zleger, K., et al. (2005). DNA damage response as a candidate anti-cancer barrier in early human tumorigenesis. Nature 434, 864–870. doi: 10.1038/nature03482

 Bases, R., Mendez, F., Elequin, F., Liebeskind, D., Kozin, A., and Neubort, S. (1978). Early steps in mutagenesis by hycanthone. Cancer Res. 38, 781–786. 

 Belluco, S., Simonato, G., Mancin, M., Pietrobelli, M., and Ricci, A. (2018). Toxoplasma gondii infection and food consumption: a systematic review and meta-analysis of case-controlled studies. Crit. Rev. Food Sci. Nutr. 58, 3085–3096. doi: 10.1080/10408398.2017.1352563

 Blackwood, J. K., Rzechorzek, N. J., Bray, S. M., Maman, J. D., Pellegrini, L., and Robinson, N. P. (2013). End-resection at DNA double-strand breaks in the three domains of life. Biochem. Soc. Trans. 41, 314–320. doi: 10.1042/BST20120307

 Bode, A. M., and Dong, Z. (2007). The enigmatic effects of caffeine in cell cycle and cancer. Cancer Lett. 247, 26–39. doi: 10.1016/j.canlet.2006.03.032

 Bodley, A., Liu, L. F., Israel, M., Seshadri, R., Koseki, Y., Giuliani, F. C., et al. (1989). DNA topoisomerase II-mediated interaction of doxorubicin and daunorubicin congeners with DNA. Cancer Res. 49, 5969–5978

 Bogado, S. S., Dalmasso, M. C., Ganuza, A., Kim, K., Sullivan, W. J., Angel, S. O., et al. (2014). Canonical histone H2Ba and H2A.X dimerize in an opposite genomic localization to H2A.Z/H2B.Z dimers in Toxoplasma gondii. Mol. Biochem. Parasitol. 197, 36–42. doi: 10.1016/j.molbiopara.2014.09.009

 Boohaker, R., and Xu, B. (2014). The versatile functions of ATM kinase. Biomed. J. 37, 3–9. doi: 10.4103/2319-4170.125655

 Brighty, K. E., and Gootz, T. D. (1997). The chemistry and biological profile of trovafloxacin. J. Antimicrob. Chemother. 39, 1–14. doi: 10.1093/jac/39.suppl_2.1

 Cao, R., Peng, W., Wang, Z., and Xu, A. (2007). Beta-Carboline alkaloids: biochemical and pharmacological functions. Curr. Med. Chem. 14, 479–500. doi: 10.2174/092986707779940998

 Cao, X., Li, C., Xiao, S., Tang, Y., Huang, J., Zhao, S., et al. (2017). Acetylation promotes TyrRS nuclear translocation to prevent oxidative damage. Proc. Natl. Acad. Sci. U.S.A. 114, 687–692. doi: 10.1073/pnas.1608488114

 Carvalho, J. F., and Kanaar, R. (2014). Targeting homologous recombination-mediated DNA repair in cancer. Expert Opin. Ther. Targets 18, 427–458. doi: 10.1517/14728222.2014.882900

 Chatterjee, B., Ghosh, K., and Kanade, S. R. (2019). Resveratrol modulates epigenetic regulators of promoter histone methylation and acetylation that restores BRCA1, p53, p21CIP1 in human breast cancer cell lines. BioFactors 45, 818–829. doi: 10.1002/biof.1544

 Chaudhury, A., and Ramana, B. (2019). Schizophrenia and bipolar disorders: the toxoplasma connection. Trop. Parasitol. 9, 71–76. doi: 10.4103/tp.TP_28_19

 Chen, C. S., Wang, Y. C., Yang, H. C., Huang, P. H., Kulp, S. K., Yang, C. C., et al. (2007). Histone deacetylase inhibitors sensitize prostate cancer cells to agents that produce DNA double-strand breaks by targeting Ku70 acetylation. Cancer Res. 67, 5318–5327. doi: 10.1158/0008-5472.CAN-06-3996

 Chen, Q.-W., Dong, K., Qin, H.-X., Yang, Y.-K., He, J.-L., Zheng, Z.-W., et al. (2019). Direct and indirect inhibition effects of resveratrol against Toxoplasma gondii tachyzoites in vitro. Antimicrob. Agents Chemother. 26, e01233–e01218. doi: 10.1128/AAC.01233-18

 Chhikara, B. S., and Parang, K. (2010). Development of cytarabine prodrugs and delivery systems for leukemia treatment. Expert Opin. Drug Deliv. 7, 1399–1414. doi: 10.1517/17425247.2010.527330

 Chowdhury, A. R., Mandal, S., Mittra, B., Sharma, S., Mukhopadhyay, S., and Majumder, H. K. (2002). Betulinic acid, a potent inhibitor of eukaryotic topoisomerase I: identification of the inhibitory step, the major functional group responsible and development of more potent derivatives. Med. Sci. Monit. 8, 254–261. 

 Ciesielska, E., Studzian, K., Wasowska, M., Oszczapowicz, I., and Szmigiero, L. (2005). Cytotoxicity, cellular uptake and DNA damage by daunorubicin and its new analogues with modified daunosamine moiety. Cell Biol. Toxicol. 21, 139–147. doi: 10.1007/s10565-005-0142-1

 Dalmasso, M. C., Onyango, D. O., Naguleswaran, A., Sullivan, W. J., and Angel, S. O. (2009). Toxoplasma H2A variants reveal novel insights into nucleosome composition and functions for this histone family. J. Mol. Biol. 392, 33–47. doi: 10.1016/j.jmb.2009.07.017

 D'Angelo, J. G., Bordón, C., Posner, G. H., Yolken, R., and Jones-Brando, L. (2009). Artemisinin derivatives inhibit Toxoplasma gondii in vitro at multiple steps in the lytic cycle. J. Antimicrob. Chemother. 63, 146–150. doi: 10.1093/jac/dkn451

 de Aquino, T. M., Liesen, A. P., da Silva, R. E. A., Lima, V. T., Carvalho, C. S., de Faria, A. R., et al. (2008). Synthesis, anti-Toxoplasma gondii and antimicrobial activities of benzaldehyde 4-phenyl-3-thiosemicarbazones and 2-[(phenylmethylene)hydrazono]-4-oxo-3-phenyl-5-thiazolidineacetic acids. Bioorganic Med. Chem. 16, 446–456. doi: 10.1016/j.bmc.2007.09.025

 De Melo, E. J. T., Mayerhoffer, R. O., and De Souza, W. (2000). Hydroxyurea inhibits intracellular Toxoplasma gondii multiplication. FEMS Microbiol. Lett. 185, 79–82. doi: 10.1111/j.1574-6968.2000.tb09043.x

 Delgado Betancourt, E., Hamid, B., Fabian, B. T., Klotz, C., Hartmann, S., and Seeber, F. (2019). From entry to early dissemination-Toxoplasma gondii'sinitial encounter with its host. Front. Cell. Infect. Microbiol. 9:46. doi: 10.3389/fcimb.2019.00046

 Dendouga, N., Callebaut, I., and Tomavo, S. (2002). A novel DNA repair enzyme containing RNA recognition, G-patch and specific splicing factor 45-like motifs in the protozoan parasite Toxoplasma gondii. Eur. J. Biochem. 269, 3393–3401. doi: 10.1046/j.1432-1033.2002.02993.x

 Deriano, L., and Roth, D. B. (2013). Modernizing the nonhomologous end-joining repertoire: alternative and classical NHEJ share the stage. Annu. Rev. Genet. 47, 433–455. doi: 10.1146/annurev-genet-110711-155540

 Dittmar, A. J., Drozda, A. A., and Blader, I. J. (2016). Drug repurposing screening identifies novel compounds that effectively inhibit Toxoplasma gondii growth. mSphere 1:e00042–15. doi: 10.1128/mSphere.00042-15

 Dolman, M. E. M., Van Der Ploeg, I., Koster, J., Bate-Eya, L. T., Versteeg, R., Caron, H. N., et al. (2015). DNA-dependent protein kinase as molecular target for radiosensitization of neuroblastoma cells. PLoS One 10:e0145744. doi: 10.1371/journal.pone.0145744

 Dong, H., Su, R., Lu, Y., Wang, M., Liu, J., Jian, F., et al. (2018). Prevalence, risk factors, and genotypes of Toxoplasma gondii in food animals and humans (2000-2017) from China. Front. Microbiol. 9:e02108. doi: 10.3389/fmicb.2018.02108

 Dubey, J. P. (2009). History of the discovery of the life cycle of Toxoplasma gondii. Int. J. Parasitol. 39, 877–882. doi: 10.1016/j.ijpara.2009.01.005

 Dubey, J. P., Lindsay, D. S., and Lappin, M. R. (2009). Toxoplasmosis and other intestinal coccidial infections in cats and dogs. Vet. Clin. North Am. Small Anim. Pract. 39, 1009–1034. doi: 10.1016/j.cvsm.2009.08.001

 Echeverria, P. C., Matrajt, M., Harb, O. S., Zappia, M. P., Costas, M. A., Roos, D. S., et al. (2005). Toxoplasma gondii Hsp90 is a potential drug target whose expression and subcellular localization are developmentally regulated. J. Mol. Biol. 350, 723–734. doi: 10.1016/j.jmb.2005.05.031

 Fenoy, I. M., Bogado, S. S., Contreras, S. M., Gottifredi, V., and Angel, S. O. (2016). The knowns unknowns: Exploring the homologous recombination repair pathway in Toxoplasma gondii. Front. Microbiol. 7, 1–15. doi: 10.3389/fmicb.2016.00627

 Fichera, M. E., and Roos, D. S. (1997). A plastid organelle as a drug target in apicomplexan parasites. Nature 390, 407–409. doi: 10.1038/37132

 Fond, G., Macgregor, A., Tamouza, R., Hamdani, N., Meary, A., Leboyer, M., et al. (2014). Comparative analysis of anti-toxoplasmic activity of antipsychotic drugs and valproate. Eur. Arch. Psychiatry Clin. Neurosci. 264, 179–183. doi: 10.1007/s00406-013-0413-4

 Fox, B. A., Ristuccia, J. G., Gigley, J. P., and Bzik, D. J. (2009). Efficient gene replacements in Toxoplasma gondii strains deficient for nonhomologous end joining. Eukaryot. Cell 8, 520–529. doi: 10.1128/EC.00357-08

 Gallois, L., Fiallo, M., and Garnier-Suillerot, A. (1998). Comparison of the interaction of doxorubicin, daunorubicin, idarubicin and idarubicinol with large unilamellar vesicles circular dichroism study. Biochim. Biophys. Acta Biomembr. 1370, 31–40. doi: 10.1016/S0005-2736(97)00241-1

 Gao, P., Li, N., Ji, K., Wang, Y., Xu, C., Liu, Y., et al. (2019). Resveratrol targets TyrRS acetylation to protect against radiation-induced damage. FASEB J. 33, 8083–8093. doi: 10.1096/fj.201802474RR

 Geng, X., Ren, Y., Wang, F., Tian, D., Yao, X., Zhang, Y., et al. (2018). Harmines inhibit cancer cell growth through coordinated activation of apoptosis and inhibition of autophagy. Biochem. Biophys. Res. Commun. 99–104. doi: 10.1016/j.bbrc.2018.02.205

 Goodwin, D. G., Strobl, J. S., and Lindsay, D. S. (2011). evaluation of five antischizophrenic agents against Toxoplasma gondii in human cell cultures. J. Parasitol. 97, 148–151. doi: 10.1645/GE-2536.1

 Goodwin, J. F., and Knudsen, K. E. (2014). Beyond DNA repair: DNA-PK function in cancer. Cancer Discov. 4, 1126–1139. doi: 10.1158/2159-8290.CD-14-0358

 Gootz, T. D., Barrett, J. F., and Sutcliffe, J. A. (1990). Inhibitory effects of quinolone antibacterial agents on eucaryotic topoisomerases and related test systems. Antimicrob. Agents Chemother. 34, 8–12. doi: 10.1128/AAC.34.1.8

 Guleria, A., and Chandna, S. (2016). ATM kinase: much more than a DNA damage responsive protein. DNA Repair (Amst). 39, 1–20. doi: 10.1016/j.dnarep.2015.12.009

 Guo, M., Mishra, A., Buchanan, R. L., Dubey, J. P., Hill, D. E., Gamble, H. R., et al. (2016). A systematic meta-analysis of Toxoplasma gondii prevalence in food animals in the United States. Foodborne Pathog. Dis. 13, 109–118. doi: 10.1089/fpd.2015.2070

 Harikumar, K. B., and Aggarwal, B. B. (2008). Resveratrol: a multitargeted agent for age-associated chronic diseases. Cell Cycle 7, 1020–1035. doi: 10.4161/cc.7.8.5740

 Harris, C., Salgo, M. P., and Tanowitz, H. B. (1988). In vitro assessment of antimicrobial agents against Toxoplasma gondii. J. Infect. Dis. 157, 14–22. doi: 10.1093/infdis/157.1.14

 Holfels, E., McAuley, J., Mack, D., Milhous, W. K., and McLeod, R. (1994). In vitro effects of artemisinin ether, cycloguanil hydrochloride (alone and in combination with sulfadiazine), quinine sulfate, mefloquine, primaquine phosphate, trifluoperazine hydrochloride, and verapamil on Toxoplasma gondii. Antimicrob. Agents Chemother. 38, 1392–1396. doi: 10.1128/AAC.38.6.1392

 Hu, C., Liu, Y., Teng, M., Jiao, K., Zhen, J., Wu, M., et al. (2019). Resveratrol inhibits the proliferation of estrogen receptor-positive breast cancer cells by suppressing EZH2 through the modulation of ERK1/2 signaling. Cell Biol. Toxicol. 35, 445–456. doi: 10.1007/s10565-019-09471-x

 Hu, W., Zhang, C., Fang, Y., and Lou, C. (2011). Anticancer properties of 10-hydroxycamptothecin in a murine melanoma pulmonary metastasis model in vitro and in vivo. Toxicol. Vitr. 25, 513–520. doi: 10.1016/j.tiv.2010.11.009

 Huskinson-Mark, J., Araujo, F. G., and Remington, J. S. (1991). Evaluation of the effect of drugs on the cyst form of Toxoplasma gondii. J. Infect. Dis. 164, 170–177. doi: 10.1093/infdis/164.1.170

 Huynh, M. H., and Carruthers, V. B. (2009). Tagging of endogenous genes in a Toxoplasma gondii strain lacking Ku80. Eukaryot. Cell 8, 530–539. doi: 10.1128/EC.00358-08

 Ishida, T., Takizawa, Y., Kainuma, T., Inoue, J., Mikawa, T., Shibata, T., et al. (2009). DIDS, a chemical compound that inhibits RAD51-mediated homologous pairing and strand exchange. Nucleic Acids Res. 37, 3367–3376. doi: 10.1093/nar/gkp200

 Ismail, H. M., Barton, V., Phanchana, M., Charoensutthivarakul, S., Wong, M. H. L., Hemingway, J., et al. (2016). Artemisinin activity-based probes identify multiple molecular targets within the asexual stage of the malaria parasites plasmodium falciparum 3D7. Proc. Natl. Acad. Sci. U.S.A. 113, 2080–2085. doi: 10.1073/pnas.1600459113

 Izquierdo-Torres, E., Hernández-Oliveras, A., Meneses-Morales, I., Rodríguez, G., Fuentes-García, G., and Zarain-Herzberg, Á. (2019). Resveratrol up-regulates ATP2A3 gene expression in breast cancer cell lines through epigenetic mechanisms. Int. J. Biochem. Cell Biol. 113, 37–47. doi: 10.1016/j.biocel.2019.05.020

 Izzard, R. A., Jackson, S. P., and Smith, G. C. M. (1999). Competitive and noncompetitive inhibition of the DNA-dependent protein kinase. Cancer Res. 59, 2581–2586. 

 Jain, C. K., Majumder, H. K., and Roychoudhury, S. (2017). Natural compounds as anticancer agents targeting DNA topoisomerases. Curr. Genomics 18, 106–131. doi: 10.2174/1389202917666160808125213

 Jekimovs, C., Bolderson, E., Suraweera, A., Adams, M., O'Byrne, K. J., and Richard, D. J. (2014). Chemotherapeutic compounds targeting the DNA double-strand break repair pathways: the good, the bad, and the promising. Front. Oncol. 4:8. doi: 10.3389/fonc.2014.00086

 Jones-Brando, L., D'Angelo, J., Posner, G. H., and Yolken, R. (2006). In vitro inhibition of Toxoplasma gondii by four new derivatives of artemisinin. Antimicrob. Agents Chemother. 50, 4206–4208. doi: 10.1128/AAC.00793-06

 Jones-Brando, L., Torrey, E. F., and Yolken, R. (2003). Drugs used in the treatment of schizophrenia and bipolar disorder inhibit the replication of Toxoplasma gondii. Schizophr. Res. 62, 237–244. doi: 10.1016/S0920-9964(02)00357-2

 Jorgensen, J. H., Weigel, L. M., Swenson, J. M., Whitney, C. G., Ferraro, M. J., and Tenover, F. C. (2000). Activities of clinafloxacin, gatifloxacin, gemifloxacin, and trovafloxacin against recent clinical isolates of levofloxacin-resistant Streptococcus pneumoniae. Antimicrob. Agents Chemother. 44, 2962–2968. doi: 10.1128/AAC.44.11.2962-2968.2000

 Kadioglu, O., Chan, A., Qiu, A. C. L., Wong, V. K. W., Colligs, V., Wecklein, S., et al. (2017). Artemisinin derivatives target topoisomerase 1 and cause DNA damage in silico and in vitro. Front. Pharmacol. 8:711. doi: 10.3389/fphar.2017.00711

 Kaeberlein, M., McDonagh, T., Heltweg, B., Hixon, J., Westman, E. A., Caldwell, S. D., et al. (2005). Substrate-specific activation of sirtuins by resveratrol. J. Biol. Chem. 280, 17038–17045. doi: 10.1074/jbc.M500655200

 Kalinowski, D. S., Quach, P., and Richardson, D. R. (2009). Thiosemicarbazones: the new wave in cancer treatment. Future Med. Chem. 1, 1143–1151. doi: 10.4155/fmc.09.80

 Kelso, A. A., Waldvogel, S. M., Luthman, A. J., and Sehorn, M. G. (2017). Homologous recombination in protozoan parasites and recombinase inhibitors. Front. Microbiol. 8:1716. doi: 10.3389/fmicb.2017.01716

 Kerr, E., Holohan, C., McLaughlin, K. M., Majkut, J., Dolan, S., Redmond, K., et al. (2012). Identification of an acetylation-dependant Ku70/FLIP complex that regulates FLIP expression and HDAC inhibitor-induced apoptosis. Cell Death Differ. 19, 1317–1327. doi: 10.1038/cdd.2012.8

 Khan, A. A., Slifer, T., Araujo, F. G., Polzer, R. J., and Remington, J. S. (1997). Activity of trovafloxacin in combination with other drugs for treatment of acute murine toxoplasmosis. Antimicrob. Agents Chemother. 41, 893–897. doi: 10.1128/AAC.41.5.893

 Khan, A. A., Slifer, T., Araujo, F. G., and Remington, J. S. (1996). Trovafloxacin is active against Toxoplasma gondii. Antimicrob. Agents Chemother. 40, 1855–1859. doi: 10.1128/AAC.40.8.1855

 Khan, A. A., Slifer, T. R., Araujo, F. G., and Remington, J. S. (2001). Activity of gatifloxacin alone or in combination with pyrimethamine or gamma interferon against Toxoplasma gondii. Antimicrob. Agents Chemother. 45, 48–51. doi: 10.1128/AAC.45.1.48-51.2001

 Konstantinopoulos, P. A., Wilson, A. J., Saskowski, J., Wass, E., and Khabele, D. (2014). Suberoylanilide hydroxamic acid (SAHA) enhances olaparib activity by targeting homologous recombination DNA repair in ovarian cancer. Gynecol. Oncol. 133, 599–606. doi: 10.1016/j.ygyno.2014.03.007

 Koprinarova, M., Botev, P., and Russev, G. (2011). Histone deacetylase inhibitor sodium butyrate enhances cellular radiosensitivity by inhibiting both DNA nonhomologous end joining and homologous recombination. DNA Repair 10, 970–977. doi: 10.1016/j.dnarep.2011.07.003

 Krueger, W. S., Hilborn, E. D., Converse, R. R., and Wade, T. J. (2014). Drinking water source and human Toxoplasma gondii infection in the United States: a cross-sectional analysis of NHANES data. BMC Public Health 14, 1–10. doi: 10.1186/1471-2458-14-711

 Larsen, A. K., Escargueil, A. E., and Skladanowski, A. (2003). Catalytic topoisomerase II inhibitors in cancer therapy. Pharmacol. Ther. 99, 167–181. doi: 10.1016/S0163-7258(03)00058-5

 Lee, K. C., Bramley, R. L., Cowell, I. G., Jackson, G. H., and Austin, C. A. (2016). Proteasomal inhibition potentiates drugs targeting DNA topoisomerase II. Biochem. Pharmacol. 103, 29–39. doi: 10.1016/j.bcp.2015.12.015

 Liesen, A. P., De Aquino, T. M., Carvalho, C. S., Lima, V. T., De Araújo, J. M., De Lima, J. G., et al. (2010). Synthesis and evaluation of anti-Toxoplasma gondii and antimicrobial activities of thiosemicarbazides, 4-thiazolidinones and 1,3,4-thiadiazoles. Eur. J. Med. Chem. 45, 3685–3691. doi: 10.1016/j.ejmech.2010.05.017

 Longley, D. B., Harkin, D. P., and Johnston, P. G. (2003). 5-Fluorouracil: mechanisms of action and clinical strategies. Nat. Rev. Cancer 3, 330–338. doi: 10.1038/nrc1074

 Lundin, C., North, M., Erixon, K., Walters, K., Jenssen, D., Goldman, A. S. H., et al. (2005). Methyl methanesulfonate (MMS) produces heat-labile DNA damage but no detectable in vivo DNA double-strand breaks. Nucleic Acids Res. 33, 3799–3811. doi: 10.1093/nar/gki681

 Matar, H. E., Muhammad, Q. A., and Sampson, S. (2014). Fluphenazine (oral) versus placebo for schizophrenia. Cochrane Database Syst. Rev. 7:CD006352. doi: 10.1002/14651858.CD006352.pub2

 McLeod, R., Boyer, K., Karrison, T., Kasza, K., Swisher, C., Roizen, N., et al. (2006). Outcome of treatment for congenital toxoplasmosis, 1981-2004: the national collaborative Chicago-based, congenital toxoplasmosis study. Clin. Infect. Dis. 42, 1383–1394. doi: 10.1086/501360

 Messina, M., Niesman, I., Mercier, C., and Sibley, L. D. (1995). Stable DNA transformation of Toxoplasma gondii using phleomycin selection. Gene 165, 213–217. doi: 10.1016/0378-1119(95)00548-K

 Miller, K. M., Tjeertes, J. V., Coates, J., Legube, G., Polo, S. E., Britton, S., et al. (2010). Human HDAC1 and HDAC2 function in the DNA-damage response to promote DNA nonhomologous end-joining. Nat. Struct. Mol. Biol. 17, 1144–1151. doi: 10.1038/nsmb.1899

 Mizushina, Y., Shiomi, K., Kuriyama, I., Takahashi, Y., and Yoshida, H. (2013). Inhibitory effects of a major soy isoflavone, genistein, on human DNA topoisomerase II activity and cancer cell proliferation. Int. J. Oncol. 43, 1117–1124. doi: 10.3892/ijo.2013.2032

 Mohammadgholi, A., Rabbani-Chadegani, A., and Fallah, S. (2013). Mechanism of the interaction of plant alkaloid vincristine with DNA and chromatin: spectroscopic study. DNA Cell Biol. 32, 228–235. doi: 10.1089/dna.2012.1886

 Montazeri, M., Mehrzadi, S., Sharif, M., Sarvi, S., Tanzifi, A., Aghayan, S. A., et al. (2018). Drug resistance in Toxoplasma gondii. Front. Microbiol. 9:2587. doi: 10.3389/fmicb.2018.02587

 Montoya, J. G., and Remington, J. S. (2008). Clinical practice: management of Toxoplasma gondii infection during pregnancy. Clin. Infect. Dis. 47, 554–566. doi: 10.1086/590149

 Munera López, J., Ganuza, A., Bogado, S. S., Muñoz, D., Ruiz, D. M., Sullivan, W. J., et al. (2019). Evaluation of ATM kinase inhibitor KU-55933 as potential anti-Toxoplasma gondii agent. Front. Cell. Infect. Microbiol. 9:26. doi: 10.3389/fcimb.2019.00026

 Murata, Y., Sugi, T., Weiss, L. M., and Kato, K. (2017). Identification of compounds that suppress Toxoplasma gondii tachyzoites & bradyzoites. PLoS One 12:e0178203. doi: 10.1371/journal.pone.0178203

 Murcia, M. A., and Martínez-Tomé, M. (2001). Antioxidant activity of resveratrol compared with common food additives. J. Food Prot. 64, 379–384. doi: 10.4315/0362-028X-64.3.379

 Musiol, R. (2017). An overview of quinoline as a privileged scaffold in cancer drug discovery. Expert Opin. Drug Discov. 12, 583–597. doi: 10.1080/17460441.2017.1319357

 Nardelli, S. C., Che, F.Y., Silmon de Monerri, N. C., Xiao, H., Nieves, E., Madrid-Aliste, C., et al. (2013). The histone code of Toxoplasma gondii comprises conserved and unique posttranslational modifications. MBio 4, 1–12. doi: 10.1128/mBio.00922-13

 Neville, A. J., Zach, S. J., Wang, X., Larson, J. J., Judge, A. K., Davis, L. A., et al. (2015). Clinically available medicines demonstrating anti-toxoplasma activity. Antimicrob. Agents Chemother. 59, 7161–7169. doi: 10.1128/AAC.02009-15

 Olsen, A., Berg, R., Tagel, M., Must, K., Deksne, G., Enemark, H. L., et al. (2019). Seroprevalence of Toxoplasma gondii in domestic pigs, sheep, cattle, wild boars, and moose in the Nordic-Baltic region: a systematic review and meta-analysis. Parasite Epidemiol. Control 5:e00100. doi: 10.1016/j.parepi.2019.e00100

 Pfefferkorn, E. R., and Pfefferkorn, L. C. (1977). Toxoplasma gondii: Characterization of a mutant resistant to 5-fluorodeoxyuridine. Exp. Parasitol. 42, 44–55. doi: 10.1016/0014-4894(77)90060-1

 Poll, E. H. A., and Arwert, F. (1985). Differential response to mitomycin-C- and cis-diamminedichloroplatinum(II)-induced damage in normal human fibroblasts during confluent holding. DNA Repair 145, 77–80. doi: 10.1016/0167-8817(85)90043-4

 Porter, S. B., and Sande, M. A. (1992). Toxoplasmosis of the central nervous system in the acquired immunodeficiency syndrome. N. Engl. J. Med. 326, 1643–1648. doi: 10.1056/NEJM199212033272306

 Poulsen, K. L., Olivero-Verbel, J., Beggs, K. M., Ganey, P. E., and Roth, R. A. (2014). Trovafloxacin enhances lipopolysaccharide-stimulated production of tumor necrosis factor-α by macrophages: Role of the DNA damage responses. J. Pharmacol. Exp. Ther. 350, 164–170. doi: 10.1124/jpet.114.214189

 Rabaud, C., May, T., Amiel, C., Katlama, C., Leport, C., Ambroise-Thomas, P., et al. (1994). Extracerebral toxoplasmosis in patients infected with HIV. a French National Survey. Medicine (Baltimore) 73, 306–314. doi: 10.1097/00005792-199411000-00004

 Radke, J. R., Striepen, B., Guerini, M. N., Jerome, M. E., Roos, D. S., and White, M. W. (2001). Defining the cell cycle for the tachyzoite stage of Toxoplasma gondii. Mol. Biochem. Parasitol. 115, 165–175. doi: 10.1016/S0166-6851(01)00284-5

 Rajapakse, S., Chrishan Shivanthan, M., Samaranayake, N., Rodrigo, C., and Deepika Fernando, S. (2013). Antibiotics for human toxoplasmosis: a systematic review of randomized trials. Pathog. Glob. Health 107, 162–169. doi: 10.1179/2047773213Y.0000000094

 Rogakou, E. P., Pilch, D. R., Orr, A. H., Ivanova, V. S., and Bonner, W. M. (1998). DNA double-stranded breaks induce histone H2AX phosphorylation on serine 139. J. Biol. Chem. 273, 5858–5868. doi: 10.1074/jbc.273.10.5858

 Roos, W. P., and Krumm, A. (2016). Survey and summary: the multifaceted influence of histone deacetylases on DNA damage signalling and DNA repair. Nucleic Acids Res. 44, 10017–10030. doi: 10.1093/nar/gkw922

 Rosenberg, A., Luth, M. R., Winzeler, E. A., Behnke, M., and Sibley, L. D. (2019). Evolution of resistance in vitro reveals mechanisms of artemisinin activity in Toxoplasma gondii. Proc. Natl. Acad. Sci. U.S.A. 116, 26881–26891. doi: 10.1073/pnas.1914732116

 Sancar, A., Lindsey-Boltz, L. A., Ünsal-Kaçmaz, K., and Linn, S. (2004). Molecular mechanisms of mammalian DNA repair and the DNA damage checkpoints. Annu. Rev. Biochem. 73, 39–85. doi: 10.1146/annurev.biochem.73.011303.073723

 Sander, V., Angel, S. O., and Clemente, M. (2018). “A comprehensive review of Toxoplasma gondii biology and host-cell interaction: challenges for a plant-based vaccine,” in Prospects of Plant-Based Vaccines in Veterinary Medicine, ed Jacqueline MacDonald (Basel: Springer International Publishing), 89–120.

 Saraei, M., Ghaderi, Y., Mosavi, T., Shahnazi, M., Nassiri-Asl, M., and Jahanihashemi, H. (2016). The effect of fluphenazine and thioridazine on Toxoplasma gondii in vivo. Iran. J. Parasitol. 11, 226–231. 

 Sarkaria, J. N. (2003). Identifying inhibitors of ATM and ATR kinase activities. Methods Mol. Med. 85, 49–56. doi: 10.1385/1-59259-380-1:49

 Schmidt, D. R., and Schreiber, S. L. (1999). Molecular association between ATR and two components of the nucleosome remodeling and deacetylating complex, HDAC2 and CHD4. Biochemistry 38, 14711–14717. doi: 10.1021/bi991614n

 Schultz, T. L., Hencken, C. P., Woodard, L. E., Posner, G. H., Yolken, R. H., Jones-Brando, L., et al. (2014). A thiazole derivative of artemisinin moderately reduces Toxoplasma gondii cyst burden in infected mice. J. Parasitol. 100, 516–521. doi: 10.1645/13-451.1

 Sedelnikova, O. A., Pilch, D. R., Redon, C., and Bonner, W. M. (2003). Histone H2AX in DNA damage and repair. Cancer Biol. Ther. 2, 233–235. doi: 10.4161/cbt.2.3.373

 Shahinas, D., MacMullin, G., Benedict, C., Crandall, I., and Pillaid, D. R. (2012). Harmine is a potent antimalarial targeting Hsp90 and synergizes with chloroquine and artemisinin. Antimicrob. Agents Chemother. 56, 4207–4213. doi: 10.1128/AAC.00328-12

 Shibata, A., Moiani, D., Arvai, A. S., Perry, J., Harding, S. M., Genois, M. M., et al. (2014). DNA double-strand break repair pathway choice is directed by distinct MRE11 nuclease activities. Mol. Cell 53, 7–18. doi: 10.1016/j.molcel.2013.11.003

 Sidik, S. M., Huet, D., Ganesan, S. M., Huynh, M., Wang, T., Nasamu, A. S., et al. (2016). A Genome-wide CRISPR screen in toxoplasma identifies essential apicomplexan genes. Cell 166, 1423–1435. doi: 10.1016/j.cell.2016.08.019

 Soldati, D., Kim, K., Kampmeier, J., Dubremetz, J. F., and Boothroyd, J. C. (1995). Complementation of a Toxoplasma gondii ROP1 knock-out mutant using phleomycin selection. Mol. Biochem. Parasitol. 74, 87–97. doi: 10.1016/0166-6851(95)02487-5

 Song, Y., Wang, J., Teng, S. F., Kesuma, D., Deng, Y., Duan, J., et al. (2002). β-Carbolines as specific inhibitors of cyclin-dependent kinases. Bioorganic Med. Chem. Lett. 12, 1129–1132. doi: 10.1016/S0960-894X(02)00094-X

 Stelzer, S., Basso, W., Benavides Silván, J., Ortega-Mora, L. M., Maksimov, P., Gethmann, J., et al. (2019). Toxoplasma gondii infection and toxoplasmosis in farm animals: Risk factors and economic impact. Food Waterborne Parasitol. 15. doi: 10.1016/j.fawpar.2019.e00037

 Stiff, T., O'Driscoll, M., Rief, N., Iwabuchi, K., Löbrich, M., and Jeggo, P. A. (2004). ATM and DNA-PK function redundantly to phosphorylate H2AX after exposure to ionizing radiation. Cancer Res. 64, 2390–2396. doi: 10.1158/0008-5472.CAN-03-3207

 Strobl, J. S., Cassell, M., Mitchell, S. M., Reilly, C. M., and Lindsay, D. S. (2007). Scriptaid and suberoylanilide hydroxamic acid are histone deacetylase inhibitors with potent anti–Toxoplasma gondii activity in vitro. J. Parasitol. 93, 694–700. doi: 10.1645/GE-1043R.1

 Sun, Y., Jiang, X., Chen, S., Fernandes, N., and Price, B. D. (2005). A role for the Tip60 histone acetyltransferase in the acetylation and activation of ATM. Proc. Natl. Acad. Sci. U.S.A. 102, 13182–13187. doi: 10.1073/pnas.0504211102

 Tenório, R. P., Carvalho, C. S., Pessanha, C. S., De Lima, J. G., De Faria, A. R., Alves, A. J., et al. (2005). Synthesis of thiosemicarbazone and 4-thiazolidinone derivatives and their in vitro anti-Toxoplasma gondii activity. Bioorganic Med. Chem. Lett. 15, 2575–2578. doi: 10.1016/j.bmcl.2005.03.048

 Tenter, A. M., Heckeroth, A. R., and Weiss, L. M. (2000). Toxoplasma gondii: from animals to humans. Int. J. Parasitol. 30, 1217–1258. doi: 10.1016/S0020-7519(00)00124-7

 Thomas, A., and Pommier, Y. (2019). Targeting topoisomerase I in the era of precision medicine. Clin. Cancer Res. 25, 6581–6589. doi: 10.1158/1078-0432.CCR-19-1089

 Tomczyk, M. D., and Walczak, K. Z. (2018). l,8-Naphthalimide based DNA intercalators and anticancer agents. A systematic review from 2007 to 2017. Eur. J. Med. Chem. 159, 393–422. doi: 10.1016/j.ejmech.2018.09.055

 Tsai, A. K., Khan, A. Y., Worgo, C. E., Wang, L. L., Liang, Y., and Davila, E. (2017). A multikinase and DNA-PK inhibitor combination immunomodulates melanomas, suppresses tumor progression, and enhances immunotherapies. Cancer Immunol. Res. 5, 790–803. doi: 10.1158/2326-6066.CIR-17-0009

 Tyebji, S., Seizova, S., Hannan, A. J., and Tonkin, C. J. (2019). Toxoplasmosis: a pathway to neuropsychiatric disorders. Neurosci. Biobehav. Rev. 96, 72–92. doi: 10.1016/j.neubiorev.2018.11.012

 Uhl, M., Csernok, A., Aydin, S., Kreienberg, R., Wiesmüller, L., and Gatz, S. A. (2010). Role of SIRT1 in homologous recombination. DNA Repair. 9, 383–393. doi: 10.1016/j.dnarep.2009.12.020

 Vaid, A., Ranjan, R., Smythe, W. A., Hoppe, H. C., and Sharma, P. (2010). PfPI3K, a phosphatidylinositol-3 kinase from Plasmodium falciparum, is exported to the host erythrocyte and is involved in hemoglobin trafficking. Blood 115, 2500–2507. doi: 10.1182/blood-2009-08-238972

 Vanagas, L., Contreras, S. M., and Angel, S. O. (2019). “Apicomplexa and histone variants: what's new?” in Chromatin and Epigenetics, ed. Colin Logie and Tobias Aurelius Knoch (London: IntechOpen), 1–40.

 Vanagas, L., Jeffers, V., Bogado, S. S., Dalmasso, M. C., Sullivan, W. J., and Angel, S. O. (2012). Toxoplasma histone acetylation remodelers as novel drug targets. Expert Rev. Anti. Infect. Ther. 10, 1189–1201. doi: 10.1586/eri.12.100

 Velic, D., Couturier, A. M., Ferreira, M. T., Rodrigue, A., Poirier, G. G., Fleury, F., et al. (2015). DNA damage signalling and repair inhibitors: the long-sought-after achilles' heel of cancer. Biomolecules 5, 3204–3259. doi: 10.3390/biom5043204

 Viola, G., Latterini, L., Vedaldi, D., Aloisi, G. G., Dall'Acqua, F., Gabellini, N., et al. (2003). Photosensitization of DNA strand breaks by three phenothiazine derivatives. Chem. Res. Toxicol. 16, 644–651. doi: 10.1021/tx025680t

 Vonlaufen, N., Naguleswaran, A., Coppens, I., and Sullivan, W. J. (2010). MYST family lysine acetyltransferase facilitates Ataxia Telangiectasia Mutated (ATM) kinase-mediated DNA damage response in Toxoplasma gondii. J. Biol. Chem. 285, 11154–11161. doi: 10.1074/jbc.M109.066134

 Vydyam, P., Dutta, X. D., Sutram, N., Bhattacharyya, S., and Bhattacharyya, M. K. (2019). A small-molecule inhibitor of the DNA recombinase Rad51 from Plasmodium falciparum synergizes with the antimalarial drugs artemisinin and chloroquine. J. Biol. Chem. 294, 8171–8183. doi: 10.1074/jbc.RA118.005009

 Wang, H., Wang, M., Wang, H., Böcker, W., and Iliakis, G. (2005). Complex H2AX phosphorylation patterns by multiple kinases including ATM and DNA-PK in human cells exposed to ionizing radiation and treated with kinase inhibitors. J. Cell. Physiol. 202, 492–502. doi: 10.1002/jcp.20141

 Wang, J. C. (2002). Cellular roles of DNA topoisomerases: a molecular perspective. Nat. Rev. Mol. Cell Biol. 3, 430–440. doi: 10.1038/nrm831

 Wang, S. H., Lin, P. Y., Chiu, Y. C., Huang, J. S., Kuo, Y. T., Wu, J. C., et al. (2015). Curcumin-mediated HDAC inhibition suppresses the DNA damage response and contributes to increased DNA damage sensitivity. PLoS One 10, 1–19. doi: 10.1371/journal.pone.0134110

 Wheatley, D., Mueller, G., and Kajiwara, K. (1974). Anti-mitotic activity of bleomycin: time of action in the mammalian cell cycle. Br. J. Cancer, 117–131. doi: 10.1038/bjc.1974.48

 Wilking, H., Thamm, M., Stark, K., Aebischer, T., and Seeber, F. (2016). Prevalence, incidence estimations, and risk factors of Toxoplasma gondii infection in Germany: A representative, cross-sectional, serological study. Sci. Rep. 6:22551. doi: 10.1038/srep22551

 Yuan, Z., Zhang, X., Sengupta, N., Lane, W. S., and Seto, E. (2007). SIRT1 regulates the function of the Nijmegen breakage syndrome protein. Mol Cell 27, 149–162. doi: 10.1016/j.molcel.2007.05.029

 Zhang, L., Zhang, F., Zhang, W., Chen, L., Gao, N., Men, Y., et al. (2015). Harmine suppresses homologous recombination repair and inhibits proliferation of hepatoma cells. Cancer Biol. Ther. 16, 1585–1592. doi: 10.1080/15384047.2015.1078021

 Zhang, X. F., Sun, R. Q., Jia, Y. F., Chen, Q., Tu, R. F., Li, K. K., et al. (2016). Synthesis and mechanisms of action of novel harmine derivatives as potential antitumor agents. Sci. Rep. 6:33204. doi: 10.1038/srep33204

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Angel, Vanagas, Ruiz, Cristaldi, Saldarriaga Cartagena and Sullivan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcimb-10-00289-t002.jpg
Drug Mechanism Effectiveness References

Resveratrol oxidative DNA Yes Adeyemiet al., 2019;
damage/ Chen et al., 2019
DNA binding

Tamoxifen oxidative DNA Yes Dittmar et al., 2016
damage

Butein oxidative DNA No Murata et al, 2017;
damage Adeyemi et al., 2019

Amphotericin oxidative DNA No Adeyemi et al., 2019
damage

Menadione oxidative DNA No Adeyemi et al., 2019
damage

Capsiacin oxidative DNA No Adeyemi et al., 2019
damage

Sertraline neurotransmission/ Yes Dittmar et al., 2016
oxidative damage

Andrographolide  undetermined No Adeyeri et al,, 2019

Chloroquine undetermined Yes Adeyemi et al., 2019

Loperamide qgut opiate receptor Yes Dittmar et al., 2016

PurvalaNol A CDks Yes Dittmar et al., 2016

$B 218078 ChK1 inhibitor No Dittmar et al., 2016

Valproic acid oxidative DNA Yes Jones-Brando et al.,

damage

2003






OPS/images/fcimb-10-00289-t003.jpg
Drug Mechanism Effectiveness References
KU-55033 ATM inhibitor Yes Munera Lépez et al.,
2019
NU 7026 DNA-PK inhibitor No Dittmar et al., 2016
Quercetin PIBK/DNA-PK No Dittmar et al., 2016
inhibitor
LY 294002 PIBK/DNA-PK No Dittmr et al., 2016
inhibitor
Caffeine Kinase inhibitor Yes Munera Lépez et al.,
2019
SAHANorionstat  HDAGH Yes Strobl et al., 2007
Scriptaid HDACI Yes Strobl et al., 2007
Tichostatin A HDAGI Yes Strobl et al,, 2007
Sodium butyrate  HDACi No Strobl et al., 2007
Valproic acid HDACI No Strobl et al., 2007
4-phenylbutyrate  HDACI No Strobl et al,, 2007
Curcumin HDAC No Adeyemi et al., 2019
Nicotinamide SIRTi No Strobl et al., 2007
Resveratrol SIRT1a Yes Adeyemi et al,, 2019;
Chenetal., 2019
Harmine ND Yes Aomar et al., 2013






OPS/images/fcimb-10-00289-g003.gif





OPS/images/fcimb-10-00289-t001.jpg
Drug Mechanism Effectiveness References

Camptothecin Top1 venom Moderated  Adeyemi et al., 2019;
Munera Lépez et al.,
2019
10- Top1 venom Yes  Adeyemietal., 2019
Hydroxycamptothecin
Betulin Top1 inhibitor No  Adeyemietal, 2019
Etoposide Top2 venom No  Dittmaretal, 2016
Genistin Top2 inhibitor No  Adeyemietal, 2019
Daunorubicin Top2 inhibitor Yes  Adeyemietal, 2019
Trovafloxacin Top2-a inhibitor Yes  Khanetal, 1996
Ciprofloxacin Top2-a inhibitor No  Khanetal, 1996
Ofloxacin Top2-a inhibitor No  Khanetal, 1996
Fleroxacin Top2-a inhibitor No  Knanetal, 1996
Ternafloxacin Top2-a inhibitor No  Khanetal, 1996
Tosufloxacin Top2-a inhibitor No  Khanetal, 1996
Enrofloxacin Top2-a inhibitor Yes  Barbosaetal, 2012
Gatifloxacin Top2 inhibitor Yes  Khanetal., 2001
Doxorubicin Top2 venomVDNA No  Dittmaretal, 2016
adducts
Aclarubicin Top inhibitor/ No  Adeyemietal., 2019
oxidative DNA
damage
Artemisinin Top1 inhibitor Yes  Jones-Brandoetal.,
2006
Artemether Top1 inhibitor Yes  Jones-Brandoetal.,
2008
Artemisinin derivatives  Top1 inhibitor Yes  D'Angelo etal., 2009;
Schultz et al, 2014
Harmane Top1 inhibitor Yes  Alomaretal, 2013
Harmine Top1 inhibitor Yes  Alomeretal, 2013
nor-Harmane Top1 inhibitor Yes  Alomaretal, 2013
Fluorouracil (5-FU)  thymidylate Yes  Harisetal., 1988
synthase inhibitor
Vincristine DNA intercalation No  Dittmaretal, 2016
Fluphenazine DNA intercalation Yes  Goodwin etal., 2011;
Murata et al., 2017
Thioridazine DNA ntercalation Yes  Goodwin etal, 2011
Trifuoperazine DNA intercalation Yes  Goodwin etal, 2011
Hycantone DNA intercalation Yes  Murataetal, 2017
Phleomycin DNA intercalation ND  Messinaetal, 1995
Mitomycin G DNA intercalation Yes  Adeyemietal., 2019
Thiosemicarbazones  ribonucleotide Yes  Tentrio etal, 2005
reductase inhibitor
Hydroxyurea ribonucleotide Yes  DeMeloetal, 2000
reductase inhibitor
Cytarabine DNA polymerase no  Adeyemietal, 2019
inhibitor
Methyl alkylates DNA Yes  MuneraLopezetal,
Methanesulphonate  bases 2019

(MMS)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Emerging Therapeutic Targets Against Toxoplasma gondii: Update on DNA Repair Response Inhibitors and Genotoxic Drugs



		Introduction



		DNA Repair Machinery



		DNA Damaging Agents



		Topoisomerase Inhibitors



		DNA Intercalating Compounds



		DNA Synthesis Inhibitors







		HRR Inhibitors



		PIKK Kinase Inhibitors



		HDAC/KDAC Inhibitors







		Conclusions and Future Perspectives



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Emerging Therapeutic Targets
Against Toxoplasma gondii: Update
on DNA Repair Response Inhibitors

and Genotoxic Drugs





OPS/images/fcimb-10-00289-g001.gif
ﬂ
. G /' 2 eresproryoon
@





OPS/images/fcimb-10-00289-g002.gif
o g vt s

PaaoRiisi o iat e u i ey

HRR-essential genes









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





