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Chronic Exposure to Cadmium and Antioxidants Does Not Affect the Dynamics of Expanded CAG•CTG Trinucleotide Repeats in a Mouse Cell Culture System of Unstable DNA
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More than 30 human disorders are caused by the expansion of simple sequence DNA repeats, among which triplet repeats remain the most frequent. Most trinucleotide repeat expansion disorders affect primarily the nervous system, through mechanisms of neurodysfunction and/or neurodegeneration. While trinucleotide repeat tracts are short and stably transmitted in unaffected individuals, disease-associated expansions are highly dynamic in the germline and in somatic cells, with a tendency toward further expansion. Since longer repeats are associated with increasing disease severity and earlier onset of symptoms, intergenerational repeat size gains account for the phenomenon of anticipation. In turn, higher levels of age-dependent somatic expansion have been linked with increased disease severity and earlier age of onset, implicating somatic instability in the onset and progression of disease symptoms. Hence, tackling the root cause of symptoms through the control of repeat dynamics may provide therapeutic modulation of clinical manifestations. DNA repair pathways have been firmly implicated in the molecular mechanism of repeat length mutation. The demonstration that repeat expansion depends on functional DNA mismatch repair (MMR) proteins, points to MMR as a potential therapeutic target. Similarly, a role of DNA base excision repair (BER) in repeat expansion has also been suggested, particularly during the removal of oxidative lesions. Using a well-characterized mouse cell model system of an unstable CAG•CTG trinucleotide repeat, we tested if expanded repeat tracts can be stabilized by small molecules with reported roles in both pathways: cadmium (an inhibitor of MMR activity) and a variety of antioxidants (capable of neutralizing oxidative species). We found that chronic exposure to sublethal doses of cadmium and antioxidants did not result in significant reduction of the rate of trinucleotide repeat expansion. Surprisingly, manganese yielded a significant stabilization of the triplet repeat tract. We conclude that treatment with cadmium and antioxidants, at doses that do not interfere with cell survival and cell culture dynamics, is not sufficient to modify trinucleotide repeat dynamics in cell culture.
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INTRODUCTION

The expansion of simple sequence DNA repeats has been implicated in human disease (Hannan, 2018). Trinucleotide repeat expansions, in particular, can cause severe neurological and/or neuromuscular disorders, including Huntington disease (HD), various spinocerebellar ataxias (SCA), fragile X syndrome (FRAXA) and myotonic dystrophy type 1 (DM1) (Paulson, 2018). In non-affected individuals, repeat tracts are short and genetically stable; in contrast affected individuals carry long and unstable expansions. Expansion mutations generally result in complex, multi-systemic phenotypes that are modulated by the number of tandem repeats: generally, longer triplet repeat alleles are associated with an earlier age at disease onset and more severe disease symptoms (Usdin et al., 2015). The majority of trinucleotide repeat diseases are caused by the expansion of CAG•CTG repeats, which can either encode a toxic polyglutamine tract in various proteins (Stoyas and La Spada, 2018), or be transcribed into a non-coding CUG RNA that interferes with the activity of key RNA-binding proteins and RNA processing (Sicot and Gomes-Pereira, 2013; Swinnen et al., 2020). Strikingly, all these conditions exhibit some element of neurological dysfunction, demonstrating the vulnerability of the central nervous system to triplet repeat expansion mutations (Orr and Zoghbi, 2007).

Once within the disease-associated size range, trinucleotide repeat alleles are highly unstable and liable to further expansion in germline transmissions and in somatic tissues (Usdin et al., 2015). Intergenerational instability frequently results in the inheritance of a longer repeat allele by the offspring, relative to the transmitting parent, hence explaining the phenomenon of anticipation. Anticipation presents as the aggravation of the disease symptoms and earlier age of onset in subsequent generations, and it is a typical feature of most trinucleotide repeat expansion disorders. Repeat instability in somatic tissues is also expansion-biased and age-dependent. Notably, the largest somatic expansions are often observed in the most severely affected tissues, including the striatum in HD (Kennedy and Shelbourne, 2000; Kennedy et al., 2003) and the skeletal muscle in DM1 (Aslanidis et al., 1992; Ashizawa et al., 1993; Thornton et al., 1994; Monckton et al., 1995). Age of onset and disease progression are most likely governed by the number of inherited repeats and the rate of repeat expansion in the soma. In support of this view, higher individual-specific repeat expansion rates have been directly linked with increased disease severity and earlier age of onset in HD and DM1 (Swami et al., 2009; Morales et al., 2012; Ciosi et al., 2019; Flower et al., 2019). Somatic repeat expansion thus likely contributes toward the tissue specificity and progressive nature of these disorders and presents as a potential therapeutic target (Gomes-Pereira and Monckton, 2006; Castel et al., 2010).

Given the relationship between repeat length and the disease severity, deciphering the mechanisms of trinucleotide repeat size mutation is relevant for understanding disease progression, and it may provide an entry point for future therapies. Disease-associated repeats form unusual secondary non-B DNA structures (Khristich and Mirkin, 2020), which may serve as substrates for DNA-binding proteins that mediate repeat size gains by error-prone processing. Several DNA repair pathways, which normally protect the genome against damage by normal metabolic activities and environmental factors, have been implicated in the mechanisms of repeat instability (Usdin et al., 2015). Among those, DNA mismatch repair (MMR) proteins are the strongest driver of repeat expansions (Schmidt and Pearson, 2016; Jones et al., 2017). Compelling evidence demonstrates that genetic inactivation of MMR genes suppresses repeat instability in mouse models of unstable CAG•CTG DNA (Manley et al., 1999; Van Den Broek et al., 2002; Gomes-Pereira et al., 2004b; Savouret et al., 2004; Foiry et al., 2006; Dragileva et al., 2009; Pinto et al., 2013), while natural polymorphisms in MMR genes dictate differences in repeat instability between mouse strains (Pinto et al., 2013; Tomé et al., 2013). Similarly, polymorphisms in human DNA mismatch repair genes are associated with individual-specific differences in CTG•CAG repeat instability (Morales et al., 2016; Ciosi et al., 2019; Flower et al., 2019) and in disease course in HD, DM1 and SCA patients (Lee et al., 2015, 2017, 2019; Bettencourt et al., 2016; Moss et al., 2017) The first demonstration that inhibition of repeat expansion could have therapeutic benefits was provided by the genetic inactivation of MMR in HD mice, which not only prevented accumulation of somatic mosaicism but also delayed brain pathology (Wheeler et al., 2003). Full MMR inactivation would however be unacceptable, given the expected increase in cancer predisposition. Interestingly, different levels of somatic instability between tissues have been correlated with physiological differences in the expression of MMR proteins (Mason et al., 2014). Therefore, it is conceivable that the controlled modulation of the relative expression and/or activity of the MMR complexes by non-toxic compounds would be sufficient to decrease repeat expansion rates and reduce mean repeat numbers in somatic cells. In this regard, partial inhibition of MMR by environmentally relevant concentrations of cadmium increased the frequency of mutations of a mononucleotide microsatellite, as well as frameshifts and base substitutions (Jin et al., 2003). The consequences of cadmium exposure on the dynamics of expanded trinucleotide DNA sequences remain to be determined.

An additional layer of complexity is added by the suggested role of oxidative stress and base excision repair (BER) in the generation of repeat expansions, following the observation that treatment of mouse and cell models of HD and FRAXA with oxidants appeared to increase repeat expansion (Kovtun et al., 2000, 2007; Entezam et al., 2010; Jonson et al., 2013). Conversely, the neutralization of oxygen species by a synthetic radical scavenger designed to target mitochondria appeared to reduce somatic instability (Budworth et al., 2015) and improve HD-associated pathology in a mouse model of the disease (Xun et al., 2012; Polyzos et al., 2018). However, the toxicology of this compound has not been fully investigated and its therapeutic application is still uncertain. If oxidative stress creates substrates for DNA mis-repair and repeat expansion, we hypothesize that other canonical antioxidants would produce similar protective effects.

We have previously generated a cell culture model that reproduces time-dependent, expansion-biased tissue-specific somatic mosaicism (Gomes-Pereira et al., 2001; Gomes-Pereira and Monckton, 2004) derived from a transgenic mouse model of unstable CAG•CTG repeats (Fortune et al., 2000). In this cell model, repeat expansion rates are not accounted for by different cell proliferation rates (Gomes-Pereira et al., 2001), and repeat size gains continue to occur even in the absence of cell division and genome duplication (Gomes-Pereira et al., 2014). Here, we have first investigated whether naturally occurring changes in the expression levels of MMR correlate with the degree of somatic mosaicism in homogenous cell cultures. Then, taking advantage of our cell culture model, we have sought to explore the impact of chronic exposure to cadmium (inhibitor of MMR activity), hydrogen peroxide (oxidizing agent) and several antioxidants on the dynamics of repeat expansions in somatic cells.



MATERIALS AND METHODS


Mouse Kidney Cell Culture, Chronic Metal Ion Exposure and Antioxidant Treatment

The D2763Kc2 cell line is a clonal cell line derived from the kidney of a 6-month-old Dmt-D mouse, which recreates high levels of expansion-biased trinucleotide repeat instability in vitro (Gomes-Pereira et al., 2001). Cell cultures were maintained and passaged as previously described (Gomes-Pereira et al., 2001; Gomes-Pereira and Monckton, 2004). For metal ion treatment experiments a progenitor culture was split into multiple aliquots: six replicate no-metal ion controls, and six replicate cultures for each one of the compounds tested in this study (CdCl2, CoCl2, MnCl2, and ZnSO4). Similarly, six replicate cultures were continuously exposed to each individual antioxidant. All cultures were maintained in parallel throughout the course of the experiment. Control cultures were supplied with fresh medium every 2 or 3 days and cells were passaged when confluent at a 1:40 dilution, approximately weekly. For treated cultures, each metal compound and antioxidant was dissolved in complete growth medium and supplied to the cells. Treated cultures were supplied with fresh drug-supplemented medium every 2 to 3 days and the cells were passaged just as the no-treatment controls. Control and treated cells were cultured for a maximum of 73 days. Sublethal doses were selected in previous survival assays, using increasing concentrations of metal compounds and antioxidants.



SP-PCR Amplification of Transgenic Trinucleotide Repeats

The degree of repeat length variation in each sample was assessed by sensitive small-pool PCR (SP-PCR) analysis, performed as previously described, using oligonucleotide primers DM-C and DM-BR (Monckton et al., 1995; Gomes-Pereira et al., 2004a). Each lane on the representative autoradiographs shown in the figures contains the amplification products of a single SP-PCR with ~5 to 20 genomic equivalents of input DNA. Each autoradiograph panel for an individual replicate culture is a cropped image derived from a separate autoradiograph and multiple images have been juxtaposed to aid comparison. The degree of repeat length variation observed in treated and control cell replicates at the time points indicated was schematically represented by box plots. The top and bottom of the boxes correspond to the third (Q3) and first quartiles (Q1), respectively and the line across the box displays the median. The lines extending from the top and the bottom of the boxes, include values that fall inside the lower and upper limits: Q1-1.5(Q3-Q1) and Q3+1.5(Q3-Q1), respectively. The median repeat length gain was determined by measuring the degree of variation in individual cultures and comparing this with the degree of variation measured in the progenitor culture. Expansion rates (in units of repeats gained per day) were calculated by dividing the median repeat gain over the number of days in culture, as previously described (Gomes-Pereira and Monckton, 2004).



Quantification and Statistical Analysis of Repeat Size Variability

Single molecule SP-PCR analysis of 20 to 80 molecules per culture was used to determine the median repeat length in individual cultures. The median rates of expansion for each individual culture were calculated relative to the measured median repeat length in the progenitor culture at time zero, as described before (Gomes-Pereira and Monckton, 2004). Median expansion rates for each culture were calculated in terms of repeat number change per day. To compare the median rates of expansion between treated and control cultures we used the non-parametric Kruskal-Wallis for multiple comparisons, in an adaptation of the methods previously described (Gomes-Pereira and Monckton, 2004). Statistical analyses were performed with Prism 8 (GraphPad Software).



Protein Sample Preparation and Western Blotting

Protein was extracted from cultured cells using EBC lysis buffer (50 mM Tris-HCl, 120 mM NaCl, 0.5% (v/v) NP-40) containing protease inhibitors (protease inhibitor cocktail for mammalian tissues, Sigma, cat. no. P8340). Aliquots of 50 to 100 μg of whole cell protein lysates were resolved by electrophoresis through a NuPAGE 4 to 12% Bis-Tris Gel (Invitrogen, cat. no. NP0321) and electroblotted onto Millipore Immobilon-P membranes (Millipore, cat. no. IPVH00010) at 30 V for 2 h in an XCellII Blot Module (Novex, cat. no. EI9051) in NuPAGE Transfer Buffer (Invitrogen, cat. no. NP0006-1). The membranes were blocked overnight at 4°C in 2.5% (w/v) or 5% (w/v) dried milk in TBST (20 mM Tris-HCl pH 7.6, 137 mM NaCl, 0.06% (v/v) Tween-20), then incubated for 2 h at room temperature in primary antibody. The membranes were washed four times for 15 min each in TBST, incubated for 1 h in secondary antibody at room temperature, and washed four times for 15 min each in TBST at room temperature. Antibody binding was visualized using SuperSignal West Pico Chemiluminescent Substrate (Pierce, cat. no. 34080). PCNA was detected using 400 ng ml−1 rabbit anti-PCNA polyclonal antibody (Santa Cruz Biotechnology, Cat# sc-7907, RRID: AB_2160375) in 5% (w/v) dried milk in TBST. MSH2 was detected using 100 ng ml−1 mouse anti-MSH2 monoclonal antibody (Millipore, Cat# NA27, RRID: AB_2266524) in 5% (w/v) dried milk in TBST. MSH3 was detected using 200 ng ml−1 goat anti-MSH3 polyclonal antibody (Santa Cruz Biotechnology, Cat# sc-5690, RRID: AB_2145131) in 5% (w/v) dried milk in TBST. MSH6 was detected using 250 ng ml−1 mouse anti-MSH6 monoclonal antibody (BD Biosciences, Cat# 610919, RRID: AB_398234) in 5% (w/v) dried milk in TBST. PMS2 was detected using 1 μg ml−1 mouse anti-PMS2 monoclonal antibody (BD Biosciences, Cat# 556415, RRID: AB_396410) in 5% (w/v) dried milk in TBST. MLH1 was detected using 2.5 μg ml−1 mouse anti-MLH1 monoclonal antibody (BD Biosciences, Cat# 554073, RRID: AB_395227) in 5% (w/v) dried milk in TBST. β-Tubulin was detected using 200 ng ml−1 rabbit anti-β-tubulin polyclonal antibody (Santa Cruz Biotechnology, Cat# sc-9104, RRID: AB_2241191). All proteins were detected using 20 ng ml−1 goat anti-rabbit (Santa Cruz Biotechnology, Cat# sc-2004, RRID: AB_631746), 8 ng ml−1 goat anti-mouse (Jackson ImmunoResearch Labs, Cat# 115-035-003, RRID: AB_10015289) or 4 ng ml−1 donkey anti-goat (Santa Cruz Biotechnology, Cat# sc-2020, RRID: AB_631728) horseradish peroxidase-conjugated secondary antibodies diluted in 2.5% (w/v) or 5% (w/v) dried milk in TBST. Incubation with Restore Western Blot Stripping Buffer (Pierce, cat. no. 21059) for 20 min at 40°C was performed to break antibody-antigen interactions and to subsequently re-probe the same membrane. Densitometric analysis of protein expression levels was performed using Kodak Digital Science 1D software using exposures in the linear range of signal intensity.




RESULTS


Different Levels of Repeat Instability in Cultured Cells Are Associated With Variability in MMR Protein Expression

Different levels of somatic instability between tissues have been correlated with variability in the expression of MMR and BER proteins (Goula et al., 2009; Mason et al., 2014). However, trinucleotide repeat size dynamics is governed by a complex interplay between cis and trans-acting factors. It is therefore difficult to directly attribute the variability in somatic mosaicism between tissues to changes in the expression levels of DNA repair proteins alone. To further elucidate the correlation between MMR protein levels and repeat dynamics we derived single cell clones from the progenitor D2763Kc2 culture (Gomes-Pereira et al., 2001; Gomes-Pereira and Monckton, 2004) by limiting dilution, and identified four subclones that exhibited different degrees of somatic mosaicism, in spite of the similar proliferative capacity, as revealed by their population doubling time (PDT): while the CAG•CTG repeat tract was relatively stable in clones 1 and 2, it exhibited more pronounced repeat size variability in clones 3 and 4 (Figure 1A, Table 1). Importantly, repeat instability remained consistently low or high following further subcloning, suggesting intrinsic differences in DNA metabolism between the four clones selected (Figure 1B). Variability between subclones may result from the accumulation of spontaneous mutations and/or epigenetic modifications in cultured cells (Wilson and Jones, 1983; Giraldo et al., 2007). It was our hypothesis that some of these changes alter the MMR expression levels, affect DNA metabolism and modify the dynamics of trinucleotide repeats.


[image: Figure 1]
FIGURE 1. Higher CAG•CTG repeat size variability is associated with higher MSH3/MSH2 protein ratios in homogenous single cell clones. (A) Representative SP-PCR analyses of the expanded CAG•CTG trinucleotide repeat in D2763Kc2 cell clones. Single-cell clones were derived from the progenitor culture by limiting dilution and grown for 20 population doublings (~20 to 40 days). (B) Representative SP-PCRs of the expanded CAG•CTG repeat in sub-clones derived from four selected D2763Kc2 clones showing different repeat dynamics. For clarity, only six representative sub-clonal cultures are shown. The scale on the right indicates the DNA molecular weight markers converted into number of CAG•CTG repeats. (C) Quantification of MMR protein levels in selected D2763Kc2 clones. Independent single cell clones were established from the same progenitor culture. Four clones were selected for analysis. Four protein lysates were collected from each clone, electroblotted and probed with anti-MMR proteins. ß-Tubulin was used as loading control. The top graph shows the average protein levels relative to normalized control clone 1. The bottom graph shows the average MMR protein ratios relative to normalized control clone 1. The error bars indicate ± SEM. Statistically significant changes are indicated (*p < 0.05, **p < 0.01, ***p < 0.0015; Two-way ANOVA, Tukey post-hoc correction for multiple comparisons).



Table 1. Population doubling times of D2763Kc2 progenitor culture, and clones derived thereof.

[image: Table 1]

Consistent with a driving role of MMR proteins in triplet repeat metabolism, western blot analysis revealed significantly different steady-state levels MMR protein between clones carrying repeats that were either stable (clones 1 and 2) or unstable (clones 3 and 4) (Figure 1C, Supplementary Figure 1, p < 0.001, Three-way ANOVA). Surprisingly, comparison of individual protein levels revealed that the “unstable clones” 3 and 4 expressed significantly lower levels of MSH2, MSH3 and MSH6, when compared to the “stable clones” 1 and 2 (Table 2). In contrast, the levels of MSH2, MSH3 and MSH6 did not differ between “stable clones” 1 and 2, neither did they differ between “unstable clones” 3 and 4. We also found intriguing differences in the levels of PMS2 and MLH1 between the two classes of clones: PMS2 and MLH1 expression was also significantly lower in clones showing extensive somatic mosaicism. However, the ratios of MMR proteins were significantly different between “unstable” and “stable” clones. In particular, high levels of somatic mosaicism were associated with significantly higher MSH3/MSH2 protein ratios in “unstable” clones (3 and 4), relative to the “stable” clones (1 and 2). PMS2/MLH1 protein ratios were also higher in “unstable” clones, but the difference did not reach statistical significance (Figure 1C; Table 3).


Table 2. Statistical comparison of MSH6, MSH3, MSH2, PMS2 and MLH1 protein levels between clones.
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Table 3. Statistical comparison of MMR protein ratios between clones.
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In summary, our cell model system supports the view that instability of CAG•CTG repeats is correlated with pathways of DNA repair. Relative MMR proteins levels, in particular, appear to be key determinants of repeat dynamics. Motivated by these results we tested whether repeat length mutational dynamics can be modified by the exposure to metal ions reported to interfere with MMR activity (Jin et al., 2003).



Effects of Cadmium on the Dynamics of Trinucleotide Repeats in Cultured Cells

To test if cadmium exposure was capable of modifying trinucleotide repeat dynamics, we treated D2763Kc2 mouse kidney cells to cadmium, as well as control divalent metal ions (cobalt, manganese and zinc). We carefully selected sublethal metal concentrations added to the cell culture medium in survival assays (Supplementary Figure 2): 2.0 μM was the highest concentration of CdCl2, CoCl2 and MnCl2 that did not affect the overall survival and PDT of D2763Kc2 cell cultures chronically exposed for 7 days (Table 4). Although the survival and PDT remained unaltered in the presence of 10 μM of ZnSO4, we used a zinc concentration of 2.0 μM in our experiments, identical to the other metals. The similar PDT between treated and control cultures excluded altered cell division rates as a contributing factor to any changes in trinucleotide repeat dynamics.


Table 4. Metal and antioxidant exposure and the dynamics of expanded CAG•CTG repeats.

[image: Table 4]

The original progenitor culture was split at time point zero to generate control and treated cell cultures. For each metal treatment six replicate cultures were established and maintained in parallel with six untreated controls. Control and treated D2763Kc2 cell cultures were then maintained for a period of 73 days, corresponding to 73 population doublings (PDT = 23.9 h). Following chronic exposure, the repeat length variability of each chemically treated culture was assessed by sensitive SP-PCR techniques and compared to the progenitor and control cultures grown in the absence of the metal (Figure 2). The transgenic repeat length continued to expand rapidly in control cells, with a median expansion rate of 1.0 repeat per day. Metal-treated cultures displayed median expansion rates varying from 0.81 to 1.18 repeats per day. We determined if the median expansion rates measured in control and treated cultures were statistically different, using single molecule analyses as previously described (Gomes-Pereira and Monckton, 2004; Gomes-Pereira et al., 2014). Cadmium exposure did not change the expansion rate of the trinucleotide repeat sequence, which continued to expand at a median expansion rate of 1.13 repeats per day that did not differ significantly from control cells (p = 0.168, Kuskal-Wallis test). Surprisingly, manganese-treated cells displayed a median repeat expansion of 0.81 repeats per day, representing a significant reduction of ~ 20% relative to untreated cells (p = 0.026, Kuskal-Wallis test), ~28% relative to cadmium-treated cultures (p = 0.0023, Kuskal-Wallis test) and ~ 31% relative to zinc-treated cultures (p = 0.0021, Kuskal-Wallis test).


[image: Figure 2]
FIGURE 2. Chronic exposure to cadmium and other divalent metals does not greatly affect the dynamics of expanded CAG•CTG repeats. (A) The autoradiographs show representative SP-PCR analyses of expanded CAG•CTG repeats. Replicate D2763Kc2 cell cultures (1 to 6) were exposed to 2 μM of the metal compounds over a period of 73 days, corresponding to 73 population doublings. The progenitor culture from which all cells were derived at day zero is shown. The scale on the right displays the molecular weight markers converted into CTG repeat numbers. (B) The boxplots represent the degree of repeat length variability in treated and control cells following chronic exposure. Differences between the median expansion rates of control and treated cell cultures were analyzed and the p-values presented (Kruskal-Wallis test for multiple comparisons; *p < 0.05). A significant reduction in the repeat expansion rate was detected in the presence of manganese.


It is conceivable than rather than affecting the median repeat length in culture, the exposure to cadmium changes the spread of repeat sizes carried by individual cells. We used the variance of repeat sizes in each replicate culture as a measure of repeat size dispersion, and tested if the chronic exposure to metals caused significant changes between treatments. In addition to the reduction in the expansion rate, treatment with manganese also decreased repeat size heterogeneity relative to controls (2226.0 ± 301.0, manganese; 4058.9 ± 26.4, control; p = 0.030, Kuskal-Wallis test). In conclusion, while cadmium did not detectably modify the somatic instability of CAG•CTG repeats in D2763Kc2 mouse kidney cells, manganese appeared to slow down trinucleotide repeat expansion in culture.



Effects of Antioxidants on the Dynamics of Trinucleotide Repeats in Cultured Cells

To determine if antioxidants are capable of slowing down repeat expansion in our cell model of unstable trinucleotide sequences, we treated D2763Kc2 cells over 73 days with a panel of well-known primary antioxidants that exhibit efficient radical-scavenging activity: melatonin, ascorbic acid and Trolox C (an analog of vitamin E) (Simunkova et al., 2019). In parallel, long-term exposure to hydrogen peroxide was used to mimic conditions of chronic oxidative stress. As in previous experiments, we selected the highest dose of hydrogen peroxide and antioxidants that did not interfere with cell survival and PDT (Supplementary Figure 3, Table 4). The dynamics of expanded CAG•CTG repeats in D2763Kc2 cells was not affected by chronic exposure to hydrogen peroxide and antioxidants (Figure 3). Cells treated with antioxidants continued to expand at a rate of 0.91 to 1.10 repeats per day, which was not statistically different from the rate measured in untreated cells, or in cells exposed to ethanol (solvent control for melatonin and Trolox C). We then tested if repeat size variability (rather than repeat median) was different between treatments. Interestingly the variance of repeat sizes following ascorbic acid exposure was significantly lower relative to untreated control cells (2713.3 ± 129.7, ascorbic acid; 3390.7 ± 195.7, control; p = 0.0411, Kruskal-Wallis test). The other treatments did not change significantly the spread of repeat sizes. Together our data suggest that the dynamics of the expanded CAG•CTG sequence is not greatly altered by oxidizing agents or antioxidants in our cell culture model system of unstable triplet repeats.
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FIGURE 3. Continuous treatment with antioxidant molecules does not prevent repeat size expansions in a cell culture model system of unstable CAG•CTG repeats. (A) Representative SP-PCR analyses of the expanded CAG•CTG trinucleotide repeat in D2763Kc2 cells cultured for 73 population doublings (corresponding to 68 to 73 days) in the presence of hydrogen peroxide, ethanol (control solvent) or three different antioxidants. Six replicate D2763Kc2 cultures (1 to 6) were analyzed. The progenitor culture from which all cells were derived at day zero is also shown. The scale on the right displays the molecular weight markers converted into CTG repeat numbers. (B) The boxplots show the degree of repeat length variability in treated and control cells at the end of the treatment. None of the treatments tested resulted in a significant change of the repeat expansion rate. p-values are indicated (Kruskal-Wallis test for multiple comparisons).





DISCUSSION

Our main aim was to determine if the exposure to chemicals reported to reduce MMR activity and oxidative stress could modify the dynamics of expanded trinucleotide repeats. Our findings reveal that chronic exposure of our cell culture models of unstable CAG•CTG trinucleotides to sub-lethal doses of cadmium (a putative MMR inhibitor), as well as melatonin, ascorbic acid and Trolox C (well-known antioxidants) did not affect the somatic repeat expansion rate. We have however identified manganese, as a divalent metal that appears capable of stabilizing the repeat, and ascorbic acid as a water-soluble antioxidant that appears to reduce repeat size variability without affecting the overall net repeat expansion rate.

We first determined if the levels of somatic mosaicism correlated with MMR protein levels in cell culture. Cell clones displaying high degrees of repeat size variability did not express higher absolute levels of MMR proteins, but showed differences in the relative expression of MMR proteins: in particular, the clones exhibiting high levels of somatic mosaicism showed significantly higher MSH3/MSH2 protein ratios. The analysis of four individual clones produced results that are in agreement with the reported role of individual MMR proteins on the dynamics of CAG•CTG repeats. Ablation of MMR genes in different mouse models carrying unstable CAG•CTG sequences revealed that the deficiency of specific genes (Msh2, Msh3, Mlh1, Mlh3, and Pms2) can suppress somatic and/or germline instability (Manley et al., 1999; Van Den Broek et al., 2002; Gomes-Pereira et al., 2004b; Pinto et al., 2013; Schmidt and Pearson, 2016). These effects are gene-specific, since Msh6 deficiency did not result in repeat stabilization and could even promote repeat expansion (Van Den Broek et al., 2002; Foiry et al., 2006; Dragileva et al., 2009). The opposing effects of Msh3 and Msh6 inactivation is consistent with the proposal that the dynamics of expanded trinucleotides could be dictated by the recognition and binding of two partially redundant MutS complexes: the MSH2•MSH3 complex promoting repeat expansion; and the MSH2•MSH6 complex mediating repeat deletion (Van Den Broek et al., 2002). Importantly, the stability of individual MSH3 and MSH6 proteins depends on their heterodimerization with MSH2. Hence, the low levels of MSH6 protein measured in “unstable” clones may provide more MSH2 to bind and stabilize MSH3, increasing the formation of expansion-promoting MSH2•MSH3 heterodimers.

We then sought to explore new pharmacological means to modify repeat dynamics. The chronic exposure of D2763Kc2 kidney cells to cadmium over long periods of time, at doses that appeared to inhibit MMR in human cell extracts by ~3–30% (Jin et al., 2003), did not detectably alter trinucleotide repeat dynamics, leaving expansion rates unchanged. We conclude that low, sub-lethal doses of cadmium do not perturb the processing of unstable trinucleotide repeats. However, we did not directly assess MMR activity in our treated cells and it is possible that, in contrast with the acute exposure protocols previously reported (Lützen et al., 2004), the chronic treatments described here may have triggered an adaptative response to cadmium exposure that obviated the inhibitory effect of acute exposure to cadmium on MMR. Alternatively, the lack of a stabilizing effect of cadmium might instead be due to the inability of this metal to target exclusively MMR components involved in the expansion mechanism. Cadmium is reported to inhibit the endonuclease activity of the MLH1•PMS2 complex (Sherrer et al., 2018) and PMS2 deficiency is associated with reduced CAG•CTG expansion rates (Gomes-Pereira et al., 2004b). However, unlike MLH3 (Pinto et al., 2013), PMS2 is not essential for expansion (Gomes-Pereira et al., 2004b). Thus, it is possible that any inhibitory effect on MLH1•PMS2 activity is compensated for by the MLH1•MLH3 complex, although given that PMS2 and MLH3 are highly related orthologs, MLH1•MLH3 may be similarly inhibited by cadmium. Cadmium also appears to non-specifically alter the binding and ATPase activity of the MSH2•MSH6 complex (Clark and Kunkel, 2004; Banerjee and Flores-Rozas, 2005; Wieland et al., 2009). However, the MSH2•MSH6 complex is not required for CAG•CTG repeat expansion (Van Den Broek et al., 2002) and it is possible that the MSH2•MSH3 heterodimer, that is required for expansion (Van Den Broek et al., 2002), is not affected by cadmium. Alternatively, through its broader non-specific impact on a variety of DNA repair enzymes (Wieland et al., 2009), cadmium may alter other aspects of the CAG•CTG expansion pathway and compensate for any direct effect on the MMR components of expansion.

Surprisingly, manganese appeared capable of reducing the expansion rate and repeat size variability of expanded CAG•CTG repeats, without changing cell population dynamics. Manganese promotes MLH1•PMS2 endonuclease activity (Kadyrov et al., 2006). Given the implication of MLH1 and PMS2 in the control of CAG•CTG repeat dynamics in mice (Gomes-Pereira et al., 2004b; Pinto et al., 2013) and in humans (Ciosi et al., 2019), it is likely that interfering with the activity of this MMR heterodimer will impact repeat dynamics. Alternatively, the effect of manganese on trinucleotide repeat dynamics might be mediated by impaired fidelity and trans-lesion DNA synthesis (Hays and Berdis, 2002; Vashishtha et al., 2016).

The chronic exposure of D2763Kc2 kidney cells to multiple antioxidants, at doses that do not interfere with global population dynamics, did not stabilize the expanded CAG•CTG repeat carried by these cells. Ascorbic acid however, appeared capable of reducing repeat size variability, lowering somatic mosaicism in culture. Trinucleotide repeat dynamics is the combined result of stepwise expansions and contractions of a limited number of repeat units (Higham et al., 2012). Therefore, it is possible to reduce repeat size variability independent of net expansion size, through changes in the relative frequency of expansion and contraction events, and/or changes in the magnitude of stepwise mutations.

Overall, our data do not support the use of antioxidant scavenging systems to suppress somatic expansion. In agreement with these results, we previously showed that chronic exposure of D2763Kc2 to hydrogen peroxide cells did not induce repeat expansions (Gomes-Pereira and Monckton, 2004). However, our observations contrast with findings in HD fibroblasts (Kovtun et al., 2004) and mouse embryonic stem cells (Jonson et al., 2013) where hydrogen peroxide treatment appeared to increase expansion rates. While we have treated multiple replicates continuously (73 days) with low doses of hydrogen peroxide (20 μM), in an attempt to mimic chronic environmental stress, others have carried out acute exposure (30 min) with higher doses (150 to 1,000 μM), leaving the cells to recover for days before repeat length assessment (Kovtun et al., 2004; Jonson et al., 2013). It is also unclear if these experiments were replicated to control for stochastic variation and/or clonal selection and cell-expansion events. Alternatively, in the absence of direct measures of oxidative damage in our experiments, we cannot exclude the possibility that chronic exposure to oxidants triggered an adaptative response to reduce DNA damage and minimize genotoxicity.

In summary, chronic exposure to cadmium and antioxidants did not stabilize an expanded trinucleotide repeat in our cell culture model system. We thus anticipate that more efficacious and specific inhibitors of the expansion pathway may need to be rationally designed to modify repeat dynamics safely and efficiently for therapeutic benefit.
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Supplementary Figure 1. Western blot detection of MMR proteins in D2763Kc2 clones. Uncropped western blots used to prepare Figure 1. Four protein samples collected from each clone were electrophoresed, electroblotted and probed with anti-MMR proteins. Two antibodies were often combined to detect different proteins simultaneously. ß-Tubulin was used as a loading control.

Supplementary Figure 2. Cell survival in the presence of metal compounds. Semi-logarithmic representation of the mean cell survival (±SD) of D2763Kc2 duplicate cultures exposed to increasing concentrations of metal compounds, over a period of seven days. Concentrations were plotted using a logarithmic scale. Cell survival was assessed by a trypan blue exclusion assay.

Supplementary Figure 3. Cell survival in the presence of oxidants and antioxidants. Semi-logarithmic representation of the mean cell survival (±SD) of D2763Kc2 duplicate cultures exposed to increasing concentrations of hydrogen peroxide and multiple antioxidant compounds, over a period of seven days. Ethanol was used as control vehicle. Concentrations were plotted using a logarithmic scale. Cell survival was assessed by a trypan blue exclusion assay.



REFERENCES

 Ashizawa, T., Dubel, J. R., and Harati, Y. (1993). Somatic instability of ctg repeat in myotonic dystrophy. Neurology 43, 2674–2678. doi: 10.1212/WNL.43.12.2674

 Aslanidis, C., Jansen, G., Amemiya, C., Shutler, G., Mahadevan, M., Tsilfidis, C., et al. (1992). Cloning of the essential myotonic dystrophy region and mapping of the putative defect. Nature 355, 548–551. doi: 10.1038/355548a0

 Banerjee, S., and Flores-Rozas, H. (2005). Cadmium inhibits mismatch repair by blocking the ATPase activity of the MSH2-MSH6 complex. Nucleic Acids Res. 33, 1410–1419. doi: 10.1093/nar/gki291

 Bettencourt, C., Hensman-Moss, D., Flower, M., Wiethoff, S., Brice, A., Goizet, C., et al. (2016). DNA repair pathways underlie a common genetic mechanism modulating onset in polyglutamine diseases. Ann. Neurol. 79, 983–990. doi: 10.1002/ana.24656

 Budworth, H., Harris, F. R., Williams, P., Lee, D. Y., Holt, A., Pahnke, J., et al. (2015). Suppression of somatic expansion delays the onset of pathophysiology in a mouse model of huntington's disease. PLoS Genet. 11:e1005267. doi: 10.1371/journal.pgen.1005267

 Castel, A. L., Cleary, J. D., and Pearson, C. E. (2010). Repeat instability as the basis for human diseases and as a potential target for therapy. Nat. Rev. Mol. Cell Biol. 11, 165–170. doi: 10.1038/nrm2854

 Ciosi, M., Maxwell, A., Cumming, S. A., Hensman Moss, D. J., Alshammari, A. M., Flower, M. D., et al. (2019). A genetic association study of glutamine-encoding DNA sequence structures, somatic CAG expansion, and DNA repair gene variants, with huntington disease clinical outcomes. EBioMed. 48, 568–580. doi: 10.1016/j.ebiom.2019.09.020

 Clark, A. B., and Kunkel, T. A. (2004). Cadmium inhibits the functions of eukaryotic MutS complexes. J. Biol. Chem. 279, 53903–53906. doi: 10.1074/jbc.C400495200

 Dragileva, E., Hendricks, A., Teed, A., Gillis, T., Lopez, E. T., Friedberg, E. C., et al. (2009). Intergenerational and striatal CAG repeat instability in huntington's disease knock-in mice involve different DNA repair genes. Neurobiol. Dis. 33, 37–47. doi: 10.1016/j.nbd.2008.09.014

 Entezam, A., Lokanga, A. R., Le, W., Hoffman, G., and Usdin, K. (2010). Potassium bromate, a potent DNA oxidizing agent, exacerbates germline repeat expansion in a fragile X premutation mouse model. Hum. Mutat. 31, 611–616. doi: 10.1002/humu.21237

 Flower, M., Lomeikaite, V., Ciosi, M., Cumming, S., Morales, F., Lo, K., et al. (2019). MSH3 modifies somatic instability and disease severity in huntington's and myotonic dystrophy type 1. Brain 142, 1876–1886. doi: 10.1093/brain/awz115

 Foiry, L., Dong, L., Savouret, C., Hubert, L., te Riele, H., Junien, C., et al. (2006). Msh3 is a limiting factor in the formation of intergenerational CTG expansions in DM1 transgenic mice. Hum. Genet. 119, 520–526. doi: 10.1007/s00439-006-0164-7

 Fortune, M. T., Vassilopoulos, C., Coolbaugh, M. I., Siciliano, M. J., and Monckton, D. G. (2000). Dramatic, expansion-biased, age-dependent, tissue-specific somatic mosaicism in a transgenic mouse model of triplet repeat instability. Hum. Mol. Genet. 9, 439–445. doi: 10.1093/hmg/9.3.439

 Giraldo, A. M., Lynn, J. W., Purpera, M. N., Godke, R. A., and Bondioli, K. R. (2007). DNA methylation and histone acetylation patterns in cultured bovine fibroblasts for nuclear transfer. Mol. Reprod. Dev. 74, 1514–1524. doi: 10.1002/mrd.20740

 Gomes-Pereira, M., Bidichandani, S. I., and Monckton, D. G. (2004a). Analysis of unstable triplet repeats using small-pool polymerase chain reaction. Methods Mol. Biol. 277, 61–76. doi: 10.1385/1-59259-804-8:061

 Gomes-Pereira, M., Fortune, M. T., Ingram, L., McAbney, J. P., and Monckton, D. G. (2004b). Pms2 is a genetic enhancer of trinucleotide CAG-CTG repeat somatic mosaicism: implications for the mechanism of triplet repeat expansion. Hum. Mol. Genet. 13, 1815–1825. doi: 10.1093/hmg/ddh186

 Gomes-Pereira, M., Fortune, M. T., and Monckton, D. G. (2001). Mouse tissue culture models of unstable triplet repeats: in vitro selection for larger alleles, mutational expansion bias and tissue specificity, but no association with cell division rates. Hum. Mol. Genet. 10, 845–854. doi: 10.1093/hmg/10.8.845

 Gomes-Pereira, M., Hilley, J. D., Morales, F., Adam, B., James, H. E., and Monckton, D. G. (2014). Disease-associated CAG·CTG triplet repeats expand rapidly in non-dividing mouse cells, but cell cycle arrest is insufficient to drive expansion. Nucleic Acids Res. 42, 7047–7056. doi: 10.1093/nar/gku285

 Gomes-Pereira, M., and Monckton, D. G. (2004). Chemically induced increases and decreases in the rate of expansion of a CAG·CTG triplet repeat. Nucleic Acids Res. 32, 2865–2872. doi: 10.1093/nar/gkh612

 Gomes-Pereira, M., and Monckton, D. G. (2006). Chemical modifiers of unstable expanded simple sequence repeats: what goes up, could come down. Mutat. Res. Fundam. Mol. Mech. Mutagen. 598, 15–34. doi: 10.1016/j.mrfmmm.2006.01.011

 Goula, A. V., Berquist, B. R., Wilson, D. M., Wheeler, V. C., Trottier, Y., and Merienne, K. (2009). Stoichiometry of base excision repair proteins correlates with increased somatic CAG instability in striatum over cerebellum in Huntington's disease transgenic mice. PLoS Genet. 5:e1000749. doi: 10.1371/journal.pgen.1000749

 Hannan, A. J. (2018). Tandem repeats mediating genetic plasticity in health and disease. Nat. Rev. Genet. 19, 286–298. doi: 10.1038/nrg.2017.115

 Hays, H., and Berdis, A. J. (2002). Manganese substantially alters the dynamics of translesion DNA synthesis. Biochemistry 41, 4771–4778. doi: 10.1021/bi0120648

 Higham, C. F., Morales, F., Cobbold, C. A., Haydon, D. T., and Monckton, D. G. (2012). High levels of somatic DNA diversity at the myotonic dystrophy type 1 locus are driven by ultra-frequent expansion and contraction mutations. Hum. Mol. Genet. 21, 2450–2463. doi: 10.1093/hmg/dds059

 Jin, Y. H., Clark, A. B., Slebos, R. J. C., Al-refai, H., Taylor, J. A., Kunkel, T. A., et al. (2003). Cd inhibits mismatch repair_nature genetics 2003.pdf. 34, 326–329. doi: 10.1038/ng1172

 Jones, L., Houlden, H., and Tabrizi, S. J. (2017). DNA repair in the trinucleotide repeat disorders. Lancet Neurol. 16:88. doi: 10.1016/S1474-4422(16)30350-7

 Jonson, I., Ougland, R., Klungland, A., and Larsen, E. (2013). Oxidative stress causes DNA triplet expansion in huntington's disease mouse embryonic stem cells. Stem Cell Res. 11, 1264–1271. doi: 10.1016/j.scr.2013.08.010

 Kadyrov, F. A., Dzantiev, L., Constantin, N., and Modrich, P. (2006). Endonucleolytic function of MutLα in human mismatch repair. Cell 126, 297–308. doi: 10.1016/j.cell.2006.05.039

 Kennedy, L., Evans, E., Chen, C. M., Craven, L., Detloff, P. J., Ennis, M., et al. (2003). Dramatic tissue-specific mutation length increases are an early molecular event in huntington disease pathogenesis. Hum. Mol. Genet. doi: 10.1093/hmg/ddg352

 Kennedy, L., and Shelbourne, P. F. (2000). Dramatic mutation instability in HD mouse striatum: Does polyglutamine load contribute to cell-specific vulnerability in huntington's disease? Hum. Mol. Genet. 9, 2539–2544. doi: 10.1093/hmg/9.17.2539

 Khristich, A. N., and Mirkin, S. M. (2020). On the wrong DNA track: molecular mechanisms of repeat-mediated genome instability. J. Biol. Chem. 295, 4134–4170. doi: 10.1074/jbc.REV119.007678

 Kovtun, I. V., Liu, Y., Bjoras, M., Klungland, A., Wilson, S. H., and McMurray, C. T. (2007). OGG1 initiates age-dependent CAG trinucleotide expansion in somatic cells. Nature 447, 447–452. doi: 10.1038/nature05778

 Kovtun, I. V., Therneau, T. M., and McMurray, C. T. (2000). Gender of the embryo contributes to CAG instability in transgenic mice containing a huntington's disease gene. Hum. Mol. Genet. 9, 2767–2775. doi: 10.1093/hmg/9.18.2767

 Kovtun, I. V., Thornhill, A. R., and McMurray, C. T. (2004). Somatic deletion events occur during early embryonic development and modify the extent of CAG expansion in subsequent generations. Hum. Mol. Genet. 13, 3057–3068. doi: 10.1093/hmg/ddh325

 Lee, J. M., Chao, M. J., Harold, D., Elneel, K. A., Gillis, T., Holmans, P., et al. (2017). A modifier of Huntington's disease onset at the MLH1 locus. Hum. Mol. Genet. 26, 3859–3867. doi: 10.1093/hmg/ddx286

 Lee, J. M., Correia, K., Loupe, J., Kim, K. H., Barker, D., Hong, E. P., et al. (2019). CAG repeat not polyglutamine length determines timing of huntington's disease onset. Cell 178, 887–900.e14. doi: 10.1016/j.cell.2019.06.036

 Lee, J. M., Wheeler, V. C., Chao, M. J., Vonsattel, J. P. G., Pinto, R. M., Lucente, D., et al. (2015). Identification of genetic factors that modify clinical onset of huntington's disease. Cell 162, 516–526. doi: 10.1016/j.cell.2015.07.003

 Lützen, A., Liberti, S. E., and Rasmussen, L. J. (2004). Cadmium inhibits human DNA mismatch repair in vivo. Biochem. Biophys. Res. Commun. 321, 21–25. doi: 10.1016/j.bbrc.2004.06.102

 Manley, K., Shirley, T. L., Flaherty, L., and Messer, A. (1999). Msh2 deficiency prevents in vivo somatic instability of the CAG repeat in huntington disease transgenic mice. Nat. Genet. 23, 471–473. doi: 10.1038/70598

 Mason, A. G., Tomé, S., Simard, J. P., Libby, R. T., Bammler, T. K., Beyer, R. P., et al. (2014). Expression levels of DNA replication and repair genes predict regional somatic repeat instability in the brain but are not altered by polyglutamine disease protein expression or age. Hum. Mol. Genet. 23, 1606–1618. doi: 10.1093/hmg/ddt551

 Monckton, D. G., Wong, L. J. C., Ashizawa, T., and Caskey, C. T. (1995). Somatic mosaicism, germline expansions, germline reversions and intergenerational reductions in myotonic dystrophy males: small pool PCR analyses. Hum. Mol. Genet. 4, 1–8. doi: 10.1093/hmg/4.1.1

 Morales, F., Couto, J. M., Higham, C. F., Hogg, G., Cuenca, P., Braida, C., et al. (2012). Somatic instability of the expanded CTG triplet repeat in myotonic dystrophy type 1 is a heritable quantitative trait and modifier of disease severity. Hum. Mol. Genet. 21, 3558–3567. doi: 10.1093/hmg/dds185

 Morales, F., Vásquez, M., Santamaría, C., Cuenca, P., Corrales, E., and Monckton, D. G. (2016). A polymorphism in the MSH3 mismatch repair gene is associated with the levels of somatic instability of the expanded CTG repeat in the blood DNA of myotonic dystrophy type 1 patients. DNA Repair 40, 57–66. doi: 10.1016/j.dnarep.2016.01.001

 Moss, D. J. H., Tabrizi, S. J., Mead, S., Lo, K., Pardiñas, A. F., Holmans, P., et al. (2017). Identification of genetic variants associated with huntington's disease progression: a genome-wide association study. Lancet Neurol. 16, 701–711. doi: 10.1016/S1474-4422(17)30161-8

 Orr, H. T., and Zoghbi, H. Y. (2007). Trinucleotide repeat disorders. Annu. Rev. Neurosci. 30, 575–621. doi: 10.1146/annurev.neuro.29.051605.113042

 Paulson, H. (2018). Repeat expansion diseases. Handb. Clin. Neurol. 147, 105–123. doi: 10.1016/B978-0-444-63233-3.00009-9

 Pinto, R. M., Dragileva, E., Kirby, A., Lloret, A., Lopez, E., St. Claire, J., et al. (2013). Mismatch repair genes Mlh1 and Mlh3 modify CAG instability in huntington's Disease mice: genome-wide and candidate approaches. PLoS Genet. 9:e1003930. doi: 10.1371/journal.pgen.1003930

 Polyzos, A. A., Wood, N. I., Williams, P., Wipf, P., Jennifer Morton, A., and McMurray, C. T. (2018). XJB-5-131-mediated improvement in physiology and behaviour of the R6/2 mouse model of huntington's disease is age- and sex- dependent. PLoS ONE 13:e0194580. doi: 10.1371/journal.pone.0194580

 Savouret, C., Garcia-Cordier, C., Megret, J., te Riele, H., Junien, C., and Gourdon, G. (2004). MSH2-Dependent germinal CTG repeat expansions are produced continuously in spermatogonia from DM1 transgenic mice. Mol. Cell. Biol. 24, 629–637. doi: 10.1128/MCB.24.2.629-637.2004

 Schmidt, M. H. M., and Pearson, C. E. (2016). Disease-associated repeat instability and mismatch repair. DNA Repair 38, 117–126. doi: 10.1016/j.dnarep.2015.11.008

 Sherrer, S. M., Penland, E., and Modrich, P. (2018). The mutagen and carcinogen cadmium is a high-affinity inhibitor of the zinc-dependent MutLα endonuclease. Proc. Natl. Acad. Sci. U.S.A. 115, 7314–7319. doi: 10.1073/pnas.1807319115

 Sicot, G., and Gomes-Pereira, M. (2013). RNA toxicity in human disease and animal models: From the uncovering of a new mechanism to the development of promising therapies. Biochim. Biophys. Acta Mol. Basis Dis. 1832, 1390–1409. doi: 10.1016/j.bbadis.2013.03.002

 Simunkova, M., Alwasel, S. H., Alhazza, I. M., Jomova, K., Kollar, V., Rusko, M., et al. (2019). Management of oxidative stress and other pathologies in alzheimer's disease. Arch. Toxicol. 93, 2491–2513. doi: 10.1007/s00204-019-02538-y

 Stoyas, C. A., and La Spada, A. R. (2018). The CAG–polyglutamine repeat diseases: a clinical, molecular, genetic, and pathophysiologic nosology. Handb. Clin. Neurol. 147, 143–170. doi: 10.1016/B978-0-444-63233-3.00011-7

 Swami, M., Hendricks, A. E., Gillis, T., Massood, T., Mysore, J., Myers, R. H., et al. (2009). Somatic expansion of the huntington's disease CAG repeat in the brain is associated with an earlier age of disease onset. Hum. Mol. Genet. 18, 3039–3047. doi: 10.1093/hmg/ddp242

 Swinnen, B., Robberecht, W., and Van Den Bosch, L. (2020). RNA toxicity in non-coding repeat expansion disorders. EMBO J. 39:e101112. doi: 10.15252/embj.2018101112

 Thornton, C. A., Johnson, K., and Moxley, R. T. (1994). Myotonic dystrophy patients have larger CTG expansions in skeletal muscle than in leukocytes. Ann. Neurol. 35, 104–107. doi: 10.1002/ana.410350116

 Tomé, S., Manley, K., Simard, J. P., Clark, G. W., Slean, M. M., Swami, M., et al. (2013). MSH3 polymorphisms and protein levels affect CAG repeat instability in huntington's disease mice. PLoS Genet. 9:e1003280. doi: 10.1371/journal.pgen.1003280

 Usdin, K., House, N. C. M., and Freudenreich, C. H. (2015). Repeat instability during DNA repair: insights from model systems. Crit. Rev. Biochem. Mol. Biol. 50, 142–167. doi: 10.3109/10409238.2014.999192

 Van Den Broek, W. J. A. A., Nelen, M. R., Wansink, D. G., Coerwinkel, M. M., Te Riele, H., Groenen, P. J. T. A., et al. (2002). Somatic expansion behaviour of the (CTG)n repeat in myotonic dystrophy knock-in mice is differentially affected by Msh3 and Msh6 mismatch-repair proteins. Hum. Mol. Genet. 11, 191–198. doi: 10.1093/hmg/11.2.191

 Vashishtha, A. K., Wang, J., and Konigsberg, W. H. (2016). Different divalent cations alter the kinetics and fidelity of DNA polymerases. J. Biol. Chem. 291, 20869–20875. doi: 10.1074/jbc.R116.742494

 Wheeler, V. C., Lebel, L. A., Vrbanac, V., Teed, A., te Riele, H. T., and MacDonald, M. E. (2003). Mismatch repair gene Msh2 modifies the timing of early disease in HdhQ111 striatum. Hum. Mol. Genet. 12, 273–281. doi: 10.1093/hmg/ddg056

 Wieland, M., Levin, M. K., Hingorani, K. S., Noah Biro, F., and Hingorani, M. M. (2009). Mechanism of cadmium-mediated inhibition of Msh2-Msh6 function in DNA mismatch repair. Biochemistry 48, 9492–9502. doi: 10.1021/bi9001248

 Wilson, V. L., and Jones, P. A. (1983). DNA methylation decreases in aging but not in immortal cells. Science 220, 1055–1057. doi: 10.1126/science.6844925

 Xun, Z., Rivera-Sánchez, S., Ayala-Peña, S., Lim, J., Budworth, H., Skoda, E. M., et al. (2012). Targeting of XJB-5-131 to mitochondria suppresses oxidative DNA damage and motor decline in a mouse model of huntington's disease. Cell Rep. 2, 1137–1142. doi: 10.1016/j.celrep.2012.10.001

Conflict of Interest: DGM had been a scientific consultant and/or received an honoraria/stock options from AMO Pharma, Biogen Idec, Charles River, LoQus23, Small Molecule RNA, Triplet Therapeutics and Vertex Pharmaceuticals, and held research contracts with AMO Pharma and Vertex Pharmaceuticals.

The remaining author declares 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 © 2021 Gomes-Pereira and Monckton. 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/fncel-14-606331-t002.jpg
Clone 1
Stable

Clone 2
Stable

Clone 3
Unstable

MSH6

MSH3

MSH2

Clone 2
Stable

MSH6

ns.
p=>09999
ns.
p=0.9990
ns.
p=0.9960

P <0.0001 p < 0.0001
MSH3 = =
p=000150 p=0.0002
©2  yap
E g:; P < 0.0001 P < 0.0001
o> PMS2 ns. -
p=00765 p < 0.0001
MLHT
P <0.0001 p < 0.0001
viere
P <0.0001 p < 0.0001
MSH3 .
p=00104 p < 0.0001
< % MSH2 - -
§ 15 P < 0.0001 P < 0.0001
55 pus2 -
p=0.0080 p < 0.0001
MLHT -
P <0.0001 P <0.0001

ns.
p=09422

ns.

p > 09999
ns.

p>09999
ns

p > 09999

ns.
p > 09999

‘p < 0,05; *p < 0.01; *'p < 0.007; n.s., non-significant; Two-way ANOVA, Tukey's

multiple comparison test.





OPS/images/fncel-14-606331-t003.jpg
Clone 1 Clone 2 Clone 3
Stable Stable Unstable
MSHI/MSH2 ns.
p=09974
~ MSHB/MSH2 ns.
I p=09839
g 2 MsHoMsHe ns.
p=09089
PMSZ/MLH1 ns.
p=0.7809
MSH&/MSH2 - B
p=00418  p=00387
© 9  MSHE/MSH2 ns. ns.
o § p=05546 p=0.4867
SE  wsramste ns. ns.
p=05720  p=09141
PMSZ/MLH1 ns. ns.
p=0.1565  p=0.1333
MSHI/MSH2 . . ns.
p=00188  p=00184  p=04387
<@  MSHe/MSH2 ns. ns. ns.
o § p=09193 p=07959  p=0.6898
SZ wsHamsHe ns. ns. ns.
p=00835  p=00881 p=05415
PMS2/MLH1 ns. ns. ns.
p=02060  p=02462  p=08625

*p < 0,05; n.s., non-significant; Two-way ANOVA, Tukey's multiple comparison test.





OPS/images/fncel-14-606331-g003.gif
oo e v we s

uu-pu-gg.ng-qnqin-nlqNB-ED Ah_ nanﬂ

D o M

o
1Ty Gy o oM\l 10 GmCoy






OPS/images/fncel-14-606331-t001.jpg
Clone/Subclone PDT (h)

D2763Kc2 239
Subclone 1 251
Subclone 2 27.0
Subclone 3 269

Subclone 4 266





OPS/images/fncel-14-606331-t004.jpg
Treatment
[drug concentration]

Control
Manganese [2 M)

Cobalt [21:M]

Zinc 2]

Cadmium [2uM]

H0; (20uM]

Ethanol [0.1%]

Melatonin [20 M in 0.1% ethanol]
Ascorbic Acid [200uM]

Trolox G [500 M in 0.1% ethanol]

4PD, population doublings.

BPDT, population doubling time.
SNA, not applicab.

9 Two-tailed Kruskal-Walls test.
eRelative to ethanol vehicle controls.

Time
(days)

73
73
73
73
73
73
73
73
73
73

PD*

73
73
73
73
73
73
73
73

73

PDT®

239
239
239
239
239
239
239
239
258
239

Change in
PDT (relative to
controls)

0%
0%
0%
0%
0%
0%
0%°
+8%
0%°

Median expansion
rate (repeats/day)

1.00
0.81
1.01
1.18
113
0.92
1.07
0.98
1.10
1.07

Change in median
expansion rate
(relative to controls)

NA®
-19%
+1%
+18%
+13%
—8%
+7%
—8%e
+10%
0%°

Significance, p?

NA®
0.026
0.974
0.158
0.168
0.612
0.774
0.528°
0.603
0.511°





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Chronic Exposure to Cadmium and Antioxidants Does Not Affect the Dynamics of Expanded CAG•CTG Trinucleotide Repeats in a Mouse Cell Culture System of Unstable DNA



		Introduction



		Materials and Methods



		Mouse Kidney Cell Culture, Chronic Metal Ion Exposure and Antioxidant Treatment



		SP-PCR Amplification of Transgenic Trinucleotide Repeats



		Quantification and Statistical Analysis of Repeat Size Variability



		Protein Sample Preparation and Western Blotting







		Results



		Different Levels of Repeat Instability in Cultured Cells Are Associated With Variability in MMR Protein Expression



		Effects of Cadmium on the Dynamics of Trinucleotide Repeats in Cultured Cells



		Effects of Antioxidants on the Dynamics of Trinucleotide Repeats in Cultured Cells







		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Cellular Neuroscience

Chronic Exposure to Cadmium and
Antioxidants Does Not Affect the
Dynamics of Expanded CAGeCTG
Trinucleotide Repeats in a Mouse
Cell Culture System of Unstable

DNA





OPS/images/fncel-14-606331-g001.gif





OPS/images/fncel-14-606331-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





