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Curcumin Regulates the r(CGG)exp RNA Hairpin Structure and Ameliorate Defects in Fragile X-Associated Tremor Ataxia Syndrome
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Fragile X-associated tremor ataxia syndrome is an untreatable neurological and neuromuscular disorder caused by unstable expansion of 55–200 CGG nucleotide repeats in 5′ UTR of Fragile X intellectual disability 1 (FMR1) gene. The expansion of CGG repeats in the FMR1 mRNA elicits neuronal cell toxicity through two main pathogenic mechanisms. First, mRNA with CGG expanded repeats sequester specific RNA regulatory proteins resulting in splicing alterations and formation of ribonuclear inclusions. Second, repeat-associated non-canonical translation (RANT) of the CGG expansion produces a toxic homopolymeric protein, FMRpolyG. Very few small molecules are known to modulate these pathogenic events, limiting the therapeutic possibilities for FXTAS. Here, we found that a naturally available biologically active small molecule, Curcumin, selectively binds to CGG RNA repeats. Interestingly, Curcumin improves FXTAS associated alternative splicing defects and decreases the production and accumulation of FMRpolyG protein inclusion. Furthermore, Curcumin decreases cell cytotoxicity promptly by expression of CGG RNA in FXTAS cell models. In conclusion, our data suggest that small molecules like Curcumin and its derivatives may be explored as a potential therapeutic strategy against the debilitating repeats associated neurodegenerative disorders.
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GRAPHICAL ABSTRACT. Candidate small molecule Curcumin ameliorates expanded CGG RNA mediated disease pathogenesis.




INTRODUCTION

Many, if not all, cellular functions are controlled by changes in mRNA or non-coding RNA expression and regulations (Sharp, 2009). Thus, alterations in RNA metabolism can lead to many pathologies, including neuro-muscular disorders and cancer (Wilton and Fletcher, 2005; Calin and Croce, 2006). In that aspect, expression of RNA containing trinucleotide repeats (TNR) expansion at different gene locations such as 5′ untranslated regions, exons, introns, and 3′ untranslated regions causes various disorders, like, Fragile X-associated tremor ataxia syndrome (FXTAS), Fragile X-associated primary ovarian insufficiency (FXPOI) (Fraint et al., 2014; Groh et al., 2014), Huntington’s disease (HD) (Urbanek et al., 2017), Spinocerebellar ataxia type 10 (SCA10) (Bushara et al., 2013) Amyotrophic lateral sclerosis (ALS) (Balendra and Isaacs, 2018), Huntington’s disease-like 2 (HDL2) and Myotonic dystrophy type 1 (DM1) (López-Morató et al., 2018). These repeats expansion (CGG, CAG, GGGGCC, AUUCU, CCUG, CUG, etc.) elicit neuronal toxicity via overlapping pathogenic mechanisms such as toxic protein and RNA gain-of-function, and protein loss-of-function (Orr and Zoghbi, 2007; Nageshwaran and Festenstein, 2015; Freibaum and Taylor, 2017). Specifically, FXTAS is a monogenic late onset neurodegenerative disorder that affects older males and females and caused by an expansion of 55–200 CGG trinucleotide repeats in the 5′ UTR of the Fragile X mental retardation 1 (FMR1) gene that encodes the Fragile X mental retardation protein (FMRP) (Hagerman and Hagerman, 2015, 2016). Clinical characteristics of FXTAS includes intention tremor, parkinsonism, dysautonomia, and cerebellar and action gait ataxia (Berry-Kravis et al., 2007; Coffey et al., 2008). Of interest, CGG repeats longer than 200 trigger CpG methylation that results in epigenetic silencing of the FMR1 gene and subsequently decrease expression of the FMR protein, leading to a different pathology, the neurodevelopmental Fragile X syndrome characterized by autism and intellectual disability.

CGG repeats in FXTAS are pathogenic through two main mechanisms, RNA gain of function and protein gain of function. First, transcribed CGG repeats RNA form stable hairpin structure that sequester specific RNA biogenesis proteins such as Src-associated in mitosis of 68 kDa (Sam68) (Sellier et al., 2010), DiGeorge syndrome critical region 8 (DGCR8) (Sellier et al., 2013), TAR DNA-binding protein (TDP-43) (He et al., 2014) and heterogeneous nuclear ribonucleoprotein (hnRNP A2/B1) (Sofola et al., 2007), which regulate pre-mRNA alternative splicing. Sequestration of these RNA binding proteins by the expanded CGG RNA repeats causes specific splicing defects and formation of ribonuclear inclusion bodies (Iwahashi et al., 2006; Sellier et al., 2010, 2013). A second pathogenic mechanism in FXTAS is the initiation of protein translation without using start codon by the expanded CGG repeats and produce toxic proteins (Todd et al., 2013; Kearse et al., 2016; Sellier et al., 2017). CGG repeats are notably translated through initiation at non-canonical ACG and GUG start codons into a polyalanine (FMRpolyA), and polyglycine (FMRpolyG), containing homopolymeric protein aggregates, which are found in positive intranuclear inclusions in FXTAS cell and mouse models as well as in FXTAS patient tissues (Todd et al., 2013; Buijsen et al., 2014; Sellier et al., 2017). These protein aggregates are responsible for neurodegeneration and disease phenotypes (Cleary et al., 2018). Importantly, genome wide studies reported that RANT is not a rare process, it occurs in many cellular processes (Pearson, 2011; Zu et al., 2011). Thus, designing a small molecule that inhibits the RAN translation event could be used to study the importance of such translations processes in the cell. Given their roles in multiple disorders, repeat containing RNAs are an attractive target for chemical probe and drug development (Warner et al., 2018; Verma et al., 2019a). However, there are very few drugs designed against RNA yet. In this study, we focused on the identification of small molecules targeting expanded CGG RNA repeats [r(CGG)exp] causing FXTAS. Ideally, a potential compound would prevent non-canonical translation of the CGG repeats sequence into the toxic FMRpolyG protein, as well as correct the alternative splicing defects caused by sequestration of RNA regulatory proteins by expanded CGG nucleotide (Yang et al., 2015, 2016b; Verma et al., 2019b). Here, we found that Curcumin, a polyphenol used as a traditional herbal medicine, binds to CGG RNA repeats (Nafisi et al., 2009; Kulkarni and Dhir, 2010). We validated the binding potential and selectivity of Curcumin to multiple CGG repeat RNAs using different biophysical techniques such as isothermal calorimetry titration (ITC), CD melting assay, circular dichroism (CD) spectroscopy, gel shift and PCR stop assays. Importantly, Curcumin corrects pre-mRNA alternative mis-splicing defects caused by expanded CGG repeats expression. Furthermore, Curcumin also reduces the formation of FMRpolyG protein aggregates and improves cell viability in FXTAS cell models. In conclusion, our study suggests that Curcumin could be considered as a probable small molecule for a therapeutic approach in the neurodegenerative FXTAS and FXPOI.



RESULTS


Binding Affinity and Selectivity of Curcumin With Different Trinucleotide RNA Repeats

There is high demand to develop therapeutic approaches targeting the molecular mechanisms causing FXTAS pathogenesis. As small molecules that interact with r(CGG)exp RNA are able to reverse the toxic consequences of CGG expansions. We searched for naturally available and biologically potent small molecules that would bind to CGG RNA repeat (Nafisi et al., 2009).

As the first step, we determined the binding selectivity and affinity of Curcumin for different trinucleotide repeats RNAs with 5′CNG/3′GNCx1 sequence where N stands for either G, C, A, and U bases (Supplementary Figure S1). Natural fluorescence of Curcumin molecule was utilized to develop a fluorescence based binding assay recorded at the emission maxima 496 nm in the presence or absence of different repeat containing RNAs. With the gradual addition of RNA to Curcumin solution, an enhancement in fluorescence intensity was detected revealing a preferential interaction of Curcumin with CGG RNA motif (Figures 1A,D, Supplementary Figure S2, and Supplementary Table S1). To confirm the binding affinity of Curcumin to CGG expanded RNA repeats, we performed the fluorescence titration assay with higher CGG repeats RNAs includes r(CGGx6) r(CGGx20), r(CGGx40), and r(CGGx60) RNA. Interestingly, Curcumin showed ∼62 and 161 folds better binding for r(CGGx40) and r(CGGx60) RNA over r(AUx1) duplex pair RNA, respectively (Figures 1B–E, Supplementary Figure S3, and Supplementary Table S2). As further controls, binding assay were also performed with r(AUx6) duplex RNA and yeast t-RNA. Curcumin exhibit ∼178 and 273 folds tighter binding with r(CGGx60) RNA over r(AUx6) and yeast t-RNA, respectively (Figures 1C–E, Supplementary Figure S3, and Supplementary Table S2). It has been described that expanded CUG, CAG, and CCG nucleotide repeats in the transcripts lead to dysregulation of the splicing process and toxic protein aggregates formation in neuronal cells (Green et al., 2016). Similar to 1 × 1 GG motif in r(CGG)exp, UU, CC, and AA hairpin loop structures are formed in r(CUG)exp, r(CCG)exp, and r(CAG)exp RNAs. Binding studies demonstrated that Curcumin showed high selectivity with CGG RNA over other mismatched RNA. Finally, different G-quadruplexes forming DNA (c-kit, cmyc, tel22 and bcl2) and duplex calf thymus (CT) DNA controls were also tested (Figures 1C–E, Supplementary Figure S3, and Supplementary Table S2). Binding studies revealed that Curcumin binds a hundred folds better with CGG RNA than duplex DNA, supporting a specificity of Curcumin for CGG motif RNA in the nanomolar range.
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FIGURE 1. Elucidation of binding affinity (Kd) of Curcumin with nucleic acids using fluorescence based assay. (A) Bar graph representing the binding constant (Kd) values of Curcumin with different 1 × 1 nucleotide internal motif RNAs. (B) Bar graph showing binding affinities (Kd) of Curcumin with different expanded CGG RNAs. (C) Bar chart showing Kd values of Curcumin with various RNA and DNA controls. (D) Plot illustrates curves fitting for fluorescence binding assay of Curcumin with different 1 × 1 nucleotide internal loop RNAs. (E) Plot illustrates curves fitting for fluorescence binding assay of Curcumin with different CGG repeat containing RNAs along with different RNA and DNA controls. The Curve was fitted using two mode binding model.




Isothermal Calorimetry Titration of Curcumin With CGG Repeats RNA

The binding affinity of Curcumin to total yeast t-RNA is in the micromolar range (Nafisi et al., 2009) while we observed a much higher affinity toward CGG repeats RNA (Figure 1). To confirm the selectivity and affinity of this interaction, we performed Isothermal calorimetry (ITC) experiments that calculate thermodynamics of non-covalent interaction between two molecules such as nucleic acid-ligand (Falconer and Collins, 2011). The thermodynamic parameters include like stoichiometry (N), change in enthalpy (ΔH), change in entropy (ΔS), dissociation constant (Kd) and association constant (Ka) were derived using Origin 7.0 software (Supplementary Table S3). ITC results (Figure 2) showed negative change in enthalpy for Curcumin-CGG RNA interaction, which indicate favorable interactions (Freyer and Lewis, 2008). Furthermore, exothermic peaks throughout titration imply an intercalation mode of binding of Curcumin due to π-π stacking interaction with RNA bases (Figures 2A–D; Giri and Kumar, 2008; Das et al., 2011).


[image: image]

FIGURE 2. Isothermal calorimetry titration of Curcumin with different mismatched and fully paired RNAs. (A) r(CGGx6), (B) r(CGGx20), (C) r(CGGx40), (D) r(CGGx60) and (E) r(AUx6), (F) r(CAGx6), (G) r(CCGx6), and (H) r(CUGx6) represents the thermogram of respective RNA with Curcumin. The exothermic peaks represent the favorable contribution of energy during interactions. Two-mode ligand binding saturation model was used to fit the plots.


The value of association constant (Ka) of the highest affinity binding sites for r(CGGx6), r(CGGx20), r(CGGx40) and r(CGGx60) RNAs are 1.7 × 106 M–1, 3.8 × 107 M–1, 8.5 × 107 M–1, and 8.6 × 107 M–1, respectively (Supplementary Table S3). These data confirm that increase in repeat length of CGG RNA enhances the binding affinity of Curcumin. As a control, Curcumin showed lower association constant with other mismatched RNAs [r(CAGx6), r(CCGx6), r(CUGx6)] and AU paired duplex RNA (Figures 2E–H). Thus, Curcumin binds 24, 535, 1197, and 1211 fold more tightly to r(CGGx6), r(CGGx20), r(CGGx40), and r(CGGx60) RNAs, respectively over AU duplex RNA. Overall, ITC experiments complement fluorescence titration binding assays and evidently confirmed the interaction of Curcumin with CGG repeats RNAs.



Curcumin Induced Conformational Changes in CGG Repeats RNA

Expanded CGG RNA repeats fold into RNA hairpins structure, which can be modified by small molecule ligands (Disney et al., 2012; Tran et al., 2014; Yang et al., 2016a). Thus, we investigated structural changes in CGG RNA in the absence and presence of Curcumin by Circular Dichroism (CD) spectroscopy (Figure 3). Typical CD spectra of r(CGG)exp RNAs display positive absorption peak at 265–270 nm and a negative absorption peaks around 215–220 nm, which is characteristic of a A type RNA conformation as previously reported (Kypr et al., 2009).
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FIGURE 3. Circular Dichroism spectroscopy study of different CGG RNAs repeats and AU duplex RNA with increasing concentration of Curcumin. Plot (A) r(CGGx1), (B) r(CGGx6), (C) r(CGGx20), (D) r(CGGx40) and (E) r(CGGx60) shows spectral variation with the increasing concentration of Curcumin, whereas no significant changes were observed with (F) r(AUx1), and (G) r(AUx6) duplex RNAs. Arrow heads denotes the shifting of negative and positive peaks upon drug titration. D/N denotes drug by nucleotide ratio. Each spectrum was recorded three times and average changes were plotted.


The gradual addition of Curcumin to CGG RNAs solution causes spectral variations such as hypochromic shift (decrease in ellipticity) and red shift in negative peaks in a concentration dependent manner owing to the formation of Curcumin-RNA complex (Figures 3A–E). Of interest, spectral changes were nearly similar to all length of tested r(CGG) repeat RNAs, which highlights the similar binding geometry of Curcumin with all r(CGG) repeat RNAs (Figures 3A–E). Furthermore, constant hypochromic shift and red shift of CGG RNA are indicative of a π-π stacking interactions between Curcumin and CGG repeats RNA (Giri and Kumar, 2008; Das et al., 2011). As a control, no significant spectral changes were found in the CD spectra of r(AU) duplex paired RNAs (Figures 3F–G). Thus, CD analysis confirmed that Curcumin forms a complex with CGG repeat RNAs.



CD Thermal Denaturation Study of CGG Repeats RNA With Curcumin

To assess the effect of Curcumin on the thermal profile of CGG repeat RNAs, which could affect CGG associated splicing defects and RAN translation (Yang et al., 2016b), we used CD thermal denaturation assays. CGG RNA thermal profile were monitored at 267 nm and the changes in melting temperature (ΔTm) were of 1.49, 3.48, 4.19, 5.25, and 6.28°C for r(CGGx1), r(CGGx6), r(CGGx20), r(CGGx40), and r(CGGx60), respectively (Figures 4A–E). In contrast, no change in melting temperature was found as function of Curcumin concentration with AU pair duplex RNA (Figure 4F). Interestingly, large changes in melting temperature were found in RNAs with higher repeat numbers as compared to lower repeat RNAs (Figure 4G). In conclusion, Curcumin enhances the thermal stability of all tested CGG targeted RNAs, indicating that Curcumin stabilizes the CGG RNA structure, which may prevent ribosomal assembly to initiate RAN translation and/or interaction of the RNA binding proteins that mediate FXTAS-splicing defects.


[image: image]

FIGURE 4. Diagram represents CD melting titration of r(CGG)n repeats containing RNAs and r(AU) fully paired RNA as a function of Curcumin concentration. Diagram shows titration plot of (A) r(CGGx1), (B) r(CGGx6), (C) r(CGGx20), (D) r(CGGx40), (E) r(CGGx60) and (F) r(AUx6) duplex RNA with increasing concentration of Curcumin. (G) Bar graph represents the melting temperature (Tm) values of respective RNA at different drug by nucleotide ratio (D/N). All the melting titrations were repeated three times and the average values are presented.




Electrophoretic Mobility Shift and PCR Inhibition of r(CGG)exp With Curcumin

For further validations of our ITC and fluorescence titration binding assays, we performed electrophoretic gel shift mobility and PCR stop assays. Gel shift assay was performed with 20 μM r(CGG)exp RNAs incubated at RT for 30–60 min with a serial dilution of Curcumin and loaded on gels indicate retardation in migration for all r(CGG)exp RNAs (Figures 5A–C and Supplementary Figures S4A–C). Of interest, higher repeat CGG RNAs such as r(CGGx40) and r(CGGx60) showed maximum retardation in migration (Figures 5B,C). In contrast, AU paired duplex RNA showed no retardation in migration which, confirm selective binding of Curcumin to r(CGG)exp RNAs (Figure 5D and Supplementary Figure S4D). In parallel, we also tested Curcumin binding to CGG repeats by polymerase chain reaction (PCR) stop assays. This experiment is based on the hypothesis that if Curcumin binds to CGG repeats, it may impair the polymerase activity during extension. Consistent with this model, the successive addition of Curcumin decreases the band intensity of the PCR product (Figures 5E,F and Supplementary Figures S4E,F). As a control, no considerable changes in PCR band intensity were detected with AU paired DNA (Figures 5G,H and Supplementary Figures S4G,H). In addition, molecular docking experiments indicate that Curcumin binding to CGG repeats RNA involves both GxG loop (GxG-2 and GxG-5) with a −7.35 and −6.71 kcal/mol binding energy, respectively (Supplementary Figure S5; Kumar et al., 2011). These data confirm the interaction of Curcumin with RNAs containing expansion of CGG repeats.
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FIGURE 5. Electrophoretic mobility shift (EMSA), and PCR inhibition assay. EMSA plot shows significant retardation in mobility of CGG repeats RNAs with the increasing concentration of Curcumin. (A) r(CGGx20) (B) r(CGGx40) and (C) r(CGGx60) RNA. In contrast no significant retardation was detected with (D) r(AU)6× duplex RNA. PCR inhibition assay of CGG DNA templates were performed with Curcumin as a function of concentration; decrease in the PCR band intensity suggests the binding of Curcumin with CGG Repeat (E) (CGGx1) and (F) (CGGx6). In contrast, no significant inhibition was observed in the PCR band intensity of AU duplex DNA templates G) (AUx1) and (H) (AUx6).




Curcumin Reverse Pre-mRNA Alternative Splicing Defects in FXTAS Model Cell Line

Next, we determined cellular potency of Curcumin to correct FXTAS-associated pre-mRNA alternative splicing defects in cultured cell using survival of motor neuron 2 (SMN2) and B-cell lymphoma × (Bcl-x) minigenes.

Previous studies reported that Sam68, a splicing regulator, sequestered by expanded CGG repeat transcripts causes dysregulation of SMN2 and Bcl-x pre-mRNA splicing (Sellier et al., 2010; Disney et al., 2012). In this study, r(CGG)×99 repeats containing plasmid and SMN2 minigene were cotransfected in HEK293 cells then increasing concentration of Curcumin were given in the growth media for 24 hrs (Supplementary Table S4). Approximately 35% SMN2 mature mRNA contain exon 7 in absence r(CGG)×99, while in presence of r(CGG)×99 approximately 65% of exon 7 included in SMN2 mRNA (Figure 6A; Disney et al., 2012). Notably, SMN2 splicing defect improvement was observed at a concentration of 25 μM Curcumin. More significant improvement of splicing defects was observed at higher concentration. Curcumin significantly restored pre-mRNA alternative splicing defects near to wild type (lack CGGx99) pattern of SMN2 at 100 μM.
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FIGURE 6. In vitro potency of Curcumin in FXTAS cultured cell line. Curcumin treatment shown was to ameliorate FXTAS-associated pre-mRNA alternative splicing dysregulation of SMN2 and Bcl-x minigenes. Briefly, HEK cells were co-transfected SMN2 and Bcl-x mini gene with the plasmid containing CGG repeat (CGGx99). SMN2 splicing regulation is controlled by DGCR8 and Sam68 proteins. Upon sequestration and inactivation of these proteins the splicing of SMN2 is dysregulated [(A) top, left]. FXTAS cellular model system treated with Curcumin, improvement of SMN2 splicing defects were restored to near to wild type at 100 μM. Similar to SMN2, Bcl-x splicing is also controlled by DGCR8 and Sam68 and mis-splicing of Bcl-x caused due to presence of r(CGG)exp were ameliorated with Curcumin treatment in FXTAS cell models [(B) top, right]. Importantly, Curcumin does not alter EGFP mRNA expression [(C) bottom]. Standard deviation represented by Error bars. Statistical significance were calculated by One-way ANOVA where **p < 0.01; *p < 0.05. Asterisk represent the statistical variation between control and treated.


In contrast, Curcumin does not influence splicing pattern of SMN2 minigenes in the absence of CGGx99 expansion (Figure 6A). In addition, Bcl-x minigene showed two different splicing products Bcl-xL and Bcl-xS isoform. In CGG transfected cells, 68% of Bcl-x mRNA showed Bcl-xL isoform where as in normal untransfected cells, only 50% of Bcl-xL isoform is present (Disney et al., 2012). Curcumin improved mis-splicing defect of Bcl-xL in the concentration dependent fashion. Small improvements in mis-splicing defect of Bcl-xL minigene were observed at 25 μM (Figure 6B). Further, significant improvement of mis-splicing was detected at higher concentration (100 μM). However, it does not significantly alter the alternative splicing pattern of Bcl-x minigene with the plasmid lacking CGG expansion (Figure 6B).

In addition, control experiments were assessed to check the GFP mRNA expression in presence of Curcumin, till 50 μM concentration no considerable effect were detected (Figure 6C). Another control, cardiac troponin T (cTNT) minigene was used to investigate the alternative splicing, as their splicing pattern is not influenced by the CGG expansion (Disney et al., 2012). Interestingly, Curcumin treatment does not affect the alternative splicing of cTNT minigene (Supplementary Figure S6). Thus, our data suggested that Curcumin does not affect global splicing efficiency of genes that are not influenced by CGG expansion.



Curcumin Reduces Toxic FMR1polyG Protein Inclusions

In addition to correction of splicing defects, we also determined the potency of Curcumin to inhibit the pathogenic non-canonical translational of expanded CGG repeats. Expansions of CGG repeats in FMR1 are translated into FMRpolyG, a small glycine-rich protein that form intranuclear inclusions, which is a another hallmark of FXTAS. HEK cells were transiently transfected with a CGGx99 repeats containing plasmid incorporated in the human 5′UTR of FMR1 sequence and cloned in the glycine frame with the EGFP protein. This construct expresses the FMRpolyG protein from its natural ACG near-cognate start codon (Sellier et al., 2013). Previously small molecules have been reported, against different repeats containing mRNA such as r(GGGGCC)exp and r(CUG)exp that cause ALS/FTD and DM1 disease, respectively (Simone et al., 2018; Angelbello et al., 2019). A potent small molecule should interfere with the r(CGG)exp hairpin structure that does not allow ribosomal machinery to initiate RAN translation and reduce protein mediated toxicity. Importantly, Curcumin showed a potent reduction in expression of the FMRpolyG proteins, approximately ∼25 and ∼60% of RAN translation was inhibited at 25 and 50 μM of Curcumin, respectively (Figures 7A–D). As a control, Curcumin does not modify translation of the GFP protein from a control plasmid lacking CGG repeats (Figures 7C,D and Supplementary Figure S7). In addition, protein aggregate quantifications were performed manually in Curcumin treated condition; approx. 40% and 50% of RAN translation were impaired at 50 and 100 μM, respectively (Figure 7E). Thus, enhancing thermostability of r(CGG)exp through compounds correlates with the reduction of protein aggregates (Yang et al., 2015, 2016b).
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FIGURE 7. Diagram shows in vitro potency of Curcumin in FXTAS cultured cell models. In FXTAS, CGG expansion triggers the non-canonical protein translation leading to protein aggregate formation inside the cell. (A,B) Micrograph showing the effect of Curcumin treatment in transiently transfected [(CGGx99)-EGFP] HEK cell. (A) 20× image and (B) 60× image of DMSO (control) and Curcumin for 24 h. (C) Blot showing the reduction of polyG aggregates formation as a function of Curcumin concentration with control GAPDH and EGFP plasmid (lacking CGG repeat). (D) Bar graph showing the percentage reduction of polyG aggregate in presence of Curcumin. (E) Plot denotes Curcumin treatment reduces number of protein aggregates in the cell. (F) Bar graph showing improvement of cell viability of transfected HEK cells with plasmid CGGx20, CGGx99 and EGFP in presence of Curcumin. Standard deviation represented by Error bars. One-way ANOVA was used for determination of statistical significance except cell viability enhancement (F) assay where student t-test were utilized. ***p < 0.001; **p < 0.01; *p < 0.05.


FXTAS is a progressive neurological disorder typically characterized by neuronal cell loss. Thus, we tested whether Curcumin can prevent cell cytotoxicity caused by the expression of CGG expansion. Interestingly, Curcumin restores normal cell viability of HEK293 cells expressing CGGx99 repeats construct (Figure 7D). As controls, we assessed the cytotoxicity of Curcumin in HEK293 cells and normal fibroblasts (GM00357) as well as in FXTAS patient derived fibroblasts (GM04026), but found no overt cytotoxicity of Curcumin (Supplementary Figure S8). Furthermore, cellular intake of Curcumin was also assessed after 24 hrs in patient derived cells. Confocal microscopy images suggest that Curcumin can enter inside the cell (Supplementary Figure S9). Taken together these data suggested that Curcumin binds selectively to CGG repeats and ameliorate cell viability in FXTAS cell models without presenting overt toxicity.



DISCUSSION

It is well known that expansion of CGG repeats in the 5′ UTR of mutant FMR1 transcripts causes FXTAS (Hoem et al., 2011; Kong et al., 2017). Previously, it was reported that CGG repeat DNA and RNA sequences form 1 × 1 GG internal hairpin and tetraplex structure (Khateb et al., 2004; Zumwalt et al., 2007). It is extensively reported that CGG hairpin structure exerts toxic gain of function via sequestration of RNA binding proteins in RNA foci and cause splicing defects (Iwahashi et al., 2006; Sellier et al., 2010). CGG repeats also produces toxic polyglycine protein, FMRpolyG via repeat-associated non-AUG (RAN) translation (Todd et al., 2013; Sellier et al., 2017). Previous studies have shown that selective targeting of CGG hairpin structures via small molecules to reduce both RNA foci and PolyG aggregates formation is the most successful approach (Yang et al., 2015, 2016b). Thus, we sought to find out natural small molecule modulator that rescues r(CGG)exp based toxicity. Here, we identified, a small molecule Curcumin that target CGG RNA motifs with high affinity using various biophysical methods. We also provide the evidence of significant improvement in the pre-mRNA alternative splicing defect of affected genes and reduces the number and level of polyG protein aggregates in r(CGGx99) developed cell model. Furthermore, Curcumin increases the survival of toxic CGG repeat containing plasmid transfected cells.

Initially, fluorescence based screening of Curcumin against different mismatched RNA motif and fully paired RNA showed high affinity of Curcumin with CGG RNA motif. Curcumin portrays varied binding characteristics with different mismatched RNA motifs as it has different binding constant values for different RNA sequences. Lower affinity of Curcumin with different higher repeat mismatched RNAs, yeast t-RNA and G-quadruplex forming DNA suggests the selectively of Curcumin with CGG expansion. In addition, increase in the number of CGG repeat enhances the binding affinity of Curcumin as revealed by dissociation constant difference of r(CGGx6) and r(CGGx60) RNA. Taken together, binding of Curcumin appear to be sequence, topology and stoichiometry dependent (Parkesh et al., 2012; Khan et al., 2018, 2019a).

Furthermore, ITC data supports the interactions between Curcumin with CGG expansion (Nafisi et al., 2009). In general, for the energetically favorable interactions between two molecules the enthalpy change (ΔH) should be negative (Falconer and Collins, 2011). Complementing with fluorescence result, ITC portrays similar binding pattern of Curcumin with CGG RNA over AUx6 duplex RNA. As the repeat length increases from 6 repeat to 40 and 60 repeats, binding affinity of Curcumin increased approximately by 50 folds. However, small enhancements in affinity were observed in between other higher (20/40/60) repeat RNAs. High dissociation constant values and exothermic peak concluded stronger interaction with intercalative mode of binding between Curcumin and CGG RNAs (Das et al., 2011).

Topological studies based on CD spectroscopy of CGG RNA with Curcumin depicted the significant changes till D/N = 4. It is interesting to note that, spectral changes pattern were nearly similar during titration of Curcumin with all r(CGG) repeat RNAs which further suggested the similar mode of binding. Moreover, constant CD spectrum changes of CGG RNA elucidated the intercalation mode binding of Curcumin within CGG hairpin structure (Das et al., 2011; Khan et al., 2018, 2019a). Similarly, in melting studies, the increase in the melting temperature in presence of Curcumin depicts the stabilization of the targeted RNA structures. Previous studies have been reported that stabilization of CGG repeat RNA via small molecules ameliorate FXTAS associated pathogenic defects (Yang et al., 2016b). Recently our group reported some small molecules that thermodynamically stabilize 5′CAG/3′GAC repeat RNA hairpin structure which prevent polyQ aggregation in Huntington disorder (Khan et al., 2019a, b). In continuation, significant reduction in mobility of CGG RNA in presence of Curcumin also signifies the strong binding. The shift in the mobility was due to the sequence and motif specific interactions that allow the formation of stable complex between Curcumin and r(CGG)exp RNAs. Moreover PCR stop assay also suggested the same (Mishra et al., 2019).

Similarly, Curcumin mediated stabilization of CGG repeat RNA could improve splicing defect and RAN translation. As we observed, Curcumin treatment improves the splicing defect in developed cell model (Yang et al., 2016a). Curcumin could act through masking the sequestration of RNA regulatory protein to bind with the CGG RNA and allow them to perform their normal function. Improvement of splicing defects, as we observed is consistent with the reports that binding of small molecules to 5′CNG/3′GNC RNA motifs improve the splicing defect (Disney et al., 2012; Kumar et al., 2012; Parkesh et al., 2012; Tran et al., 2014). Here in our study, Curcumin rescue SMN2 and Bcl-x minigenes mis-splicing defect near to wild type without affecting normal regulation of same in the absence of CGG expansion.

In addition, the decrease in the formation of homopolymeric polyG aggregates or inhibition of RAN translation was observed in Curcumin treated cultured cells. There are two working mechanism by which compound could rescue RAN translation. First model, enhancing thermal stability of r(CGG)exp through small molecule correlates with the inhibitory effect of RAN translation (Yang et al., 2015, 2016b; Khan et al., 2018) as stabilization impede ribosomal complex read through to the mRNA. However, there are many factors which may involve in RANT. Considering the fact, here in this study Curcumin increased the thermal stability of r(CGG)exp motifs that is vital for the effective inhibition of RANT, further support the effect of RNA stabilization on RANT. Second model, binding of compound to CGG expansion interrupt ribosomal machinery to start translation from random position. Additionally, Curcumin have been reported for neuroprotective effect in other neurological disorder also such as Alzheimer’s, Parkinson’s, frontotemporal dementia, and Huntington disease etc. Administration of Curcumin improved the cell viability through various mechanism including inhibits amyloid formation and its toxicity in Alzheimer disease, reduce oxidative damage, inflammation, and synuclein protein aggregation in Parkinson disease, decrease aggregation of tau proteins in frontotemporal dementia. Curcumin treatment attenuates ischemia-induced oxidative stress and neuronal cell death in hippocampal tissue. Further, Curcumin inhibits the accumulation and aggregation of prion protein inside the neuroblastoma cell. It also facilitates anti-anxiety activity by decrease level of TNF-α and MMP-9 in Autism spectrum disorder (Cole et al., 2007; Bhat et al., 2019).



CONCLUSION

There is a strong need of effective and safe therapeutic modalities for FXTAS. Previous studies have reported that the stabilization of CGG repeat RNA via small molecule ameliorates FXTAS associated pathogenic defects (Yang et al., 2016b). Recently, our group has published few small molecules that thermodynamically stabilize expanded CAG RNA hairpin motifs which prevent polyQ aggregation in Huntington disorder (Khan et al., 2018, 2019a). Herein, we have demonstrated that Curcumin binds to r(CGG)exp and potently reverses FXTAS-associated pathogenic defects. Biophysical characterization using CD spectroscopy, CD melting and gel retardation illustrate the specific binding of Curcumin with CGG repeats RNA. Importantly, Curcumin improves pre-mRNA SMN2 and Bcl-x alternative splicing defect caused by expression of CGG expansions. Similarly, Curcumin also prevents non-canonical translation of the CGG repeating RNA into the toxic inclusion of FMRpolyG protein. Curcumin may inhibit translation through two potential mechanisms. First, it has been reported that longer CGG expansions (thermodynamic more stable) or small molecule enhancing thermostability of r(CGG)exp correlates with their inhibitory effect on RAN translation (Yang et al., 2015; Verma et al., 2019b) as RNA hairpin stabilization impedes ribosomal complex read through to mRNA. A second model is that binding of compounds to CGG expansions can simply occupy the RNA and prevent ribosomal machinery to start non-canonical translation. Similarly, Curcumin binding to CGG repeats can prevent further association and interaction of RNA binding proteins that leads to FXTAS-associated splicing defects. Furthermore, Curcumin is able to cross blood brain barrier due to its lipophilic nature, despite of its poor bioavailability. Henceforth, Curcumin reach brain in biological effective concentration and ameliorate neurodegeneration (Begum et al., 2008; Schiborr et al., 2010). To further increase the bioavailability of Curcumin, researchers have been designed different nanoparticles (Nanocurcumin) to enhance its pharmacological activity (Barbara et al., 2017; Dende et al., 2017). In conclusion, our data provide evidence that Curcumin could be used for the therapeutics of CGG associated diseases FXTAS and FXPOI. However, further animal models studies are required to reach any conclusion.
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