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inserted in the backbone using BamHI and SpeI restriction sites (see Tables 17 and 18 for 

PCR reaction and cycles program). 

Cloned vectors were isolated by Promega mini-prep kit and then methylated using M.SssI 

CpG methyltrasferase (New England Biolabs) accordingly to the manufacturer’s 

instruction. Briefly, 5 µg of plasmid DNA was added to the reaction containing CpG 

methyltransferase (M.SssI) in the presence of 160 µM S-adenosylmethionine (New 

England Biolabs) and incubated for 4 hours at 37°C (S-adenosylmethionine was 

replenished after every 2 hours). Unmethylated control reaction containing the construct 

and methyltransferase but not SAM was used. Plasmid DNA was then purified by using 

Promega miniprep kit and quantified using Nanodrop. Methylation was confirmed by 

digestion with the methylation-sensitive restriction enzymes HpaII. NSC34 cells grown to 

1.7x104 on 6-well plates were co-transfected with each of the vectors described above and 

β-galactosidase mammalian expression vector using Lipofectamine 2000 (Invitrogen). A 

CpG Lucia vector with EEF1A1 promoter, and CpG-free basic-Lucia empty vector were 

used as positive and negative control for the methylation experiment, respectively. 

Following 24 hours after transfection, cells were harvested and total RNA extracted using 

Trifast reagent as described above (session 3.5 of materials and methods). Promoter 

activity was evaluated through quantitative RT-PCR on Luciferase gene normalized using 

galactosidase as in the session 3.7 of the materials and methods. 

 

4.4 Cloning of CpG4 island mutagenized fragments in TARDBP wild 
type mouse promoter vector 

 

For TARDBP promoter functionality studies, constructs were done using the construct 

called “TARDBP extended promoter” as a backbone. The cloning of this construct has 

been explained in session 4.4 of materials and methods. We then generated five constructs 

containing different groups of mutagenized CpG sites within the fourth island. The vectors 

harbored CpG sites converted into CpA sites as follows: construct 1) CpG sites #92-95; 

construct 2) CpG sites #96-99; construct 3) CpG sites #100-103; construct 4) CpG sites 

#104-108; and construct 5) CpG sites #99, 101, 103, 105, and 108. To create these vectors 

we substituted the fourth island in the backbone vector with fragments of synthetic DNA 

containing the mutagenized sites (produced by Genescript). To substitute the fourth island 

in the backbone with the synthetic fragments of DNA, we inserted two enzymatic 

restriction sites upstream and downstream of the island (PmeI and XbaI, respectively). The 

high content in CpG sites in the region in which we had to insert these sites had made 
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impossible to design proper primers for a working quick-change strategy, so we used 

another system for each restriction enzyme to be inserted, which consists in multiple steps 

of PCR and it is illustrated in Figure 14. First, two adjacent PCR-fragments are generated 

using four oligonucleotides (Fw1 and Rv1, Fw2 and Rv2 as referred in Figure 14), two of 

which (the reverse of the Fragment 1 and the forward of the Fragment 2) contains the sites 

that has to be inserted and are partially overlapping between themselves. The other two 

primers (the forward of the Fragment 1 and the reverse of the Fragment 2) are non-

mutagenic oligonucleotides that cover two convenient restriction sites already present in 

the backbone. Then, a third round of PCR is done. Both the two fragments produced in the 

first round of PCRs are used as a template for the third round of amplification using the 

primer forward of the Fragment 1 and the reverse of the Fragment 2. The product is a 

fragment containing in the middle the restriction site of interest and at the ends two 

restriction sites already present in the vector that allow the digestion of the total fragment 

and its ligation into the plasmid of interest. Fragments of interest have been amplified 

using PCR primer indicated in Table 21: 

 

Primer Sequence (5’-3’) 

PmeI ins Fw1 TGTGGCCGCCCCGGGTTTCCAGG 

PmeI ins Rv1 ACCTGAATCGGGTTTAAACACGTGCTTTAAC 

PmeI ins Fw2 ACGTGTTTAAACCCGATTCAGGTCCA 

PmeI ins Rv2 GCGCACACTATAAGCTTCCGGTG 

XbaI ins Fw1 CCCAAGCTTATAGTGTGCGCTGAG 

XbaI ins Rv1 GAGATGGCTCAGTGGGTCTAGAGCACCCGACTGCTCTTC 

XbaI ins Fw2 GCAGTCGGGTGCTCTAGACCCACTGAGCCA 

XbaI ins Rv2 CGGGGTACCCTTTGCTTAAATCTCTTAAAGG 

 

Table 21. List of primers for mutagenesis 

 

Taq DNA Polymerase (BioLabs) was used for the amplification reaction. The PCR 

reaction and the cycling protocol are illustrated in Tables 22 and 23. 

 

PCR component Final concentration 

10X Taq reaction buffer 1X 

dNTPs 200 µM 
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Once inserted the two restriction sites upstream and downstream of the fourth island we 

substituted it with mutagenized fragments of synthetic DNA described below. To shorten 

their length we took the advantage of a naturally present HindIII restriction site in the 

middle of the fourth island.  

 

• Fragment 1 CpG sites #92-95 mutagenized to CpA sites (A of mutagenesis are 

indicated in capital letters in bold type) (PmeI/HindIII ends for cloning are 

indicated in bold) 

 

gtttaaacccgattcaggtccaggctatagaagaaacttaattcagaatggttacAaaatacAgtagcctgtaatctgtgcActcc

aggtaagaaatgacAagtgcaagaaaaaaaatcggggcagatacttagttctttaacaccttgtttttgtctggctttgtagccaacg

ggccacatggtaacactgttgccattttagcaccggaagctt 

 

• Fragment 2 CpG sites #96-98 mutagenized to CpA sites (A of mutagenesis are 

indicated in capital letters in bold type) (PmeI/HindIII ends for cloning are 

indicated in bold) 

 

gtttaaacccgattcaggtccaggctatagaagaaacttaattcagaatggttacgaaatacggtagcctgtaatctgtgcgctcca

ggtaagaaatgacgagtgcaagaaaaaaaatcAgggcagatacttagttctttaacaccttgtttttgtctggctttgtagccaacA

ggccacatggtaacactgttgccattttagcaccAgaagctt 

 

• Fragment 3 CpG sites #99-103 mutagenized to CpA sites (A of mutagenesis are 

indicated in capital letters in bold type) (HindIII/XbaI ends for cloning are 

indicated in bold) 

 

aagcttatagtgtgcActgagaaaatagaactggcAggcagagcAccacatgaacaccAgttttccctgtggctgccccAga

actcagtagactaggccagcctcgaactcaaaaagatctgcctgcctcaagagtgctgagattaaaggcgtgggttatcgtgctcg

acaaaaatcacatttttttttaaagatttattttattaatatatgtaagtacactgtagctgtcttcagacactccagaagagggagtcagat

cttgttgcggatggttgtgagccaccatgtggttgctgggatttgaactctggaccttctgaagagcagtcgggtgctctaga 

 

• Fragment 4 CpG sites #104-108 mutagenized to CpA sites (A of mutagenesis are 

indicated in capital letters in bold type) (HindIII/XbaI ends for cloning are 

indicated in bold) 
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aagcttatagtgtgcgctgagaaaatagaactggcgggcagagcgccacatgaacaccggttttccctgtggctgccccggaact

cagtagactaggccagcctcAaactcaaaaagatctgcctgcctcaagagtgctgagattaaaggcAtgggttatcAtgctcAa

caaaaatcacatttttttttaaagatttattttattaatatatgtaagtacactgtagctgtcttcagacactccagaagagggagtcagatc

ttgttgcAgatggttgtgagccaccatgtggttgctgggatttgaactctggaccttctgaagagcagtcgggtgctctaga 

 

• Fragment 5 CpG sites #99,101,103,105,108 mutagenized to CpA sites (A of 

mutagenesis are indicated in capital letters in bold type) (HindIII/XbaI ends for 

cloning are indicated in bold) 

 

aagcttatagtgtgcActgagaaaatagaactggcgggcagagcAccacatgaacaccggttttccctgtggctgccccAgaa

ctcagtagactaggccagcctcgaactcaaaaagatctgcctgcctcaagagtgctgagattaaaggcAtgggttatcgtgctcga

caaaaatcacatttttttttaaagatttattttattaatatatgtaagtacactgtagctgtcttcagacactccagaagagggagtcagatc

ttgttgcAgatggttgtgagccaccatgtggttgctgggatttgaactctggaccttctgaagagcagtcgggtgctctaga 

 

NSC34 cells grown to 1.7x104 on 6-well plates were co-transfected with each of the 

vectors described above and β-galactosidase mammalian expression vector using 

Lipofectamine 2000 (Invitrogen). A CpG-free basic-Lucia empty vector were used as 

negative control for the experiment. Following 24 hours after transfection, cells were 

harvested and total RNA extracted using Trifast reagent as described above (session 3.5 

from materials and methods). Promoter activity was evaluated through quantitative RT-

PCR on Luciferase gene normalized using galactosidase as in the session 3.7 from 

materials and methods. 
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RESULTS 
 

1. Tissue specific age related decay of mouse TDP-43 protein levels 
 

It has been previously reported that TDP-43 levels both in fly and mouse brain decay 

during development and aging of the organisms259. The previous observations in fly and 

mice make us think that the reduction of TDP-43 levels was an evolutionary conserved 

physiological process. Starting our study on the mechanisms involved in this reduction, we 

have carried out first a detailed investigation of the TDP-43 expression levels at different 

age points and in different tissues in mice. For this study, we have used the FVB/N mouse 

strain because of its wide use in laboratories including the development of ALS-animal 

models260. For our purpose we extracted the proteins from brain and peripheral organs 

including heart, liver, lung, and skeletal muscle of mice aged 10, 20, 30, 40, 60, and 80 

days and resolved the extract on SDS-PAGE. After this, TDP-43 level was assessed for 

each sample by western blot using a specific polyclonal antibody anti-TDP-43. As shown 

in Figure 15, in postnatal mice aged 10 days, TDP-43 was robustly and ubiquitously 

expressed in all the tissues analysed (Figures 15A to 15E, lanes 1). On the other hand, as 

the mice grew, TDP-43 was undergoing different kinds of regulations that can be grouped 

into three trends of protein expression. In fact, by comparing lane 1 to 6 of each western 

blot in Figure 15, all the tissues undergo three different trends of regulation that can be 

listed into: a) a drastic drop of TDP-43 during time in skeletal muscle and heart (Figures 

15B and 15D); b) a mild but significant drop in brain and lung (Figures 15A and 15E); c) 

a sustained expression in liver (Figure 15C). Since we examined the longitudinal 

expression of TDP-43 from 10 to 80 days, considering the intermediate time-points of 20, 

30, 40, and 60 days we were also able to detect the exact time frame in which the main 

changes occur. In particular, in brain and lung the decrease is marked after 20 days as it 

can be observed from the comparison of the lanes 2 and 3 in Figures 15A and 15E. On the 

other hand in the skeletal muscle and heart the big change occurs earlier between 10 and 

20 days (Figures 15B and 15D respectively, lanes 1 and 2). Lastly, no significant 

variations through ages have been shown in particular in liver, in fact looking through the 

lanes 1 to 6 relative to this tissue (Figure 15C), a constant and sustained expression of 

TDP-43 over time can be appreciated. For the analysis described above we tested tissues 

coming from three independent animals in triplicates for each time point. Here is recorded 

one representative blot. The ImageJ graph in Figure 15F shows the TDP-43 quantification 
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and a sharper one later in life (Figure 17A). We decided to focus our next analyses on two 

time points considering 10 days as early stage of post natal development and 90 days as 

time in which the animal is a fully mature adult. In order to confirm previous data also for 

90 days of age, we extracted total protein from mouse brain, liver, and skeletal muscle 

aged 10 and 90 days and after protein separation by SDS-PAGE and western blot with 

anti-TDP-43 antibody, we were able to confirm a tissue- and age- specific pattern of 

expression similar to those observed to occur between 10 and 80 days (Figures 15A, 15B 

and 15C, compare lanes from 1 to 6). In fact, TDP-43 was highly expressed in brain 

(Figure 17A, lane 1), skeletal muscle (Figure 17B, lane 1), and liver (Figure 17C, lane 1) 

of young animals aged 10 days. At 90 days the situation differs in all three tissues with a 

drop in brain (Figure 17A, compare lane 1 with lane 2), a strong decrease in the skeletal 

muscle (Figure 17B, compare lane 1 with lane 2) and no differences at 90 days in liver 

(Figure 17C, compare lane 1 with lane 2). Each analysis has been done in triplicate by 

extracting tissues from three different animals. Below each representative blot, we showed 

the ImageJ quantification (normalized on GAPDH) with standard deviations relative to 

three experiments for each tissue (Figures 17A, 3B and 3C, panels below the blot). Every 

western blot has been confirmed in slot blot (Figures 17D, 3E and 3F).  

To study if the variations of expression levels were also present in the mRNA we have 

analysed TDP-43 mRNA levels in the same tissue samples. For this purpose we extracted 

total RNA from wild type mouse brain, liver and skeletal muscle at 10 and 90 days after 

birth and performed reverse transcription (RT) and real time qPCR. TDP-43 mRNA levels 

were quantified and normalized with the housekeeping gene GAPDH. We could observe 

that in the brain the decrease of TDP-43 mRNA is mild (Figure 17H). To validate what 

observed by the real time PCR technique, the drop of TDP-43 in mouse brain was further 

confirmed by Northern Blot analysis (Figure 17G). In the liver, the level of TDP-43 

mRNA remained unchanged from 10 to 90 days (Figure 17L). By contrast, in the skeletal 

muscle there is a clear drastic drop in the TDP-43 mRNA expression level as shown in 

Figure 17I. Our data showed that in each tissue mentioned above, the protein and mRNA 

levels are consistent with each other suggesting that the regulation of TDP-43 expression 

might occur at transcriptional level or at the mRNA degradation level. 
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Figure 17. TDP-43 levels are regulated at the transcription level. A) The upper panel on the left is a western blot 

analysis showing TDP-43 levels from mouse brain aged 10 and 90 days. The lower panel shows GAPDH detection as 

loading control. The histogram on the right shows the ImageJ quantification of TDP-43 expression levels normalized 

with GAPDH. Error bars indicate SD calculated on three independent experiments. B) The upper panel on the left is a 

western blot analysis showing TDP-43 levels from mouse skeletal muscle aged 10 and 90 days. The lower panel shows 

GAPDH detection as loading control. The histogram on the right shows the ImageJ quantification of TDP-43 expression 

levels normalized with GAPDH. Error bars indicate SD calculated on three independent experiments. C) The upper panel 

on the left is a western blot analysis showing TDP-43 levels from mouse liver aged 10 and 90 days. The histogram on the 

right shows the ImageJ quantification of TDP-43 expression levels normalized with GAPDH. Error bars indicate SD 

calculated on three independent experiments. D) The upper panel on the left is a slot blot analysis showing TDP-43 levels 

from mouse brain aged 10 and 90 days. The histogram on the right shows the ImageJ quantification of TDP-43 

expression levels normalized with GAPDH. Error bars indicate SD calculated on three independent experiments. E) The 

upper panel on the left is a slot blot analysis showing TDP-43 levels from mouse skeletal muscle aged 10 and 90 days. 

The histogram on the right shows the ImageJ quantification of TDP-43 expression levels normalized with GAPDH. Error 

bars indicate SD calculated on three independent experiments. F) The upper panel on the left is a slot blot analysis 

showing TDP-43 levels from mouse liver aged 10 and 90 days. The histogram on the right shows the ImageJ 

quantification of TDP-43 expression levels normalized with GAPDH. Error bars indicate SD calculated on three 

independent experiments. G) Northern blot analysis of mouse brain TDP-43 at different time points in duplicate (left 

panel). GAPDH was used as loading control (left panel). H) Real-time PCR quantification of mouse brain TDP-43 

mRNA at 10 and 90 days. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. 

Error bars indicate SD calculated on three independent experiments. I) Real-time PCR quantification of mouse skeletal 

muscle TDP-43 mRNA at 10 and 90 days. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 

0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. L) Real-time PCR quantification of 

mouse liver TDP-43 mRNA at 10 and 90 days. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** 

indicates 0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. 

 

3. TDP-43 time- and tissue-specific regulation mechanism is 

maintained during aging 

 

Previous data have shown that TDP-43 protein levels of expression are linked to the tissue 

typology and to the time point considered. Furthermore, there is a correspondence between 

protein and mRNA levels suggesting that the underlying regulation mechanism might be at 

transcriptional level. Because this has been observed in mice aged from 10 to 90 days, we 

wondered about the conservation of this phenomenon during aging. For this, we have then 

extended the study to 1-year-old animals. Because of the previous validation of the slot 

blot technique to study the TDP-43 protein levels of expression and due to the large 

number of samples analysed, we decided to go further in the study by using only the slot 

blot methodology instead of western blot. For the protein analysis we extracted total 

protein from brain, liver, and skeletal muscle of wild-type mice aged 10, 90, and 365 days. 

The obtained protein extracts were transferred on a nitrocellulose membrane using a slot 
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Figure 18. TDP-43 time- and tissue- specific regulation mechanism is maintained during aging. A) The upper panel 

is a slot blot analysis showing TDP-43 protein levels in brain from mice at 10, 90, 365 days. Lower panel shows GAPDH 

hybridization as loading control. B) The upper panel is a slot blot analysis showing TDP-43 protein levels in skeletal 

muscle from mice at 10, 90, 365 days. Lower panel shows GAPDH hybridization as loading control. C) The upper panel 

is a slot blot analysis showing TDP-43 protein levels in liver from mice at 10, 90, 365 days. Lower panel shows GAPDH 

hybridization as loading control. D) ImageJ quantification of the relative expression levels of TDP-43 normalized with 

GAPDH in brain (blue line), skeletal muscle (red line) and liver (yellow line). Error bars indicate SD calculated on three 

independent experiments. E) Real-time PCR quantification of mouse brain TDP-43 mRNA at 10, 90, and 365 days. The 

RNA levels are normalized with GAPDH. ns indicates p>0.05 (not significant), * indicates 0.01<p<0.05, ** indicates 

0.001<p<0.01. Error bars indicate SD calculated on three independent experiments. F) Real-time PCR quantification of 

mouse skeletal muscle TDP-43 mRNA at 10, 90, and 365 days. The RNA levels are normalized with GAPDH. ns 

indicates p>0.05 (not significant), * indicates 0.01<p<0.05, ** indicates 0.001<p<0.01. Error bars indicate SD calculated 

on three independent experiments. G)) Real-time PCR quantification of mouse liver TDP-43 mRNA at 10, 90, and 365 

days. The RNA levels are normalized with GAPDH. ns indicates p>0.05 (not significant), * indicates 0.01<p<0.05, ** 

indicates 0.001<p<0.01. Error bars indicate SD calculated on three independent experiments. 

 

4. TARDBP promoter methylation rates show tissue- and 
developmental- stage specificity 
 

We then started to investigate which mechanism could be responsible for the age related 

TDP-43 expression regulation. Since preliminary data previously obtained in our 

laboratory discarded a role for mRNA degradation induced by the self-control loop we 

decided to look at epigenetic modifications. DNA methylation in the promoter region of 

genes usually suppresses their expression and it is one of the best known and better 

characterized modification of the DNA, hence we decided to evaluate the methylation 

profiles of the 5’ upstream regulatory region of the mouse TARDBP gene in brain, skeletal 

muscle and liver in young (10 days), adult (90 days), and older (365 days) animals. In 

order to do that we performed an in silico analysis of TARDBP 5’ upstream regulatory 

region by using several promoter prediction tools including Promoter 2.0 prediction server 

(http://www.cbs.dtu.dk/services/Promoter/), Neural network promoter prediction 

(http://www.fruitfly.org/seq_tools/promoter.html), and Promoter scan (https://www-

bimas.cit.nih.gov/molbio/proscan/), which provided information on the identity of the 

promoter regulatory region of our gene of interest. Because of the different algorithms 

used by each software, we obtained different predicted regions partially overlapping. We 

decided to go further by taking into account the largest regulatory sequence predicted by 

all the software. It resulted in a genomic area of around 1500 bp distributed 500 bp 

upstream and 1000 bp downstream of the Transcription Starting Site (TSS) (Figure 19). 

Following the identification of the region, we used Methprimer prediction tool 

(http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi) to track the CpG sites within 
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predicted region. In the skeletal muscle of 90 days mouse, bisulfite analysis revealed that 3 

out of 17 CpG sites are mildly methylated (Table 24A, orange squares) while 2 sites are 

highly methylated (Table 24A, red squares) with a methylation rate of up to 50%. We 

found a similar but milder scenario in 90 days aged mice brain in which the methylation 

content is modest in one CpG site (Table 24B, orange square) and high in a second site 

(Table 24B, red square). By contrast, in the liver of adult mice aged 90 days we could not 

detected any CpG sites showing significant change in the methylation state a part from 

one, which shows a methylation rate of around 11% (Table 24C, orange square).  

In 1 year aged mice, the methylation status is similar to the 90 days one in each tissue 

considered, with some cases of increased methylation of CpG sites (Table 24). In 

particular, in the skeletal muscle, 2 CpG sites out of 17 are methylated at low rate (Table 

24A, light orange squares), 2 CpG sites at modest rate (Table 24, orange squares) and 1 at 

very high rate (Table 24A, red square). In the brain, one CpG site is very highly 

methylated up to 66% (Table 24B, red square). On the other hand, no considerable 

methylation could be seen in mouse liver aged 1 year with only 2 CpG sites slightly 

methylated (10% or lower) (Table 24C, light orange squares). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 24. TARDBP promoter methylation levels of the CpG4 island. A) Methylation percentages of the mouse 

skeletal muscle TARDBP fourth island CpG sites (from 92 to 108) at 10, 90, and 365 days. B) Methylation percentages of 
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the mouse brain TARDBP fourth island CpG sites (from 92 to 108) at 10, 90, and 365 days. C) Methylation percentages 

of the mouse liver TARDBP fourth island CpG sites (from 92 to 108) at 10, 90, and 365 days. Light orange squares 

indicates 0%<methylation<20%, orange squares indicates 20%<methylation<40%, red squares indicates 

40%<methylation<80%. 

 

In summary, the overall DNA methylation level in all the four islands is low or not-present 

in the promoter of every tissue analysed in the young animals aged 10 days (Figure 20D, 

red, blue, and yellow lines), in which the protein expression is high (Figure 20A lane 1, 

Figure 20B lane 1, Figure 20C lane 1). At 90 days, even though in the islands number 1, 

2, and 3 the percentage of methylation still remains low or absent, the methylation status of 

the fourth island changes accordingly to the tissue considered (Figure 20E, red, blue, and 

yellow lines). In particular, the methylation index of the fourth island CpG site #108, 

which is not methylated in the 10 days brain, increased from 0% to 65% in 90 days mice 

brain (Figures 20D and 20E, compare the blue lines). It is interesting to note that in this 

tissue we found a mild drop of protein expression from 10 to 90 days aged mice (Figure 

20B, compare lane 1 with lane 2). The total methylation rate of the skeletal muscle 

promoter of adult mice (90 days) dramatically increased from almost 0% of 10 days aged 

mice to up to 50% in 90 days aged mice (Figures 20D and 20E, compare red lines). 

Intriguingly in skeletal muscle, where the protein expression drastically decreases from 10 

to 90 days (Figure 20B, compare lane 1 with lane 2), the methylation rate at 90 days is 

higher than the one found in some aged brain where the protein mildly decreases (Figure 

20A, compare lanes 1 and 2). On the other hand, no changes in the methylation rate have 

been detected in TARDBP promoter of 90 days aged livers (Figure 20E, yellow line), in 

which the protein analysis showed a sustained and constant expression (Figure 20C, 

compare lane 1 with lane 2). In older mice aged 1 year, where the protein levels continue 

to decrease over time in brain and skeletal muscle (Figures 20A and 20B, compare from 

lane 1 to 3), the methylation rate in the CpG4 island remains at high levels, and, in some 

cases, it is even increased (Figure 20F, blue and red lines, respectively). In liver from 1 

year old animals, no significant methylation changes has been found in the four CpG 

islands of the TARDBP promoter (Figure 20F, yellow line). In contrast to the brain and 

skeletal muscle, in liver the protein expression is sustained during time (Figure 20C, 

compare lanes 1, 2 and 3). 

These results suggest that the TARDBP promoter methylation profile is time and tissue 

dependent, and that there is an inverse correlation between the promoter methylation rate 

and the protein expression. 
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Figure 20. TARDBP promoter methylation levels show tissue- and developmental- stage specificity. A) Slot blot 

analysis showing TDP-43 protein levels (upper panel) in skeletal muscle from mice at 10, 90, 365 days. The bottom panel 

shows GAPDH signal as loading control. B) Slot blot analysis showing TDP-43 protein levels (upper panel) in brain 

from mice at 10, 90, 365 days. GAPDH is used as loading control (bottom panel). C) Slot blot analysis showing TDP-43 

protein levels (upper panel) in liver from mice at 10, 90, 365 days. GAPDH is used as loading control D-F) Bisulfite 

sequencing analysis of the TARDBP promoter harbouring 108 CpG sites (represented in number on the x axis) in skeletal 

muscle (red line), brain (blue line), and liver (yellow line) at 10 days (D), 90 days (E), and 365 days (F). The % of 

methylation of each of the 108 CpG sites is shown with picks. Data are represented as mean ± S.D. from three animals (6 

clones sequenced per each animal). 

 
5. DNA demethylation increases TDP-43 expression in mouse 
motor neurons 
 

In order to further explore the relationship between TARDBP promoter methylation and 

TDP-43 protein expression, we examined the effects of DNA demethylation on the 

expression of TDP-43 in mouse motor neurons by using 5-azacytidine. This compound is 

an azanucleoside that acts by inducing DNA demethylation. In fact, azacytidine can 

substitute for cytosine in the replication of the DNA and it is recognized by the DNA 

methyltransferases. After the initiation of the methylation reaction, the enzyme remains 
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covalently bound to the DNA and its DNA methyltransferase function is blocked. Prior to 

use this hypomethylating agent, we established the methylation status of the TARDBP 

promoter of the NSC-34 cell line. To do that, we extracted and converted genomic DNA 

form cells through bisulfite incubation. We then amplified the converted TARDPB 

promoter region with the primers described in the session 4 of the results, used for bisulfite 

analysis of mouse tissues. Interestingly, the methylation profile of the cells is consistent 

with that of the animals in which we found CpG dinucleotides significantly methylated in 

the case of brain and skeletal muscle of mice aged 90 and 365 days. In particular, in the 

mouse motor neurons, there is widespread and more pronounced methylation of almost all 

the CpG sites belonging to the fourth island. In fact, with the exception of not methylated 

dinucleotides in the sites #96, #97, #103, and #107, all the others are methylated in 

different degrees as follows: sites #93, #94, #95, #98, #99, #100, #102, #104, and #106 are 

methylated up to 10%, while the site #92 shows a percentage of methylation of around 

17%. Increased methylation rate is detected in sites #101 and #105 exceeding the 25%. 

The CpG dinucleotide mostly targeted by this modification is the #108 with a methylation 

of up to 90% (Figure 21A). 

Once established that the TARDBP promoter is methylated as described above, we next 

evaluated the effects on TDP-43 expression upon 5-azacitydine administration at both 

mRNA and protein levels. To do that, 5-azacytidine was added to the culture media at 

increasing concentration of 1 µM, 5 µM, and 10 µM. As already stated, this chemical 

analogue of the cytidine is able to inhibit the DNA methyltransferases enzymes, causing 

hypomethylation of DNA. After 48 and 72 hours of treatment, cells were harvested and 

total RNA and proteins were extracted. For the evaluation of the TDP-43 mRNA levels, 

real time RT-PCR has been performed. As shown in Figure 21B, the demethylating 

treatment significantly increased the TDP-43 mRNA in a dose- and time- dependent 

manner. In fact, the stronger effect is observed with higher concentration of drug and it is 

more evident at 72 hours (Figure 21B, black bars) compared to 48 hours (Figure 21B, 

grey bars) at any concentration used. For proteins analysis, the lysates were separated by 

SDS-PAGE and subsequently analysed by western blot using anti-TDP-43 antibody. 

Normalization has been performed using anti-GAPDH antibody. Figures 21C and 21D 

show that also at protein level TDP-43 expression is increased upon 5-azacytidine 

treatment in a dose- and time- dependent manner. Indeed, there is an increasing gradient of 

protein expression from the not-treated cells to the highest drug dose-treated cells (Figures 

21C and 21D, from lane 1 to 4) and furthermore the effect on the expression is much more 

evident at 72 hours (Figure 21D, from lane 1 to 4). The bottom panels of Figures 21C and 
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20D are duplicates of protein expression analysis performed in biologically different 5-aza 

treated samples. These data suggest that DNA methylation might indeed play a role in 

controlling mRNA and protein expression of mouse TDP-43 in mouse motor neurons cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. DNA demethylation increases TDP-43 expression in mouse motorneurons NSC34. A) Bisulfite 

sequencing analysis of the TARDBP promoter harbouring 108 CpG sites (represented in number on the x axis) in mouse 

motor neurons NSC34 cell line. B) Real-time PCR quantification of TDP-43 mRNA in NSC34 treated with 1 µM, 5 µM, 

and 10 µM of 5-azacitydine at 48 hours (grey bars) and 72 hours (black bars) . ns indicates p>0.05 (not significant), * 

indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. 

C) Western blot analysis showing TDP-43 levels (upper panels) in NSC34 cell line treated with 1 µM, 5 µM, and 10 µM 

of 5-azacitydine at 48 hours (left panels) and 72 hours (right panels). GAPDH (lower panels) is used as loading control. 

 
6. In vitro DNA methylation decreases TARDBP mouse promoter 
activity in mouse motor neuron cells 
 

Because it has been shown in the previous section that there is an increase in the TDP-43 

expression at mRNA and protein level in condition of 5-azacytidine induced 

hypomethylation, we decided to go further in the investigation by studying whether the 

opposite condition of DNA hypermethylation was important for modulating the 

transcriptional activity of the core promoter of the mouse TARDBP. To do this, we either 
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in vitro methylated or not methylated a Luciferase reporter-containing plasmids fused with 

the promoter regions of interest and then 24 hours upon transfection we measured the 

promoter activity via Luciferase transcript quantification. Since previous in silico analysis 

revealed a prediction of the region critical for the transcriptional activity of TARDBP 

promoter, as first we cloned this region (the same analysed by the bisulfite technique) 

included between nucleotide positions -562 and +1172 (relative to the Transcription Start 

Site) upstream of the Luciferase synthetic reporter gene (Lucia) of the CpG-free-basic 

Lucia vector generating the construct named “TARDBP minimal promoter” (Figure 22A). 

To examine the effects of DNA methylation, the construct has been subjected to in vitro 

DNA methylation by the methyltransferase SssI and then co-transfected with the 

expression vector β-galactosidase (which will be used as transfection normalizer) into 

mouse motor neuron NSC34 cells. After 24 hours of transfection, cells were harvested and 

total RNA was extracted. To evaluate the influence of the methylation on the promoter 

activity, the Luciferase mRNA levels of expression have been evaluated by quantitative 

real time RT-PCR in both samples transfected with methylated or not-methylated 

constructs. As shown in Figure 22B, the in vitro DNA methylation before transfection 

reduced 5 fold TARDBP minimal promoter (bisulfite analysed sequence) activity in respect 

to the not methylated promoter. Since it has been demonstrated that the alternative splicing 

of around 22% of exons is regulated by DNA methylation, we included in the analysis an 

additional construct carrying the TARDBP promoter sequence with the following closest 

canonical splice site included (Figure 22A) in order to consider any alteration of the 

system induced by methylation and splicing. To do that, we generated a construct called 

“TARDBP extended promoter” harbouring the same promoter sequence correspondent to 

the region analysed by bisulfite and previously described above in this section, with the 

addiction of the downstream region including the 3’ splice site of the intron 1 of the 

TARDBP gene and 14 nucleotides of exon 2 ending before the ATG (Figure 22A). The 

total fragment spanned the region from nucleotide -562 to +1403 (+1 is the TSS). As 

described above, in vitro methylation followed by transfection in mouse motor neuron cells 

has been performed as well with the construct “TARDBP extended promoter” and also in 

this case the promoter activity has been evaluated through quantitative real time RT-PCR 

on the Luciferase transcript normalized against β-galactosidase. Similarly to the previous 

construct, also in this case the activity of the methylated promoter is drastically reduced if 

compared with the demethylated one (Figure 22B).  
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the changes observed between the methylated or not-methylated constructs are exclusively 

attributable to the promoter cloned sequence. As a consequence our data confirms that the 

differential status of methylation of the TARDBP promoter is particularly important for the 

regulation of the TARDBP gene transcription in mouse motor neuron cells. 

7. Mutagenesis of specific CpG sites in the TARDBP fourth island 
induces changes in the promoter activity 
 

Previous results from bisulfite analysis in both animal tissues and mouse motor neuron 

cells revealed that there are single and specific CpG units of the fourth island of the 

TARDBP promoter preferentially affected by DNA methylation. To characterize in more 

detail whether methylation events targeting specific CpG sites could modulate the 

promoter activity, we mutagenized groups of specific CpG sites of the fourth island (CpG 

dinucleotide was mutated into CpA) in order to prevent methylation and then we looked at 

the promoter activity. To do that, we used as a backbone the construct named “TARDBP 

extended promoter” containing the wild type mouse TARDBP promoter cloned upstream 

of the Luciferase in the CpG-free basic-Lucia vector and described before (Session 6 of the 

Results) (Figure 23A). Taking advantage of this backbone construct, we substituted the 

fourth island of the wild type promoter with different fragments of synthetic DNA in 

which specific groups of CpG sites were mutated in CpA sites and as follows: 1) Fragment 

1 contains CpG mutated sites #92, 93, 94 and 95; 2) Fragment 2 with CpG mutated sites 

#96, 97, and 98; 3) Fragment 3 harbouring the CpG mutated sites #99, 100, 101, 102, and 

103; 4) Fragment 4 with CpG mutated sites #104, 105, 106, 107, and 108 (Figure 23B). 

Lastly, we made another construct in which we substituted the fourth island with the 

Fragment 5 in which we mutated the CpG sites that we found significantly methylated in 

the mouse tissues, i.e. CpG #99, 101, 103, 105, and 108 (Figure 23B).  

Then, the plasmids along with the expression vector for β -galactosidase were transfected 

in mouse motor neuron NSC34 cell line. After 24 hours of transfection, cells were 

harvested and total RNA was extracted. To evaluate the promoter activity, we assessed the 

relative expression of Luciferase using β-galactosidase as normaliser by quantitative real 

time RT-PCR using specific oligonucleotides targeting the two transcripts. Figure 24 

shows that when the CpG sites from #92 to #95 (Figure 24B), from #96 to #98 (Figure 

24C), and from #99 to #103 (Figure 24D) are mutagenized, the promoter activity is 

comparable to the wild type. On the other hand, by mutating the CpG units belonging to 

the last part of the island from #104 to #108 (Figure 24E) the functionality of the promoter 
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is moderately increased in comparison to the wild type in a statistically significant manner. 

Furthermore, no changes in respect to the wild type have been observed in presence of 

mutated CpG sites #99, 101, 103, 105, and 108 (Figure 24F). Lastly, for all the constructs 

analysed, the promoter activity was significantly higher than the activity of the promoter-

less backbone of the vector, which showed negligible activity (Figure 24G).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Mutagenesis of specific CpG sites of the fourth island. A) Representation of the CpG free- TARDBP 

extended promoter construct (TARDBP promoter fragment from -562bp to +1403bp cloned upstream the Lucia reporter 

gene in the CpG free-basic lucia vector). B) Representation of the fragments used to substitute the CpG4 island. 

Fragment 1 contains CpG sites mutated from #92 to #95. Fragment 2 contains CpG sites mutated from #96 to #98. 

Fragment 3 contains CpG sites mutated from #99 to #103. Fragment 4 contains CpG sites mutated from #104 to #108. 

Fragment 5 contains CpG sites mutated #99, 101, 103, 105, and 108. 
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Figure 24. Mutagenesis of specific CG sites of the CpG4 island induces changes in the promoter activity. A) 

Representation of the CpG free- TARDBP extended promoter construct (TARDBP promoter fragment from -562bp to 

+1403bp cloned upstream the Lucia reporter gene in the CpG free-basic lucia vector). B) On the left is shown a 

representation of the CpG free- TARDBP extended promoter construct (TARDBP promoter fragment from -562bp to 

+1403bp cloned upstream the Lucia reporter gene in the CpG free-basic lucia vector) with the fourth island substituted 

with the fragment 1 (CpG sites mutated from #92 to #95). Panel on the right shows real-time PCR quantification of Lucia 

mRNA upon transfection of the wild type and mutant construct (CpG4 island substituted with the Fragment 1). ns 

indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated 

on six independent experiments. C) On the left is shown a representation of the CpG free- TARDBP extended promoter 

construct (TARDBP promoter fragment from -562bp to +1403bp cloned upstream the Lucia reporter gene in the CpG 

free-basic lucia vector) with the fourth island substituted with the fragment 2 (CpG sites mutated from #96 to #98). Panel 

on the right shows real-time PCR quantification of Lucia mRNA upon transfection of the wild type and mutant construct 

(CpG4 island substituted with the Fragment 2). ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** 

indicates 0,001<p<0,01. Error bars indicate SD calculated on six independent experiments. D) On the left is shown a 

representation of the CpG free- TARDBP extended promoter construct (TARDBP promoter fragment from -562bp to 

+1403bp cloned upstream the Lucia reporter gene in the CpG free-basic lucia vector) with the fourth island substituted 

with the fragment 3 (CpG sites mutated from #99 to #103). Panel on the right shows real-time PCR quantification of 

Lucia mRNA upon transfection of the wild type and mutant construct (CpG4 island substituted with the Fragment 3). ns 

indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated 

on six independent experiments. E) On the left is shown a representation of the CpG free- TARDBP extended promoter 

construct (TARDBP promoter fragment from -562bp to +1403bp cloned upstream the Lucia reporter gene in the CpG 

free-basic lucia vector) with the fourth island substituted with the fragment 4 (CpG sites mutated from #103 to #108). 

Panel on the right shows real-time PCR quantification of Lucia mRNA upon transfection of the wild type and mutant 

construct (CpG4 island substituted with the Fragment 4). ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, 

** indicates 0,001<p<0,01. Error bars indicate SD calculated on six independent experiments. F) On the left is shown a 

representation of the CpG free- TARDBP extended promoter construct (TARDBP promoter fragment from -562bp to 

+1403bp cloned upstream the Lucia reporter gene in the CpG free-basic lucia vector) with the fourth island substituted 

with the fragment 5 (CpG sites mutated #99, 101, 103, 105, 108). Panel on the right shows real-time PCR quantification 

of Lucia mRNA upon transfection of the wild type and mutant construct (CpG4 island substituted with the Fragment 5). 

ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD 

calculated on six independent experiments. G) On the left is represented the empty vector structure. On the right is shown 

the real-time PCR quantification of Lucia mRNA upon transfection of the wild type and empty vector constructs. ns 

indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated 

on six independent experiments. 

 

In summary, by mutating the CpG sites in the first part of the fourth island (from #92 to 

#95; from #96 to #98; and from #99 to 103), the methylation is allowed in the second half 

of the island and in this condition it is observed a promoter activity similar to the wild 

type. The promoter activity remains unchanged also when CpG sites methylated in mouse 

tissues (#99, 101, 103, 105, and 108) are mutated. By contrast, once the methylation of all 

the CpG units belonging to the last part of the island (from #104 to #108) is prevented by 

the mutagenesis, the promoter function is increased. It is important to note that the CpG 

sites mostly subjected to methylation during aging in mouse tissues in which the TDP-43 
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expression decreases during time, are the #105 and #108, which indeed are localised in the 

fourth island region that gives rise to TDP-43 increased level when methylation is 

prevented via mutagenesis of the CpG sites.  

The data indicates that the CpG sites located in the last part of the fourth island of the 

TARDBP mouse promoter are important in the modulation of the promoter activity through 

methylation.  

8. TDP-43 time and tissue specific regulation is a conserved 
phenomenon between fly, zebrafish, and mouse 
 

Then, we went further in the investigation of the mechanism underlying the TDP-43 tissue 

and time specific regulation by considering its expression during aging in Drosophila and 

zebrafish, that are two species representing farther points in the evolutionary scale in 

respect to mouse (Figure 25A). This has been done to deepen the degree of conservation 

of the phenomena during the evolution and hence the importance of this process. For the 

comparison between mouse and Drosophila we evaluated the trend of expression of TDP-

43/TBPH (Drosophila orthologous of TDP-43) in brain over time, while for zebrafish we 

isolated the entire head because of difficulties in isolating brain due to size (in the 6 days 

post-fertilization case) and tissue consistency limitations. We extracted total RNA from 

brain of mice aged 10 and 90 days, from Drosophila aged 1, 7, and 14 days brains and 

from 6 and 60 days post-fertilization zebrafish heads. Then, reverse transcription (RT) and 

real time qPCR have been performed to detect TDP-43/TBPH transcript. In mouse and 

zebrafish, TDP-43 mRNA levels were normalized with the housekeeping gene GAPDH, 

while in Drosophila TBPH normalization has been done using Rpl-11. As it can be seen in 

Figures 25B, 25C and 25D, TDP-43/TBPH mRNA levels decrease during aging in all the 

three wild type organisms tissues. Furthermore, the drop of the mRNA levels measured in 

aged flies in respect to the young correspond to the same trend observed to occur from 10 

to 90 days in mouse and from 6 to 60 days in zebrafish. 

Next we wanted to compare in the different organisms the expression of TDP-43 during 

aging in skeletal muscle. Due to the difficulties in the isolation of skeletal muscle in 

Drosophila , we decided to precede comparing mouse and zebrafish. For this purpose, we 

used mice aged 10 and 90 days as previously done, and zebrafish at 6 and 60 days post-

fertilization. In the case of zebrafish, we used the entire tail for the analysis as preliminary 

data revealed that the contribution in terms of TDP-43 expression given by the cartilage 

system of the tail was negligible. After total RNA extraction from mouse and zebrafish 
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mRNA at 6 and 60 days post fertilization. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 

0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. 

9. TDP-43 trends of expression during aging are similar between 
mouse and human in liver and stomach 
 

Previous analysis on the conservation of the TDP-43 tissue- and time- specific mechanism 

of regulation suggested that it is evolutionarily conserved between mouse, zebrafish and 

fly. To deepen the degree of conservation of the phenomena and in order to evaluate if the 

same mechanism could be also ascribed to humans, we moved our analysis in human 

tissues to perform a comparison with mouse.  

The extension of these studies to human was problematic for ethical and logistic reasons 

and we managed to obtain fairly good biopsy samples from bariatric surgery. Because of 

the difficulty to have access to skeletal muscle human biopsies, we decided to move from 

skeletal muscle (as done in previous analysis) to stomach muscle since, as well as liver, 

was an available tissue from our collaborators. This decision was conforted by the 

observation of a sharp decay of TDP-43 levels in mouse stomach muscle that was similar 

to the decay observed to occur in the skeletal muscle. In fact, in both the muscle typology 

analysed TDP-43 decreases from 10 days to 1 year both at protein (Figures 26A and 26C) 

and RNA levels (Figures 26B and 26D).  

In order to allow an appropriate comparison of TDP-43 levels between mouse and human 

tissues during aging we analysed the life phase equivalencies between the two organisms 

and assessed that mouse aged 10 days corresponds to an individual aged around 4 years, a 

90 days aged mouse corresponds to 20 years old individual and that 1 year old mouse 

corresponds to 43 years old individual (Figures 27A and 27B). Because human samples 

from our medical collaborators were widely variable about time points, we grouped them 

into windows of aging as illustrated in the time line of the Figure 27B. In particular, we 

could not have access to samples from individuals aged less than 19 years old; hence we 

had not the human correspondent to 10 days aged mice. We then grouped all the samples 

from individuals who range in age from 19 to 30 and compare them with 90 days mice. In 

the case of 1 years old mice, the comparison has been performed with the group of human 

individuals ranging from 41 to 50 years. Moreover, we had access to other three groups of 

human samples pooled as follows: from 31 to 40, from 51 to 60, and more than 61 years 

old. Even though we did not have the availability of mice samples correspondent to these 

last three human time windows, we decided to include them into the analysis as well 
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Figure 28. TDP-43 protein trends of expression during aging are similar between mouse and human in liver and 

stomach. A) The upper panel is a slot blot analysis showing TDP-43 levels from human liver aged 21, 35, 48, 57, and 63 

years. The lower panel shows GAPDH detection as loading control. The histogram below shows the ImageJ 

quantification of TDP-43 expression levels normalized with GAPDH. Error bars indicate SD calculated on three 

independent experiments. B) The upper panel is a slot blot analysis showing TDP-43 levels from mouse liver aged 10, 

and 365 days. The lower panel shows GAPDH detection as loading control. The histogram below shows the ImageJ 

quantification of TDP-43 expression levels normalized with GAPDH. Error bars indicate SD calculated on three 

independent experiments. C) The upper panel is a slot blot analysis showing TDP-43 levels from human stomach aged 22 

and 61 years. The lower panel shows GAPDH detection as loading control. The histogram below shows the ImageJ 

quantification of TDP-43 expression levels normalized with GAPDH. Error bars indicate SD calculated on three 

independent experiments. D) The upper panel is a slot blot analysis showing TDP-43 levels from mouse stomach aged 

10, and 365 days. The lower panel shows GAPDH detection as loading control. The histogram below shows the ImageJ 

quantification of TDP-43 expression levels normalized with GAPDH. Error bars indicate SD calculated on three 

independent experiments. 

 

We further compared human and mouse TDP-43 trends of expression in liver and stomach 

during aging at transcriptional level. For this purpose we extracted total RNA from human 

liver samples belonging to the window 19-30 years old individuals, 41-50, and <61 years 
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old. On the other hand we extracted RNA from human stomach muscle samples belonging 

to the age window of 19-30 and >61 years old. We then performed reverse transcription 

(RT) and Real time qPCR targeting TDP-43 transcript. TDP-43 mRNA levels were 

normalized with the housekeeping gene GAPDH. As shown in Figure 29 we could 

observe a constant expression in liver (Figure 29A) and a decrease occurring over time in 

the stomach muscle (Figure 29C). In both the tissues analysed the mRNA levels measured 

follow the protein trends (Figures 29A and 29C). In parallel we extracted total RNA from 

mouse liver (10, 90, and 365 days) and mouse stomach muscle (10 and 365 days) and after 

reverse transcription (RT), we performed a real time qPCR to detect TDP-43 transcript. 

TDP-43 mRNA levels were quantified and normalized with the housekeeping gene 

GAPDH. As shown in Figures 29B and 29D the mRNA level was constant during time in 

the liver while it decreased from 10 to 365 days in the stomach muscle, as observed in 

human. Also in this case, mRNA level follows the protein trend of expression in all the 

tissues considered. 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

Figure 29. TDP-43 mRNA trends of expression during aging are similar between mouse and human in liver and 

stomach. A) Graph showing real-time PCR quantification of human liver TDP-43 mRNA at 21, 48, and 63 years. ns 

indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated 

on three independent experiments. B) Graph showimg real-time PCR quantification of mouse liver TDP-43 mRNA at 10, 

90, and 365 days. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars 

indicate SD calculated on three independent experiments.C) Graph shows real-time PCR quantification of human 

stomachTDP-43 mRNA at 22 and 61 years. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 

0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. D) Graph showing real-time PCR 

quantification of mouse stomach TDP-43 mRNA at 10, and 365 days. ns indicates p>0.05 (not significant), * indicates 

0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. The lower 
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graph shows real-time PCR quantification of mouse stomach TDP-43 mRNA at 10, and 365 days. ns indicates p>0.05 

(not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated on three 

independent experiments. 

Our data demonstrate the existence of a physiological pre-translational age- and tissue- 

specific mechanism of regulation of TDP-43 levels in the samples considered above. 

Furthermore these evidences suggest that it is an evolutionary conserved phenomenon 

between mouse and human species. 

10. DNA demethylation increases TDP-43 expression in human 
bone marrow neuroblasts 
 

Considering the evolutionary conservation of the TDP-43 tissue- and time- specific 

regulation mechanism between human and mouse, it was of interest to see if the 

methylation patterns in the human promoter were also at least in part responsible of the 

TDP-43 age related decay levels in human. As first, we performed an in silico analysis of 

the 5’ upstream regulatory area of the TARDBP human promoter as already done in mouse 

(Figure 30A) (Session 4 of the Results). By using several promoter prediction tools 

including Promoter 2.0 prediction server (http://www.cbs.dtu.dk/services/Promoter/), 

Neural network promoter prediction (http://www.fruitfly.org/seq_tools/promoter.html), 

and Promoter scan (https://www-bimas.cit.nih.gov/molbio/proscan/), we accessed 

information on the identity of the promoter regulatory region of our gene of interest. The 

outcomes from different algorithms were partially overlapping, then we decided to 

consider the largest region predicted from all the tools used. It resulted in a genomic area 

of around 1500 bp distributed 1000 bp upstream and 500 bp downstream of the 

Transcription Starting Site (TSS) (Figure 30B). Next, we used Methprimer prediction tool 

(http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi) to track the CpG sites within 

the promoter and their relative density. The software revealed the presence of 125 CpG 

sites as a potential target for methylation within the promoter predicted sequence. The area 

consists in three CpG islands characterized by elevated density of CpGs dinucleotides 

content and containing 16, 80, and 29 CpG sites respectively (Figure 30B). The 

aforementioned islands are indicated in Figure 30B as CpG1 (spanning -826 to -637), 

CpG2 (from -403 to -220), and CpG3 (from -97 to +538) (Figure 30B). 

Even though the mouse and human TARDBP genes share very high similarity in the coding 

sequence, they have lower sequence homology of the regulatory 5’-upstream untranslated 

area. Despite the sequence differences between the two promoters, it can be observed a 
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incubation. Specific PCR primers for the methylation analysis were designed on converted 

DNA to separately amplify each of the three CpG islands identified by the software 

Methprimer as described above. Amplicons have been named as follows: CpG1 (spanning 

-875 to -561), CpG2 (from -507 to -162), CpG3A (from -144 to +399), CpG3B (extending 

from +377 to +992) (Figure 31). As it is shown in the Figure 31, because CpG3 island 

was too large to be analysed through a single PCR fragment amplification, we designed 2 

primers pairs (which give rise to amplicons CpG3A and CpG3B) to have a complete 

coverage of that area.  

 

 

 

 

 

 

 

 

 

 

Figure 31. Human TARDBP promoter architecture and design of the bisulfite methylation analysis. A) Schematic 

representation of the human TARDBP promoter predicted fragment. +1 represents the Transcription Starting Site (TSS). 

Methprimer analysis indicates CpG islands (in light blue) distributed within the promoter as three distinct regions (CpG1, 

CpG2, and CpG3). The CpG dinucleotides are indicated as orange lines under the representation of the islands. In the 

lower part of the image are depicted the four amplicons (pink, yellow, blue, and orange lines) analysed in the bisulfite 

experiment, with the numbers referring to the start and end point of the primer designed on the converted DNA and used 

for the amplification. 

As expected, the methylation profile of the human cell line is not matching with the one 

detected in mouse cells. In fact, as illustrated before, the sequences of the 5’ upstream 

regulatory regions show low similarity between human and mouse. However, in human, as 

it happens in the mouse promoter, we found a single island (the first one instead of the 

fourth of the mouse) strongly and consistently methylated and this is a common feature 

between the two species. 

In particular, in human SH-SY5Y TDP-43 promoter, there is a widespread and highly 

frequent methylation of almost all the CpG sites belonging to the first island. In fact, with 

the exception of the dinucleotides sites #13, #14, #15, and #16 which are methylated less 

than 50% of the cases, all the others are strongly methylated in percentage of around 100% 

(sites #1, #2, #3, #4, #5, #6, #7, #8, #9, #10, #11, and #12). The methylation rate in all the 
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other sites of the second and third island is negligible with the exception of the last site 

(#125) in the CpG3 island exhibiting a significant methylation percentage of around 30% 

(Figure 32A). 

Once assessed that TARDBP promoter is subjected to methylation as described above, we 

next analysed eventual methylation effects on TDP-43 mRNA expression upon 5-

azacitydine treatment of the cells. To do that, 5-azacytidine was added to the culture media 

at increasing concentration of 1 µM, 5 µM, and 10 µM. As already stated, this chemical 

analogue of the cytidine is able to inhibit the DNA methyltransferases enzymes, causing 

hypomethylation of DNA. After 48 and 72 hours of treatment, cells were harvested and 

total RNA was extracted. For the evaluation of the TDP-43 mRNA levels, real time RT-

qPCR has been performed. As shown in Figure 23B, the demethylating treatment 

significantly increased TDP-43 mRNA in a dose- and time- dependent manner. In fact, the 

stronger effect is observed with higher concentration of the drug and it is more evident at 

72 hours (Figure 32B, black bars) compared to 48 hours (Figure 32B, grey bars) at any 

concentration used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. DNA demethylation increases TDP-43 expression in human bone marrow neuroblast SH-S5Y5. A) 

Bisulfite sequencing analysis of the human TARDBP promoter harbouring 125 CpG sites (indicated as numbers on the x 

axis) in SH-SY5Y cells. B) Real-time PCR quantification of TDP-43 mRNA in SH-SY5Y treated with 1 µM, 5 µM, and 

10 µM of 5-azacitydine at 48 hours (grey bars) and 72 hours (black bars) . ns indicates p>0.05 (not significant), * 

indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. Error bars indicate SD calculated on three independent experiments. 
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These data shows that, as observed in mouse, TARDBP human promoter is highly 

methylated at single specific island level even though the target island for the methylation 

is differently positioned between the two species: the last part of the promoter for the 

mouse versus the first part of the promoter for the human. Moreover 5-azacytidine 

treatment effects suggest that methylation might play a role in controlling mRNA 

expression of human TDP-43 in human SH-SY5Y cells. 

 

11. TDP-43 age- and tissue-specific regulation during development 

is not alone: other RNA binding proteins follow similar trend 

 

Previous reports have shown that splicing factors expression and altered alternative 

splicing are deregulated in association with aging in human and other species. In particular, 

changes in splicing factors expression were reported in human blood, and they have also 

been associated with mouse strain lifespan in spleen and in muscle3. TDP-43 is a member 

of the heterogeneous ribonucleoproteins (hnRNPs) family that act as regulators of the 

RNA metabolism together with the “cousin” family of SR splicing factors. However, no 

systematic associations have been made so far regarding the tissue-specificity of the aging 

related changes and splicing factors levels. We wondered whether the changes observed 

previously in this study were a strict characteristic of TDP-43 or were also involving other 

SFs. We have explored this possibility by looking at the expression of different members 

of the major families of the RNA binding proteins (RBPs) in brain, skeletal muscle, and 

liver of mouse aged 10 and 90 days. Among the members of the hnRNPs we analysed 

hnRNP A1, hnRNP H1, hnRNP I, hnRNP L, hnRNP Q, and hnRNP R. Then we 

considered SRp55 and SRp75 that belong to the SR proteins family and snRNP U1A and 

snRNP 70 which are part of the snRNPs family. The protein extracts of 10 and 90 days 

mouse brain, liver and skeletal muscle were analysed by western blot as previously 

described and when established that there was a specific contribution of only one species 

(no unspecific bands detected by antibodies), the slot blot technique was used. The 

expression of the hnRNPs, SRs and snRNPs was then compared with the one of TDP-43. 

As it is shown in Figure 33, all the SFs analysed including members of hnRNPs (Figure 

33A), some representative components of the SR proteins (Figure 33C) and snRNP U1A 

and 70 as components of the spliceosome complex (Fig. 19B), followed the trend of TDP-

43 in brain, corresponding to a mild decay from 10 to 90 days (Figures 33A, 33B, and 

33C, compare lane 1 and 2 of each blot). Since we observed a widespread decrease of 
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protein expression over time involving several members of the RBPs, we sought to discard 

an age-related generalized loss of efficiency in protein expression evaluating the 

fluctuation of the levels of proteins involved in different cellular processes such as cell 

signalling (Akt, GSK3β), structure organization (tubulin), cell metabolism (GAPDH), 

and ROS metabolism (SOD1). Interestingly, all these proteins maintained their levels of 

expression from 10 to 90 days in brain (Figure 33D, compare lane 1 and 2 of each blot). 

These data indicate that the reduction of TDP-43 and of other RBPs analysed is a feature 

of this class of proteins and it is not due to a generalized age-related loss of efficiency in 

the protein production as in that case a similar decrease in other proteins involved in other 

cellular processes would have been observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. RNA-binding proteins expression decay is associated to development in brain. A) Blots showing TDP-43 

and heterogeneous ribonucleoproteins (TDP-43, hnRNP A1, hnRNP H1, hnRNP I, hnRNP L, hnRNP Q. hnRNP R) 

expression in mouse brain at 10 and 90 days. Antibodies used in Western Blot are indicated in bold font, antibodies used 

in slot blot are indicated in regular font. Each row reports three indipendent experiments for each protein analysed. The 

last row of the panel shows GAPDH as loading control. B) Blots showing TDP-43 and small nuclear ribonucleoproteins 

(TDP-43, snRNP U1A, snRNP 70) expression in mouse brain at 10 and 90 days. Antibodies used in Western Blot are 

indicated in bold font, antibodies used in slot blot are indicated in regular font. Each row reports three indipendent 

experiments for each protein analysed. The last row of the panel shows GAPDH as loading control. C) Blots showing 

TDP-43 and Serine-Arginine proteins (TDP-43, SRp75, SRp55, Tra2Beta) expression in mouse brain at 10 and 90 days. 

Antibodies used in Western Blot are indicated in bold font, antibodies used in slot blot are indicated in regular font. Each 

row reports three indipendent experiments for each protein analysed. The last row of the panel shows GAPDH as loading 

control. D) Blots showing proteins not belonging to the RNA metabolism (Akt, GSK3Beta, SOD1, Tubulin) expression 

in mouse brain at 10 and 90 days. Antibodies used in Western Blot are indicated in bold font, antibodies used in slot blot 

are indicated in regular font. Each row reports three indipendent experiments for each protein analysed. The last row of 

the panel shows GAPDH as loading control. 
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In skeletal muscle we also detected, for all the RBPs considered, the same trend of 

expression observed for TDP-43 during development that is a stronger drop in levels than 

that observed in brain (Figures 34A, 34B, 34C). In fact, in all the hnRNPs considered 

(hnRNP A1, hnRNP H1, hnRNP I, hnRNP L, hnRNP Q, and hnRNP R) it could be 

observed a drastic drop to an extent that the protein is no longer detectable at 90 days by 

this methodology (below the limit of sensitivity of the western/slot) (Figure 34A, compare 

lane 1 and 2). Also in the case of the snRNPs analysed (snRNP 70 and U1A) (Figure 34B) 

and the SRp75 (Figure 34C) the expression decrease is strong by comparing the protein 

level at 10 and 90 days (Figures 34B, 34C, compare lane 1 and 2). Here again, the 

evaluation of the protein levels of members not belonging to the class of proteins involved 

in the regulation of the RNA metabolism revealed that the tissue- and time- specificity of 

the protein drop observed in the skeletal muscle is not a general cellular mechanism 

occurring over time and that it is specific for the RBPs studied. In fact, for the members of 

other cellular pathways such as actin, tubulin, SOD1, GSK3-β , and GAPDH the decay at 

90 days is not occurring (Figure 34D).  
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Figure 34. RNA-binding proteins expression decay during development in the skeletal muscle is stronger than in 

brain. A) Blots showing TDP-43 and heterogeneous ribonucleoproteins (TDP-43, hnRNP A1, hnRNP H1, hnRNP I, 

hnRNP L, hnRNP Q. hnRNP R) expression in mouse skeletal muscle at 10 and 90 days. Antibodies used in Western Blot 

are indicated in bold font, antibodies used in slot blot are indicated in regular font. Each row reports three indipendent 

experiments for each protein analysed. The last row of the panel shows GAPDH as loading control. B) Blots showing 

TDP-43 and small nuclear ribonucleoproteins (TDP-43, snRNP U1A, snRNP 70) expression in mouse skeletal muscle at 

10 and 90 days. Antibodies used in Western Blot are indicated in bold font, antibodies used in slot blot are indicated in 

regular font. Each row reports three indipendent experiments for each protein analysed. The last row of the panel shows 

GAPDH as loading control. C) Blots showing TDP-43 and Serine-Arginine proteins (TDP-43, SRp75) expression in 

mouse skeletal muscle at 10 and 90 days. Antibodies used in Western Blot are indicated in bold font, antibodies used in 

slot blot are indicated in regular font. Each row reports three indipendent experiments for each protein analysed. The last 

row of the panel shows GAPDH as loading control. D) Blots showing proteins not belonging to the RNA metabolism 

(Actin, GSK3Beta, SOD1, Tubulin) expression in mouse skeletal muscle at 10 and 90 days. Antibodies used in Western 

Blot are indicated in bold font, antibodies used in slot blot are indicated in regular font. Each row reports three 

indipendent experiments for each protein analysed. The last row of the panel shows GAPDH as loading control. 

 

In liver, TDP-43 shows a different behaviour in respect to the brain and skeletal muscle 

with no changes in the protein expression between 10 and 90 days (Figure 35). Also in the 

case of this tissue, the evaluation of the RBPs expression was in agreement with the TDP-

43 trend, revealing a generalized unchanged expression of the proteins considered during 

time. In fact, as shown in Figure 35A almost all the hnRNPs analysed show a sustained 

expression from 10 to 90 days (Figure 35A, compare lane 1 and 2) with the exceptions of 

hnRNP A1 and hnRNP I which were undergoing a dramatic decrease (Figure 35A, 

compare lane 1 and 2). Overall, the SR proteins considered (SRp55, and SRp75) were 

constantly expressed during time (Figure 35C, compare lane 1 and 2), and the snRNPs 

exhibited slight heterogeneity with a sustained expression of snRNP U1A from 10 to 90 

days and a mild decrease of snRNP 70 registered at 90 days in some cases (Figure 35B, 

compare lane 1 and 2). We also analysed SOD1, GSK3-β , and GAPDH as proteins 

belonging to other cellular pathways not involved in the RNA metabolism. As observed in 

brain and in skeletal muscle, also in liver they showed constant and sustained expression 

with no tissue-specific changes occurring over time (Figure 35D, compare lane 1 and 2 of 

each blot). 
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Figure 35. RNA-binding proteins expression is generally sustained in liver over time. A) Blots showing TDP-43 and 

heterogeneous ribonucleoproteins (TDP-43, hnRNP A1, hnRNP H1, hnRNP I, hnRNP L, hnRNP Q. hnRNP R) 

expression in mouse liver at 10 and 90 days. Antibodies used in Western Blot are indicated in bold font, antibodies used 

in slot blot are indicated in regular font. Each row reports three indipendent experiments for each protein analysed. The 

last row of the panel shows GAPDH as loading control. B) Blots showing TDP-43 and small nuclear ribonucleoproteins 

(TDP-43, snRNP U1A, snRNP 70) expression in mouse liver at 10 and 90 days. Antibodies used in Western Blot are 

indicated in bold font, antibodies used in slot blot are indicated in regular font. Each row reports three indipendent 

experiments for each protein analysed. The last row of the panel shows GAPDH as loading control. C) Blots showing 

TDP-43 and Serine-Arginine proteins (TDP-43, SRp75, SRp55) expression in mouse liver at 10 and 90 days. Antibodies 

used in Western Blot are indicated in bold font, antibodies used in slot blot are indicated in regular font. Each row reports 

three indipendent experiments for each protein analysed. The last row of the panel shows GAPDH as loading control. D) 

Blots showing proteins not belonging to the RNA metabolism (GSK3Beta, SOD1) expression in mouse liver at 10 and 90 

days. Antibodies used in Western Blot are indicated in bold font, antibodies used in slot blot are indicated in regular font. 

Each row reports three indipendent experiments for each protein analysed. The last row of the panel shows GAPDH as 

loading control. 

 

To address whether the tissue- and age- specific regulation observed to occur in several 

members of the RBPs was acting at transcriptional rather than translational level, we 

examined the transcript levels of some of the genes previously analysed by quantitative 

real-time qPCR. For this purpose we extracted total RNA from brain, skeletal muscle, and 

liver of wild-type mice aged 10 and 90 days. We first performed a reverse transcription 

and then a real-time qPCR. We quantified the mRNA levels of some representatives of the 

RBPs previously analysed at protein levels. We choose hnRNP H1 and hnRNP I among 
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the hnRNPs family, and the SRp55 for the serine-arginine rich proteins. As before we used 

as a control transcripts not related to the RBPs. In this case we selected Akt and SOD1 as a 

genes not involved in the RNA metabolism. Normalization has been performed with the 

housekeeping gene GAPDH. In the case of TDP-43 we previously showed that in every 

tissue considered the trend of the protein was correspondent to the levels of mRNA 

measured over time, suggesting the existence of a pre-translational mechanism. We could 

confirm that in the brain mRNA of all the RBPs members analysed (hnRNP H1, hnRNP I, 

and SRp55) mildly decreases (Figures 36A, 36B, 36C) as the protein does. Similarly, the 

mRNA levels were following the protein trends also in skeletal muscle where there is a 

drastic drop as shown in Figures 36F, 36G, 36H. As expected, in liver, the level of mRNA 

is sustained as observed in the protein expression from 10 to 90 days for hnRNP H1 

(Figure 36M) and SRp55 (Figure 36O). The transcript of the hnRNP I also followed the 

trend of the protein showing a moderate decrease (Figure 36N). It should be noticed that 

in all the tissues we analysed, the transcripts of genes not involved in the RNA metabolism 

regulation such as Akt and SOD1 showed constant expression independently from age 

(Figures 36D, 36E, 36I, 36L, 36P, and 36Q). 

These results indicate that the age- and tissue- specific expression of TDP-43 observed 

during the early post-natal developmental stage (from 10 to 90 days) could be extended to 

other members of the RBPs to which it belongs. Moreover, as earlier observed for TDP-43, 

also in the case of the RBPs considered, the mRNA trend follows the protein one in every 

tissue studied, again suggesting a regulation occurring at transcriptional level. 
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Figures 36. RNA-binding proteins tissue-specific regulation during development is transcriptionally mediated. A) 

Real-time PCR quantification of mouse brain hnRNP H1 mRNA at 10 and 90 days. B) Real-time PCR quantification of 

mouse brain SRp55 mRNA at 10 and 90 days. C) Real-time PCR quantification of mouse brain hnRNP I (PTB) mRNA 

at 10 and 90 days. D) Real-time PCR quantification of mouse brain AKT mRNA at 10 and 90 days. E) Real-time PCR 

quantification of mouse brain SOD1 mRNA at 10 and 90 days. F) Real-time PCR quantification of mouse skeletal 

muscle hnRNP H1 mRNA at 10 and 90 days. G) Real-time PCR quantification of mouse skeletal muscle SRp55 mRNA 

at 10 and 90 days. H) Real-time PCR quantification of mouse skeletal muscle hnRNP I (PTB) mRNA at 10 and 90 days. 

I) Real-time PCR quantification of mouse skeletal muscle AKT mRNA at 10 and 90 days. L) Real-time PCR 

quantification of mouse skeletal muscle SOD1 mRNA at 10 and 90 days. M) Real-time PCR quantification of mouse 

liver hnRNP H1 mRNA at 10 and 90 days. N) Real-time PCR quantification of mouse liver SRp55 mRNA at 10 and 90 

days. O) Real-time PCR quantification of mouse liver hnRNP I (PTB) mRNA at 10 and 90 days. P) Real-time PCR 

quantification of mouse liver AKT mRNA at 10 and 90 days. Q) Real-time PCR quantification of mouse liver SOD1 

mRNA at 10 and 90 days. ns indicates p>0.05 (not significant), * indicates 0,01<p< 0,05, ** indicates 0,001<p<0,01. 

Error bars indicate SD calculated on three independent experiments. 
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DISCUSSION AND CONCLUDING REMARKS 
 

The majority of ALS cases (around 95%) share a common feature, which is the presence of 

TDP-43 cytoplasmic and/or nuclear inclusions in brain261,262. The role played by the 

aggregates has been and still is continuously debated. Different hypothesis have been made 

to explain the mechanism that contribute to the onset and progression of the disease. 

Indeed, if on one hand TDP-43 aggregates could act as a sink for the newly synthesized 

protein resulting in the depletion of its soluble functional fraction and consequently giving 

rise to a loss of function phenotype 109,160, on the other hand aggregation intermediates or 

aggregates themselves might display toxic gain of function properties263. While the debate 

is open it is certainly true that depletion of TDP-43 results in a severe loss of function 

phenotype. For example, experiments in flies with genetic suppression of TBPH 

(conserved TDP-43 orthologous in Drosophila) result in defective locomotion phenotype 

and atrophy of the neuromuscular junctions (NMJ) that is consistent with the loss of TDP-

43 normal function model of ALS pathogenesis. Interestingly, at least in the fly, the 

locomotive phenotype is reversible as TBPH late induction in the null flies is able to 

recover normal locomotion in the adult264, indicating that recovery of TDP-43 levels (high 

levels are toxic), might be beneficial in regards to disease progression.  

Another issue related to the loss of function is the stoichiometry of TDP-43. In cells, we 

have previously shown that EGFP-fused-TDP-43 mutant form (TDP-43 F4L) along with 

12 repetitions of its prion like Q/N- rich region (EGFP TDP-43 F4L 12X Q/N) sequesters 

either exogenous or endogenous full-length TDP-43247 and thus mimics the TDP-43 

pathologic “sinks” of ALS patients. The transgenic fly created with the same construct 

shows reduced lifespan, impaired neuromuscular junctions (NMJ)264, and locomotive 

phenotype like the knock out fly but with the fundamental difference that the onset of the 

defective locomotion is a later age phenomena beyond the start of the reproductive period 

of the fly. This occurs notwithstanding the aggregates are already present since fertilization 

through the larval stage and early adult life. Further investigations highlighted the fact that 

the climbing deficit correlated with a physiological reduction in brain of the endogenous 

TBPH levels259. This was the first observation that the defect may be related to the amount 

of endogenous TDP-43. In particular, it is interesting to speculate that the effect of 

aggregation is counteracted, in young animals, by a sufficient amount of newly synthesised 

TBPH but with aging, the lower cellular capacity of TBPH production leads to its 

physiological reduction, then the protein amount is no longer sufficient to compensate the 

entrapment in the aggregates and the loss of TBPH function triggers the pathological 
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cascade of events eventually leading to the disease. In fact, reduction of TBPH mRNA 

levels was able to anticipate the locomotion defect to the larval stage, providing the first 

existing link between aggregation and the age-related reduction of TBPH with the onset of 

an ALS-like locomotion defect in Drosophila model259.  

We observed, in brain, a similar physiological age-related drop of TDP-43 mRNA and 

protein levels in three species (Drosophila melanogaster, Danio rerio, Mus musculus), that 

cover over 500 million years during the evolution (Figure 25). This indicates that the 

decrease of TBPH/TDP-43 levels represents an evolutionary conserved feature 

characteristic of aging of the organisms and consequently of biological relevance. Our 

hypothesis is that in the presence of TDP-43 aggregates, the physiological drop in TDP-43 

expression level could represent a “break point” leading to loss of function of TDP-

43/TBPH and hence to ALS symptoms and neurodegeneration onset. It was therefore 

important to elucidate the molecular mechanisms behind the expression levels of TDP-43 

during aging.  

Initially, we analysed the longitudinal expression of TDP-43 protein levels during aging in 

mice and observed that it was globally expressed during post-natal development in brain 

and several peripheral organs such as heart, liver, lung, and skeletal muscle (Figures 15 

and 16) but, except for liver, where the levels were sustained, it was undergoing a decrease 

over time in the other tissues considered (Figures 15 and 16).  

TDP-43 is not the only protein that decreases its levels in tissue and age specific manner. 

In fact, we found an age- and tissue- specific trend of expression also for several other 

members of the RBP family (Figures 33, 34 and 35), to which TDP-43 belongs. 

Furthermore we observed that, as for TDP-43, also for the RBPs the mRNA trend follows 

that of the protein (Figure 36), suggesting a regulation occurring at transcriptional level. 

Alterations in the RBP family, is increasingly emerging as a contributing factor to age-

related neurodegenerative diseases with a growing number of studies focusing on the 

presence of several of these proteins into the pathological aggregates 45. Even though 

multiple reports have already associated a deregulated expression of key splicing factors 

with aging 3,9,17,44, our data provide the important novelty of the tissue specificity of this 

mechanisms and this could be useful in trying to underlie their regulation pathways. 

Shading light on the players causing the altered RNA metabolism in neurodegeneration 

might be helpful also considering that it has been already proved that reversing some of 

these altered factors could be beneficial by slowing down the progression of the disease 
43,265–268. 
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Coming back to the specific case of TDP-43, we also observed that its time- and tissue- 

specific expression occurs not only at protein but also at mRNA levels (Figure 17). The 

fact that this specific behaviour was different in liver than other tissues gave us a model 

with which try to understand the mechanism behind the TDP-43 protein regulation. Not 

only, this could open up the possibility that the gene may be differentially regulated in the 

specific tissue or cell types and thus provide an eventual therapeutic pathway aimed at 

increasing the levels of functional TDP-43 by increasing its synthesis once the mechanism 

that partially decreases it during aging is understood.  

There are several possible mechanisms that may be acting in the age related reduction of 

TDP-43 levels. For example, one of these may be the alteration in the self-regulation 

mechanism that has been described for TDP-43 and discussed in section 6.1.2 of the 

introduction. Preliminary experiments in the laboratory before my period discarded this 

option (F. E. Baralle and L. De Conti personal communication). In consequence in this 

study, we concentrated on the modulation of the transcriptional processes. We first looked 

at DNA epigenetics modification. We carried out the mapping of the methylation status of 

TARDBP promoter in two of the tissues that showed a reduction during time of TDP-43 

protein levels (brain and skeletal muscle) compared to liver that showed steady state levels 

of TDP-43 during age. This analysis showed a clear inverse correlation between 

methylation rate of specific CpG sites and protein expression occurring over time in wild-

type animals, thus suggesting a plausible role of DNA methylation in controlling the 

reduction of TDP-43 expression over time. Particularly, our data showed that during mice 

aging, the methylation status of the fourth CpG island (NM_145556.4, region between 

+660bp and  +1172bp, relative to the Transcription Start Site) of TARDBP promoter is 

higher in those tissues in which TDP-43 was observed to decrease with the age while in 

liver, where the protein expression was sustained over time, the methylation rate did not 

vary (Figure 20). Interestingly, we found that the CpG sites alternatively methylated 

during aging are the same in brain and skeletal muscle supporting their crucial role in 

down regulating TDP-43. The importance of the methylation in modulating TARDBP 

promoter activity has been further characterised by in vitro work. Indeed, through the in 

vitro methylation assay we showed that TARDBP promoter is sensitive to methylation 

since it undergoes a decrease in the activity once it is methylated (Figure 22). 

Furthermore, mutagenesis to prevent methylation induces an increase in promoter activity 

only when it affects the CpG sites belonging to the last part of the fourth island that we 

found significantly methylated in those mouse tissues with decreased expression of TDP-

43 (Figure 24). The demethylating treatment with 5-aza of mouse motor neurons NSC34 
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cell line induces increased expression at both mRNA and protein levels of TDP-43 and not 

of GAPDH (Figure 21). All together, these data conclusively identify the methylation as a 

player in the regulation of TDP-43 mRNA and protein expression. 

In humans an analogue scenario was also observed. In fact, DNA methyltransferase 

inhibitor 5-aza induces TARDBP mRNA expression also in human neuronal cell line 

(Figure 32). Furthermore, notwithstanding the human promoter differs from the mouse in 

the architecture and genomic sequence of the CpG islands, the analysis of its methylation 

profile lead to the identification of a unique CpG island, as for the mouse TARDBP 

promoter, highly methylated in almost all the CpG sites (reference sequence NM_007375, 

area included between -875bp and -561bp, relative to the TSS). The islands which seem to 

be the key regulators through methylation, as they have been found exclusively and highly 

methylated, are the fourth in mouse and the first in human (Figures 21 and 32).  

Thus we identified, for the first time, hypermethylated specific sites in TARDBP promoter 

and demonstrated that these regulate its protein levels. Taking into consideration the age 

related drop and the age of disease onset, it is tempting to speculate that in an individual in 

the presence of TDP-43 aggregates, which is a universal landmark seen in end point 

patients brains, the rate of the age-related physiological drop of TDP-43 expression could 

tip the balance for developing ALS. In this view, individuals with low methylation rate at 

promoter level, (and for that reason with higher capacity of protein production) would be 

able to overcome the threshold limit beyond which the cell loses the normal TDP-43 

function, while in individuals with a high methylation rate, TDP-43 “inactivation” is no 

longer compensated by the newly synthesized protein. Indeed the TDP-43 levels may also 

be critical per se and it would be of extreme interest to understand the degree of expression 

of endogenous TDP-43 in that 30-40% of normal individuals under 65 years old235 where 

TDP-43 aggregation has been observed but no pathology. In fact, a possible explanation 

could be that in these individuals the physiological drop of TDP-43 is not dramatic enough 

to overstep the “break point” which would lead to loss of function consequences and 

neurodegeneration onset. 

Further indications in regards to a potential role of epigenetic modifications in ALS 

pathogenesis comes from recent studies suggesting that DNA methylation, one of the main 

epigenetic changes, could play a pivotal role in the pathogenesis of ALS269,270. 

Additionally, recent reports indicate that DNA methylation controlled by 

methyltransferases (Dnmts) can mediate motor neurons death270. In fact, it has been 

described that enhanced expression of Dnmt3A induced degeneration in mouse motor 

neurons NSC34 cell line. The same report also showed that there is an increased amount of 



	 117 

Dnmt1 and Dnmt3A and accumulation of 5-methylcitosine in motor neurons coming from 

sporadic ALS patients’ brains270. Even more importantly, a growing number of studies 

performed in blood of ALS patients attest that there is an aberrant genome wide 

methylation content 271–274,275. For example, it has been shown a genome wide enrichment 

of 5-methylcitosine in blood samples of C9orf72 ALS patients, and, even more importantly 

for us, they showed that C9orf72 promoter was one of the hypermethylated players 276–278. 

These data propose a plausible correlation between the increased global DNA methylation 

in ALS patient’s blood samples and the contribution given by specific ALS-causing genes 

hypermethylated promoters. It would be then of undoubted interest to look at the 

methylation status of TARDBP promoter in ALS conditions to make a connection with the 

increased levels of methylation that other groups found globally in diseased samples.  

Besides the importance of providing insights into basic science, several of these studies 

aim also to identify potential ALS epigenetic biomarkers as a minimal invasive alternative 

for ALS diagnostic and prognostic assessment. In fact, because of the lack of an early 

diagnostic method, there is the urgent need to develop a potent ALS biomarker. Even more 

important, there are on going and promising therapeutic approaches on animal models of 

ALS that are effective only when applied prior to disease onset because neurons lack of the 

regenerative feature279. Thus, we believe it would be of interest to investigate the 

methylation status of TARDBP promoter also in blood, serum, and other bodily fluids of 

ALS affected and healthy individuals to see whether there is a difference among the 

promoter methylation trends. In this case, methylated DNA would be a sure attractive 

choice as a biomarker substrate because of the abundance in extracellular environments, 

the resistance to degradation, and the not invasiveness of the technique. 

In line with our hypothesis of the central role of TDP-43 levels in ALS pathology, possible 

therapeutic approaches could aim in either decreasing aggregates to a point that the newly 

synthesised protein is enough to undertake cellular functions or increasing functional TDP-

43 levels to overcome aggregates sequestration. Considering the second option we propose 

modulation of DNA methylation as one of the potential targets for a therapeutic strategy to 

adjust TDP-43 expression levels in the adulthood. One evidence that supports this 

therapeutic option comes from recent investigations showing that SAM supplementation 

can be beneficial in delaying the age onset of transgenic mouse models of ALS280. The 

great potential of the pathogenic epigenetic modifications for therapeutic strategies is that 

they are reversible. Indeed, we showed that the DNA methyltransferase inhibitor 5-

azacytidine in mouse motor neurons cell line remarkably enhances TDP-43 expression 

both at RNA and protein levels (Figure 21). Interestingly, demethylating agents have been 
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extensively studied to reverse aberrant epigenetic changes, in particular when associated 

with cancer. Particularly, subcutaneous azacitidine is approved in the treatment of 

myelodysplastic syndromes (MDS), chronic myelomonocytic leukemia (CMML), and 

acute myeloid leukemia (AML) patients who are not eligible for hematopoietic stem cell 

transplantation281,282. In these cases, azacitidine administration is the only therapy showing 

a significant prolonged survival compared with conventional care. Moreover, this drug is 

associated with lower risk of AML progression and higher rates of complete remission, 

partial remission, haematological improvement and red blood cell (RBC) transfusion 

independence156. Recently, azacitidine has become a valid option for the first-line 

treatment of patients with MDS/AML. In fact it has a tolerable profile with peripheral 

cytopenias occurring as a most common adverse event155. Because of the large use of 

azacitidine in approved cancer therapeutic strategies, because of its ability to cross the 

blood-brain barrier283 and also considering our data showing an increased expression of 

TDP-43 in mouse motor neuron cell line upon 5-aza treatment, it would be of certain 

interest to look at the consequences of the administration of this nucleoside analogue in 

ALS animal models. In this regards it would be useful to consider not only our 

Drosophila-based ALS model, but also an appropriate mouse model. It is important to say 

that even though the presence of 5-methylcitosine in Drosophila has been under debate for 

long time, recently DNA methylation has been unequivocally confirmed even though it 

happens with a very low frequency284,285.   

Another intriguing path to pursue for a better understanding of the epigenetic-driven TDP-

43 modulation would be to monitor potential changes in chromatin structure during mice 

ageing such as histones methylation or histone acetylation modifications that could 

accompany the already observed changes of TARDBP promoter methylation in mice. Also 

it would be interesting to see whether specific Transcription Factors (TFs) binding ability 

is sensitive to the methylation of the crucial CpG sites that we found located in the 

TARDBP promoter fourth island in the different mice tissues. The in vivo comparison of 

the TFs signatures on the fourth island of the different tissues TARDBP promoter would 

implement the global information concerning the influence of the TARDBP methylation in 

term of gene expression.  

In conclusion this study provides new insights into the mechanism involved in the TDP-43 

physiological tissue- and age- specific expression in mouse. We started showing a similar 

behaviour of TDP-43 expression during aging in human tissues (TDP-43 sustained 

expression in liver during aging and decreased expression in stomach muscle) and this part 

of the study will be pursued in the very next future. Our previous data in a Drosophila 
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model showed that ALS-like symptoms onset was correlating with a physiological drop of 

TBPH and that the rescue of protein expression resulted in improved phenotype. All 

together these findings have contributed to: 

1. Establish that exists a physiological modulation program of TDP-43 levels through all 

the temporal stages of the organism life 

2. Shown that at least in part, this modulation is partially regulated by epigenetic 

mechanisms through particular tissue specific promoter methylation 

3. Open the way to further search to understand more in detail the role of epigenetics 

changes in TDP-43 physiological regulation and establish modulation of epigenetic 

changes as an attractive target for ALS treatment.  
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