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Abstract 

 
Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegenerative disease 

characterized by progressive loss of motor neurons that results in muscle loss, paralysis, 

and respiratory failure. ALS diagnosis is complicated by its heterogeneous biochemical, 

genetic, and clinical features. In addition, >90% of ALS cases arise without previous 

family history or genetic cause of disease, while only <10% result from an inherited 

mutation in a known ALS causing gene. However, the vast majority of ALS cases present 

with dysregulation of a key RNA binding protein TDP43. A primarily nuclear protein, 

TDP43 is mislocalized to the cytoplasm in ALS, accumulating in cytoplasmic inclusions. 

TDP43 is an essential protein involved with many levels of RNA processing such as 

alternative splicing and RNA transport, largely influencing RNA stability. Previous studies 

uncovered widespread RNA destabilization in models of ALS, implicating dysregulation 

of RNA stability in disease. 

RNA stability can be modified by many of the over 150 known RNA modifications. 

The most common internal RNA modification, methylation of RNA at the N6 position of 

adenosine (m6A), significantly contributes to RNA stability as well as RNA transport and 

translation. m6A is co-transcriptionally deposited across many species of RNA at specific 

motifs by methyltransferases (“writers”) and removed by demethylases (“erasers”). m6A 

alters the fate of RNA depending on which RNA binding protein (“reader”) binds the 

methylated RNA, thereby influencing the transport, translation, and stability of that RNA.  



 x 

In this dissertation, I determine whether and how m6A-modified RNA influences 

TDP43 RNA substrate recognition and processing. Chapter 1 begins with a review of 

TDP43, focusing on its structure and functions in RNA processing then characterizing its 

role in ALS. Chapter 1 also introduces m6A, methods to measure m6A, the function of 

pathway components, and ties to neurodegenerative disease. Chapter 2 explores the 

hypothesis that TDP43 recognizes m6A methylated RNA, identifying methylation sites on 

TDP43 substrates and increased methylation levels in patient tissue. Additionally, 

removal of an m6A site in the TARDBP transcript reduced TDP43s ability to autoregulate 

and modulation of m6A components can alter TDP43-associated toxicity. Of these, 

knockout of the m6A reader YTHDF2 rescued toxicity in rodent and human neuronal 

models of ALS. YTHDF2 is upregulated in patient spinal cord offering a novel therapeutic 

target. Chapter 3 summarizes key findings from this research and discusses open 

questions surrounding the overlap between TDP43 and m6A. Finally, Appendix A 

describes an improved method for CRISPR sgRNA cloning and creating multiplexed 

vectors as a method to create genome edited cell lines. 

 



 1 

Chapter 1: Introduction 

1.1 Overview of Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia 

(FTD) 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease 

resulting from the death of upper and lower motor neurons in the cerebral cortex, 

brainstem and spinal cord1. There are an estimated 6,000 ALS cases per year and an 

incidence of 2 in 100,000 people2. ALS onset ranges from 40-70 years old, with an 

average age of onset of 55 years2. Manifestation of disease is highly clinically variable, 

but the most common initial symptom is gradual muscle weakness, which soon 

develops into paralysis. Despite the variance in the disease, muscle weakness and 

paralysis are observed in all cases. Paralysis eventually spreads to other limbs and then 

to other muscles such as those involved in the respiratory system. Respiratory failure 

results in death on average of 2-5 years following disease onset2. ALS arises 

sporadically (sALS) in ~90% of cases, and through familial inheritance (fALS), in ~10% 

of cases. ~80% of individuals with fALS have a known genetic cause whereas fewer 

than 20% of individuals with sALS can be explained by genetics3. Additionally, as many 

as 50% of ALS patients can have some sort of cognitive impairment indicating an 

overlap with frontotemporal dementia (FTD). FTD is the second most common form of 

dementia in people under 65 years old behind Alzheimer’s, and patients with FTD 

experience issues with personality, behavior, and language due to atrophy 4. Despite 

the tremendous diversity in ALS genetics and clinical presentation, 95% of ALS cases 
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are unified by the presence of cytoplasmic TDP435. This chapter will provide basic 

background information on TDP43 and its related functions in DNA/RNA binding, RNA 

metabolism, evidence in disease, and introduce m6A RNA modifications and the 

proteins involved in this pathway. 

1.2  TDP43 Structure, Localization, and Function 

1.2.1 TDP43 structure 

Transactive response DNA binding protein of 43 kDa (TDP43) is the protein 

encoded by the gene TARDBP. TDP43 was first identified because of its ability to bind 

to bind pyrimidine rich motifs in the TAR region and repress expression of HIV-1 in vivo 

in 19956. TDP43 shared sequence homology with other heterogeneous 

ribonucleoprotein (hnRNP) proteins such as hnRNPC and hnRNPA2B1, and therefore 

was characterized as a member of the hnRNP family of proteins. A key characteristic 

shared amongst this family of proteins is their ability to bind RNA through a highly 

conserved RNA recognition motif (RRM) domain6. Further exploration into the TDP43 

protein itself identified that it is 414 amino acids (aa), encoding several domains 

throughout the span of the protein. The N-terminus, which is aa 1-102, is important for 

TDP43 homodimerization that may act to regulate protein function7,8. TDP43 is primarily 

a nuclear protein and contains a nuclear localization signal (NLS) from aa 82-98 which 

regulates nuclear import of TDP439,10. The domains that shared similarity with other 

hnRNP proteins, RNA recognition motif (RRM1, aa 104-176) and RRM2 (aa 192-262), 

are the main functional domains where they bind strongly to RNA and DNA in order to 

regulate several cellular processes such as mRNA processing, export, and stability11–13. 

The RRMs themselves have slightly different activity for binding RNA, where RRM1 has 
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a higher affinity for binding RNA substrates, and RRM2 appears to improve 

specificity11,14,15. The C-terminus (aa 277-414) contains a prion like domain (aa 345-

366) and a glycine rich domain (aa 366-414) which are critical to protein-protein 

interactions, and splicing activity9,12,16–18. Most of the ALS-causing mutations within 

TDP43 are located in the C-terminal region, suggesting it may facilitate proper TDP43 

function and interactions, although not yet proven19.   

1.2.2 TDP43 nucleic acid binding properties 

TDP43, like other hnRNP family member proteins, contains RRMs that bind to 

RNA/DNA and regulate various steps in RNA processing. Investigating proteins that 

recognize splicing regulatory elements in the CFTR gene, Buratti and Baralle found 

TDP43 recognized and bound to a UG rich element on the 3’ splice site of exon 913. Via 

electromobility shift assays (EMSAs) they show that TDP43 binds to UG repeats, with 

increased binding as the repeat size increases. Additionally, deletion of one or both of 

the RRMs decreased RNA binding capabilities. Cross-linking immunoprecipitation 

sequencing (CLIP-seq) of mouse brains using a TDP43 antibody to isolate TDP43 RNA 

targets found that TDP43 again bound UG rich sequences, mostly within intronic 

regions and the 3’ UTR of transcripts20. Additional studies confirmed that TDP43 

strongly binds UG RNA and TG DNA probes, and mutations that disrupt normal RRM 

interaction with RNA limit RNA binding and reduce toxicity11,13,15,21. These data indicate 

that RNA binding is essential for TDP43-dependent neurodegeneration.  

1.2.3 TDP43 localization 
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TDP43 mostly resides within the nucleus but early data demonstrates TDP43 can 

shuttle back and forth from the nucleus to the cytoplasm9. Movement to and from the 

nucleus appears to be mediated by RNA binding as expression of full length TDP43, 

disease associated mutations, or TDP43 lacking an NLS, but not in the RRMs lead to 

cytoplasmic TDP439,22–25. Overexpression of TDP43 in yeast, worm, flies, mice, and 

primary rat neurons is sufficient to produce cytoplasmic TDP43 that results in 

neurodegeneration and ALS like phenotypes26–32. Similarly, expression of TDP43 

lacking an NLS in mice results in ALS like phenotypes paired with decreased 

endogenous TDP4333. Thus, TDP43 RNA binding ability is critical to its localization, and 

cytoplasmic TDP43 causes ALS phenotypes in model systems.  

1.2.4 Alternative splicing 

TDP43 has several functions relating to RNA homeostasis, and one of TDP43’s 

main responsibilities is alternative splicing. Alternative splicing is when exons are either 

included or excluded from a mature transcript which creates different RNA and protein 

isoforms from the same gene. This process offers cells a dynamic way to regulate gene 

expression by influencing RNA stability effectively without requiring going back to the 

level of transcription. Nearly all mRNAs are alternatively spliced and the brain has the 

most alternatively spliced mRNA of all organs34–36. TDP43 binds UG rich regions on 

roughly one third of all RNAs, facilitating alternative splicing by repressing inclusion of 

unannotated exons, or “cryptic exons” 20,37–40. TDP43 interacts with several splicing 

factors, and loss of TDP43 results in transcriptome wide changes in alternative 

splicing20,37. Often times, alternative splicing produces mRNAs that contain a premature 

stop codon, signaling these RNAs for degradation via the nonsense mediated decay 
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(NMD) pathway41. Inclusion of cryptic exons can have severe detrimental effects on 

RNA stability and cell viability, and many of the alternatively spliced TDP43 regulated 

RNAs are specific to neurons42. The cell type specific changes in alternative splicing 

suggest that neurons are more susceptible to cell death after disruptions to normal 

alternative splicing, resulting in neurodegeneration43. Loss of other RNA binding 

proteins that function in alternative splicing by repressing cryptic exons also results in 

neurodegeneration, implying that correct alternative splicing is critical for neuronal 

survival39,40,44,45. 

1.2.5 TDP43 autoregulation 

TDP43 binds thousands of RNA transcripts, including its own transcript as a 

mechanism to control the levels of TDP43 in the cell. As an essential protein, TDP43 

levels are tightly regulated so that there is not too little or too much protein. TDP43 

knock-out in mice is embryonic lethal, and partial or conditional knockout results in 

neurodegeneration with behavior problems that are similar to that in ALS38,46–48. 

Conversely, overexpression of TDP43 across several different model systems ranging 

from primary neurons to primates leads to neurodegeneration as well. Maintenance of 

TDP43 levels is critical to cell survival, and through a negative feedback loop TDP43 is 

able to do this. TDP43 binds to a specific region in its 3’ UTR called the TDP43 binding 

region (TBR) which triggers alternative splicing20,37,49,50. This alternative splicing 

effectively destabilizes the RNA transcript leading to increased degradation which, in 

turn, results in less protein being made20,50,51.  

1.2.6 TDP43 in ALS 
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 In ALS, TDP43 is mislocalized to the cytoplasm where it forms inclusions. There 

are additional TDP43 pathology phenotypes seen in ALS such as nuclear depletion or 

skein-like formations strengthening the conclusion that disruption of TDP43 proteostasis 

is central to ALS pathology52. As mentioned previously, even subtle overexpression or 

knock down of TDP43 is toxic to neurons32, indicating that deviations in TDP43 

abundance seen in post-mortem human brain tissue are likely integral to disease 

pathogenesis. In accordance with this, mutations within the 3’ UTR have been shown to 

cause ALS, potentially because TDP43 is unable to bind its own transcript19. However, 

most pathogenic mutations in TARDBP are located in the glycine rich domain19,32 where 

it is believed these mutations mislocalize TDP43 to the cytoplasm and interfere with 

autoregulation such that more TDP43 is produced32,53,54.  

Recent work has identified TDP43 depletion as a cause for cryptic exon 

inclusions in one gene linked to ALS, Unc-13 homolog A (UNC13A), and connected 

another, stathmin-2 (STMN2). STMN2 is a regulator of microtubule stability that in the 

background of TDP43 knockdown is significantly decreased in ALS iPSC derived 

human motor neurons (hMNs) and SH-SY5Y cells. Also, STMN2 is decreased in ALS 

spinal cord motor neurons, signifying that STMN2 can act as a biomarker of disease. In 

normal conditions, TDP43 binds to SMTN2 and correctly splices out introns to make a 

fully functional RNA. In disease and with TDP43 depletion, a cryptic exon is included 

between exon 1 and 2, which results in early truncation of the RNA and subsequent 

degradation55,56. Shortly after STMN2 was discovered, another TDP43 regulated target 

was identified that acts in a similar manner. UNC13A has previously been identified by 

Genome wide association studies (GWAS) to be an ALS-FTD risk gene and further 
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exploration identified a cryptic exon in between exons 21 and 22 and intron retention 

between 31 and 3257,58. Similarly as with STMN2, TDP43 knockdown resulted in 

decreased expression of UNC13A and in patient tissue the cryptic exon was 

significantly expressed56,57. These are only two examples of what may be a more 

prominent effect of TDP43 depletion or dysregulation affecting proper splicing resulting 

in disease.  

1.2.7 TDP43 & RNA stability: stress granules, miRNA, and RNA transport 

There is emerging evidence that TDP43 is crucial for RNA stability, and that RNA 

stability may contribute to ALS pathogenesis59. In experiments performed by our lab, 

overexpressing TDP43 in induced pluripotent stem cells (iPSCs) destabilized oxidative 

phosphorylation pathway RNAs and protein encoding ribosomal RNA59. Similarly, RNA 

stability was measured in iPSCs containing mutations in the C9ORF72 gene, which is 

the most common mutation found in familial ALS. Mutations in C9ORF72 result in a 

hexanucleotide repeat expansion of GGGGCC, located in the first intron of C9ORF72. 

The repeat expansion results in loss of one alternatively spliced C9ORF72 isoform and 

nuclear RNA foci60,61. The significance of these two pathways in ALS pathology needs 

further exploration, as does the impact of TDP43 on transcripts that make up those 

pathways. However, TDP43 plays an integral role in other aspects of RNA stability such 

as modulating stress granule formation, initiating miRNA processing, and transporting 

RNAs for local translation.  

Stress granules are cytoplasmic structures formed in response to various forms 

of cellular stress that contain mRNAs, RNA binding proteins, and stalled translation 

initiation complexes62–64. TDP43 localizes to stress granules under osmotic and 
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oxidative stress, and has been found to colocalize with stress granule components in 

brain tissue65–68. Stress granule dynamics are somewhat influenced by TDP43 because 

in instances of TDP43 knockdown, stress granule formation is delayed65,68,69. ALS 

causing TARDBP mutations increase the rate of stress granule formation, leading to 

larger granules than with normal TDP43 expression66,67. Stress granule dynamics in 

neurons exhibit different properties in neurons than other cell types, and loss of TDP43 

in aged neurons decreased stress granule assembly70. These data suggest that TDP43 

responds to certain stress conditions, and further investigation is needed to uncover if 

stress granules are harmful or helpful to disease pathogenesis.  

Another method for TDP43 to modulate RNA stability is by promoting biogenesis 

of micro RNAs (miRNAs). miRNAs are small (20-25 nucleotides) non-coding RNAs that 

bind within mRNAs to prevent them from being translated or trigger their degradation. 

miRNA is formed after its precursor, pri-miRNA, forms a hairpin loop after 

transcription71,72. The enzyme Drosha recognizes the hairpin and cleaves it from the 

transcript and the transcript is exported into the cytoplasm where another enzyme Dicer 

cuts away the loop of the hairpin to yield two complimentary strands of RNA73–76. The 

two strands break away from each other and join with the RNA-induced silencing 

complex (RISC) which guides the miRNA to its target. TDP43 interjects at several points 

in this process, via direct association with pri-miRNA, pre-miRNA, Drosha, and Dicer77. 

These associations help TDP43 regulate the formation of miRNAs essential for 

neuronal development, activity and survival77–81. In ALS cerebrospinal fluid, there is 

evidence of altered TDP43-regulatd miRNA expression compared to healthy 

controls82,83. In humans carrying a TARDBP mutation, neurons had reduced levels of 
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miRNA 9 (miR-9) and its precursor pri-miR-9-280. These findings imply that TDP43 is 

important for regulating miRNAs, and if dysregulated like in ALS, could lead to 

widespread issues of RNA stability given miRNAs can destabilize many mRNA 

targets84.   

 In addition to its other functions in RNA stability, TDP43 regulates transport of 

RNA, which is especially important for neurons where RNA undergoes local translation 

at distal regions of the cell85,86. In Drosophila and mouse models, TDP43 forms 

cytoplasmic messenger ribonucleoprotein (mRNP) granules that undergo bidirectional 

microtubule dependent transport to deliver mRNAs to distal parts of neurons. These 

actions are impaired if TDP43 has ALS-causing mutations, and there is increased 

anterograde transport in these models85,86. TDP43 associates with other RNA binding 

proteins to regulate retrograde and anterograde transport of mRNP granules. In mouse 

models, TDP43 cooperates with RNA binding protein Fragile X messenger 

ribonucleoprotein (FMRP) to modulate anterograde transport and regulate retrograde 

transport of mRNPs with Staufen1 (STAU1) in neuronal dendrites87. TDP43 appears to 

be critical for axonal elongation, as depletion significantly decrease axon length due to 

downregulation of cytoskeleton proteins88. Further analysis revealed a decreased 

translation rate within mouse axons and a reduced number of mitochondria. While some 

of these findings are representative of TDP43 dysfunction, its specific effect within 

axons points to the importance of TDP43 for neuronal transport and local translation of 

certain transcripts88.  

ALS causing mutations or TDP43 depletion appear to disrupt stress granule 

formation, miRNA regulation, and mRNP transport which are critical cellular functions.  
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Taken together, these data indicate that TDP43 greatly influences RNA stability through 

regulation of stress granules, miRNA biogenesis, and mRNP transport, which are critical 

for neuronal survival.  

1.3  N6-methyladenosine RNA modification 

 RNA homeostasis can be modulated by many different RNA modifications, 

however the consequences of most of these modifications are unknown89. One of them, 

N6-methyladenosine methylation (m6A), influences the stability of RNA90–92. m6A RNA 

methylation is the result of an additional methyl group added to the 6th position nitrogen 

and is the most common internal RNA modification of the over 150 known RNA 

modifications to date. m6A modifications can be found on nearly every species of RNA 

including but not limited to messenger RNA (mRNA), ribosomal RNA (rRNA), and long 

noncoding RNA (lncRNA) and it is estimated that 0.1-0.4% of all adenosines (A) are 

m6A methylated. Levels of methylation vary across cell and tissue types, but is 

particularly enriched in the brain and nervous system93.  

 Deposition of m6A on RNA begins with methyltransferases (“writers”, described 

in 1.3.1) that transfer a methyl group from a S-adenosylmethionine donor to a selected 

adenosine on the RNA. Specifically, this modification occurs within a highly conserved 

DRACH motif (where D= A, G or U; R= A or G; and H= A, C or U), although only a small 

fraction of DRACH motifs are actually methylated, for reasons that are still unknown. 

Methylation takes place at defined regions within the cell, as m6A writers and 

demethylases (“erasers”, described in 1.3.2) localize to nuclear speckles, 

membraneless organelles that host factors involved in transcription and splicing94–98 

within the nucleus.  Methyltransferases recognize RNA as its being transcribed by RNA 
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Polymerase II (Pol II) and add m6A co-transcriptionally99–102. Importantly, methylation 

only occurs within the nucleus, and no mechanisms to date are capable of m6A 

methylating cytoplasmic RNAs.  

Despite being discovered in the early 1970s, technological limitations prevented 

further investigation into m6A and its impact on RNA. It wasn’t until the creation of 

whole transcriptome m6A detection methods were more intricate details of methylation 

brought to the surface. Using MeRIP-seq (Methylation RNA immunoprecipitation 

sequencing) or m6A-seq, the methylation profile of the transcriptome showed 

enrichment of m6A sites near the stop codon and 3’ UTR of a transcript93,103. 

Importantly, these studies confirmed the motif for m6A to be within a DRACH context, 

confirming the sequence bias of the m6A writers.  

One drawback to the MeRIP-seq method is relatively low resolution because it 

relies on the size of the RNA fragments, resulting in a peak range of 50-200 nt. This can 

complicate detection of m6A sites because there can be multiple DRACH motifs within 

that region and only one may be methylated, or there can be a cluster of m6A sites. To 

improve the level of detection, a new method was created called miCLIP-seq (m6A 

individual nucleotide resolution cross linking immunoprecipitation sequencing)104. 

miCLIP relied upon the finding that when cross linked to RNA, certain m6A antibodies 

introduced mutations or truncations in the cDNA when reverse transcribed104. This 

increase in sensitivity allowed single-nucleotide resolution of m6A sites compared to the 

much broader range of MeRIP-seq enabling future experiments to be performed at 

specific m6A sites. However, a significant caveat of antibody-based approaches for 

m6A detection is these antibodies also recognize another form of RNA methylation, N6 
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2’O-dimethyladenosine (m6Am). Unlike m6A, m6Am is found at the 5’ end of RNA, 

usually at the first nucleotide after the m7G cap, and is abundant throughout the 

transcriptome105.  

In order to address some of the limitations with antibody based approaches, a 

further improvement on identifying m6A sites came about with a new technique called 

DART-seq (Deamination adjacent to RNA targets RNA sequencing)106. This method 

relies upon APOBEC1, a cytosine deaminase, fused to the m6A binding domain YTH. 

The consistency of the DRACH motif where every methylated A is followed by a C 

allows APOBEC1-YTH to locate m6A sites and deaminate the following C, changing it 

to a T that can then be tracked by comparison with reference sequences. As with 

previous approaches, DART-seq found a similar methylation profile as with MeRIP-seq 

and miCLIP, but with DART-seq only 1 out of 3,431 RNAs had an overlap of m6A and 

m6Am sites106. Thus, DART-seq appears to isolate primarily only m6A sites and is a 

valuable tool for evaluating m6A across the transcriptome. 

An important discovery in the m6A field came when demethylases (erasers, 

described in 1.3.2) were found to remove methyl marks from adenosine, implying that 

m6A is a dynamic and controllable modification. FTO and ALKBH5, are two erasers 

initially believed to function by reverting m6A back to A. In in vitro studies, FTO subtly 

decreases methylation levels, and in vivo knockdown or overexpression appeared to 

change levels of m6A as well98. ALKBH5 was identified as another m6A eraser shortly 

after from a biochemical screen of demethylase proteins that exhibit m6A demethylase 

activity95. ALKBH5 knockout slightly increased m6A levels whereas overexpression 

slightly decreased levels, indicating it has specific activity towards m6A. However, FTO 
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was later discovered to act on m6Am, exhibiting almost 100 times stronger catalytic 

activity against the similar modification. This preference was not seen with ALKBH5, 

suggesting it still regulates m6A removal or prevents addition107. 

 After an RNA is methylated, m6A RNA binding proteins (readers, described 

below) recognize the methylated RNA and bring the RNA to the next RNA processing 

step. Many reader proteins contain a YTH domain, responsible for directly binding to 

m6A. However, indirect readers such as HNRNPC can also bind methylated RNAs due 

to m6A altering the secondary structure of the RNA allowing certain proteins to bind via 

an “m6A switch”108. Also, other RNA binding domains such as RNA recognition motifs 

(RRMs) have m6A binding ability suggesting that even though proteins don’t contain 

YTH domains, they can bind methylated RNA92,103. 

1.3.1 m6A methyltransferases (“writers”) 

1.3.1.1 METTL3 

 m6A modifications are added via an m6A methyltransferase complex made up of 

several proteins that function in concert with each other. m6A-modified RNA was first 

identified in in the 1970s from fractions of poly(A) RNA, but was difficult to evaluate 

further due to lack of technologically capable of identifying m6A on RNAs109,110. 

Development of an in vitro methylation assay confirmed the existence of m6A sites in 

vivo within a specific sequence context, providing the first evidence that m6A is 

deposited at specific motifs of GGACU 111,112. Utilizing this assay, several nuclear 

fractions were isolated by column chromatography and their respective m6A activity 

was tested in search of identifying components responsible90. In doing so, a 70 kDa 

fraction with S-adenosylmethionine (SAM) was isolated, and following further 
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purification and sequencing, was determined to be an m6A methyltransferase, termed 

MT-7094. Later renamed to METTL3, MT-70 is part of a larger family of putative SAM-

dependent methyltransferases that are highly conserved in mammals113. It became 

evident that METTL3 was the key component to m6A methylation, as genetically 

depleting METTL3 in yeast, plants, and mammalian cells led to a significant decrease or 

elimination of m6A on polyA RNA114–116. 

1.3.1.2 METTL14 

 In a proteomics study to capture proteins that interact with METTL3, a 

homologous methyltransferase was found in the analysis and dubbed 

METTL1491,97,117,118. METTL14 is required for m6A formation, and purified METTL14 

has methyltransferase activity117. Structurally similar to other methyltransferases and 

with a SAM binding domain, there were notions that METTL14 could be adding m6A to 

different parts on RNA or to other forms of RNA within the transcriptome. This theory 

was soon debunked after a series of crystallization experiments identified METTL3 as 

the only SAM binding protein in the METTL3-METTL14 complex, and determined critical 

residues within the catalytic domain of METTL3 for m6A deposition119–121. Importantly, 

these studies also determined that while METTL14 has a SAM binding domain, it is not 

catalytically active and therefore cannot transfer m6A to RNA. METTL14 forms a 

complex with METTL3, securing the complex to RNA and helping facilitate transfer of 

the methyl group to the specific A119–121.  
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1.3.1.3 WTAP 

 Another core component of the m6A methylation complex is Wilms Tumor 

Associated Protein (WTAP), identified in 2008 after characterizing the METTL3 homolog 

in Arabidopsis, MTA115. MTA was originally identified in a screen resulting in defective 

plant embryos by Zhong et al. 122, and after confirming phenotypes identified MTA as 

the gene formally called Embryo-Defective1706 (EMB1706). Since human METTL3 was 

isolated from a complex, the authors also wanted to understand any interacting partners 

of MTA and performed a yeast two-hybrid screen in tissues highly expressing MTA. This 

screen resulted in the identification of FIP37, the plant homolog to WTAP. Further 

characterization of FIP37 proved that it binds to MTA, and resulted in an embryonic 

lethal phenotype when disrupted. Furthermore, MTA and FIP37 colocalized within 

nuclear speckles, comparable to the human homologs of these proteins115.  

 In yeast, these findings were validated as the yeast homolog to METTL3, Ime4, 

also binds the yeast homolog of WTAP, mum2114. Mum2 was required for m6A 

formation in yeast, suggesting that the interaction between METTL3 and WTAP is 

critically important for m6A deposition. In human cells, this suggestion was validated 

across several cell types and confirmed the function of WTAP to be localization of 

METTL3 and, by association, METTL14 to nuclear speckles for m6A methylation to 

occur97,117,118.  

1.3.1.4 VIRMA 

VIRMA (vir-like m6A methyltransferase associated, also known as KIAA1429) is the 

human homolog of the Drosophila protein Virilizer. VIRMA was a top hit in a proteomics 

study investigating interactors of WTAP, and further proteomic studies also found 
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similar data96,97. Depleting VIRMA resulted in significant loss of m6A, even more than 

depleting METTL3 or METTL14, indicating its crucial function in m6A deposition97. 

VIRMA is the largest component of the m6A complex (202kDa), and localizes to nuclear 

speckles like its interacting partner WTAP. VIRMA can recruit the m6A methylation 

complex to methylate selective regions of the 3’ UTR near stop codons in its RNA 

substrates123.  

1.3.1.5 RBM15/15B 

 RBM15 and its paralog RBM15B were identified as high confidence interactors of 

WTAP via proteomic analyses suggesting that it may be part of the m6A methylation 

complex96. In co-immunoprecipitation experiments, RBM15/15B co-precipitated with 

METTL3, adding evidence that is a member of the m6A complex. Knockout of WTAP 

reduced the interaction between RBM15/15B and vice versa, signifying that RMB15/15B 

interact with METTL3 and the m6A methylation complex in a WTAP dependent 

manner124. Additionally, depletion of RBM15/15B resulted in decreased m6A levels, 

suggesting RBM15/15B is a key component of the methylation complex. 

The most well described function of RBM15/15B is to facilitate the inactivation of 

Xist via m6A methylation by recruiting the METTL3/METTL14/WTAP complex. 

Knockout of RBM15/15B resulted in decreased Xist methylation, preventing Xist- 

mediated transcriptional inhibition124,125. Therefore, RBM15/15B is required for proper 

methylation of Xist which promotes transcriptional silencing.  

RBM15/15B has also regulates nuclear export of specific RNAs, recognizing RNA 

transport elements (RTE) and stimulating the export of RTE-containing RNAs by binding 

directly to mRNA export receptor NXF1126,127. Knockout of RBM15/15B lead to 
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cytoplasmic depletion and nuclear accumulation of mRNAs, suggesting m6A and 

RBM15/15B have essential functions in mRNA transport. 

1.3.1.6 ZC3H13 

 Many of the studies that identified m6A components relied upon large scale 

proteomic experiments to identify interactors of select proteins128. As such, there are 

likely other proteins that interact with m6A complexes and may influence that addition of 

m6A to RNA. After evaluating endogenous protein complexes across species to look for 

evolutionarily conserved protein interactions using quantitative mass spectrometry, 

ZC3H13 was found in complex with WTAP, VIRMA, and Hakai (CBLL1), another protein 

involved with m6A129. In mouse embryonic stem cells (mESCs) Wen et al. identified the 

c-terminal region to be necessary and sufficient for its interaction with Wtap, Virma, and 

Hakai130. Using tandem mass spectrometry, they found Zc3h13 was critical for m6A 

methylation, as depletion of Zc3h13 resulted in decreased m6A levels, specifically at 3’ 

UTRs of mRNA. Similar to WTAP, reduction of Zc3h13 decreased nuclear levels of the 

Zc3h13/Wtap/Virma/Hakai complex, suggesting that Zc3H14 assists in the nuclear 

localization of the m6A methylation complex130.  

1.3.2 m6A demethylases (“erasers”) 

1.3.2.1 FTO 

Fat mass and obesity-associated (FTO) was the first protein identified that 

showed m6A demethylase activity98. In HeLa and HEK293 cells, Jia et al.98 showed that 

knockdown of FTO resulted in a slight increase in m6A and conversely overexpression 

of FTO slightly reduced levels of m6A. This finding led the authors to believe that FTO 
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was removing m6A marks, signifying that the m6A modification is dynamic. Given that 

methylation takes place in the nucleus and m6A writers localize to nuclear speckles, 

immunofluorescence experiment in HeLa cells showed that FTO partially colocalized 

with nuclear speckles98. However, later studies went on to show that FTO’s preferred 

target is m6Am, rather than m6A107. Current understanding of the mechanism proposes 

that FTO inhibits the addition of new m6A to RNAs107.  

Further exploration into discerning FTO preference for m6A or m6Am comes 

from Fto knockout mice. Fto knockout mice exhibit alterations in neurotransmission, 

metabolic rate, and are obese compared to wildtype mice131,132. The link to obesity was 

intriguing as this was the first indication that m6A could be connected to disease. 

However, MeRIP-seq analysis of Fto knockout mice only showed changes in a subset 

of m6A sites throughout the transcriptome when a more global increase was 

expected132. Interestingly, the m6A peaks that showed the highest degree of change 

were in the 5’ UTR, and more detailed analysis proved that these were m6Am sites 

rather than m6A107. 

1.3.2.2 ALKBH5 

 ALKBH5 was discovered after a biochemical screen looking for enzymes that 

exhibit demethylase activity95. Validation proved that ALKBH5 was able to demethylate 

a ssRNA probe in vitro, and knockout of ALKBH5 resulted in mildly increased m6A 

levels. The most notable change in m6A levels came from overexpression of ALKBH5, 

which significantly reduced m6A abundance. Even though FTO was believed to be a 

demethylase at first, its partial colocalization with nuclear speckles was suspicious of 

activity in removing m6A marks. Conversely, ALKBH5 fully colocalizes with nuclear 
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speckles in an RNA dependent manner, and loss of ALKBH5 reduced levels of nuclear 

speckle markers, providing more confidence that it is a true demethylase95.  

Despite activity specific for m6A, the function of ALBKH5 as a demethylase are 

not fully clear. In one study, ALKBH5 overexpression reduced NANOG mRNA m6A 

levels in breast cancer cells, but subsequent studies determined to be a result of 

decreased methyltransferase activity133,134. Unlike FTO-knockout mice, ALKBH5 

knockout mice show no real phenotypic difference compared to controls, except in 

spermatogenesis95. These data suggest that ALKBH5 may not be a global demethylase, 

but rather may prevent methylation from occurring in the first place.  

Insight into how ALKBH5 may function came when Zhang et al. identified an 

RNA target that seemed to be regulated by ALKBH5135. FOXM1 is demethylated in the 

context of an RNA-RNA interaction with its antisense transcript AS-FOXM1135. When 

this RNA-RNA interaction forms, it may create a structure that recruits ALKBH5 and 

allows for demethylation. Similarly to how m6A writers can prefer certain structures108, 

this is potentially the case for ALKBH5, opening up potential avenues for further 

investigation of RNA-RNA interactions and their respective influence on methylation. 

1.3.3 m6A modification binding proteins “readers” 

1.3.3.1 YTHDF1-3 

Whichever m6A RNA binding protein binds to it methylated RNAs determine the 

effect of m6A on that RNA transcript. These “readers” thereby influence the fate of that 

RNA, taking the transcript to be translated, spliced, degraded, or exported. Of the m6A 

readers, YTH domain-containing family proteins (YTHDF) are the most prominent. 

Initially discovered from m6A immunoprecipitation experiments, proteins with a YT521-B 



 20 

homologous domain were among the strongest interactors with m6A103. This study 

identified YTHDF2 and YTHDF3 as m6A binding proteins, and future in vitro studies 

validated that the YTH domain binds RNA in an m6A dependent manner136,137. Along 

with another family member YTHDF1, these three proteins are highly similar and share 

nearly the same amino acid sequence. Other than the YTH domain, the rest of the 

YTHDF proteins are mostly low complexity and enriched with Q, N, and P residues. 

Being largely disordered, YTHDF proteins phase separate especially when bound to 

m6A RNA138. Like other RNA binding proteins that phase separate, YTHDF proteins 

localize to stress granules and P-bodies with bound m6A RNA138. YTHDF proteins are 

located in the cytoplasm, where they bind to methylated RNAs found in the DRACH 

motif92,139,140.  

 There is some controversy surrounding the function of YTHDF proteins, and how 

they affect RNA processing. Initial experiments stated that each YTHDF protein had a 

different effect on the RNA: YTHDF1 enhanced translation of methylated RNAs, 

YTHDF2 enhanced their degradation, and YTHDF3 was suggested to be a stabilizer for 

both and help with their function92,139,140. However, other studies suggested that all three 

are involved with RNA stability, and recognition of m6A RNA would promote 

degradation of that trasncript141,142. Adding to the discrepancies for the YTHDF proteins 

are conflicting studies describing the selectivity of RNA binding. One study suggest that 

RNAs are bound by one of the reader proteins and not the others140, while another 

suggests that since the proteins are very similar they share many of the same RNA 

targets124. Regardless, more studies are needed to determine the functionality of these 

proteins and understand their contributions to the m6A pathway. 
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1.3.3.2 YTHDC1-2 

Other than the YTHDFs, there are two other YTH containing proteins, YTHDC1 

and YTHDC2. YTHDC1 localizes to the nucleus, where it is believed to function in 

splicing, export, and silencing the  lncRNA Xist124,143–145. Specifically, it localizes to 

nuclear speckles, areas of transcription and splicing, and also where the writers and 

erasers are localized144. YTHDC1’s association with nuclear speckles may indicate that 

YTHDC1 binds RNAs shortly after they are transcribed to exert its splicing capabilities. 

In fact, YTHDC1 binding of SRSF3 leads to enhanced exon inclusion, likely as a result 

of displacing SRSF10144. Localization in the nucleus also allows binding to lncRNAs that 

often act as scaffolds for nuclear bodies. As such, YTHDC1 was shown using CLIP 

experiments to preferentially bind lncRNAs like XIST, NEAT1, and MALAT1124. 

Specifically with XIST, YTHDC1 binds to the many m6A sites, and is required for XIST-

mediated silencing in an m6A dependent manner124. Additional studies are needed to 

explore the function of YTHDC1 in terms of other lncRNAs or mRNAs to fully 

understand its role in m6A recognition.  

YTHDC2 is an m6A binding protein that has a few unique characteristics 

separating it from YTHDC1 and the YTHDFs. Firstly, YTHDC2 is only expressed in the 

testes, whereas the others are ubiquitously expressed throughout the body146–149. Here, 

it is critical for spermatogenesis and reproduction as mice lacking YTHDC2 are infertile, 

and both male and female have significantly smaller gonads146–149. YTHDC2 also 

exhibits a decreased propensity to bind m6A compared to the other YTH proteins146,150. 

The weaker binding to m6A directly may be explained by the slight differences that 

YTHDC2 has in its m6A binding region, supported by CLIP data where YTHDC2 has 
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less overlap with m6A sites than other YTH proteins124,151. Thirdly, YTHDC2 has far 

more domains than the other YTH proteins, one of which being an RNA helicase 

domain. The RNA helicase domain could be useful for promoting translation by 

unwinding RNA so that it is more accessible for translation machinery. Conflicting data 

makes it difficult to understand the exact function of YTHDC2 because some data 

indicates increased translation with YTHDC2 expression148 but other data demonstrates 

mRNA degradation through recruitment of exoribonuclease Xrn1 and higher expression 

of m6A containing transcripts with YTHDC2 depletion146,152. Like the other YTH proteins, 

more data are needed to determine YTHDC2 function, especially given its different 

protein domains and behaviors. 

1.3.3.3 IGF2BP1-3 

 A YTH domain is not the only domain capable of binding m6A, as proteins such 

as the insulin growth factor 2 mRNA binding proteins (IGFBP) lack a YTH domain but 

still bind m6A153. IGF2BP proteins were identified as m6A binding proteins via 

immunoprecipitation experiments using a m6A or non-m6A probe followed by mass 

spectrometry153. IGF2BP proteins differ from YTH containing proteins in that they 

enhance stability of bound transcripts153. IGF2BP’s have a highly similar consensus 

sequence (UGGAC) to DRACH which suggests they may bind m6A. IGF2BP proteins 

bind YTHDF proteins in pulldown studies and m6A binding may rely on the m6A switch 

mechanism154,155. 
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1.3.3.4 HNRNP proteins 

 Another group of proteins that bind m6A RNAs are HNRNPs. They bind 

methylated RNAs not in a direct way, but as a result of the structural changes brought 

on by m6A addition. RNA often forms secondary structures like helices, stem loops, or 

hairpins, and m6A sites within these regions can alter the stability of these structures. 

Changes in stability result from differences in base pair strength because m6A-U base 

pairs are weaker than A-U. An m6A mark can reduce the melting temperature by 5°C or 

more, forcing the RNA into a single-stranded conformation instead of a structured, 

double-stranded one156. In fact, transcriptome wide characterization of RNA structure 

determined that m6A often falls in unstructured areas, perhaps destabilized by the m6A 

modification157. This phenomenon was termed a “m6A structural switch” or “m6A 

switch”108. HNRNPC first demonstrated this phenomenon after studies determined that 

an m6A site within a hairpin changed the confirmation so that HNRNPC could now bind 

its U-rich consensus motif with a newly formed single stranded RNA108. HNRNPC is 

involved with pre-mRNA processing, specifically splicing, stability, expression, of which 

can be influenced by the presence or absence of m6A108. Likewise, m6A can enhance 

binding of proteins with binding sites nearby to an occupied m6A. This is the case for 

two other HNRNP proteins, HNRNPG and HNRNPA2B1 which exhibit decreased 

binding after loss of m6A near their binding sites158,159.  

 Direct and indirect readers of m6A have important functions in many stages of 

RNA metabolism that are influenced by the presence of m6A and RNA structure. Since 

the two are linked, it is sometimes difficult to separate if a protein can recognize m6A on 
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its own, or if the changes in structure allow the protein to bind. More work is needed in 

this area to characterize m6A readers and identify previously unknown readers.  

1.3.4 Consequences of m6A modification 

1.3.4.1 RNA stability 

Perhaps the most well-known effect of m6A on RNA is the impact it has on RNA 

stability. Around the time when m6A was discovered, half-life measurements of mRNAs 

using radioisotope labeling with or without m6A determined that mRNAs containing m6A 

had a shorter half life160. Despite this finding, the destabilizing effects of m6A were not 

investigated for almost 40 years. The next finding that m6A influences mRNA stability 

came from studies that lowered levels of m6A writer proteins METTL3 or WTAP. When 

these proteins were knocked down, an increase in mRNA half-life was observed in both 

human and mouse97,117,161. Of the m6A readers, YTHDF2 was identified to be the 

primary reader involved in RNA degradation92. After identifying binding partners of 

YTHDF2, Wang et. al162 then asked whether depleting YTHDF2 could change mRNA 

levels after hypothesizing that YTHDF2 is involved in stability because YTHDF2 

primarily binds to RNA substrates in the 3’ UTR. Indeed, knockdown of YTHDF2 

increased half-life by 30% and had a more pronounced effect based on the amount of 

m6A sites the transcript had92. This provided the first evidence that m6A induced 

instability because of direct protein recognition. Other evidence has suggested that all 

three YTHDF proteins function to destabilize RNA, and that it is not unique to 

YTHDF2140,163,164. However, YTHDF2 involvement in RNA stability has been more 

characterized than the other two proteins, addressed below.  
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Recent explorations into how YTHDF2 degrades methylated transcripts has 

uncovered a few pathways that are involved with RNA decay. Early studies showed that 

YTHDF2 localized RNAs to processing bodies (P-bodies), which are liquid like 

cytoplasmic granules that hold proteins responsible for RNA decay92,138,165. YTHDF2 

and other YTHDF family proteins also localize to stress granules, and recent work 

suggests that YTHDF family proteins may promote stress granule formation140,162,166,167. 

While stress granules don’t necessarily degrade RNAs in them, m6A modified RNAs are 

enriched in stress granules. Dynamic regulation of these RNAs by m6A suggests that 

changes in stability could alter normal cellular function under times of stress168.  

Direct RNA destabilization via YTHDF2 occurs through the recruitment of the 

CCR4-NOT deadenylation complex. Through an interaction on the N-terminus, YTHDF2 

directly binds to the SH domain of CNOT1, and this interaction is essential for 

deadenylation of RNAs169. This was the first evidence of an associated degradation 

pathway tied to YTHDF2 function in RNA degradation, and important also because the 

CCR4-NOT complex acts before localizing deadenylated RNAs to P-bodies170, 

suggesting an alternative mechanism for YTHDF2 that may precede its involvement in 

P-bodies. An alternative pathway for YTHDF2-dependent degradation is through the 

RNase P/MRP pathway171. Here, YTHDF2 binds to an adaptor protein HRSP12 to 

connect bound m6A RNAs to the endoribonuclease P/MRP where they are cleaved and 

degraded. HRSP12 also facilitates YTHDF2 binding to RNAs and vice versa, but more 

understanding of this joint facilitation of binding is needed to conclude mechanism and 

future implications. Interestingly, RNA substrates not degraded by HRSP12-P/MRP 

endoribonucleolytic cleavage heavily depend upon upstream frameshift 1 (UPF1), a key 
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regulator of nonsense-mediated decay, to destabilize mRNA172. Destabilization of m6A 

RNA relies on a physical interaction with UPF1 at the N-terminus of YTHDF2, proper 

ATPase/helicase activities of UPF1, and interaction of UPF1 with a decapping 

promoting factor proline-rich nuclear receptor coactivator 2 (PNRC2)172. These 

connections to independent RNA degradation pathways secure YTHDF2 as a modifier 

of RNA stability and degradation through m6A recognition.  

1.3.4.2 mRNA splicing 

 The addition of m6A to RNA co-transcriptionally is one mechanism in which m6A 

can control the splicing of RNA transcripts. Perhaps the most well characterized m6A 

regulated splicing event is that of the master sex determining factor Sex-lethal in 

Drosophila. In flies, Female-lethal(2)d (Fl(2)d) and Virilizer are required for sex 

dependent regulation of Sex-lethal (Sxl). Sxl is regulated by alternative splicing from an 

intronic m6A site that is recognized by the fly homolog of YTHDF proteins, YT521-B173–

175. Knockout of METTL3 homolog Ime4 prevents proper female-specific splicing of Sxl 

resulting in flies that were predominantly male. Proper splicing of Sxl also represses 

male-specific lethal (msl-2) to prevent dosage compensation in females. While 

somewhat well characterized in flies, there are much less data on how m6A influences 

splicing in human models. For example, instances of METTL3-mediated methylation at 

exonic or intronic splice sites are rare. In METTL3-knockout embryonic stem cells, 

~0.15-0.5% of alternatively spliced exons had altered splicing compared to control 

cells116,176. Another study using METTL3-knockout cells also found very few transcripts 

with splicing changes, and of the transcripts with splicing changes only a third even 

contained m6A176. Although METTL3 knockout had little effect on a global scale of 
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alternative splicing, there are examples where changes in methylation alter splicing and 

these situations are often under cellular stress. For instance, endoplasmic reticulum 

stress (ER) and innate immunity sensing following Flaviviridae decreased the amount of 

m6A in CIRBP mRNA177. The infection decreased intron retention of a m6A-containing 

long intron within a specific isoform of CIRBP. The loss of the long intron resulted in less 

CIRBP mRNA and protein, which subsequently led to a decrease in the production of 

infectious viruses. This mechanism suggests m6A can alter splicing, potentially in a 

manner of self-preservation against infecting viruses. Another example of the 

importance of m6A in splicing is observed with TARBP2. This RNA binding protein 

regulates RNA stability within the nucleus by binding and retaining introns of bound pre-

mRNA substrates that are later sent to be degraded by the nuclear exosome. TARBP2 

recruits the methylation component WTAP to methylate introns, and the resulting 

methylation repels certain splicing factors, like SRSF1, from efficiently splicing out the 

intron178. Another m6A methyltransferase, METTL16, relies upon m6A to rapidly induce 

splicing of an intron from MAT2A, which encodes a SAM synthase. Regulated splicing 

of MAT2A maintains consistent levels of SAM within the cell, and under SAM-deficient 

conditions, METTL16 binds to its substrate vertebrate conserved hairpin (hp1) located 

in the 3’ UTR of MAT2A to induce splicing. As a result, MAT2A expression is 

upregulated and more SAM is created, until the point where there are sufficient levels of 

SAM which allows METTL16 to methylate an m6A site within hp1, inducing intron 

retention and subsequent degradation179.  

 Despite few RNAs being directly influenced by METTL3 depletion, m6A is more 

common on dynamically regulated RNAs than housekeeping genes97, suggesting that it 
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may be more important than we are currently able to determine. A significant result of 

splicing that may be methylation dependent is the proteins that are recruited or repelled. 

The presence of m6A can recruit or repel specific proteins, of which many are splicing 

factors and regulators of RNA stability, one being TDP43180. Though m6A may not be 

directly altering the splicing of an intron, secondary recruitment of other proteins is a 

possibility that cannot be overlooked.  

1.3.4.3 mRNA export 

 As the next step in RNA processing, m6A modifications prevent or enhance 

export of RNAs from the nucleus to be translated in the cytoplasm. After infection, RNA 

helicase DDX46 recruits ALKBH5 to demethylate m6A modified transcripts important for 

producing type I interferons. Once these RNAs are demethylated, they are entrapped 

within the nucleus and the antiviral innate immunity response is suppressed181. 

Conversely, in forms of blood cancer the lncRNA MALAT1, known to act as a scaffold 

for nuclear speckles, promotes the export of chimeric mRNA and fusion proteins in an 

m6A dependent manner by recruiting the METTL3-METTL14 complex via METTL14. By 

recruiting this complex, MALAT1 forces interactions between oncogenic fusion proteins 

and the METTL3-METTL14 complex, resulting in suppressed hematopoietic cell 

differentiation182.  

 An additional consequence of m6A modification is facilitating nuclear export of 

mature mRNAs via specific interactions. Methylated transcripts bound by YTHDC1 are 

exported from the nucleus after delivery to nuclear mRNA export receptor NXF1 and 

interactions with splicing factor and export adaptor SRSF3145. FMRP, another m6A 

reader protein that enhances stability of its targets183, exports RNAs through the CRM1-
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dependent export pathway during neural differentiation184,185. These interactions help 

facilitate the critical export of m6A-containing mRNAs into the cytoplasm so that they 

are translated into protein.  

1.3.4.4 mRNA Translation 

 The impact of m6A on translation ultimately depends on which reader protein 

binds to the RNA, interactions between methylation components and factors involved 

with the translation mechanisms, and where on the RNA the m6A mark is. The rate of 

transcription determines translation efficiency, and some data suggests that slower 

transcription leads to more m6A per RNA186, although how this affects the rate of 

translation is still being investigated. Likely, the location of m6A will be the most 

important factor in determining which readers recognize it or how quickly it is translated. 

METTL3 promotes translation by recognizing 5’ UTR m6A and 3’ UTR m6A. For 

eukaryotic cells, protein synthesis usually starts with eIF4F binding to the m7G cap 

found at the 5’ end of mRNAs. The eIF4F complex is composed of a 5’ cap binding 

protein (eIF4E), an RNA helicase (eIF4A), and a scaffold protein (eIF4G) that binds 

eIF4E and eIF4A together187. However, with methylation at the 5’ end, translation can 

occur independent of eIF4F and instead by binding to initiation factors such as eIF3 in 

an m6A-regulated manner188. A theory for how METTL3 regulates translation is by 

binding to mRNA after methylating it where it is then exported to the cytoplasm with the 

RNA and interacting with eIF3. This interaction facilitates additional interactions with 

mRNA cap associated proteins, forming an mRNA loop. This loop would allow METTL3 

to interact with m6A at both the 5’ and 3’ end, promoting eIF3 function at the 5’ end. As 

such, this proposed looping mechanism can only promote translation when METTL3 
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binds near the stop codon in 3’ UTR, and this approach has also been proposed to 

explain translation promotion by ribosome cycling189. 

 The first reader protein identified to impact translation was YTHDF1. Knockdown 

of YTHDF1 in HeLa cells reduced translation efficiency of target RNAs determined by 

ribosome profiling139. Additionally, YTHDF1 knockdown increased the amount of m6A 

methylated RNAs in the non-translatable pool and decreased the amount in the 

translatable pool. The translation efficiency of YTHDF1 targets were also decreased by 

METTL3 knockdown implicating the m6A recognition as a key component for successful 

translation of target RNAs. YTHDF1 binds eIF3 to recruit the translation initiation 

complex to target RNAs and enhance translation, although the exact mechanism for 

how this enhances translation is unclear139. Somewhat controversial, m6A’s influence 

on translation could have significant global effects that will need to be validated through 

continued studies.  

1.3.4.5 m6A in neurodegenerative disease 

Alterations of m6A homeostasis have been connected to several different 

diseases now that recent methods allow investigation into changes in methylation levels 

and sites. m6A has been extensively studied in various forms of cancer and changes in 

m6A writers, erasers, or readers being implicated in cancer progression190. However, 

the importance of m6A in neurodegeneration is still relatively unknown despite the brain 

having the highest levels of methylation and m6A being critical for nervous system 

development93,132,174,191. Recent studies have investigated the function of m6A in some 

forms of neurodegeneration such as Alzheimer’s Disease (AD) and Parkinson’s Disease 

(PD). In rat brain and PC12 cells treated with 6-hydroxydopamine (6-OHDA), a drug to 
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stimulate calcium influx and oxidative stress by inducing NMDA receptor expression, 

there was death of dopaminergic neurons that eventually resulted in PD like 

phenotypes192. Cells under oxidative stress exhibit altered m6A profiles, and more m6A 

can be found on the 5’ end of RNAs168. Additionally, analysis of two PD datasets 

suggests that m6A reader HNRNPC is downregulated in PD, and may contribute to 

disease pathogenesis193. Although promising, more data are needed to conclude 

mechanistic involvement of m6A in PD that would create opportunities for therapeutic 

targeting.  

Studies connecting AD to changes in methylation have also yielded some results 

that may implicate m6A in disease. In one instance, METTL3 expression in the cortex 

and hippocampus of AD mice models was upregulated, while FTO was decreased, 

resulting in higher levels of m6A present than compared to controls194. However, a more 

recent study in human AD brains found that there was decreased m6A, and decreased 

expression of METTL3 compared to controls. The authors also found reduced m6A after 

ablating METTL3 in the hippocampus led to memory deficits, dramatic synapse loss, 

and neuronal death. Accompanying these effects were cellular states mimicking AD, like 

oxidative stress and aberrant cell cycle events. Notably, overexpression of METTL3 

rescued these effects195. Genome wide association studies (GWAS) identified two 

variants of FTO that may increase AD risk, and also found that FTO interacts with 

apolipoprotein E (APOE) to increase the risk of dementia196. Other mechanistic studies 

investigating how FTO may be involved with AD determined that FTO activates the 

TSC1-mTOR-Tau signaling pathway by reducing m6A levels. In concordance with this, 

FTO expression is increased in brains of transgenic AD mice and knocking down FTO 
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in these models is sufficient to improve cognitive ability192,197. Commonly associated 

with AD is aggregates or oligomers of microtubule-associated protein tau. Using a Cry2-

based optogenetic model to induce tau oligomerization, Jiang et al.198 identified m6A 

reader HNRNPA2B1 as a primary target of oligomerized tau (oTau) via proteomic 

analysis. The authors went on to confirm the interaction between oTau and 

HNRNPA2B1 in neurons, mouse models, and human AD brain samples198. Knockout of 

HNRNPA2B1 prevented oTau association with m6A and reduced oTau-mediated 

neurodegeneration. In addition, AD brains display 5-fold increased levels of the m6A-

oTau-HNRNPA2B1 complex. Jiang et al.198 theorized that HNRNPA2B1 acts as a linker 

between oTau and m6A methylated transcripts, which may drive Tau pathology in AD. 

These findings suggest m6A may contribute to disease mechanisms, but 

interpretation is complicated by the significant differences amongst the findings. More 

extensive characterization is needed to illicit the mechanistic alterations occurring in AD 

and PD and to what degree they are a result of m6A dysregulation.  

 

1.4  Summary and dissertation goals 

 TDP43 is an essential protein for maintaining RNA homeostasis with active roles 

in RNA splicing, transport, miRNA biogenesis, and stress granule formation, culminating 

in an overall theme of regulating RNA stability. In ALS, nuclear TDP43 is mislocalized to 

the cytoplasm, and this shift is a hallmark of pathology. Despite many advances over 

time in understanding the molecular events that lead to ALS, TDP43 function and the 

mechanism for its mislocalization remain unknown. It is not clear whether ALS results 
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from a loss of function of TDP43, or a gain of function, or if there is another disease 

mechanism altogether. 

Previous data from our lab described widespread RNA instability with TDP43 

overexpression and in ALS, specifically involving RNAs encoding oxidative 

phosphorylation enzymes and ribosomal proteins. Furthermore, evidence suggests that 

these transcripts may be regulated by m6A modifications. Koranda et. al199 found that 

knock out of m6A methyltransferase, METTL14, similarly resulted in upregulated RNA 

levels of mitochondrial and protein encoding ribosomal RNAs199. These findings suggest 

that there may be a relationship between the RNAs destabilized by TDP43 and m6A.  

The goal of this thesis is to explore this very question, aiming to establish TDP43 as an 

RNA binding protein that recognizes m6A-containing RNAs and understand to what 

degree methylation has on the functions of TDP43. Chapter 2 identifies the methylation 

status of TDP43 RNA substrates and how alterations to m6A can alter the propensity of 

TDP43 to bind RNA. In addition, I assay the methylation levels in ALS spinal cord, as 

well as identify m6A factors that can rescue TDP43-dependent toxicity in disease 

models. Chapter 3 provides context to some of the findings, and a discussion of 

unanswered questions for the ALS and m6A fields that should lead research in the 

upcoming years. Lastly, Appendix A outlines the development of a CRISPR based tool 

to study knockdown of multiple genes at once, or enable creation of CRISPR edited cell 

models. 
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Figures 

 
Figure 1.1: TDP43 functions and consequences of dysregulation in ALS. Under 
normal conditions, TDP43 is localized to the nucleus where it helps to maintain RNA 
homeostasis. In ALS conditions, TDP43 is mislocalized to the cytoplasm and loss of 
splicing function leads to inclusion of cryptic exons triggering early degradation of the 
produced transcript. TDP43 strictly regulates its protein levels to prevent TDP43-
mediated toxicity by binding to the TARDBP 3’ UTR. This binding results in alternative 
splicing producing a transcript degraded by nonsense-mediated decay. In ALS, 
mutations in TARDBP may prevent association of TDP43 with its transcript preventing 
autoregulation and allowing accumulation of TDP43 protein. TDP43 depletion in ALS 
also results in decreased global RNA stability, indicating the importance of TDP43 to 
RNA homeostasis. 
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Figure 1.2: m6A RNA methylation pathway. m6A methylation (pin) is deposited onto 
RNA (red lines) by methyltransferases (“writers”) and can be removed or prevent the 
addition of by demethylases (“erasers”). RNA binding proteins that recognize m6A 
methylation on RNAs (“readers”) influence the fate of RNA by increasing the likelihood 
of that RNA to be translated, degraded, or spliced. 
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Chapter 2: RNA Methylation Influences TDP43 Binding and Disease Pathogenesis 

in Models of Amyotrophic Lateral Sclerosis and Frontotemporal Dementia 0F

1 

2.1  Abstract 

Methylation of RNA at the N6 position of adenosine (m6A) is one of the most common 

RNA modifications, impacting RNA stability as well as its transport and translation. 

Previous studies uncovered RNA destabilization in models of amyotrophic lateral 

sclerosis (ALS), in association with accumulation of the RNA-binding protein TDP43, 

which is itself mislocalized from the nucleus in >95% of those with ALS. Here, we show 

that TDP43 recognizes m6A-modified RNA, and that RNA methylation is critical for both 

TDP43 binding and autoregulation. We also observed extensive hypermethylation of 

coding and non-coding transcripts in ALS spinal cord, many of which overlap with 

methylated TDP43 target RNAs. Emphasizing the importance of m6A for TDP43 binding 

and function, we identified several m6A factors that enhance or suppress TDP43-

mediated toxicity via a single-cell CRISPR/Cas9 candidate-based screen in primary 

neurons. The most promising genetic modifier among these—the canonical m6A reader 

YTHDF2—accumulated within spinal motor neurons in ALS postmortem sections, and its 

knockdown prolonged the survival of human neurons carrying ALS-associated mutations. 

 
 

1 This chapter is adapted from McMillan M, Gomez N, Bekier M, Li X, Tank EM, Barmada SJ. RNA 
methylation influences TDP43 binding and disease pathogenesis in models of amyotrophic lateral 
sclerosis and frontotemporal dementia. Under review Molecular Cell, Cell Reports. Published online 
bioRxiv. 2022. doi:10.1101/2022.04.03.486880 
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Collectively, these data show that m6A modifications modulate RNA binding by TDP43, 

and that m6A is pivotal for TDP43-related neurodegeneration in ALS.  

2.2  Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease 

resulting in the death of upper and lower motor neurons1. Limited therapeutic options exist 

for this condition, and the underlying pathological mechanisms remain unclear. 

Considerable variability in clinical, biochemical, and genetic features also complicate 

identification of new therapeutic targets. Despite this, over 95% of ALS cases exhibit 

cytoplasmic inclusions of the RNA binding protein TDP43 (TAR binding protein of 43 

kDa), and mutations in TARDBP, the gene encoding TDP43, result in familial disease in 

2-5% of individuals5,6,59,198,199. These observations imply that strategies targeting TDP43 

may be relevant to the large majority of those with ALS.  

TDP43 is a predominantly nuclear RNA binding protein critical for several aspects 

of RNA processing, including RNA splicing, transport, translation, and stability. Consistent 

with this, cytoplasmic mislocalization and nuclear clearing of TDP43 in ALS are closely 

associated with RNA missplicing, abnormal global and local mRNA translation, and 

widespread RNA instability21,55,56,59. We previously found that TDP43 deposition primarily 

destabilizes families of mRNAs encoding ribosomal proteins and oxidative 

phosphorylation enzymes59. Notably, these same mRNAs are upregulated in neurons 

lacking the RNA methyltransferase-like protein 14 (METTL14)200. This enzyme acts as a 

part of a “writer” complex that methylates RNA at the 6th position nitrogen (N6-

methyladenosine methylation, or m6A)91,101. m6A marks can be removed by 

demethylases (“erasers”) and/or recognized by a class of RNA binding proteins 
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(“readers") that, like TDP43, function in RNA splicing, transport, translation and 

stability90,158. In addition, TDP43 binds heavily methylated RNAs, and physically interacts 

with both writers and readers201–204. Together, these findings suggest that TDP43 may 

recognize m6A-modified RNA, raising the possibility that mislocalization and aggregation 

of TDP43 in ALS may preferentially affect RNA substrates carrying m6A marks.  

Here, we answer the question of whether TDP43 binds m6A-modified RNA through 

several orthologous approaches. We show not only that the majority of TDP43 substrates 

carry m6A modifications, but also that the m6A reader protein YTHDF2 facilitates TDP43-

related toxicity in rodent and human neuron models of ALS. Supporting the connection 

between TDP43 pathology in ALS and m6A RNA, we detected extensive RNA 

hypermethylation in postmortem spinal cord tissue from sporadic ALS patients compared 

to controls. These data highlight a fundamental link between m6A RNA modifications and 

ALS pathogenesis, potentially mediated by TDP43-dependent misprocessing of m6A-

modified RNA. 

2.3  Results  

2.3.1 TDP43 binds m6A-modified RNA 

YTH domains, common to m6A reader proteins, exhibit selective recognition of 

m6A-modified RNA, but previous evidence indicates that other functional domains such 

as RNA recognition motifs (RRMs) present in TDP43 and other members of the hnRNP 

family can also bind m6A-modified RNA101,160. Specifically, hnRNP-C106 and hnRNP-

A2/B1205 are capable of recognizing m6A-modified RNA despite not having YTH domains, 

and the presence of m6A modifications enhances their affinity for RNA targets. Given this, 

we asked whether TDP43, which shows high affinity for UG rich sequences13,15,206, also 
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recognizes m6A-modified RNA. First, we measured the UG density surrounding 

experimentally verified m6A sites, determined by m6A antibody cross-linking induced 

methylation (CIMS; Fig. 2.1A) and truncation (CITS; Fig. 2.1B)102. UG density is 

significantly greater immediately upstream of m6A sites, whereas random segments of 

genes of non-methylated genes showed no apparent change in UG density surrounding 

the m6A site (Fig. 2.1A, B). These data indicate a possible connection between UG-rich 

TDP43 recognition motifs and m6A sites. To pursue this concept further and empirically 

determine if TDP43 recognizes m6A-modifed RNA in mammalian cells, we 

overexpressed TDP43 fused with HaloTag, a multifunctional adapter protein that 

facilitates TDP43 isolation by immunoaffinity purification207, in HEK293T cells. As a 

positive control, we also overexpressed a fusion of HaloTag and YTHDF2, a verified m6A 

reader protein160. We then isolated each protein by immunoaffinity purification, collected 

bound RNA and assessed total and m6A RNA by dot blot (Fig. 2.1C). TDP43-HaloTag 

and YTHDF2-HaloTag, but not HaloTag by itself, recognized and pulled down m6A RNA 

(Fig. 2.1D), showing that TDP43 and YTHDF2 are both capable of binding m6A RNA.  

Because protein overexpression can introduce non-specific and potentially non-

physiological interactions, we engineered a line of HEK293T cells in which endogenous 

TDP43 was labeled at the N-terminus with HaloTag (Fig. 2.1E). Correct insertion of 

HaloTag into the TARDBP locus was verified by Sanger sequencing, and analysis of 

HaloTag-TDP43 function using the CFTR splicing reporter uncovered no loss-of-function 

effects associated with the fusion (Sup. Fig. 2.1A). In addition, live-cell labeling of 

HaloTag-TDP43 HEK293T cells with JF646, a far-red cell-permeable dye that binds 

covalently to HaloTag, showed a strong overlap with TDP43 localization, as judged by 
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immunostaining using TDP43 antibodies (Fig. 2.1F). We then utilized these cells to 

determine if endogenous HaloTag-TDP43 is capable of recognizing m6A modified RNA. 

As before, we detected m6A modified RNA via dot blot among transcripts pulled down by 

HaloTag-TDP43 (Fig. 2.1G and Sup. Fig. 2.1B-C), confirming that endogenously 

expressed TDP43 is capable of binding m6A modified RNA. 

2.3.2 TDP43 substrates are enriched in m6A modifications 

To explicitly define the identity, number, and location of m6A modifications in 

TDP43 substrates, we took advantage of DART-seq (deamination adjacent to RNA 

modification targets, followed by next generation RNA sequencing)104 (Fig. 2A). This 

method highlights specific m6A modifications without the need for m6A antibodies, which 

may have limited sensitivity and specificity in discriminating m6A from other RNA 

modifications (i.e., m6Am). Briefly, DART-seq involves the overexpression of a chimeric 

fusion protein consisting of the m6A-binding YTH domain, and the deaminating enzyme 

APOBEC1. As illustrated previously91,101,102,104, m6A modifications occur in the context of 

a highly conserved motif (DRACH, where D can be A, G or T; R is A or G; and H is A, C 

or T). Within this motif, the methylated adenosine (A) residue is followed by an obligate 

cytosine (C). Recognition of m6A by the APOBEC1-YTH fusion results in deamination of 

the C immediately 3’ to the modified A residue, creating a uracil (U) base that is read as 

a thymine (T) during sequencing. Thus, C-T transitions occurring within a DRACH motif 

immediately adjacent to an A signify m6A modifications. In combination with 

immunoaffinity purification of endogenous HaloTag-TDP43 from the HEK293T cells we 

created, DART-seq enables us to define not only the RNA substrates of native HaloTag-

TDP43, but also the location and m6A modification status of each substrate.   
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For these experiments, we transfected HaloTag-TDP43 HEK293T cells with 

APOBEC1-YTH or a mutated variant of APOBEC1-YTH that is unable to bind m6A 

modified RNA (APOBEC1-YTHmut). To control for non-specific RNA binding by HaloTag, 

we also transfected separate cultures of unmodified HEK293T cells with HaloTag alone. 

We then isolated HaloTag and HaloTag-TDP43 by immunoaffinity purification, sequenced 

the RNA that was pulled down in each case, and compared the resulting data to a 

reference database to identify base-pair transitions (Fig. 2.2A). As expected based on the 

deaminase activity of APOBEC1, C-T and G-A transitions—and to a lesser extent 

antisense T-C and A-G transitions—were strongly enriched in APOBEC1-YTH 

expressing cells in comparison to those expressing APOBEC1-YTHmut or HaloTag alone 

(Fig. 2.2B, C). These transitions occurred both within and outside of canonical DRACH 

motifs (Fig. 2.2D), but to increase specificity and confidence in the detection of verified 

m6A sites, we limited further analyses to transitions that arose in the context of a DRACH 

motif. In doing so, we noted profound enrichment for high-confidence m6A sites in cells 

expressing APOBEC1-YTH, compared to those expressing APOBEC1-YTHmut and 

HaloTag (Fig. 2.2E, F). The majority of detected m6A sites fall within the coding sequence 

(CDS) of HaloTag-TDP43 target RNAs, rather than the untranslated regions (5’ or 

3’UTRs) or intronic segments (Sup. Fig. 2.2A, B). This pattern is consistent with the 

previously observed exclusion of m6A sites from introns, but differs from the expected 

concentration of m6A modifications in the 3’UTR immediately downstream of the stop 

codon91,102,104. We suspect that the unusual distribution of m6A sites likely reflects the 

differences between HaloTag-TDP43 substrates investigated here, and total mRNA used 

in prior studies.  



 56 

Emphasizing the sensitivity of this approach for capturing TDP43 target RNAs, we 

identified 2,256 transcripts that were significantly enriched by HaloTag-TDP43 pulldown 

in APOBEC1-YTH and APOBEC1-YTHmut expressing cells, compared to cells 

expressing HaloTag alone (Fig. 2.2G). In keeping with our previous data suggesting that 

TDP43 recognizes m6A-modified RNA, the majority of HaloTag-TDP43 target RNAs were 

methylated (Fig. 2.2H), and also displayed a higher degree of methylation in comparison 

to non-targets. (Fig. 2.2I). To ensure that our results are not confounded by potential non-

specific RNA-protein interactions of HaloTag or the immunoaffinity purification itself, we 

compared our HaloTag-TDP43 substrates to a published dataset of TDP43 targets in 

HEK293 cells identified by CLIP-seq208. In the process, we identified 1822 high-

confidence TDP43 substrates (p= 1.5x10-117 for the overlap, hypergeometric test), over 

90% (1699) of which were m6A-modified (Fig. 2.2J, K). By gene ontology (GO), 

methylated TDP43 target RNAs were highly enriched for components of the nuclear pore 

complex (Sup. Fig. 2.3A), a structure with intricate ties to ALS pathogenesis. Furthermore, 

protein-protein interaction (PPI) network prediction using STRING209 indicated strong 

enrichment for several additional disease-associated pathways, including apoptosis and 

p53 signaling210, the ribosome59, long-term potentiation211, VEGF signaling212 and RNA 

transport213,214 (Sup. Fig. 2.3B-F). In comparison, only 62% of non-targets were 

methylated (p < 1x10-5 for the comparison with TDP43 targets; chi-square test). These 

results not only confirm that TDP43 recognizes m6A modified RNA, but also indicate a 

possible preference of TDP43 for methylated transcripts.  

2.3.3 RNA methylation modulates TDP43 binding and autoregulation 
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To explore the functional impact of RNA methylation on TDP43 binding and 

function, we re-examined the DART-seq results, concentrating on the relationship 

between identified m6A sites and UG-rich TDP43 recognition motifs. In doing so, we 

observed a striking overlap between m6A modifications and UG-rich sequences primarily 

within the 3’UTR of HaloTag-TDP43 substrates (Sup. Fig. 2.2C); indeed, 74% of m6A 

sites located within 20 nt of a TDP43 motif are found within the 3’UTR of HaloTag-TDP43 

targets (Sup. Fig. 2.2D). This subset of 237 transcripts was highly enriched for genes 

whose expression is regulated by TDP43 (Sup. Fig. 2.2E), emphasizing the functional 

relevance of m6A sites for TDP43-dependent regulation.  

We next focused on TARDBP, a HaloTag-TDP43 substrate RNA that showed 

prominent methylation based on our DART-seq experiments. The TARDBP transcript, 

which encodes TDP43 itself, exhibited a clear C-T transition within the context of a 3’UTR 

DRACH motif (Fig. 2.3A). We focused on this m6A site for three reasons: First, it is located 

within the TDP43 binding region (TBR)215, a section of the 3’UTR that is both necessary 

and sufficient for TDP43 recognition. Second, the m6A site is immediately adjacent to a 

UG-rich stretch resembling the consensus GUGUGU motif commonly recognized by 

TDP4320,37. Third, the m6A site lies within a 34 nucleotide stretch (denoted CLIP34nt) that 

binds TDP43 in vitro and in cellulo49 (Fig. 2.3A).  

 To probe the importance of this m6A modification for TDP43 binding and function, 

we utilized a minigene reporter in which TARDBP exon 6 and a portion of the 3’UTR 

containing the TBR is fused to mCherry (Fig. 2.3B; mCherry-TBR)21,216,217. We then 

applied site-directed mutagenesis to change the methylated adenosine residue shown in 

Fig. 2.3A to a guanosine, thereby blocking methylation of the mutated reporter (mCherry-
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mTBR). Both reporters were then expressed in HaloTag-TDP43 HEK293T cells or 

HEK293T cells transfected with HaloTag alone. Endogenous HaloTag-TDP43 was 

isolated by immunoaffinity purification, and bound RNA separated and assessed by qRT-

PCR (Fig. 2.3C). HaloTag-TDP43 efficiently pulled down the mCherry-TBR reporter but 

not the m6A-deficient mCherry-mTBR reporter despite no change in reporter input levels 

(Sup. Fig. 2.4A), demonstrating that the m6A modification is required for recognition by 

TDP43.  

Two possibilities may account for the apparent effect of m6A modifications on RNA 

recognition by TDP43: a direct influence on binding, resulting from an increase in affinity 

of TDP43 for m6A vs. unmodified RNA; or an indirect effect arising from enhanced 

accessibility of the TDP43 binding motif in m6A-modified RNA. Several observations 

argue for an indirect rather than a direct effect of m6A modifications on TDP43 binding: 

First, TDP43 typically recognizes UG-rich motifs rather than the DRACH sequence 

associated with m6A20,37. Second, TDP43 exhibits canonical RRM motifs rather than the 

more m6A-specific YTH domains found in most direct m6A reader proteins218. Third, 

hnRNP-C106, a heterogeneous ribonucleoprotein that is structurally and functionally 

related to TDP43, is an indirect m6A binding protein. To examine these possibilities in 

more detail, we created short (14 nt) synthetic RNA probes corresponding to the TBR 

with or without methylation of the predicted m6A site and performed electromobility shift 

assays (EMSAs) with recombinant TDP43, enabling measurements of probe binding in 

vitro (Sup. Fig. 2.4B, C). In contrast to results from RNA-immunoprecipitation studies (Fig. 

2.3B), methylation of the TBR probe had little effect on TDP43 binding. In fact, we 

observed a slight (~2-fold) reduction in binding affinity for the m6A-modified probe in 
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comparison to the unmodified probe. This discrepancy could arise from differences in 

secondary structure between RNA transcripts present in cells and the short 14 nt probe 

used in these experiments, or the absence of key cellular components absent from the in 

vitro assay. Regardless, these studies suggest that m6A modifications indirectly affect 

TDP43 binding, perhaps by enabling greater access to UG-rich motifs buried within the 

TBR.  

One consequence of TDP43 binding to the TBR is downregulation of TDP43 

expression—this autoregulatory feedback loop is crucial for maintaining TDP43 

homeostasis20,50,199,219–221. The mCherry-TBR reporter includes the majority of exon 6 and 

the TARDBP 3’UTR, facilitating investigations of TDP43 autoregulation in response to 

engineered mutations as well as genetic modulators of TDP43 function and 

toxicity21,216,217. Binding of TDP43 to the TBR in the mCherry-TBR reporter results in 

3’UTR splicing and a reduction of mCherry fluorescence (Fig. 2.3D), likely due to a 

combination of nuclear retention of the spliced transcript and nonsense mediated mRNA 

decay (NMD)220. Consistent with this, TDP43-EGFP overexpression reduces mCherry 

fluorescence in primary neurons transfected with the mCherry-TBR reporter (Fig. 2.3E, 

F; Sup. Fig. 2.4D). In contrast, the fluorescence intensity of the m6A-deficient mCherry-

mTBR reporter was unaffected by TDP43-EGFP expression (Fig. 2.3G; Sup. Fig. 2.4D). 

Thus, not only is the TBR m6A site required for recognition of the mCherry-TBR reporter, 

but it also affects the efficiency of TDP43 autoregulation.  

2.3.4 RNA hypermethylation in ALS spinal cord 

Based on data in Figs. 2.1 and 2.2 suggesting that TDP43 binds methylated RNA, 

and the prominent effect of RNA methylation on TDP43 autoregulation (Fig. 2.3), we 
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questioned whether RNA methylation may be disrupted in sporadic ALS (sALS), a 

disorder characterized by nuclear clearance and cytoplasmic accumulation of 

TDP435,6,198. To answer this question, we obtained fresh frozen spinal cord from 4 sALS 

patients and 3 age-matched controls (Table 2.1), isolated RNA from these samples, and 

quantitatively assessed transcript methylation using an m6A array (Fig. 2.4A).  

Principal component analysis (PCA; Fig. 2.4B) and hierarchical clustering (Fig. 

2.4C) demonstrated distinct patterns of mRNA methylation in sALS vs. control sections. 

These studies also suggested widespread mRNA hypermethylation in sALS patient 

samples, with 37% of assayed m6A sites in sALS displaying increased methylation (Fig. 

2.4D) whereas <1% of transcripts were hypomethylated compared to controls in sALS 

spinal cord. We detected a similar pattern of hypermethylation for lncRNA (Fig. 2.4E, F), 

indicating a broad phenomenon not limited to protein-coding mRNAs.  

To determine which of the hypermethylated transcripts in ALS are m6A-modified 

TDP43 substrates, we examined the overlap between the DART-seq results from 

HEK293T cells (Fig. 2.2), and hypermethylated transcripts from sALS spinal cord (Fig. 

2.4G). Within the 2184 hypermethylated transcripts that are detectable in both HEK293T 

cells and spinal cord, 2034 or 93% were also identified as m6A-modified RNAs by DART-

seq, indicating excellent agreement between the two approaches (p~0, hypergeometric 

test). These transcripts were enriched for protein kinases and RNA binding proteins, 

several of which are also associated with ALS (CSNK1E, TIA1, hnRNPAB, ANXA11), 

other neurodegenerative diseases (PARK7, WDR45), basic processes such as stress 

granule formation (UBAP2L), and nucleocytoplasmic transport (NXF1, KPNB1). By cross-

referencing these transcripts with m6A-modified RNAs pulled-down by HaloTag-TDP43 
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(Fig. 2.2), we identified 302 hypermethylated TDP43-target RNAs (Fig. 2.4G) — these 

transcripts were likewise enriched in kinases and RNA binding proteins, and included 

several factors linked with ALS pathogenesis (TP53, UCHL1) or RNA methylation itself 

(METTL3, HNRNPC). Remarkably, the 302 hypermethylated TDP43 targets, as well as 

the larger set of 2034 hypermethylated transcripts in sALS spinal cord, displayed strong 

enrichment for RNAs whose expression is regulated by TDP43 (Fig. 2.4H). Thus, a broad 

range of transcripts are hypermethylated in sALS spinal cord, many of which are 

functionally regulated by TDP43 and overlap with m6A-modified TDP43 target RNAs 

highlighted by DART-seq. 

As confirmation for the array, and to examine the distribution of RNA 

hypermethylation in sALS, we immunostained control and sALS patient spinal cord using 

antibodies against m6A (Fig. 2.4I). Moderate cytoplasmic staining for m6A RNA was 

detected in large neurons located within the anterior horn of control spinal cord. In 

comparison, we observed pronounced and often punctate m6A staining in anterior horn 

neurons from sALS sections. Indeed, m6A immunoreactivity was approximately 1.5-fold 

greater in sALS spinal neurons compared to controls (Fig. 2.4J). These data provide 

independent verification of the epitranscriptomic array (Fig. 2.4C-F) demonstrating RNA 

hypermethylation in sALS spinal cord, and further suggest that m6A-modified RNA 

accumulates predominantly within spinal motor neurons in sALS.  

2.3.5 YTHDF2 knockout mitigates TDP43-related neurotoxicity 

Considering TDP43’s ability to recognize m6A-modified RNA, and the substantial 

RNA hypermethylation noted in sALS spinal cord, we questioned whether RNA 

methylation or the factors acting on m6A-modified RNA are involved in TDP43-mediated 
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neurotoxicity. We therefore designed a platform that would enable us to readily screen 

m6A-related factors using CRISPR/Cas9 in a neuron model of ALS/FTD due to TDP43 

accumulation21,216,222,223. As proof of principle, single-guide (sg)RNAs directed against the 

neuronal transcription factor NeuN or lacZ were cloned into a vector that also encodes 

enhanced green fluorescent protein (EGFP) and Cas9 nuclease. Rodent primary mixed 

cortical neurons were transfected with this vector, and after 5d, cells were fixed and 

immunostained for NeuN. Confirming the utility of this platform for single-cell gene 

knockouts, we observed a marked reduction in NeuN immunoreactivity only in transfected 

cells marked by EGFP fluorescence, and only in neurons that received sgRNAs against 

NeuN (Fig. 2.5A, B). 

We then designed a small-scale screen targeting the major m6A writers (METTL3, 

METTL14, WTAP), erasers (FTO, ALKBH5), and readers (YTHDF1, YTHDF2, YTHDF3) 

(Fig. 2.5C) in a neuronal model of TDP43-related disease21,216,222,223. sgRNAs targeting 

each factor were cloned into the EGFP-Cas9 vector described above and transfected into 

rodent primary mixed cortical neurons along with the red fluorescent protein mApple or 

TDP43 fused with mApple (TDP43-mApple; Fig. 2.5D). Overexpression of TDP43 

recapitulates key aspects of ALS/FTD pathophysiology in neurons, including progressive 

neurodegeneration accompanied by TDP43 mislocalization and aggregation32. To track 

TDP43-dependent neuron loss over time, we employed automated longitudinal 

microscopy224,225. Here, hundreds of transfected neurons are simultaneously imaged at 

regular 24h intervals. Image segmentation algorithms detect neurons based on their 

unique morphology and determine their time of death through characteristic changes 
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including soma rounding, neurite retraction and fragmentation, and cellular blebbing (Fig. 

2.5D).  

Transient transfection in this manner results in a wide range of expression levels, 

ranging from 1-7-fold endogenous TDP43 (Sup. Fig. 2.5A). As in previous studies, we 

observed dose-dependent TDP43-mediated toxicity in primary neurons, with the greatest 

risk of death observed in neurons with the highest TDP43 expression (Sup. Fig. 2.5B-C). 

Therefore, to maximize our ability to identify genetic modulators of TDP43 toxicity we 

focused on neurons within the lowest TDP43 expression (<2-fold endogenous levels), 

thereby avoiding supraphysiological TDP43 levels that may mask modifier effects. 

In cells expressing non-targeting (NT) sgRNA, TDP43-mApple overexpression 

resulted in a >3-fold increase in the risk of death compared to neurons transfected with 

mApple alone (Fig. 2.5E; hazard ratio (HR)= 3.4; p= 2x10-16, Cox proportional hazards 

analysis). As a positive control, we co-transfected neurons with sgRNAs targeting Atxn2, 

one of the strongest genetic modifiers of TDP43-dependent toxicity226–228. Co-expression 

of Atxn2 sgRNA significantly suppressed TDP43-mediated toxicity (HR= 0.80; ***p= 

5.81x10-4, Cox proportional hazards analysis), validating the use of this system for 

identifying disease modifiers. We then assessed whether knockout of the m6A writers, 

erasers or readers listed above are capable of modulating neuron loss due to TDP43 

overexpression (Fig. 2.5F). In control neurons expressing mApple alone, we observed 

baseline increases in the risk of death upon knockdown of several factors (Sup. Fig. 2.7), 

suggesting that many m6A-related components are essential. Among these factors, 

knockout of Wtap (HR= 1.3; *p= 0.02), Alkbh5 (HR= 2.03; ***p= 2.65x10-11), Ythdf1 (HR= 

1.23; *p= 0.01), and Ythdf3 (HR= 1.23; *p= 0.03) significantly enhanced TDP43-related 
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toxicity (Fig. 2.5G and Sup. Figs. 2.6,2.7). Only Ythdf2 knockout (HR= 0.71; ***p= 6.2x10-

6) reduced TDP43-mediated toxicity (Fig. 2.5H), suggesting that TDP43 may act in 

concert with YTHDF2 to elicit neurodegeneration.  

 In a complementary set of experiments, we overexpressed a subset of m6A-

related factors in rodent primary neurons and followed neuronal survival by automated 

longitudinal microscopy. Analogous to TDP43, overexpression of YTHDF2 resulted in a 

significant increase in the risk of death compared to the negative control (Fig. 2.5I). 

Conversely, overexpression of METTL3 and METTL14 had little effect on their own in 

primary neurons (Fig. 2.5J). To determine if METTL3/METTL14 might act synergistically 

with TDP43, we expressed TDP43-mApple at low concentrations, resulting in more subtle 

toxicity than in previous experiments. In doing so, we found that METTL3/METTL14 

overexpression significantly enhanced TDP43-related toxicity (Fig. 2.5J). Considering the 

ability of TDP43 to bind m6A-modified RNA, and the increase in RNA methylation 

stimulated by METTL3/METTL14 overexpression115, these data imply that RNA 

hypermethylation facilitates TDP43-related neurodegeneration in ALS/FTD models.  

2.3.6 YTHDF2 in sALS spinal cord and human iPSC-derived neurons 

We detected relative RNA hypermethylation in sALS spinal cord samples by m6A 

array (Fig. 2.4) and found that genetic ablation of the m6A reader YTHDF2 reduced 

TDP43-dependent toxicity in a neuronal model of disease (Fig. 2.5H). Furthermore, 

YTHDF2 overexpression was sufficient to elicit toxicity in rodent primary neurons (Fig. 

2.5I). To determine if YTHDF2, like TDP43, is mislocalized and/or accumulates in ALS, 

we performed immunohistochemistry for YTHDF2 in human post-mortem samples from 

sALS and control spinal cord (Fig. 2.6A, B) and frontal cortex (Sup. Fig. 2.8). In controls, 
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YTHDF2 displayed the expected uniform, cytoplasmic distribution within neurons and 

other cell types. Not only was YTHDF2 staining significantly more intense within sALS 

spinal neurons, but we also noted punctate accumulations of YTHDF2 within many of 

these cells (Fig. 2.6A, B). Strong YTHDF2 staining was also noted within layer IV-V 

neurons from ALS frontal cortex (Sup. Fig. 2.8), but puncta were not as evident in these 

cells as in spinal motor neurons. These results show that YTHDF2 accumulates in 

association with RNA hypermethylation in sALS spinal neurons, potentially contributing 

to TDP43-mediated toxicity and disease pathogenesis.  

The overabundance of YTHDF2 in sALS spinal cord, together with data from Fig. 

2.5 suggesting neuroprotection upon Ythdf2 knockout in primary neurons, imply that 

YTHDF2 could be a therapeutic target for sALS. To pursue this further, we examined the 

effect of YTHDF2 knockdown in human neuron disease models. The ALS-associated 

TDP43(M337V) mutation was introduced into the native TARDBP locus of control human 

induced pluripotent stem cells (iPSCs) by CRISPR/Cas9229. Simultaneously, endogenous 

TDP43 was labeled at the C-terminus with Dendra2, facilitating identification and 

selection of clonal cell populations harboring the M337V mutation. We also generated 

isogenic WT iPSCs in which native TDP43 was fused to Dendra2 without introduction of 

a pathogenic mutation (Fig. 2.6C). iPSCs were then differentiated into forebrain-like 

neurons (iNeurons) through the induced expression of master transcription factors Ngn1-

2, as described previously217,229,230. Neurons were tracked by longitudinal microscopy 

over a 10d period, and their survival assessed by semi-automated tracking software 

developed specifically for these purposes (Fig. 2.6D). We detected a significant increase 

in the risk of death for TDP43(M337V) iNeurons in comparison to controls (Fig. 2.6E, †p= 
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8.42x10-12, HR= 6.25; Cox proportional hazards analysis) after sustained growth in the 

same culture after differentiation (see methods). As in our primary neuron disease model, 

YTHDF2 knockdown via lentiviral shRNA delivery substantially extended the survival of 

TDP43(M337V) iNeurons without adversely affecting WT iNeurons (Fig. 2.6E, ***p= 

4.82x10-9, HR= 0.32; #p= 0.08, HR= 1.84; Cox proportional hazards analysis).  

We also evaluated the effect of YTHDF2 knockdown in 3 separate lines of human 

iNeurons carrying the C9ORF72 hexanucleotide expansion, the most prevalent cause of 

familial ALS and FTD in Northern Europe and North America231–233. C9ORF72 mutant 

iNeurons displayed a ~3-fold elevation in the risk of death upon neurotrophic factor 

withdrawal compared to control neurons (Fig. 2.6F, †p= 1.42x10-11, HR= 2.86; Cox 

proportional hazards analysis). As in TDP43(M337V) iNeurons, shRNA-mediated 

knockdown of YTHDF2 significantly prolonged the survival of C9ORF72 mutant iNeurons 

but had no effect on non-disease (ND) iNeurons (***p= 1.42x10-16, HR= 0.32; Cox 

proportional hazards analysis). Together with our data from rodent primary neurons (Fig. 

2.5), these findings emphasize the neuroprotective potential of YTHDF2 knockdown in 

ALS/FTD disease models featuring TDP43 pathology. 

2.4  Discussion 

Here, we show not only that TDP43 recognizes m6A-modified RNA, but also that 

the majority of TDP43 substrates exhibit m6A marks. Sequence analysis demonstrated a 

spatial correlation between 3’UTR m6A modifications and TDP43 recognition motifs, and 

further showed that methylation strongly influences the binding of TDP43 to its RNA 

targets as well as TDP43 autoregulation. In ALS, where cytoplasmic mislocalization and 

aggregation of TDP43 are signature pathologic changes, we also observed widespread 
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RNA hypermethylation compared to disease controls. Consistent with a primary role for 

RNA hypermethylation in ALS pathogenesis, knockout or knockdown of the m6A writer 

YTHDF2 mitigated toxicity in primary rodent and human iPSC-derived neuron models of 

ALS and FTD, while overexpression of the m6A writers METTL3 and METTL14 

exacerbated TDP43-mediated neuron loss. Together, these findings underscore the 

importance of m6A modifications for RNA binding by TDP43 and emphasize the potential 

contribution of TDP43’s actions on m6A-modified RNA to the development of ALS and 

FTD. 

Our study builds on several lines of evidence hinting at a connection between 

TDP43 and m6A-modified RNA. m6A writers (METTL3, METTL14, WTAP) and erasers 

(FTO, ALKBH5) primarily localize to nuclear speckles92,116, membraneless organelles that 

facilitate peri-transcriptional RNA processing and splicing. TDP43 is also concentrated 

within these structures234, and interacts with several m6A writer and reader proteins, 

including METTL3, YTHDF1, YTHDF2 and hnRNPC95,201,235. Furthermore, TDP43 was 

among a series of proteins that exhibited preferential binding to m6A-modified bait 

RNAs178. Supporting this, we found that both overexpressed and endogenously labeled 

TDP43 in HEK293T cells were capable of pulling down m6A modified RNA. Combining 

affinity purification of native HaloTag-TDP43 with antibody-free detection of m6A 

modifications through DART-seq, we were able to clarify the location and number of m6A 

sites within TDP43 substrate RNAs. Importantly, DART-seq is not limited by the specificity 

or sensitivity of antibodies for m6A modifications, instead relying on APOBEC1-YTH 

induced C-T transitions to indicate possible m6A sites. In contrast to the previously noted 

enrichment of m6A marks within the proximal 3’UTR of transcripts91,101,102,104, TDP43 
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targets displayed a broad distribution of m6A modifications across the CDS and 3’UTR. 

It is unclear whether this pattern is unique to TDP43 substrate RNAs, or whether a similar 

distribution of m6A marks would be observed in targets of related RNA binding proteins. 

We observed few m6A sites within the introns of TDP43 target RNAs, consistent with the 

relative lack of intronic m6A modifications noted in previous studies174,236,237. Given the 

relative concentration of TDP43 binding sites within introns and 3’UTRs20,37, and our 

finding that m6A modifications cluster within the CDS and 3’UTR of TDP43 target RNAs, 

it stands to reason that the overlap between TDP43 binding sites and m6A modifications 

is greatest within the 3’UTR of these transcripts. We anticipate that the expression and/or 

stability of this subset of TDP43 target RNAs is strongly influenced by conditions that 

enhance or reduce m6A modifications.  

 To assess the consequences of such m6A modifications, we focused on the 

TARDBP transcript itself. Previous studies as well as our own DART-seq experiments 

identified key m6A modifications located within the TBR, a region of the TARBDP 

transcript that is essential for recognition and autoregulation by TDP43 itself49,50. In 

keeping with the association between m6A modifications and UG-rich domains 

recognized by TDP43 (Fig. 2.1), these m6A marks are located immediately adjacent to 

TDP43 binding motifs within the TBR. Mutagenesis of the methylated A within a reporter 

containing the TBR led to a reduction in TDP43 binding and ineffective autoregulation, 

suggesting that m6A modifications are crucial for TDP43 recognition and events 

downstream of binding. Even so, in vitro electromobility shift assays involving 

recombinant TDP43 and a short (14 nt) m6A-modified probe failed to show methylation-

dependent increases in TDP43 binding, implying that m6A modifications indirectly 
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enhance RNA recognition by TDP43. Similar relationships have been observed for 

hnRNP-C106 and IGF2BP3153, suggesting that changes in RNA secondary or tertiary 

structure upon methylation can promote recognition of otherwise buried motifs by TDP43 

and other RNA binding proteins.  

In prior work, we observed extensive RNA destabilization in human iPSCs 

overexpressing TDP4359. Transcripts encoding components of the ribosome and 

oxidative phosphorylation pathways were most heavily represented among TDP43-

destabilized RNAs, a pattern that was mirrored in iPSCs carrying ALS/FTD-associated 

C9ORF72 mutations. Notably, these same families of transcripts are upregulated upon 

targeted deletion of the m6A writer METTL14200, indicating that they are regulated by m6A 

modification. Given these observations, together with the degree of RNA 

hypermethylation we observed in sALS spinal cord and the ability of TDP43 to recognize 

m6A-modified RNA, we suspect that TDP43 mislocalization and accumulation may lead 

to RNA destabilization in ALS through an m6A-dependent mechanism. Although this 

hypothesis requires further investigation, as an example we explored the potential for 

m6A modifications to influence TDP43 autoregulation, a phenomenon that involves the 

nuclear retention and destabilization of TARDBP transcripts upon their recognition by 

TDP4320,59,219–221. m6A marks located within the TBR influence TDP43 binding and are 

crucial for proper autoregulation of the protein. In light of recent data highlighting the 

possible contribution of TDP43 autoregulation to ALS/FTD pathogenesis221,238, these 

observations draw attention to the potential importance of m6A modifications for 

physiological TDP43 function as well as its dysfunction in disease. 
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Among different tissue types, the central nervous system displays some of the 

highest baseline levels of m6A RNA, and these modifications are critical for proper 

neuronal development and maturation91,239–241. Total m6A levels within the nervous 

system rise with age, and previous evidence suggests that neurodegenerative diseases 

independent of ALS and FTD are likewise characterized by RNA hypermethylation196,242. 

We observed significant hypermethylation in end-stage tissue from ALS patients 

compared to age-matched controls; although we do not believe age is responsible for the 

observed RNA hypermethylation, other factors may be playing a part. Since astrocytosis 

and microgliosis are common features of ALS as well as other neurodegenerative 

diseases, it is possible that much of the observed RNA hypermethylation arises not 

because of a primary disease mechanism, but instead because of secondary 

neuroinflammation243.  

 Importantly, YTHDF2 was also the only m6A-related factor that emerged from our 

limited CRISPR-based screen for modulators of TDP43-mediated toxicity. This platform, 

which combines longitudinal fluorescence microscopy, automated survival analysis, and 

single-cell gene knockout, allowed us to rapidly interrogate most m6A readers, writers, 

and erasers for their effects on neuronal survival. In doing so, we found that knockout or 

knockdown of the m6A reader Ythdf2 mitigated TDP43-related toxicity in rodent primary 

neurons, while YTHDF2 overexpression itself was lethal, and transfection with writers 

(METTL3 and METTL14) exacerbated TDP43-dependent neuron loss. Furthermore, 

YTHDF2 knockdown in human iNeurons carrying ALS/FTD-associated mutations in 

TARDBP and C9ORF72 prolonged cellular survival. These data, together with the 
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apparent accumulation of YTHDF2 in ALS spinal cord, suggest that YTHDF2 may be a 

novel therapeutic target in ALS and FTD.  

2.5  Methods 

HEK293T cell culture 

Human embryonic kidney (HEK) 293T cells were cultured in DMEM (GIBCO), 10% 

FBS, 100 units/mL Penicillin/Streptomycin at 37°C in 5% CO2. HEK293T cells are 

originally female in origin, are easily transfected, and have been transformed with SV40 

T-antigen. 

 

CRISPR/Cas9 integration of HaloTag into TARDBP locus in HEK293T cells 

Oligos complementary to the target region (Table 2.4) were annealed, digested, 

and ligated into the BbsI site in the pX335 vector (Addgene, #42335) according to the 

protocol available from Addgene. 1.25 µg of each vector was transfected into HEK293T 

cells using Lipofectamine 2000 (ThermoFisher, #11668019) together with 2.5 µg of a 

plasmid encoding the HaloTag open reading frame flanked by 400 bp of sequence 

homologous to regions immediately upstream and downstream of the TARDBP start 

codon, according to the manufacturer’s instructions. Following transfection, cells were 

split at a low density, allowing transfected cells to establish individual colonies. Cells were 

screened for nuclear fluorescence after incubation with JF635 dye, as described 

previously217,244. Positive cells were carefully scraped/aspirated using a P200 pipet tip 

and transferred to a new dish. This process was repeated until 100% of cells displayed 

nuclear fluorescence after JF635 application, and correct integration of the HaloTag 

cassette into the TARDBP locus was confirmed by PCR and Sanger sequencing. 
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HaloTag-TDP43 HEK293T cells were cultured on plates coated with 0.1% gelatin (Sigma, 

#G2500) in DMEM (GIBCO), 10% FBS, 100 units/mL Penicillin/Streptomycin at 37°C in 

5% CO2. 

 

iNeuron differentiation 

Day 0: Induced pluripotent stem cells were washed in PBS and incubated in 

prewarmed accutase (Sigma, #A6964) at 37°C for 8 min. Four volumes of E8 media 

(ThermoFisher, #A1517001) were added to the plate, and the cells were collected and 

pelleted at 200xg for 5 min. The media was aspirated, and the pellet was resuspended in 

1mL of fresh E8 media. Cells were counted using a hemocytometer, diluted, plated at a 

density of 20,000 cells/mL in E8 media with ROCK inhibitor and incubated at 37°C 

overnight. Day 1: Media was changed to N2 media (1x N2 Supplement (Gibco, #17502- 

048), 1x NEAA Supplement (Gibco, #11140-050), 10 ng/mL BDNF (Peprotech, #450-02), 

10 ng/mL NT3 (Peprotech, #450-03), 0.2 µg/mL laminin (Sigma, #L2020), 2 mg/mL 

doxycycline (Sigma, #D3447) in E8 media). Day 2: Media was changed to transition 

media ((1x N2 Supplement, 1x NEAA Supplement, 10 ng/mL BDNF, 10 ng/ml NT3, 0.2 

µg/mL laminin, 2 mg/mL doxycycline in half E8 media, half DMEM F12 (Gibco, #11320-

033)). Day 3: Media was changed into B27 media (1x B27 Supplement (Gibco, #17504-

044), 1x Glutamax Supplement (Gibco, #35050-061), 10 ng/mL BDNF, 10 ng/mL NT3, 

0.2 µg/mL laminin, and 1x Culture One (Gibco, #A33202-01) in Neurobasal-A (Gibco, 

#12349-015)). On day 6 cells were transduced with the appropriate virus (prepared by 

University of Michigan Vector Core, Table S2.2) and cells were sustained in the same 
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culture medium for the remainder of the experiment. Day 14: Imaging began for survival 

experiments and iNeurons were monitored over the course of 10 days.  

 

Plasmids  

pGW1-GFP, pGW1-TDP43(WT)-GFP, pGW1-mApple32,222, pGW1-Halo, pGW1-

TDP43(WT)-Halo21,217, and pCAGGS-TDPBR-mCherry21,216,217 were created as 

previously described.  

To generate pGW1-YTHDF2-Halo, the YTHDF2 ORF was PCR amplified from 

pcDNA-flag-YTHDF2 (Addgene, #52300). The resulting amplicon was digested with AgeI 

and XbaI and cloned into cut sites upstream of HaloTag insert in pGW1-Halo. 

To create pgW1-YTHDF2-2A-GFP, the YTHDF2 ORF was PCR amplified from 

pcDNA-flag-YTHDF2 (Addgene, #52300). The resulting amplicon was digested with KpnI 

and SalI and cloned into cut sites upstream of the 2A in the pGW1-2A-GFP vector. 

 pCAGGS-TDPBR (mTBR)-mCherry, was created via site directed mutagenesis from 

pCAGGS-TDPBR-mCherry using the Pfu Ultra high-fidelity polymerase (Agilent 

Technologies, #600380) according to manufacturer’s protocols to change the A into a G 

in clip34nt sequence in the TDPBR.  

 

HaloTag immunoprecipitation 

HEK293T cells were transfected with pGW1-Halo, pGW1-TDP43-Halo, or pGW1-

YTHDF2-Halo using Lipofectamine 2000 (ThermoFisher, #11668019) following the 

manufacturer’s protocol. Approximately forty-eight hours post-transfection, cell pellets 

were harvested and lysed using a syringe in 100 µL lysis buffer (50 mM Tris-HCl, 150 mm 
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NaCl, 1% Triton-X100, 0.1% NaDeoxycholate) and incubated on ice for 30 min. Following 

lysis, tubes were centrifuged at 17000xg for 5 min and pellet discarded. 200 g for lysate 

was added to 25 µL of HaloTrap beads (Chromotek, #ota-10), prewashed with 500 µL of 

10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA centrifuged at 2500xg for 5 

minutes. Lysate and bead mix was incubated rotating overnight at 4°C. Following 

incubation, the mixture was centrifuged at 2500xg for 5 min and supernatant discarded. 

HaloTrap beads were washed 3 times for 5 min at 2500xg in 500 µL of wash buffer (50 

mM Tris-HCl, 150 mM NaCl, 1% Triton-X100, 0.1% NaDeoxycholate, 0.05% IGEPAL). 

To elute RNA, Trizol (ThermoFisher, #15596026) was added directly to the beads and 

RNA was isolated using phenol-chloroform extraction. 

 

m6A dot blot 

For m6A dot blot, isolated RNA was boiled at 95°C for 3 minutes to denature RNA 

then immediately chilled on ice. RNA was added in 1 µL drops to a BrightStar nylon 

membrane (ThermoFisher, #AM10102) and crosslinked at 1200 µJ [x100] for 2 min twice. 

After crosslinking, membranes were stained with methylene blue (0.04% methylene blue 

in 0.5M sodium acetate pH 5.2) until circles were visible (approximately 5 min). 

Membranes were washed 3x with water quickly to remove background stain and imaged. 

Afterwards, membranes were washed several times with water to remove methylene blue 

staining, then blocked in 5% milk in 1x PBS + 0.02% Tween-20 at room temperature for 

1 hour. Primary antibody (rabbit anti-m6A antibody 1:500, Cell Signaling #56593) was 

added to blocking solution, and membranes rocked overnight at 4°C. Blots were then 

washed in wash buffer (1x PBS + 0.02% Tween-20) 3x for 5 min and incubated at room 
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temperature with blocking buffer containing goat anti-rabbit HRP secondary antibody 

(Jackson Immunoresearch labs, #111-035-003, 1:5000). Blots were rinsed in wash buffer 

3x for 5 min, then incubated in Pierce ECL Western blotting substrate (ThermoFisher, 

#32106) for 1 min before exposure to CL-XPosure™ Film (Fisher, #PI34090). For 

endogenous Halo-TDP43 pulldowns, the procedure was followed as before starting from 

cell pellets of Halo-TDP43 HEK293T or unmodified HEK293T cells. 

 

DART-seq  

Halo-TDP43 HEK293T cells were transfected with pCMV-APOBEC1-YTH, pCMV-

APOBEC1-YTHmut, or pGW1-Halo using Lipofectamine 2000 (ThermoFisher, 

#11668027) following the manufacturer’s protocol. Approximately 48 hours post-

transfection, cells were washed with cold PBS (Invitrogen) then crosslinked with UV light 

(254 nm, 150 mJ/cm2). Following crosslinking, cells were harvested and lysed using a 

syringe in 100 µL lysis buffer supplemented RNAse inhibitor (Invitrogen, #N8080119) (50 

mM Tris-HCl, 150 mM NaCl, 1% Triton-X100, 0.1% NaDeoxycholate) and incubated on 

ice for 30 min. 200 µg for lysate was added to 25 µL of HaloTrap beads, prewashed with 

500 µL of equilibration buffer supplemented with RNAse inhibitor (10 mM Tris-HCl (pH 

7.5), 150 mM NaCl, 0.5 mM EDTA) centrifuged at 2500xg for 5 minutes. Lysate and bead 

mix was incubated rotating overnight at 4°C with Baseline Zero DNAse (Fisher Scientific, 

#NC1424104). Following incubation, the mixture was centrifuged at 2500xg for 5 min and 

supernatant discarded. HaloTrap beads were washed 3 times for 5 min at 2500xg in 500 

µL of wash buffer supplemented with RNAse inhibitor (50 mM Tris-HCl, 150 mM NaCl, 

1% Triton-X100, 0.1% NaDeoxycholate, 0.05% IGEPAL). To elute RNA, Trizol was added 
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directly to the beads and RNA was isolated using phenol-chloroform extraction. Once 

extracted, RNA was submitted to Advanced Genomics Core at University of Michigan for 

RNA sequencing. 

 

Next-generation sequencing  

cDNA libraries were prepared from Trizol extracted, DNA-digested samples using 

the Illumina Stranded Total RNA Prep with Ribo-Zero Plus kit (Illumina, #20040525). 

Paired end sequencing was carried out on an Illumina NovaSeq (S4) 300 cycle sequencer 

at the University of Michigan Advanced Genomics Core. Samples were sequenced at an 

average depth of 15.6 million unique reads per sample. 

 

DART-seq data processing and analysis 

Raw reads were quality and adapter trimmed with Cutadapt (v2.3)245  with default 

parameters, and aligned to the GRCh38 human genome assembly with bwa-mem 

(v0.7.17)246 with default parameters. Single nucleotide transition analysis was performed 

as previously described104. Briefly, aligned reads were deduplicated, sorted by genome 

coordinate, parsed to BED format, and collapsed by PCR replicate using the CLIP Tool 

Kit (CTK) suite247. Mutations were extracted and replicates were merged, preserving 

replicate information. The CTK suite script “CIMS.pl” was then used to generate 

coverage, mutation rate, and a false discovery statistic. Resulting BED files were filtered 

in R for entries with a minimum mutation rate of 2, a minimum read count of 10 per 

replicate, and a mutation/read threshold of 0.1-0.6. Finally, sense C to T (and antisense 
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G to A) transitions were filtered for presence of the surrounding DRACH motif using 

custom scripts and the GenomicRanges, BSgenome, Biostrings, and gUtils R packages. 

The distribution of mutational transitions was calculated using custom scripts 

adapted from the MetaPlotR Perl/R suite248 and visualized with ggplot2. Motif logos were 

generated before and after DRACH filtration using ggseqlogo. Linear U-G dinucleotide 

density was calculated using custom R scripts. Briefly, sequences were collapsed to 

binary representations of UG/GU (1) or non-UG/GU (0) dyads. For UG15 density, a 

continuous sliding average was calculated in 15-nucleotide windows along the target 

sequence such that a tract of uniform UG alternation corresponds to a UG15 density of 

1. Sliding averages were rescaled to the basepair length of the target sequence and used 

to generate site-of-interest-centered density plots using ggplot2. Gene ontology analyses 

were accomplished via STRING or Enrichr209,249. Euler diagrams were created using 

eulerr in R250.  

 

m6A array 

Human spinal cord samples were homogenized in Trizol and RNA was extracted 

using phenol-chloroform extraction for the m6A mRNA&lncRNA Epitranscriptomic 

microarray (8x60K, Arraystar, Rockville, MD, USA). 1-3 μg total RNA and m6A spike-in 

control mixture were added to 300 μL 1xIP buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

0.1% NP40, 40U/μL RNase Inhibitor) containing 2 μg anti-m6A rabbit polyclonal antibody 

(Synaptic Systems, #202003). The reaction was incubated with head-over-tail rotation at 

4°C for 2 hours. 20 uL DynabeadsTM M-280 Sheep Anti-Rabbit IgG (Invitrogen, 

#11203D) suspension per sample was blocked with freshly prepared 0.5% BSA at 4°C 
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for 2 hours, washed three times with 300 μL 1xIP buffer, and resuspended in the total 

RNA-antibody mixture prepared above. The RNA binding to the m6A-antibody beads was 

carried out with head-over-tail rotation at 4°C for 2 hours. The beads were then washed 

three times with 500 μL 1xIP buffer and twice with 500 μL Wash buffer (50 mM Tris-HCl, 

pH7.4, 50 mM NaCl, 0.1% NP40, 40 U/μL RNase Inhibitor (Enzymatics, #Y9240L)). The 

enriched RNA was eluted with 200 μL Elution buffer (10 mM Tris-HCl, pH7.4, 1 mM EDTA, 

0.05% SDS, 40U Proteinase K) at 50°C for 1 hour. The RNA was extracted by acid 

phenol-chloroform and ethanol precipitated. The “IP” RNA and “Sup” RNAs were added 

with equal amount of calibration spike-in control RNA, separately amplified and labeled 

with Cy3 (for “Sup”) and Cy5 (for “IP”) using Arraystar Super RNA Labeling Kit (Arraystar, 

#AL-SE-005). The synthesized cRNAs were purified by RNeasy Mini Kit (QIAGEN, 

#74105). The concentration and specific activity (pmol dye/μg cRNA) were measured with 

NanoDrop ND-1000. 2.5 μg of Cy3 and Cy5 labeled cRNAs were mixed. The cRNA 

mixture was fragmented by adding 5 μL 10x Blocking Agent and 1 μL of 25x 

Fragmentation Buffer, heated at 60°C for 30 min, and combined with 25 μL 2x 

Hybridization buffer. 50 μL hybridization solution was dispensed into the gasket slide and 

assembled to the m6A-mRNA & lncRNA Epitranscriptomic Microarray slide. The slides 

were incubated at 65°C for 17 hours in an Agilent Hybridization Oven. The hybridized 

arrays were washed, fixed and scanned using an Agilent Scanner G2505C. Comparisons 

with DART-seq results (Fig. 2.4G) included a limited set of transcripts (2184 out of 5646) 

that were expressed in both human spinal cord and HEK293T cells [normalized 

transcripts per million (TPM) > 2], based on datasets made available through the Human 

Protein Atlas.  
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Longitudinal microscopy and automated survival analysis 

Cortices from embryonic day (E)19-20 Long-Evans rat embryos were dissected 

and disassociated, and primary neurons were plated at a density of 6x105 cells/ml in 96-

well plates, as described previously21,216,222,251. For CRISPR candidate screen, on in vitro 

day (DIV) 4, neurons were transfected with 25 ng of plasmids containing sgRNAs for 

respective genes, 50 ng of pGW1-mApple or pGW1-TDP43-mApple, and 25 ng of pGW1-

EGFP to mark cell bodies using Lipofectamine 2000 (Invitrogen #52887. Following 

transfection, cells were placed in Neurobasal Complete Media (Neurobasal (Gibco, 

#21103-049), 1x B27, 1x Glutamax, 100 units/mL Pen Strep (Gibco, #15140-122)) and 

incubated at 37°C in 5% CO2.  

 

m6A CRISPR candidate screen 

Oligos complementary to m6A pathway component genes were created using 

ChopChop252–254 (https://chopchop.cbu.uib.no/) then annealed, digested, and ligated into 

the BbsI site of pSpCas9(BB)-2A-GFP plasmid (Addgene, #48138) according to 

manufacturer’s protocol. 25 ng of plasmids containing sgRNAs for respective genes were 

transfected into rat primary neurons on DIV 4 using Lipofectamine 2000 (ThermoFisher, 

#11668027) along with 50 ng of TDP43(WT)-EGFP or mApple then survival was 

measured over the course of 10 days. Outcomes were calculated based on Cox 

proportional hazard values and related to expression of TDP43(WT)-EGFP to determine 

if knockout of target was beneficial or toxic.  
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Neurons were imaged as described previously21,216,222,251 using a Nikon Eclipse Ti 

inverted microscope with PerfectFocus3a 20X objective lens and either an Andor iXon3 

897 EMCCD camera or Andor Zyla4.2 (+) sCMOS camera. A Lambda 421 multi-LED light 

source (Sutter) with 5 mm liquid light guide (Sutter) was used to illuminate samples, and 

custom scripts written in Beanshell for use in µManager controlled all stage movements, 

shutters, and filters. Custom ImageJ/Fiji macros and Python scripts were used to identify 

neurons and draw both cellular and nuclear regions of interest (ROIs) based upon size, 

morphology, and fluorescence intensity. Fluorescence intensity of labeled proteins was 

used to determine protein localization or abundance. Custom Python scripts were used 

to track ROIs over time, and cell death marked a set of criteria that include rounding of 

the soma, loss of fluorescence and degeneration of neuronal processes. 

 

Immunocytochemistry  

HEK293T cells were plated on glass coverslips (Fisher Scientific, #1254580) and 

grown overnight at 37°C with 5% CO2. The following day, JF646 (Promega, #GA1120) 

was added to HEK293T media at 1:10,000 dilution and added to cells for 30 minutes. 

After 30 minutes, JF646 containing media was removed and washed twice with regular 

HEK293T media for 15 minutes each. Following wash out, coverslips were washed once 

with 1x PBS (Gibco, #14200-075) and fixed in 4% PFA for 10 minutes. Cells were then 

permeabilized with PBS + 0.1% Triton-X-100 for 20 minutes at room temperature, treated 

with 10 mM glycine for 20 minutes at room temperature, and then blocked in blocking 

buffer (PBS + 0.1% Triton-X-100, 2% fetal calf serum, and 3% BSA) for 1 hour at room 

temperature. Coverslips were then incubated overnight with blocking buffer + rabbit anti-
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TDP43 antibody (Proteintech, #10782-2-AP) at 1:500 to stain for TDP43. Following 

primary incubation, coverslips were washed three times with PBS for 5 minutes then 

stained with secondary antibody goat anti-rabbit AF488 (ThermoFisher, #A-11008) at 

1:250 for 1 hour at room temperature in PBS + 0.1% Triton-X-100, 2% fetal calf serum, 

and 3% BSA. After secondary incubation, coverslips were washed three times for 5 

minutes in PBS then stained with Hoechst 1:20,000 to mark nucleus. The coverslips were 

mounted on coverslips and allowed to dry overnight before imaging. Coverslips were 

imaged using confocal mode on ONI Nanoimager.  

 

Immunohistochemistry  

Immunostaining was accomplished using the Dako Autostainer Link 48 (Agilent, 

USA). Anti-YTHDF2 antibody (Proteintech, #24744-1-AP, 1:300) or anti-m6A antibody 

(Synaptic Systems #202003, 1:100) were used with the Dako High pH Target Retrieval 

Solution (Tris/EDTA, pH 9; Agilent, USA) (20 minutes, 97°C) and the Dako Envision Flex 

Plus Mouse Link Kit (Agilent, USA) to detect the antibody along with the Dako DAB 

(Agilent, USA). Whole-slide images were generated by the University of Michigan Digital 

Pathology group within the Department of Pathology using a Leica 

Biosystems Aperio AT2 scanner equipped with a 0.75 NA Plan Apo 20x objective; 

40x scanning is achieved using a 2x optical magnification changer. Resolution is 0.25 

microns per pixel for 40x scans. Focus during the scan is maintained using a triangulated 

focus map built from individual focus points determined in a separate step 

before scanning is started. Proprietary software is used for image processing during 
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acquisition. Image analysis performed using QuPath software255 and mean intensity 

calculated for stained cells.  

 

RT-PCR and quantitative RT-PCR 

Total RNA was extracted using Trizol following the manufacturer’s protocol. To 

synthesize cDNA, 500 ng of total RNA was used in a 20 µL reaction volume with the Bio-

Rad iScript cDNA synthesis kit (Bio-Rad, #1708890) according to the manufacturer’s 

protocol. The reactions were incubated at 25°C for 5 min, 46°C for 20 min, and 95°C for 

1 min. For quantitative RT-PCR (qRT-PCR), reactions were carried out using Step One 

Plus Realtime PCR system (Applied Biosystems). Reactions were carried out using 

PowerUp™ SYBR™ Green Master Mix (ThermoFisher #A25742), with 1 µM primers, and 

1 µL cDNA, according to manufacturer’s protocol. Relative gene expression was 

calculated using the ΔΔCt method. Values obtained from qRT-PCR were plotted in 

GraphPad Prism. 

 

CFTR minigene assay 

HEK293 cells were co-transfected with EGFP or TDP43(WT) and the 

CFTR minigene using Lipofectamine 2000. 48h post-transfection, total RNA was 

extracted using Trizol according to manufacturer’s protocol. cDNA was synthesized using 

the Bio-Rad iScript cDNA synthesis kit according the manufacturer’s protocol, and RT-

PCR was accomplished as described previously256. 

 

Purification of recombinant TDP43 
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TDP43(WT) was expressed in BL21 DE3 E. coli cells from the plasmid pE-6xHis-

SUMO-TDP43(WT) (a gift from Dr. James Shorter). Induction was carried out with 1 mM 

isopropyl-b-D-1-thiogalactopyranoside and cells were grown at 15°C for 16h. Cell pellets 

were resuspended in lysis buffer (50 mM HEPES, 2% Triton X-100, 300 mM NaCl, 5% 

glycerol, 50 mM imidazole, 2 mM BME, EDTA-free protease inhibitor cocktail, 5 mM 

pepstatin, and 20 mg/mL lysozyme) and incubated on ice for 30 minutes. Following 

sonication on ice, cell lysates were centrifuged for 20 min at 11,000 x g at 4°C. 

Recombinant protein was purified by binding to Ni-NTA resin (Qiagen #30210), rinsed 

with 25 mL of wash buffer 4 times (50 mM HEPES, 2% Triton X-100, 300 mM NaCl, 5% 

glycerol, 50 mM imidazole, and 2 mM BME), and released with 3 mL of elution buffer (50 

mM HEPES, 500 mM NaCl, 300 mM imidazole, 5% glycerol, and 5 mM DTT) at room 

temperature (RT), collecting five 2 mL fractions. Protein was dialyzed twice for 1h in 1 L 

of final buffer (50 mM HEPES and 500 mM NaCl), and dialyzed once in 1 L of final buffer 

overnight at 4°C. 

 

Electromobility shift assays (EMSAs) 

Binding assays were performed with purified full-length recombinant TDP43 

protein and either unmodified or m6A modified ssRNA labeled probes tagged with a 5’ 

800nm infrared (IR) moiety (IDT; Table 2.4). Binding reactions were performed in binding 

buffer (12.5 mM HEPES, pH 7.8, 50 mM KCl, 2.5 mM MgCl2, 0.5 mM TCEP, 25 mg/mL 

BSA, 0.01% NP-40) with 50% glycerol, 1 mg/ml poly-dIdC, 500 pM of labeled probe, and 

recombinant protein (concentrations indicated in figure legends). Reactions were 
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incubated on ice for 5 min followed by 25 min at RT. Electrophoresis of 6% acrylamide 

gels were performed at 60V. Images were acquired using the LI-COR Odyssey platform. 

 

Statistical Analysis 

Statistical analysis performed using GraphPad Prism 9 or Superplots257,258. For 

primary neuron survival analysis, the open-source R survival package was used to 

determine hazard ratios and statistical significance between conditions through Cox 

proportional hazards analysis21,217,225,259.  

Ethics statement 

All vertebrate animal work was approved by the Committee on the Use and Care 

of Animals (UCUCA) at the University of Michigan. All experiments were performed in 

accordance with UCUCA guidelines and designed to minimize animal use. Rats (Rattus 

norvegicus) were housed single in chambers equipped with environmental enrichment 

and cared for by veterinarians from the Unit for Laboratory Animal Medicine at the 

University of Michigan. All individuals were trained and approved in the care of long-term 

maintenance of rodents, in accordance with the NIH-supported Guide for the Care and 

Use of Laboratory Animals. All personnel handling the rats and administering euthanasia 

were properly trained in accordance with the University of Michigan Policy for Education 

and Training of Animal Care and Use Personnel. Euthanasia followed the 

recommendations of the Guidelines on Euthanasia of the American Veterinary Medical 

Association. Brains from individual pups in each litter were pooled to maximize cell counts 

prior to plating; as a result, primary cortical neurons used for all studies include an even 

mix of cells from both male and female pups.  
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Figures 

 
Figure 2.1: TDP43 binds m6A-modified RNA. 
Density of UG nucleotide sequences 100bp upstream and downstream of m6A 
modifications identified by cross-linking induced mutation sites (CIMS; A) or cross-linking 
induced truncation sites (CITS; B) in relation to random sequences (red line). Grey 
shading represents 95% confidence regions. (C) Schematic of HaloTag 
immunoprecipitation and dot blot procedure. (D) Dot blot for total RNA (detected by 
methylene blue) or m6A-modified RNA (detected by anti-m6A antibody) isolated by 
immunoaffinity purification of HaloTag-labeled proteins in HEK293T cells overexpressing 
HaloTag, TDP43-HaloTag or YTHDF2-HaloTag from 3 biological replicates. (E) Diagram 
illustrating insertion of the HaloTag open reading frame into the endogenous TARDBP 
locus immediately 5’ to the TDP43 start codon, resulting in a fusion of HaloTag to the N-
terminus of TDP43. (F) Halo-TDP43 HEK293T cells labeled live with JF646 Halo dye 
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(red), then fixed, permeabilized, and immunostained with anti-TDP43 antibody (green) 
prior to imaging. DAPI (blue) marks the nucleus of each cell. Scale bar = 10µm.  (G) Dot 
blot for total RNA (detected by methylene blue) or m6A-modified RNA (detected by anti-
m6A antibody) isolated by immunoaffinity purification of endogenous HaloTag-TDP43 or 
exogenous HaloTag. Additional replicates shown in Sup. Fig. 2.1.  
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Figure 2.2: Site-specific identification of m6A-modified TDP43 substrates. 
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(A) HaloTag-TDP43 immunoprecipitation was followed by DART-seq to delineate m6A 
sites within TDP43 target RNAs. HaloTag-TDP43 HEK293T cells were transfected with 
APOBEC1-YTH or APOBEC1-YTHmut and crosslinked before immunoaffinity purification 
of HaloTag-labeled proteins. Immunoprecipitated RNAs were then sequenced and C-T 
transitions were identified in the context of DRACH motifs (red shaded box, D=A/G/T, 
R=A/G, H=A/C/T). Absolute counts (B) and relative frequency (C) of base pair transitions 
observed by RNA-seq in each condition. Shaded boxes represent transition types 
expected from APOBEC1 activity. (D) Example m6A sites identified by DART-seq in 
RPL10A. C-T transitions are highlighted in red, and DRACH motifs in pink. Green arrow, 
transcription start site; red hexagon, transcription stop site; thick blue bars, coding exons; 
thin blue bars, untranslated region. (E) Absolute count and relative distribution (F) of 
DART-seq reads in cells expressing APOBEC1-YTH and APOBEC1-YTHmut. UTR, 
untranslated region; CDS, coding sequence. (G) Scatter plot of TDP43 targets, 
determined by fold enrichment in precipitated RNA from HaloTag-TDP43 cells 
(expressing APOBEC1-YTH and APOBEC10YTHmut) compared to cells transfected with 
HaloTag. Red dots signify transcripts showing >2-fold enrichment in both APOBEC1-YTH 
and APOBEC1-YTHmut expressing cells. TARDBP, yellow dot, identified as high 
confidence target. (H) Stacked bar graph showing percentage of m6A modified RNA in 
TDP43 targets (red) and non-targets (black). (I) Cumulative distribution of RNA 
methylation in TDP43 targets (red) and non-targets (black). p = 1.87x10-55 by Kolmogorov 
Smirnov test. (J) Euler diagram depicting overlap between TDP43 targets identified in this 
study, and those identified by TDP43 cross linking and immunoprecipitation followed by 
RNA-sequencing (CLIP-seq) in HEK293T cells (Hallegger et al., 2021)28. **p=1.5x10-117, 
hypergeometric test. (K) Pie charts demonstrating the percentage of methylated RNA 
among TDP43 targets (pink) and non-targets (grey). **p<1x10-5 chi-square test. 
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Figure 2.3: m6A modifications influence TDP43 binding and autoregulation. 
(A) TARDBP gene map, illustrating TDP43 binding region (TBR), the location of the 
DRACH motif (pink square), and the C-T transition (red box) identified by DART-seq 
within this domain, representing an m6A site. (B) Schematic of the TARDBP minigene 
reporter, consisting of the mCherry ORF upstream of TARDBP exon 6 and 3.4 Kb of the 
TARDBP 3’ UTR. The A residue adjacent to the detected C-T transition via DART-seq in 
the WT reporter (mCherry-TBR) was mutated to a G, precluding methylation the mutant 
reporter (mCherry-mTBR). Red, methylated residue; blue line, DRACH motif; dagger, C-
T transition from DART-seq. (C) HaloTag-TDP43 was isolated by immunoaffinity 
purification from HaloTag-TDP43 HEK293T cells expressing mCherry-TBR or mCherry-
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mTBR, and reporter RNA detected in elution fractions by qRT-PCR. (D) Outline of TDP43 
autoregulation assay. Excess TDP43 binds to the reporter, triggering reporter splicing, 
destabilization, and reduced mCherry fluorescence. (E) Primary rodent neurons were 
transfected with WT (mCherry-TBR) or mutant (mCherry-mTBR) reporters, together with 
EGFP or TDP43-EGFP. After 7d, mCherry expression was assessed by fluorescence 
microscopy. Scale bar= 20 µm. Normalized RFP (mCherry) intensity in primary neurons 
expressing WT mCherry-TBR reporter (F) or mutant mCherry-mTBR (G) reporter together 
with EGFP or TDP43(WT)-EGFP. Cherry-TBR+GFP n= 160, Cherry-TBR+TDP43(WT)-
GFP n= 58, Cherry-mTBR+GFP n= 105, Cherry-mTBR+TDP43(WT)-GFP n= 44. Data in 
C plotted as mean ± SD, collected from 3 biological replicates. ns= not significant, *p< 
0.05, **p< 0.01; one-way ANOVA with Tukey’s test. Data in F and G plotted as mean ± 
SD, color coded by biological replicate. ns = not significant, *p < 0.05; Welch’s t-test. 
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Figure 2.4: RNA hypermethylation in ALS patient spinal cord. 
(A) Genome-wide analysis of RNA methylation via epitranscriptomic array. RNA was 
extracted from control (n= 3) and sporadic ALS (sALS) patient (n= 4) spinal cord 
samples, prior to m6A RNA immunoprecipitation. The resulting samples were separated 
into methylated and non-methylated RNA, then labeled with distinct fluorescent dyes 
(red and green stars) prior to hybridization, allowing relative quantification of methylation 
at each annotated locus. (B) Principal component analysis (PCA) plot comparing 
methylation levels of control (grey) and ALS (red) patient samples. (C) Hierarchical 
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clustering of mRNA methylation profiles from control and ALS mRNA samples. (D) 
Volcano plot depicting fold change in mRNA methylation levels in ALS compared to 
control spinal cord. (E) Hierarchical clustering of lncRNA methylation profiles from 
control ALS lncRNA samples. (F) Volcano plot showing fold change in lncRNA 
methylation levels in ALS compared to control spinal cord. In D and F, grey horizontal 
vertical lines represent p= 0.05 and fold change (FC)= 2. (G) Euler diagram 
demonstrating overlap (n= 322, p= 5.09x10-119, hypergeometric test) among TDP43 
substrates and methylated transcripts identified in HEK293T cells, in additional to 
hypermethylated transcripts determined via m6A array in sALS spinal cord. 
Comparisons were limited to the subset of transcripts expressed in both HEK293T cells 
and human spinal cord (nTPM>2). (H) Based on comparisons with the GEO 
transcription factor loss-of-function database via Enrichr83, there was strong enrichment 
for TDP43-regulated genes not only among the set of 2034 transcripts hypermethylated 
in sALS spinal cord, but also among the 322 TDP43 targets that were also 
hypermethylated in sALS (A1 in G). Combined score = (log10p * Z-score). (I) 
Immunohistochemical staining for m6A in control and sALS spinal cord sections. Scale 
bars= 50 µm. (J) Quantification of m6A antibody reactivity in spinal cord neurons from 
control (n= 110 neurons) and sALS (n= 277 neurons) sections. Plot shows mean +/- SD, 
color coded by patient. ****p< 0.0001 via Mann-Whitney test. 
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Figure 2.5: m6A factors modulate TDP43-dependent neurotoxicity. 
(A) Representative images of rodent primary neurons transfected with plasmids 
expressing Cas9-2A-EGFP and sgRNA targeting the neuronal protein NeuN or negative 
control (LacZ). 5d after transfection, neurons were fixed and immunostained for NeuN 
(red). White dashed circles indicate nucleus stained with Hoechst (blue). (B) NeuN 
antibody reactivity measured in EGFP-positive neurons expressing sgLacZ (n= 565) or 
sgNeuN (n= 654), ****p < 0.0001 by Mann-Whitney. (C) Schematic depicting m6A writers 
(green), erasers (red), and readers (orange) targeted by CRISPR/Cas9. (D) Primary 
neurons expressing EGFP and TDP43-mApple were assessed at regular 24h intervals 
by fluorescence microscopy, and their survival assessed by automated image analysis. 
Individual neurons are assigned unique identifiers (yellow number) and tracked until their 
time of death (red), indicated by cellular dissolution, blebbing, or neurite retraction. Scale 
bar= 20µm. (E) Cumulative hazard plot depicting risk of death for neurons expressing 
TDP43(WT) + non-targeting (NT) (red line), mApple + NT (grey line), or TDP43(WT) + 
Atxn2 sgRNA (purple line).  †p<2.0 x10-16, Hazard ratio (HR)= 3.45; ***p= 5.81 x10-4, 
HR= 0.80). (F) Forest plot showing HR for TDP43-overexpressing neurons upon 
knockdown of m6A writers (green), erasers (dark red), and readers (orange), in 
comparison to nontargeting (NT) control. Dashed line indicates HR= 1, representing the 
survival of the reference condition, neurons expressing TDP43-mApple and NT sgRNA. 
Values >1 indicate increased toxicity, whereas values <1 denote relative protection. Error 
bars represent 95% CI. (G) Alkbh5 knockout significantly increases TDP43 associated 
toxicity. †p=3.11 x10-5, HR= 1.59; ***p= 2.65x10-11, HR= 2.03. (H) Ythdf2 knockout 
significantly extends survival in TDP43-expressing neurons. ***p <2.0 x10-16, HR= 1.69; 
†p= 6.2 x10-6, HR= 0.71. (I) YTHDF2 overexpression is toxic to neurons. ***p= 3.07x10-
5, HR= 1.30. (J) METTL3/14 overexpression enhances TDP43-dependent toxicity in 
neurons. †p = 5.53 x10-4, HR= 1.32; ***p =4.16 x10-6, HR= 1.31. p values in E, G-J 
determined via Cox proportional hazards analysis, with a minimum 3 of biological 
replicates. 
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Figure 2.6: YTHDF2 extends neuronal survival in human neuron disease models. 
(A) Immunostaining of YTHDF2 in control and sALS patient spinal cord samples. Scale 
bar= 50 µm. (B) Quantification of YTHDF2 immunoreactivity in spinal cord neurons from 
control (n= 117 neurons) and sALS (n= 193 neurons) samples. Plot shows mean +/- 
SD, color coded by sample. ****p< 0.0001 via Mann-Whitney test. (C) Strategy used to 
create isogenic iPSCs expressing native TDP43(WT)-Dendra2 or TDP43(M337V)-
Dendra2. (D) Representative images of untransduced (grey) and transduced (green) 
iNeurons expressing shRNA against YTHDF2 (shYTHDF2) and a GFP reporter. Time of 
death (red circles) for each cell is used to determine cumulative risk of death, plotted in 
(E) and (F). Scale bar= 20µm. shRNA-mediated knockdown of YTHDF2 significantly 
extended the survival of TDP43(M337V)-Dendra2 iNeurons (E; †p= 8.42x10-12, HR= 
6.25; ***p= 4.82x10-9, HR=0.32; #p= 0.08, HR= 1.84) as well as mutant C9ORF72 
iNeurons (F, †p= 1.42x10-11, HR= 2.85; ***p= 1.42x10-16, HR= 0.32). ns= not 
significant. Values in (E, F) calculated by Cox proportional hazards analysis, with a 
minimum 3 biological replicates. 
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Supplemental Figure 2.1: HaloTag insertion in TARDBP locus does not affect 
TDP43 function. 
(A) CFTR minigene splicing assay7,33,75 in which unmodified or HaloTag-TDP43 
HEK293T cells were transfected with the CFTR minigene along with EGFP or TDP43-
EGFP then analyzed by PCR amplification to measure functional TDP43. Correct TDP43 
mediated splicing of the reporter results in exon 9 exclusion. (B) Additional dot blots for 
total RNA (detected by methylene blue) or m6A-modified RNA (detected by anti-m6A 
antibody) isolated by immunoaffinity purification of endogenous HaloTag-TDP43 or 
exogenous HaloTag using Synaptic Systems anti-m6a (#202003) or (C) Millipore Sigma 
anti-m6A (ABE572-I-100UG) antibodies.  
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Supplemental Figure 2.2: Intronic regions of methylated TDP43 targets are devoid 
of m6A sites. 
Absolute count (A) and relative distribution (B) of C-T transitions indicative of m6A 
modifications located within the coding sequence (CDS), 5’ untranslated region (UTR), 3’ 
UTR, and introns in cells expressing APOBEC1-YTH and APOBEC1-YTHmut. (C) 
Iterative topological mapping plot depicting the likelihood of finding a TDP43 binding site 
(as determined by CLIP-seq, Hallegger et al. 2021208) within the vicinity of a C-T transition 
(identified by DART-seq, this study), located at position 0. The magnitude and direction 
of the slopes for lines corresponding to each gene region indicates a positive relationship 
between TDP43 binding sites and m6A sites primarily within the 3’ UTR, but also within 
the CDS. (D) In the subset of genes exhibiting a TDP43 binding site within 20nt of an m6A 
site (n=321; grey shading in C), this association was most often detected within the 3’ 
UTR (237/321 genes, or 74%). (E) The 237 genes showing TDP43 binding sites and m6A 
sites within the 3’UTR were strongly enriched for genes whose expression is regulated 
by TDP43, as determined by comparison with the transcription factor loss-of-function 
GEO database.  
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Supplemental Figure 2.3: Methylated TDP43 targets are enriched in RNA binding 
and homeostasis. 
(A) Gene ontology for biological processes enriched in TDP43 substrate RNAs (n=1699) 
common to those identified in this study and Hallegger et al. 2021208. (B) Protein-protein 
interaction network analysis209 for shared TDP43 targets shows enrichment of targets 
associated with ribosome (C), long term potentiation (D), VEGF signaling (E), and RNA 
transport (F).  
 



 108 

 
Supplemental Figure 2.4: m6A modifications alter TDP43 binding capabilities. 
(A) qRT-PCR cycle threshold (Ct) values from HaloTag-TDP43 HEK293T cells 
expressing mCherry-TBR or mCherry-mTBR. (B) Normalized RFP (mCherry) intensity in 
primary neurons expressing WT (mCherry-TBR) or mutant (mCherry-mTBR) reporters 
together with EGFP or TDP43-EGFP. mCherry-TBR+GFP n= 160, mCherry-
TBR+TDP43(WT)-GFP n= 58, mCherry-mTBR+GFP n= 105, mCherry-
mTBR+TDP43(WT)-GFP n= 44. (C) Electromobility shift assay (EMSA) demonstrating 
binding of recombinant TDP43(WT) to 14nt probe modeled after the TDPBR, with and 
without m6A modification. Probe concentration was kept constant at 500 pM. (D) Percent 
bound m6A modified (red) or unmodified (black) RNA probe. Data in A and B plotted as 
mean + SD, color coded by biological replicate. ns = not significant; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001; one-way ANOVA with Tukey’s test. Data in (C) plotted as 
nonlinear regression with Hill slope. ***p < 0.0009; extra-sum-of-squares F test. 
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Supplemental Figure 2.5: TDP43-mApple expression is proportional to intensity 
and toxicity. 
(A) Correlation of single-cell TDP43 protein levels, determined by immunostaining, and 
RFP fluorescence in neurons overexpressing TDP43(WT)-mApple. Black: transfected 
cells, n= 144; grey: non-transfected cells, n= 20. (B) Neurons were stratified into 5 
quintiles of equal cell number based on TDP43(WT)-mApple intensity, and their risk of 
death compared via Cox proportional hazards analysis. n= 7016 for mApple + NT; n= 
1254 or 1255 cells per quintile. TDP43(WT)-mApple expression is significantly more toxic 
at all quintiles compared to mApple control: Low HR= 1.38, Med-Low HR= 1.85, Med HR= 
2.18, Med-High HR= 2.47, High HR= 2.89. ***p <2.0 x10-16 for all quintiles, Cox 
proportional hazards analysis. (C) Density plot of normalized RFP fluorescence 
illustrating separation of TDP43(WT)-mApple expression quintiles. Inset graphs 
correspond to neuronal survival in each quintile, same data as displayed in B. ***p <2.0 
x10-16 for all quintiles, Cox proportional hazards analysis. 
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Supplemental Figure 2.6: Knockout of m6A pathway components modulates TDP43 
toxicity. 
(A) Knockout of m6A writers Mettl3 (***p< 2.0 x10-16, HR= 0=2.08; #p= 0.073, HR= 1.06; 
**p= 1.45x10-3, HR= 1.12), Mettl14 (B, ***p< 2.0 x10-16, HR= 2.27; *p= 0.025, HR= 1.08), 
or Wtap (C, ***p< 2.0 x10-16, HR= 2.08, *p= 0.036, HR= 1.13) does not significantly 
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increase TDP43 dependent toxicity. Knockout of m6A eraser Fto (D, ***p<2.0 x10-16, HR= 
2.0; †p= 1.31x10-8, HR= 1.25) does not significantly increase toxicity, but knockout of 
Alkbh5 (E, ***p< 2.0 x10-16, HR= 2.0; †p= 3.86x10-5, HR= 1.23; **p= 2.87x10-3, HR= 1.19) 
significantly increases toxicity. Knockout of m6A reader proteins Ythdf1(F, ***p<2.0 x10-

16, HR= 2.70; †p=1.02 x10-4, HR= 1.15; ‡p= 3.49 x10-6, HR= 1.21 ) and Ythdf3 (H, 
***p<2.0 x10-16, HR= 2.08; **p= 5.52x10-3, HR= 1.11; †p= 5.11 x10-3, HR= 1.14) enhances 
toxicity, while Ythdf2 knockout (G, ***p<2.0 x10-16, HR= 2.22; †p= 0.081, HR= 0.95; ‡p= 
1.18x10-6, HR= 0.84) trends towards neuroprotection. ns= not significant. Statistical 
significance determined by Cox proportional hazards, with a minimum of 3 biological 
replicates per condition.  
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Supplemental Figure 2.7: Knockout of additional m6A components at low levels of 
TDP43 expression is toxic. 
(A) Knockout of m6A writers Mettl3 (***p= 3.42 x10-6, HR= 1.33; #p= 0.056, HR= 1.15); 
or Mettl14 (B, ***p< 2.00 x10-16, HR= 1.67;) does not significantly increase toxicity, but 
Wtap knockout (C, ***p= 2.73 x10-6, HR= 1.65; *p= 0.026, HR= 1.30) does increase 
TDP43-dependent toxicity. Knockout of m6A eraser Fto (D, ***p= 6.74 x10-8, HR= 1.37) 
does not significantly increase toxicity despite Alkbh5 (Fig. 5G) significantly increasing 
TDP43-mediated toxicity. Knockout of m6A readers Ythdf1 (E, ***p<2.0 x10-16, HR= 1.76; 
*p= 0.010, HR= 1.23) and Ythdf3 (F, ***p<7.18 x10-8, HR= 1.47; *p= 0.026, HR= 1.22) 
enhance toxicity. ns= not significant. Statistical significance determined by Cox 
proportional hazards, with a minimum of 3 biological replicates per condition. 
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Supplemental Figure 2.8: YTHDF2 immunoreactivity in frontal cortex. 
(A) Immunostaining of YTHDF2 in control and sALS patient frontal cortex samples. Scale 
bar= 50µm. (B) Quantification of YTHDF2 immunoreactivity in frontal cortex neurons from 
control (n= 65) and sALS (n= 99) samples. ****p<0.0001, Mann-Whitney test. (C) 
Knockout of YTHDF2 in C9ORF72 iNeurons reduces toxicity (***p = 1.33x10-6, HR= 7.36; 
†p= 6.74x10-9, HR= 5.21; ‡p= 1.16x10-3, HR= 6.90; #p= 0.045, HR= 1.9. *p= 0.031, HR= 
3.66). Statistical significance determined by Cox proportional hazards. 
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Table 2.1: Post-mortem samples 

Diagnosis Age Sex Experiment 

Control 1 66 M m6A array 

Control 2 85 M m6A array 

Control 3 68 M m6A array 

sALS 1 65 M m6A array 

sALS 2 64 M m6A array 

sALS 3 65 M m6A array 

sALS 4 81 M m6A array 

Control 4 76 F m6A IHC 

Control 5 88 M m6A IHC, YTHDF2 IHC 

Control 6 56 M m6A IHC, YTHDF2 IHC 

ALS 1 66 F m6A IHC 

ALS 2 64 M m6A IHC 

ALS 3 68 M m6A IHC 

Control 7 48 M YTHDF2 IHC 

ALS 4 76 M YTHDF2 IHC 

ALS 4 60 F YTHDF2 IHC 

ALS 6 99 M YTHDF2 IHC 
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Table 2.2: Plasmids and primers used to create plasmids 

Construct Source Amplicon/ 

Insert/Target 

Sequence (5’ to 3’) 

pGW1-
EGFP32,222 

   

pGW1-
mApple32,222 

   

pGW1-
TDP43(WT)-
EGFP32,222 

   

pGW1-Halo217    

pGW1-TDP43-
TEV-Halo21 

   

pCMV-
APOBEC1-
YTH104 

   

pCMV-
APOBEC1-
YTH104 

   

pCaggs-
mCherry-
TBR21,216,217 

   

pE-6xHis-
SUMO-
TDP43(WT) 

Dr. James 
Shorter 

  

CFTR 
minigene256 

   

pSpCas9(BB)-
2A-GFP 

Addgene 
#48138 

  

pcDNA-flag-
YTHDF2 

Addgene 
#52300 

  

pcDNA-flag-
METTL3 

Addgene 
#53739 

  

pcDNA-flag-
METTL14 

Addgene 
#53740 

  

GIPZ Non-
silencing 
Lentiviral shRNA 
Control 

Horizon 
Discovery 
#RHS4346 

Non-
targeting 

 

GIPZ Lentiviral 
Human YTHDF2 
shRNA 

Horizon 
Discovery 
#RHS4430-
200182983 

YTHDF2  
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pCaggs-
mCherry-mTBR 

This paper TARDBP 3’ 
UTR, SDM 
A-G 

F: 
CATTATGCACCACCAAGCCTCTG
CAC GCGCTCTC 

R: 
GCTTTGCAGGAGGGCTTGAAGCA
GAG 

pGW1-YTHDF2-
Halo 

This paper YTHDF2 F: 
gcgACCGGTATGGATTACAAGGAC
G 

R: cgcTCTAGATTTCCCACGACC 

pGW1-YTHDF2-
2A-GFP 

This paper YTHDF2 F: 
ACGCGGTACCCCATGTCGGCCA
GCAG CCTC 

R: 
GCACGTCGACTTATTTCCCACGA 
CCTTG 

pSpCas9(BB)-
2A-GFP + NeuN 
sgRNA 

This paper NeuN F: 
CACCGACCGTCTGGGTCCCAGC
GAT 

R: 
AAACATCGCTGGGACCCAGACG
GTC 

pSpCas9(BB)-
2A-GFP + Mettl3 
sgRNA 

This paper Mettl3 F: 
CACCGGCTGGGCTTAGGGCCAC
TAG 

R: 
AAACCTAGTGGCCCTAAGCCCAG
CC 

pSpCas9(BB)-
2A-GFP + 
Mettl14 sgRNA 

This paper Mettl14 F: 
CACCGGATTCTTCTGGAGCCTCC
TC 

R: 
AAACGAGGAGGCTCCAGAAGAAT
CC 

pSpCas9(BB)-
2A-GFP + Wtap 
sgRNA 

This paper Wtap F: 
CACCGGCCGCCAGTCACACAGG
CCG 

R: 
AAACCGGCCTGTGTGACTGGCG
GCC 

pSpCas9(BB)-
2A-GFP + Fto 
sgRNA 

This paper Fto F: 
CACCGGCTGCACAAAGAGGTCC
CCG 

R: 
AAACCGGGGACCTCTTTGTGCAG
CG 
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pSpCas9(BB)-
2A-GFP + Alkbh5 
sgRNA 

This paper Alkbh5 F: 
CACCGGCCTGCCTTGTAGTTGTC
CC 

R: 
AAACGGGACAACTACAAGGCAG
GCC 

pSpCas9(BB)-
2A-GFP + Ythdf1 
sgRNA 

This paper Ythdf1 F: 
CACCGGCTGTTTTTGGGCAACCT
GG 

R: 
AAACCCAGGTTGCCCAAAAACAG
CC 

pSpCas9(BB)-
2A-GFP + Ythdf2 
sgRNA 

This paper Ythdf2 F: 
CACCGGCTGTAGTAACTGGGTAA
GT 

R: 
AAACACTTACCCAGTTACTACAG
CC 

pSpCas9(BB)-
2A-GFP + Ythdf3 
sgRNA 

This paper Ythdf3 F: 
CACCGGCTCTCCCAAGAGAACTA
GG 

R: 
AAACCCTAGTTCTCTTGGGAGAG
CC 

pSpCas9(BB)-
2A-GFP + Atxn2 
sgRNA 

  F: 
CACCGCAGCAGTTCTCGAGGAG
GG 

R: 
AAACCCCTCCTCGAGAACTGCTG
C 
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Table 2.3: Antibodies 

Target Source Catalog 

number 

Antibody 

registry 

number 

Species Dilution 

TDP43 Proteintech 10782-2-

AP 

AB_2892214 Rabbit 1:100 

NeuN Cell Signaling 

Technologies 

24307T AB_2651140 Rabbit 1:500 

YTHDF2 Proteintech 24744-1-

AP 

AB_2687435 Rabbit 1:100 

m6A Millipore Sigma ABE572 AB_2892213 Rabbit 1:500 

m6A Cell Signaling 

Technologies 

56593S AB_2799515 Rabbit 1:500 

m6A Millipore Sigma ABE572-I-

100UG 

AB_2892214 Rabbit 1:500 

HaloTag 

ligand 

(JF646 

dye) 

Promega  GA1120 N/A N/A 1:20,000 

Anti-rabbit 

Alexa 

Fluor 488 

ThermoFisher A-11034 N/A Goat 1:250 



 119 

(secondary 

antibody) 

Anti-rabbit 

HRP 

(secondary 

antibody) 

Jackson 

ImmunoResearch 

Labs Inc. 

111-035-

003 

N/A Goat 1:10,000 
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Table 2.4: Oligonucleotides 

Target Source  Sequence (5’ to 3’) 

mCherry This paper F: ATGGTGAGCAAGGGCGAGGA 

R: GATCTCGAACTCGTGGCC 

CFTR Ayala et al., 

2006256 

F: caacttcaagctcctaagccactgc 

R: taggatccggtcaccaggaagttggttaaatca 

Clip34nt_unmodified IDT 5IR800CWN-AGAGACUUGGUGGU 

Clip34nt_m6A IDT 5IR800CWN-AGAG/iN6Me-

A/CUUGGUGGU 

N_TARDBP_F IDT CACCGGAAATACCATCGGAAGACGA 

N_TARDBP_R IDT CACCGGGGCTCATCGTTCTCATCTT 
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Table 2.5: Cell lines 

Name Source Identifier 

HEK293T ATCC CRL-3216 

Primary rat neurons University of Michigan Unit for Laboratory Animal 

Medicine 

 

Human iPSCs University of Michigan ALS Repository 1021, 

0883, 0312 

 Cedars Sinai iPSC Repository Cs29i, 

Cs29 
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Table 2.6: Human iPSC lines 

Line Identifier Gene Mutation Sex 

Age 
at 

biops
y 

Age 
at 

onset 
Tag 

Integrated 
cassette 

1021 WT TARDBP - F 54 - 
TDP43-
Dendra
2 (C) 

CLYBL:T
O-

hNgn1/221

7 

1021 M337V TARDBP 
Isogenic 

M337V229 
F 54 - 

TDP43-
Dendra
2 (C) 

CLYBL:T
O-

hNgn1/221

7 

312 
C9ORF7

2 (#1) 
C9ORF7

2 
HRE M 52 54 - 

CLYBL:T
O-

hNgn1/221

7 

883 
C9ORF7

2 (#2) 
C9ORF7

2 
HRE M 49 51 - 

CLYBL:T
O-

hNgn1/221

7 

Cs29
i 

C9ORF7
2 (#3) 

C9ORF7
2 

HRE M 47 NA - 

CLYBL:T
O-

hNgn1/221

7 

Cs29
i 

C9ORF7
2 ISO 
(#3) 

C9ORF7
2 

Isogenic 
corrected2

60 
M 47 NA - 

CLYBL:T
O-

hNgn1/221

7 

NA: not assessed; HRE, hexanucleotide repeat expansion mutation; (C), carboxyl 
terminus 
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Chapter 3: Discussion and Future Directions 

3.1 Overview 

 In Chapter 2 of this dissertation, we demonstrate that TDP43 binds to methylated 

RNAs, and the large majority of transcripts bound by TDP43 contain m6A. In identifying 

the prevalence of m6A in TDP43 substrates, we found a spatial relationship between 

m6A sites in the 3’ UTR and UG rich regions that TDP43 binds to. We detected an m6A 

site in the 3’ UTR of the TARDBP transcript itself, specifically within a region that TDP43 

was shown to bind. Removal of this m6A site diminished TDP43 binding, suggesting 

that m6A is crucial for TDP43 RNA substrate recognition and autoregulation. A hallmark 

of ALS is TDP43 mislocalization and cytoplasmic aggregation and given our 

observations of TDP43 recognizing methylated RNA and m6A impacting autoregulation, 

we measured m6A changes in sALS and control spinal cord. We observed significant 

hypermethylation of both mRNA and lncRNA from disease samples compared to 

controls, indicating that that RNA homeostasis may be disrupted in ALS because of the 

abundance of RNA modifications. This observation prompted investigation into the m6A 

pathway, utilizing CRISPR to knockout m6A readers, writers, and erasers in an attempt 

to modulate TDP43 toxicity. While knocking out most of the genes led to increased 

toxicity, only the m6A reader YTHDF2 reduced TDP43-mediated toxicity in primary 

rodent and human iNeuron models. Together with hypermethylation in ALS spinal cord, 

we also observed increased levels of YTHDF2. These findings allude to the importance 

of m6A for TDP43 binding and disease pathogenesis. However, these findings evoke 
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further questions regarding the contribution of m6A to TDP43 function, and if m6A is 

responsible or concurrent with TDP43 pathology in ALS. This chapter will discuss 

further questions and potential next steps for interrogating the role of m6A in TDP43 

pathology and disease. 

3.2 RNA stability  

 As previously described, when investigating stability in ALS models and with 

TDP43 overexpression, we observed global RNA instability specifically within transcripts 

pertaining to oxidative phosphorylation enzymes and ribosomal proteins1. However, in 

Mettl14 conditional knock out mice, these groups of transcripts are most upregulated2. 

These findings suggest that m6A may influence the stability of transcripts that are 

destabilized in ALS. The predominant effect of adding m6A to an RNA substrate is to 

destabilize it, where methylation decreases half-life of that RNA and increasing the 

amount of m6A per transcript further destabilizes it3–5. This is paired with exon and UTR 

length, as transcripts with shorter exons or UTRs tend to have less methylation than 

longer RNAs6,7. m6A levels are variable across different tissue and cell types, and cells 

within the nervous system contain the most methylation, perhaps as a mechanism of 

dynamic regulation8–11. Furthermore, m6A increases with age and altered m6A levels 

have contributed to the aging process and age-related diseases12–14.  

 The data presented in this thesis argue that m6A could be influencing the stability 

of TDP43 RNA substrates. Our DART-seq data indicate that the majority (<90%) of 

transcripts bound by TDP43 contained m6A marks compared to the >10% that did not. 

The methylation profile differed from other published data sets however, where we saw 

high levels of methylation within the coding sequence and slightly higher than in the 3’ 
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UTR. Typically, m6A is enriched at the end of the coding sequence and beginning of 3’ 

UTR before it decreases moving down the UTR. We attribute the differences to using 

TDP43 to isolate RNA targets, instead of the global transcriptome that was measured in 

other data sets. Slightly complicating this finding is the relative absence of m6A from 

intronic regions15–17. We similarly observed that intronic regions lacked m6A, which 

suggests that m6A may not be critical for TDP43 to bind within introns or that intronic 

binding of TDP43 may not influence the stability in all transcripts. Instead, TDP43 

binding in intronic regions could facilitate additional protein interactions that may 

influence the RNAs fate. However, we identified a relationship where within 20 nt of an 

m6A site there was a TDP43 binding motif in the 3’ UTR of targets regulated by TDP43. 

These results suggest that m6A sites in the 3’ UTR of TDP43 regulated genes may be 

functionally relevant.  

  To investigate the potential relevance of these m6A sites, I propose experiments 

that modulate m6A levels in cells to see if there are changes in the abundance or 

stability of target RNAs. These experiments may be performed in HEK293 cells for initial 

proof-of-principle, but differences in m6A levels and location depending on the cell type 

experiments should be performed in the closest to human systems available, like patient 

derived induced pluripotent stem cells (iPSCs). A way to measure RNA stability for this 

approach is with Roadblock qPCR18. Here, cells are metabolically labeled with a 

nucleoside analog 4-thiouridine (4sU), then the RNA is extracted and treated with a thiol 

reactive compound N-ethylmaleimide (NEM) that modifies 4sU and sterically interferes 

with reverse transcription of 4sU-containing transcripts during cDNA production before 

analyzing with qPCR. This approach allows for determination of transcript half-life 
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without stopping transcription, getting a more accurate measurement of RNA half-life. In 

these experiments, I would hypothesize that RNA stability is decreased with increased 

methylation and therefore target RNAs have a decreased half-life.  

Alternatively, there are other approaches for replicating hypermethylation to 

study how methylation influences RNA stability. Expressing METTL3/14 is sufficient to 

increase methylation in vitro19. In an attempt to drive hypermethylation, lentiviral 

expression of METTL3/14 in iNeurons could potentially raise the levels of methylation to 

ask how increased m6A changes RNA stability. Given that overexpression may not 

improve methylation levels to the degree needed to see a change in RNA stability, the 

opposite approach could be taken to knockdown or knockout METTL3/14. METTL3/14 

are the main writers of methylation and knockout of these two enzymes is shown to 

reduce m6A levels20. Under environments of overexpression or knockout of 

METTL3/14, qPCR can be performed to measure the abundance of TDP43 substrates 

to see if their levels are regulated by methylation, or the stability can be measured by 

Roadblock qPCR. Importantly, validation of METTL3/14 knockout determined by qPCR 

or Western blot would confirm knockout, and measuring m6A abundance by dot blot 

provides a simple way to measure the expected m6A reduction.  

Another way that m6A can influence RNA stability is during transcription, and 

there is sufficient evidence that supports m6A deposition occurring co-transcriptionally. 

The enhancer protein CEBPZ recruits METTL3 to promoter regions to induce 

methylation within protein-coding regions of transcripts. METTL3 also is recruited to 

chromatin in a transcription-dependent manner to methylate nascent chromatin 

associated RNA (chrRNA) transcripts7,21,22. METTL14 can recognize H3K36me3 



 127 

marking active genes, indicating that methylation components are recognizing actively 

transcribed genes to methylate the produced RNA23. Converting A into m6A co-

transcriptionally is dependent on the activity of RNA polymerase II (RNA Pol II)24. 

Slowing down, but not stopping RNA Pol II elongation increases methylation levels, 

since the methylation complex has more time to act on the RNA being transcribed24. 

Transcripts that accrued more methylation because of slowed RNA Pol II also had a 

lower translation efficiency, perhaps due to destabilized RNA. This study treated HeLa 

cells with camptothecin at low doses to restrict RNA Pol II speed and artificially increase 

methylation levels. This approach serves as a viable alternative to overexpression 

systems and can be applicable to various cell types, although somewhat artificial 

because global interference with translation could obscure m6A specific phenotypes.  

Additionally, we found hypermethylation of transcripts compared to controls in 

sALS spinal cord. Comparing methylated transcripts to the DART-seq data we found an 

overlap of 90%, suggesting that both approaches yielded similar results. Among the 

hypermethylated transcripts, we identified several that were related to ALS and other 

neurodegenerative diseases (CSNK1E, TIA1, hnRNPAB, ANXA11, PARK7, WDR45) 

and found over three hundred transcripts that appear to be regulated by TDP43. If the 

main consequence of m6A is to destabilize RNA, then we can infer that there is 

widespread destabilization of RNA which would match previous findings from our lab1. 

However, we do not know if there is a relationship between TDP43 mislocalization and 

hypermethylation in specific cells, or if one precedes the other.  

To probe for this answer, we can perform immunohistochemistry (IHC) on spinal 

cord sections using antibodies against TDP43 and m6A. This dual-labeling approach 
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will allow us to visualize TDP43 mislocalization in spinal motor neurons and determine if 

m6A is upregulated or downregulated in those cells. If successful, this method should 

also be applied to familial forms of ALS to see if hypermethylation is a conserved 

feature of ALS, which could offer a new shared pathway to interrogate for therapeutic 

development. Additional future experiments will be needed to assess how changes in 

methylation in spinal cord impact RNA stability but could provide a novel approach to 

treating ALS patients.  

While the m6A array did not discover any novel m6A sites, it informed of changes 

related to the overall amount of m6A in RNAs produces by a gene. Many of the m6A 

RNA-seq experiments are only capable of detecting m6A sites within transcripts, not 

measuring changes in methylation across transcripts and isoforms. The absolute 

fraction of RNAs in which m6A sites are methylated is referred to as m6A stoichiometry, 

and this percentage greatly influences the fate of RNAs25,26. For example, if a 

methylated RNA causes destabilization, 1% of transcripts being methylated will likely 

not cause a drastic effect. However, if that number jumps to 30%, then a much larger 

proportion of transcripts will be destabilized, potentially leading to negative downstream 

consequences25. Since m6A alters secondary structure, methylation at one site may 

have a completely different structure than that of a similar isoform without m6A. These 

differences are sufficient to recruit different RNA binding proteins and guide the fate of 

the two isoforms in different directions26. Despite recent advances in methods for 

detecting and measuring m6A, quantifying m6A stoichiometry remains a difficult but 

much needed future ability. 
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3.3 TDP43 autoregulation  

 TDP43 regulates its protein levels by binding to the TDP43 binding region (TBR) 

located in the 3’ UTR of its own transcript27–30. Binding to this region triggers alternative 

splicing resulting in an unstable transcript and resulting decreased protein 

expression27,28,31. TDP43 is an essential protein, and regulation of its protein levels are 

critical to stay in homeostasis and prevent cell death due to TDP43-mediated toxicity. In 

ALS, there are various forms of TDP43 pathology that indicate dysregulation such as 

cytoplasmic mislocalization, nuclear clearance, and aggregation. Some ALS cases 

present with TARDBP mutations in the 3’ UTR, potentially because the mutations might 

interfere with autoregulation given the importance of the TBR to TDP43 

autoregulation32. As such, it is vital to understand the mechanisms of TDP43 

autoregulation to prevent future dysregulation leading to disease. 

 In Chapter 2 we used DART-seq to find m6A sites throughout the transcriptome 

in an antibody-independent manner. We located an m6A site within the TBR, 

specifically in the sequence determined to be sufficient for TDP43 binding30. Methylation 

at this site appears to be critical because when the DRACH motif was altered in a 

reporter of the TARDBP 3’ UTR, TDP43 exhibited reduced binding to the mutant 

reporter compared to the wild-type. This reporter contains an mCherry tag upstream of 

the TBR, and when TDP43 binds to the reporter there is a loss of fluorescence, likely 

due to a combination of nuclear retention of the spliced transcript and nonsense 

mediated mRNA decay33. In rat primary neurons, we noticed a significant change in 

fluorescence with TDP43 binding to the wild-type reporter that was not seen in the 

mutant. Moreover, the total fluorescence was much lower for the mutant reporter 
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compared to the wild type. These findings suggest that TDP43 requires m6A to 

recognize its own transcript, and for efficient regulation of its transcript levels. Despite 

the results from these studies, EMSAs using a small probe of the TBR produced a 

conflicting result in that the presence of m6A slightly deterred binding. Differences 

between both results may signify that there are other components involved or structural 

aspects with the reporter assay in cells that are not present in the in vitro EMSAs. 

Identifying the m6A site within the TDP43 binding region of the TARDBP 

transcript could be an important step to understanding the molecular mechanisms that 

govern autoregulation. However, further investigation is needed to determine if this site 

is conserved across cell types, specifically within neurons and in ALS. DART-seq can 

be performed in vitro after purification of the APOBEC1-YTH fusion protein to identify 

m6A sites in RNA from iNeurons or patient RNA. Using this method, m6A sites in any 

sample of RNA can be identified across the transcriptome, or specific targets can be 

isolated via Sanger sequencing.  

Previously, we only measured how loss of an m6A site would influence TDP43 

binding. We hypothesized that TDP43 binds methylated RNAs, but did not look at how 

adding m6A sites would change autoregulation. Conversely, we can attempt to measure 

how introducing methylation sites would affect TDP43 binding by adding DRACH sites 

to the reporter construct. Unfortunately, this would add more DRACH sites to the 

reporter, but these sites would not necessarily be methylated. If the sites are 

methylated, then we predict that TDP43 would bind to the reporter more readily and 

would expect higher levels pulled down by TDP43. Increased TDP43 binding due to 

more m6A on the reporter would also decrease fluorescence levels, and should 
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destabilize the reporter more compared to controls. To confirm the presence of m6A on 

the newly inserted DRACH motifs, we could employ DART-seq APOBEC1-YTH to in 

vitro deaminate the obligate C following m6A sites in RNA derived from overexpression 

of the mutant reporter.  Alternatively, use of bacterial enzyme MazF could determine 

presence of m6A34. MazF cleaves ACA motifs, but if m6A is present, the methylation 

prevents cleavage. This method offers another relatively simple antibody-independent 

method to determine if m6A is present at specific sites. However, this only works if the 

m6A site has an ACA motif so design of the inserted DRACH is important for the 

success of this experiment.  

Prior work has demonstrated that m6A marks are enriched in the 3’ UTR and 

near the stop codon, suggesting that m6A may be affecting alternative 

polyadenylation8,35. Alternative polyadenylation is a mechanism of gene regulation in 

which different 3’ ends of a transcript are produced by RNA Pol II36. The TARDBP 

transcript produces many isoforms as a result of alternative polyadenylation, with most 

differences located in the exon 6 and the 3’ UTR33,37. Previous work from our lab 

determined that an alternatively spliced TARDBP transcript produces a shortened 

TDP43 isoform (sTDP43) with a novel 18 amino acid tail38. Expression of sTDP43 was 

tied to neuronal activity, capable of mislocalizing TDP43 to the cytoplasm, and was 

elevated in ALS lumbar spinal cord38. The m6A writer VIRMA binds polyadenylation 

factors in an RNA dependent manner, and depletion of VIRMA led to increased 3’ UTR 

length likely due to impaired polyadenylation resulting from less methylation39. With 

evidence of hypermethylation in ALS spinal cord samples, it is conceivable that more 

methylation led to alternative polyadenylation creating new shortened isoforms of 
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TDP43. To confirm this theory, future experiments should seek to understand how 

specific deposition of m6A within the TARDBP transcript influence isoform production. 

3.4 Modulating TDP43 toxicity and ALS pathology 

ALS is characterized by the loss of motor neurons, affecting the brain and spinal 

cord40. Over time, loss of functional neurons results in weakness in limbs, muscle 

atrophy, and paralysis with cause of death most often being respiratory failure within 3-5 

years after diagnosis. ALS is phenotypically variable, and mutations in several genes 

have been shown to cause disease41. However, inherited mutations only account for 

around 10% of ALS cases, whereas most are sporadic. Although, a common unifying 

factor across almost all ALS patients is evidence of TDP43 pathology42.  

In an effort to understand if modulation of the m6A pathway could rescue TDP43-

mediated toxicity, we performed a candidate CRISPR based screen knocking out m6A 

writers, erasers, and readers in primary rat neurons. In doing so, most knockouts 

increased TDP43 toxicity but knockdown of m6A reader YTHDF2 reduced TDP43-

mediated toxicity. Encouraged by this result, we applied lentiviral delivered shRNAs 

targeting YTHDF2 in iNeuron models of ALS and similarly saw that YTHDF2 knockdown 

decreased TDP43 toxicity. YTHDF2 overexpression itself is toxic and in ALS patient 

spinal cord we observed elevated levels of YTHDF2. These data suggest that YTHDF2 

may be a potential therapeutic target for treating ALS.  

However, why YTHDF2 knockout rescues TDP43 toxicity and its what causes 

YTHDF2 upregulation is not known. In a large scale mass spectrometry based pulldown 

experiment to identify TDP43 targets, YTHDF2 weakly interacts with TDP4343. Despite 

this early evidence of an interaction, in available RNA-seq and proteomics data sets 
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from ALS tissue and models, there is no further evidence that TDP43 and YTHDF2 

interact. Additionally, little is known about potential single nucleotide polymorphisms 

(SNPs) in YTHDF2 or any changes in allelic frequency in normal or ALS conditions. 

One study identified a polymorphism in the fourth intron of YTHDF2, located in a (TG)n 

microsatellite repeat44. In this study, the authors were seeking to identify polymorphisms 

associated with longevity and found that in 137 individuals over 100 years old 30% 

exhibited 15 repeats of TG ((TG)15), where only 27% of 275 young individuals had 

(TG)15
44. Interestingly, the older individuals were nearly twice as likely (15.3% vs 8.0%) 

to be homozygous at this locus for the repea44t. The authors concluded that perhaps the 

15 repeat length, and not the other expansions ranging from 12 to 27, provided some 

association to longevity44. However, this study was only performed within the Italian 

population, so there is no data on how common this allele is in the general population. 

This does provide an area to investigate in ALS to determine if there are any changes to 

the (TG)n repeat length that may be associated with disease or disease severity. 

As mentioned in Chapter 1, YTHDF2 helps regulate RNA stability by recognizing 

methylated RNAs and recruiting the CCR4-NOT deadenylation complex to degrade 

them45. Given that we observed hypermethylation, its possible that YTHDF2 expression 

is upregulated in response to the increased amount of methylated RNAs. Further testing 

is needed to understand the effect that YTHDF2 knockout/knockdown has on RNA 

stability, specifically of TDP43 targets. Roadblock qPCR can be performed in ALS 

iNeurons at baseline and with YTHDF2 depletion to measure any changes in transcript 

stability. Additionally, a next step of attempting YTHDF2 reduction in animal models of 

ALS would be important for validating this phenotype. Our data show that YTHDF2 
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knockdown is capable of reducing toxicity in C9ORF72 and TARDBP mutant iPSC lines. 

Testing YTHDF2 knockdown in animal models that have similar mutations would be an 

appropriate place to start, to see if the phenotype carries through. Successful rescue of 

disease progression by reduced neuronal death or improved motor functions would be 

an important step towards a legitimate therapeutic target. However, there is a possibility 

that YTHDF2 knockdown does not rescue toxicity in these models because methylation 

differences across species may change which RNAs are methylated46,47. In addition, 

ALS mouse models are not fully representative of disease due to difficulties in 

displaying ALS phenotypes and pathology, complicating outcomes of experimental 

studies and translation into human patients48.  

3.5 Conclusion 

 ALS is a devastating disease, with no cure and very limited therapeutic options. 

There have been many recent advances in understanding the genetics and some 

mechanisms of disease, yet TDP43 functions and what causes its mislocalization in 

disease is still being understood. This thesis describes a previously unknown capability 

of TDP43 in terms of its RNA binding preferences and uncovered a new pathway to 

interrogate as a way to control TDP43 pathology. Even though m6A dysregulation has 

been tied to other diseases, its consequences are still being realized and focus should 

be put on how m6A contributes to pathogenesis of ALS and other neurodegenerative 

diseases. Hopefully, with continued exploration of this pathway we can uncover a new 

therapeutic option to treat ALS patients who desperately need it.  
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Appendix A: Golden Gate CRISPR and Cell Line Creation  

A.1 Introduction 

 Genetic manipulation of cells to investigate specific functions of genes has been 

performed since the early days of molecular biology. More recently, the discovery and 

application of clustered regularly interspaced short palindromic repeats (CRISPR) has 

allowed for an efficient and largely specific way to knockout gene function1,2. CRISPR 

and CRISPR associated (Cas) genes play important roles in certain bacteria and 

archaea, helping them avoid and eliminate invading bacteriophages2. CRISPR 

sequences within the genome of prokaryotic organisms was integrated after previous 

infections, and they use those same sequences as a defense system to prevent 

additional infections from similar bacteriophages. The Cas9 enzyme recognizes 

CRISPR sequences within the DNA and cleaves sequences that are complimentary, 

thereby protecting the cell from invasion2,3.  

 Specifically, this protection occurs through three mechanisms, but most studied 

is the type II mechanism. In this case, invading DNA from viruses or plasmids are cut up 

into small fragments and incorporated into a CRISRP locus surrounded by a series of 

short 20 nt repeats4. The locus is then transcribed producing small RNAs called 

CRISPR RNA (crRNA) which act as a guide for endonucleases that target invading 

DNA based on the sequence complementarity4. Cas9 is the sole enzyme required for 

gene silencing in the type II system and participates in processing the crRNAs and 

breaking down the target DNA4,5. For site specific recognition and cleavage, Cas9 



 140 

needs to interact with both a crRNA and a separate trans-activating crRNA (tracrRNA) 

which is complimentary to the crRNA4. Cas9 also requires the presence of a short 

sequence (2-5nt) called the protospacer associated motif (PAM), immediately 

downstream of the crRNA complementary sequence6. If all these components are 

present, Cas9 will create a double stranded break (DSB) in the DNA, rendering the 

invading DNA fragmented and maintaining the cells survival.  

 In 2012, this biological process was identified as a unique and powerful 

molecular biology tool for gene editing4. By combining the function of tracrRNA and 

crRNA into one synthetic single guide RNA (sgRNA), and including Cas9 enzyme, this 

simplified system generated successful genetic alterations. In combination, the sgRNA 

targets the Cas9 enzyme to the specific gene target, where the Cas9 enzyme creates 

DSBs and activates the DNA damage repair pathway of non-homologous end joining 

(NHEJ)7,8. DNA repair using NHEJ results in insertions or deletions that disrupt target 

locus. Another Cas9 enzyme, Cas9D10A, induces single-stranded nicks in each DNA 

strand and avoids NHEJ when supplied with a donor template, proceeds through the 

high-fidelity homology directed repair pathway (HDR)1,4,8,9. In both cases, a piece of 

DNA with homology to both sides of the cut can be used to endogenously incorporate 

tags to create knock-in cell lines instead of knockout10. 

 Applying these principals, Sakuma and colleagues set out to combine multiple 

CRISPR guides in one plasmid also encoding the Cas9 enzyme to create an all-in-one 

targeting vector11. Utilizing specific Type IIS enzymes, these plasmids allow for 

digestion and insertion of guides on one step, and incorporation of up to 7 guides in one 

vector, or 3 paired nickase sgRNAs, via Golden Gate cloning. Commonly with hard to 
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detect proteins, direct tagging with a fluorescent protein is very difficult because of the 

low expression. However, modification at one locus is highly correlated with modification 

at a separate locus, and we take advantage of this using Golden Gate cloning to insert 

a fluorescent protein in one locus to observe changes in another1,12. In Appendix A, I 

describe adaptations to the protocol for improved sgRNA cloning efficiency and illustrate 

the potential applications of using Golden Gate cloning to create knock-in stem cell 

lines.  

A.2 Results 

A.2.1 Cloning of sgRNA Vectors 

 To create CRISPR guides against specific genes, the now obsolete sgRNA 

design tool from the Feng Zhang lab was used, although other bioinformatic tools now 

exist that have the same capabilities13–16. Guides against the safe harbor locus CLYBL 

were initially designed and used in testing incorporation into a backbone vector 

containing Cas9 nickase, pX330A_D10A1x4, and up to four sgRNAs: one into the 

“backbone” vector (pX330A_D10A1x4), and three “insert” vectors (pX330S_2…4, Fig. 

A.2.1). The guides were designed to have matching overhangs after digestion of the 

backbone vector with BbsI enzyme, a Type IIS enzyme that cleaves in downstream of 

its recognition site meaning once the sgRNAs are ligated correctly in the vector, the 

enzyme sites are destroyed. This allows for simultaneous digestion and ligation to 

increase the speed and efficiency of cloning. Step 1 of this process was cloning each 

sgRNA into a separate vector, with one going into the backbone vector and the other 

three into the insert vectors. With each guide driven by a separate U6 promoter. After 

transforming, colonies were screened using colony PCR with the forward primer against 
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the U6 promoter each sgRNA is driven by and the reverse primer against the antisense 

of the sgRNA to confirm correct insertion producing a band at 100 bp. Once each 

sgRNA was cloned into its respective vector, then step 2 proceeded which was the 

digestion and ligation reaction to insert each sgRNA along with its U6 promoter from the 

insert vectors into the backbone vector using a different enzyme BsaI, which acts 

similarly as before. After transforming into bacteria again, colony PCR confirmed the 

presence of four sgRNAs in the backbone vector. An additional check of enzyme 

digestion that results in 500 bp increases per sgRNA validated the presence of four 

sgRNAs in the final vector.  

A.2.2 Creating iPSC Knock-in cell lines 

 When attempting to create a knockout stem cell line of lowly expressed proteins, 

it can be difficult to determine which cells were transfected if checking by fluorescence. 

Understanding that CRISPR modification at one locus is correlated with modification at 

only locus17, we created Cas9D10A containing plasmids of two paired sgRNAs to target 

two separate gene loci: one locus being a safe harbor locus, while the other was the 

gene of interest. Using sgRNAs against the CLYBL safe harbor locus, we supplied a 

HDR containing a Ngn1/2 cassette, shown to be sufficient to differentiate iPSCs into 

iNeurons, tagged with iRFP18. The other sgRNAs targeted LC3, a central protein in 

autophagy, to knockout function19. After transfecting sgRNAs along with the HDR into 

iPSCs, fluorescence microscopy was used to screen colonies for transfected cells, 

removing non-transfected cells, enriching for fluorescent cells until a homogeneous 

population is reached. 
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A.3 Discussion 

 This work was an adaptation of work performed by Sakuma and colleagues in 

which they created vectors capable of multiplexed CRISPR. After optimization, Step 1 

cloning yielded a success rate of about 95%. The protocol for Step 1 cloning can be 

applied to other CRISPR sgRNA cloning vectors that rely upon Type IIS enzymes for 

high efficiency cloning. Step 2 cloning was somewhat more cumbersome, with a 

success rate of about 50%. The expected timeline to complete a multiplexed CRISPR 

vector is about 10 days, if every step is correct initially. This provides a fast and efficient 

way to target multiple genes for investigation of gene function after knockout. Further 

work may build upon this protocol to enhance the efficiency or speed in building a 

multiplex vector.  

Transfection of complete multiplex plasmids into iPSCs with a supplied HDR was 

successful in producing fluorescent cells. Unfortunately, it did not enhance the 

fluorescence intensity for detecting LC3, but this could be a result of the low expression 

of LC3. However, through repeated selection enrichment was possible to create 

homogeneous stocks that were fluorescing well above background signal. Important 

next steps are to confirm whether or not knockout was successful. These vectors may 

still be hindered by the low expression levels of endogenous proteins at this stage. 

Differentiation into iNeurons, or treatment with rapamycin to stimulate autophagy or 

chloroquine to inhibit autophagy can be used to observe changes in autophagy in LC3 

knockout cells. Failure for normal autophagic function would be indicative of disrupted 

LC3 function. Taken together, Golden Gate multiplex cloning is successful at creating 
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multiplexed vectors targeting different loci in iPSCs, and further work should be 

performed to validate knockout and any subsequent phenotypes.  

A.4 Methods 

Golden Gate Cloning 

 Oligos complementary to gene targets were created using CRISPR sgRNA 

creator tool from the Feng Zhang lab. These oligos were phosphorylated and annealed 

together and inserted into backbone vector pX330A_D10A1x4 or insert vectors 

pX330S_2-4 (Addgene #1000000055) using BbsI (NEB #R3539S) digestion and 

simultaneously ligated with Quick Ligase (NEB #M2200S). Resulting vectors were 

pooled and digested with BsaI (NEB #R3535) while simultaneously ligated together 

using T4 Ligase (NEB #M0202S) and transformed into DH5α bacteria. Detailed protocol 

can be found below (A.6) 

Colony PCR 

Following transformation, colonies were screened for the presence of inserted oligo 

using a forward primer against the U6 promoter and the reverse primer being against 

the antisense of the most downstream sgRNA added using 2xGoTaq Green Mastermix 

according to manufactures protocol. Following PCR, samples were run on a 1% 

agarose gel and imaged using a UV imager. 

Enzyme Test Digest 

 Plasmid DNA was prepared from liquid culture using the Qiagen Miniprep kit 

(Qiagen #27106). 1 µg of plasmid DNA was incubated for 3 hours with AflIII (NEB # 

R0541S) and KpnI (NEB # R3142S) at 37°C. Digested DNA was run on a 1% agarose 

gel and imaged using a UV imager.  



 145 

iPSC Culture, Transfection, and Selection 

 In brief, iPSC lines were cultured in Essential 8 (E8) media (Gibco A1517001) on 

plates coated with vitronectin (Gibco A14700) diluted 1:100 in Mg2+/Ca2+ -free 

phosphate buffered saline (PBS, 178 Gibco 14190-144). Cells were passaged every 5d 

using 0.5 mM EDTA (Sigma E7889) followed by gentle trituration in E8 media with a 

P1000 pipette. All lines are verified mycoplasma-free on a monthly basis. 

 iPSCs were transfected with 2.5 µg of HDR DNA containing Ngn1/2 cassette with 

400 bp flanking regions homologous to CLYBL(in pUC-minus, synthesized by Blue 

Heron) or 1.6 µg of Golden Gate using Lipofectamine Stem (Invitrogen #STEM00003). 

The following morning media was changed back to E8. Cells were screened for iRFP 

fluorescence and repeatedly selected until a homogenous population was reached.  
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A.6 Detailed Golden Gate Protocol  

Step 1 of Golden Gate Assembly: Insertion of annealed oligonucleotides 
1. Phosphorylate and anneal oligos by combining: 

i. 1 uL of 100 uM oligo 1 with 1 uL of 100 uM oligo 2 

ii. 1 uL of 10X T4 Ligation Buffer (NEB) 

iii. 6.5 uL ddH2O 

iv. 0.5 uL T4 PNK (NEB) 

v. 10 uL total when combined 

b. Anneal in thermocycler:  



 146 

i. 37°C- 30 min 

ii. 95°C- 5 min 

iii. decrease to 25°C at 5°C/min 

iv. 4°C- ∞ 

2. Insert oligos into backbone vector and insert vectors 

a. Backbone vectors are pX330A-1x2 → pX330A1x7 and pX330A_D10A-1x2 
→pX330A_D101x7. Insert vectors are pX330S-2…pX330S-7. pX330A-
1x# coincides with the number of gRNAs that can be inserted into the 
backbone vector. Select one gRNA to be inserted into backbone vector. 
Select the appropriate number of pX330S-# vectors needed to add in 
remaining gRNA for final construct. 

b. Insert sgRNA into pX330A_D10-1x4 vector. Insert remaining sgRNAs into 
pX330S-2, pX330S-3, and pX330S-4, and so on, respectively. Prepare: 

i. 100 ng backbone vector or insert vector 

ii. 0.5 µL of 10uM annealed oligos (prepared at 100 µM) 

iii. 2 µL 10X T4 DNA ligase buffer 

iv. 1 µL BbsI-HF (aka BpiI) enzyme (NEB) 

v. 0.5 µL Quick ligase 

vi. H2O to volume  

vii. 20 µL total volume 

c. Combine master mix, vector, and oligos and put into thermocycler and run 
at: 

i. 37°C- 5 min, 16°C- 10 min.  

ii. Repeat 6x  

iii. 4°C- ∞ 

d. Perform an additional digestion to confirm for correct insertion of sgRNA. If 
inserted correctly, there should be no more BbsI sites. If plasmid is cut it 
will be linearized and not be successfully transformed into bacteria: 

i. Create mix for each reaction of: 

1. 0.5 µL of CutSmart 

2. 0.25 µL BbsI 

e. Add to tubes and run thermocycler at: 

i. 37°C- 1 hr 
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ii. 80°C- 5 min 

iii. 4°C- ∞ 

3. Transform product into competent E. coli:  

a. To transform the plasmid with the inserted oligonucleotides add 

i. 20 µL of product from previous step 

ii. 50 µL of DH5α 

b. Place on ice for 20 mins 

c. Put at 42°C for 30 sec 

d. Return to ice for 2 min 

e. Add 100 µL of LB to tubes and place at 37°C shaking for 1 hour 

f. Plate on 50 µg/mL Spec or Amp plates to grow colonies of transformed E. 
coli 

g. Check insertion by colony PCR, BbsI digest and sequencing 

4. Colony PCR: 

a. Select colony from plate and place into reaction mix: 

i. 2x GoGreen Master Mix- 10 µL 

ii. U6_F 10 µM primer- 1 µL 

iii. AS 10 µM oligo- 1 µL 

iv. H2O- 8 µL 

v. Total volume-20 µL 

b. Place in thermocycler with following program: 

i. 95°C- 3 min 

ii. 95°C- 30 sec 

iii. 50°C- 30 sec 

iv. 72°C- 15 sec 

v. Repeat steps ii-iv 30x  

vi. 72°C- 10 min 

vii. 12°C- ∞ 

viii. Run on 1% agarose gel for 30 mins at 120V 

c. Positive result should be a band at ~100 bp. 
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d. Inoculate 4 mL media with possible positive colony. Use 3 mL to miniprep 
to get DNA 

5. BbsI digest to confirm elimination of BbsI site 

a. 2 µL DNA from transformation 

b. 2 µL Cutsmart buffer 

c. 1 µL BbsI 

d. 15 µL H2O 

e. Incubate in 37°C water bath for 30 mins.  

f. Run on 1% agarose gel. If DNA is cut, then oligo either isn’t inserted or 
inserted incorrectly. 

6. Sequencing 

a. Use U6_F primer for sequencing 

Step 2 of Golden Gate Assembly: Combining Insert vectors with Backbone vector 
1. To combine the two vectors, prepare the following mixture in PCR tubes after 

miniprepping from Step 1. Create 4 mL culture from step 1 colony and miniprep 3 
mL to get DNA: 

a. 75 ng pX330A backbone vector(1x4) 

b. 150 ng each pX330S insert vectors (3 if using 1x4) 

c. 1 µL 10X T4 DNA ligase buffer 

d. 1 µL T4 ligase 

e. 1 µL BsaI-HF (NEB) 

f. H2O to volume 

g. 10 µL total volume 

h. Place in thermocyler and run at: 

i. 37°C- 10 min 

ii. 22°C- 10 min 

1. Repeat 25x 

iii. 4°C - ∞ 

i. Perform additional digestion to confirm insertion and successful removal of 
BsaI sites: 

i. 2 µL CutSmart 

ii. 1 µL BsaI-HF 
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iii. Put in thermocycler for: 

1. 37°C- 30 min 

2. 80°C- 5 min 

3. 4°C- ∞ 

j. Transform as before: 

i. 10 µL product into 50 µL competent E.coli 

ii. Place on ice for 20 mins 

iii. Put at 42°C for 30 sec 

iv. Return to ice for 2 mins 

v. Add 100 µL of LB 

vi. Place at 37°C for 1 hour 

vii. Plate on LB + Amp plates 

viii. Incubate plates overnight at 37°C 

ix. Check alignment by colony PCR, BsaI digest, KpnI/AflIII digest, and 
sequencing 

2. Colony PCR: 

a. 2x GoGreen Master Mix- 10 µL 

b. F-primer-1st position Sense 10 µM oligo - 1 µL 

c.  R-primer- 4th position Anti sense 10 uM oligo- 1 µL 

d. H2O- 8 µL 

e. Place in thermocycler and run at: 

i. 95°C- 30 sec 

ii. 95°C- 15 sec 

iii. 62°C- 15 sec 

iv. 72°C- 2 min 

v. Repeat steps 2-4 27 times 

vi. 72°C- 50 sec 

vii. 4°C- ∞ 

viii. Run on 1% agarose gel for 30 min at 120V 
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ix. Positive result should be band at 2 kb. Each insert size is around 
500 bp. Smear pattern in well where there is distinct band at 1650 
bp can also indicate a possible successful combination 

3. BsaI-HF digest: 

a. 2 µL DNA 

b. 2 µL Cutsmart 

c. 1 µL BsaI-HF 

d. 15 µL H2O 

e. Incubate 37°C for 30 mins. If four are aligned correctly, DNA should not be 
cut 

4. KpnI/AflII Digest: 

a. 2 µL DNA 

b. 2 µL Cutsmart 

c. 1 µL KpnI-HF 

d. 1 µL AflIII 

e. 14 µL H2O 

f. Incubate in 37°C water bath for 2 hours. Cutsmart buffer is only 50% 
effective with both enzymes, needs to be run longer than other digests. 

g. Run on 1% agarose gel for 30 mins at 120V 

h. Positive results should be band at 2 kb. Enzymes cleave DNA right before 
first sgRNA and after last sgRNA 

5. Sequencing: 

a. Use CRISPR-step2-F/R primers provided from Addgene kit described in 
table A.1 
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Figures 

 
Appendix Figure A.1: Overview of Golden Gate CRISPR cloning. 
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(A) Adapted from Sakuma et al.11 Step 1 of Golden Gate assembly is cloning the 
desired sgRNA (purple, red, pink, light pink boxes) into the backbone 
(pX330A_D10A1x4) or insert vector (pX330S_2-4). Each vector contains Cas9 (green 
rectangle), a sgRNA scaffold (maroon rectangle), a U6 promoter (blue arrow), and a 
resistance marker either Ampicillin (yellow rectangle) for backbone or Spectinomycin 
(orange rectangle). Each vector contains BbsI cut sites (red dash lines) that create 
unique overhangs for scar less cloning. Step 2 proceeds by BsaI digestion (light blue 
dashed lines) removing the U6 promoter, sgRNA, and sgRNA scaffold and ligating into 
the backbone vector creating one multiplexed vector. (B) Example of colony PCR 
following Step 1 of Golden Gate. A forward primer against the U6 promoter and a 
reverse primer against the antisense of the sgRNA inserted amplify a 104 bp band. All 
samples except #5 were positive for sgRNA insertion. (C) Example of colony PCR 
following Step 2 of Golden Gate. A forward primer against the U6 promoter and a 
reverse primer against the final antisense of the sgRNA inserted amplify to create a 
band at 500 bp increments, with the complete vector of four sgRNAs being 2000 bp. 
Samples marked with an * indicate successful integration of all sgRNAs (D) AflIII and 
KpnI test digest confirms insertion of sgRNAs in multiplex vectors. Each sgRNA 
insertion increases size 500 bp, and digestion can confirm presence of incomplete or 
complete insertion of four sgRNAs 1 (sample B).  
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Appendix Figure A.2: Integration of fluorescent proteins using Golden Gate 
CRISPR. (A) Transfection of human iPSCs with sgRNAs designed against CLYBL locus 
for insertion of Ngn1/2 plus iRFP. After repeated rounds of fluorescent selection, 
homogeneous colonies were created for purposes of later differentiation into neurons 
for future experiments.  
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Appendix Table A.1 Plasmids and primers 

Name Target Source Sequence 

CLYBL_sgRNA_F CLYBL  

F: 

CACCGACTTCCTTCTATGTAAGATG 

R: 

AAACCATCTTACATAGAAGGAAGTC 

CLYBL_sgRNA_R CLYBL  

F: 

GACCGATATTTATGTTGGAAGGATG 

R: 

AAACCATCCTTCCAACATAAATATC 

LC3_sgRNA_F LC3  

F: 

CACCGCACCAATCTCAGAGGTGTAT 

R: 

AAACATACACCTCTGAGATTGGTGC 

LC3_sgRNA_R LC3  

F: 

CACCGATGCCTCCCAGGAGACGTTC 

R: 

AAACGAACGTCTCCTGGGAGGCATC 

U6_F 
U6 

promoter 
 ACTATCATATGCTTACCGTAAC 

GoldenGate_Step

2_F11 

5’ of first 

sgRNA 
 GCCTTTTGCTGGCCTTTTGCTC 
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GoldenGate_Step

2_R11 

3’ of last 

sgRNA 
 

CGGGCCATTTACCGTAAGTTATGTA

ACG 

pX330A_D10A_1x

411 
 

Addgene 

#1000000

055 

 

pX330S_211  

Addgene 

#1000000

055 

 

pX330S_311  

Addgene 

#1000000

055 

 

pX330S_411  

Addgene 

#1000000

055 

 

 
 




