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ABSTRACT OF THE DISSERTATION 

 

Non coding RNA MALAT1 regulates TDP-43 binding activity in neurodegenerative disease 

conditions 

 

 

by 

 

Adarsh Balaji 

 

Doctor of Philosophy in Biochemistry and Molecular Biophysics 

 

University of California San Diego, 2024 

 

Professor Colleen A. McHugh, Chair  

 
 

Chapter 1 is an introduction to the work detailed in this thesis and details the background 

of the main biological molecules that are studied. The recent discovery of novel long-non coding 

RNAs (lncRNAs) reveals a new class of molecules with immense biological relevance and 
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promising candidates for therapeutic targeting. Classified as RNA molecules longer than 200 

nucleotides in length, lncRNAs have been found to be dysregulated in various disease 

conditions, and their return to steady-state levels through transcript level manipulation has been 

observed to induce cell and tissue survival. Of great interest is the lncRNA MALAT1 which is 

known to be dysregulated in various cancer tissues and neurodegenerative diseases. Localized 

within the nucleus, MALAT1 is involved in a variety of important biological processes including 

mRNA transcriptional regulation, alternative splicing, and stabilizing nascent nuclear speckles. 

A detailed analysis of direct protein binders to MALAT1 reveals TDP-43 as a strong binder with 

common functionalities present. Both MALAT1 and TDP-43 are dysregulated in 

neurodegenerative diseases, and their common functionalities overlap in alternative splicing and 

transcript regulation. An increase in MALAT1/TDP-43 binding is also observed in 

neurodegenerative diseased tissues, but the reason for this interaction is yet to be explored fully 

in literature. Thus, it is important to study the common functions of MALAT1 and TDP-43 in the 

context of neurodegeneration and understand if the MALAT1/TDP-43 complex plays a role in 

regulating biological mechanisms for cell survivability, which can then be used for therapeutic 

advancements in this field.  

Chapter 2 is focused on the regulation of TDP-43 binding to mRNA targets by MALAT1. 

The increase in MALAT1/TDP-43 interaction in neurodegenerative disease tissues indicates a 

potential function for this interaction. Given TDP-43’s known function of regulating gene 

expression level, we hypothesized that MALAT1 may play a role in regulating TDP-43 function 

and gene regulation. We found that altering TDP-43 expression alters MALAT1 expression, and 

disruption of the steady-state level of either transcript induces cell death in neuroblastoma 

samples. TDP-43 binds to the 3’UTR of mRNA genes, and reduced MALAT1 expression can 
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increase the binding ability of TDP-43 to target 3’UTR genes in HEK293 and SH-SY5Y cells. 

This suggests that MALAT1 regulates the binding activity of TDP-43 to target genes in the 

nucleus. This hypothesis is extended in a Parkinson’s Disease model through the induction of 

MPP+ to SH-SY5Y cells, and a similar alteration in TDP-43 binding and gene expression 

regulation is observed in altered MALAT1 conditions. From the collected data, we can infer the 

existence of a coordinated network of RNA-protein binding that mediates gene expression levels 

and ensures homeostatic concentrations in cell. Dysregulation of the MALAT1 lncRNA results 

in aberrant TDP-43 function, which has severe consequences for cell viability.  

Chapter 3 details the role of MALAT1 in regulating alternative splicing through 

sequence-specific binding interactions. Alternative splicing (AS) regulation is a common 

function of both TDP-43 and MALAT1, and the increase in TDP-43/MALAT1interaction may 

affect gene expression level and molecular pathway regulation through changes in AS. We 

hypothesized that MALAT1 and TDP-43 may concurrently regulate gene expression of a 

common splice target, the spermine/spermidine acetyltransferase 1 (SAT1) pre-mRNA. Further 

investigation revealed the existence of overlapping sequence-specific binding regions between 

MALAT1/SAT1 and MALAT1/TDP-43 that regulated SAT1 AS. These regions help efficiently 

recruit SAT1 pre-mRNA to TDP-43, with MALAT1 acting as a bridge to direct localization. 

This is a novel proposed mechanism for AS regulation by lncRNA. We then extended this 

hypothesis to another splicing factor and pre-mRNA target and observed a similar recruitment 

phenomenon for the MALAT1/CSTF2/PPFIA3 interactome. We hence present a model in which 

MALAT1 can recruit both pre-mRNA and splicing factor protein via an overlapping binding 

region with distinct sequence-specific targeting for efficient AS.
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Chapter 1 : INTRODUCTION 
 

1.1 Long non-coding RNA 

The central dogma of molecular biology is a classical theory that describes the flow of 

genetic information in biological organisms from DNA to RNA, to proteins [1]. Often observed 

as a forward process, this created a controversial belief that the primary function of RNA was to 

be translated to proteins – that it would predominantly exist and function as messenger RNA. 

However, this belief was challenged by observations that clashed with a unidirectional flow of 

genetic information – for example, bacteria were known to undergo ‘reverse transcription’ to 

convert RNA to DNA [2]. Such exemptions from the classical theory thus posed a question about 

the fundamental nature of RNA molecules – could they function as more than messenger RNA? 

Did they have structure and intrinsic function without undergoing translation? 

Figure 1.1 - The Central Dogma of Biology 

This figure was originally published in History, Discovery, and Classification of lncRNAs [2]. 

 

To obtain a better understanding of the identification and functions of RNA within the human 

genome, large scale sequencing projects were required. The Encyclopedia of DNA Elements 
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(ENCODE) Project started in 2003 with the goal of defining elements of the human genome that 

had previously been discovered from the Human Genome Project but had yet to be annotated [3]. 

ENCODE sought to annotate the human genome in its entirety and would soon expand to include 

genomes of other organisms. Over a span of 15 years, the number of protein coding genes 

identified by the ENCODE project remained roughly the same, while thousands of novel regions 

(previously identified as “junk DNA”) were now annotated as various forms of non-coding RNA 

– RNAs that RNAs that were only transcribed and were not translated into proteins.  

Figure 1.2 - Gene annotations reveals an increasing amount of non-coding RNA 

This figure was adapted from Perspectives on ENCODE [3]. 

 

Examples of non-coding RNA have already been studied in literature. These included the 

common tRNAs, rRNAs, snRNAs, and others. These ncRNAs were typically small in length, 

and their function was often assumed to be interacting with protein subunits to form larger macro 

complex structures for biological function. The novel sequences annotated by the ENCODE 

project revealed many RNAs of more than 200nt in length, which were subsequently referred to 

as long noncoding RNAs (lncRNAs).  More than 16,000 genes have been conservatively 
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annotated in the human genome to encode more than 28,000 diverse lncRNA transcripts [4], 

which continue to be researched for novel functional and structural analysis. 

lncRNAs have a wide variety of functions, and their role in biological pathways are often 

from their interaction with other biomolecules (RNA, DNA, or proteins) to form larger 

macrocomplexes. The composition and structural organization of these large complexes allow 

lncRNAs to function in many biological pathways. lncRNAs are often involved in epigenetic, 

pre and post-transcriptional processing of mRNA, and translational regulation as well. This 

diverse functionality also indicates that lncRNAs can be localized in either the cytoplasm or the 

nucleus of cells. One common method through which lncRNAs are involved in metabolic 

pathways is through recruitment of other biological molecules by acting as a molecular scaffold 

or sponge. Many lncRNAs are known to be involved in large macrocomplex assembly through 

interaction with other RNA molecules or proteins. The colocalization of lncRNA NEAT1 and 

MALAT1 to nuclear paraspeckles helps recruit splicing factors to pre-mRNA targets and 

regulate efficient alternative splicing [5]. lncRNAs have also been studied in the context of 

microRNA (miRNA) sponging to influence physiological processes and regulate homeostatic 

gene expression [6]. 

Given their importance in maintaining biological pathways, the aberrant regulation and 

expression of lncRNAs is a hallmark of disease conditions and has been noted to positively 

correlate with disease progression. In addition to cancers, over 40% of human lncRNAs have 

been found to have spatiotemporal dynamic expression levels in different regions of brain tissue 

[7, 8]. This has been hypothesized to promote neuron differentiation and specialization of 

regional activity [9]. Thus, the functional study of these lncRNAs may prove helpful in 
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discovering new therapeutic modalities and targets through which disease progression can be 

mitigated. 

1.2 MALAT1 

The Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1) lncRNA is 

one of the most studied lncRNAs in literature. Alternatively labelled as a nuclear-enriched 

abundant transcript 2 (NEAT_2), it is located on chromosome 11q13 and is downstream of 

another highly studied lncRNA NEAT1 [10]. The MALAT1 transcript is around 8.5Kb and 

results in the formation of a lncRNA with a cleaved 3’ end, processed by RNAse P and Z. This 

3’end structure, known as the MALAT1-associated small cytoplasmic RNA (mascRNA) folds 

similarly as tRNA to resemble a clover-like structure, and localizes to the cytoplasm. The 

processed MALAT1 transcript localizes to the nucleus. 

MALAT1 was initially discovered to be strongly associated with metastasis in early-stage 

non-small cell lung cancer tissues and was annotated as an oncogene [11]. Further studies 

revealed high basal transcript level in many organs including pancreas, breast tissue, and 

neurons. MALAT1 was also found to be upregulated in many cancerous tissues, and the 

expression of MALAT1 strongly correlated with tumor development and metastasis. [12-14]. 

This makes MALAT1 a very promising target for designing therapeutics to regulate expression 

levels. 

The nuclear localization of MALAT1 restricts its primary functions to nuclear pathways. 

MALAT1 is found to be localized in nuclear speckles, which are regions in the interchromatin 

nuclear space that contain a high local concentration of splicing factors and pre-mRNA [15-17]. 

Nuclear speckles are dynamic structure with constant turnover, and their localization to active 

transcription sites can be temporal. As such, the primary known function for MALAT1 is 

splicing regulation and involvement in alternative splicing. MALAT1 can directly bind many 
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splicing factor proteins and alternative splicing RNA-seq data has revealed thousands of genes 

whose splicing patterns are regulated by MALAT1 expression [15, 18-20].  

Understanding the direct protein interactors to MALAT1 can help reveal information 

about its function in the nucleus. The McHugh lab has previously identified direct binders of 

MALAT1 through RNA-Antisense Purification coupled with Mass Spectroscopy (RAP-MS). 

UV254nm cross-linking of cells fixes direct RNA-protein interactions, and the MALAT1 

interactome can be directly isolated through a pooled ssDNA probe mix covering the anti-sense 

transcript length of MALAT1. The recovered proteins can then be analyzed through mass 

spectrometry for identification.  

  

Figure 1.3 - RAP-MS reveals direct protein binders of MALAT1 

Unpublished data from the McHugh lab shows a wide range of direct protein binders to lncRNA 

MALAT1. 

 

RAP-MS reveals three main distinct classes of protein interactors to MALAT1 – 

Polymerase II binders, pre-mRNA splicing associated factors, and hnRNPs [Figure 1.3]. These 

reveal the common functions of MALAT1 – pre-mRNA binding and splicing regulation, 
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transcriptional regulation and mRNA processing, and nuclear export of mRNA [10, 21-23]. 

Hence, studying the MALAT1/protein direct interactions in disease conditions can help reveal 

information about MALAT1’s role in regulating biological pathways for disease progression or 

inhibition.  

 

1.3 TDP-43 

One of the direct protein binding partners of MALAT1 is the transactive response DNA binding 

protein (TDP-43). TDP-43 is a commonly expressed protein of 43 kDa and is involved in many 

biological processes. TDP-43 is encoded by the TARDBP gene on chromosome 1 and is 

localized both within the nucleus and the cytoplasm [24, 25]. The inter-cellular trafficking of 

TDP-43 is achieved through a nuclear localization signal (NLS) and nuclear export sequence 

(NES) domains located on the protein. In addition, the protein contains two tandem RNA 

recognition motifs (RRMs) regions that are recognized as nucleic acid binding domains, and has 

been structurally solved in complex with UG-rich RNA using NMR [26]. This is followed by a 

glycine-rich C terminal domain that is intrinsically disordered and can recruit to and bind hnRNP 

proteins [26-28] [Figure 1.4A]. 
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Figure 1.4 - Tar DNA Binding Protein structure and function 

(A) The amino acid sequence of TDP-43 organized in domains. (B) An overview of TDP-43 

common molecular functions in both nucleus and cytoplasm. This figure is adapted from 

Frontiers in Molecular Neuroscience [29]. 

 

TDP-43 function is commonly determined through its interaction with various mRNA 

sequences in the nucleus and cytoplasm to regulate gene expression, modulate alternative 

splicing, and coordinate mRNA trafficking and transport across the nuclear membrane [30-32] 

[Figure 1.4B]. Cross-linking immunoprecipitation (CLIP) sequencing studies revealed a direct 

binding interaction between TDP-43 RRMs and long UG-rich RNA regions [34-36]. Minimal 

binding study experiments have indicated a stoichiometric maximum of 6 UG repeats interacting 

with one TDP-43 tandem RRM construct [37]. The location of these UG regions vary across the 

gene, but the re-analysis of CLIP-seq datasets indicate a preference for TDP-43 binding to 

intronic and 3’UTR UG-rich regions [34-36]. 

A 

B 
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TDP-43 binds a variety of RNA molecules including lncRNAs, premRNAs, and miRNAs 

through UG repeat regions in a cooperative manner [37]. The solubility of TDP-43 is strongly 

associated with its binding interaction to ssDNA or RNA targets [38-40] and mutations in the 

RRM regions that inhibit RNA binding result in TDP-43 aggregates with inhibited functional 

activity [41, 42]. Dysregulated and aggregated TDP-43 is a common hallmark of many 

neurodegenerative diseases [29, 30] and an improved understanding to key RNA targets that 

mediate TDP-43 stability and function seems critical for understanding the importance of TDP-

43 toxic inclusions and their role in initiating neurodegeneration.  

 

1.4 MALAT1, TDP-43, and Parkinson’s Disease 

TDP-43 has been previously identified as an interactor of MALAT1 [43-45]. Earlier studies 

indicated TDP-43 as a regulator of MALAT1, where the dysregulation of TDP-43 expression 

levels resulted in dysregulation of MALAT1 in lung cancer cells. Fluorescence microscopy 

readouts also indicated co-localization of MALAT1 and nuclear TDP-43 in HC11 mammary 

epithelium cells [43]. CLIP-seq experiments performed with TDP-43 revealed a large region of 

around 300 nucleotides on MALAT1 from nucleotide position 6638 to 6938 as the binding 

region, and this binding interaction is conserved across multiple cell lines [34-36]. A unique 

feature of this binding interaction is the absence of large UG rich regions, commonly identified 

as the TDP-43 binding motif. Non-canonical TDP-43 binding targets are few – the other 

common non-canonical binding is to the 3’UTR of the TARDBP gene, where self-binding 

promotes autoregulation and is a key method in homeostatic control of TDP-43 levels [46]. Thus, 

the unique nature of the MALAT1/TDP-43 binding may suggest a unique non-canonical function 

for this interaction. 
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In addition, CLIP-seq studies performed on diseased brain tissue reveal an increase in the 

MALAT1-TDP-43 binding interaction compared to healthy normal brain tissue. The MALAT1 

binding results in one of the highest fold changes amongst all target transcripts [34]. Coupling 

this increase in binding in neurodegeneration conditions with the non-canonical interaction with 

MALAT1 provides an interest in studying the function of the MALAT1/TDP-43 interaction and 

how it may be relevant in neurodegenerative conditions.  

As previously mentioned, the aberrant regulation of TDP-43 is a common hallmark in 

neurodegeneration that has been widely studied for many years. Its role in the development of 

Parkinson’s Disease (PD) is less studied compared to other common forms of neurodegeneration 

– namely Amyotrophic Lateral Sclerosis (ALS), Frontotemporal Lobar Degeneration (FTLD) 

and others [47-51]. In recent studies, patients have been observed with movement disorders and 

symptoms that closely align to PD, and postmortem neuropathological examination revealed 

aggregated and overexpressed TDP-43 in diseased brain tissue [52].  

Unlike TDP-43, there have been multiple studies on the role of MALAT1 in PD progression. 

Elevated MALAT1 levels have been observed in a 1-methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP)-induced mice model of PD and methyl-4-phenylpyridinium (MPP +) 

induced human cell tissue models. [53, 54]. In addition, a high throughput screening assay was 

performed on PD brain tissue compared to healthy brain controls, and several lncRNAs including 

MALAT1 exhibited a significant increase in expression levels in the patient samples [53] 

Mechanistic studies have been sought after to determine the role of MALAT1 in PD progression 

and the current literature has focused on three different pathways of regulation -  perturbed α-

synuclein hemostasis [55-57], apoptosis and autophagy [54, 58, 59] and neuro-inflammation [60-

62]. Despite the overlapping functional roles between MALAT1 and TDP-43, and the shared 
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disease relevance and binding interactions, there are no comprehensive studies on the potential 

role of the MALAT1/TDP-43 interaction on PD progression, and this thesis serves to provide 

some PD-relevant pathways that may be regulated concurrently by these biomolecules.  

  

1.5 Alternative Splicing and SAT1 

 

Messenger RNA (mRNA) undergo multiple post-transcriptional processing stages that are 

highly regulated. This ensures that the proper mRNA sequence is present for translation and 

synthesis of proteins, and disruption of these processes can often lead to disease progression [63, 

64]. Once of the key post-transcriptional processes for mRNA is alternative splicing (AS). AS is 

a mechanism that can induce complexity in higher order organisms, due to its ability to localize 

multiple gene isoforms within the same locus [65]. The process of alternative splicing involves 

the selection of specific exons to be translated into proteins, with unselected exons being spliced 

out of the final mRNA product. This phenomenon is regulated by the spliceosome, a large 

macrocomplex structure of splicing proteins and small nuclear RNA which help catalyse the 

splicing of unprocessed pre-mRNA [66, 67].  

The selection of exons to be spliced out can be governed by splicing repressors or activators. 

These are biomolecules that can promote or hinder the selection of specific sites for AS, and thus 

promote the selection of specific exons in the final isoform product [68]. These biomolecules 

often tend to be regulatory proteins, although current literature has also revealed a role of non-

coding RNA in splice site selection processes in human and other cellular organisms [69, 70]. 

The favoring of certain isoforms through AS can help alter cell viability in disease 

conditions, as AS can be a method of transcript regulation at homeostatic levels. This often 

occurs when one of the isoforms results in the formation of a truncated protein product that 

exhibits cellular toxicity due to its aberrant function [71]. Such isoforms are often not processed 
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through translation but are instead degraded in their mRNA form, through a process known as 

nonsense-mediated decay (NMD) [72, 73]. AS-NMD is a regulatory phenomenon through which 

many cell-viability regulating genes can be maintained at a steady-state level [74]. 

An example of a gene regulated by AS-NMD with potential therapeutic effects in a disease 

condition is the Spermine/Spermidine Acetyltransferase 1 (SAT1) gene [75, 76]. Located on the 

X chromosome, SAT1 codes for an enzyme that catalyses the addition of an acetyl group onto 

spermine and spermidine, a subset of polyamines [76]. Polyamines are organic polycations that 

are positively charged, and have been reported to be directly correlated with cell survivability 

and growth [77, 78]. The steady-state regulation of polyamines ensures a balance is created to 

mitigate neuroprotective effects with neurodegenerative effects, which may play a role in the 

progression of Parkinson’s Disease (PD). Studies have shown that polyamine levels tend to be 

altered in PD-patient brain tissue, and N1-acetylspermidine, N8-acetylspermidine, and N1,N8-

diacetylspermidine have been shown to correlate with cognitive decline as per the Hoehn and 

Yahr scale [79-81].  

Acetylated versions of spermine and spermidine are directly correlated with SAT1 levels, 

which supports the relevance of SAT1 homeostatic levels for cell survivability [80]. Thus, the 

methods of SAT1 regulation are important to study, as this can be a focus for potential 

therapeutics for combating neurodegeneration. SAT1 is known to be regulated via two 

mechanisms – firstly, the increase in polyamine concentrations results in polyamine binding to 

upstream polyamine responsive element regions to promote overall transcriptional processivity 

[82, 83]. Secondly, SAT1 can undergo AS-NMD to produce a nonfunctional transcript through 

inclusion of an internal ‘X’ codon, that results in an insertion of a premature stop codon [76,84]. 

This transcript undergoes NMD and is degraded, thus reducing overall SAT1 levels and 
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maintaining homeostatic balance. While there have been a few studies on the mechanism through 

which SAT1 AS-NMD occurs [84, 85], the potential involvement of MALAT1 and TDP-43 in 

regulating SAT1 AS is a novel direction to pursue and can have significant biological relevance 

in the context of neurodegenerative disease regulation. 
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Chapter 2 : MALAT1 RNA levels affect cell viability and modulate TDP-43 binding to mRNA 

in the nucleus 

 

Abstract 

 TAR DNA-binding protein (TDP-43) and Metastasis Associated Lung Adenocarcinoma 

Transcript (MALAT1) RNA are two abundantly expressed macromolecules in the human cell 

nucleus. Increased interaction of TDP-43 and MALAT1, as well as dysregulation of TDP-43 

function, was previously identified in brain samples from patients with neurodegenerative 

disease compared to healthy brain tissues. We hypothesized that TDP-43 function may depend in 

part on MALAT1 expression levels, due to the coordinated regulation and interaction between 

these two macromolecules that has been observed in multiple cell types. Here, we show that 

alterations in MALAT1 expression affect cell viability and can modulate TDP-43 binding to 

other messenger RNAs in HEK293 and SH-SH5Y human cell lines. Depletion of MALAT1 

RNA enabled increased binding of TDP-43 to messenger RNA transcripts, suggestive of a 

redistribution of TDP-43 protein binding. Disruption of either MALAT1 or TDP-43 expression 

induced cell death, indicating that both macromolecules contribute positively to survival in SH 

SY5Y neuroblastoma cells. Finally, we examined the contribution of MALAT1 expression to 

survival in a cell culture model of neurodegeneration using MPP+ treatment in SH-SY5Y cells. 

Depletion of MALAT1 RNA protects against toxicity in a cellular model of neurodegeneration 

and modulates TDP-43 binding to mRNA transcripts involved in apoptotic cell death. These data 

suggest that coordinated regulation of a network of RNA and protein interactions could provide a 

mechanism to maintain appropriate non-coding RNA and messenger RNA expression levels in 

healthy human cells. Dysregulation of the MALAT1 RNA may affect human cell viability in 

early neurodegenerative disease processes. 
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Introduction 

RNA-protein interactions regulate gene expression, splicing, and cell growth. Genome-wide 

studies of RNA-protein interactions suggest that eukaryotic cells have a complex network of 

binding interactions between RNAs and proteins, including mRNAs, non-coding RNAs, splicing 

factors and other RNA binding proteins. TAR DNA-binding protein 43 (TARDBP or TDP-43) is 

a ubiquitously expressed multifunctional nucleic acid binding protein which has been associated 

with transcriptional regulation, RNA stability, and alternative splicing of mRNAs in human cells. 

Dysfunction of TDP-43 is frequently observed in human neurodegenerative disease, particularly 

in brain tissues from patients with amyotrophic lateral sclerosis and frontotemporal dementia 

(ALS-FTD), Parkinson’s disease (PD), and limbic-predominant age-related TDP-43 

encephalopathy (LATE) [1, 2, 3, 4, 5]. The underlying molecular interactions which result in 

TDP-43 dysfunction – and whether these interactions are a cause or consequence of human 

neurodegeneration - remain unknown.  

TDP-43 may act in modulating RNA and protein networks in healthy and diseased cells by 

affecting alternative splicing and gene expression. TDP-43 binds thousands of RNA transcripts 

in mammalian cells, based on crosslinking and immunoprecipitation experiments with high-

throughput sequencing, including CLIP-seq and iCLIP studies. TDP-43 binds specifically to 

messenger RNA and non-coding RNA targets containing sequential UG repeats [6, 7]. Binding 

to RNA can modulate TDP-43 protein solubility and toxicity in cells [8, 9]. An examination of 

TDP-43 RNA binding in post-mortem brain samples of patients with FTD identified the 

metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) RNA as one of the 

transcripts with the largest increases in TDP-43 binding in diseased tissues [10]. It has not yet 

been investigated whether MALAT1 RNA levels can affect TDP-43 function in neuronal cells. 
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MALAT1 is an 8.5 Kb non-coding RNA with proposed roles in mRNA processing, gene 

regulation, and alternative splicing [11, 12]. MALAT1 is abundantly expressed and 

predominantly nuclear localized in many human cell types. MALAT1 was first identified in 

metastatic lung cancer cells [13] and, like TDP-43, has since been implicated in multiple 

biological processes, including the regulation of gene expression, alternative splicing, and 

neuronal synapse formation [14]. MALAT1 and TDP-43 expression have been linked in 

previous studies. MALAT1 RNA levels are altered by perturbation of TDP-43 expression in lung 

cancer cells [15]. Furthermore, MALAT1 binds directly to TDP-43 and can affect TDP-43 

proteostasis [16, 17, 18]. Taken together, these interactions suggest a role for MALAT1 non-

coding RNA in modulating TDP-43 function. However, the mechanisms by which MALAT1 

RNA could affect TDP-43 activity and potentially contribute to neurodegeneration remain to be 

fully elucidated. We hypothesized that TDP-43 function may depend on MALAT1 expression 

levels in human cells and examined whether direct perturbation of MALAT1 RNA levels 

affected TDP-43 binding to mRNA transcripts related to neuronal survival and function. In this 

study, we also investigated the consequences of MALAT1 and TDP-43 dysregulation in SH-

SY5Y neuroblastoma cells in culture, and in a model of neurodegeneration after drug treatment, 

to evaluate the importance of this RNA-protein interaction in contributing to human cell survival.  

 

Results 

Disruption of either MALAT1 or TDP-43 induces cell death and perturbs the RNA 

transcript levels of the other binding partner in SH-SY5Y neuroblastoma cells 
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We evaluated the effects of MALAT1 and TDP-43 expression changes in neuroblastoma 

cells to determine whether these two molecules contributed to cell survival. TDP-43 and 

MALAT1 levels were altered to either increase expression through ectopic overexpression of a 

transgene from a pcDNA vector or decrease expression through RNA knockdown by antisense 

oligonucleotide (ASO) GapmeR targeting of the specific RNA transcript. Either an increase or 

decrease in TDP-43 levels led to a significant decrease in SH-SY5Y cell viability (Figure 1A). 

Next, we measured the levels of MALAT1 after TDP-43 depletion or overexpression, and vice 

versa, to determine if their expression levels were correlated. Previous research showed that 

overexpression of TDP-43 stimulated an increase in MALAT1 RNA expression level, while 

knockdown of TDP-43 caused a decrease in MALAT1 RNA in A549 lung cancer cells [15]. Our 

experiments revealed that TDP-43 and MALAT1 expression levels are similarly linked in the 

SH-SY5Y neuroblastoma cell line (Fig. 1B).  

We further examined the effects of MALAT1 knockdown or overexpression on cell 

viability and TDP-43 mRNA levels in SH-SY5Y cells to determine if MALAT1 conversely 

affects TDP-43 expression or function. An increase in MALAT1 levels did not significantly 

affect cell viability, while a decrease in MALAT1 expression levels led to cell death in SH-

SY5Y neuroblastoma cells (Fig. 1C). Overexpression of MALAT1 caused a significant increase 

in TDP-43 mRNA level while depletion of MALAT1 RNA did not alter TDP-43 mRNA 

expression level in SH-SY5Y cells (Fig. 1D). We next evaluated the protein level of TDP-43 by 

Western blotting. TDP-43 protein levels did not change significantly during the 48 hours after 

MALAT1 knockdown (Fig. 1E) or MALAT1 overexpression (Fig. 1F).  
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MALAT1 KD induces cell death in SH-SY5Y cells but does not lead to cytoplasmic 

localization of TDP-43  

To evaluate the effects of decreased MALAT1 levels on cell survival in SH-SY5Y, we 

used fluorescence microscopy to examine the nuclei of SH-SY5Y cells after 48 hours of 

GapmeR control or MALAT1-targeting GapmeR ASO transfection. MALAT1 knockdown cells 

showed disrupted nuclear morphology compared to control cells (Fig. 2A). Classification and 

quantitation of nuclear area and morphology was performed using the Nuclear Morphology 

Analysis ImageJ tool [19]. The nuclear area was significantly decreased after MALAT1 

knockdown (Fig. 2B), and MALAT1 knockdown cells had a significant increase in the number 

of apoptotic and irregular nuclei compared to control cells (Fig. 2C). This is consistent with 

previous observations of nuclear effects after MALAT1 depletion in HeLa cells [12].  

In several previous studies, induction of extreme cellular stress or complete loss of RNA 

binding by TDP-43 resulted in relocalization of the majority of TDP-43 protein to the cytoplasm 

(reviewed in [20]). We examined the localization of TDP-43 after MALAT1 knockdown through 

immunofluorescence microscopy. After MALAT1 disruption, most TDP-43 protein remained in 

the cell nucleus and there was no obvious relocalization of TDP-43 to the cytoplasm or 

aggregation into nuclear speckles observed in either the SH-SY5Y or HEK293 cell lines (Fig. 

2D). Cellular fractionation studies confirmed the microscopy results and indicated that most 

TDP-43 remained localized in the nucleus after MALAT1 knockdown (Fig. 2E and F).  

 

TDP-43 binds the 3’ UTR of mRNA targets in multiple cell types 

We next investigated which RNA transcripts were commonly bound across multiple cell 

types by TDP-43. Previously published CLIP-seq datasets were reanalyzed to identify targets of 
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TDP-43 in HEK cells, SH-SY5Y cells and H9 embryonic stem cells [10, 21, 22]. A total of 1549 

transcripts were identified as bound by TDP-43 in all three cell type datasets (Fig. 3A). The 

transcripts in the overlapping TDP-43 bound RNA set were significantly enriched in gene 

ontology functions associated with Parkinson’s Disease, Alzheimer’s Disease, Amyotrophic 

Lateral Sclerosis, oxidative phosphorylation, RNA degradation and pathways of 

neurodegeneration (Fig. 3B). These gene ontology classifications are consistent with the 

previously suggested functions of TDP-43 in RNA biology and the progression of 

neurodegenerative diseases. We next examined where TDP-43 was bound on each mRNA 

transcript in the commonly bound gene set across the three cell types. TDP-43 has previously 

been shown to interact at both introns and 3’ UTRs of mRNA transcripts [10]. Consistent with 

previous studies, we identified TDP-43 binding sites at introns, 5’ UTRs, and 3’ UTRs of mRNA 

transcripts in HEK, SH-SY5Y, and H9 cells. When normalized by length of each genomic 

region, we found that the highest proportion of TDP-43 binding occurred in the 3’ untranslated 

region (3’ UTR) of the commonly bound mRNA transcript set across the three different cell 

types (Fig. 3C). TDP-43 binding in the 3’ UTR of mRNA transcripts has previously been shown 

to affect mRNA expression levels by either increasing or decreasing RNA transcript stability [23, 

24, 25]. We focused the remaining experiments on mRNA transcripts that were bound by TDP-

43 in the 3’ UTR in all three cell types, to further investigate the effects of MALAT1 

perturbation on TDP-43 binding to this class of mRNA transcripts.  

For further mechanistic studies, we selected three mRNA transcripts from the overlapping 

TDP-43 bound set which were expressed at high, moderate, and low levels in HEK 293 and SH-

SY5Y cells: SLC1A5, CSNK1E, and HMGB2. The genes encoding these transcripts are all 

associated with neuronal survival and function. HMGB2 promotes neural stem cell proliferation 
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and affects microglial survival [26]. The SLC1A5 gene, also called Alanine, Serine, Cysteine 

Transporter 2, encodes an amino acid transporter important for neuronal cell function [27]. 

CSNK1E belongs to the casein kinase family which is necessary for cell cycle progression and 

neuronal function [28, 29]. CSNK1E has previously been shown to be regulated by TDP-43 in 

sporadic ALS [30]. The BARD1 mRNA transcript was selected as a negative control since this 

transcript did not show TDP-43 binding in any of the examined CLIP-seq experiments, even 

though it is expressed in these cell types. TDP-43 binding sites on mRNA transcripts that were 

identified based on CLIP-seq peak calling were also examined visually using the Integrative 

Genomics Viewer (IGV). In the majority of the genes with TDP-43 CLIP binding, a single major 

peak was identified. For each of the mRNA transcripts SLC1A5, CSNK1E, and HMGB2, an 

RNA region of three hundred nucleotides in length was identified which encompassed the 

maximum CLIP-seq read alignment peak on the transcript (Fig. 3D). The CLIP-seq peaks on 

messenger RNA transcripts in the TDP-43 bound gene set correlated with the presence of 

sequential UG repeats in the target RNA sequence, consistent with previous findings of [UG]n as 

a consensus RNA binding site for TDP-43 [31]. We also identified the primary binding site of 

TDP-43 on human MALAT1 RNA between nucleotides 6638 to 6938 (MALAT16638-6938), which 

was similarly identified as the primary binding site on MALAT1 in the three CLIP-seq datasets 

examined. The BARD1 negative control transcript has moderate expression in most cell types 

but did not show TDP-43 CLIP-seq peaks at any location on the transcript in any of the three 

data sets. Therefore, a randomly selected size-matched region of BARD1 was used as a negative 

control for TDP-43 binding experiments with mRNA transcripts. 

TDP-43 binds the 3’ UTR of messenger RNAs with high affinity in vitro 
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 To validate the direct RNA-protein interaction regions identified by CLIP-seq analysis, 

we measured the in vitro binding affinities of TDP-43 RRMs for RNA transcript regions from 

the selected genes. A fluorescent multiplexed electrophoretic mobility shift assay (mEMSA) was 

used to calculate the equilibrium dissociation constant (Kd) of TDP-43 protein interactions with 

the different RNA constructs [32]. For this assay, TDP-43 RRM binding was quantified in vitro 

using fluorescently labeled purified transcribed RNA regions from MALAT1 non-coding RNA, 

the messenger RNA transcripts SLC1A5, CSNK1E, and HMGB2, the positive control TARDBP 

mRNA region, or the negative control mRNA transcript BARD1 (Fig. 4, Table 1). The Kd for 

each RNA-protein interaction was quantified based on three to six replicate assays for each pair 

of binding partners. The positive control TARDBP mRNA 3’ UTR region was selected because 

it was previously identified as a TDP-43 binding site for autoregulation of the transcript at an 

RNA level [33, 34, 35]. We observed that the measured TDP-43 binding affinity in vitro 

correlated positively with the CLIP-seq signal for the mRNA transcripts (Table 1). The affinity 

of TDP-43 for each mRNA transcript was also correlated with the number of sequential UG 

repeats present in the TDP-43 binding region of the messenger RNAs used for in vitro binding 

studies. These positive correlations suggest that in vitro TDP-43 binding affinities are likely to 

be biologically relevant and representative of the in vivo interactions between TDP-43 and 

messenger RNA transcripts captured by CLIP-seq studies. The TARDBP positive control RNA 

transcript region bound TDP-43 at 272 ± 15 nM. The selected MALAT1 RNA transcript region 

bound TDP-43 with high affinity at 127 ± 6 nM, in alignment with the observation that 

MALAT1 is bound by TDP-43 in all datasets. As expected, the negative control BARD1 RNA 

binding affinity for TDP-43 was significantly lower than any of the specifically interacting TDP-

43 mRNA targets, with a calculated Kd of 1790 ± 51 nM.  
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Reduced level of MALAT1 RNA results in relocalization of TDP-43 binding to messenger 

RNA transcripts in HEK293 cells 

 To quantify the effects of MALAT1 RNA perturbation on TDP-43 RNA binding to the 3’ 

UTR of mRNA transcripts in cells, we performed immunoprecipitation of TDP-43 from 

HEK293 cell lysates, followed by quantitative RT-PCR (IP-qPCR) of selected mRNA targets in 

cells with or without MALAT1 knockdown treatment [36]. IP-qPCR experiments showed strong 

enrichment of MALAT1 RNA in TDP-43 captures compared to IgG control captures, and 

additionally validated TDP-43 binding in cells to the messenger RNAs SLC1A5, CSNK1E, and 

HMGB2 that were identified in the commonly bound CLIP-seq dataset (Fig. 5A). As expected, 

the TARDBP positive control RNA transcript was enriched in TDP-43 captures compared to IgG 

captures, while the BARD1 negative control RNA transcript was not significantly enriched in 

either the IgG or TDP-43 captures.  

Since TDP-43 protein levels were not affected by MALAT1 knockdown and TDP-43 

remained predominantly localized to the nucleus, we reasoned that any TDP-43 protein released 

after MALAT1 RNA knockdown could potentially re-localize to other mRNA targets within the 

nucleus. Next, we validated the TDP-43 capture antibody efficiency by Western blot analysis of 

TDP-43 protein elution from immunoprecipitations performed in MALAT1 GapmeR or control 

GapmeR knockdown cell lysates. In both conditions, equivalent amounts of TDP-43 protein 

were successfully captured, with no TDP-43 protein present in the negative control IgG 

pulldowns (Fig. 5B). We repeated the TDP-43 immunoprecipitation studies from nuclear extracts 

of HEK293 cells after 24 hours of treatment with negative control (NC) GapmeR or MALAT1 

GapmeR and compared the binding of TDP-43 to each mRNA transcript between the treatment 
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conditions. Loss of MALAT1 expression resulted in a significant increase in the binding of 

nuclear TDP-43 to the SLC1A5, CSNK1E, and HMGB2 transcripts (Fig. 5C). As expected, 

MALAT1 depletion had no effect on the interaction of TDP-43 with the negative control 

BARD1 mRNA transcript. After MALAT1 depletion, the overall expression level of each of the 

target mRNA transcripts CSNK1E, SLC1A5, and HMGB2 increased. Conversely, depletion of 

TDP-43 using an ASO GapmeR caused a significant decrease in the expression level of these 

mRNA transcripts (Fig. 5D), suggesting that TDP-43 binding at the 3’ UTR stabilizes or 

promotes an increase in the RNA levels of these transcripts under normal conditions.  

Depletion of MALAT1 RNA protects against MPP+ toxicity in a cell culture model of 

neurodegeneration 

MALAT1 depletion led to alterations in the RNA binding of nuclear TDP-43 and we 

observed significant cell death after knockdown of MALAT1 in SH-SY5Y cells. Therefore, we 

tested whether MALAT1 function contributes to cell survival in a model of neurodegeneration 

by evaluating the effects of alterations in MALAT1 and TDP-43 on cell viability and gene 

expression in SH-SY5Y neuroblastoma cells exposed to the neurotoxin 1-methyl-4-

phenylpyridinium (MPP+).  

Treatment with MPP+ induces apoptotic cell death in human SH-SY5Y neuroblastoma cells 

and has been previously used as a cell culture model for neuronal death in neurodegenerative 

disease [37, 38]. We observed that MALAT1 RNA levels increased significantly in SH-SY5Y 

cells treated with MPP+, in line with results from previous studies [17, 39]. Antisense GapmeR 

knockdown of MALAT1 RNA remained effective in the MPP+ treated cells, with a significant 

loss of MALAT1 occurring after 48 hours of GapmeR treatment (Fig. 6A). After MPP+ 

treatment, the expression of the TDP-43 bound mRNA transcripts SLC1A5, CSNK1E, and 
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HMGB2 were all significantly decreased (Fig. 6B). Knockdown of MALAT1 under these 

conditions resulted in a significant increase in the levels of each of the TDP-43 bound target 

mRNA transcripts, indicating that the expression levels of SLC1A5, CSNK1E, and HMGB2 are 

at least partially dependent upon MALAT1 levels (Fig. 6C). We next repeated the TDP-43 IP-

qPCR assays in nuclear extracts of SH-SY5Y neuroblastoma cells treated with MPP+ and found 

that TDP-43 binding to MALAT1 was increased, while TDP-43 binding to the 3’ UTR of 

SLC1A5, CSNK1E, and HMGB2 mRNAs was decreased (Fig. 6D).  

Finally, we evaluated SH-SY5Y cell viability to determine whether MALAT1 expression 

contributes to neuroblastoma cell death due to MPP+ toxicity. Treatment with MPP+ resulted in 

death of ~50% of SH-SY5Y cells in culture, consistent with previous reports (Fig. 6E). Targeted 

depletion of TDP-43 protein and MALAT1 RNA had opposite effects on cell viability. 

Knockdown of TDP-43 protein decreased cell viability, while knockdown of MALAT1 RNA 

significantly increased cell viability in MPP+ treated SH-SY5Y cells (Fig. 6F). Further 

confirming the direct impact of MALAT1 on cell survival, ectopic overexpression of a full-

length MALAT1 RNA transcript was able to overcome the protective effect of MALAT1 

GapmeR knockdown after MPP+ treatment, causing a significant increase in cell death when 

compared to cells transfected with the empty vector control. Ectopic expression of TDP-43 

protein did not have any additional effect on cell death in MPP+ conditions with MALAT1 

knockdown, when compared to cells transfected with the empty vector control (Fig. 6F). 

 

Discussion 

Here we investigated the functional effects of modulating MALAT1 RNA levels in 

HEK293 and SH-SY5Y neuroblastoma cells. We evaluated changes in cell viability and TDP-43 
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protein function in response to MALAT1 RNA perturbation. Dysregulation of TDP-43 protein 

function has previously been associated with the progression of multiple neurodegenerative 

diseases, though the cause of this dysregulation is still unclear. Post-mortem examination of 

TDP-43 RNA binding in patient brain samples revealed that MALAT1 showed one of the largest 

increases in RNA binding to TDP-43 compared to healthy control samples [10]. Both TDP-43 

and MALAT1 are broadly expressed at high levels in most human cell types and have been 

proposed to interact with diverse messenger RNAs and splicing factors to affect alternative 

splicing and gene expression control. Based on these data, we hypothesized that perturbations of 

MALAT1 could affect cell survival and TDP-43 function in controlling mRNA expression 

levels. In this study, we found that modulation of MALAT1 levels affects the RNA-binding 

capacity of TDP-43 for other messenger RNA transcripts in the nucleus, and consequently, 

affects the expression levels of several mRNA transcripts that are bound with high affinity by 

TDP-43 in HEK293 and SH-SY5Y cells. MALAT1 and TDP-43 may be linked as part of an 

RNA-protein interaction network to regulate and maintain appropriate levels of gene expression 

in human cells.  

Studies of TDP-43 binding to RNA genome-wide as well as to specific targets have 

revealed that TDP-43 is involved in splicing and stability regulation of diverse messenger RNA 

transcripts. We re-evaluated high-throughput sequencing data from CLIP-seq experiments of 

TDP-43 binding in three different cell types to identify 1549 commonly bound RNA transcripts 

in HEK293, SH-SY5Y, and H9 cells. The majority of TDP-43 binding events in this commonly 

bound transcript set were in the 3’ UTRs, and we selected the SLC1A5, CSNK1E, and HMGB2 

for further mechanistic studies. Immunoprecipitation and in vitro RNA-protein binding studies 

validated the identified TDP-43 and mRNA 3’ UTR interactions. We observed that the CLIP 
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peak height correlated with the calculated TDP-43 in vitro binding affinity for the target mRNAs 

examined (Table 1). TDP-43 binding affinity for these transcripts also correlated with the 

number of consecutive UG repeats in the mRNA in the bound region, in line with previous work 

identifying UG repeats as consensus binding sites for TDP-43. 

We used a TARDBP mRNA 3’ UTR fragment as a positive control for binding studies. 

As noted in previous reports, the RNA region of TARDBP mRNA where the TDP-43 protein 

binds for autoregulation control at the 3’ UTR of the transcript does not contain numerous 

sequential UG repeats, despite TDP-43 binding with high affinity and observed peaks in multiple 

CLIP datasets [33]. Our data support the hypothesis that a lower TDP-43 binding affinity may be 

desirable for the 3’ UTR region in the TARDBP transcript, since multiple molecules may need to 

be bound to achieve a functional regulatory interaction [33]. Similarly, the MALAT1 RNA 

transcript region bound to TDP-43 with high affinity in vitro and with strong CLIP-seq signal, 

despite also lacking extensive sequential UG-repeats, additionally supporting a role for 

MALAT1 in modulating TDP-43 binding at a regulatory level.  

Our data show that alterations of MALAT1 RNA levels through either knockdown or 

overexpression of RNA did not change TDP-43 protein level or cellular localization but resulted 

in increased binding of TDP-43 to the 3’ untranslated region (3’ UTR) of messenger RNAs 

involved in apoptosis. MALAT1 RNA knockdown caused an increase in the expression levels of 

the three selected target mRNAs, while TDP-43 knockdown had the opposite effect. The role of 

MALAT1 in disease has been proposed to be context-dependent and could affect gene 

expression and cell survival through manipulation of complex regulatory pathways [40].  

 MALAT1 is one of the most abundantly expressed RNA transcripts in mammalian 

nuclei. RNA binding in healthy cells retains TDP-43 in the nucleus and has been shown to 
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prevent TDP-43 aggregation [41]. Transient depletion of MALAT1 levels through ASO GapmeR 

knockdown resulted in increased TDP-43 binding to other mRNA transcripts in the nucleus, 

without inducing TDP-43 migration to the cytoplasm. In extreme cases of TDP-43 dysfunction, 

such as RNase treatment or competition with excess UG-containing transcripts, cytoplasmic 

accumulation of TDP-43 has been observed [42]. The mRNA expression levels of SLC1A5, 

CSNK1E, and HMGB2 transcripts each increased after MALAT1 depletion, which was caused 

by TDP-43 binding to and stabilizing the mRNA of these transcripts. Since MALAT1 and TDP-

43 levels are coordinated, the MALAT1 expression level may function to affect TDP-43 

availability for binding to other transcripts in the nucleus. Modulation of TDP-43 binding to 

mRNAs could provide a mechanism for MALAT1 to exert a common regulatory effect on 

different sets of target genes in different cell types.  

 MALAT1 RNA expression at the appropriate level is required for cell survival. Depletion 

of MALAT1 caused apoptotic cell death in SH-SY5Y cells, indicating that maintenance of 

MALAT1 RNA expression promotes neuronal survival. Disruption of MALAT1 lncRNA 

expression in neuroblastoma cells led to increased binding of TDP-43 to 3’ UTRs of mRNA 

transcripts associated with apoptosis. Treatment with MPP+ in SH-SY5Y neuroblastoma cells, a 

model for cell death in neurodegenerative disease, resulted in a strong increase in MALAT1 

expression and induced significant cell death. Disruption of MALAT1 expression partially 

rescued the cell death phenotype of MPP+ treated neuroblastoma cells, while ectopic 

overexpression of MALAT1 reversed this protective effect. Localization of TDP-43 to 3’ UTR 

targets of mRNAs was decreased in MPP+ treated cells, which we hypothesize is due to 

increased MALAT1 expression and concomitant increased binding of TDP-43 to MALAT1 non-

coding RNA transcripts. Since the mechanism of cell death due to MALAT1 overexpression or 
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protection due to MALAT1 knockdown is still unknown, further research will be required to 

evaluate the contributions of MALAT1 to disease states including in human neurodegeneration. 

In conclusion, these data suggest that MALAT1 RNA expression is required to maintain 

the correct level of TDP-43 binding to other messenger RNA targets. Our studies confirm the 

interdependence of TDP-43 and MALAT1 functions and show that dysregulation of non-coding 

RNA transcripts play a role in cell survival in a cell culture model of neurodegenerative disease. 

Coordinated regulation and function of MALAT1 and TDP-43 may buffer transient changes in 

gene expression to maintain appropriate TDP-43 binding to other mRNA transcripts within the 

nucleus.  

 

Tables and Sequences 

Table 2.1 - CLIP-seq peak heights, UG repeat numbers, and Kd of TDP-43 binding targets. 

   CLIP-seq peak 

height   

SH-SY5Y  

CLIP-seq   

peak height   

HEK293  

CLIP-seq peak 

height H9  

Consecutive   

UG repeats  

in RNA region   

Kd (nM)  

from mEMSA  

SLC1A5   68  968  306  18  82 ± 11   

CSNK1E   16  496  88  14  101 ± 20   

HMGB2   23  414  21  6  148 ± 7   

BARD1   -  -  -  -  1790 ± 51   

TARDBP  15  67  69  2  272 ± 15   

MALAT1   310  5190  513  2  127 ± 6   
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Table 2.2 - RNA sequences for TDP-43 binding sites on mRNAs and MALAT1. 

RNA Construct  Sequence of binding region used for in vitro binding assay with TDP-43   

TARDBP[2140-2283]   

3’UTR   

GAUUGAUGGUGGUGCCGAGGCAUGAAAGGCUAGUAUGAGCGAGA

AAAGGAGAGAGCGCGUGCAGAGACUUGGUGGUGCAUAAUGGAUA

UUUUUUAACUUGGCGAGAUGUGUCUCUCAAUCCUGUGGCUUUGG

UGAGAGAGUGUGCG    

MALAT1[6638-6938]  AUCCCGCUGCUAUUAGAAUGCAUUGUGAAACGACUGGAGUAUGA

UUAAAAGUUGUGUUCCCCAAUGCUUGGAGUAGUGAUUGUUGAAG

GAAAAAAUCCAGCUGAGUGAUAAAGGCUGAGUGUUGAGGAAAUU

UCUGCAGUUUUAAGCAGUCGUAUUUGUGAUUGAAGCUGAGUACA

UUUUGCUGGUGUAUUUUUAGGUAAAAUGCUUUUUGUUCAUUUCU

GGUGGUGGGAGGGGACUGAAGCCUUUAGUCUUUUCCAGAUGCAA

CCUUAAAAUCAGUGACAAGAAACAUUCCAAACAAGC  

SLC1A5[2620-2869]  

3’UTR   

AACACCAUGCUGGUUAUUUUGGCGGCUGUAGUUGUGGGGGGAUG

UGUGUGUGCACGUGUGUGUGUGUGUGUGUGUGUGUGUGUGUGUG

UGUGUUCUGUGACCUCCUGUCCCCAUGGUACGUCCCACCCUGUCC

CCAGAUCCCCUAUUCCCUCCACAAUAACAGAAACACUCCCAGGGA

CUCUGGGGAGAGGCUGAGGACAAAUACCUGCUGUCACUCCAGAGG

ACAUUUUUUUUAGCAAUAAAAUUGAG  

CSNK1E[2054-2264]   

3’UTR   

GUGGGCUUUUCCAUUGUCCCCCUGGCCUCCAGGCUCCUCCUCUGC

CUCUCCAUGGAGUGGGUGGGGAGGUGGUGGGGGCCGGCGUCCCCU

GCGUGUGUGUGUGUGUGUGUGUGUGUGUGUGGAUGUAUUGACCU

GUGUUUCCCAAGACAGCAGGUGCCACGGCCCGCCCCGCCUGCCAG

CCCGAAUUCCCGUUCUCCUGUGUCUACUAACAAGGACGGAUCCAG

CU    

HMGB2[739-1022]   

3’UTR   

UGGCUAUCCUUUAAUGAUGCGUGUGGAAUGUGUGUGUGUGCUCA

GGCAAUUAUUUUGCUAAGAAUGUGAAUUCAAGUGCAGCUCAAUA

CUAGCUUCAGUAUAAAAACUGUACAGAUUUUUGUAUAGCUGAUA

AGAUUCUCUGUAGAGAAAAUACUUUUAAAAAAUGCAGGUUGUAG

CUUUUUGAUGGGCUACUCAUACAGUUAGAUUUUACAGCUUCUGA

UGUUGAAUGUUCCUAAAUAUUUAAUGGUUUUUUUAAUUUCUUGU

GUAUGGUAGCACAGCAAAGCUU  

BARD1[86-310]  

Negative Control  

GCGAGGAGCCUUUCAUCCGAAGGCGGGACGAUGCCGGAUAAUCGG

CAGCCGAGGAACCGGCAGCCGAGGAUCCGCUCCGGGAACGAGCCU

CGUUCCGCGCCCGCCAUGGAACCGGAUGGUCGCGGUGCCUGGGCC

CACAGUCGCGCCGCGCUCGACCGCCUGGAGAAGCUGCUGCGCUGC

UCGCGUUGUACUAACAUUCUGAGAGAGCC   
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Table 2.3 - Oligonucleotide primers used for quantitative RT-PCR analysis. 

Primer Name  Sequence (5' to 3')  

SLC1A5 FWD  CTCTTCACCCGCAAAAACCC  

SLC1A5 REV  GCTTGGCCACGCCATTATTC  

CSNK1E FWD  GAATTCCCGTTCTCCTGTGTCTA  

CSNK1E REV  AAAACCAGGAATGGAAGATGGAG  

HMGB2 FWD  TGCTCTGAACATCGCCCAAA  

HMGB2 REV  GCTTCACTTTTGCCCTTGGC  

TARDBP FWD  TCAGGGCCTTTGCCTTTGTT  

TARDBP REV  TGCTTAGGTTCGCATTGGAT  

MALAT1 FWD  GAAGGAAGGAGCGCTAACGA  

MALAT1 REV  TACCAACCACTCGCTTTCCC  

GAPDH FWD  GGGCTCTCCAGAACATCATCC  

GAPDH REV  GTCCACCACTGACACGTTGG  

TUBULIN FWD  CCAGACAACTTTGTATTTGGTCAGT  

TUBULIN REV  CGTACCACATCCAGGACAGAAT  

BARD1 FWD  GCCAAAGCTGTTTGATGGAT  

BARD1 REV  CGAACCCTCTCTGGGTGATA  

 

Methods 

Purification of TDP-43 RNA recognition motif domains 

The RNA recognition motifs (RRMs) (Q101-Q269) of TDP-43 were purified from a 

construct with an N terminus 6x-His-Gb1 tag and a TEV cleavage site. This construct was 

transformed into BL21 E. coli and expression was induced with 2% (w/v) L-arabinose at OD600 

~0.7 with in LB medium with ampicillin at 16°C overnight. The fusion protein was purified with 

a HisTrap FF 1 mL column (Cytiva 17-5319-01) with Buffer A (20 mM HEPES, pH 7.5, 1 M 

NaCl, 10% glycerol (w/v), 30 mM imidazole and 5 mM 2-mercaptoethanol) and Buffer B (same 

as Buffer A, but containing 300 mM imidazole) on an AKTA pure FPLC system at 4 °C 

(Cytiva). The eluted protein was dialyzed overnight at 4 °C in Buffer A, then cleaved with TEV 

protease [43] for 4 hours at 30 °C. The protein was reapplied to the HisTrap FF column and the 

flow through containing untagged TDP-43 was collected. The purified protein was concentrated 
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with a 10kDa MWCO centrifugal concentrator (Thermo 88527) and buffer exchanged into 

50mM HEPES pH 7.5, 300mM NaCl, 10% glycerol, and 5mM beta-mercaptoethanol before 

being flash frozen in liquid nitrogen and stored at –80 °C.   

  

Molecular cloning 

Primers for the genes of interest were designed using NIH’s NCBI Primer-BLAST 

software and were synthesized by Integrated DNA Technologies. Genes of interest were 

amplified by polymerase chain reaction (PCR) using cDNA from K562 cells (ATCC CCL-243) 

and Phusion polymerase (NEB M0530S). The PCR products were run on a 2% agarose gel 

stained with SYBR Safe (Thermo S33102) to confirm PCR efficacy. The PCR product was 

cleaned up using Qiagen QIAquick PCR Purification Kit (28104). The genes of interest were 

ligated into pUC57 plasmids and transformed into DH5α competent cells (Thermo EC0112). 

Bacterial colonies that demonstrated growth were sampled and then grown overnight in LB 

growth media. pUC57 plasmids were isolated from the transformation product using the Qiagen 

QIAprep Spin Miniprep Kit (27106X4). Plasmid concentrations were measured with the 

Eppendorf BioSpectrometer basic (6135) and fully sequenced for the genes of interest through 

Genewiz-Azenta (La Jolla, CA, USA).  

 

CLIP-seq data analysis  

Overlap in TDP-43 binding on RNA transcripts from different cell types was identified 

from the datasets SRR4044755 from H9 cells [21], ERR039855 from SH-SY5Y neuroblastoma 

cells [10], and ERR9192743 from 293HEK embryonic kidney cells [22]. The datasets with UMIs 

were processed with UMI Tools [44]. All datasets were trimmed with Cutadapt [45] to remove 
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adapters, low quality bases, and short sequences (<20 bp). Datasets with barcodes were filtered 

only for reads with the correct barcode. Reads were aligned to the human genome (hg38) with 

STAR [46], and the alignment files were indexed with samtools [47]. TPMs were calculated with 

TPMCalculator [48], and the top 5000 genes in each dataset were used in further analysis. Reads 

in the three datasets were overlapped with bedtools [49]. The overlapped reads were analyzed 

with HOMER findPeaks to find binding sites [50]. Gene binding site enrichment was generated 

with HOMER annotatePeaks.pl. Gene ontology analysis of the commonly bound transcripts was 

performed with ShinyGO [51]. Graphic representations of CLIP peaks for each gene bound by 

TDP-43 were created from the SH-SY5Y iCLIP data set ERR039855 using the Integrative 

Genomics Viewer.  

 

Multiplexed electrophoretic mobility shift assays (mEMSA)  

Multiplexed EMSA experiments were performed as previously described [32]. The 

mEMSA binding studies were performed with purified TDP-43 protein RRMs and fluorescently 

labeled in vitro transcribed RNA fragments. RNA transcripts were generated by in vitro 

transcription using NEB HiScribe T7 High Yield RNA synthesis kit (E2040S), with the addition 

of fluorophore labeled UTPs: Cyanine 3-uridine-5'-triphosphate (enhanced) from Enzo Life 

Sciences, Inc. (catalog #ENZ-42505), fluorescein-12-uridine-5'-triphosphate from Enzo Life 

Sciences, Inc. (catalog #ENZ-42834), and cyanine 5-UTP from Apexbio Technology LLC 

(purchased through Fisher Scientific catalog # 50-199-8343). The RNA sequences used for 

binding studies are listed in Table 2. 

Sets of labeled RNA targets with unique fluorophores were then mixed in equimolar (2 

nM each) amounts and heat refolded. Increasing amounts of TDP-43 were incubated with the 
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RNA for 30 minutes at room temperature and then run on a 5.5% TBE polyacrylamide gel. Gels 

were imaged on a Typhoon FLA 9500 with pixel size of 50um for each fluorophore. The lasers 

and filter combinations were 473nm/BPB1, 532nm/BPG1, and 635 nm/LPR for fluorescein Cy3, 

and Cy5, respectively. Gel images were qualified with ImageStudioLite. The dissociation 

constant, Kd, was calculated by fitting to Equation (1) using the nonlinear least squares method 

in R:  

(1) 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑 =  
[𝑃]𝑛

[𝑃]𝑛 + 𝐾𝑑
 

 

Cell culture and transfections 

HEK293 cells (ATCC CRL-1573) were grown in T-75 flasks in Eagle’s Minimum 

Essential Medium (EMEM). SH-SY5Y neuroblastoma cells (ATCC CRL-2266) were grown in 

T-75 flasks in a 1:1 ratio of EMEM with Gibco Ham’s F12 Media. All media were supplemented 

with 10% fetal bovine serum (FBS) and 1% L-glutamine. Cells were maintained at 37°C in 

incubation with 5% CO2 atmosphere and routinely tested for mycoplasma contamination. 

Transfections with locked nucleic acid (LNA) GapmeRs were used to achieve transient 

knockdown of the target RNA and avoid affecting transcription or enhancer function at the DNA 

locus. GapmeRs with antisense sequence specific to MALAT1 (LG0000003-DDA) and a non-

targeting control GapmeR (LG00000002-DDA) were purchased from Qiagen. RNA knockdowns 

were performed as per manufacturer protocols, using OptiMeM 1 Reduced Serum Medium. 

HEK293 cells were transfected with LNA GapmeRs using Lipofectamine 2000 for 24 hours, 

while SH-SY5Y cells were transfected using Lipofectamine 3000 for 48 hours. Cells were 

collected, centrifuged, and assessed for cell viability. Knockdown efficiency was verified 
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through RT-qPCR. Overexpression plasmids were transfected with Lipofectamine 3000 and 

P3000 reagent for 48 hours.  

 

Cell lysis and RNA immunoprecipitation 

HEK-293 cells were grown in T-75 flasks and transfected with MALAT1 and NC 

GapmeR respectively for 24 hours. Cells were collected and resuspended in 1mL of HLB buffer 

containing 10mM Tris (pH 7.5), 10mM NaCl, 3mM MgCl2, 0.3% (v/v) NP-40 and 10% (v/v) 

glycerol with 1× EDTA- free Protease Inhibitor Cocktail (PIC). After 10 mins of incubation at 4 

°C, cells were briefly vortexed and centrifuged at 800 x g for 8 min. The supernatant was 

collected, and the pellet was washed three times with 100 µL 1× PLB and centrifuged at 200 x g 

for 2 min. The nuclear pellet was resuspended in 1× NLB buffer (20 mM Tris pH 7.5, 150 mM 

KCl, 3 mM MgCl2, 0.3% (v/v) NP-40 and 10% (v/v) glycerol) with 1× PIC. Nuclei were 

sonicated three times at 20% power for 15 sec in an ice bath with 2 min cooling between each 

sonication. Resuspended nuclei and collected cytoplasmic supernatant were centrifuged at 

18,000 x g for 15 min and final supernatants were pooled together. A sample of 20 µL of lysate 

was saved for RIP input analysis. RNA immunoprecipitation was performed as described 

previously [36]. The following buffers were prepared for RNA-IP: 5X NT-2 buffer (250 mM 

Tris-HCl pH 7.4, 750 mM NaCl, 5 mM MgCl2, 0.25 % NP-40), and NET-2 Buffer (1X NT-2 

buffer supplemented with 20 mM EDTA pH 8.0, 1 mM DTT, 200 units/ml RNase OUT). For 

each capture, 75µL of Dynabeads Protein-G were incubated with 50 µg of antibodies 

corresponding to TDP-43 (10782-2-AP) and IgG (30000-0-AP) for 1.5 hours at RT. Beads were 

washed with 1×-NT-2 buffer and the pooled and lysed supernatant were added to each sample 

with NET-2 buffer and rotated overnight at 4°C. Samples were then washed 6 times with 1× NT-
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2 buffer and split into equal halves for protein and RNA extraction. Proteins were extracted from 

the beads through elution with 2X SDS buffer and ran on a 12% PAGE gel to assess 

immunoprecipitation efficiency. RNA was extracted and purified through ethanol precipitation 

onto silane-treated magnetic beads. Purified RNA was resuspended in 10 µL UP H2O and was 

processed for RT-qPCR. 

 

Fluorescence Imaging  

Immunofluorescence was conducted essentially as previously described, with the 

following modifications [52]. SH-SY5Y cells were seeded on a glass-bottomed tissue culture 

plate and incubated overnight at 37°C. Cells were transfected accordingly with NC or MALAT1 

GapmeR for 48 hours. Post transfection, cells were washed 3 times in 1X PBS and fixed with 4% 

PFA in 1X PBS for 20 minutes at room temperature. Cells were then washed twice, followed by 

permeabilization in 0.2% Triton X-100 in PBS for 10 minutes, followed by 3 washes in PBS. 

Cells were blocked in 1% BSA and Native Goat Serum in 1X PBST for 30minutes, followed by 

3 washes with PBST. Cells were incubated with the TDP-43 primary antibody diluted in PBST 

overnight, with dilutions performed as per manufacturer’s recommendation. Post incubation, 

cells were washed three times and incubated in diluted secondary antibody in TBST for 1 hour at 

room temperature in the dark, followed by three washes with PBS for 5 minutes. For 

visualization, cells were incubated in 1 μg/mL DAPI DNA stain (4083S, Cell Signaling 

Technology) or 0.5 μg/ml Hoechst 33342 Reagent (R37165, ThermoFisher Scientific, USA) for 

1 min, rinsed with PBS, and imaged using an Eclipse Ti Inverted Microscope (Nikon, Japan) 

with Nikon’s NIS-Elements imaging software.   
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For nuclear morphology analysis, cell samples were plated on to glass bottom dishes and 

transfected as mentioned previously with NC or MALAT1 GapmeR for 48 hours. Cells were 

fixed using 4% paraformaldehyde (Electron Microscopy Sciences, USA) at room temperature for 

10 minutes, followed by a minimum of three washes with PBS. Cells were permeabilized with 

1% with Triton X-100 (Sigma-Aldrich, USA) for 10 minutes and blocked in 2% Bovine Serum 

Albumin (BSA) (Thermo Scientific™, USA) for 1 hour. Cells were incubated with 4’,6-

diamidino-2-phenylindole (DAPI) (Thermo Scientific™, USA) for 5 minutes and Alexa Fluor® 

555 Phalloidin (Invitrogen™, USA) for 20 minutes in the dark, to stain the nucleus and F-actin, 

respectively. Imaging of the samples was performed using an Echo Revolution microscope, 

utilizing 40x plan fluorite phase objective with NA .75.  Nuclear morphology analysis and 

quantification were performed using Nuclear Morphology Analysis (NMA) in ImageJ [19] to 

determine the change in overall nuclear area (in pixels) and classification of nuclei across the 

two conditions.   

 

Real-time quantitative PCR (RT-qPCR) assays  

Total RNA was isolated from 1 x 106 cells using the RNeasy Mini Kit and resuspended in 

30 µL of Invitrogen UltraPure H2O. cDNA was synthesized using 1 µg of RNA and the 

ProtoScript II Reverse Transcriptase, using the protocol provided by the manufacturer. qPCR 

was performed on a QuantStudio 3 using appropriate primers and a housekeeping gene target for 

control. The knockdown efficiency was calculated using the ∆Ct method and was measured in 

technical triplicates. RIP Fold Change was calculated by determining the % of RNA compared to 

input sample as previously described [36]. All primer sequences used for qPCR are listed in 

Table 3.  
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Cell viability assays 

Cell viability was measured through CCK8 (Abcam) assays according to the 

manufacturer’s protocol. SH-SY5Y cells were seeded onto a 12-well plate and transfected with 

antisense oligonucleotide (ASO) locked nucleic acid (LNA) GapmeRs and 1-methyl-4- 

phenylpyridinium (MPP+) for 48 hours. After transfection, each well was incubated with 6 µL of 

CCK8 reagent and allowed to incubate at 37°C for 2 hours. 96 well plates were shaken for 30 

seconds, followed by imaging at 460 nm using a Synergy HTX multimode microplate reader.  

  

Western blotting  

For protein isolation and quantification, 3×105 SH-SY5Y cells were seeded per well on 

12 well tissue culture treated plates and cells were transfected with Lipofectamine 3000 in 

combination with GapmeR or overexpression plasmids for the indicated amount of time. Cells 

were lysed in 1X SDS buffer post transfection and boiled to 95°C to complete lysis before SDS-

PAGE separation. A 12% Bis-acrylamide Tris Buffer SDS-PAGE Gel was run at 130 volts for 

90 minutes to separate proteins, which were subsequently transferred onto a nitrocellulose 

membrane for 50 minutes at 12 volts. Post transfer, the membrane was blocked in 5% nonfat dry 

milk diluted in 10 mL 1X TBS for 1 hour at room temperature. Three washes with 1X TBS were 

performed for 5 minutes at room temperature. The membrane was incubated overnight at 4 °C 

with primary antibody dilution in 10mL 1X TBST. The membrane was washed 3 times with 1X 

TBST and subsequently incubated in the indicated secondary antibody dilution in 10 mL 

1XTBST for 1 hour at room temperature. After three final washes, the membrane was imaged at 

700 nm and 800 nm on a Li-Cor Odyssey FC imager with a two-minute acquisition time. Image 
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analysis and quantification were performed with Empiria Studio using automatic background 

correction. All protein quantifications were normalized to an internal loading control in the same 

lane. In these experiments, the primary antibodies used were: TDP-43 Anti Rabbit (10782-2-AP) 

at a 1:3000 dilution, and GAPDH Anti Mouse (60004-1-Ig). The following IR-dye conjugated 

secondary antibodies were used: Goat-anti mouse conjugated to 800nm IR Dye and Goat anti-

rabbit conjugated to 700nm IR Dye. Antibodies were validated before use by staining serial 

dilutions of total cell lysate.  

For Western blot analysis of protein elutions in RNA Immunoprecipitation experiments, 

the above protocol was slightly modified. A VeriBlot secondary antibody for IP detection from 

Abcam (ab131366) was used, and visualization was performed using the Clarity ECL Western 

substrate. Imaging was performed on the Li-Cor Odyssey FC imager in the chemiluminescence 

channel. 
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Figures 

Figure 2.1 - Disruption of MALAT1 or TDP-43 induces cell death and perturbs RNA transcript levels of the other 

binding partner in SH-SY5Y neuroblastoma cells. 

(A) Cell viability after overexpression or knockdown of TDP-43. (B) Cell viability after overexpression or 

knockdown of MALAT1 non-coding RNA. (C) Gene expression changes in TDP-43 and MALAT1 RNA levels, 

after TDP-43 overexpression or knockdown. (D) Gene expression changes in TDP-43 and MALAT1 RNA levels, 

after MALAT1 overexpression or knockdown. (E) Western blot for protein expression changes in TDP-43 after 

MALAT1 overexpression (F) Western blot for protein expression changes in TDP-43 after MALAT1 knockdown. 

All experiments were performed in SH-SY5Y cell lines. N=3-6 for cell viability experiments, N=3 for gene 

expression and western blot experiments. T tests are conducted with two tailed unpaired equal variance conditions. * 

= p<0.05, ** = p<0.01. All data are plotted with standard deviation.    
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Figure 2.2 - MALAT1 KD induces cell death in SH-SY5Y cells but does not lead to cytoplasmic localization of 

TDP-43. 

(A) Immunofluorescence imaging of actin with DAPI nuclear staining, in SH-SY5Y cells after 48 hours of 

transfection with negative control (NC) GapmeR or MALAT1 GapmeR. Scale bar, 20 µM. N=51 for NC GapmeR, 

N=91 for MALAT1 GapmeR. Arrows indicate examples of normal nuclei in control knockdown and aberrant nuclei 

in MALAT1 knockdown treated cells. (B) Quantification of nuclear area in NC GapmeR or MALAT1 GapmeR 

treated cells. (C) Classification of apoptotic and aberrant nuclei in NC GapmeR or MALAT1 GapmeR treated cells. 

(D) Immunofluorescence imaging of TDP-43 with DAPI nuclear staining in SH-SY5Y cells after 48 hours of 

transfection with NC or MALAT1 GapmeR. Scale bars = 30 µM (E) Western blot analysis of TDP-43 protein level 

in cytoplasmic and nuclear fractions purified from HEK293 cells transfected for 24 hours with NC or MALAT1 

GapmeR. N = 3 biological replicates. (F) Quantification of TDP-43 distribution in nuclear and cytoplasmic fractions 

from Western blot data. T tests are conducted with two tailed unpaired equal variance conditions. * = p<0.05, ** = 

p<0.01. All data are plotted with standard deviation.  
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Figure 2.3 - TDP-43 binds the 3’ UTR of mRNA targets in multiple cell types. 

(A) Overlap of top 5000 transcripts bound by TDP-43 from CLIP-seq datasets from SH-SY5Y neuroblastoma cells 

(ERR039855), H9 human embryonic stem cells (SRR4044755), and HEK293 cells (ERR9192743). (B) Gene 

ontology analysis of the 1549 commonly bound genes among the three CLIP-seq datasets. (C) Log fold enrichment 

of TDP-43 binding regions in the commonly bound transcript set. (D) Integrated Genomics Viewer CLIP-seq read 

profiles of TDP-43 binding to HMGB2, SLC1A5, CSNK1E, the negative control BARD1 transcript, and MALAT1 

RNA regions. Reads were visualized from the SH-SY5Y TDP-43 CLIP-Seq dataset ERR039855. 
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Figure 2.4 - TDP-43 binds the 3’ UTR of messenger RNAs with high affinity in vitro. 

(A) Representative image from the multiplexed electrophoretic mobility shift assay (mEMSA) for TDP-43 binding 

messenger RNA 3’ UTR fragment of CSNK1E, positive control TARDP mRNA region, and negative control 

BARD1 mRNA region. (B) Hill’s plot for TDP-43 binding with CSNK1E, TARDBP, and BARD1 RNA transcripts. 

(C) Representative image from the mEMSA for TDP-43 binding to messenger RNA 3’ UTR fragments from 

HMGB2, SLC1A5, and CSNK1E. (D) Hill’s plot for TDP-43 binding with messenger RNA 3’UTR transcripts. Data 

are plotted with standard deviation. N=3 to 6 replicates for each sample pair.  
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Figure 2.5 - Reduced level of MALAT1 RNA results in relocalization of TDP-43 binding to messenger RNA 

transcripts in HEK293 cells. 

(A) IP-qPCR analysis of TDP-43 enrichment of MALAT1 RNA, TARDBP control, BARD1 control, and 3’ UTR of 

messenger RNA transcripts compared to IgG enrichment of each transcript. (B) Representative Western blot of 

TDP-43 protein recovery after immunoprecipitation with TDP-43 or IgG control antibody, from negative control 

(NC) GapmeR or MALAT1 GapmeR treated cells. (C) IP-qPCR analysis of RNA quantification for TDP-43 

enrichment of each RNA transcript after knockdown of MALAT1 RNA, compared to TDP-43 enrichment of each 

RNA transcript in NC GapmeR treated cells. (D) Gene expression changes in 3’ UTR target genes after knockdown 

of MALAT1 RNA or TDP-43 protein, compared to negative control (NC) GapmeR treatment. N=3 for qPCR trials. 

All experiments in this figure were performed in HEK293 cells. N=3 for RIP experiments. T tests are conducted 

with two tailed unpaired equal variance conditions. * = p<0.05, ** = p<0.01. All data are plotted with standard 

deviation.   
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Figure 2.6 - Depletion of MALAT1 RNA protects against MPP+ toxicity in a cell culture model of 

neurodegeneration. 

(A) Quantification of MALAT1 expression level in WT SH-SY5Y, MPP+ treated SH-SY5Y, and MPP+ cells 

treated with either negative control (NC) GapmeR or MALAT1 GapmeR, using qPCR. (B) Relative expression of 

mRNA transcripts after MPP+ treatment, compared to expression levels in untreated (WT) SH-SY5Y cells. (C) 

Relative expression of mRNA transcripts in MPP+ condition after treatment with negative control (NC) GapmeR or 

MALAT1 GapmeR. (D) IP-qPCR for TDP-43 binding to RNA transcripts in MPP+ treated cells compared to 

untreated (WT) SH-SY5Y cells. N=2 (E) Viability of SH-SY5Y cells after MPP+ treatment. (F) Viability of SH-

SY5Y cells after treatment with the indicated combinations of MPP+, TDP-43 GapmeR, MALAT1 Gapmer, pcEV 

empty vector control, pcMALAT1 overexpression construct, or pcTDP-43 overexpression construct. All 

experiments in this figure were performed in SH-SY5Y cells. N=3 for qPCR experiments. N=9 for cell viability 

experiments.  T tests are conducted with two tailed unpaired equal variance conditions. * = p<0.05, ** = p<0.01 All 

data are plotted with standard deviation. 
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Chapter 3 - MALAT1 non-coding RNA regulates alternative splicing of pre-mRNAs through 

sequence-specific RNA-RNA and RNA-protein interactions 

 

Abstract 

Messenger RNAs are subject to multiple layers of gene expression regulation, enabling the 

creation of a large diversity of RNA transcripts and mature proteins from a smaller number of 

genes encoded in the human genome. Non-coding RNAs can contribute to alternative splicing 

(AS) regulation of messenger RNAs, but their mechanisms of action remain unclear in many 

cases. We find that the broadly expressed MALAT1 non-coding RNA regulates AS of the 

spermine/spermidine acetyltransferase 1 (SAT1) pre-mRNA through direct, sequence-specific 

RNA-RNA and RNA-protein binding interactions. Regulation of SAT1 exon X inclusion is 

required to maintain appropriate levels of polyamine production in human cells, and disrupted 

SAT1 expression has been associated with negative health outcomes including 

neurodegeneration and aging. Direct binding of MALAT1 RNA to TDP-43 and SAT1 pre-

mRNA enhances AS regulation of SAT1 and promotes cell survival. This novel regulatory 

mechanism of RNA-RNA and RNA-protein splicing regulation is not limited to the interaction 

between MALAT1, TDP-43, and SAT1. AS of the liprin-3 (PPFIA3) exon 16 by cleavage 

stimulation factor subunit 2 (CSTF2) is similarly enhanced by direct and sequence-specific 

MALAT1 RNA-RNA and RNA-protein binding interactions with both liprin-3 pre-mRNA and 

CSTF2 protein. We propose that the abundant MALAT1 non-coding RNA affects human gene 

expression through modular RNA-RNA and RNA-protein interaction regions, thus regulating the 

levels of alternatively spliced mRNA transcripts relevant for human aging and neurodegenerative 

processes.   



58 

Introduction 

Human messenger RNA (mRNA) transcripts are modified by multiple post-transcriptional 

processing steps to ensure appropriate gene expression in specific cell types. Disruption of post-

transcriptional processing of mRNAs occurs frequently in human diseases such as cancer and 

neurodegeneration [1,2]. A key post-transcriptional regulation mechanism for mRNAs in human 

cells is alternative splicing (AS), which increases genetic complexity and flexibility by allowing 

multiple transcript isoforms to be encoded at the same gene locus [3]. AS involves the selection 

of specific exons for inclusion or exclusion into a mature spliced transcript, with unselected 

introns and exons being removed and degraded. The spliceosome, a large macromolecular 

structure comprised of splicing proteins and small nuclear RNAs, catalyzes the splicing of 

unprocessed pre-mRNA transcripts [4,5]. Cell-type specific expression of mRNA isoforms and 

AS activity of the spliceosome can be altered through interactions with splicing repressor or 

activator proteins [6]. Additionally, a role for non-coding RNA in splice site selection has been 

proposed [7,8]. To date, the complex mechanisms of AS regulation of mRNA isoforms in human 

cells have not been fully elucidated.  

AS contributes to the maintenance of transcript regulation at homeostatic levels in 

healthy and actively growing cells. Production of alternative mRNA isoforms can lead to the 

formation of truncated protein products with cellular toxicity or aberrant function [9]. Alternative 

splicing coupled with nonsense-mediated decay (AS-NMD) can be used as a post-transcriptional 

regulatory mechanism to reduce the levels of enzymes or other functional proteins in response to 

environmental or metabolic signals [10,11]. This mechanism contributes to the maintenance of 

steady-state levels of cell-viability regulating genes [12]. The RNA transcript encoding 

Spermine/Spermidine Acetyltransferase 1 (SAT1, or SSAT RNA) produced from the sat1 gene 

is regulated by at least two mechanisms. First, an increase in polyamine concentrations results in 
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polyamine binding to upstream polyamine responsive element regions to promote overall 

transcriptional processivity [13, 14]. Second, SAT1 can undergo AS to produce a nonfunctional 

transcript through inclusion of a poison exon, exon X, which incorporates a premature stop 

codon in the SAT1-X transcript [15-18]. The SAT1-X transcript is subject to AS-NMD, reducing 

overall SAT1 protein expression levels to maintain polyamine homeostasis.  

SAT1 catalyzes the addition of an acetyl group to polyamines, including spermine and 

spermidine, to enable their interconversion to other polyamines or their subsequent degradation 

[19]. Polyamines are abundant organic polycations required for human cell growth [20, 21]. The 

steady-state level of polyamines in each cell is maintained through the action of several proteins, 

with SAT1 acting as a key regulatory enzyme. Polyamines promote longevity and neuronal 

function, with increased dietary polyamines conferring protection against memory loss [22, 23]. 

Polyamine levels are altered in brain tissue from patients with Parkinson’s Disease, and changes 

in N1-acetylspermidine, N8-acetylspermidine, and N1,N8-diacetylspermidine levels are associated 

with cognitive decline [24, 25]. Acetylated versions of spermine and spermidine are directly 

correlated with SAT1 levels, and SAT1 homeostasis is required for cell survival. The detailed 

mechanisms of AS choice during regulation of SAT1 and SAT1-X mRNA transcript production 

are still unknown.  

We identified new interactions between the non-coding RNA metastasis-associated lung 

adenocarcinoma transcript 1 (MALAT1) and TAR DNA binding protein 43 (TDP-43) that affect 

AS of SAT1 mRNA. Previous work has implicated both MALAT1 and TDP-43 as splicing 

regulators of SAT1 [26, 27]. MALAT1 is an 8.5 kb non-coding RNA that is predominately 

retained in the nucleus and may affect gene expression, alternative splicing, and polyadenylation 

of mRNAs [28, 29]. MALAT1 dysfunction has been linked to the progression of 
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neurodegeneration and is proposed to contribute to PD pathogenesis [30, 31]. Aberrant 

MALAT1 expression is observed in PD-like mouse and human cellular models [32-34]. TDP-43 

is a multifunctional nucleic acid binding protein involved in mRNA expression regulation, AS, 

and mRNA stabilization [35, 36]. TDP-43 has also been proposed to participate in multiple 

aspects of complex gene expression regulation processes including RNA binding, DNA binding, 

transcriptional regulation, sub-cellular organization of phase separation and RNA-protein 

condensate formation (37-42).  

Several lines of evidence suggest a functional interaction between MALAT1 and TDP-43 

that may be relevant in human disease. Mass spectrometry experiments have demonstrated that 

MALAT1 interacts with TDP-43 and other splicing factors (43, 44). TDP-43 dysfunction 

correlates with progression of neurodegenerative disease in brain tissues of patients with 

Parkinson’s Disease [45-47] and MALAT1 shows one of the highest increases in TDP-43 

binding in diseased brain tissue compared to normal patient brain tissue [40]. Here, we identify 

the molecular determinants of a direct three-way MALAT1, TDP-43, and SAT1 pre-mRNA 

interaction. We evaluate the contribution of these interactions to SAT1 splicing activity and cell 

survival in a human cell culture model of neurodegeneration. Finally, our results suggest a novel 

mechanism for regulation of alternative splicing of pre-mRNAs, mediated by sequence-specific 

RNA-RNA and RNA-protein interactions with MALAT1 non-coding RNA.  

 

Results 

MALAT1 and TDP-43 regulate alternative splicing of SAT1 pre-mRNA 

The protein-coding mRNA isoform of SAT1 (NM_002970.4;) differs from the 

unproductive RNA isoform SAT1-X (NR_027783.3) through the exclusion of exon X, located 
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between exons 3 and 4. A splicing assay for SAT1 mRNA, using primers annealing to exons 3 

and 4, was used to measure the splice inclusion and exclusion products for SAT1 compared to 

SAT1-X under various conditions. Primers complementary to exons 2 and 3 were designed to 

measure total SAT1 and SAT1-X mRNA levels, and a relative “percentage of splice inclusion” 

(PSI) value was calculated for SAT1 exon X under different treatment conditions (Fig. 1A).  

Alternative splicing (AS) of SAT1 transcripts was measured after knockdown of specific 

targets with MALAT1 antisense oligonucleotide (ASO) GapmeR, TDP-43 ASO GapmeR, or a 

negative control random (NC) GapmeR. The ASO GapmeR knockdown method was chosen 

over siRNA or genetic mutation for the increased ability of ASO GapmeRs to target nuclear 

RNA transcripts without affecting enhancer or gene regulatory element function at the DNA loci. 

Knockdown efficiency of MALAT1 and TDP-43 transcripts using ASO GapmeRs ranged from 

80-95% reduction of the target RNA (Supplement Fig. 1A). We found that knockdown of 

MALAT1 and TDP-43 RNA levels reduced the inclusion of SAT1 exon X and lowered the PSI, 

thereby decreasing levels of the SAT1-X unproductive transcript (Fig. 1B). Double knockdown 

of MALAT1 and TDP-43 in HEK293 cells further decreased SAT1 exon X PSI compared to 

individual knockdowns, indicating that MALAT1 and TDP-43 both contribute to SAT1-X 

production. Next, we evaluated the total mRNA levels of SAT1 transcripts after MALAT1 or 

TDP-43 perturbation. Compared to the control GAPDH mRNA, total SAT1 and SAT1-X mRNA 

expression level increased in both the MALAT1 and TDP-43 knockdown conditions (Fig. 1C). 

Knockdown of an unrelated TDP-43 binding mRNA, HMGB2, using a specific ASO GapmeR 

had no effect on SAT1 and SAT1-X mRNA expression, validating the specificity of MALAT1 

RNA in regulating splicing of SAT1 (Supplement Fig. 1B). In summary, loss of MALAT1 RNA, 
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TDP-43 protein, or both, results in a decreased level of the spliced exon X transcript (SAT1-X) 

and an increased level of SAT1 spliced isoform.  

TDP-43, MALAT1, and SAT1 form high molecular weight complexes in cells 

Given that SAT1 and MALAT1 can both interact with TDP-43, we next investigated 

whether native TDP-43, MALAT1 and SAT1 interact and form high molecular weight 

complexes in living cells. We lysed cells and separated endogenous RNA-protein complexes 

using ultracentrifugation through a 5 to 50% sucrose gradient and measured the distribution of 

native TDP-43 and RNA transcripts in varying molecular weight complexes (Fig. 2A). As a 

positive control, total RNA digestion of cellular lysate with RNase resulted in a re-distribution of 

TDP-43 to lower density fractions of the gradient, representing a loss of higher molecular weight 

(MW) TDP-43 and RNA complexes (Fig. 2B). These losses were primarily observed in fractions 

12 and beyond, which correspond to a sucrose density of 24.8% - 50%. This is the density range 

in which polysomal fractions can be found, and the loss of TDP-43 complexes in these regions 

may be due to the inability of ribosome complex formation due to 18S and 28S RNA degradation 

through RNase [48]. As a negative control, TDP-43 distribution was measured in wild-type and 

NC GapmeR treated cells. No significant difference in the TDP-43 distribution was observed in 

the control sample compared to the wild-type sample in any part of the gradient, indicating that 

treatment with a non-specific GapmeR does not generally affect TDP-43 interactions with other 

RNA or proteins in the cell (Fig 2C). Next, we compared TDP-43 distribution in control NC 

GapmeR and MALAT1 GapmeR knockdown conditions in the top 15 fractions where the largest 

quantities of TDP-43 were observed. We found that MALAT1 knockdown caused a significant 

re-localization of TDP-43 from higher MW fractions to lower MW fractions. (Fig. 2D). The 

observed shift occurred mainly between fractions 6 to 12. A sucrose gradient comparison was 
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also performed between MALAT1 GapmeR conditions and total RNA digestion. There was a 

clear loss in high MW fraction species in the total RNA digestion fractions (fractions 10-25), 

which indicates that TDP-43 interacts with other RNAs apart from MALAT1, a result which is 

consistent with previous reports that TDP-43 binds to thousands of transcripts (Supplement Fig. 

2). 

Next, we analyzed the fractions collected from the NC GapmeR conditions for RNA 

distribution through qPCR to determine whether all three components, MALAT1, SAT1, and 

TDP-43 were present in the same fractions from the gradient. We were able to identify a co-

localization of MALAT1 and SAT1 in the sucrose gradient, and show that the two RNAs are 

localized primarily in fractions 6 to 12, which is where we observe a loss in TDP-43 protein in 

the MALAT1 knockdown condition (Fig. 2E). We then proceeded to determine if the fractions 

that exhibited loss in TDP-43 also showed loss in SAT1 mRNA. We compared SAT1 mRNA 

distribution in the sucrose gradient between NC and MALAT1 GapmeR conditions. We see a 

marked re-localization in SAT1 mRNA to lower MW fractions in MALAT1 GapmeR 

conditions, indicating that, similar to TDP-43 distribution, SAT1 mRNA distribution is also 

MALAT1 dependent (Fig. 2F). A loss in SAT1 mRNA localization occurs in fractions 10-12, 

which supports the hypothesis that a three-way interaction between SAT1, TDP-43, and 

MALAT1 is mediated by the presence of MALAT1. The negative control BARD1 mRNA 

distribution was evaluated to determine whether these effects were specific to SAT1. Upon 

MALAT1 knockdown, there is no clear re-localization of BARD1 mRNA in the gradient, which 

we believe is due to its inability to directly bind to MALAT1 or TDP-43 (Fig. 2G). 

TDP-43 binds directly to SAT1 and MALAT1 RNA transcripts 
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We next investigated the binding regions for interaction between TDP-43 and the RNA 

transcripts. Analysis of TDP-43 cross-linked immunoprecipitation with sequencing (CLIP-seq) 

data identified direct binding sites on SAT1 and MALAT1 RNA transcripts [49]. These binding 

sites contain repeat UG-RNA sequences, which are the known consensus TDP-43 binding motif. 

[40-42, 51] A peak indicating TDP-43 binding was identified on the SAT1 pre-mRNA in the 

region of intron 4, downstream of the alternatively spliced exon X (Fig. 3A). The predominant 

TDP-43 CLIP-seq peak on MALAT1 was identified as the 300-nucleotide region from 

nucleotides 6638-6938 (MALAT1[6638-6938]) (Fig. 3B) by comparing peaks across multiple 

datasets from different cell lines (Supplement Fig. 3A). BARD1 mRNA was used as a negative 

control because this transcript is expressed but does not have peaks for TDP-43 binding in any of 

the CLIP-seq datasets. MADD was used as a control for TDP-43 binding because it has been 

identified in previous studies as a TDP-43 bound gene at intronic regions [27] (Fig. 3C).  

TDP-43/SAT1 and TDP-43/MALAT1 binding interactions were confirmed using RNA 

immunoprecipitation (RNA-IP) with a TDP-43 specific antibody. MALAT1 and SAT1 RNA 

transcripts were enriched significantly in TDP-43 captures over IgG antibody control captures 

(Fig. 3D). TDP-43 binding and enrichment in the RNA-IP experiment was validated using the 

previously characterized autoregulatory site in the 3’ UTR of the TARDBP/TDP-43 mRNA [50] 

and MADD mRNA as positive controls, and BARD1 mRNA as negative control. While similar 

quantities of TDP-43 protein were enriched in the RNA-IP from MALAT1 and control GapmeR 

knockdown cells, significant loss in TDP-43 binding to SAT1 pre-mRNA was observed in the 

MALAT1 knockdown conditions (Fig. 3E). To validate the specificity of this result for SAT1, 

we analyzed elution levels of another TDP-43 binding pre-mRNA MADD, and observed no 

significant difference in enrichment in TDP-43 RNA-IP from MALAT1 knockdown cells. 
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MADD alternative splicing has also previously been shown to be regulated by TDP-43 [27] with 

the TDP-43 binding site on MADD located between exon 30 and 31, as detailed in Figure 3C. 

We also evaluated changes in relative PSI of MADD mRNA and found no significant difference 

in MADD PSI in MALAT1 knockdown conditions, but observed significant increase in MADD 

PSI in TDP-43 knockdown conditions, as observed in the literature (Supplement Fig. 3B). These 

results indicate that MADD1 is only a TDP-43 splicing target and not affected by MALAT1. 

These results suggest that both MALAT1 and TDP-43 are required to bind to SAT1 pre-mRNA 

and form a three-way interaction.  

To eliminate the possibility that loss of TDP-43 and SAT1 mRNA binding was due to a 

change in cellular localization of SAT1 pre-mRNA after MALAT1 knockdown, we performed 

fractionation experiments to examine the localization of SAT1. The U1 snRNA and GAPDH 

mRNA were used as subcellular localization controls to validate the purification of nuclear and 

cytoplasmic fractions, respectively. No significant difference in SAT1 localization between 

nucleus and cytoplasm was observed after MALAT1 knockdown (Supplement Fig. 3C).  

MALAT1 non-coding RNA has specific binding sites for TDP-43 protein and SAT1 mRNA 

To further investigate the molecular mechanism underlying the MALAT1, TDP-43, and 

SAT1 interaction, we identified regions of MALAT1 RNA that bind to TDP-43 and SAT1. As 

expected, TDP-43 CLIP-seq peaks aligned with the location of tandem (UG)2 repeat sequences 

in the binding region of MALAT1[6638-6938] (Fig. 4A). 

Next, we identified MALAT1/SAT1 sequence-specific RNA-RNA interactions within 

MALAT1[6638-6938] that could explain the effects of MALAT1 on SAT1 AS. The Inta-RNA 

computational program [52] was used to perform a Watson-Crick based binding query across the 
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MALAT1 and SAT1 RNA sequences, and identified a 40-50 nucleotide region of SAT1 and 

MALAT1 that exhibited RNA-RNA hybridization (Fig. 4B). We then analyzed the MALAT1 

and SAT1 RNA sequences to determine RNA nucleotide secondary structure folding energies 

through the RNAup computational program [53, 54] (Supplement Fig. 4A). No consistent energy 

profile and/or Watson Crick based RNA-RNA hybridization were observed in a similar analysis 

of MALAT1 and the negative control mRNA BARD1 (Supplement Fig. 4B).  

We quantified the in vitro binding affinity of TDP-43 tandem RRMs to RNA targets 

identified by CLIP-seq using a multiplexed electrophoretic mobility shift assay (mEMSA) [55]. 

RNA targets for TDP-43 RRM binding were the MALAT1[6638-6938] sequence, a randomly 

shuffled version of this sequence termed MALAT1[6638-shuffled], or a randomly generated 300 

nucleotide sequence containing equal ratios of each nucleotide termed Random[300nt] (Fig. 4C). 

The sequence identity for each construct is detailed in Table S1. We observed strong TDP-43 

binding to the MALAT1[6638-6938] sequence. The shuffled version of this sequence, MALAT1[6638-

shuffled], had lower binding affinity for TDP-43. The completely randomized sequence showed no 

binding to TDP-43 in the EMSA assay (Fig. 4D). A detailed list of calculated kd values are 

shown in Table 1. This confirms the specificity of TDP-43 binding to the MALAT[6638-6938] 

sequence. We also performed Coomassie staining on purified TDP-43 tandem RRM constructs 

to validate our protein purification, and observed single bands of increasing densitometry with 

increasing protein concentration (Supplement Fig 4C). 

MALAT1[6638-6938] binding to SAT1 mediates efficient SAT1 alternative splicing 

To validate that TDP-43-MALAT1 binding was required for efficient SAT1 AS, we 

performed splicing assays using MALAT1[6638-6938] and MALAT1[6638-shuffled] RNA sequences. 

Both constructs were individually overexpressed in cells with MALAT1 GapmeR knockdown, 
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and SAT1 PSI ratios were evaluated. Overexpression of the TDP-43 binding region 

MALAT1[6638-6938] was able to partially rescue SAT1 PSI after MALAT1 GapmeR knockdown 

(Fig. 5A). The rescue effect was significantly decreased when the shuffled RNA sequence 

transcript MALAT1[6638-shuffled] was overexpressed, suggesting that the TDP-43-MALAT1[6638-

6938] binding sequence identity plays a role in efficient SAT1 AS.  

We then deleted the MALAT1-SAT1 hybridizing region in the MALAT1[6638-6938] to 

create MALAT1[6648-6938-DEL]. Compared to the MALAT1[6638-6938] RNA, the MALAT1[6638-6938-

DEL] sequence showed decreased efficacy of SAT1 PSI rescue. (Fig. 5B) We ensured that the 

deletion of the hybridizing sequence on MALAT1[6638-6938] did not affect its ability to bind TDP-

43. Multiplex EMSAs were performed with three 100nt fragments – MALAT1[6638-6738], 

MALAT1[6678-6778], and MALAT1[6763-6863]. All fragments showed comparable kd values and all 

fragments bound TDP-43 weaker than the whole length MALAT1[6638-6938]. A full list of kd 

values is provided in Table S2. Given that MALAT1[6638-6738] and MALAT1[6678-6778] both overlap 

the hybridization region MALAT1[6689-6731] and show comparable kd to a non-overlapping 

sequence, the RNA-RNA hybridization sequence is not vital for MALAT1-TDP-43 interaction, 

and is only involved in MALAT1-SAT1 interaction.  

We also observed a successful partial rescue of total SAT1 mRNA expression levels with 

the addition of the MALAT1[6638-6938] sequence after MALAT1 GapmeR knockdown compared 

to a empty vector control (Fig. 5C). A partial rescue was also observed with the ectopic 

overexpression of the MALAT1[6638-6938-DEL] sequence, and no significant rescue was observed 

upon addition of the MALAT1[6638-6938-shuffled] sequence. The observed changes in SAT1 mRNA 

expression are consistent with the observed changes in relative PSI.  

SAT1 binding to MALAT1 and TDP-43 occurs through sequence-specific interactions 
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The nucleotide sequence of the SAT1-in4 binding region identified through TDP-43 

CLIP-seq peaks contains one consensus UG(4) and two UG(3) repeat sequences, highlighting the 

preferential TDP-43 binding motif. (Fig. 6A) Additionally, the Inta-RNA hybridization 

prediction showcases the nucleotide sequence on SAT1-in4 that hybridizes to MALAT1[6638-6938], 

as previously shown in Figure 4B. To investigate the importance of the sequence specific 

interactions between MALAT1 and SAT1, mutant SAT1 transcripts were created and evaluated 

for their contributions to splicing. Sequences were cloned from HEK293 genomic DNA and 

cloned into a puc57 vector downstream of a T7 promoter for in-vitro transcription. The base 

construct [SAT1-in4] is a 437nt RNA in the intron 4 region of SAT1 pre-mRNA that covers the 

three UG repeat sequences as well as the MALAT1-SAT1 hybridizing sequence at the 3’ end. 

Three additional sequences were generated – the SAT1-in4 sequence with a substitution of the 

UG repeats to AC [SAT1-in4-∆UG], the SAT1-in4 sequence with a deletion of the MALAT1 

hybridizing region [SAT1-in4-∆M], and a final SAT1 construct with both UG repeat 

substitutions and MALAT1-hybridizing sequence deletion [SAT1-in4-∆UG-∆M] (Fig. 6B). The 

full sequences of all constructs have been fully listed in Table S3. 

We investigated if these constructs were able to function as we expected. We 

hypothesized that in-cell, the MALAT1 lncRNA binds to TDP-43 and directs it to SAT1-

premRNA, where TDP-43 then interacts with the pre-mRNA to begin the AS process. As such, 

we designed a competitive EMSA assay to determine if these in-vitro synthesized constructs 

were able to displace the fluorescently labelled MALAT1[6638-6938] RNA bound to TDP-43. 

Increasing molar equivalents of competitor RNA were titrated into the bound TDP-43-

MALAT1[6638-6938] complex and a native gel was used to determine if there had been any 

displacement of the MALAT1 RNA by the competitor RNA. As expected, the SAT1-in4-∆UG 
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and SAT1-in4-∆UG-∆M constructs were not able to outcompete the bound MALAT1[6638-6938] 

due to a lack of UG repeat motifs (Fig. 6C). This re-affirms the statement that UG repeats are 

needed for TDP-43-RNA binding interactions and is validated by the lack of out competition 

observed from the BARD1 in-vitro construct as well.  

After confirming the importance of UG repeats for RNA-protein interactions, we then 

decided to investigate if the MALAT1-SAT1 hybridization was necessary for out competition. 

Competitive EMSA assays were performed for the SAT1-in4 and SAT1-in4-∆M constructs 

against the bound TDP-43-MALAT1[6638-6938] complex. Here, we observed that the molar 

equivalents required for EC50 was lower for the SAT1-in4 construct than the SAT1-in4-∆M (Fig. 

6C). We hypothesized that the ability for the two RNA constructs to hybridize allows for the 

competitor RNA to outcompete at a faster rate. A graphical representation of triplicates is shown 

for the competitive EMSA, along with visual representations of the gels. EC25, EC50 and EC75 

values are shown in Table 2. 

MALAT1 enhances binding of TDP-43 to SAT1 pre-mRNA 

We wanted to verify that this difference in competition between SAT1-in4 and SAT1-in4-∆M 

was solely due to the RNA-RNA interactions, and not due to any changes in RNA-protein 

binding affinity between TDP-43 and mutant SAT1 constructs. A quantitative multiplexed 

EMSA with the SAT1-in4, SAT1-in4-∆M, and MALAT1[6638-6938] constructs showed no 

significant difference in binding affinity (kd, EMSA) of TDP-43 for the various SAT1 constructs 

(Fig. 7A) The calculated kd values and standard deviation are shown in Table 3. We then 

calculated a binding affinity for the SAT1-in4 and SAT1-in4-∆M constructs when acting as a 

competitor (kd, comp) using the Lin and Riggs equation [56, 57] and observed a significant 

increase in binding affinity for the SAT1-in4 construct (Fig. 7B) compared to the SAT1-in4-∆M 
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construct. This led us to believe that the difference in out-competition activity was due to a novel 

RNA-RNA interaction that exists between MALAT1 and SAT1 RNA, which affects binding 

activity in competitive conditions (due to higher RNA concentrations relative to protein 

concentrations) and does not affect binding activity in multiplexed EMSA conditions (due to 

trace concentrations of RNA and excess protein concentrations). 

We then validated this proposed RNA-RNA hybridization through a RNA-EMSA gel. All 

synthesized RNA fragments were run at 10X concentrations on a native gel with 1X 

concentration of fluorescently labelled MALAT1[6638-6938]. RNA-RNA hybridization was 

observed as a higher MW band in lanes that contain a SAT1 RNA construct with the MALAT1 

hybridization sequence. No RNA-RNA hybridization was observed in lanes with sequence 

deletion, or negative control BARD1 (Supplement Fig. 5A). We also identified strong energy 

hybridization between murine Malat1 and SAT1, suggesting conservation of the functional 

MALAT1-SAT1 interaction in mouse and human (Supplement Fig. 5B). The requirement for 

UG repeats on the SAT1 pre-mRNA sequence was assessed by comparing the genomic DNA 

sequence of mouse SAT1 and human SAT1. Two of the three UG repeats are conserved between 

mouse and human sequences (Supplement Fig. 5C). Evolutionary conservation of UG repeats on 

SAT1 suggests and important role for TDP-43 binding in SAT1 regulation. 

Next, we performed in vitro binding experiments with TDP-43-MALAT1[6638-6938] and 

the calculated EC50 concentrations of the SAT1-in4 or SAT1-in4-∆M constructs. Samples were 

incubated with 90-mer biotin-labelled ssDNA probes complementary to the full-length MALAT1 

sequence and captured on streptavidin beads. The quantities of captured MALAT1 and SAT1 

were measured after RNA elution (Fig. 7C). In both conditions, we eluted a similar amount of 

MALAT1[6638-6938], confirming the validity of the experiment. However, there was a significant 
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loss of SAT1-in4-∆M elution compared to SAT1-in4 elution (Fig. 7D). Using the MALAT1 

hybridization probes ensures that all elutions are RNA species that were directly interacting with 

the MALAT1 RNA and not mediated by the TDP-43 protein. Based on these results, 

MALAT1[6638-6938] RNA mediates the interaction between TDP-43 and SAT1. As a negative 

control, MALAT1 RNA and the control BARD1 RNA were used for a similar capture 

experiment. There was no elution of BARD1 RNA, indicating that RNA-RNA hybridization is 

needed for RNA capture and enrichment (Supp. Fig. 5D). 

MALAT1 and TDP-43 knockdown affect survival of SH-SY5Y cells  

Next, we evaluated whether MALAT1 and TDP-43 mediated AS contributes to cell 

survival in a disease-relevant cell line. SH-SY5Y cells have previously been used as a model line 

for Parkinsons Disease research. We validated the GapmeR efficiency for MALAT1 and TDP-43 

in SH-SY5Y cells, and used 48 hour transfection time period for optimal RNA knockdown 

(Supp. 6A, B). We observed a similar change in SAT1 PSI in MALAT1 and TDP-43 GapmeR 

knockdown conditions in SH-SY5Y cells, indicating that the SAT1 AS mechanism occurs in 

multiple human cell lines (Fig. 8A). We then performed ectopic overexpression of MALAT1 

Ectopic overexpression of MALAT1 or TDP-43 both independently increase SAT1 PSI, 

suggesting that a similar mechanism of action is used in both SH-SY5Y and HEK293 cells (Fig. 

8B). 

SAT1 expression levels can vary rapidly in response to metabolic changes in cells. 

Polyamines such as spermidine can increase SAT1 expression through transcriptional regulation 

by binding to upstream promoter regions [13, 14, 16]. Spermidine undergoes acetylation to its N-

acetylated form through interaction with SAT1 enzyme. We observed that exogenous addition of 

spermidine increased cell viability and SAT1 gene expression in SH-SY5Y cells (Fig. 8C). To 
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determine whether this had phenotypic effects in the cells, we added exogenous spermidine to 

the MALAT1 and TDP-43 GapmeR treated cells and measured the cell viability. The addition of 

spermidine was able to partially rescue viability in both MALAT1 and TDP-43 GapmeR 

conditions, indicating that this pathway is important for cell survival (Fig. 8D).  

We next investigated how SAT1 is regulated in neurological disease conditions by using 

MPP+
 (1-methyl-4-phenylpyridinium) treatment of SH-SY5Y cells. In addition to inducing cell 

death, MPP+ is known to stimulate an increase in MALAT1 expression in cells [58-60]. Addition 

of MPP+ reagent also increased SAT1 PSI, while subsequent addition of MALAT1 GapmeR 

conversely reduced SAT1 PSI compared to NC GapmeR (Fig. 8E). We validated gene 

expression and saw the expected increase in MALAT1 RNA levels in MPP+ conditions, with a 

decrease upon addition of the MALAT1 GapmeR. TDP-43 mRNA levels did not change 

significantly in MPP+ conditions, indicating that SAT1 PSI changes in these conditions are due 

to changes in MALAT1 expression. However, we observed a unique increase in SAT1 mRNA 

expression, and subsequent decrease upon MALAT1 GapmeR addition (Fig. 8F). This contrasts 

with the changes in SAT1 mRNA that we have observed in wild-type conditions upon MALAT1 

expression perturbation. We also observed increased cell viability in MPP+ conditions upon 

exogenous spermidine addition, when MALAT1 or TDP-43 levels are perturbed (Fig. 8G). This 

further supports the theory that SAT1 regulation plays a role in neuroblastoma cell viability.  

MALAT1 similarly enhances alternative splicing of liprin-3 by CSTF2 through sequence-

specific interactions 

Finally, we investigated whether MALAT1 can regulate the splicing activity of other 

alternative splicing events. Based on mass spectrometry analyses, MALAT1 interacts with 

numerous splicing and pre-mRNA processing factors, including the cleavage stimulation factor 
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subunit 2 (CSTF2). CSTF2 binds to mRNA 3’UTRs to promote 3’ end cleavage and 

polyadenylation and has been identified as an alternative splicing regulator in multiple cell lines 

[61-63]. A comparison of AS genes identified from RNA-seq in CSTF2-knockdown or 

MALAT1-knockdown cells revealed liprin-3, also annotated as PTPRF Interacting protein 

alpha 3 (PPFIA3) mRNA, as a common AS target [26, 61]. Liprins are a family of synaptic 

scaffolding protein with functions in worm, fly, mouse, and human neurodevelopment [64-66]. 

Alternative splicing of the liprin-3 transcript results in two distinct RNA isoforms [64, 67, 68]. 

Inclusion of liprin-3 exon 16 leads to productive mRNA and protein production, while the 

exclusion of exon 16 results in a frameshift induced NMD of the resulting liprin-3 RNA 

transcript (Fig. 9A). Due to its similarity in regulation to SAT1 and involvement in neuronal 

function, we tested the contributions of MALAT1 RNA to CSTF2-mediated alternative splicing 

of the liprin-3 mRNA. 

To first validate the direct interaction of CSTF2 with MALAT1 and liprin-3, we re-

analyzed existing CSTF2 CLIP-seq data to identify binding regions on the target RNA [61]. The 

CSTF2 binding region was identified between nucleotides 5785-6126 on the MALAT1 RNA 

transcript. We also identified a binding peak for CSTF2 on the liprin-3 (PPFIA3) transcript 

within intron 16, about 170 nucleotides downstream of the alternatively spliced exon 16. (Fig. 

9B). Next, we determined if the MALAT1[5785-6126] region can undergo RNA-RNA hybridization 

with the liprin-3 intron 16 region, much like the interaction between MALAT1[6638-6938] and 

SAT1 intron 4 region. The IntaRNA program was able to validate a strong RNA-RNA 

hybridization interaction between these two RNA sequences (Fig. 9C). The existence of direct 

protein binding along with potential RNA-RNA hybridization indicates that a similar mechanism 

may exist for PPFIA3 AS regulation by CSTF2 and MALAT1.  
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We next performed splicing assays to measure liprin-3 exon 16 PSI in the presence or 

absence of MALAT1 RNA. MALAT1 knockdown resulted in a significant increase in liprin-3 

PSI (Fig. 6D). To test whether this splicing regulation was dependent upon MALAT1 interaction 

with CSTF2, we cloned and overexpressed the CSTF2 and liprin-3 binding region, 

MALAT1[5785-6126], and observed a partial but statistically significant rescue of liprin-3 exon 16 

PSI. In contrast, overexpression of the TDP-43 and SAT1 binding region MALAT1[6638-6938] was 

unable to rescue the altered PSI of liprin-3 in MALAT1 knockdown cells. The cloned 

CSTF2/liprin-3 and TDP-43/SAT1 binding regions on MALAT1 showed no overlap in 

sequence or function. These results indicate that the partial rescue of liprin-3 exon 16 PSI 

occurred due to MALAT1-mediated CSTF2 localization to liprin-3 pre-mRNA, similar to the 

proposed mechanism of regulation of MALAT1-mediated TDP-43 localization to SAT1 pre-

mRNA. 

Discussion 

Alternative splicing regulation of mammalian pre-mRNA transcripts is a complex process 

involving multiple factors. Accurate exon or intron inclusion choices are required for cell 

survival, and dysregulation of gene expression can contribute to disease pathology including in 

cancer and neurodegeneration. We report a novel mechanism by which MALAT1 non-coding 

RNA can enhance alternative splicing of pre-mRNA transcripts in human cells. Three-way 

interactions between MALAT1, target pre-mRNAs, and AS regulatory proteins based on 

seqeuence-specific interactions can facilitate splicing choice in healthy cells. Disruption of these 

processes by knockdown of MALAT1 transcript leads to alterations in splicing and cell death in 

a culture model of human neurodegenerative disease.   
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Our data show that MALAT1/SAT1, MALAT1/TDP-43, and SAT1/TDP-43 interactions 

occur to create a functional three-way binding and regulate splicing of SAT1 pre-mRNA. Loss of 

MALAT1 or TDP-43 results in changes in SAT1 splicing choice. One possible mechanism 

through which the regulation of target species by MALAT1 could occur is through the formation 

of an RNA-RNA-protein complex which shifts the balance of TDP-43 binding to SAT1 

transcripts in the nucleus and away from other pre-mRNA transcripts (Fig. 10A). Directed 

transfer of nucleic acid binding has been proposed as a means of regulating protein interactions 

with multiple RNAs [69]. Another possibility is that MALAT1 binding to SAT1 and TDP-43 

affects the local sub-nuclear concentration of protein and mRNA partners. Stable higher-order 

multimeric complexes of MALAT1, TDP-43, and SAT1 could facilitate prolonged interactions 

in splicing complexes and increase the time that these transcripts spend in proximity to splicing 

factors. We found that stable high-molecular weight complexes of TDP-43 and SAT1 in cells 

were dependent upon the expression of MALAT1 in the nucleus. Future experiments will be 

needed to characterize the components of these high-molecular weight complexes and the 

dynamics of the three-way MALAT1/TDP-43/SAT1 interaction.   

Notably, we found that the MALAT1/TDP-43/SAT1 interaction is not a unique case, and 

a similar splicing enhancement was observed for MALAT1/CSTF2/liprin- α3. Three-way 

binding of MALAT1 to mRNA and protein partners may be used as a general mechanism to 

rapidly adapt and maintain appropriate splicing balance by coordinating RBP and specific pre-

mRNA transcript interactions in the nucleus. How RNA-binding alternative splicing regulator 

proteins find their targets in the crowded nuclear environment is not well understood, especially 

because known AS regulators like TDP-43 have thousands of pre-mRNA binding partners. 

Participation of MALAT1 as an additional RNA component of these complexes could enable 
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added selectivity in binding to restrict or enhance the frequency of TDP-43 and SAT1 

interactions. For example, increased or decreased expression of MALAT1 could shift the 

splicing balance to the SAT1 mRNA product that is most needed at a given time in the cell, 

based on metabolic response or other signals that regulate MALAT1 RNA levels. TDP-43 can 

form phase separated domains in the nucleus, which could also be affected by MALAT1 binding 

or coordination of pre-mRNA and TDP-43 three-way interactions.  

We noted that ectopic overexpression of MALAT1[6638-6938] in MALAT1 knockdown 

conditions did not fully rescue SAT1 PSI, potentially because of the contribution of other 

interactions that are disrupted after MALAT1 depletion and cannot be bound by the TDP-43 

interaction region of MALAT1[6638-6938]. Other SF and epigenetic regulators may also be required 

for SAT1 AS, such as the H3K9 demethylase KDM3A, or Serine-Arginine splicing factor 

protein SRSF1 [18, 26].  The complexity of AS regulation events may also explain why 

MALAT1 and TDP-43 knockdowns do not abrogate SAT1 AS completely.  

MALAT1 may use distinct binding regions to bring mRNA and protein partners together 

in the nucleus. Although the human MALAT1 transcript is more than 7500 nucleotides in length, 

the binding sites for TDP-43 and SAT1 on MALAT1 occur within a single 300-nucleotide 

region. Similarly, the binding sites for CSTF2 and liprin-α3 occur within a distinct 300-

nucleotide region of the MALAT1 RNA transcript (Fig. 10B). A network of RNA-RNA and 

RNA-protein interactions brought together by MALAT1 binding could enable rapid 

transcriptional changes through proximity guided splicing.  

We also find that perturbation of MALAT1 or TDP-43 affects survival in neuroblastoma 

cells. Polyamines in the nucleus can counter-balance highly charged RNA species and stabilize 

RNA structure [70]. Addition of exogenous spermidine promotes cell viability and neuronal 
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function [71-73]. Treatment of neuroblastoma cells with the small molecule MPP+ induces 

MALAT1 overexpression, while knockdown of MALAT1 under these conditions is protective. 

The effects of MALAT1 knockdown in MPP+ treated SH-SY5Y cells were partially 

complemented by addition of exogenous polyamines, suggesting that changes in SAT1 splicing 

contribute to the death phenotype observed in these cells. Polyamines, MALAT1 RNA, mRNAs, 

and RNA-binding proteins may participate in an interconnected network of macromolecules 

contributing to the regulation of cellular homeostasis.  

Non-coding RNA coordination of three-way RNA-RNA-protein interactions is a novel 

mechanism to modify complex RBP-mRNA networks and regulate gene expression at the post-

transcriptional level. These findings could lead to new therapeutic approaches to combat 

neurodegeneration or shift alternative splicing choice for specific pre-mRNAs to affect cell 

survival. 

Tables and Sequences 

Table 3.1 – Calculated kd values of MALAT1[6638-6938] derived constructs 

Construct kd (nM) 

MALAT1[6638-6938] 274.21 

MALAT1[6638-6938-shuffled] 1496.06 

Random 300nt 12226.81 
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Table 3.2 – Calculated EC25, EC50 and EC75 values for SAT1-in4 derived constructs 

Competitor RNA Construct EC25 (Molar Fold) EC50 (Molar Fold) EC75 (Molar Fold) 

SAT1-in4 1.39 2.13 3.25 

SAT1-in4-∆M 2.13 3.74 6.56 

SAT1-in4-∆UG 39.03 100 256.24 

SAT1-in4-∆UG-∆M 25.76 100 388.18 

BARD1 18.07 10 553.54 

 

Table 3.3 – Calculated Kd, EMSA and Kd, Comp values for SAT1-in4 constructs 

  Kd, EMSA Avg Kd, EMSA kd, Comp Avg Kd, comp 

1 2 3 1 2 3 

SAT1-in4 173.2 176.1 197.9 182.4 125.8 109.0 130.0 121.6 

SAT1-in4-∆M 183.2 184.9 192.9 187.0 181.6 157.5 141.5 160.2 

MALAT1[6638-6938] 153.3 145.9 138.6 145.9 
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Table 3.4 - Oligonucleotide primers used for quantitative RT-PCR and relative PSI analysis 

Primer Name Sequence (5' to 3') 

BARD1 FWD GCCAAAGCTGTTTGATGGAT 

BARD1 REV CGAACCCTCTCTGGGTGATA 

GAPDH FWD GGGCTCTCCAGAACATCATCC 

GAPDH REV GTCCACCACTGACACGTTGG 

HMGB2 FWD  TGCTCTGAACATCGCCCAAA  

HMGB2 REV  GCTTCACTTTTGCCCTTGGC  

MADD FWD TCTCAAGCGCCTGGTG 

MADD REV CTCTCGAAGGTCATGCAG 

MALAT1 FWD GAAGGAAGGAGCGCTAACGA 

MALAT1 REV TACCAACCACTCGCTTTCCC 

MALAT1[6638-6938] FWD ATCCCGCTGCTATTAGAATG 

MALAT1[6638-6938] REV GCTTGTTTGGAATGTTTCTT 

PSI MADD FWD GACCTGAATTGGGTGGCGAGTTCCCT 

PSI MADD REV CATTGGTGTCTTGTACTTGTGGCTC 

PSI PPFIA3 FWD CAGCTGGAGGCCATCAACAAG 

PSI PPFIA3 REV GGAGCTCCAGCTTCCTCCTTAG 

PSI SAT1 FWD TTGCAGAAGTGCCGAAAGAGC 

PSI SAT1 REV TCCAACCCTCTTCACTGGAC 

SAT1 FWD TGTTTATCCGTCACTCGCCG 

SAT1 REV TTTAGCCAGCTCCTTGATCAGC 

TARDBP FWD TCAGGGCCTTTGCCTTTGTT 

TARDBP REV TGCTTAGGTTCGCATTGGAT 

TUBULIN FWD CCAGACAACTTTGTATTTGGTCAGT 

TUBULIN REV CGTACCACATCCAGGACAGAAT 

U1 FWD TTACCTGGCAGGGGAGATAC 

U1 REV TCCCACATTTGGGGAAATC 
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Methods 

Cell culture and transfection 

Cell lines for this study were obtained from and verified by the American Type Culture 

Collection. HEK293 cells (ATCC CRL-1573) were maintained in Eagle’s Minimum Essential 

Medium (EMEM) media, SH-SY5Y neuroblastoma cells (ATCC CRL-2266) were maintained in 

a 1:1 mixture of EMEM and Gibco Ham’s F12 media, and K562 cells (ATCC CCL-243) were 

maintained in IMDM media. All media were supplemented with 10% fetal bovine serum (FBS) 

and 1% L-glutamine. Cells were grown at 37 ˚C with 5% CO2 and routinely tested for 

mycoplasma contamination. All transfections for knockdown experiments were performed with 

locked nucleic acid (LNA) GapmeRs, to achieve efficient nuclear targeting of RNA and to avoid 

the introduction of genetic mutations that could affect enhancer function at the DNA locus. 

GapmeRs with antisense sequence specific to MALAT1 (LG0000003-DDA) and a non-targeting 

control GapmeR (LG00000002-DDA) were purchased from Qiagen. GapmeRs for TDP-43 

(LG00792378-DDA) and HMGB2 (LG00802781-DDA) were designed using Qiagen 

GeneGlobe. RNA knockdowns were performed by transient transfection as per manufacturer 

protocols, using OptiMeM 1 Reduced Serum Medium. HEK293 and K562 cells were transfected 

with LNA GapmeRs using Lipofectamine 2000 for 24 hours, while SH-SY5Y cells were 

transfected using Lipofectamine 3000 for 48 hours. Cells were collected and assessed for cell 

viability after the indicated time period of treatment. Knockdown efficiency for each transcript 

was verified through RT-qPCR. For complementation experiments, overexpression plasmids 

were co-transfected with LNA GapmeRs in HEK293 cells with Lipofectamine 2000. 

Overexpression plasmids were transfected in SH-SY5Y cells with Lipofectamine 3000 and 

P3000 reagent for 48 hours.  

CLIP-seq analysis 
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Three CLIP datasets were used to observe TDP-43 binding – SRR4044755, ERR9192743, and 

ERR039855. In addition, the SRR488740 CLIP datatset was used for CSTF2 binding. 

The datasets with UMIs were processed with UMI Tools [74]. All datasets were trimmed with 

Cutadapt [75] to remove adapters, low quality bases, and short sequences (<20 bp). Datasets with 

barcodes were filtered only for reads with the correct barcode. Reads were aligned to the human 

genome (hg38) with STAR [76], and the alignment files were indexed with samtools [77]. 

Graphic representations of CLIP peaks were created using the Integrative Genomics Viewer 

[78], and figures with CLIP binding regions were created using Biorender. 

 

Multiplexed fluorescent EMSA Assay 

mEMSA experiments were performed as previously described [55]. TDP-43 protein RRM 

concentration was calculated and diluted to a range of concentrations from 1nM to 10µM. RNA 

transcripts were generated through in vitro transcription using NEB HiScribe T7 High Yield 

RNA synthesis kit (E2040S). Each RNA transcript was transcribed with the addition of a 

fluorophore labelled UTP for fluorescence visualization. Fluorescein-12-uridine-5'-triphosphate 

from Enzo Life Sciences, Inc. (catalog #ENZ-42834), Cyanine 3-uridine-5'-triphosphate 

(enhanced) from Enzo Life Sciences, Inc. (catalog #ENZ-42505), and cyanine 5-UTP 

from Apexbio Technology LLC (purchased through Fisher Scientific catalog # 50-199-8343) 

were chosen to target three unique wavelengths. All RNA fragments were pooled together at a 

equimolar concentration of 2nM and heat refolded. The RNA fragments were then left to 

incubate with the different TDP-43 concentrations for 30 minutes at room temperature, in the 

presence of EMSA binding buffer diluted to 1X concentration. The incubated samples were then 

run on a 4% TBE polyacrylamide gel for 1 hour, and then imaged on a Typhoon FLA 9500 with 
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pixel size of 50um for each fluorophore. The lasers and filter combinations were 473nm/BPB1, 

532nm/BPG1, and 635 nm/LPR for fluorescein Cy3, and Cy5, respectively. Gel images were 

quantified with ImageStudioLite and colored using ImageJ for visual representation. The binding 

affinity, kd, EMSA, was calculated by fitting to Equation (1) using the nonlinear least squares 

method in R: 

(1) 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑 =  
[𝑃]𝑛

[𝑃]𝑛 + 𝐾𝑑
 

 

Competitive EMSA Assay 

Competitive EMSA Assays were performed using the protocol devised by Ryder, Recht and 

Williamson [57] . Fluorescent-labelled MALAT1[6638-6938] was synthesized along with non-

fluorescent competitive RNA fragments. All RNA fragments were diluted to 50nM and heat 

refolded. Increasing concentrations of competitor RNA were incubated with labelled MALAT1 

and TDP-43 RRMs, in the presence of 1X EMSA Binding buffer, for 30 minutes at room 

temperature. Samples were run on a 4% TBE polyacrylamide gel for 45 minutes, and imaged on 

the Typhoon FLA 9500. Gel images were quantified with ImageStudioLite and colored using 

ImageJ for visual representation. The fraction of MALAT1 bound to TDP-43 was calculated 

through Equation (2): 

(2) 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑 =  
𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑜𝑢𝑛𝑑 𝑀𝐴𝐿𝐴𝑇1

𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑜𝑢𝑛𝑑 𝑀𝐴𝐿𝐴𝑇1 + 𝑢𝑛𝑏𝑜𝑢𝑛𝑑 𝑀𝐴𝐿𝐴𝑇1
. 

Molar equivalents of competitor RNA were calculated for 25%, 50% and 75% bound MALAT1 

states. The fraction bound values were plotted alongside the molar excess of competitive RNA 

using R Studio, for all competitive RNA fragments. The binding affinity, kd, comp was calculated 

by fitting to equation (3) as provided by Lin and Riggs [56, 57]. 
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(3) 𝐾𝑑,𝑐𝑜𝑚𝑝 =  
2𝐾𝑑𝐼𝐶50

2𝑃 − 𝑅 − 2𝐾𝑑,𝐸𝑀𝑆𝐴
 

Splicing Assay for percent splice inclusion (PSI) 

Splicing assays were performed using PCR primers overlapping the alternatively spliced exon. 

Samples were processed in biological triplicates and were amplified using the appropriate PCR 

primers for 35 cycles. The PCR products were visualized on a 8% TBE polyacrylamide gel. All 

PCR runs included an additional control run with GAPDH primers to ensure amplification and 

starting sample concentrations were within range of each other. The gels were incubated with 

SYBR safe DNA stain before visualization, and the band density of inclusion and exclusion PCR 

products were calculated using ImageStudioLite. PSI was calculated as the density of the 

inclusion product divided by the total density of the inclusion and exclusion product, and are 

plotted as relative fold changes. All primers used for PSI calculations are detailed in Table 4. 

 

RNA Immunoprecipitation 

RNA immunoprecipitation was performed as previously detailed [82] with a few modifications. 

HEK293 cells were transfected with either NC or MALAT1 GapmeR for 24 hours. The nuclear 

extract of HEK-293 cells were then isolated through Gagnon Fractionation [79] with a 

Hypotonic Lysis Buffer for removing cytoplasmic components (10mM Tris (pH 7.5), 10mM 

NaCl, 3mM MgCl2, 0.3% (v/v) NP-40 and 10% (v/v) glycerol with 1× EDTA- free Protease 

Inhibitor Cocktail (PIC)) and a Nuclear Lysis Buffer for isolation of the nuclei components (20 

mM Tris pH 7.5, 150 mM KCl, 3 mM MgCl2, 0.3% (v/v) NP-40 and 10% (v/v) glycerol, with 1× 

PIC). A sample of 20 µL of lysate was saved for RIP input analysis. RNA immunoprecipitation 

was performed as described in Gagliardi and Matarazzo 2016. The following buffers were 

prepared for RNA-IP:  
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NT-2 buffer (5×): 250 mM Tris-HCl pH 7.4, 750 mM NaCl, 5 mM MgCl2, 0.25 % NP-40.    

NET-2 buffer (1×): 1× NT-2 buffer supplemented with 20 mM EDTA pH 8.0, 1 mM DTT, 200 

units/ml RNase OUT.  

75µL of Dynabeads Protein-G were incubated with 5µg of antibodies corresponding to TDP-43 

(10782-2-AP) and IgG (30000-0-AP) for 1.5 hours at RT. Beads were washed with 1×-NT-2 

buffer and the pooled and lysed supernatant were added to each sample with NET-2 buffer and 

rotated overnight at 4°C. Samples were then washed 6 times with 1× NT-2 buffer and split into 

equal halves for protein and RNA extraction. Proteins were extracted from the beads through 

elution with 2X SDS buffer and ran on a 12% PAGE gel to assess immunoprecipitation 

efficiency. RNA was extracted and purified through ethanol precipitation onto silane-treated 

magnetic beads. Purified RNA was resuspended in 10 µL UP H2O and was processed for RT-

qPCR. 

 

Quantitative real-time PCR (qPCR) Assays 

To quantify RNA levels, qPCR was performed on a Thermo QuantStudio 3 using gene-specific 

primers and a housekeeping gene targets for controls, using SYBR green for detection and ROX 

for normalization. Total RNA was isolated from 1 x 106 cells using the RNeasy Mini Kit and 

resuspended in 30 µL of Invitrogen UltraPure H2O. Next, cDNA was synthesized using 1 µg of 

RNA and the ProtoScript II Reverse Transcriptase, using the protocol provided by the 

manufacturer. The knockdown efficiency for different treatments was calculated using the ∆Ct 

method and was measured in technical triplicates for each experimental sample. RIP Fold 

Change was calculated by determining the % of RNA compared to input sample [80]. All primer 

sequences used for qPCR are listed in Table 4.  
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Cell Viability Assays 

The Cell Counting Kit-8 (CCK8, Abcam) was used to measure cell viabilities. SH-SY5Y cells 

were seeded onto a 96 well plate and transfected with LNA GapmeRs. In addition, they were 

either complemented with exogenous spermidine for 4 hours, or the MPP+ reagent for 48 hours. 6 

µL of CCK8 reagent was added to each well and incubated at 37°C for 2 hours. 96 well plates 

were then shaken for 30 seconds, followed by imaging at 460 nm using a Synergy HTX 

multimode microplate reader. 

 

Computational analysis of RNA-RNA Hybridization 

RNA-RNA hybridization was computed through two methods – the IntaRNA software, and the 

RNAup program. For determining Watson-Crick based hybridization, the two RNA sequences 

were entered on the IntaRNA program. 5 interactions per RNA pair were calculated, with a 

minimum parameter of 5 base-pairs required for interaction analysis. For minimum free energy 

hybridization values, the two RNA sequences of interest were uploaded to the RNA web server. 

For the output energy profile, basic options were standardized as recommended by the program.  

 

Fluorescent-modified RNA Antisense Purification 

Heat-refolded Cy2-labelled MALAT1[6638-6938] was incubated with either Cy3-labelled SAT1-in4 

or SAT1in4-∆M and TDP-43 RRMs in individual tubes for 30 minutes at room temperature. For 

hybridization, 4ug of biotin-labelled 90mer ssDNA probes targeting the full length of the 

MALAT1 lncRNA were denatured at 85°C for 3 minutes followed by cooling on ice for 1 

minute. The probes were then incubated with the complex tubes and incubated at 37°C for 2 
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hours with mixing at 1100rpm, with a 15 second on-off cycle After the incubation, 10 µL of 

Invitrogen MyOne C1 streptavidin beads were added to the samples and mixed for another 30 

minutes at 37°C. Hybrids were then transferred to a magnetic rack and isolated, followed by 3 

washes using 1X NT-2 buffer. RNA samples were then eluted by Proteinase-K digestion for 1 

hour at 50°C, followed by silane cleanup to enrich for the MALAT1-bound RNA. The eluted 

RNA was then subjected to Reverse Transcription, followed by qPCR for enrichment analysis. 

 

Density ultracentrifugation of high molecular weight complexes 

To prepare sucrose gradients for ultracentrifugation, 50mL of 5% (w/v) and 50% (w/v) sucrose 

buffers were prepared in 20mM Tris-HCl, 150mM KCl, and 1mM MgCl buffer. The sucrose 

buffers were cooled down to 4°C. For the cellular input, 5 x 106 K562 cells were collected and 

lysed for 15 minutes on ice with 1X lysis buffer (20 mM Tris·HCl, pH 7.5, 150 mM KCl, 1 mM 

MgCl2, 1 mM DTT, 1 mM PMSF (Protease Inhibitor), 0.2% Triton X-100, 20 units/mL DNase 

I, 200 units/mL RNAse Inhbitor, and 1X Protease Inhibitor Cocktail). The lysed solution was 

sonicated thrice at 30% amplitude for 10 sec and incubated for another 15 min on ice. Lysate was 

centrifuged at 13,000 RPM for 15 min at 4°C, and the supernatant was collected and diluted to 1 

mL total volume. The 5% to 50% w/v sucrose gradient was prepared using a Biocomp Gradient 

Master 108. The cell lysate was loaded onto the gradient and complexes were separated by 

ultracentrifugation in a Beckman SW-41 TI swinging bucket rotor at 35,000 RPM for 18 hours at 

4°C. Individual fractions of 500 µL each were collected by pipetting from the top to the bottom 

of the gradient and then processed for RNA and protein analysis. For RNA analysis, the fractions 

were subjected to TRIzol extraction according to the manufacturer’s protocol. Collected RNA 
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fractions were converted to cDNA by reverse transcription for qPCR analysis and quantification. 

For protein analysis, a 20 µL sample of each collected fraction was diluted with 6X loading 

buffer and separated by SDS-PAGE for Western Blot analysis. 

 

TDP-43 tandem RRM Purification 

The RNA recognition motifs (RRMs) (Q101-Q269) of TDP-43 were purified from a construct 

with an N terminus 6x-His-Gb1 tag and a TEV cleavage site. This construct 

was transformed into BL21 E. coli and expression was induced with 2% (w/v) L-arabinose at 

OD600 ~0.7 with in LB medium with ampicillin at 16°C overnight. The fusion protein was 

purified with a HisTrap FF 1 mL column (Cytiva 17-5319-01) with Buffer A (20 mM HEPES, 

pH 7.5, 1 M NaCl, 10% glycerol (w/v), 30 mM imidazole and 5 mM 2-mercaptoethanol) and 

Buffer B (same as Buffer A, but containing 300 mM imidazole) on an AKTA pure FPLC system 

at 4 °C (Cytiva). The eluted protein was dialyzed overnight at 4 °C in Buffer A, then cleaved 

with TEV protease [81] for 4 hours at 30 °C. The protein was reapplied to the HisTrap FF 

column and the flow through containing untagged TDP-43 was collected. The purified protein 

was concentrated with a 10kDa MWCO centrifugal concentrator (Thermo 88527) and buffer 

exchanged into 50mM HEPES pH 7.5, 300mM NaCl, 10% glycerol, and 5mM beta-

mercaptoethanol before being flash frozen in liquid nitrogen and stored at –80 °C. Increasing 

concentrations of TDP-43 RRMs were run on a 4% SDS-PAGE gel and post-stained with 

Coomassie reagent to visualize homogenic purity. 
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Figures 

 

Figure 3.1 – MALAT1 and TDP-43 regulate alternative splicing of SAT1 pre-mRNA 

A) Overview of SAT1 alternative splicing mechanism. Exons are depicted in green, and the alternatively spliced 

NMD-inducing exon ‘X’ is noted in red. PCR primers are shown with full arrows and qPCR primers are shown with 

half arrows. B) Splicing gel and relative percent splice inclusion (PSI) analysis of SAT1 in knockdown conditions 

and visual representation. N=3 C) SAT1 RNA expression levels in knockdown conditions, relative to GAPDH RNA 

levels. All experiments for figure 1 are conducted in HEK293 cells. All statistical significance is conducted with 

student unpaired t-test with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars representing 

SD. 
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Figure 3.2 - TDP-43 and SAT1 mRNA form high molecular weight complexes that are MALAT1 dependent in cells 

(A) Schematic overview of sucrose gradient ultracentrifugation (B) TDP-43 protein distribution in sucrose gradient 

between wild-type and total RNA digestion. Protein localization has also been plotted as a heat map. N=3. (C) Wild-

type and NC GapmeR conditions generate similar TDP-43 stable complexes in sucrose gradient. Protein localization 

has also been plotted as a heat map. N=3. (D) MALAT1 knockdown relocalizes TDP-43 to lower dense regions of 

the gradient, forming more lower MW complexes. Protein localization has also been plotted as a heat map. A 

representative western blot for TDP-43 is shown for collected fractions in NC and MALAT1 GapmeR conditions. 

N=3. (E) RNA distribution of MALAT1 and SAT1 mRNA in sucrose gradient under NC GapmeR conditions. Both 

RNAs localize in similar densities in the gradient. N=3. (F) RNA distribution of SAT1 mRNA in sucrose gradient 

under NC and MALAT1 GapmeR conditions, showing significant SAT1 mRNA re-localization in MALAT1 

GapmeR conditions. N=3. (G) RNA localization of BARD1 mRNA in sucrose gradient under NC and MALAT1 

GapmeR conditions, showing no significant re-localization. All experiments in figure 2 are conducted in K562 cells. 

data are plotted with error bars representing SD. 
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Figure 3.3 - TDP-43 binds directly to SAT1 mRNA and MALAT1 RNA transcripts, and loss of MALAT1 reduces 

binding of SAT1 mRNA to TDP-43 

(A) TDP-43 CLIP-seq identification of direct binding site on SAT1 mRNA in HEK293 Cells. There is a strong 

binding peak on intron 4 (in4). (B) TDP-43 CLIP-seq identification of direct binding site on MALAT1 in HEK293 

Cells. There is a strong 300nt binding peak encompassing nucleotides 6638-6938. (C) TDP-43 CLIP-seq 

identification of direct binding site on negative control BARD1 mRNA and positive control MADD mRNA in 

HEK293 Cells. There is no visible direct binding of TDP-43 to BARD1 mRNA, and there is a strong binding peak 

on intron 30 (in30) of MADD mRNA. (D) Quantitative RNA-IP on HEK293 cells with Anti-IgG and Anti-TDP-43 

antibodies show TDP-43 binding enrichment to target transcripts. A representative western blot is shown to validate 

TDP-43 protein capture. (E) Quantitative RNA-IP on HEK293 cells in NC and MALAT1 GapmeR conditions reveal 

a loss in TDP-43 binding to SAT1 mRNA, and no significant change in binding to MADD mRNA. Representative 

western blots are shown to validate equivalent TDP-43 protein capture in both conditions. N =3. All experiments in 

figure 3 are performed in HEK293 cell lines. All statistical significance is conducted with student unpaired t-test 

with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars representing SD. 



99 

 

Figure 3.4 - MALAT1 non-coding RNA has specific binding sites for TDP-43 protein and SAT1 pre-mRNA 

(A) RNA sequence identity of MALAT1[6639-6938]. Tandem UG repeats are highlighted in orange. Predicted RNA-

RNA hybridization sequence between MALAT1 and SAT1-in4 mRNA is highlighted in blue. (B) Computational 

prediction of watson-crick based MALAT1-SAT1in4 hybridization generated by the Inta-RNA program. (C) 

Overview of the four MALAT1[6638-6938]-based construct designs used for multiplexed EMSA assays. (D) 

Multiplexed EMSA of fluorescently-labelled MALAT1[6638-6938], MALAT1[6638-6938-shuffled] and a randomly generated 

300nt sequence with TDP-43 RRMS. Visualization and quantification of Kd is provided in the graph and Table 1. 
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Figure 3.5 - MALAT1[6638-6938] binding to SAT1 pre-mRNA mediates efficient SAT1 alternative splicing 

(A) Relative PSI of SAT1 mRNA in MALAT1 GapmeR conditions supplemented with ectopic overexpression of 

pc-EV, pc-MALAT1[6638-6938] and pc-MALAT1[6638-6938-shuffled]. N=3. (B) Splicing gel and PSI analysis of SAT1 

mRNA in MALAT1 GapmeR conditions supplemented with ectopic overexpression of pc-MALAT1[6638-6938] and 

pc-MALAT1[6638-6938-Del]. Representative splicing gel lanes are shown. N=3. (C) Gene expression analysis of SAT1 

in MALAT1 GapmeR conditions supplemented with ectopic overexpression of pc-MALAT1 vectors. N=3. All 

experiments for figure 5 are conducted in HEK293 cells. All Statistical significance is conducted with student 

unpaired t-test with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars representing SD. 
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Figure 3.6 - SAT1 premRNA binding to MALAT1 and TDP-43 occurs through sequence-specific interactions 

(A) RNA sequence identity of SAT1-in4 mRNA. Tandem UG repeats are highlighted in orange. Predicted RNA-

RNA hybridization sequence between MALAT1 and SAT1-in4 mRNA is highlighted in blue. (B) Overview of the 

four SAT1-in4 based constructs used for in-vitro competitive EMSA experiments. (C) SAT1-in4-∆UG, SAT1-in4-

∆UG-∆M and BARD1 cannot outcompete TDP-43-MALAT1[6638-6938] binding due to a lack of UG repeats. SAT1-

in4 outcompetes TDP-43-MALAT1[6638-6938] binding faster than SAT1-in4-∆M. Quantification of competitive 

EMSA data is shown through graphical representation. N=3. 
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Figure 3.7 - MALAT1 enhances binding of TDP-43 to SAT1 pre-mRNA 

(A) Multiplexed EMSA of fluorescently-labelled SAT1-in4, SAT1-in4-∆M, and MALAT1[6638-6938] RNA with TDP-

43 RRMs indicates that SAT1-in4 and SAT1-in4-∆M both have comparable kd values. N=3. (B) A significant 

difference is observed in binding affinity of SAT1-in4 compared to SAT1-in4-∆M when kd is calculated in 

competitive EMSA conditions (kd, comp) using the Lin and Riggs equation. N=3. (C) Schematic overview of in-vitro 

assembly and pulldown of MALAT1-TDP-43-SAT1mRNA complexes using MALAT1 ssDNA probes. (D) 

Pulldown of in-vitro assembled MALAT1-TDP-43-SAT1mRNA complexes indicate a loss in SAT1mRNA-

MALAT1 binding between SAT1-in4 and SAT1-in4-∆M constructs. N=3. All statistical significance is conducted 

with student unpaired t-test with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars 

representing SD.  
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Figure 3.8 - MALAT1 and TARDBP RNA knockdown through GapmeR treatment affect survival of SH-SY5Y 

neuroblastoma cells 

(A) Relative PSI of SAT1 mRNA in MALAT1 and TDP-43 GapmeR conditions. N=3. (B) Relative PSI of SAT1 

mRNA in MALAT1 and TDP-43 ectopic overexpression conditions. N=3 (C) Cell viability and SAT1 mRNA 

expression in SH-SY5Y cells with and without spermidine addition. N=3. (D) Cell viability of MALAT1 and TDP-

43 GapmeR conditions in SH-SY5Y cells with and without spermidine addition. N=6. (E) Relative PSI of SAT1 

mRNA increases in MPP+
 conditions and decreases with addition of MALAT1 GapmeR compared to NC GapmeR. 

N=3. (F) Gene expression of MALAT1 and SAT1 mRNA increases in MPP+
 conditions and decreases with addition 

of MALAT1 GapmeR compared to NC GapmeR. N=3. (G) Cell viability of MALAT1 and TDP-43 GapmeR 

conditions in MPP+
 conditions with and without spermidine addition. N=6. All experiments for figure 8 are 

conducted in SH-SY5Y cells. All statistical significance is conducted with student unpaired t-test with equal 

variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars representing SD.  
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Figure 3.9 - MALAT1 similarly enhances alternative splicing of liprin-α (PPFIA3) by CSTF2 through sequence-

specific interactions 

(A) Overview of PPFIA3 alternative splicing mechanism. PCR primers are shown with full arrows. Exons and the 

productive mRNA are denoted in green. The NMD-inducing mRNA is denoted in red. (B) CLIP-seq identification 

of CSTF2 direct binding site in HEK293 cells on MALAT1[5785-6126] and on PPFIA3-in16 pre-mRNA. (C) 

Computational prediction of watson-crick based MALAT1-PPFIA3-in16 hybridization generated by the Inta-RNA 

program. (D) Relative PSI of PPFIA3 mRNA in MALAT1 GapmeR conditions with ectopic overexpression of pc-

MALAT1[6638-6938] or pc-MALAT1[5785-6126]. A representative splicing gel is also shown. N=3. All experiments for 

Figure 9 are conducted in HEK293 cells. All statistical significance is conducted with student unpaired t-test with 

equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars representing SD. 
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Figure 3.10 - Proposed model of MALAT1 regulation of TDP-43 alternative splicing activity 

(A) Schematic overview of proposed model through which MALAT1 regulates TDP-43 binding to intronic regions 

of target pre-mRNA for AS. (B) TDP-43 CLIP-seq overview of direct binding on MALAT1 showing distinct 

binding locations for AS regulation of SAT1 pre-mRNA and PPFIA3 pre-mRNA. 
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Supplemental Tables 

Supplemental Table 3.1 - Nucleotide sequences of MALAT1[6638-6938]-based constructs 

Construct RNA Sequence 

MALAT1

[6638-6938] 

AUCCCGCUGCUAUUAGAAUGCAUUGUGAAACGACUGGAGUAUGAUU

AAAAGUUGUGUUCCCCAAUGCUUGGAGUAGUGAUUGUUGAAGGAA

AAAAUCCAGCUGAGUGAUAAAGGCUGAGUGUUGAGGAAAUUUCUG

CAGUUUUAAGCAGUCGUAUUUGUGAUUGAAGCUGAGCAUUUUGCU

GGUGUAUUUUUAGGUAAAAUGCUUUUUGUUCAUUUCUGGUGGUGG

GAGGGGACUGAAGCCUUUAGUCUUUUCCAGAUGCAACCUUAAAAUC

AGUGACAAGAAACAUUCCAAACAAGC 

MALAT1

[6638-6938-

Shuffled] 

GGAACAAGAUCUGUUUGUAUUAAUUUUUAUGUUGGAAAGUUUUUC

UAAUGACCGUUGAGUACUAUGAAGGGUAGUUAAAAUACGACCGGC

GUAGGCGUAAAAUACAAGAUGGCUGCUAUUCAAUUGGCGUUACGGC

CAAUACAUAGUGGUGGUUCAGAUACUAGUUCUUUAAUCAAAGGUA

AUUGUUUAGAAGCCGACCGGUUUUGUGCGAUCUUUGUGAGAUGAG

AUUAGCACUUUUCUCCUGCUGAUACUUAGGUUGAUAUUGAAAAAG

AAUAUAGGGUCGCGUCCGAAGACCAUGGG 

MALAT1

[6638-6938-

del] 

AUCCCGCUGCUAUUAGAAUGCAUUGUGAAACGACUGGAGUAUGAUU

AAAAAAUCCAGCUGAGUGAUAAAGGCUGAGUGUUGAGGAAAUUUC

UGCAGUUUUAAGCAGUCGUAUUUGUGAUUGAAGCUGAGUACAUUU

UGCUGGUGUAUUUUUAGGUAAAAUGCUUUUUGUUCAUUUCUGGUG

GUGGGAGGGGACUGAAGCCUUUAGUCUUUUCCAGAUGCAACCUUAA

AAUCAGUGACAAGAAACAUUCCAAACAAGC 

Random 

300nt 

GGUAGCAGAUGCGUCUUAAAUAAUACUCAAGUGGUAUCUUUACCAU

UUCCGCCAAUCUAACGGAGGCUCAUGUCCGACACGUGAUAAUCGCU

GACCGACUAAUAGCGUCCAGCCGAUGGGCUACUGUCGCUAUAAGCG

UCCGCCCGCGCUUAAUUAUGACGACGCGGCUCUCACCACUCAGAUC

UUGGUACUCCCCCCAAUCAAACGGUGAGAUUCCUUGAAUGAGACGC

CAUCACUCGGAUAGCCUGCCCUCAUCUGAUAAGCGCGAUAAUAUGC

GCAGACAAGUCAAACCCGGUCAGC 
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Supplemental Table 3.2 - Kd, EMSA for MALAT1[6638-6938] fragmented RNA constructs 

Fragment identity Kd, EMSA 

MALAT1[6638-6738] 408.1 

MALAT1[6678-6778] 533.2 

MALAT1[6763-6863] 466.1 

 

 

Supplemental Table 3.3 - Nucleotide sequences of SAT1-in4-based constructs 

Construct RNA Sequence 

SAT1-in4 

ACUAUUCUGAACUGCCGUGUAAACCUGACGUAUUCCCAAGUCAACAUACCAGUAU

ACCAAUAGGAUGUGAAUAAUGUGUGUGUUGAGUUUAAAACCAUAGCAGUUUUGCU

CUGGCAAGUAAUGAAAGCGUUCUCGCUUCCUGAGUGUGAGCUCCAGCAGACUGCA

GAGUGGCCAGUCCACAGUUGUAGCCUGACUUCAGUGAGUUCUGAUGUGUGCUUUU

UGCAAAUACAUGUUCUCAGAACAGUGAGAUCAUCCAGCAGUGGCCUGGACUGCAC

UCACAUAAAAAUCAUGAGACAGCCAUGGCUACUUGUUUCUGUAAUACAUGCAUGU

GUGUUUUUUAAAACCUAUGAUAGGCCUCUGAUUCUGCAGCUGCAACUUUUAUGGA

AUGUUUUCCUUCUCCACAUCUCAUGUGAUGCUCUUAUUACAGGACACAGCA 

SAT1-

in4-∆M 

ACUAUUCUGAACUGCCGUGUAAACCUGACGUAUUCCCAAGUCAACAUACCAGUAU

ACCAAUAGGAUGUGAAUAACACACACAUUGAGUUUAAAACCAUAGCAGUUUUGCU

CUGGCAAGUAAUGAAAGCGUUCUCGCUUCCUGAGUGUGAGCUCCAGCAGACUGCA

GAGUGGCCAGUCCACAGUUGUAGCCUGACUUCAGUGAGUUCUGACACACACUUUU

UGCAAAUACAUGUUCUCAGAACAGUGAGAUCAUCCAGCAGUGGCCUGGACUGCAC

UCACAUAAAAAUCAUGAGACAGCCAUGGCUACUUGUUUCUGUAAUACAUGCACAC

ACAUUUUUUAAAACCUAUGAUAGGCCUCUGAUUCUGCAGCUGCAACUUUUAUGGA

AUGUUUUCCUUCUCCACAUCUCAUGUGAUGCUCUUAUUACAGGACACAGCA 

SAT1-

in4-∆UG 

ACUAUUCUGAACUGCCGUGUAAACCUGACGUAUUCCCAAGUCAACAUACCAGUAU

ACCAAUAGGAUGUGAAUAAUGUGUGUGUUGAGUUUAAAACCAUAGCAGUUUUGCU

CUGGCAAGUAAUGAAAGCGUUCUCGCUUCCUGAGUGUGAGCUCCAGCAGACUGCA

GAGUGGCCAGUCCACAGUUGUAGCCUGACUUCAGUGAGUUCUGAUGUGUGCUUUU

UGCAAAUACAUGUUCUCAGAACAGUGAGAUCAUCCAGCAGUGGCCUGGACUGCAC

UCACAUAAAAAUCAUGAGACAGCCAUGGCUACUUGUUUCUGUAAUACAUGCAUGU

GUGUUUUUUAAAACCUAUGAUAGGCCUCUGAUUCUGCAGCUGCAACUUUUAUGGA

AUGUUUUCCUUCUCCACAUCUCAUGUGAUGCUCUUAUUACAGGACACAGCA 

SAT1-

in4-∆UG-

∆M 

ACUAUUCUGAACUGCCGUGUAAACCUGACGUAUUCCCAAGUCAACAUACCAGUAU

ACCAAUAGGAUGUGAAUAACACACACAUUGAGUUUAAAACCAUAGCAGUUUUGCU

CUGGCAAGUAAUGAAAGCGUUCUCGCUUCCUGAGUGUGAGCUCCAGCAGACUGCA

GAGUGGCCAGUCCACAGUUGUAGCCUGACUUCAGUGAGUUCUGACACACACUUUU

UGCAAAUACAUGUUCUCAGAACAGUGAGAUCAUCCAGCAGUGGCCUGGACUGCAC

UCACAUAAAAAUCAUGAGACAGCCAUGGCUACUUGUUUCUGUAAUACAUGCACAC

ACAUUUUUUAAAACCUAUGAUAGGCCUCUGAUUCUGCAGCUGCAACUUUUAUGGA

AUGUUUUCCUUCUCCACAUCUCAUGUGAUGCUCUUAUUACAGGACACAGCA 
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Supplemental Figures 

Supplemental Figure 3.1 

(A) MALAT1 and TARDBP RNA expression levels upon addition of NC GapmeR, MALAT1 GapmeR, TDP-43 

GapmeR, or both GapmeRs. (B) Validation of HMGB2 mRNA knockdown in HMGB2 GapmeR condition. There is 

no significant change in SAT1 or MADD mRNA expression levels, relative to control GAPDH mRNA. All 

experiments performed in supplement figure 1 are conducted in HEK293 cells. All statistical significance is 

conducted with student unpaired t-test with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error 

bars representing SD.  
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Supplemental Figure 3.2 

TDP-43 protein distribution in sucrose gradient between total RNA digestion and MALAT1 GapmeR conditions. 

Protein localization has also been plotted as a heat map. N=3. All experiments in supplement figure 2 are conducted 

in K562 cells. data are plotted with error bars representing SD. 
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Supplemental Figure 3.3 

(A) TDP-43 CLIP-seq identification of direct binding site on MALAT1 in HEK293, SH-SY5Y and H9 cells. There 

is a strong 300nt binding peak encompassing nucleotides 6638-6938 across all three CLIP-seq experiments. (B) 

Relative PSI analysis of MADD mRNA in MALAT1 and TDP-43 GapmeR conditions. C) Quantification of RNA 

localization in HEK293 between nucleus and cytoplasm. U1 and GAPDH RNA are used as positive controls N=3. 

All experiments for supplement figure 3 are conducted in HEK293 cells. All statistical significance is conducted 

with student unpaired t-test with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with error bars 

representing SD.  
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Supplemental Figure 3.4 

(A) Minimal free energy hybridization prediction of MALAT1 and SAT1-in4 RNA constructs. (B) Lack of strong 

minimal free energy hybridization region between MALAT1 and BARD1 RNA constructs. (C) Coomassie gel 

showing homogenic purity of tandem TDP-43 RRM construct, and increasing linear densitometry with increasing 

protein concentrations. 
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Supplemental Figure 3.5 

(A) RNA-RNA hybridization of MALAT1 with various SAT1 constructs and negative control BARD1. (B) 

Validation of Malat1 and mSAT1 minimal free energy hybridization regions, showing strong predictive 

hybridization regions. (C) Evolutionary conservation between hSAT1 and mSAT1 reveals conservation of 2 UG 

repeats (Black box) and non-conservation of 1 UG repeat sequence (Red box). (D) Fluorescently labelled BARD1 

RNA is visible in input of TDP-43-MALAT1-BARD1 assembled complexes, but is not enriched in elution samples. 
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Supplemental Figure 3.6 

(A) Validation of MALAT1 knockdown in MALAT1 GapmeR conditions upon 24 and 48 hours of transfection. 

N=3. (B) Validation of TARDBP mRNA knockdown in TDP-43 GapmeR conditions upon 24 and 48 hours of 

transfection. N-3. All experiments for supplement figure 6 are conducted in SH-SY5Y cells. statistical significance 

is conducted with student unpaired t-test with equal variance. * = p<0.05, ** = p<0.01. All data are plotted with 

error bars representing SD.  




