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Introduction 

 
My thesis investigates how RNA binding proteins (RBPs) regulate viral infection 

and a dsRNA sensing immune response. The goal of the Karijolich laboratory is to study 

how RNA metabolism and processing are regulated during viral infection and immune 

activation, and my thesis work includes projects on both topics. My thesis research 

focuses on two ubiquitous RBPs: FUS and TDP-43. I demonstrate that FUS restricts 

KSHV reactivation by regulating RNA polymerase II transcription of viral genes, and that 

TDP-43 prevents RIG-I activation and a lethal interferon response by regulating 

endogenous RNA polymerase III transcript abundance and localization. This introduction 

will describe the 1) KSHV life cycle and host regulation, 2) a description of FUS and its 

role in RNA metabolism, 3) the double-stranded RNA sensing pathway and interferon 

signaling, and 4) background on TDP-43 and its associated diseases.  

 

Section I: Kaposi’s Sarcoma-associated Herpesvirus (KSHV) 

 

Human Herpesvirus and γ-herpesviruses 

Herpesviruses have been discovered throughout the animal kingdom and most 

vertebrates have at least one life-long herpesviral infection [1]. These viruses are 

enveloped and have large, double-stranded DNA genomes. One of the universal 

characteristics of this virus family is that they exhibit two distinct life cycle phases. 

Following infection, the viruses establish latency that is defined by genome persistence, 

limited viral transcription, zero viral particle production, and the ability to reactivate into its 
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lytic phase following specific stimuli to produce and release infectious virions that will 

infect other cells [2].  

Eight different herpesviruses frequently infect humans and most adults are infected 

with at least one virus [3]. They are divided into three subfamilies based on associated 

diseases, tropism, speed and duration of its lytic cycle, and the cell types in which they 

primarily establish latency. α-herpesviruses comprise herpes simplex virus (HSV)-1 

(HHV-1), HSV-2 (HHV-2), and varicella zoster virus (VZV) (HHV-3) (Table 0.1). They 

have a broad cellular tropism, a rapid infection cycle, and primarily establish latency in 

neurons. β-herpesviruses include human cytomegalovirus (HCMV) (HHV-5), herpesvirus 

6A and 6B (HHV-6A and B), and herpesvirus 7 (HHV-7), infect a smaller number of cell 

types than the α-herpesviruses, and primarily persist in CD34+ hematopoietic stem cells, 

CD14+ monocytes, T cells, and neuronal cells. Finally, γ-herpesviruses are comprised of 

Epstein-Barr virus (EBV) (HHV-4) and Kaposi’s sarcoma-associated herpesvirus (KSHV) 

(HHV-8), infect the fewest number of cell types, have a long replication cycle, and 

primarily establish latency in B cells and endothelial cells. γ-herpesviruses are unique as 

they are oncogenic, with chronic infection leading to lymphoproliferative diseases, 

sarcomas, and lymphomas [4]. 

 

Name Sub-
family 

Primary Persistent Cell Types Associated Diseases 

Herpes Simplex Virus 
(HSV-1) 

α Sensory and cranial nerve ganglia Cold sores, skin lesions, keratitis, 
encephalitis, genital ulcers 

Herpes Simplex Virus 
(HSV-2) 

α Sensory and cranial nerve ganglia Genital ulcers 

Varicella Zoster Virus 
(VZV) 

α Sensory and cranial nerve ganglia Chicken pox, shingles 

Epstein-Barr Virus (EBV) γ B lymphocyte Mononucleosis, lymphoma 

Human Cytomegalovirus 
(HCMV) 

β Monocyte, lymphocyte Congenital defects 

Herpesvirus 6A/6B β Leukocyte Roseola 
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Herpesvirus 7 β T cells Roseola 

Kaposi’s sarcoma-
associated herpesvirus 
(KSHV) 

γ B lymphocyte, endothelial cell Kaposi’s sarcoma, primary effusion 
lymphoma, multicentric Castleman’s 
disease 

 
 
KSHV Prevalence and Associated Diseases  
 

Unlike most of the other human herpesviruses, KSHV infection is not common 

throughout the human population and has varying seroprevalence rates around the globe. 

There is a high rate of infection in sub-Saharan Africa where >50% of adults are infected, 

while ~20-30% of adults in the Mediterranean region have KSHV antibodies [5]. Europe, 

Asia, and the USA have much lower infection percentages at typically <10%, although 

specific groups have higher positive percentage rates such as homosexual men.  

KSHV is associated with several different diseases that typically depend upon the 

means of transmission, age, and underlying conditions. Kaposi sarcoma (KS) is the most 

prevalent KSHV associated cancer and is classified as classic, transplant-associated, 

endemic, or AIDS-related [6]. KS is one of the most common AIDS-associated cancers. 

It presents as inflammatory, multi-focal cutaneous lesions that frequently occur in the 

lower extremities and is diagnosed with a KSHV-infected spindle cell biopsy. KSHV is 

also associated with primary effusion lymphoma (PEL), a rare and highly aggressive B 

cell lymphoma that has a less than 6 month survival rate [7]. Most PEL patients are co-

infected with HIV and ~50% have or will develop KS. Finally, KSHV is also associated 

with Multicentric Castleman Disease (MCD), a B cell lymphoproliferative disorder 

frequently diagnosed in HIV patients [6]. If left untreated, this pro-inflammatory disease is 

typically fatal within 2 years.  

Table 0.1: Human Herpesviruses 
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KSHV Life Cycle 
 

As with all human herpesviruses, KSHV has two life cycle phases, latency and lytic 

reactivation (Figure 0.1). KSHV infects endothelial and fibroblast cells via 

macropinocytosis or clathrin-mediated endocytosis, respectively, although the 

mechanism of entry into B cells and other cell types has not yet been determined [8]. The 

virus primarily establishes latency upon infection of B cells and endothelial cells, where 

the viral episome is tethered to the host chromosome to be maintained during host 

replication by the primary latent transcript latency-associated nuclear antigen (LANA). [9] 

Latency is defined as the expression of few and specific latent viral genes and a lack of 

virion production [10]. The latent viral products maintain latency by promoting host 

survival, enhancing cell cycle progression, and preventing immune activation, and are 

essential for KSHV-associated disease development as most associated cancers are 

KSHV positive. 

 

 

 
 

 

 

Figure 0.1: KSHV life cycle 
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Latent KSHV infection can transition to lytic reactivation by specific stimuli. 

Reactivation can be initiated by artificial treatments, such as TPA and sodium butyrate, 

as well as physiological conditions like viral co-infection, hypoxia, and oxidative stress 

[10]. Lytic reactivation is characterized by the expression of the entire viral transcriptome, 

assembly of infectious particles, and release of virions to seed further infection. The viral 

transactivator replication and transcription activator (RTA) is the main driver of 

reactivation and its expression alone is sufficient to induce the lytic cycle. The RTA 

promoter is repressed by several host and viral proteins in latency to prevent reactivation, 

including NF-kB, the transcriptional repressor protein Hey1, and the viral latency protein 

LANA [11]. RTA activity initiates lytic gene expression in a temporally-defined 

transcriptional viral gene expression cascade [12]. Immediate early genes encode 

transcriptional regulators, early genes primarily function in viral DNA replication and 

translation, and late genes encode viral structure and egress associated proteins. Lytic 

products have a range of pro-viral functions, including facilitating an inflammatory, 

angiogenic, and proliferative state that contributes to KSHV associated disease 

progression [13]. Virion assembly commences in the nucleus where newly replicated 

genomes are packages into capsids, followed by tegument protein addition, and 

subsequent budding to acquire an envelope and release of infectious particles.  

 

KSHV Co-option and Regulation of Host Transcription Machinery 

KSHV regulates and co-opts several host processes to promote and enhance its 

lytic reactivation. Examples include RNA localization, decay, export, and proline 

metabolism  [14,15]. Importantly, the virus uses the host transcription machinery during 
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reactivation and regulates the process at several stages. KSHV recruits RNA polymerase 

II (RNAPII) to viral episomes to facilitate its reactivation and form spontaneously 

aggregating “transcriptional factories” that localize to the genomic viral DNA [16].  This 

recruitment also reduces the total amount of RNAPII available to the host, resulting in 

decreased global gene expression. KSHV also hijacks host co-transcriptional RNA 

modification machinery to enhance reactivation. For example, N6-methyladenosine 

(m6A), the most abundant RNA modification, is present on the ORF50 (RTA) transcript to 

both stabilize and direct pre-mRNA splicing to generate a functional RTA protein [17,18]. 

KSHV further regulates enhancer and super-enhancer activities during latency to 

maintain viral persistence, oncogene expression, and cellular survival, and also during 

lytic reactivation to drive viral replication [19,20].  

 

RNA Binding Protein Restriction of KSHV 

Numerous host proteins have been identified as KSHV restriction factors that 

target various latency, viral reactivation, and de novo infection processes. These include 

DNA sensors such as IFI16 and cGAS, epigenetic factors like the NuRD complex and the 

histone demethylase KDM2B, and the genomic structure regulators CTCF and cohesin    

[21–24]. In addition, several other restriction factors are RNA binding proteins (RBPs) that 

restrict different stages of RNA metabolism. Nonsense-mediated decay (NMD) is an RNA 

decay mechanism that degrades incorrectly processed RNAs prior to translational 

completion. The pathway has recently been demonstrated to restrict the KSHV lytic cycle 

by targeting cellular and viral mRNAs, including the transactivator RTA transcript, to 

repress the virus [25]. 
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The interferon inducible proteins IFIT1, 2, and 3 bind and detect a variety of non-

host RNA substrates to inhibit translation of viral transcripts. Recent studies have 

demonstrated that IFIT1, 2, and 3 are induced during the KSHV lytic cycle, restrict the 

virus, and that IFIT1 binds viral mRNAs [26]. Double-stranded RNA (dsRNA) sensors also 

restrict KSHV reactivation, specifically the RIG-I-like receptors (RLRs). The two signaling 

receptors RIG-I and MDA5 bind specific dsRNA ligands to induce an antimicrobial 

response. KSHV lytic reactivation induces RIG-I and MDA5 activation to restrict KSHV by 

binding distinct classes of RNAs [27,28]. Specifically, RIG-I binds host-derived 

triphosphorylated RNA polymerase III transcripts, revealing an interaction between RNA 

processing and RLR activation, and demonstrating that defects in RNA biogenesis can 

result in a robust immune response.  

 
Section I Summary 
 

KSHV is an oncogenic γ-herpesvirus that is the causative agent of KSHV, PEL, 

and MCD, and tightly regulates and co-opts host machinery to enhance its lytic cycle. 

Although several RNA binding proteins have been identified as KSHV restriction factors, 

additional investigation is necessary to identify other proteins and how they restrict the 

virus. This thesis presents a study that demonstrates that the RNA binding protein FUS 

restricts KSHV reactivation and identifies FUS as a new antiviral protein that prevents 

RNA polymerase II activity on viral genes. 
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Section II: The RNA Binding Protein FUS 

 

FUS is a Ubiquitous RNA Binding Protein 

There are hundreds of RNA binding proteins (RBPs) expressed in human cells. 

Many RBPs are expressed in a cell type-specific manner to regulate gene expression 

depending on cellular and tissue function. Conversely, other RBPs are ubiquitously 

expressed in most cell types and tissues. One such protein family is the TET/FET family, 

which is comprised of Translocated in Liposarcoma/ Fused in Sarcoma (TLS/FUS), 

Ewing’s sarcoma (EWS), and TATA-binding protein-associated factor 15 (TAF15). The 

three proteins are predominately nuclear localized, highly expressed in all tissues and 

cell types, and impact gene expression [29]. Like all TET/FET proteins, the 526 amino 

acid TLS/FUS protein has a N-terminal Gln, Gly, Ser, Tyr (QGSY)-rich domain, internal 

RNA recognition motif (RRM), zinc finger domain (ZFD), and three RGG domains that 

also bind RNA (Figure 0.2). Furthermore, FUS is highly conserved as similar FUS 

sequences have been identified in over 84 species including mammals [30].  

 

 

 
 

 
 
 
 
 
 

Figure 0.2: FUS structural domains 
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FUS Associated Diseases 
 

FUS is associated with several diseases. The N-terminal transcriptional activation 

domain can fuse with the CHOP transcription factor to generate the onco-fusion protein 

FUS-CHOP that causes >90% of myxoid liposarcoma cases [31]. FUS-CHOP activates 

SRC-FAK signaling, and FAK expression correlates with sarcoma tumor aggressiveness, 

revealing how FUS-CHOP drives this cancer [32]. Indeed, expression of this onco-fusion 

protein is associated with a higher potential for metastasis. Furthermore, FUS can fuse 

with the transcription factors ERG or FEV in EWS cancers, ATF1 in angiomatoid fibrous 

histiocytoma, and CREB3 L1 or L2 in low-grade fibromyxoid sarcoma. FUS also impacts 

cellular growth as loss of this protein reduces proliferation and enhances mitotic arrest. 

Finally, FUS and other FET onco-fusion proteins interact with the SWI/SNF chromatin 

remodeling complex more readily than wild-type FET proteins [33]. Expression of the 

onco-fusion proteins results in changes in global H3K27 trimethylation levels and gene 

expression, demonstrating that FET proteins deregulate SWI/SNF activity in several 

different types of cancers. 

FUS is highly associated with a variety of neurodegenerative diseases, including 

amyotrophic lateral sclerosis (ALS), frontotemporal lobar degeneration (FTLD), and the 

polyglutamine diseases, which include spinocerebellar ataxia, dentatorubropallidoluysian 

atrophy, and Huntington disease [34]. Although ALS and FTLD impact different regions 

of the nervous system, ALS and FTLD are both late-onset diseases that have similar 

genetic, clinical, and neuropathological features. ALS is defined by a fatal and progressive 

degeneration of upper and lower motor neurons, leading to muscular atrophy and 

paralysis. Respiratory failure and pneumonia cause death within 3-5 years on average. 
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~90-95% of cases are from unknown causes and are termed sporadic ALS (sALS), while 

the remaining ~5-10% arise from inherited familial gene mutations known as familial ALS 

(fALS). FUS is a primary disease-associated gene for familial and sporadic ALS, and FUS 

mutations comprise about ~4% of fALS cases making it one of the most mutated proteins 

in the disease. Other mutated proteins include TDP-43 (see section III), SOD1, and 

C9ORF72. Furthermore, FUS mutations in ALS can drive cytoplasmic relocalization of 

the protein to form aggregates in neuronal and glial cells. Over 50 different patient 

mutations have been identified with approximately two-thirds located in the ZFD, RGG2/3, 

and NLS domains. One example is the NLS mutation R521C. Patients with this mutation 

exhibits neuronal cytoplasmic inclusions, and glial and neuronal cell loss. FTLD a 

progressive disease associated with frontal and temporal lobe degeneration [35]. It is the 

second most common cause of dementia in patients older than 65 behind Alzheimer’s 

disease. FTLD-FUS has three related clinicopathological subtypes: atypical FTLD-U, 

neuronal intermediate filament inclusion disease (NIFID), and basophilic inclusion body 

disease (BIBD) [34]. Furthermore, FUS is associated with neuronal intranuclear inclusion 

aggregates in polyglutamine disease, although its impact on disease progression requires 

further investigation.  

 
FUS Regulates Gene Expression and Transcription 
 

Similar to many other RBPs, FUS regulates various gene expression processes 

including splicing, microRNA biogenesis, transcription, as well as DNA repair. FUS 

impacts splicing at several stages, including coupling transcription and splicing by 

interacting with RNA polymerase II and the U1 snRNP, binding to and around alternative 

splice sites at GGU and related motifs, and by forming complexes with splicing factors  
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[36–39]. It also stimulates processing of specific microRNAs by binding the transcription 

start site, interacting with the pri-microRNA, and enhancing Drosha levels at the loci, while 

FUS depletion results in a reduction of microRNA levels [40]. Furthermore, FUS promotes 

DNA damage repair as it is recruited to sites of DNA damage in a PAR-dependent manner 

[41]. FUS mutations in the nuclear localization signal restrict a PARP-dependent DNA 

damage response that drives further cytoplasmic FUS localization and contributes to 

neurodegeneration in motor neurons. 

FUS in also found in membrane-less organelles during certain conditions in the 

cell. Hyperosmolar stress induces FUS relocalization to the cytoplasm and assembly into 

stress granules to enhance cell survival [42]. FUS is also involved in paraspeckle 

formation, which is a membrane-less organelle that contains specific mRNAs and RNA 

binding proteins that regulate transcription [43]. FUS interacts with NONO, an essential 

paraspeckle protein, and regulates NEAT1 levels, the paraspeckle scaffold RNA. Loss of 

FUS reduces paraspeckle formation, while FUS mutations in fALS cases enhances their 

formation. FUS further impacts mRNA processing and biogenesis through stability and 

transport. ALS mutations in FUS increase mRNA abundance due to enhanced RNA 

stability, for example with the FUS target RNA MECP2 [44]. FUS also promotes mRNA 

transport of the actin-stabilizing protein Nd1-L to dendritic spines where translation 

occurs, demonstrating that FUS shuttles bound mRNAs throughout the cell [45].  

Importantly, FUS regulates transcription at several stages. A significant 

percentage binds to active chromatin and ALS mutations reduce chromatin binding [46]. 

Furthermore, FUS binds the promoter of some RNA polymerase II and III-transcribed 

genes and accumulates at the transcription start site [47,48]. FUS also interacts with 
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several transcription factors including the TFIID RNA polymerase II subunit and the C-

terminal domain of RNA polymerase II to block serine-2 hyperphosphorylation and 

regulate transcriptional elongation [49,50]. Furthermore, FUS binds the RNA polymerase 

II CTD to form phase-separated condensates that enhance transcriptional initiation after 

phase transition, demonstrating that FUS is associated with transcriptional and post-

transcriptional regulation [51].  

 
FUS Regulates B Cell Development 
 

RBPs impact RNA biogenesis at numerous stages including stability, splicing, 

localization, transcription, modification, and translation. As such, they are essential for 

cellular and organism development. Importantly, FUS regulates B cell lymphocyte 

development and activation in mice [52]. FUS is essential for survival as a homozygous 

knockout (FUS -/-) results in death within 16 hours after birth. Strikingly, FUS -/- newborns 

have fewer lymphocytes with a specific reduction in IgM B cells but not precursor B cells, 

demonstrating a deficiency in pre-B cell to B cell development. FUS -/- mice also exhibit 

genomic instability as defined by increased aneuploidy, chromosome breakage, 

extrachromosomal elements, and centromeric fusions, demonstrating a role in genome 

maintenance.  

 
Section II Summary 
 

FUS is a ubiquitous RNA binding protein that regulates several aspects of RNA 

biogenesis. Although the role that FUS has on transcription is well defined, what impact 

it has on viral infection has not been investigated. This thesis demonstrates that FUS 

restricts KSHV reactivation from PEL and latently infected epithelial cells. It binds specific 
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viral promoters on the episome and binds RNA polymerase II during the viral lytic cycle 

to repress CTD Serine-2 hyperphosphorylation. Loss of FUS results in increased 

transcriptional elongation of several viral genes, including the main transactivator RTA, 

demonstrating that FUS restricts KSHV by regulating viral transcription.  

 

Section III: Double-stranded RNA Sensing and Signaling 

 

Nucleic Acid Sensors 

The innate immune system is the first line of defense against pathogens and is 

paramount for the detection of infectious agents. Germ line encoded pattern recognition 

receptors (PRRs) detect conserved pathogen-associated molecular patterns (PAMPs) 

that are present on and in pathogens to activate an immune response. The different 

classes of PRRs include the Toll-Like receptors (TLRs) that detect a variety of PAMPS, 

the NOD-like receptors (NLRs) that can activate the inflammasome, the C-type lectin 

receptors (CLRs) that recognize different components of fungi, and the double-stranded 

RNA (dsRNA) and double-stranded DNA (dsDNA) nucleic acid sensors (Table 0.2) 

[53,54].  

 
 

Receptor Ligand 

TLR3 dsRNA 

TLR7/8 ssRNA 

TLR9 CpG DNA 

ZBP1/DAI DNA 

AIM2 DNA 

cGAS DNA 

IFI16 DNA 

DDX41 DNA 

RIG-I Short (<1000bp) 5’(p)pp dsRNA; 5’ppp ssRNA; circular RNA 
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MDA5 Long (>1000bp) dsRNA 

NLRP3 RNA, other stimuli 

PKR dsRNA 

 
  

The nucleic acid receptors are predominantly localized in the cytoplasm. The 

primary DNA sensor in most cell types is cGAS, which binds dsDNA in a sequence 

independent manner and signals through the adapter protein STING to induce an 

antimicrobial response. Other receptors such as DDX41 and IFI16 also signal through 

STING, while IFI16 and AIM2 can induce inflammasome activation [55]. Interestingly, 

cytoplasmic RNA polymerase III is considered a DNA sensor as it detects dsDNA and 

transcribes immunostimulatory RNA that activates the RNA signaling pathway [56,57]. 

Furthermore, RNA sensors include the OAS proteins that signal through the adapter 

protein RNase L to activate RIG-I, PKR whose activation prevents cap-dependent 

translation to restrict pathogens, and the RIG-I-like receptors (RLRs), which are the 

primary dsRNA receptors [55].  

 
RIG-I-like Receptors 
 

The RIG-I-like receptor (RLR) family includes three members: retinoic-acid-

inducible protein 1 (RIG-I/DDX58), melanoma-differentiation-associated gene 5 

(MDA5/IFIH1), and laboratory of genetics and physiology 2 (LGP2/DHX58) [58].  While 

all three proteins are primarily localized in the cytoplasm and can bind dsRNA, only RIG-

I and MDA5 activate the downstream signaling cascade due to LGP2 lacking CARD 

domains that are necessary for binding the adapter protein mitochondrial antiviral-

signaling protein (MAVS) (Figure 0.3). MAVS is primarily anchored in the mitochondrial 

Table 0.2: Innate immune nucleic acid receptors and associated ligands 
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membrane but is also found on the peroxisome [59]. RIG-I or MDA5 interaction with 

MAVS recruits TANK-binding kinase 1 (TBK1) and IκB kinase (IKK) to activate IRF3/IRF7 

and NF-κB, respectively. These transcription factors then induce the expression of 

antimicrobial interferon and pro-inflammatory gene expression responses.  

 

 
 
 

RIG-I and MDA5 recognize distinct structural and chemical moieties on RNAs. For 

example, RIG-I preferentially recognizes short (<1000 bp) 5’-triphosphorylated (5’ppp) 

blunt dsRNAs, although it can also recognize 5’ppp single-stranded RNA (ssRNA) and 

circular RNAs at a lower affinity [60–66]. 2’-O-methylation of the 5’ end of dsRNA also 

prevents RIG-I recognition [67]. Conversely, MDA5 binds long (>1000bp) dsRNAs 

independent of the 5’-end phosphorylation status [61,68]. Thus, the RLR pathway is 

Figure 0.3: RIG-I-like receptor signaling pathway 
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activated during a variety of infections and autoimmune diseases due to the wide range 

of RIG-I and MDA5-specific ligands.  

 
Type I and III Interferon Signaling 
 

The interferon regulatory factor (IRF) transcription factor family drives expression 

of interferons (IFNs), a family of pro-inflammatory cytokines that signal in an autocrine 

and paracrine fashion to induce an antimicrobial state. Type I IFNs include IFN α and β, 

type II is IFN γ, while type III includes IFN λ1 and λ2/3. Most cell types express the type I 

and III IFNs following activation of the innate immune system [69]. Type I IFNs signal 

through the interferon- α/β receptor (IFNAR) while type III IFNs bind the interferon- λ 

receptor (IFNLR). Activation of either receptor induces a shared signaling cascade to 

activate an antimicrobial response in the cell. While IFNAR is expressed in all cell types, 

IFNLR expression is cell-type specific. It is expressed in epithelial cells of the 

gastrointestinal lining and respiratory tract to induce a more robust IFN response to 

specific stimuli. IFNAR and IFNLR activation leads to JAK/STAT signaling, where 

STAT1/2 dimerize and interact with the transcription factor IRF9 to form the ISGF3 

complex. ISGF3 is then translocated to the nucleus and binds ISRE elements to 

transcribe interferon stimulated genes (ISGs). There are hundreds of ISGs that restrict 

infection through a variety of mechanisms, including translational shutoff, blocking virion 

release, and further promoting an immune response.  

 
 
Sensing of Endogenous dsRNA 
 

Although nucleic acid sensors were originally described in the context of infection, 

recent investigations have demonstrated that endogenous RNAs can also activate them. 
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Immunostimulatory dsRNAs are generally not found within the host transcriptome as their 

presence would activate an interferon and pro-inflammatory gene expression response 

that would potentially result in lethality, thus they are tightly regulated through a variety of 

mechanisms. Recent studies have identified RBPs that regulate essential junctions of 

RNA biogenesis where their deletion results in dsRNA sensor activation. For example, 

depletion of heterogenous ribonucleoprotein (hnRNP) C, which regulates pre-mRNA 

splicing through the binding of proximal Alu elements, results in RIG-I-dependent cell 

death due to the generation of dsRNA hairpins formed between inverted Alu repeats [70–

72]. Additionally, adenosine deaminase RNA specific (ADAR) enzymes recognize and 

deaminate adenosines to produce inosines within dsRNA hairpins to generate imperfect 

dsRNA structures. Loss of this activity results in RLR-dependent sensing of the perfectly 

complementary endogenous dsRNA hairpin [73–78]. Furthermore, the non-coding RNAs 

RN7SL and RNA5SP141 bind RIG-I following the loss of their protective RBPs, 

demonstrating that ‘unshielded’ RNA can be immunostimulatory [79,80]. 

Constitutive activation of dsRNA receptors by endogenous dsRNA can lead to 

several autoimmune diseases. These diseases are defined as interferonopathies due to 

the robust interferon response that contributes to the pathologies [81]. The MDA5 mutant 

A946T correlates with several autoimmune diseases such as multiple sclerosis (MS), 

rheumatoid arthritis, and systemic lupus erythematosus (SLE), and mice with the mutation 

develop lupus-like symptoms due to a systemic elevated interferon response. Aicardi-

Goutieres syndrome (AGS) is a neuroinflammatory autoimmune disease that arises due 

to mutations in nucleotide processing proteins, such as ADAR1 and MDA5, that generate 

immunostimulatory dsRNA accumulation and hypersensitivity to ligands, respectively. 
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Finally, Singleton-Merten syndrome (SMS) is a multisystem disorder that is defined by an 

interferon profile, and MDA5 and RIG-I mutations have been identified in this disease that 

lead to the constitutive IFN expression.  

 
Mechanisms of Interferon-driven Cell Death 
 

Interferon signaling can induce cell death through a variety of mechanisms (Figure 

0.4). First, interferon stimulation can activate apoptosis, a programmed form of cell death.  

Apoptosis is accomplished by either cell extrinsic signaling via a death receptor or cell 

intrinsic through the mitochondria releasing cytochrome C, and an interferon response 

drives cell death through the cell intrinsic pathway. There are a couple of mechanisms for 

this that require JAK/STAT signaling following IFNAR activation [82]. Interferon activates 

the ERK and JNK pathways to initiate apoptosis by promoting the activation of the anti-

survival Bcl-2 members Bax and Bak. Interferons can also activate the pro-apoptotic 

protein Bim while downregulating the anti-apoptotic protein Bcl-xL when stimulated with 

TNF-α. Furthermore, several ISGs have pro-apoptotic activity including IFIT2, NOXA, and 

IFITM2. A type I interferon response can also activate necroptosis through a couple of 

mechanisms. The ISG DNA-dependent activator of IFN regulatory factors (ZBP1/DAI) is 

upregulated following interferon stimulation and forms a homodimer [83]. ZBP1 then 

interacts with the necroptotic kinases RIPK1 and RIPK3. Conversely, the ISG protein 

kinase R (PKR) can be induced following interferon signaling, which then interacts with 

RIPK1/3 similarly to ZBP1. [84] RIPK1/3 are then phosphorylated and activated, leading 

to the recruitment of the pseudokinase MLKL and its subsequent phosphorylation to 

promote its plasma membrane localization and pore formation.  
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Finally, the inflammasome can also be activated by interferon signaling to induce 

pyroptotic cell death. Several different inflammasomes have been shown to activate 

pyroptosis in an interferon-dependent manner. These include NLRP3, AIM2, and RIG-I, 

which are upregulated following ISGF3 activation during infection [85]. Inflammasome 

activation is characterized by caspase-1 cleavage and activation, which cleaves 

gasdermin D (GSDMD) and the inflammatory cytokines IL-1β and IL-18, leading to 

GSDMD plasma membrane localization and pore formation to induce pyroptosis.  

 
 
 
 

Figure 0.4: Interferon-stimulated cell death pathways 
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Section III Summary 
 

Activation of the RIG-I-like receptors (RLRs) induces an antimicrobial interferon 

and pro-inflammatory cytokine response. As constitutive activation can cause 

autoimmune diseases, the regulation of the RLRs is essential for preventing an aberrant 

immune response to endogenous dsRNAs. Therefore, I sought to identify RNA binding 

proteins that prevent an interferon response and determine how they do so. This thesis 

presents a study that demonstrates that the RNA binding protein TDP-43 prevents 

endogenous dsRNA accumulation and an interferon response. Loss of TDP-43 activates 

RIG-I to induce a lethal type I interferon response due to accumulated and mislocalized 

RNA polymerase III-transcribed non-coding RNAs.  

 

Section IV: The RNA Binding Protein TDP-43 

 

TDP-43 is a Conserved, Ubiquitous RNA Binding Protein 

Similar to FUS, TAR DNA binding protein 43 (TDP-43 (gene name TARDBP)) is a 

ubiquitous RNA binding protein that is expressed in most cell types and tissues. It is     

classified as a member of the heterogeneous nuclear ribonucleoprotein (hnRNP) family 

of RBPs as all members have at least one RNA binding domain [86]. The hnRNP family 

is involved in most stages of RNA biogenesis, such as alternative splicing, 

polyadenylation, transcription, and transport. Structurally, TDP-43 is comprised of a 

nuclear localization signal (NLS), two RNA recognition motifs (RRMs), a nuclear export 

signal (NES), and a prion-like glycine-rich C-terminal domain, and is primarily nuclear 

localized (Figure 0.5) [35]. In addition, TDP-43 is highly conserved as TDP-43 orthologs 
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have been identified in humans, mice, Drosophila, and Caenorhabditis elegans [87]. 

Furthermore, TDP-43 is essential for life as a knockout in mice is embryotic lethal at day 

7.5, a knockout in zebrafish results in early death, and loss of TDP-43 in various cell types 

induces cell death [88,89].  

 

 
 
TDP-43 Associated Diseases 
 

TDP-43 dysregulation and mutations are associated with several diseases 

including neurodegenerative diseases, which are the most studied. Amyotrophic lateral 

sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are highly associated with 

defects in TDP-43 function, expression, and localization, in addition to TDP-43 mutations 

[35]. TDP-43 mutations are found in ~5-10% of familial ALS cases, making it one of the 

most frequently mutated proteins in the disease. Most of these mutations occur in the C-

terminal glycine-rich region. In addition to the fALS mutations, TDP-43 exhibits a 

proteinopathy in ~97% of all ALS cases which is characterized by the cytoplasmic re-

localization of the predominantly nuclear protein. Cytoplasmic TDP-43 is further 

ubiquitinated and hyper-phosphorylated in inclusion bodies, and a portion is truncated 

into C-terminal fragments that form protein aggregates. TDP-43 mutations can promote 

cytoplasmic re-localization, aggregation, and resistance to proteases, as well as change 

protein stability and binding partners. Furthermore, TDP-43 overexpression, which can 

be found in ALS, drives cytoplasmic re-localization and aggregate formation while being 

Figure 0.5: TDP-43 structural domains 
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toxic in neurons [90]. Whether cytoplasmic re-localization contributes to ALS due to gain-

of-toxic-function (enhanced cytoplasmic activity) or loss-of-function (reduced nuclear 

activity) has not been fully determined, although studies supporting both hypotheses have 

been published. In addition, ~45% of all FTLD cases have modified and truncated 

cytoplasmic TDP-43 aggregates similar to ALS patients and are termed FTLD-TDP [35]. 

TDP-43 mutations can also impact FTLD-TDP disease and there are several that overlap 

between ALS and FTLD. 

Besides neurodegenerative diseases, TDP-43 is associated with other 

pathologies. Cytoplasmic and ubiquitinated TDP-43 inclusions have been identified in 

inclusion body myopathies, a disease that targets skeletal muscles and weakens them 

over time [91]. In addition, TDP-43 is highly upregulated in triple negative breast cancer 

(TNBC) while being associated with poor prognosis as it plays a role in tumor proliferation 

and metastasis due to changes in aberrant alternative splicing [92]. Furthermore, TDP-

43 is involved in double-stranded DNA damage repair, demonstrating a link between 

TDP-43 and cancer as well as other genomic instability disorders [93]. 

TDP-43 defects are also associated with inflammatory conditions in disease. 

Elevated interferon levels and an activated immune system have been reported in the 

brains of ALS and FTLD patients as well as in animal models [94–97]. Furthermore, TDP-

43 overexpression induces inflammation via mitochondrial DNA release and 

cGAS/STING activation [98]. TDP-43 overexpression also causes an inflammatory 

response in astrocytes that induces TDP-43 mislocalization to the cytoplasm and 

aggregation, suggesting a positive feedback loop between TDP-43 and inflammation 

[99,100].  
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TDP-43 Regulates Gene Expression 
 

TDP-43 and FUS impact and regulate several stages of RNA metabolism by 

binding to target RNAs and proteins that regulate a variety of overlapping processes and 

are associated with similar diseases (Figure 0.6). Cross-linking and immunoprecipitation 

(CLIP)-seq demonstrates that TDP-43 preferentially binds long introns at UG-rich regions 

[101,102]. Some of its most well studied functions are in pre-RNA splicing and alternative 

splicing where TDP-43 binding near the 5’ and 3’ splice sites and can prevent or enhance 

splicing depending on the gene [103]. Interestingly, TDP-43 autoregulates its own RNA 

levels by binding its 3’ UTR, resulting in suboptimal splice site usage and mRNA 

degradation. TDP-43 has further been shown to regulate splicing through spliceosomal 

RNA modifications. U1 and U2 snRNAs initiate splicing by binding the pre-RNA and 

recruiting the spliceosome. These RNAs are 2’-O-methylated at specific sites and the 

modification is facilitated by small Cajal body-specific RNAs (scaRNA) in Cajal bodies. 

TDP-43 binds to certain scaRNAs to localize them to Cajal bodies to enhance U1 and U2 

modifications, and loss of TDP-43 reduces U1 and U2 snRNA modifications that may 

impact splicing [104].  

TDP-43 has also been implicated in regulating RNA and protein export from the 

nucleus by interacting with the nuclear pore complex and nucleocytoplasmic transport 

machinery, as well as in transporting mRNA cytoplasmic granules [105,106]. TDP-43 

further forms complexes in membrane-less organelles that regulate RNA export, 

transcription, and translation. Stress conditions promote cytoplasmic re-localization to 

form stress granules and loss of TDP-43 reduces stress granule assembly. Interestingly, 

TDP-43 stress granules have been identified in cell types associated with ALS/FTD, 
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suggesting its role in stress granule formation may contribute to neurodegenerative 

diseases [107]. TDP-43 is also essential for paraspeckle formation in the nucleus [108]. 

It prevents paraspeckle formation by binding the short isoform of the non-coding RNA 

NEAT1, the RNA scaffold of paraspeckles, which blocks paraspeckle formation in 

pluripotent cells. Differentiation induces paraspeckle formation as it reduces TDP-43 

expression, resulting in the transition from short to long NEAT1 isoform accumulation and 

subsequent TDP-43 sequestration into paraspeckle due to NEAT1 binding.  

 

 

Finally, TDP-43 regulates RNA abundance at both the transcriptional and RNA 

degradation level by microRNA (miRNA) activity. The transcription elongation factor ELL, 

a protein in both the little elongation complex (LEC) and super elongation complex (SEC), 

Figure 0.6: Overlap between FUS and TDP-43 function and disease 
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interacts with TDP-43 in human cells [109]. LEC regulates RNA polymerase II 

transcription of snRNAs at the initiation and elongation stages in Drosophila, while the 

SEC contains p-TEFb, a kinase that phosphorylates RNA polymerase II to promote RNA 

elongation. Some of the LEC and SEC target genes are induced in fly ALS/FTLD models, 

including U12 snRNA and the long non-coding RNA Hsrω, linking transcriptional 

activation and TDP-43 in neurodegenerative disease. Furthermore, TDP-43 is involved in 

miRNA abundance and biogenesis. It interacts with the nuclear protein Drosha and 

specific primary miRNAs to facilitate the production of some precursor miRNAs [110]. 

Cytoplasmic TDP-43 also interacts with the Dicer complex and precursor miRNAs to 

enhance their processing, demonstrating that TDP-43 regulates RNA decay and turnover.  

 

TDP-43 and dsRNA Processing 

Many of the TDP-43 associated functions involve dsRNA structures, whether as 

precursors, intermediates, or products. Along this line, previous work has demonstrated 

that TDP-43 restricts dsRNA accumulation. Loss of the TDP-43 homologue, TDP-1, in 

Caenorhabditis elegans, results in the accumulation of dsRNAs including antisense 

overlapping transcripts, transposons, and intronic sequences [111]. Furthermore, TDP-

43 siRNA depletion in human HeLa cells, and in M17 and SH-SY5Y neuroblastoma cells 

induces dsRNA accumulation, demonstrating a conserved function of TDP-43 [112]. 

Here, the accumulated dsRNAs was comprised of numerous RNAs species, including 

repetitive sequences and intronic regions.  

Interestingly, loss of TDP-43 has also been shown to induce expression of specific 

repetitive elements. One example is the induction of Alu elements, a family of repetitive 
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elements that comprise ~11% of the human genome [113–116]. What impact these 

induced Alus have on cellular processes, however, have not been determined. In addition, 

loss of nuclear TDP-43 in post-mortem frontotemporal degeneration-amyotrophic 

sclerosis (FTD-ALS) human brain specimens results in chromatin decondensation [117]. 

Decondensation around long interspersed nuclear elements (LINEs) lead to increased 

LINE expression and retrotransposition, overall demonstrating that TDP-43 inhibits the 

expression of several repetitive elements that can form dsRNA structures.  

 

Section IV Summary 

TDP-43 is a highly conserved and ubiquitous RNA binding protein that facilitates 

numerous stages of RNA metabolism. Given the prominence of dsRNAs as activators of 

RLR-dependent interferon responses, I sought to investigate whether TDP-43 is required 

to prevent RLR activation due to endogenous RNAs. This thesis determines that loss of 

TDP-43 induces cytoplasmic immunostimulatory dsRNA accumulation, triggering a lethal 

RIG-I-dependent Type I and III IFN response. Collectively, this study describes a role for 

TDP-43 in preventing the accumulation of endogenous dsRNAs and uncovers an intricate 

relationship between the control of cellular gene expression and interferon-mediated cell 

death.  
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Abstract: 

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a human gammaherpesvirus and 

the etiological agent of Kaposi’s sarcoma. KSHV is also causally associated with the 

development of lymphoproliferative diseases, including primary effusion lymphoma 

(PEL). KSHV reactivation from latency plays an integral role in the progression to KSHV-

associated disease as several lytic proteins have angiogenic and anti-apoptotic functions 

essential to the tumor microenvironment. Thus, restriction of KSHV reactivation 

represents an attractive therapeutic target. Here, I demonstrate that the cellular protein 

Fused-in-sarcoma (FUS) restricts KSHV lytic reactivation in PEL and in an epithelial cell-

based model. Depletion of FUS significantly enhances viral mRNA and protein 

expression, resulting in increased viral replication and production of infectious virions. 
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Chromatin immunoprecipitation analyses demonstrates that FUS is present at several 

KSHV lytic cycle genes during the latent stage of infection. I further demonstrate that FUS 

interacts with RNA polymerase II and negatively affects Serine-2 phosphorylation of its 

C-terminal domain at the KSHV RTA gene, decreasing nascent RNA synthesis. 

Knockdown of FUS increases transcription of RTA, thus driving enhanced expression of 

KSHV lytic genes. Collectively, these data reveal a novel role for FUS in regulating viral 

gene expression and are the first to demonstrate its role as a viral restriction factor. 

Keywords: KSHV; RTA; Viral Lytic Reactivation; FUS; RNA Polymerase II; Restriction 

Factor 

 

Introduction: 

Kaposi's sarcoma-associated herpesvirus (KSHV) is a double-stranded DNA 

herpesvirus and belongs to the gammaherpesvirus subfamily. KSHV is an AIDS-

associated opportunistic pathogen and the etiological agent of Kaposi’s sarcoma (KS), 

a multicentric, angioproliferative spindle cell tumor that is the most prevalent cancer in 

untreated AIDs patients [118–121]. The virus is also linked to various B cell 

lymphoproliferative diseases, including primary effusion lymphoma (PEL) and multicentric 

Castleman's disease [122,123]. Similar to other herpesviruses, KSHV has two distinct 

phases of its lifecycle, latency and the lytic cycle. Latency is characterized by the 

persistence of an episome and expression of a limited number of viral genes [9]. In 

contrast, during viral reactivation, all viral genes are expressed, resulting in viral DNA 

replication and the production of infectious virions [124,125].  
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The latent to lytic transition is implicated in KSHV-associated disease progression, 

with both phases likely making unique contributions. For instance, latently expressed viral 

proteins have been shown to subvert cellular mechanisms which normally protect cells 

from aberrant proliferation, as is the case with latency-associated nuclear antigen (LANA), 

which can bind and inhibit tumor suppressors such as p53 and retinoblastoma protein 

[126,127]. Additionally, an anti-apoptotic transcriptional program is important for KSHV 

latency and the latent protein vFLIP has also been shown to activate the anti-apoptotic 

transcription factor NF-κB [128–131]. The importance of this gene expression program is 

highlighted by the essential nature of vFLIP for the survival of latent PEL cells [128]. While 

latent proteins have oncogenic properties, latency itself is not immortalizing, suggesting 

that lytic replication has a role. Consistent with this, clinical studies have shown the 

successful prevention as well as treatment of KSHV-associated malignancies with 

therapeutics that inhibit lytic replication [132–136]. It is now well appreciated that the 

presence of lytic cells is required for the production of angiogenic and anti-apoptotic viral 

products, which are essential to the tumor microenvironment [137–139].  

The main driver of reactivation is the viral encoded replication and transcription 

activator (RTA/ORF50), which functions as a transcription factor and initiates expression 

of lytic cycle genes [140]. RTA is both necessary and sufficient to promote lytic gene 

expression [140,141]. Recombinant viruses that lack RTA, while capable of establishing 

latency, are unable to reactivate [142]. RTA is a sequence-specific transcriptional 

activator, consisting of an amino-terminal basic DNA-binding domain, a central leucine 

zipper motif, and a carboxy-terminal acidic activation domain [141]. RTA’s amino-terminal 

DNA-binding domain is capable of directly binding RTA-responsive elements within viral 
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gene promoters with high affinity [143]. The amino-terminal domain and leucine zipper 

also promotes RTA’s interaction with cellular proteins, including Oct-1, RBP-Jκ, and K-

RBP, that aid in viral promoter specification and transactivation by RTA [144–148]. The 

carboxy-terminal acidic activation domain is also required for RTA-mediated lytic 

reactivation and binds to cellular SWI/SNF and TRAP/Mediator complexes [149]. Despite 

low sequence homology within the carboxyl transcriptional activation domain among RTA 

homologs of gammaherpesviruses, the RTA, SWI/SNF, and TRAP/Mediator interactions 

are conserved in herpesvirus saimiri and murine gammaherpesvirus 68, highlighting the 

importance of cellular proteins in gammaherpesvirus reactivation [149].  

Given RTA’s requirement for KSHV reactivation, it is perhaps not surprising that 

cellular proteins target RTA to prevent lytic replication. In fact, several proteins have been 

demonstrated to inhibit the transcriptional activation of RTA or limit RTA’s ability to 

transactivate lytic promoters. For instance, ADP-ribosylation and phosphorylation of RTA 

by PARP-1 and hKFC, respectively, result in the suppression of its recruitment to RTA-

regulated lytic promoters [150]. Additionally, cellular KAP-1 associates with RTA-

dependent lytic promoters and represses their expression, and depletion of KAP-1 is 

sufficient to induce KSHV reactivation [151].  

It is likely other unidentified proteins affect RTA-mediated KSHV reactivation. 

Indeed, the human genome encodes numerous proteins that influence the dynamics of 

cellular transcription, and some have been tangentially associated with antiviral 

processes. For example, the cellular protein Fused-in-sarcoma (FUS) is involved in 

cellular transcription, and has also been demonstrated to be a component of cytoplasmic 

stress granules, which are important components of the host anti-viral response [46,152–
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154]. However, a role for FUS in the antiviral response has not been determined. Here, I 

demonstrate that FUS is a negative regulator of KSHV reactivation in PEL and in an 

epithelial cell-based model of KSHV infection. Loss of FUS leads to enhanced viral RNA 

and protein expression, resulting in an increase in the production of infectious virions. 

Chromatin immunoprecipitation (ChIP) analyses demonstrated that FUS is present at 

several KSHV loci, including RTA. Lytic reactivation promotes FUS eviction from many 

lytic cycle genes, however, FUS remains associated with RTA. Knockdown studies 

coupled with ChIP of RNA polymerase II (RNAP II) indicate that FUS negatively regulates 

phosphorylation on the C-terminal domain (CTD) of RNAP II at the RTA locus. Consistent 

with this, FUS knockdown increases RNAP II phosphorylation and increases nascent 

RNA expression of RTA, thus enhancing viral reactivation. These results demonstrate 

that FUS is an important cellular protein that negatively regulates viral gene expression 

and reveal a previously unknown antiviral role for FUS. 

Materials and Methods: 

Cells and Viruses.  

iSLK.219 [155], iSLK.BAC16 [156], iSLK.Control [155], HEK293T (ATCC) were 

maintained in Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supplemented with 

10% fetal bovine serum (FBS; Invitrogen). TREx-BCBL1-RTA [157] were grown in RPMI 

1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen) 

and 2 mM L-glutamine (Invitrogen). All cells were maintained with 100 U of penicillin/ml 

and 100 μg of streptomycin/ml (Invitrogen) at 37 °C under 5% CO2. iSLK.219, 

iSLK.BAC16, iSLK.Control, and TREx-BCBL1-RTA cells were reactivated with 1 μg/ml of 

doxycycline (Fisher Scientific).  
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Sirna Knockdowns.  

iSLK.219 cells were transfected at 60-80% confluency with 40 nM siRNA (FUS: 5’ 

rCrGrGrArCrAUrGrGrCrCUrCrArArArCrGrAdTdT) or MISSION siRNA Universal 

Negative Control #1 (Sigma) using Lipofectamine RNAiMax (Invitrogen). 48 h post-

transfection cells were reactivated as described above. siRNAs were microporated into 

TREx-BCBL1-RTA cells using the Neon transfection system (Invitrogen) at 1,600 v, 10 

ms pulse width, and 3 pulses. 18 h post-microporation cells were reactivated as described 

above, with the addition of 100μM sodium butyrate (Sigma).  

Genome Replication.  

TREx-BCBL1-RTA cells were treated with FUS siRNA for 18 h, and reactivated with 

doxycycline and sodium butyrate for 48 h. The virus and cells were pelleted at 20,000 G 

for 2 h at 4ºC. Viral genomes were quantified by qPCR using serially diluted BAC16 as a 

standard curve.  

Supernatant Transfer.  

iSLK.219 cells were reactivated with doxycycline for 72 h, after which the supernatant 

was collected. The supernatant was added to HEK293T cells with 8 μg/ml of polybrene 

(Sigma) and spun at 1,000 rpm for 1 h at room temperature. Fresh media was then added 

and the cells were incubated for 48 h, followed by analysis.  

Cloning, Lentiviral Production and Infection.  

FUS was PCR amplified from pENTR4-FLAG FUS (Addgene) and Gateway cloned into 

pLenti-CMV-tight-blast-dest vector (Addgene).  
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Lentivirus was prepared in HEK293T cells. Cells were transfected at 50-60% confluency 

with recombinant FUS, psPAX2 (lentiviral packaging), and pMD2.G (lentiviral envelope) 

(Addgene) using polyjet (SignaGen). 72 h post-transfection the supernatant was 

collected, mixed with 8 μg/ml of polybrene, and iSLK.219 cells were spinfected as 

described above. Cells were selected for 2 weeks in media containing 5 μg/ml blasticidin 

(Invivogen). 

Nucleic Acid Isolation and Measurement.  

For analysis of gene expression by RT-qPCR, total RNA was isolated with TRIzol 

(Invitrogen) in accordance with the manufacturer's instructions. RNA was DNase I (NEB) 

treated at 37 C for 20 minutes and inactivated with EDTA at 70 C for 10 minutes. cDNA 

was synthesized from DNase-treated RNA with random 9-mer (Integrated DNA 

Technologies) and M-MLV RT (Promega). qPCR was performed using the PowerUp 

SYBR Green qPCR kit (Thermo Scientific) with appropriate primers. 

4su. Labeling.  

iSLK.219 cells were treated with 500 μM 4sU (Abcam) for 3 min prior to isolating RNA 

with TRIzol as described above. DNase-treated 4sU-containing RNA (50 μg) was 

incubated in biotinylation buffer (10 mM Tris [pH 7.4], 1 mM EDTA), and 5 μg MTSEA-

biotin-XX (Biotium) with constant rotation in the dark at room temperature for 2 h. RNA 

was then phenol-chloroform extracted and precipitated with isopropanol. The pellet was 

resuspended in nuclease-free water and mixed with 50 μl Dynabeads MyOne streptavidin 

C1 (Invitrogen) that had been pre-washed twice with nuclease-free water. Samples were 

rotated in the dark for 1 h at RT with high salt buffer (100 mM Tris [pH 7.5], 10 mM EDTA, 

1 M NaCl, 0.1% Tween 20), then washed 4X with high salt wash buffer. Samples were 
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eluted with fresh 5% β-mercaptoethanol, and the RNA was precipitated with ethanol prior 

to RT-qPCR. 

Subcellular Fractionation and Western Blotting.  

Subcellular fractionation was performed using the REAP method with the minor 

modification of using one 10-cm plate for each fractionation condition [158].  

Cell lysates were prepared with lysis buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 0.5% 

NP-40) and quantified by Bradford assay. Equivalent amounts of each sample were 

resolved by SDS-PAGE, electrotransferred to PVDF membrane, and blotted for the 

indicated proteins. Antibodies: FUS (Santa Cruz; diluted 1:5000), GAPDH (Invitrogen; 

diluted 1:5000), H3 (Millipore; diluted 1:1000), Hsp90 (Cell Signaling; diluted 1:1000), 

RNAPII (Millipore; 1:1000), Ser2 RNAPII (Abcam; diluted 1:1000), RTA (diluted 1:10,000), 

ORF57 (diluted 1:1000),  and bZIP (diluted 1:2000). Primary antibodies were followed by 

AlexaFluor 680-conjugated anti-rabbit and anti-mouse secondary antibodies (Life 

Technologies; 1:5000) and visualized by Li-Cor Odyssey. 

Immunoprecipitation (IP).  

iSLK.219 cells were reactivated for the indicated time with doxycycline. Cells were 

washed in PBS, collected, and lysed in lysis buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 

0.5% NP-40, 10% glycerol). 3 μg of RNAP II antibody (8WG16, Millipore) or control IgG 

(Cell Signaling) were incubated with SureBeads Protein G magnetic beads (Bio-Rad) at 

room temperature for 10 minutes, then added to the cell lysate. IPs were performed 

overnight at 4 C with gentle rotation. Beads were washed three times in lysis buffer, 

followed by elution in 1X Laemmli buffer at 70 C for 10 minutes. 
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Phosphonoacetic Acid (PAA) Treatment.  

iSLK.219 cells were transfected with FUS-siRNA (40 nM) at 60%–70% confluency. 38 h 

post-siRNA treatment cells were treated with phosphonoacetic acid (PAA) (Alfa Aesar; 

final concentration: 0.5mM). 4 h later, the cells were reactivated with doxycycline. Cells 

were harvested 24 and 48 h after induction, and viral gene expression was quantified by 

RT-qPCR. 

Immunofluorescence Microscopy.  

iSLK.BAC16 cells, cultured on glass coverslips, were fixed in 4% paraformaldehyde (Ted 

Pella) for 15 minutes, permeabilized in ice cold methanol for 1 h, blocked in blocking 

buffer (1% Triton X-100, 0.5% Tween-20, 3% BSA, 5% normal goat serum (Invitrogen)) 

for 30 minutes, and incubated in primary antibody overnight (FUS: diluted 1:250). Slides 

were incubated with Rhodamine red anti-mouse secondary antibody (Thermo Scientific; 

diluted 1:750). Cells were imaged with an Olympus FV1000 confocal microscope. 

Chromatin Immunoprecipitation (ChIP).  

ChIP was performed as described previously [159], with the following modifications: 

chromatin was sheared by using a tip sonicator (Fisher Scientific) for 25 rounds of 20 

second pulses with 20 Amplitude and 40 second off. Chromatin was diluted in ChIP 

dilution buffer (0.01% [w/v] SDS, 1.1% [v/v] Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-

HCl pH 8.1, 167 mM NaCl). ChIP was performed overnight at 4 C using 5 μg RNAP II 

antibody (8WG16, Millipore), FUS (J2516, Santa Cruz), Ser2 RNAPII (5095, Abcam), with 

Control IgG (Cell Signaling) and rotated overnight at 4 C. DNA was isolated after 

crosslink reversal using a QIAGEN PCR clean up kit prior to qPCR. 
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Results: 

FUS Knockdown Increases KSHV Lytic Gene Expression and Virion Production 

FUS participates in the regulation of gene expression at multiple levels, including 

transcriptional regulation, and has also been implicated in B cell biology, the main latent 

reservoir of KSHV [46,152,153,160,161]. I hypothesized that given the extensive rewiring 

of gene expression during KSHV reactivation that FUS impacts the viral lytic phase. To 

test the role of FUS in KSHV B cell lytic reactivation I depleted FUS in TREx-BCBL1-RTA 

cells, a patient-derived PEL cell line harboring a doxycycline-inducible lytic transactivator 

RTA, using siRNA. 18 h post-siRNA transfection, cells were reactivated with doxycycline 

and sodium butyrate for 48 h. FUS-targeted siRNA reduced its levels by 93.5% compared 

to the nontarget-siRNA (Figure 1.1A). Using RT-qPCR, I quantified the expression of 

KSHV genes representing different viral kinetic classes. FUS depletion resulted in a 

significant increase in the steady state levels of several KSHV-encoded mRNAs as well 

as the long noncoding RNA PAN (Figure 1.1B). Furthermore, I verified that protein levels 

of RTA, bZIP, and ORF57 were increased in FUS-depleted cells relative to control lytic 

cells (Figure 1.1C). A small percentage of PEL cells undergo spontaneous lytic 

reactivation at steady state. To investigate the role of FUS in spontaneous lytic 

reactivation of PEL cells, I depleted FUS in TREx-BCBL1-RTA cells with siRNA and 

quantified lytic transcript abundance by RT-qPCR. Depletion of FUS promoted a minor 

increase in expression of three lytic genes, presumably in the population of PEL cells 

undergoing spontaneous lytic reactivation (Figure 1.1D). Given the increase in viral lytic 

gene expression, I predicted that knockdown of FUS would affect virion production. Virus 

was harvested from the supernatant and cell pellets of induced TREx-BCBL1-RTA cells 
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treated with control- or FUS-specific siRNA and quantified by qPCR. Indeed, knockdown 

of FUS resulted in a significant increase in viral genomes/mL increase in viral production 

(Figure 1.1E). 
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Figure 1.1: FUS represses KSHV reactivation in PEL cells. (A) Western blot analysis of FUS 
expression 48 h post reactivation in TREx-BCBL1-RTA cells treated with the indicated siRNAs.  
Knockdown efficiency is indicated beneath each lane. (B) RT-qPCR of viral transcripts from cells 
in (A). All samples were normalized to 18S and siCon levels set to 1. (C) Western blot of viral 
proteins from cells in (A). (D) TREx-BCBL1-RTA cells were transfected with the indicated siRNAs 
for 18 h prior to RNA isolation and RT-qPCR. All samples were normalized to 18S and siCon 
levels set to 1. (E) TREx-BCBL1-RTA cells were depleted of FUS for 18 h, followed by 
reactivation with doxycycline and sodium butyrate for 48 h. Virus and cells were centrifuged, total 
DNA isolated and subjected to qPCR with ORF52 primers. All samples were normalized to 
GAPDH, and siCon set to 1. Student t-test used to determine statistical significance *p≤ 0.05. 
**p≤ 0.005. ***p≤0.0005. 
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I also investigated the role of FUS in iSLK.219 cells. iSLKs are a clear-cell renal-

cell carcinoma cell line (SLK) that stably maintains the KSHV.219 episome (iSLK.219) 

[155,162]. The recombinant KSHV.219 virus constitutively expresses green fluorescent 

protein (GFP) from the EF-1 alpha promoter and can be used as a proxy for the presence 

of KSHV within cells. The KSHV.219 virus also encodes red fluorescent protein (RFP) 

under the control of a viral lytic promoter. Similar to TREx-BCBL1-RTA cells, iSLK cells 

contain a doxycycline-inducible version of the lytic transactivator RTA. siRNA-depletion 

of FUS in iSLK.219 cells during latency and 48 h post-reactivation was efficient, reducing 

FUS levels by 91.5% and 94.9%, respectively (Figure 1.2A). 48 h post-reactivation GFP 

and RFP positive cells were analyzed by fluorescence microscopy in FUS- and control-

siRNA-treated cells. FUS depletion resulted in a marked increase in the number of RFP 

positive cells, suggesting more efficient entry into the lytic cycle (Figure 1.2B). Using RT-

qPCR I quantified the expression of nine lytic genes. All viral transcripts analyzed were 

expressed greater than 4-fold more in FUS-depleted cells relative to control-siRNA 

treated cells (Figure 1.2C). Additionally, protein levels of RTA, bZIP, and ORF57 were 

increased in FUS-depleted lytic iSLK.219 cells relative to control-siRNA treated cells 

(Figure 1.2D).   
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To test whether the observed FUS phenotype was due to off-target effects of 

siRNA-mediated knockdown, I examined the effect of a second FUS-siRNA on KSHV 

reactivation. This second FUS- siRNA was highly effective, depleting levels of FUS to 

0.75% relative to control-siRNA treated cells (Figure 1.3A). 48 h post-reactivation, cells 

depleted with the second FUS-siRNA exhibited greater RFP fluorescence than cells 

treated with control siRNA, suggesting more efficient lytic reactivation upon FUS depletion 

(Figure 1.3B). Indeed, RT-qPCR quantification of viral gene expression revealed 
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Student t-test used to determine statistical significance *p≤ 0.05. **p≤ 0.005 
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increased PAN, ORF57, ORF59, and vGPCR expression in FUS-depleted cells relative 

to control siRNA treatment (Figure 1.3C).  

Figure 1.3: Independent verification of FUS-siRNA specificity. (A) iSLK.219 cells were 
depleted of FUS with a second FUS-siRNA and induced with doxycycline for 48 h. Knockdown 
efficiency was determined by western blot analysis and is indicated beneath each lane. (B) 
Fluorescent microscopy of iSLK.219 cells depleted of FUS in (A). (C) Quantification of viral gene 
expression in cells described in (A) by RT-qPCR. All samples were normalized to 18S and siCon 
set to 1. (D)  Western blot analyses of protein extracts from WT iSLK.219 and iSLK.219 cells 
transduced with siRNA-resistant FLAG-tagged FUS. Cells were treated with either control or 
FUS-siRNA and induced for 48 h with doxycycline. (E) Fluorescent microscopy of cells in (D). (F) 
RT-qPCR of viral gene expression in cells described in (D). All samples were normalized to 18S 
and siCon set to 1. (G) Uninfected iSLK control cells, which harbor the doxycycline-inducible 
RTA, were depleted of FUS with siRNA for 48 h, followed by doxycycline treatment for 24 h. FUS 
knockdown was determined by RT-qPCR. (H) Quantification of RTA mRNA levels from cells in 
(G). Student t-test used to determine statistical significance *p≤ 0.05. **p≤ 0.005. ***p≤0.0005. 
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To further demonstrate specificity of the FUS siRNA, I used lentiviral transduction 

to establish iSLK.219 cells harboring doxycycline-inducible, FLAG-tagged siRNA-

resistant FUS, and quantified the effect of FUS siRNA treatment on KSHV lytic 

reactivation. Western blot analysis demonstrated that while endogenous FUS was 

significantly depleted by FUS-siRNA, siRNA-resistant FLAG-tagged FUS was not (Figure 

1.3D).  Importantly, expression of siRNA-resistant FUS in iSLK.219 cells abrogated the 

increased viral reactivation and gene expression observed in WT iSLK.219 cells treated 

with siRNA targeting FUS (Figure 1.3E, F).  

The RT-qPCR primers to quantify RTA expression are specific to KSHV encoded 

RTA, however, given that both TREx-BCBL1-RTA and iSLK.219 cells are reactivated by 

doxycycline-induced expression of RTA, I verified that FUS depletion did not influence 

the expression of the doxycycline-inducible RTA. To investigate this, I treated iSLK cells 

that do not contain KSHV with control or FUS-specific siRNA and quantified their effect 

on doxycycline-induced RTA expression. With 91% depletion of FUS, I did not observe a 

significant change in RTA expression (Figure 1.3G, H).  

Having confirmed the specificity of the FUS-siRNA and the effect of its depletion 

on lytic gene expression, I next leveraged the fact that the KSHV.219 virus constitutively 

expresses GFP and quantified infectious virion production using a supernatant transfer 

assay. Following FUS- or control-siRNA treatment, iSLK.219 cells were reactivated for 72 

h, whereupon supernatants were collected and used to infect HEK293T cells (Figure 

1.4A). Infection of HEK293T cells using supernatants from iSLK.219 cells treated with 

FUS-specific siRNA resulted in a 4-fold increase in GFP-positive cells compared to 

supernatants from control-siRNA treated cells (Figure 1.4B). Additionally, I quantified the 
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expression of the latent viral transcript LANA by RT-qPCR. Consistent with the number 

of GFP-positive cells, significantly more LANA was expressed in HEK293T cells infected 

with virions from FUS-siRNA treated iSLK.219 cells compared to control-siRNA treated 

cells (Figure 1.4C). Collectively, these results establish that FUS restricts KSHV 

reactivation and production of infectious virions in both PEL and iSLK.219 cells. This is 

the first demonstration of an antiviral role for FUS. 
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FUS Depletion Enhances KSHV Gene Expression Prior to Viral DNA Replication 

We next sought to determine at which stage of lytic reactivation FUS affects KSHV 

gene expression. Herpesvirus gene expression occurs in a transcriptional cascade, 

wherein immediate-early genes are first transcribed, followed by early gene expression 

and viral DNA replication, and then late gene expression (Figure 1.5A). To determine 

where in the transcriptional cascade FUS affects viral gene expression, FUS- and control-

siRNA treated iSLK.219 cells were treated with the viral DNA polymerase inhibitor 

phosphonoacetic acid (PAA), and viral early and late gene expression was quantified 

following reactivation. PAA treatment resulted in a significant decrease in the expression 

of the KSHV late gene ORF52, consistent with the dependency of late gene expression 

on viral replication (Figure 1.5A, B). Viral gene expression was significantly increased in 

FUS-siRNA treated cells compared to control-siRNA treated cells, and PAA treatment did 

not reduce the effect of FUS-siRNA (Figure 1.5C). These results indicate FUS restricts 

KSHV reactivation early during reactivation, prior to viral DNA replication and independent 

of late gene expression. 

FUS is Nuclear Localized throughout KSHV Viral Reactivation 

The early effect of FUS on KSHV reactivation led me to hypothesize that FUS 

regulates the early transcriptional dynamics on the KSHV genome. However, FUS is a 

nucleocytoplasmic shuttling protein and can reside in either the cytoplasm or nucleus 

depending on the cellular state, and stress has been shown to promote its cytoplasmic 

relocalization [154,163]. Thus, I monitored FUS localization in TREx-BCBL1-RTA cells 

during latency and lytic reactivation by subcellular fractionation. Western blot analyses 
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demonstrated that FUS predominantly localized to the nucleus in both latency and 48 h 

post-lytic reactivation (Figure 1.6A).  

 

 

Figure 1.5: FUS restricts viral reactivation prior to DNA replication. (A) Schematic of the 
herpesviral gene expression cascade. Phosphonoacetic acid (PAA) treatment blocks viral DNA 
replication, thereby blocking late viral gene expression. (B) Total RNA isolated from iSLK.219 
cells reactivated for 48 h and transfected with either siCon or siFUS and treated with PAA, was 
subjected to RT-qPCR to monitor expression of ORF52. All samples were normalized to 18S. 
The non-PAA treated samples for both siCon and siFUS were normalized to 1 and compared to 
the PAA treated samples. (C) RT-qPCR of ORF57, PAN, and RTA viral genes from iSLK.219 
cells treated with same conditions as (B) and collected at 24 h post reactivation. All samples were 
normalized to 18S. For each condition and gene, siCon was set to 1. Student t-test used to 
determine statistical significance *p<0.05. 
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I also monitored FUS localization in iSLK.219 cells in both latency and lytic 

reactivation. Similar to TREx-BCBL1-RTA cells, FUS was predominately nuclear, and no 

cytoplasmic redistribution was detected upon lytic reactivation (Figure 1.6B). FUS 

localization was also determined in iSLK.BAC16 cells by immunofluorescence (IF) 

microscopy, which confirmed my biochemical fractionation data indicating a nuclear 

residence (Figure 1.6C). These cells are similar to iSLK.219 cells, however they do not 

express RFP upon lytic reactivation. Within the nucleus FUS has been demonstrated to 

associate with chromatin, thus I further fractionated the iSLK.219 nuclear fractions into 
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Figure 1.6: FUS is predominately nuclear in KSHV-infected cells. (A) TREx-BCBL1-RTA 
cells were fractionated at latency and 48 h post-reactivation. WCE: Whole Cell Extract. Cyto: 
Cytoplasm. Hsp90 is a cytoplasmic control, H3 is a nuclear control. Quantification is to the right 
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soluble nucleoplasm and chromatin-bound fractions [46,152,153,161]. Western blot 

analyses demonstrated that approximately 60% of FUS fractionated with chromatin in 

both latency and the lytic cycle (Figure 1.6D). Collectively, these results demonstrate that 

FUS is nuclear localized in KSHV infected cells and its subcellular localization is not 

altered upon lytic reactivation. 

FUS Affects RNA Polymerase II CTD Phosphorylation and Nascent RNA Transcription 

Prompted by the presence of FUS in the chromatin fraction, we tested whether 

FUS is present on the viral genome. We performed ChIP on FUS in both latent and 48 h 

post-reactivation lytic iSLK.219 cells and quantified its levels at select viral genes. FUS 

was present at several loci, including RTA, ORF57, PAN, and vIL6 in latent cells (Figure 

1.7A). Interestingly, during lytic reactivation, the levels of FUS decreased at ORF57 and 

PAN, while quantitatively it was not significantly altered at the RTA and vIL6 loci. 

However, the decrease at vIL6 was trending towards significance. 

RNAP II transcription is regulated by a dynamic cycle of post-translational 

modifications, including phosphorylation of the C-terminal domain (CTD) [164]. 

Interestingly, FUS has been demonstrated to interact with RNAP II and prevent Serine 

(Ser)2 CTD phosphorylation, a mark associated with elongation, at select cellular genes 

[152,153]. The recruitment of FUS to the RTA locus prior to reactivation, coupled with its 

maintenance during reactivation, could allow FUS to interact with RNAP II and influence  

Ser2 phosphorylation and thus RTA expression. To test this hypothesis, I first examined 

the interaction between FUS and RNAP II in latent and reactivated iSLK.219 cells by 

immunoprecipitation and western blotting. I observed a robust interaction in nuclear 

extracts between FUS and RNAP II, confirming that this interaction can occur in the 
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context of KSHV latency and lytic reactivation (Figure 1.7B). Next, we monitored the 

presence of Ser2 phosphorylated RNAP II on the viral genome by ChIP. The levels of 

Ser2 phosphorylated RNAP II were normalized to the total levels of RNAP II. We observed 

that Ser2 phosphorylation was increased at the RTA locus, as well as at ORF57, PAN, 

and vIL6 in FUS-siRNA treated cells relative to control-siRNA treated cells (Figure 1.7C). 

Furthermore, consistent with the ChIP data, I observed a significant increase in nascent 

RNA synthesis of RTA, PAN, ORF57, and vIL6 in FUS-depleted cells relative to control-

siRNA treated cells by 4-thiouridine (4sU) pulse labeling and purification coupled to RT-

qPCR (Figure 1.7D, E). Quantification of the housekeeping gene GAPDH from purified 

4sU-labeled RNA showed no change in nascent RNA synthesis (Figure 1.7E). 

Collectively, these results are consistent with a mechanism whereby FUS recruitment and 

maintenance at the RTA locus reduces its expression, thus restricting KSHV reactivation.  
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Figure 1.7: FUS regulates RTA nascent RNA expression. (A) FUS occupancy of the indicated 
viral genes was analyzed by ChIP in iSLK.219 cells 24 h post-reactivation. IgG was used as a 
negative control. (B) Western blot of RNAP II immunoprecipitation (IP) from iSLK.219 cells at 
latency and 48 h post-reactivation. (C) Ser2 RNAP II occupancy was determined at the indicated 
viral genes by ChIP 48 h post-reactivation in iSLK.219 cells treated with either siCon or siFUS. 
Ser2 levels were normalized to total RNAP II present at each genomic loci as determined by 
ChIP. siCon ratio set at 1. (D) Schematic representation of the assay employed to measure 
nascent RNA synthesis. (E) RT-qPCR of nascent viral and host transcripts. Values were 
normalized to 18S. DMSO was added in place of 4sU as a negative control.  Student t-test used 
to determine statistical significance *p≤ 0.05. **p≤ 0.005. 
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Discussion:  

Reactivation from latency is necessary for the continual seeding of new infected 

cells, transmission of the virus to other individuals, and progression to KSHV-associated 

disease. As such, preventing or limiting lytic reactivation represents an attractive target 

for cellular restriction factors. Here, I demonstrate that the cellular protein FUS limits 

KSHV lytic reactivation in PEL and iSLK.219 cells. Although stress can promote 

nucleocytoplasmic shuttling of FUS, in the context of lytic reactivation, FUS remains 

predominately nuclear with a significant portion associated with chromatin [154,163]. FUS 

has previously been shown to interact with RNAP II and regulate CTD phosphorylation, 

and our immunoprecipitation and ChIP analyses suggests that FUS interacts with RNAP 

II and reduces Ser2 CTD phosphorylation at the RTA locus [152,153]. Consistent with 

FUS negatively affecting Ser2 CTD phosphorylation, siRNA-mediated knockdown of FUS 

robustly stimulates RTA nascent RNA production. These data put forth a model whereby 

FUS regulates RNAP II elongation at the RTA locus, and thus inhibits expression of the 

KSHV major lytic transactivator. This study is the first to demonstrate an antiviral role for 

FUS and establish that it imposes a restriction on KSHV reactivation at the level of viral 

gene transcription. 

Myself and others have demonstrated that nuclear FUS is able to regulate gene 

transcription [152,161,165]. While recruitment of FUS to the genome can occur through 

interactions with the CTD of RNAP II, how FUS is recruited to the viral episome during 

latency is unclear. However, FUS does have the ability to directly bind nucleic acids, 

including both single-stranded and double-stranded DNA and RNA, and these 

interactions could facilitate FUS occupancy on the KSHV genome [166]. If FUS 
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recruitment was mediated via RNA, this could occur through either cis- or trans 

mechanisms. In cis, overlapping transcription of latent and lytic genes could provide the 

necessary RNAs, while in trans the RNA can be derived from either the cellular or viral 

genome. Investigations into how FUS is recruited to viral DNA are underway and should 

reveal novel insight into its newly described antiviral function.  

Previously, work from Schwartz et al. identified a role for FUS in regulating Ser2 

CTD phosphorylation [152]. Ser2 phosphorylation can be catalyzed by multiple kinases, 

including the positive transcription elongation factor b (P-TEFb), CDK12, and dual-

specificity tyrosine-regulated kinase (DYRK1A), and in vitro FUS directly inhibits the 

ability of P-TEFb to phosphorylate GST-CTD [152,167–169]. The mechanism by which 

FUS limits Ser2 CTD phosphorylation on the viral genome has not been elucidated. 

However, P-TEFb has been demonstrated to be present on the viral genome, and thus 

FUS inhibition of Ser2 CTD phosphorylation at viral genes may occur through P-TEFb 

inhibition, as proposed for select cellular genes [170]. Interestingly, Tsai et al. 

demonstrated that RTA is a target of CDK9, a kinase within the P-TEFb complex, and this 

phosphorylation is important for RTA-mediated transactivation [171]. Whether FUS also 

affects RTA-mediated transactivation via preventing P-TEFb mediated phosphorylation 

of RTA is worth pursuing.  

FUS is an important regulator of B cell development and activation, and 

considering B cells are the main reservoir of KSHV latency, it will be interesting to 

determine how KSHV infection impacts the role of FUS in these processes [160]. 

Furthermore, mutations in FUS are associated with a range of diseases including cancer 

and ALS. In the case of ALS, FUS mutations have been described that promote its 
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relocalization to the cytoplasm [172]. My work demonstrates that FUS restricts KSHV lytic 

reactivation within the nucleus at the level of viral transcription. Thus, I would predict 

KSHV reactivation would be significantly enhanced within cells harboring FUS mutations 

associated with ALS. 

Beyond KSHV, this study raises the question of whether FUS restricts other viral 

pathogens. Epstein-Barr virus (EBV) is a closely related gammaherpesvirus and shares 

a similar tropism and lifecycle to KSHV. Whether FUS interacts with the latent EBV 

episome to regulate gene expression will be interesting to investigate. Similarly, other 

members of the Herpesviridae family establish latency as an episome. It is intriguing to 

speculate that FUS may function as a general restriction factor for this class of viruses. 

Collectively, this work has identified the cellular protein FUS as a novel KSHV restriction 

factor negatively regulating viral gene transcription.   
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CHAPTER 2: 
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Abstract: 

RIG-I-like receptors (RLRs) are involved in the discrimination of self vs non-self via the 

recognition of dsRNA. Emerging evidence suggests that immunostimulatory dsRNAs are 

ubiquitously expressed yet they are disrupted or sequestered by cellular RNA binding 

proteins (RBPs). TDP-43 is an RBP associated with multiple neurological disorders and 

is essential for cell viability. Here, I demonstrate that TDP-43 regulates the accumulation 

of immunostimulatory dsRNA. The immunostimulatory RNA was identified as RNA 

Polymerase III transcripts, including 7SL and Alu retrotransposons, and I demonstrate 

that the RNA binding activity of TDP-43 is required to prevent immune stimulation. The 

dsRNAs activate a RIG-I-dependent interferon response which promotes necroptosis. 

mailto:John.karijolich@vanderbilt.edu
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Genetic inactivation of the RLR-pathway rescues the interferon-mediated cell-death 

associated with loss of TDP-43. Collectively, this study describes a role for TDP-43 in 

preventing the accumulation of endogenous immunostimulatory dsRNAs and uncovers 

an intricate relationship between the control of cellular gene expression and IFN-mediated 

cell-death. 

Keywords: TDP-43, double-stranded RNA, RIG-I-like receptors, RNA binding protein, 

necroptosis, gene expression 

 

Introduction: 

The regulation of innate immune double-stranded RNA (dsRNA) sensors is 

paramount for initiating a robust antimicrobial gene expression response as well as 

preventing an aberrant immune response to endogenous dsRNA. The primary cell 

intrinsic dsRNA sensors include the RIG-I-like Receptors (RLRs), Toll-like receptor 3 

(TLR3), protein kinase R (PKR), and the 2’-5’-oligoadenylate synthetase (OAS) proteins 

[173–177]. Activation of these receptors induces an antimicrobial gene expression 

response including the production of interferon (IFN) and other proinflammatory 

cytokines.  

The RLR family members retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation-associated protein 5 (MDA5) recognize distinct structural and chemical 

moieties of RNAs. For example, RIG-I preferentially recognizes short (<1000 bp) 5’-

triphosphorylated (5’ppp) blunt dsRNAs, although it can also recognize 5’ppp single-

stranded RNA (ssRNA) and circular RNAs at a lower affinity [60–66]. Conversely, MDA5 

binds long (>1000bp) dsRNA independent of 5’-end phosphorylation status [61,68]. 
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Activation of either receptor drives their association with the adapter protein mitochondrial 

antiviral-signaling protein (MAVS). Signaling through MAVS promotes the activation and 

nuclear translocation of the transcription factor complexes interferon regulatory factor 

(IRF) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) resulting 

in the expression of IFNs and cytokines [176,177]. 

Immunostimulatory dsRNAs are generally not present within the host 

transcriptome as their presence would activate an interferon gene expression response 

potentially resulting in lethality. To circumvent their production cells employ a diverse 

collection of incompletely understood mechanisms. Recent studies have identified RNA 

binding proteins (RBPs) that regulate essential junctions of RNA biogenesis whose 

deletion results in dsRNA sensor activation. For example, depletion of heterogenous 

ribonucleoprotein (hnRNP) C, which regulates pre-mRNA splicing through the binding of 

proximal Alu elements, results in RIG-I-dependent cell death due to the generation of 

dsRNA hairpins formed between inverted Alu repeats [70–72]. Additionally, adenosine 

deaminase RNA specific (ADAR) enzymes recognize and deaminate adenosine to 

inosine within dsRNA generating imperfect dsRNA structures, and loss of this activity 

results in RLR-dependent sensing of endogenous dsRNA [73–78]. These connections 

between RBPs and RLR-dependent innate responses hint towards a deep connection 

between the proper control of gene expression and cell-intrinsic immune mechanisms.   

TAR-DNA binding protein 43 (TDP-43) is an RNA binding protein that participates 

in multiple steps of RNA metabolism including transcription, splicing and transport of 

mRNA, as well as microRNA metabolism [101–103,106,109,110,178]. The misregulation 

of RNA processing has been described in a growing number of neurological diseases and 
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TDP-43 is implicated in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar 

dementia (FTLD) [35,87]. However, the mechanisms by which TDP-43 contributes to 

disease are not completely understood.  

Many of the TDP-43 associated functions involve dsRNA structures, whether as 

products or as intermediates. Along this line, previous work has demonstrated that loss 

of the TDP-43 homologue, TDP-1, in Caenorhabditis elegans, as well as siRNA depletion 

of TDP-43 in HeLa  and M17 neuroblastoma cells results in dsRNA accumulation 

[111,112]. However, the physiological relevance of these dsRNAs is unknown. Given the 

prominence of dsRNAs as activators of RLR-dependent interferon responses I sought to 

investigate whether TDP-43 is required to prevent the activation of an RLR response to 

endogenous RNAs. Here, I demonstrate that loss of TDP-43 induces cytoplasmic 

immunostimulatory dsRNA accumulation, triggering a RIG-I-dependent Type I and III IFN 

response. RIG-I activation is driven in part by the upregulation and mislocalization of TDP-

43 bound RNA polymerase III (RNAPIII) transcribed noncoding RNAs, including Alu 

retrotransposons. Moreover, I demonstrate that cell death associated with loss of TDP-

43 can be prevented by CRISPR/Cas9 knockout (KO) of either the RLR-pathway or the 

type I IFN receptor IFNAR1. IFN signaling induces expression of the pore-forming protein 

Mixed Lineage Kinase Domain Like Pseudokinase (MLKL) leading to cell death, thus 

uncovering a previously undescribed link between RBP-mediated control of gene 

expression and necroptosis. Collectively, this study describes a role for TDP-43 in 

preventing the accumulation of endogenous immunostimulatory dsRNAs and uncovers 

an intricate relationship between the control of cellular gene expression and IFN-mediated 

cell death.  
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Methods and Materials: 

Cell Culture 

786-O (ATCC), HEK293T (ATCC), and iSLK.BAC16 [179] were maintained in Dulbecco’s 

modified Eagle medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum 

(FBS; Invitrogen). SH-SY5Y (ATCC) were grown in 50:50 DMEM: Ham’s F-12 nutrient 

mixture (Invitrogen) medium supplemented with 10% fetal bovine serum (FBS; 

Invitrogen). All cells were maintained with 100 U of penicillin/ml and 100 g of 

streptomycin/ml (Invitrogen) at 37 °C under 5% CO2.  

Viruses. 

KSHV virions were isolated from iSLK.BAC16 cells that were reactivated with 1 g/ml of 

doxycycline (Fisher Scientific) for 120 h by pelleting virus at 20,000 G for 2 h at 4ºC. 

KSHV virions were resuspended in PBS. 

siRNA Knockdown. 

SH-SY5Y and 786-O cells were transfected at 60-80% confluency with 50 nM siRNA or 

MISSION siRNA Universal Negative Control #1 (Sigma) using Lipofectamine RNAiMax 

(Invitrogen). 48 h post-transfection cells were collected.  

Immunofluorescence Microscopy. 

SH-SY5Y cells, cultured on poly-L-lysine treated glass coverslip, were transfected at 60-

80% confluency with siRNAs for 48 h. Cells were fixed in 4% paraformaldehyde, 

permeabilized in 0.25% Triton-X, blocked in blocking buffer (3% BSA, 5% Normal Goat 

Serum (Thermo), 0.1% Tween) and incubated in primary antibody (TDP-43: 1:400; J2: 

1:100). Slides were incubated with Rhodamine red anti-mouse and Cyanine 5 anti-rabbit 
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secondary antibodies (Thermo Scientific; diluted 1:750) and were mounted in mounting 

media (Thermo). Cells were imaged with an Olympus FV1000 confocal microscope. 

J2 Immunoprecipitation (IP). 

SH-SY5Y cells were transfected with siRNAs for 48 h. Cells were washed in PBS and 

RNA was isolated by TRIzol (Invitrogen) in accordance with the manufacturer's 

instructions. RNA was DNase I (NEB) treated at 37 C for 20 minutes and inactivated with 

EDTA at 70 C for 10 minutes followed by phenol chloroform extraction. 15 g of RNA 

was incubated with 2 g of J2 antibody (Scicons) or control IgG (Cell Signaling) in binding 

buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1mM EDTA, 1% NP-40, 5mM MgCl2) with 

Ribo-lock (Thermo) at 4C overnight. IPs were incubated with SureBeads Protein G 

magnetic beads (Bio-rad) at 4C for 4 h, washed five times in binding buffer, and RNA 

was eluted in TRIzol. J2-isolated RNA was either Mock or CIAP (Promega)-treated at 37 

C for 1 h, followed by PCA extraction. 100 ng of RNA was transfected into 786-O cells 

at 60-80% confluency with Lipofectamine RNAiMax. 24 h post-transfection cells were 

collected and analyzed by RT-qPCR.  

Nucleic Acid Isolation and Measurement. 

For analysis of gene expression by RT-qPCR, total RNA was isolated with TRIzol 

(Invitrogen) in accordance with the manufacturer's instructions. RNA was DNase I (NEB) 

treated at 37 C for 20 minutes and inactivated with EDTA at 70 C for 10 minutes. cDNA 

was synthesized from DNase-treated RNA with random 9-mer (Integrated DNA 

Technologies) and M-MLV RT (Promega). qPCR was performed using the PowerUp 

SYBR Green qPCR kit (Thermo Scientific) with appropriate primers. 
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Subcellular Fractionation and Western Blotting. 

Subcellular fractionation was performed using the REAP method with the minor 

modification of using one 10-cm plate for each fractionation condition [180]. 

Cell lysates were prepared with lysis buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 0.5% 

NP-40) and quantified by Bradford assay. Equivalent amounts of each sample were 

resolved by SDS-PAGE, electrotransferred to PVDF membrane, and blotted for the 

indicated proteins (Table S1). Primary antibodies were followed by AlexaFluor 680-or -

800 conjugated anti-rabbit and anti-mouse secondary antibodies (Life Technologies; 

1:5000) and visualized by Li-Cor Odyssey. 

KSHV Infection. 

SH-SY5Y and 786-O cells were treated with siRNA for 48 h prior to infection. KSHV 

virions were added to the media and supplemented with 2% polyethylene glycol 

(PEG(VWR)) and 8 g/ml of polybrene (Sigma). Cells were spun at 1,000 rpm for 30 min 

at room temperature. Fresh media was then added, and the cells were incubated for 24 

h, followed by analysis by RT-qPCR. 

CRISPR/Cas9 Cloning, Lentiviral Production, and Infection. 

Single-guide RNAs (sgRNAs) were selected by inputting gene sequences into the Broad 

Institute GPP sgRNA CRISPR KO Designer. Two high-score sgRNAs were selected for 

each gene. sgRNA oligos were cloned into the lentiCRISPR V2 (Addgene) lentiviral 

plasmid according to depositor instructions.  

Lentivirus was prepared in HEK293T cells. Cells were transfected at 50-60% confluency 

with lentiCRISPR V2, psPAX2 (lentiviral packaging), and pMD2.G (lentiviral envelope) 

(Addgene) using polyjet (SignaGen). 72 h post-transfection the supernatant was 
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collected, mixed with 8 g/ml of polybrene and 1% PEG, and added to SH-SY5Y, 786-O, 

or HEK293T cells that were spinfected at 1,000 rpm for 1 h at room temperature. Cells 

were selected for 2 weeks in media containing either 300 g/ml hygromycin B (Invitrogen; 

rtTA doxycycline-inducible element), 5 g/ml blasticidin (Invivogen; inducible RIG-I), or 

5 g/ml puromycin (Sigma; lentiCRISPR V2 knockouts).  

Knockout Generation. 

Cells were infected with lentivirus. Following puromycin selection, single cell clones were 

grown out in 48-well plates. The knockout was verified by Western blot of the respective 

protein. CRISPR/Cas9 induced mutations were identified by isolation of genomic DNA 

(Promega), PCR of the genomic region where the guide RNA targets, TOPO cloning, and 

Sanger sequencing of the PCR product (Mutations listed in Table 2.1). For select 

knockouts, 100 ng/ml of the RIG-I ligand 3p-hpRNA (Invivogen) was transfected into cells 

for 6 h, followed by RNA isolation and RT-qPCR. For IFNAR1 knockouts, recombinant 

IFN α and β were added to cells for 8 h, followed by RNA isolation and RT-qPCR. 

Cloning and Cell Line Generation. 

RIG-I pLenti-CMVtight-FL-HA-DEST-Blast [28] underwent site-directed mutagenesis 

(SDM) to mutate the RIG-I sgRNA recognition sequence to prevent CRISPR/Cas9 

cleavage. Lentivirus was produced and used to transduce SH-SY5Y and 786-O RIG-I 

knockout cells followed by antibiotic selection. Cells were then transduced with lentiviral 

particles produced from pLenti CMV rtTA3 Hygro (Addgene) to create a Tet-On inducible 

system, followed by antibiotic selection. 
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DUSP11 was PCR amplified from SH-SY5Y mRNA and Gateway cloned into the pLenti-

CMV-tight-blast-dest vector. MLKL was PCR amplified from MLKL pF-TRE3G-PGK-puro 

(generously provided by Dr. James Murphy [181]) and Gateway cloned into pLenti-CMV-

tight-blast-dest vector. HEK293T, 786-O, and SH-SY5Y cells were transduced with 

lentiviral particles produced from pLenti CMV rtTA3 Hygro (Addgene) to create a Tet-On 

inducible system, followed by antibiotic selection. RIG-I, DUSP11, and MLKL lentivirus 

was then produced and used to transduce either HEK293T rtTA3 cells (RIG-I), or 786-O 

and SH-SY5Y rtTA3 cells (DUSP11, MLKL) followed by antibiotic selection. FLAG-TDP-

43 pcDNA3 WT and mutRRM (with W113A/R151A mutations) plasmids were generously 

provided by Dr. J. Paul Taylor [182]. 

RNA Sequencing. 

SH-SY5Y RIG-I complement cells were treated with siRNA for 48 h. Doxycycline was 

added to induce RIG-I expression for the final 24 h. Total RNA was isolated using TRIzol, 

DNase treated, and rRNA depleted (NEB). RNA sequencing libraries were generated 

using the Collibri Stranded RNA library prep kit (Thermo) according to the manufacture 

recommendations. Libraries were then subjected to paired-end sequencing on a 

NovaSeq 6000 at the Vanderbilt Technologies for Advanced Genomics (VANTAGE). 

Data are submitted in SRA and will be available upon publication.  

RNA Sequencing Data Analysis. 

Raw read quality was assessed using FastQC (v0.11.5). STAR (v2.7.3a) was used to 

align reads to the human genome (GRCh38). The transcript quantification was done using 

featureCounts using the pair-end mode to count both reads that uniquely mapped. 

Differentially expressed genes were called using edgeR (v2.26.5) with Benjamini-
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Hochberg adjusted p-value < 0.01 and log2FoldChange > 2. R package clusterProfiler 

(v3.12.0) was used for the gene set over-representation analysis with the KEGG 

database. K-means clustering was applied to gene expression values (normalized by 

count per million) using R function kmeans (from R package stats) and the number of 

clusters was determined by total within sum of square. Heatmaps were generated using 

pheatmap (v1.0.12). For making IGV figures, the bam files were first transformed into 

bigwig file with a bin size of 10bp and normalized by CPM (count per million). Then the 

bigwig files were loaded into IGV viewer to view the read distribution on target genes. 

Northern Blot. 

SH-SY5Y RIG-I complement cells were treated with siRNA for 48 h. Doxycycline was 

added to induce RIG-I expression for the final 24 h. Total RNA was isolated using TRIzol 

followed by 1h DNase treatment and PCA extraction. 25 g of RNA was mixed with 

loading buffer (Formamide, bromophenol blue, xylene cyanol, EDTA), denatured at 90C 

for 2min, loaded on a 10% TBE-urea gel, and run at 20W for ~2 h. RNA was transferred 

onto nylon membrane in TBE buffer at 4C overnight followed by twice crosslinking at 254 

nm. The membrane was incubated with the hybridization buffer (1M sodium phosphate 

[pH 6.5], 20X SSC, 50X Denhardts, 20% SDS) at 42C for 1h, replaced with fresh 

hybridization buffer, and supplemented with 10% PEG. Labeled probes were added to 

the buffer and incubated at 42C overnight. The membrane was washed 3X in wash buffer 

(0.5X SSC, 0.1%SDS) followed by exposure on a film. The film was developed on the 

Typhoon FLA 7000 (GE Healthcare). 
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Endogenous TDP-43 Immunoprecipitation. 

SH-SY5Y cells were washed twice in cold PBS, crosslinked with 0.5% formaldehyde for 

10 min in PBS, quenched with 0.3M glycine for 5min, and washed twice with cold PBS. 

Cells were resuspended in RIP buffer (150 mM KCl, 25mM Tris [pH 7.4], 5mM EDTA, 

0.5mM DTT, 0.5% NP-40) and kept on ice for 20min followed by sonication. Protein G 

beads (Biorad) were washed in RIP buffer, followed by the addition of 2.5 g of IgG 

(Thermo) or TDP-43 antibody (Proteintech) and incubated at room temp for 30min. 

Excess antibody was removed. Soluble cell extract was added to bead-antibody complex 

and incubated at 4C for 3 h. Beads were washed three times for 10 min with RIP buffer 

followed by DNAse treatment. Protein-RNA crosslinks were reversed by adding reverse 

crosslink buffer (100 mM Tris [pH 8], 10mM EDTA, 1% SDS, 0.5% DTT) to samples and 

heated at 70C for 45 min. RNA was recovered by TRIzol extraction followed by 

isopropanol precipitation and RT-qPCR analysis. Protein was recovered in 300mM 

glycine [pH 2.5] at RT for 15 min and analyzed by Western blot.   

RIG-I RNA Immunoprecipitation.  

SH-SY5Y RIG-I complement cells were treated with siRNA for 48 h. Doxycycline was 

added to induce RIG-I expression for the final 24 h. Cells were washed twice in cold PBS, 

crosslinked with 0.5% formaldehyde for 10 min in PBS, quenched with 0.3M glycine for 

5min, and washed twice with cold PBS. Cells were resuspended in RIPA buffer (50mM 

Tris [pH 8.0], 0.5% sodium deoxycholate, 0.05% SDS, 1mM EDTA, 150mM NaCl, 1mM 

DTT, 1% NP-40) and kept on ice for 20min followed by sonication. Anti-Flag M2 magnetic 

resin (Sigma) was washed in RIPA buffer followed by the addition of soluble extract and 

incubation at 4C for 3 h. Beads were washed three times for 10 min at 4C and then two 
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times for 5 min at room temperature in RIPA buffer with 0.1%SDS, 1M NaCl, and 1M 

urea. Resin was eluted with 1X FLAG peptide (Sigma) in RIPA buffer for 45 min at 4C. 

Crosslinks were reversed by adding 100 mM Tris [pH 8], 10mM EDTA, 1% SDS and 2% 

DTT to samples and heated at 70C for 45 min. RNA was recovered by TRIzol extraction, 

isopropanol precipitation, DNase treatment, PCA extraction, and ethanol precipitation. 

Bound RNAs were analyzed by RT-qPCR.  

Cell Viability Assays.  

SH-SY5Y and 786-O cells were treated with siRNAs for 120 h and 96 h, respectively. 

Trypan Blue: Cells were trypsinized (Gibco) and diluted 1:1 with trypan blue stain. The 

mixture was incubated for 1 min, followed by counting by Cell Countess II. CellTiter-Glo: 

Cells were equilibrated at room temperature for ~30 min. An equal volume of CellTiter-

Glo reagent (Promega) was added to wells, mixed and lysed for 2 min, incubated for 10 

min, and luminescence was read. 

Small Molecular Inhibitor Treatment. 

Cells were treated with 100 M RNAPIII inhibitor CAS 577784-91-9 (Millipore) or vehicle 

at the same time as siRNA treatment. Cells were collected 24 h post transfection followed 

by RT-qPCR analysis. 

RNA Decay. 

SH-SY5Y: Cells were transfected with siCON/siTDP-43 for 48h. 100 M RNAPIII inhibitor 

was added after 48h and cells were collected at indicated time points. RNA was isolated 

and followed by RT-qPCR analysis. HEK293T TDP-43 KO: Cells were transfected with 

pcDNA3, WT TDP-43, or TDP-43 RRM for 24h. 100 M RNAPIII inhibitor was added and 
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cells were collected at indicated time points. RNA was isolated and followed by RT-qPCR 

analysis. 

 

Results: 

Loss of TDP-43 is associated with the accumulation of immunostimulatory dsRNA 

Knockdown of TDP-43 in HeLa and M17 neuroblastoma cells results in dsRNA 

accumulation [111,112]. However, their impact on cellular homeostasis has yet to be 

determined. Given that dsRNA can serve as a potent activator of a cell intrinsic interferon 

response I hypothesized that loss of TDP-43 would result in the accumulation of 

immunostimulatory dsRNA. To test this, I depleted TDP-43 using siRNA in the SH-SY5Y 

neuroblastoma cell line and analyzed dsRNA accumulation 48 h post knockdown by 

immunofluorescence (IF) microscopy using the J2 dsRNA-specific antibody. The J2 

antibody is commonly used to visualize and isolate dsRNA as it recognizes RNA helices 

equal or greater than 40 bp in a sequence-independent manner [183]. Poly(I:C), a 

synthetic analog of dsRNA, was transfected as a positive control. Consistent with 

previous results in HeLa and M17 cells, TDP-43 depletion in SH-SY5Y cells resulted in 

dsRNA accumulation when compared to the nontarget-siRNA (siCON) treated cells 

(Figure 2.1A). The J2-postive dsRNA was only observed in the cytoplasm. 

To determine whether the dsRNA is immunostimulatory I performed J2 or control 

IgG immunoprecipitations (IPs) on total RNA extracted from cells treated with either 

siCON or siTDP-43 and transfected the immunopurified RNAs into a reporter cell line 

followed by quantification of IFN β mRNA levels by RT-qPCR (Figure 2.1B, C). While 

transfections of RNA purified by the control IgG did not induce IFN β regardless of siRNA 
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treatment, J2-purified RNAs from siTDP-43-treated cells resulted in a significant increase 

in IFN β expression when compared to siCON-treated cells (Figure 2.1C). Additionally, 

removal of 5’ phosphate structures by phosphatase (CIAP)-treatment prevented IFN β 

induction. 

Given that the J2 IP enriched immunostimulatory dsRNA I next sought to 

determine whether depletion of TDP-43 resulted in the induction of an interferon gene 

expression response. SH-SY5Y cells were treated with siCON or siTDP-43 for 48 h prior 

to RNA extraction and quantification of interferon expression (Figure 2.1D, E). As a 

positive control I transfected poly(I:C). TDP-43 depletion resulted in expression of the 

type I interferon, IFN β, and the type III interferons, IFN λ1 and 2/3 (Figure 2.1E). In 

contrast, the type I interferon, IFN α, and type II interferon, IFN γ, were not induced. These 

results mirror the IFN expression profile upon poly(I:C) transfection. To further assess the 

effects of TDP-43 depletion on gene expression I quantified the expression of several 

interferon stimulated genes (ISGs) as well as downstream targets of NF-B. TDP-43 

knockdown induced expression of several ISGs (Figure 2.1F). Interestingly, while 

poly(I:C) induced the expression of multiple NF-B targets, knockdown of TDP-43 did not 

(Figure 2.1G). 

I next sought to investigate whether the interferon response associated with loss 

of TDP-43 was neuronal specific or also observed in cell lines derived from other tissue. 

To test this, 786-O clear cell renal cell carcinoma (ccRCC) cells were transfected with 

siCON or siTDP-43 and the interferon gene expression response was quantified by RT-

qPCR. Importantly, I observed that loss of TDP-43 induced an IFN and ISG expression 

profile identical to that observed in SH-SY5Y cells (Figure S2.1A-D). Collectively, these 
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results demonstrate that loss of TDP-43 results in the accumulation of dsRNA that 

activates an interferon gene expression response. 
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TDP-43 knockdown activates a RIG-I-dependent immune response 

To test whether the interferon response was dependent on RLR signaling I 

generated CRISPR/Cas9 knockouts (KO) of the essential RLR components MAVS, RIG-

I, and MDA5 in the SH-SY5Y cell line (Figure 2.2A-C). Full-length (FL) and truncated 

(mini) MAVS isoforms can regulate an immune response thus guide RNAs were designed 

to target both isoforms [184,185]. Western blot analysis confirmed knockout of both FL 

and mini-MAVS (Figure 2.2B). RIG-I and MDA5 are interferon-inducible proteins thus 

depletion of TDP-43 induced their expression in WT cells but not in the knockout cell lines 

(Figure 2.2C). I further validated the KOs by identifying the CRISPR/Cas9 induced 

mutations by Sanger sequencing of the genomic loci from single cell clones (Table 2.1).  

To investigate the interferon response, I treated the WT and KO cells with siCON 

or siTDP-43 for 48 h and quantified IFN and ISG gene expression by RT-qPCR (Figure 

2.2D, E). While siTDP-43 resulted in robust IFN and ISG expression in WT and MDA5 

KO cells their expression was completely abrogated in both MAVS and RIG-I KOs (Figure 

2.2D, E). These results suggest that TDP-43 depletion induces a RIG-I-dependent IFN 

response. 

Figure 2.1: TDP-43 depletion induces cytoplasmic immunostimulatory dsRNA 
accumulation and a Type I and III interferon response. (A) Immunofluorescence microscopy 
of SH-SY5Y cells treated with siCON/siTDP-43 for 48 h. Poly(I:C) was transfected as a dsRNA 

positive control. Scale bars: 20 m. (B) Schematic of IgG/J2 immunoprecipitation (IP) from 
siCON/siTDP-43-treated SH-SY5Y cells followed by transfection into 786-O cells. (C) RT-qPCR 
analysis of IFN β levels from 786-O cells transfected with IgG/J2 IP'd dsRNA for 24h. J2-purified 
RNA was either Mock or CIAP treated prior to transfection. siCON IgG was set to 1. (D) Western 
blot analysis of SH-SY5Y cells treated with siCON/siTDP-43 for 48 h. (E, F, G) RT-qPCR analysis 
of interferons (IFNs) (E), interferon stimulated genes (ISGs) (F), and NF-kB responsive genes 
(G) from cells in D. All samples were normalized to 18S rRNA and Mock/siCON levels were set 
to 1. Student t test was used to determine statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 
0.0005; ns: not significant. 

 



68 
 

To rule out potential off-target effects of the RIG-I sgRNA I complemented the RIG-

I KO with a doxycycline (DOX)-inducible guide RNA-resistant FLAG-tagged RIG-I and 

evaluated the IFN response in cells transfected with siCON or siTDP-43 (Figure 2.2F, G). 

Western blot analysis confirmed that DOX treatment resulted in FLAG-RIG-I expression 

(Figure 2.2F). Consistent with a requirement for RIG-I in sensing the accumulated dsRNA, 

IFN β expression was only observed in cells treated with DOX and siTDP-43 (Figure 

2.2G). To determine whether RIG-I was similarly required for the IFN response in 786-O 

cells I generated MAVS, RIG-I, and MDA5 KO cells and quantified IFN and ISG 

expression by RT-qPCR in siCON and siTDP-43 treated 786-O cells. Consistent with 

results obtained in the SH-SY5Y cells, IFN and ISG expression was only observed in WT 

and MDA5 cells (Figure S2.2A-G).  

I further investigated the impact of dsRNA accumulation in HEK293T cells as they 

do not express RIG-I. To test the dependency of the interferon response on RIG-I in 

HEK293T cells I generated cells harboring a DOX-inducible FLAG-RIG-I. Culturing of 

HEK293T cells harboring the DOX-inducible RIG-I transgene, iRIG-I cells, revealed leaky 

RIG-I expression (Figure 2.2H). RIG-I ligand transfection demonstrated that WT 

HEK293T cells do not mount an interferon response while leaky RIG-I expression in iRIG-

I cells was sufficient for IFN β induction (Figure 2.2I). WT and iRIG-I cells were then 

treated with siCON or siTDP-43 for 48 h and IFN β expression was quantified by RT-

qPCR (Figure 2.2J). Consistent with a role for RIG-I sensing the accumulated dsRNA, 

IFN β was only observed in siTDP-43 treated iRIG-I cells. Collectively, these results 

demonstrate that loss of TDP-43 activates a RIG-I dependent interferon response.  
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Lastly, to determine whether the IFN expression resulted in a functional antiviral 

response I treated SH-SY5Y and 786-O cells with siCON or siTDP-43 for 48 h followed 

by infection with Kaposi’s sarcoma-associated herpesvirus (KSHV), an oncogenic DNA 

herpesvirus [186] The abundance of the KSHV transcript LANA was used to quantify 

infection. Loss of TDP-43 significantly reduced LANA levels compared to siCON-treated 

cells (Figure S2.3A, B). Importantly, TDP-43 depletion in the MAVS KO cell lines did not 

reduce LANA abundance, demonstrating that it is an antiviral interferon response and not 

TDP-43 regulating KSHV infection.   
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IRF3 is required for the IFN and ISG response observed in TDP-43 depleted cells 

RIG-I activation of an interferon response canonically proceeds through the 

adapter protein MAVS which further recruits and activates the transcription factor 

interferon regulatory factor 3 (IRF3). I generated a 15bp in frame deletion of IRF3 in SH-

SY5Y cells that prevents it from activating IFN expression following transfection of a RIG-

I ligand (Figure 2.3A, B; Table 2.1). To investigate the role of IRF3 I transfected WT or 

truncated IRF3 SH-SY5Y cells with siCON or siTDP-43 and quantified IFN and ISG 

expression by RT-qPCR. While TDP-43 depletion in WT cells resulted in a robust IFN 

and ISG response, inactivation of IRF3 completely prevented IFN and ISG expression 

(Figure 2.3C, D). Moreover, I generated an IRF3 KO in 786-O cells and observed a similar 

requirement for IRF3 in the IFN and ISG response (Figure S2.4A-E). Collectively, these 

data demonstrate that the loss of TDP-43 activates a RIG-I, MAVS, and IRF3-dependent 

type I and III IFN response. 

Figure 2.2: TDP-43 knockdown activates a RIG-I and MAVS-dependent interferon 
response. (A) Schematic of RIG-I-like Receptor (RLR) signaling pathway. (B) Western blot 
analysis of SH-SY5Y MAVS knockout (KO) cells. Two independent guide RNAs are shown, and 
full length (FL) and mini-MAVS (mini) are depicted. (C) Western blot analysis of SH-SY5Y RIG-I 
and MDA5 KO cells. Cells were treated with siCON/siTDP-43 for 48h. (D, E) RT-qPCR analysis 
of IFNs (D) and ISGs (E) following siCON/siTDP-43 treatment for 48h. (F) Western blot analysis 
of SH-SY5Y RIG-I KO cells complemented with DOX-inducible FLAG-tagged RIG-I. Cells were 
treated with siCON/siTDP-43 for 48h and DOX for final 24h. (G) RT-qPCR analysis of IFN β 
levels from cells in F. (H) Western blot analysis of HEK293T and DOX-inducible RIG-I (iRIG-I) 
HEK293T cells. (I) RT-qPCR analysis of IFN β levels following RIG-I ligand transfection into cells 
in H for 6h. (J) RT-qPCR analysis of IFN β levels following siCON/siTDP-43 treatment of 
HEK293T and iRIG-I HEK293T cells for 48h. All samples were normalized to 18S rRNA and 
siCON/ Mock levels were set to 1. Student t test was used to determine statistical significance * 
p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant. 
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Figure 2.3: IRF3 is responsible for the TDP-43 depletion-induced interferon response. (A) 
Western blot analysis of truncated IRF3 (IRF3 trun) cells. (B) RT-qPCR analysis of IFN β levels 
following RIG-I ligand transfection for 6h. (C, D) RT-qPCR analysis of IFNs (C) and ISGs (D) 
levels following siCON/siTDP-43 treatment for 48h. All samples were normalized to 18S rRNA 
and Mock/ siCON levels were set to 1. Student t test was used to determine statistical significance 

* p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant. 
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TDP-43 knockdown increases the levels of multiple RNAPIII RNAs 

I next sought to determine how loss of TDP-43 affects cellular gene expression.  

Leveraging RNA-sequencing we defined the transcriptome of FLAG-RIG-I complemented 

RIG-I KO SH-SY5Y cells treated with either siCON or siTDP-43 (Figure 2.4A). Differential 

gene expression analysis revealed two distinct clusters of up- and down-regulated genes 

(Figure 2.4B). While multiple ontological terms are present within these clusters, many of 

the most significant terms present among the upregulated genes are involved in RNA 

Polymerase III (RNAPIII) transcription. RNAPIII transcribes housekeeping noncoding 

RNAs such as tRNAs and a variety of small non-coding RNAs, including 7SK snRNA 

(RN7SK), 7SL RNA (RN7SL), and Alu retrotransposons, which are in the short 

interspersed repetitive elements (SINEs) class of retrotransposons [187]. Aberrant 

expression of RNAPIII transcripts, including 7SL and Alu RNAs, has previously been 

shown to activate a RIG-I-dependent interferon response [70,79]. Inspection of my RNA-

sequencing data revealed that indeed 7SK snRNA, 7SL RNA, and the H1 RNA 

component of RNase P were expressed significant higher in cells depleted of TDP-43, 

and RT-qPCR further confirmed these findings (Figure 2.4C, D). Additionally, Alu loci with 

clear increased expression were identified and RT-qPCR analysis confirmed their 

increased expression. As Alu elements are frequently located within introns and 

untranslated regions of mRNA I also assessed the expression of independently 

transcribed Alu RNA by northern blot analysis using an oligonucleotide directed at a 

consensus Alu motif. Consistent with my previous analyses, using the consensus Alu 

motif oligonucleotide I observed increased expression of an RNA migrating at ~300 nt, 

the expected length of independently transcribed Alu RNA (Figure 2.4D-F).  
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Using previously published TDP-43 individual-nucleotide resolution UV-

crosslinking and immunoprecipitation (iCLIP) sequencing data we observed that many of 

the upregulated RNAPIII transcripts have prominent TDP-43 iCLIP tags near their 3’-end 

(Figure 2.4F) [102]. To verify the iCLIP data I performed IPs using either anti-TDP-43 or 

control IgG antibodies and quantified the enrichment of 7SK, 7SL, and a consensus Alu 

sequence (Figure 2.4G, H). Consistent with the iCLIP data I observed a significant 

enrichment of all three RNAPIII transcripts over the control IgG (Figure 2.4H). 

Although TDP-43 has not been associated with the regulation of RNAPIII transcript 

stability it has been linked to the regulation of mRNA half-life. Thus, I investigated whether 

the increased expression of select RNAPIII transcripts was due to alterations in RNA half-

life. To test this, I determined the half-life of 7SL RNA and a control RNAPIII transcript, 

vault RNA 1-1, that did not exhibit increased expression in TDP-43 depleted cells. Loss 

of TDP-43 extended the half-life of 7SL RNA whereas the half-life of vault RNA was not 

Figure 2.4: TDP-43 represses RNAPIII-transcribed RNAs to prevent cytoplasmic 
relocalization. (A) Western blot analysis of SH-SY5Y RIG-I complement cells treated with 
siCON/siTDP-43 for 48h and DOX treatment for 24h. Two replicates are shown for each 
condition. (B, C) Heat map of global up and down-regulated transcripts (B) and RNAPIII-
transcribed genes (C) from A. (D) RT-qPCR analysis of RNAPIII transcripts from SH-SY5Y cells 
treated with siCON/siTDP-43. Samples were normalized to 18S rRNA and siCON levels were set 
to 1. (E) Northern blot analysis of consensus Alu from RNA in D. U1 snRNA was used as a 
loading control. (F) IGV view of RNAPIII-transcribed RNAs combined with TDP-43 iCLIP data. 
The 3’ end of the genes are marked. (G, H) Western blot analysis (G) and RT-qPCR analysis of 
bound RNAs (H) from endogenous TDP-43 immunoprecipitation (IP) from SH-SY5Y cells. IgG 
was used as a control. Fold enrichment was computed by percent input. (I) RT-qPCR analysis of 
vtRNA 1-1 and 7SL RNA decay from SH-SY5Y cells treated with siCON/siTDP-43 for 48h. Cells 
were treated RNAPIII inhibitor for indicated time before collection. 0h time point was set at 1. (J) 
Western blot analysis of HEK293T TDP-43 KO cells. Two independent guide RNAs were used. 
(K) RT-qPCR analysis of 7SL RNA decay from 293T TDP-43 KO cells transfected with indicated 
plasmids for 24h. 0h time point was set at 1. (L, M) Western blot analysis (L) and RT-qPCR 
analysis of RNAs (M) from fractionated SH-SY5Y cells treated with siCON/siTDP-43 for 48h. Fold 
induction was calculated by comparing nuclear levels to cytoplasmic levels. siCON cytoplasmic-
to-nuclear levels were set at 1. Student t test was used to determine statistical significance * p ≤ 
0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant.  
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affected (Figure 2.4I). I next investigated whether TDP-43 RNA binding was necessary 

for regulating 7SL RNA half-life. To test this, I generated HEK293T TDP-43 KO cells and 

transfected them with either an empty vector, WT TDP-43, or an RNA binding defective 

TDP-43 (mutRRM; W113A/R151A) (Figure 2.4J). While expression of wild-type TDP-43 

reduced 7SL half-life relative to the empty vector control, the half-life of 7SL RNA was not 

altered by expression of the RNA binding defective TDP-43 (Figure 2.4K). These results 

demonstrate a role for TDP-43 in the regulation of select RNAPIII transcript stability and 

suggest this contributes to changes in the transcriptome in TDP-43 depleted cells. 

I also examined the nuclear/cytoplasmic localization of the TDP-43 bound RNAPIII 

transcripts by RT-qPCR as TDP-43 has previously been linked to nuclear export of mRNA 

[105]. Following whole cell fractionation into nuclear and cytoplasmic fractions I observed 

a significant cytoplasmic relocalization of the primarily nuclear 7SK snRNA in TDP-43 

depleted cells (Figure 2.4L, M). Moreover, although Alu and 7SL RNAs are normally 

present in the cytoplasm I observed an increase in cytoplasmic levels of both RNAs 

(Figure 2.4M). Collectively, these results demonstrate that TDP-43 affects the expression, 

localization, and decay of select RNAPIII transcribed RNAs.  

RNAPIII RNAs are associated with and activate RIG-I upon loss of TDP-43 

7SL and Alu RNAs have previously been demonstrated to activate a RIG-I-

dependent interferon response [70,79]. To test whether RNAPIII transcription is required 

to promote activation of RIG-I upon loss of TDP-43 I treated cells with siCON or siTDP-

43 in the presence of an RNAPIII specific inhibitor and assessed IFN  expression by RT-

qPCR. Inhibition of RNAPIII transcription was confirmed by measuring the levels of 

cellular vault RNA 1-1 (Figure 2.5A). Strikingly, inhibition of RNAPIII transcription 
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completely prevented the induction of IFN  expression when TDP-43 was depleted 

(Figure 2.5A). These results indicate that RNAPIII transcription is required for activating 

RIG-I. 

Next, I tested whether TDP-43 RNA binding was required to prevent IFN  

expression. HEK293T TDP-43 KO cells were co-transfected with RIG-I and either an 

empty vector, WT TDP-43, or an RNA binding defective TDP-43 (mutRRM; 

W113A/R151A) and IFN  expression was quantified by RT-qPCR (Figure 2.5B, C). 

Supporting my evidence that RIG-I is required to sense dsRNA that accumulates when 

TDP-43 is absent I observed IFN  expression in TDP-43 KOs transfected with RIG-I and 

an empty vector (Figure 2.5C). Furthermore, I observed IFN  expression in cells that 

expressed RNA-binding defective TDP-43 whereas expression of WT TDP-43 rescued 

IFN  expression. These data demonstrate that the RNA-binding capacity of TDP-43 is 

required to prevent IFN  expression.  

As my data implicate RNAPIII activity as well as the ability of TDP-43 to bind RNA 

in the induction of IFN  expression I evaluated whether RIG-I interacts with TDP-43-

target RNAs by IP-RT-qPCR (Figure 2.5D, E). TDP-43 knockdown resulted in an 

increased association between RIG-I and several of its RNAPIII transcribed RNA binding 

partners, including 7SK snRNA, 7SL RNA, and Alu RNA (Figure 2.5E). In contrast, the 

binding of RIG-I to TDP-43 associated spliceosomal snRNAs, noncoding RNAs, and 

mRNAs were not affected by TDP-43 depletion (Figure 2.5E). These results demonstrate 

that loss of TDP-43 facilitates RIG-I recognition of select RNAPIII-transcribed RNAs that 

can be bound by TDP-43. 
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A defining feature of many RIG-I substrates is the presence of a 5’-triphosphate. 

Dual specificity phosphatase 11 (DUSP11) is an RNA triphosphatase that acts on several 

RNAPIII-derived RNAs and a reduction in its activity has been shown to activate a RIG-I-

dependent interferon response [28,188,189]. Although we did not observe a reduction in 

DUSP11 expression in our transcriptomic data I hypothesized the significant increase in 

RNAPIII RNA levels may result in some transcripts escaping the activity of DUSP11 thus 

enabling their engagement by RIG-I. To test this, I transduced SH-SY5Y cells with a DOX-

inducible DUSP11 transgene and quantified IFN expression in siCON and siTDP-43 

depleted cells (Figure 2.5F, G). Consistent with my previous observations, knockdown of 

TDP-43 resulted in the expression of IFN  mRNA when cells were grown in the absence 

of DOX (Figure 2.5G). While I still observed IFN  mRNA expression when DUSP11 was 

overexpressed I observed a ~50% reduction in IFN  mRNA levels indicating that some 

of the immunostimulatory RNAs are triphosphorylated. Together, these data demonstrate 

that select RNAPIII transcripts are associated with RIG-I upon TDP-43 depletion as well 

as reveal a role for TDP-43 in limiting the accumulation of triphosphorylated RNAs. 

Figure 2.5: Induced RNAPIII transcripts bind RIG-I to activate an IFN response that is 
rescued by exogenous TDP-43 expression in an RNA binding-dependent manner. (A) RT-
qPCR analysis of vtRNA 1-1 and IFN β levels following siCON/siTDP-43 and RNAPIII inhibitor 
treatment for 24h. (B, C) Western blot analysis (B) and RT-qPCR analysis (C) of HEK293T TDP-
43 KO cells transfected with FLAG-tagged RIG-I and FLAG-tagged TDP-43 plasmids for 24h. (D, 
E) Western blot analysis (D) and RT-qPCR analysis of bound RNAs (E) from FLAG-RIG-I IP of 
SH-SY5Y RIG-I complement cells treated with siCON/siTDP-43 for 48h and DOX treatment for 
24h. Fold enrichment was computed by percent input and siCON was set to 1. (F, G) Western 
blot analysis (F) and RT-qPCR analysis (G) of DOX-inducible FLAG-DUSP11 treated with 
siCON/siTDP-43 and DOX for 48h. All samples were normalized to 18S rRNA and Mock/siCON 
levels were set to 1. Student t test was used to determine statistical significance * p ≤ 0.05; ** p 
≤ 0.005; *** p ≤ 0.0005; ns: not significant.  
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Genetic inactivation of the RLR pathway rescues the interferon-mediated cell death 

associated with loss of TDP-43. 

Cell culture and animal models have demonstrated that TDP-43 is essential for 

viability and multiple mechanisms have been proposed, including the dysregulation of 

Rho family GTPases, an accumulation of dsDNA breaks, and defects in autophagy 

[88,89,190–192]. Based on my observations I hypothesized that TDP-43 depletion 

induced an immune-mediated cell death. To test this, I treated SH-SY5Y WT, RIG-I KO, 

MDA5 KO, MAVS KO, and IRF3 truncation cells with either siCON or siTDP-43 and 

measured cell viability five days post-transfection by trypan blue staining and ATP 

production using a CellTiter-Glo assay (Figure 2.6A, B). TDP-43 knockdown reduced cell 

viability and ATP production in WT and MDA5 KO cells (Figure 2.6A, B). In contrast, in 

MAVS and RIG-I KOs, and IRF3 truncation cells, depletion of TDP-43 did not reduce cell 

viability or ATP production when compared to siCON treatment. (Figure 2.6A-D). 

Importantly, TDP-43 depletion-mediated cell death was also rescued in the 786-O MAVS 

KO, RIG-I KO, and IRF3 KO cells (Figure S2.5A-D). 

 As inactivation of IRF3 rescued cell death I hypothesized that the IRF3-dependent 

type I or III IFNs induce cell death via signaling through either the interferon alpha and 

beta receptor 1 (IFNAR1) or interferon lambda receptor 1 (IFNLR1), respectively. RT-

qPCR analysis determined that IFNAR1 was expressed at significantly higher levels than 

IFNLR1 in both SH-SY5Y and 786-O cells (Figure 2.6E; Figure S2.5E). To test whether 

signaling through IFNAR1 contributed to the cell death phenotype I generated IFNAR1 

KO cells using CRISPR/Cas9 (Figure 2.6F; Figure S2.5F). Treatment of WT and IFNAR1 

KO cells with IFN  or  confirmed that the KO cells do not respond to extracellular IFNs 
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(Figure 2.6G; Figure S2.5G). Similar to results obtained with the RLR and IRF3 KOs, 

inactivation of IFNAR1 signaling rescued cell viability associated with loss of TDP-43 

(Figure 2.6H, I; Figure S2.5H, I). Collectively, these results demonstrate that cell death 

associated with loss of TDP-43 is mediated in an RLR- and IFNAR1-dependent manner. 
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IFNAR1 signaling promotes MLKL-dependent necroptosis 

Type I IFN-mediated cell death can occur through a variety of mechanisms. IFN-

dependent necroptosis is one such pathway and is activated via IFNAR1 signaling and 

requires the serine/threonine-protein kinase 1/3 (RIPK1/3) and the necroptotic effector 

mixed lineage kinase domain like pseudokinase (MLKL). Activated MLKL oligomerizes 

and forms cell membrane pores to facilitate cell death [83,84]. I evaluated the expression 

of MLKL by western blot analysis of extracts from SH-SY5Y cells treated with either 

siCON or siTDP-43 and observed a striking increase in its levels in TDP-43-depleted cells 

(Figure 2.7A). MLKL is interferon-inducible and its overexpression has recently been 

observed to promote cell death [193–196]. Indeed, MLKL upregulation upon TDP-43 

knockdown was only observed in WT and MDA5 KO cells, but not in the MAVS KO, RIG-

I KO, IFNAR1 KO, or IRF3 truncation cells (Figure 2.7B). These results were corroborated 

in the 786-O WT and KO cell lines (Figure S2.6A, B).  

To determine whether MLKL overexpression is sufficient to promote cell death I 

generated DOX-inducible FLAG-tagged MLKL SH-SY5Y and 786-O cell lines. DOX-

treatment induced FLAG-MLKL expression (Figure 2.7C; Figure S2.6C). 48 h post-DOX 

treatment I observed ~25-40% reduced cell viability when compared to the no DOX 

Figure 2.6: TDP-43 depletion-induced cell death requires activation of the RLR signaling 
pathway and type I interferon signaling. (A, B) Trypan blue staining (A) and cell titer glo 
analysis (B) of SH-SY5Y KO cells treated with siCON/siTDP-43 for 96h. (C, D) Trypan blue 
staining (C) and cell titer glo (D) of SH-SY5Y truncated IRF3 cells similar to A and B. (E) RT-
qPCR analysis of IFNAR1 and IFNLR1 levels from SH-SY5Y cells. All samples were normalized 
to 18S rRNA, followed by the housekeeping gene GusB where GusB levels were set to 1. (F) 
Western blot analysis of IFNAR1 KO SH-SY5Y cells. (G) RT-qPCR analysis of ISG15 levels from 
WT and IFNAR1 KO SH-SY5Y cells treated with IFN α or β for 8h. Mock levels were set to 1. (H, 
I) Trypan blue staining (H) and cell titer glo analysis (I) of SH-SY5Y IFNAR1 KO cells similar to 
A and B. Student t test was used to determine statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** 
p ≤ 0.0005; ns: not significant. 
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control (Figure 2.7D; Figure S2.6D). In addition, I observed ~50% reduction in ATP 

production by CellTiter Glo (Figure 2.7E; Figure S2.6E). Next, I generated MLKL KOs in 

SH-SY5Y and 786-O cells and quantified cell viability in siCON and siTDP-43 treated cells 

(Figure 2.7F; Figure S2.6F). While siTDP-43 resulted in a ~40% reduction in cell viability 

in WT cells, there was only a ~20% decrease in cell viability in MLKL KO cells (Figure 

2.7G; Figure S2.6G). Moreover, MLKL KO significantly restored ATP production in cells 

treated with siTDP-43 (Figure 2.7H; Figure S2.6H). These results demonstrate that MLKL 

expression is IFN-inducible and that its overexpression is sufficient to induce cell death 

in both SH-SY5Y and 786-O cells. Moreover, necroptosis contributes significantly to the 

mechanism behind cell death in TDP-43 deficient cells.  

 In summary, loss of TDP-43 results in the accumulation of immunostimulatory 

dsRNA that activate RIG-I and culminate in IFN-mediated necroptotic cell death. 
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Figure 2.7: TDP-43 knockdown induces MLKL overexpression to activate necroptosis. (A) 
Western blot analysis of MLKL levels from SH-SY5Y cells treated with siCON/siTDP-43. (B) RT-
qPCR analysis of MLKL levels from SH-SY5Y WT and KO cells treated with siCON/siTDP-43 for 
48h. All samples were normalized to 18S rRNA and siCON levels were set to 1. (C) Western blot 
of inducible MLKL SH-SY5Y cells where doxycycline was added for 24h. (D, E) Trypan blue 
staining (D) and cell titer glo analysis (E) of cells in D. DOX was added for 48h. (F) Western blot 
of MLKL KO SH-SY5Y cells. (G, H) Trypan blue staining (G) and cell titer glo analysis (H) of 
MLKL KO cells treated with siCON/siTDP-43 for 96h. Student t test was used to determine 
statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant.  
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Discussion: 

While best characterized in the context of host-defense, RLRs are also important 

contributors to the efficacy of various anti-cancer approaches and their inappropriate 

activation is associated with the development of autoimmunity [81,197,198]. Thus, the 

ability to control RLR activation is of importance across multiple facets of cellular and 

organismal homeostasis. TDP-43 is an essential RNA-binding protein implicated in the 

development of various pathologies including ALS and FTLD [199]. Here, I demonstrate 

that loss of TDP-43 results in increased expression and mislocalization of several RNAPIII 

noncoding RNAs. Increased RNAPIII activity facilities a RIG-I-dependent interferon 

response that can be partially suppressed by overexpression of the cellular 

triphosphatase DUSP11, indicating the accumulated immunostimulatory dsRNAs are 

triphosphorylated. Moreover, RIG-I-dependent IFN  production promotes MLKL-

dependent necroptosis which can be rescued via the genetic inactivation of the RLR 

pathway. Thus, this study uncovers an underappreciated and intricate relationship 

between the control of cellular gene expression and IFN-mediated cell death. 

I have determined that TDP-43 regulates the accumulation of immunostimulatory 

dsRNA. While we did not attempt to identify the J2-postiive RNAs in SH-SY5Y cells, 

previous work in M17 neuroblastoma cells identified an enrichment of J2-binding in highly 

structured intronic regions of RNA as well as across the human endogenous retrovirus K 

(HERV-K) transcript in TDP-43 depleted cells [111]. I anticipate that some of the J2-

positive signal I observe is derived from RNAs previously identified. I have determined 

that J2-postive RNAs are immunostimulatory and that loss of TDP-43 potentiates a RIG-

I-dependent interferon response. RIG-I primarily discriminates RNA on the basis of a 5’-
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di or triphosphate structure at the end of RNAs and thus it is unlikely that J2-enriched 

HERV-K or intronic regions previously identified contribute significantly to RIG-I activation 

[60,62–65]. In support of this, the RIG-I-dependent interferon response is blunted by 

increasing the expression of the cellular RNA triphosphatase DUSP11. 

We observed a significant remodeling of cellular gene expression in TDP-43 

depleted cells. Among the most significant ontological terms associated with the 

upregulated genes were RNAPIII transcription. Indeed, by RT-qPCR I confirmed the 

expression of many RNAPIII noncoding RNAs, including 7SL and Alu RNA, were 

significantly higher in cells lacking TDP-43. Increased RNAPIII-derived RNAs may stem 

from effects of TDP-43, either directly or indirectly, on chromatin modification and 

therefore RNAPIII transcription. For example, in human post-mortem brain tissue loss of 

TDP-43 is associated with decondensation of intergenic chromatin [117]. A reduction in 

H3K9me3, a repressive chromatin mark for repetitive elements such as Alus and long 

interspersed elements (LINEs) was also observed. Interestingly, analysis of previously 

published TDP-43 iCLIP-seq data revealed that many of the upregulated RNAPIII 

transcripts are bound by TDP-43 [102]. Moreover, I demonstrated that TDP-43 regulates 

the half-life of the RNAPIII transcript 7SL RNA and that this regulation requires the ability 

of TDP-43 to bind RNA. While TDP-43 has been linked to the regulation of mRNA stability 

these are the first data suggesting that TDP-43 is involved in noncoding RNA decay [200]. 

Whether this occurs co- or post-transcriptionally as well as which RNA decay machineries 

are involved is unknown and future studies will clarify this. Collectively, this suggests that 

increased RNAPIII transcripts in TDP-43 depleted cells result from a combination of 

alterations on transcription and RNA stability. 
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In TDP-43 depleted cells I observed an increase in the cytoplasmic localization of 

several RNAPIII transcribed RNAs. While 7SL RNA and Alu RNAs are normally 

cytoplasmic, the levels of the primarily nuclear 7SK snRNA were also increased in the 

cytoplasm. TDP-43 has been demonstrated to participate in the transport and localization 

of mRNPs in neuronal and dendritic cells, however a role for it in 7SK snRNA localization 

has not been identified [105,106,201,202]. Additional studies are required to determine 

the mechanism by which TDP-43 influences 7SK snRNA expression and nuclear 

retention.  

Regardless of the mechanism facilitating enhanced RNAPIII noncoding RNA 

expression, my work demonstrates that RNAPIII transcription is required for the interferon 

response in TDP-43 depleted cells. Although RNAPIII has been identified as a 

cytoplasmic DNA sensor capable of activating RIG-I via the transcription of promoter-

independent triphosphorylated RNAs I do not anticipate this contributing too significantly 

to the cell-intrinsic immune response observed [56,57]. Rather, my data supports a model 

in which RNAPIII-derived noncoding RNAs that can be bound by TDP-43 are engaged by 

RIG-I to facilitate activation of MAVS and an IRF3-dependent interferon response. I 

speculate that the enhanced expression of RNAPIII transcripts results in a failure of their 

proper processing and/or localization, which in turn facilities RIG-I activation. However, I 

cannot exclude the possibility that TDP-43 shields the select RNAPIII transcripts from 

RIG-I sensing. Indeed, the unshielding of 7SL RNA and RNA5SP141 transcripts due to 

loss of their RBPs results in a RIG-I-dependent interferon response [79,80].   

TDP-43 is associated with multiple neurological disorders including ALS and 

FTLD. Interestingly, elevated IFN levels have been reported in the brains of ALS and 
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FTLD patients as well as in animal models [94–97]. Multiple lines of evidence support a 

role for IFN signaling in neurodegeneration, including observations that high dose 

interferon treatment can cause neurological abnormalities.  Moreover, patients with 

Aicardi-Goutieres, an interferonopathy caused by mutations in MDA5, present with 

childhood neurodegeneration and dysfunction. My demonstration that TDP-43 plays a 

critical role in regulating immunostimulatory dsRNA accumulation suggests that activation 

of the RLR pathway may play a prominent role in initiating the neurological dysfunction 

observed in ALS and FTLD.   

 My results here expand on an emerging theme in RLR activation that host encoded 

RNAs can be prominent RLR ligands, and that cellular RBPs can function as cell-intrinsic 

checkpoints or barriers to RLR activation. Given these observations I hypothesize that 

gene expression is inherently a dangerous process, not only in that alterations in gene 

expression programs can cause disease, but that the RNA structures involved in 

orchestrating the programs as well as the intermediates of RNA processing reactions can 

be immunostimulatory. Moreover, this can be viewed as a proverbial double-edged sword 

in that mechanisms which limit immunostimulatory dsRNAs may be pathogenic in the 

context of mutations but also leveraged therapeutically in conditions in which increased 

IFN signaling is desirable. Thus, I anticipate that continued investigations into 

mechanisms of gene expression will provide additional significant insight into the control 

of RLR activation by endogenous RNAs.  
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Table 2.1: CRISPR-Cas9 induced mutations 

Guide RNA recognition sites are in bold 

 

 

 

 

Gene Sequence 

MAVS Guide 1 WT GCCCTCAGCCCTCTGACCTCCAGCGGGCA 

MAVS Guide 1 SH-SY5Y GCCC - - - - -  - - TCTGACCTCCAGCGGGCA 

MAVS Guide 1 786-O GCCC - - - - -  - -  - - - -  - -  -TCCAGCGGGCA 

MAVS Guide 2 WT CTGCAGGGGCTGCAGAGGGTA - AACAGGG 

MAVS Guide 2 SH-SY5Y CTGCAGGGGCTGCAGAGGGTAAAACAGGG 

MAVS Guide 2 786-O CTGCAGGGGCTGCAGAGGGTA - - ACAGGG 

RIG-I Guide 1 WT CCCTTGT -TGTTTTTCTCAGCCTGAATA 

RIG-I Guide 1 SH-SY5Y CCCTTGTTTGTTTTTCTCAGCCTGAATA 

RIG-I Guide 1 786-O CCCTTGTTTGTTTTTCTCAGCCTGAATA 

RIG-I Guide 2 WT AAGCCACGGAACCAGCCTTCCTCCTGG 

RIG-I Guide 2 SH-SY5Y AAGCCACGGAACCAGCCTT - CTCCTGG 

RIG-I Guide 2 786-O AAGCCACGGAACCAGC - - - -  - - - CTGG 

MDA5 Guide 1 WT TCTCTGAGAAAGAAAGATGTC - - - - - -  - -  - - - - -  - - - - - 
GAATGGGTATT 

MDA5 Guide 1 SH-SY5Y TCTCTGAGAAAGAAAGATGTATATAATACCCTTCTCTGAGAATGGGT
ATT 

MDA5 Guide 1 786-O TCTCTGAGAAAGAAAGATGTC - - - - - - - TATT 

MDA5 Guide 2 WT CCACCTGGATGTACATTTTC - ACCCTGGC 

MDA5 Guide 2 SH-SY5Y CCACCTGGATGTACATTCTCAACCCTGGC 

MDA5 Guide 2 786-O CCACCTGGATGTACATT -  - - - - CCCTGGC 

IRF3 WT GGGCAGGGCTCAGGGGCTACA - GCCAGGCTTGGGGGTCCCG   

IRF3 SH-SY5Y GGGCAGGGCTCAGGGGCTACA    -  - - -  - -  - - - -  - -  - - - CCCG 

IRF3 786-O GGGCAGGGCTCAGGGGCTACAAGCCAGGCTTGGGGGTCCCG 

IFNAR1 WT SH-SY5Y CGACGACCCTAGTGCTCGTCGCCGTGGC 

IFNAR1 KO SH-SY5Y CGACGACCCTAGTGCTCGT - - CCGTGGC 

IFNAR1 WT 786-O GCCATGGGTGTTGTCCGCAGCCGCAGGT 

IFNAR1 KO 786-O GCCAT - -  - - GTTGTCCGCAGCCGCAGGT 

TDP-43 Guide 1 WT CCAGGGGCGTGTGGGCTTCGCTACAGGA 

TDP-43 Guide 1 HEK293T CCAGGGGCGTGTGGGCTTCG - - - -  - - - A   

TDP-43 Guide 2 WT GAAAACATCCGATTTAATAGT- GTTGGGT 

TDP-43 Guide 2 HEK293T GAAAACATCCGATTTAATAGTTGTTGGGT 

MLKL Guide 1 WT CTCCATGACAATGGAGAATTGAGGCGGA 

MLKL Guide 1 SH-SY5Y CTCCATGACAATGGAGAATT - AGGCGGA 

MLKL Guide 1 786-O ATCCATG - -  - -  - - - -  - - -  - -  - - - GCGGA 

MLKL Guide 2 WT CATGCCTGTTTCACCCATAAGCCAAGGA 

MLKL Guide 2 SH-SY5Y CATGCCTGTTTCACCCATA - - CCAAGGA 

MLKL Guide 2 786-O CATGCCTGTTTCACCCATA - - CCAAGGA 
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CHAPTER 3: 

 

 

Discussion:  

 

RNA processing is a tightly regulated cellular process that is essential for life. 

Defects in this regulation, whether by changes in the expression, localization, or activity 

of regulatory factors, can have major consequences that may induce cellular stress and 

death. RNA binding proteins (RBPs) facilitate numerous RNA processing events, starting 

from transcription and concluding in RNA decay, demonstrating that they are involved 

throughout the RNA “life-cycle.” Apart from regulating RNA processing events, RBPs are 

also involved in physiological relevant conditions, such as viral infection and activation of 

an innate immune response. Unfortunately, the mechanisms that RBPs employ to 

regulate these conditions are not completely understood.  Therefore, my thesis aimed to 

determine how RBPs regulate KSHV infection and double-stranded RNA sensing. The 

first chapter demonstrates that the RBP FUS restricts KSHV reactivation by regulating 

RNAPII CTD phosphorylation on viral promoters to restrict transcriptional elongation. The 

second chapter determined that the RBP TDP-43 prevents a lethal RIG-I-like receptor-

dependent interferon response by regulating RNAPIII transcript abundance and 

cytoplasmic localization. Based on these findings, I conclude that RBPs function beyond 

their canonical role in regulating RNA metabolism and are involved in restricting viral 

infection and activation of an innate immune response. My thesis demonstrates that by 
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identifying RBP function in infection and nucleic acid sensing, additional insight is 

revealed into their cellular activity apart from their previously reported functions.  

The first chapter of my thesis determined that FUS restricts KSHV reactivation. 

FUS is involved in several stages of RNA biogenesis and defects in FUS expression, 

localization, or mutations are associated with diseases such as ALS and FTLD. KSHV is 

an oncogenic human herpesvirus that establishes latency upon infection of certain cell 

types and can later be reactivated into the lytic phase. I proposed to investigate how FUS 

regulates KSHV reactivation as FUS is necessary for B cell development, which is the 

primary latent reservoir for the virus. I demonstrated that FUS restricts KSHV reactivation 

from a patient-derived, latently infected B cell line and a model ccRCC cell line as siRNA 

depletion of FUS increased viral gene expression, protein expression, and infectious 

virion production. I was able to rescue the FUS-depletion induced increase in reactivation 

by exogenous expression of siRNA-resistant FUS, validating the on-target effect of the 

siRNA. Furthermore, FUS restricted reactivation prior to viral DNA replication and was 

predominantly nuclear in latency and the lytic cycle. Finally, we demonstrated that FUS 

interacts with RNA polymerase II, localized to the viral episome, and restricted Serine-2 

phosphorylated RNA polymerase II transcription on the episome to inhibit RNA synthesis 

of viral genes such as RTA. Overall, my first chapter identified FUS as a restriction factor 

for KSHV infection and was the first to demonstrate that restriction of viral gene 

transcriptional elongation is an antiviral host defense.  

 My study reveals several interesting viewpoints on how FUS and other RBPs 

impact RNA metabolism to restrict viral infection. FUS regulation of RNA polymerase II 

elongation on viral promoters is a novel mechanism for inhibiting infection. It remains to 
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be determined whether this is a common means of restriction for other viruses. KSHV is 

a human herpesvirus and is specifically classified as a γ-herpesvirus. It is interesting to 

speculate that FUS and the regulation of RNAPII phosphorylation may restrict the other 

human herpesviruses as they share several features and characteristics such as being 

dsDNA viruses, establish latency, and reactivate into a lytic phase. It is also possible that 

the antiviral function is restricted to γ-herpesviruses, such as EBV and the murine virus 

MHV68, as these viruses have unique features such as longer replication cycles and 

more restricted cellular and tissue tropism. Many host restriction factors are antagonized 

by viral products to prevent their activity during an infection. As FUS restricts KSHV 

reactivation, I hypothesize that the virus may encode proteins that impact FUS restriction. 

The Karijolich lab possesses a KSHV ORFeome library that contains all viral ORFs on 

expression plasmids. It would be interesting to use the library and screen the viral proteins 

to determine if any interact with FUS and determine if they inhibit its antiviral activity. The 

viral ORF may be antagonizing FUS through a variety of mechanisms, including the 

prevention of FUS interaction with the episome or blocking the interaction with RNA 

polymerase II. Finally, FUS regulates similar RNA processes as several other RBPs, 

including the hnRNPs. Whether additional RBPs also restrict KSHV or other viruses by 

inhibiting RNA polymerase II elongation has yet to be determined.  

 Although my thesis has identified a new function of FUS in restricting KSHV, there 

are several areas that will benefit from future studies. We have demonstrated that FUS 

binds the viral episome at some promoters in latency. How FUS is recruited, what impact 

it has on viral chromatin structure, and what role it has in maintaining latency are 

interestingly questions. I have shown that FUS restricts RNA polymerase II Ser2 
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phosphorylation on viral genes, although the mechanism behind this has not be identified. 

Furthermore, FUS is involved in B cell development and KSHV establishes latency 

primarily in B cells. Additional research is required to determine if KSHV-infected B cells 

impact FUS function during development. Finally, FUS mutations are associated with ALS 

and FTLD. The significance of these mutations on KSHV infection and reactivation, as 

well as on the relationship between KSHV and ALS or FTLD patients, will require further 

investigation.  

 The second chapter of my thesis determined that the RBP TDP-43 regulates RNA 

polymerase III transcript abundance to prevent a lethal RIG-I-dependent interferon 

response. TDP-43 regulates numerous stages of RNA metabolism including splicing, 

RNA export, and transcription, and its misregulation and mutations are implicated in 

diseases such as ALS, FTLD, cancer, and myopathy. The RIG-I-like receptors (RLR) 

include the dsRNA sensors RIG-I and MDA5 that bind distinct and unique dsRNA ligands. 

RLR signaling induces an antimicrobial interferon and inflammatory response to a variety 

of infections and autoimmune diseases. I determined to investigate how TDP-43 

regulates RLR activation as TDP-43 is involved in several RNA processes that have 

dsRNA intermediates or final products. I demonstrated that loss of TDP-43 induces the 

accumulation of immunostimulatory dsRNA and a subsequent interferon response in SH-

SY5Y neuroblastoma and 786-O clear-cell renal cell carcinoma (ccRCC) cell lines. The 

interferon response was RIG-I, MAVS, and IRF3 dependent as TDP-43 depletion in a 

RIG-I, MAVS, and IRF3 CRISPR/Cas9 knockout prevented interferon induction. 

Furthermore, TDP-43 repressed RNAPIII transcript accumulation and cytoplasmic 

relocalization to prevent RIG-I activation in an RNA binding-dependent manner. Finally, I 
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demonstrated that loss of TDP-43 induces cell death via RLR, IRF3, and IFNAR1 

signaling, leading to the induction of MLKL overexpression to facilitate necroptosis. 

Overall, my second chapter identified TDP-43 as a regulator of dsRNA accumulation and 

RLR signaling and determined why TDP-43 depletion induces lethality.   

My study reveals several interesting viewpoints on gene expression, TDP-43 

expression in disease, and how RBPs regulate RNA processing to restrict RLR activation.  

I have shown that TDP-43 regulates RNAPIII transcript abundance to prevent RLR 

activation, clearly demonstrating that defects in gene expression are dangerous and can 

induce cell death. These findings are in accordance with loss or dysregulation of other 

RNA processing proteins, such as ADAR, activating RLRs. Additional research is required 

to determine how errors in other stages of RNA metabolism can activate an immune 

response. As mentioned in the introduction, TDP-43 mutations, changes in expression, 

and mislocalization are associated with several diseases, including ALS. My findings 

demonstrate that loss of TDP-43 induces a lethal interferon response, the accumulation 

of RNAPIII-transcribed ncRNAs, and the cytoplasmic relocalization of these transcripts. 

How these consequences of TDP-43 nuclear depletion contribute to TDP-43 associated 

disease remain to be investigated. Current research has indicated that RIG-I activation is 

necessary for a robust response to checkpoint inhibitor immunotherapy [197,198]. By 

determining that loss of TDP-43 activates RIG-I, my research may suggest that TDP-43 

is a potential drug target to enhance checkpoint inhibition therapy. Finally, TDP-43 and 

other RBPs including hnRNPs regulate several shared RNA processes. Previous TDP-

43 mass spectrometry experiments reveal that it interacts with several other RBPs, 

suggesting that it may form a complex to regulate dsRNA accumulation. Indeed, I have 
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performed an initial siRNA screen of select RBPs to identify other proteins that prevent 

an innate immune response. Through this screen, I have identified other RBPs whose 

depletion induces IFN β expression and the Karijolich lab is continuing this research. I 

would hypothesize that some of these proteins also restrict RLR activation by facilitating 

proper RNA biogenesis in a complex with TDP-43.  

My thesis has identified a new role of TDP-43 in restricting RLR activation. However, 

there are several areas of this work that are open to further investigations by our lab or 

other groups. I have demonstrated that TDP-43 depletion induces cytoplasmic 

immunostimulatory dsRNA accumulation. The identity of these dsRNA species remains 

to be determined as well as why they are immunostimulatory. I have shown that loss of 

TDP-43 leads to the accumulation of RNAPIII-transcribed ncRNAs due to their increased 

stability in an RNA binding-dependent manner. This suggests that TDP-43 is involved in 

a novel ncRNA decay pathway. Interestingly, previous TDP-43 mass spectrometry 

experiments have determined that it interacts with RNA decay factors, such as SKIV2L2 

and RRP6. Therefore, I hypothesize that TDP-43 is facilitating RNAPIII transcript decay 

by binding the RNA and recruiting it to the RNA decay machinery. I am very intrigued by 

this finding and am excited for the Karijolich lab to identify the mechanism of how TDP-

43 promotes decay as it would reveal a new RNA decay pathway. Furthermore, TDP-43 

depletion induced cytoplasmic relocalization of the RNAPIII transcripts that then activate 

RIG-I. The mechanism by which TDP-43 regulates ncRNA export is unknown, although 

it does interact with the mRNA export nucleoporin TPR and regulates export of several 

mRNAs [105,106,201]. Finally, my findings reveal that loss of TDP-43 in a RLR, IRF3, or 

IFNAR knockout prevent cell death while TDP-43 depletion is lethal in wild-type cells. 
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These findings suggest that a TDP-43 KO may be viable if generated in a RLR KO 

background. I have already generated RLR KOs in both the SH-SY5Y and 786-O cell 

lines. I hypothesize a TDP-43/RLR double knockout cell line would live while a TDP-43 

KO in wild-type cells would die.  I am also interested in determining if a TDP-43/RLR 

double knockout can be generated in vivo. MAVS KO mice are available for purchase. 

Hence, additional work will determine whether a TDP-43 knockout can be generated in 

mice using a MAVS knockout background to further our understanding of TDP-43 

function.  

Throughout my thesis, I have determined that RNA binding proteins regulate viral 

infection and dsRNA sensing. The notion that RBPs impact viral and immune processes 

in addition to their known role in RNA biogenesis is important for understanding how RNA 

metabolism regulates disease. I have determined that FUS restricts KSHV reactivation 

by impacting RNA polymerase II elongation of viral genes. The findings not only identify 

FUS as a novel restriction factor, but also demonstrates that the host can regulate 

transcription elongation as a defense mechanism against viral infection. I also 

demonstrated that TDP-43 regulates dsRNA accumulation to prevent a lethal RIG-I-

dependent interferon response. The results exemplify how defects in RNA processing are 

dangerous and demonstrate why TDP-43 is essential for life. My thesis results are in line 

with and provide additional information to recent findings in the field that describe how 

RNA binding proteins regulate and are involved in cellular processes and physiological 

relevant conditions that are beyond their canonical roles in gene expression.  
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Appendix: 

 

   
 

 

   

 
 
 
 
 
 
 
 
 

Figure S2.1: TDP-43 knockdown activates a Type I and III IFN response in 786-O cells. (A) 

Western blot analysis of 786-O cells treated with siCON/siTDP-43 for 48 h. (B, C, D) RT-qPCR 

analysis of the IFNs (B), ISGs (C), and NF-kB responsive genes (D) from cells in A. All samples 

were normalized to 18S rRNA and Mock/ siCON levels were set to 1.Student t test was used to 

determine statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.005; *** p ≤ 0.0005; ns: not 

significant. 



98 
 

 



99 
 

  

 

   

 

Figure S2.2: TDP-43 knockdown activates a RIG-I and MAVS-dependent interferon 

response in 786-O cells. (A) Western blot analysis of 786-O MAVS knockout (KO) cells. Two 

independent guide RNAs are shown, and full length (FL) and mini-MAVS (mini) are depicted. (B) 

Western blot analysis of 786-O RIG-I and MDA5 KO cells. Two independent guide RNAs are 

shown and cells were treated with siCON/siTDP-43 for 48h. (C, D, E) RT-qPCR analysis of TDP-

43 (C), IFNs (D), and ISGs (E) following siCON/siTDP-43 treatment for 48h. (F) Western blot 

analysis of 786-O RIG-I KO cells complemented with DOX-inducible FLAG-tagged RIG-I. Cells 

were treated with siCON/siTDP-43 for 48h and DOX for final 24h. (G) RT-qPCR analysis of IFN 

β levels from cells in F. Student t test was used to determine statistical significance * p ≤ 0.05; ** 

p ≤ 0.005; *** p ≤ 0.0005; ns: not significant. 

Figure S2.3: Loss of TDP-43 induces a MAVS-dependent antiviral IFN response. (A) RT-

qPCR analysis of LANA levels in SH-SY5Y WT and MAVS KO cells 24h post KSHV infection. 

(B) RT-qPCR analysis of LANA levels in 786-O WT and MAVS KO cells 24h post KSHV infection. 

All samples were normalized to 18S rRNA and siCON levels were set to 1. Student t test was 

used to determine statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant. 
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Figure S2.4: IRF3 is responsible for the TDP-43 depletion-induced interferon response in 

786-O cells. (A) Western blot analysis of IRF3 knockout cells. (B) RT-qPCR analysis of IFN β 

levels following RIG-I ligand transfection for 6h. (C, D, E) RT-qPCR analysis of TDP-43 (C), IFNs 

(D), and ISGs (E) following siCON/siTDP-43 treatment for 48h. All samples were normalized to 

18S rRNA and Mock/siCON levels were set to 1. Student t test was used to determine statistical 

significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant. 
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 Figure S2.5: TDP-43 depletion-induced cell death requires activation of the RLR signaling 
pathway and type I interferon signaling in 786-O cells. (A, B) Trypan blue staining (A) and 
cell titer glo (B) of 786-O KO cells treated with siCON/siTDP-43 for 96h. (C, D) Trypan blue 
staining (C) and cell titer glo (D) of 786-O IRF3 KO cells. (E) RT-qPCR analysis of IFNAR1 and 
IFNLR1 levels from 786-O cells. All samples were normalized to 18S rRNA, followed by the 
housekeeping gene GusB where GusB levels were set to 1. (F) Western blot analysis of IFNAR1 
KO 786-O cells. (G) RT-qPCR analysis of ISG15 levels from WT and IFNAR1 KO 786-O cells 
treated with IFN α or β for 8h. Mock levels were set to 1. (H, I) Trypan blue staining (H) and cell 
titer glo (I) of 786-O IFNAR1 KO cells similar to A and B. Student t test was used to determine 
statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not significant.  
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Figure S2.6: TDP-43 knockdown activates interferon-inducible MLKL overexpression 

induced necroptosis in 786-O cells. (A) Western blot analysis of MLKL levels from 786-O cells 

treated with siCON/siTDP-43. (B) RT-qPCR analysis of MLKL levels from 786-O WT and KO 

cells treated with siCON/siTDP-43 for 48h. All samples were normalized to 18S rRNA and siCON 

levels were set to 1. (C) Western blot of inducible MLKL 786-O cells where doxycycline was 

added for 24h. (D, E) Trypan blue staining (D) and cell titer glo analysis (E) of cells in D. DOX 

was added for 48h. (F) Western blot of MLKL KO 786-O cells. (G, H) Trypan blue staining (G) 

and cell titer glo analysis (H) of MLKL KO cells treated with siCON/siTDP-43 for 96h. Student t 

test was used to determine statistical significance * p ≤ 0.05; ** p ≤ 0.005; *** p ≤ 0.0005; ns: not 

significant. 
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