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Abstract 

 

The innate immune response in mammalian cells is a primary defense 

mechanism against pathogen invasions. The activation of highly sensitive sensors 

called pattern recognition receptors (PRRs) precedes the initiation of the innate 

immune response pathway. The PRRs detect pathogen or danger-associated 

molecular signatures. A subset of PRRs recognizes nucleic acids and signals the 

Type-I IFN response pathway, leading to the upregulation of inflammatory cytokines. 

This study investigates the effect of introducing DNA vectors and other nucleic acids 

in mammalian cells on the Type-I IFN response pathway and the activation of an 

antiviral pathway mediated by RNase L. We report the formation of nucleic acid 

assemblies within cells upon introducing nucleic acids. These assemblies contain DNA 

and are rich in RNA, and have not been previously described. Our findings 

demonstrate that the introduction of nucleic acids upregulates Type-I IFN genes and 

enhances RNase L levels, providing insight into the mechanism of nucleic acid-

mediated immune responses. 
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Introduction 

 

1.1 The nucleic acid sensing pathways 

  

Humans encounter a diverse range of pathogenic invasions on a daily basis. 

Our ability to fight against the pathogen depends on the rapid detection of the 

infectious agent and quick induction of the appropriate defense response. Innate 

immunity is the primary line of the defense system in our bodies. It comprises physical 

barriers like skin and mucosal epithelia in various respiratory, reproductive, and 

digestive organs. However, a large number of parasitic microorganisms are evolved 

to override these physical barriers, enter our cells and cause infection. The first step 

towards fighting against pathogens and their associated diseases is detecting foreign 

agents. There are various intracellular receptors called pathogen recognition receptors 

(PRRs) that can detect specific conserved motifs or structures encoded in 

microorganisms called pathogen-associated molecular patterns (PAMPs) (Janeway, 

1989). The detection of PAMPs, or self-derived danger signals called DAMPs (danger-

associated molecular patterns), by the PRRs leads to an activation of the innate 

immune response pathway. Some pathogenic biomolecular signatures that can act as 

PAMPs are peptidoglycans, lipoproteins, etc. (Silva-Gomes et al., 2014) that comprise 

microbial envelopes. Others include microbial nucleic acids or their genomes. In the 

case of virus-like pathogens, nucleic acid becomes an important PAMP for eliciting an 

immune response pathway (Chow et al., 2018).   

 

Several PRRs (Figure 1) are known to detect foreign nucleic acids like cyclic 

GMP-AMP synthase (cGAS) (Shu et al., 2014; Webb and Fernandez-Sesma, 2022), 

RIG-I-like receptors (RLRs) (Kang et al., 2002; Yoneyama et al., 2004), nucleotide 

oligomerization domain (NOD) (Girardin et al., 2003a, 2003b) like receptors and toll-

like receptors (TLRs) (Rock et al., 1998; Hemmi et al., 2000; Pelka et al., 2016). These 

are mainly classified based on the type of nucleic acids they detect- DNA, ssRNA, 

dsRNA, DNA-RNA hybrid, and both DNA and RNA (Kawasaki et al., 2011). The host 

cells also have abundant nucleic acids in their cytoplasm, so how do the PRRs escape 

detection of self-nucleic acids? It is majorly dependent on structure, availability, and 

localization. Self-nucleic acids are degraded rapidly by nucleases before they 

encounter PRRs and lead to false sensing (Schlee and Hartmann, 2016). Various 
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receptors like RLRs recognize 5’- triphosphosphates and 5’-diphosphates present in 

ssRNA and dsRNA of the viral genome (Goubau et al., 2014). Other ways include 

using enzymes like ADAR1 (adenosine deaminase) that deaminates adenosine to 

inosine (Savva et al., 2012). Engagement of PRRs with PAMPs triggers intracellular 

signaling cascades that culminate in the expression of various proinflammatory 

molecules and type-I interferons. The proinflammatory cytokines include interleukin-1 

(IL-1), interleukin-6 (IL-6), etc. They are known to induce several events, along with 

inflammation and activation of B and T cells, involved in adaptive immunity.  

 

 

Figure 1: PRRs and their categories. The figure depicts the principal basis of the detection of 

self-versus non-self-nucleic acids. It primarily depends on nucleic acid availability, its 

localization, and its structure. The more available and abundant self-nucleic acids are rapidly 

degraded by nucleases. The localization and structure determine which PRR would interact with 

the given nucleic acid. The PRRs initiating an immune response include TLRs in endolysosomes 

and RIG-I, MDA5, and cGAS in the cytoplasm. TLR7 and 8 detect ssRNA, and TLR3 detects ss 

and dsRNA in the endolysosome. TLR9 detects ssDNA containing unmethylated CpG motif. 

RIG-I and MDA5 detect cytosolic dsRNA, and cGAS detects cytosolic dsDNA. Other receptors, 

like OAS, PKR, etc., detect dsRNA and exhibit direct antiviral activity. They are also activated by 

IFN-stimulated genes.  

 
Modified from (Schlee and Hartmann, 2016) 
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1.1.1 DNA sensing receptors 

 

DNA sensing receptors like AIM2, cGAS, and TLR9 can activate the innate immune 

response (Schlee and Hartmann, 2016). However, the PRRs of interest for this study 

are cGAS and TLR9 due to the difference in their localization. cGAS is a cytosolic 

PRR, while TLR9 is enclosed in an endolysosome (Figure 1). 

The Cyclic GMP-AMP synthase (cGAS) is a type of PRR involved in detecting 

cytosolic dsDNA, whether self or foreign. Once dsDNA is detected, cGAS binds to it 

and produces cyclic GMP-AMP (cGAMP), a second messenger molecule (Li et al., 

2013; Wu et al., 2013). cGAMP attaches to the transmembrane protein stimulator of 

interferon genes (STING), located in the endoplasmic reticulum, and activates it, 

leading to its translocation to intermediate compartments between the endoplasmic 

reticulum (ER) and Golgi (Ishikawa and Barber, 2008; Ishikawa et al., 2009). During 

translocation (Guo and Novick, 2004), TANK-binding kinase-1 (TBK1) is recruited by 

cGAMP, resulting in the phosphorylation of STING. This, in turn, leads to the 

recruitment of interferon regulatory factor-3 (IRF3) (Shu et al., 2014). IRF3 is also 

phosphorylated by TBK1, leading to its dimerization. The complex then moves to the 

nucleus, enhancing the transcription of genes responsible for producing various 

cytokines, chemokines, and interferons (Figure 3). Furthermore, Iκβα, an inhibitor of 

the transcription factor NF-κB, is phosphorylated by TBK1, thereby targeting it for 

proteasomal degradation (Chien et al., 2006). The Iκβα degradation releases NF-κB, 

allowing it to move to the nucleus together with IRF3, where they work synergistically 

to combat invading pathogens. 

Other immune sensing receptors include TLRs. The TLRs are formed in the 

endoplasmic reticulum (ER) and are transported to the Golgi apparatus. From Golgi, 

they are eventually recruited to membranous compartments, such as endosomes, 

involved in the Golgi trafficking pathway. The TLRs need different proteins to help 

them mediate from ER to the endosome (Okude et al., 2021). TLR9 requires an 

adaptor protein 2 (AP-2) complex that aids in endocytosis from the cell membrane to 

endosomes (Lee and Barton, 2014). TLR9 recognizes CpG-motif-containing ssDNA 

in the endolysosomal compartment (Hemmi et al., 2000). There are two binding sites- 

N terminal leucine-rich-repeat (LRR) cluster site and the C-terminal LRR cluster site, 

that enable ligand-mediated dimerization of TLR9 (Miyake et al., 2018), which leads 

to the activation of downstream signaling pathways and trigger an immune response 
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that includes the production of interferons and B cell activation. Chromosomal and 

mitochondrial DNA are dsDNA; therefore, they must be broken down into small, single-

stranded fragments before they can bind to TLR9. The lysosomal DNase, known as 

DNase II is necessary for processing DNA to enable TLR9 to detect it (Miyake et al., 

2018). Cytosolic DNA is generally considered a danger signal that indicates the 

presence of non-self or damaged DNA, such as that from viruses or cancer cells. Other 

pattern recognition receptors, such as AIM2 (Hornung et al., 2009), also recognize 

cytosolic DNA and activate similar immune responses. TLR9 can also detect cytosolic 

DNA under certain circumstances, such as when the DNA is complexed with 

antimicrobial peptides or when there is lysosomal damage that leads to the leakage of 

DNA into the cytoplasm. 

 

1.1.2 RNA sensing receptors 

 

Owing to the fact that majority of the viruses contain RNA as their genome, RNA 

sensing receptors are widely known due to their partake in activating antiviral 

pathways upon sensing viral genomic RNAs. Among, immune sensing receptors like 

TLRs detect RNA in endosomes and lysosome-related organelles (LROs) and RIG-I 

and MDA5 detect dsRNA in the cytoplasm (Figure 1). The nucleic acid receptors with 

antiviral activity include oligoadenylate synthase (OAS) and RNA-dependent Protein 

Kinase (PKR) sense dsRNA in the cytoplasm and activates RNases. These receptors 

are further stimulated by IFN stimulated genes (ISGs) (Figure 1).  

TLR3 and TLR7 detect dsRNA within the endosome, and ssRNA is detected by 

TLR7 and TLR8 (Kawai and Akira, 2010; Greulich et al., 2019; Kawai). The sensing 

via these receptors activates interferon (IFN)-regulatory factor 3 (IRF3) and IRF7 and 

trigger type-I interferon production by interacting with myeloid differentiation primary 

response protein 88 (MYD88) and TIR domain-containing adaptor protein inducing 

IFNβ (TRIF) (Kawai and Akira, 2010).  

In the cytosol, helicases retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation-associated gene 5 (MDA5) recognizes dsRNA and transmit signals 

through mitochondrial antiviral signaling protein (MAVS) to generate type I interferon 

(Kang et al., 2002; Yoneyama et al., 2004; Chow et al., 2018). 
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Oligoadenylate synthase (OAS) is a family of enzymes stimulated by ISGs 

(Pebernard and Iggo, 2004), involved in antiviral pathways. Upon detecting viral 

infection, OAS is upregulated and catalyzes the synthesis of 2'-5'-oligoadenylate (2-

5A) molecules by polymerizing ATP molecules (Bisbal and Silverman, 2007; Takeuchi 

and Akira, 2010). The synthesized 2-5A molecules then bind to and activate RNase L 

by inducing its dimerization and subsequent conformational changes. The activated 

RNase L subsequently cleaves viral and cellular RNAs at specific sequences, leading 

to the inhibition of viral replication and spread (Huang et al., 2014). Among OASes, 

OAS3 was reported to bind to dsRNA, synthesizing 2′,5′-oligoadenylate (2-5A) thereby 

leading to the dimerization and activation of RNase L (Li et al., 2016). 

RNA-dependent Protein Kinase (PKR) is another PRR involved in antiviral 

pathway, that upregulates and activates RNase L in response to viral invasion. PKR 

is synthesized in a quiescent, unphosphorylated state within the cell. Its activation and 

autophosphorylation are elicited upon binding to specific host- or pathogen-derived 

RNAs or through interactions with the protein activator of protein kinase R (PACT). 

Once activated, PKR phosphorylates eukaryotic initiation factor 2α (eIF2α), instigating 

the inhibition of protein synthesis constituting a crucial antiviral mechanism (Jha et al., 

2011; Husain et al., 2012). 

The activation of antiviral mechanisms via the sensing of PRRs ends up activating 

type-IFN response signaling innate immune response pathway. 

 

1.2 Mechanistic understanding of type I-IFN induction  

 

When type I interferons bind to IFNAR1 and IFNAR2 receptor subunits, it 

triggers the activation of kinases. These kinases then phosphorylate STAT1 and 

STAT2 proteins, leading to the formation of the ISGF3 (interferon-stimulated gene 

factor 3) complex (Honda et al., 2005). The ISGF3 complex enters the nucleus and 

binds to ISREs (interferon-stimulated response elements), which activates the 

transcription of interferon-stimulated genes (ISGs) like PKR, OAS, and Mx protein, 

which inhibit viral replication and modulate cellular processes involved in antiviral 

response, immune regulation, cell growth, and apoptosis (Keating et al., 2011). 
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1.2.1 Type-I interferonopathies, its consequences and the causal agents.  

 

The monogenic type I interferonopathies are associated with a failure of self-

versus non­self discrimination of nucleic acids by the PRRs due to mutations in one 

or many genes associated with the nucleic acid metabolism pathway. As of now, 38 

Mendelian genes are associated with type I interferonopathies (Crow and Stetson, 

2022). Most of them are nucleases like ribonuclease H2 (RNase H2 encoded by 

RNase H2A, RNase H2B and RNase H2C), SAMHD1, a dNTPase that may play a 

role in DNA repair, and TREX1, a DNase that degrades ss and dsDNA. Due to 

dysfunction of these genes, there is a constitutive Type-I IFN response leading to 

chronic inflammation in the bodies of affected individuals. One such autoinflammatory 

disorder called Aicardi Goutières Syndrome (AGS) involves mutation in SAMHD1 

which was shown to act as an RNase recently (Maharana et al., 2022). The study 

reported the sequestration of immunostimulatory dsRNA in membraneless, phase 

separated condensates in healthy individuals preventing aberrant type-I IFN response. 

However, in AGS patients, due to the deficiency of SAMHD1, dsRNA was not 

degraded, and the dsRNA could not be sequestered in the condensates. Eventually, 

the immunogenic dsRNA was released into the cytoplasm and upon interacting with 

RIG-I and MDA5, Type-I IFN response was activated leading to express inflammatory 

cytokines constitutively. 
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1.2.2 The role of biomolecular condensates in innate immune response  

 

  A large number of membrane-bound organelles in the cells are involved in 

various biological functions. Endosomes, lysosomes, and related organelles are well 

known for their functions in immune response signaling. The Golgi trafficking pathway 

translocates nucleic acids, signaling factors, proteins, etc. in the cells. TLRs are 

enclosed in endolysosomes (Lee and Barton, 2014). However, eukaryotic cells also 

have membrane-less condensates (Banani et al., 2017) that are formed by the process 

of liquid-liquid phase separation (LLPS). LLPS is a fundamental phenomenon where 

a homogenous solution of molecules demixes into two distinct liquid phases, each with 

different solute concentrations. These condensates perform various biological 

functions and are often hubs of nucleic acids. Studies have shown that these 

condensates have a propensity to sequester PRRs (Xiao et al., 2022), and 

immunogenic nucleic acids (Paget et al., 2021). One such study showed the formation 

of cGAS condensates (Du and Chen, 2018).  

 

Figure 2: Constitutive Type-I IFN expression due to SAMHD1 deficiency. In physiological 
condition, the immunostimulatory dsRNA gets sequestered in membrane-less compartments and is 
subsequently degraded by the activity of SAMHD1. In AGS patients with a mutation in SAMHD1, the 
dsRNA is found to be released from the membraneless condensates in the cytoplasm, triggering an 
innate immune response and aberrant activation of Type-I IFN response. 
 
Adapted from (Maharana et al., 2022) 
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Figure 3: The condensates involved in immune sensing and nucleic acid recognition pathway. 
The figure depicts the nucleic acid signaling pathway via various receptors and the condensates 
involved in the process. RIG-I is sequestered into stress assemblies along with other stress 
assemblies proteins like G3BP1 etc. RIG-I also recruits TRIM25 to form a TRIM25-RNA-RIGI 
condensate. cGAS, along with dsDNA, recruits TREX1, a nuclease, and forms a condensate. The 
propensity of cGAS to form a condensate increases with zinc and streptavidin (produced during 
bacterial infections). cGAS leads to STING activation, and STING recruits kinases like TBK1 to form 
a condensate. TLRs, to begin with, are enclosed in endolysosomes and other lysosomal-related 
organelles. All the pathways lead to the production of type-I interferon response and upregulate 
cytokines. The cytokines then signal other cells and activate the JAK-STAT signaling pathway and 
upregulate various interferon-stimulated genes (ISGs).  
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1.3 The role of nucleases on immunogenic nucleic acids 

 

The condensates mentioned above contain nucleic acids and the condensates 

involved in enhancing the inflammatory response (Figure 3) recruit nucleases to 

degrade and cleave potential immunogenic nucleic acids. Various studies have elicited 

the importance of DNases and RNases that could alter nucleic acid metabolism and 

cause heightened immune response. Some of the general ribonucleases, like RNase 

L and RNase T2 are of utmost importance as they are activated in response to an 

antiviral pathway (Chakrabarti et al., 2012; Wu et al., 2020).  

These ribonucleases are dependent on PRRs. Prior to RNase L activation, the 

OAS3 domain gets activated upon sensing dsRNA (discussed in 1.1.2). The 

OAS/RNase L pathway is partially responsible for the inhibition of viral infections by 

interferons (IFNs). The dimerization and activation of RNase L lead to the cleavage of 

viral nucleic acids, thereby preventing viral replication (Li et al., 2016). The cleavage 

of the viral genome leads to the formation of small transcripts with 5’-diphosphates 

and 5’-triphosphates, which are then sensed by RIG-I and MDA-5 in the cytosol, 

further activating Type-I IFN response. This leads to positive feedback as OAS, one 

of the ISGs now gets upregulated (Malathi et al., 2007). 

Another PRR that can initiate antiviral signaling and upregulate inflammatory 

cytokines is cGAS. The sensing of dsDNA by cGAS leads to the activation of type-I 

IFN response initiating the JAK-STAT signaling pathway. The induction of IFN 

signaling upregulates ISGs, like OASes, thereby leading to RNase L activation 

indirectly. 

A recent study reported that the introduction of DNA vector through transfection 

activates the cGAS-STING pathway and elicits an immune response and suppresses 

transgene expression in the cells (Fu et al., 2020). The IFN production leads to the 

signaling and upregulation of ISGs. This leads to the activation of RNase L and causes 

the degradation of RNAs, altering RNA metabolism. 
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1.4 Hypothesis and Objectives 

 

Using the above-mentioned information as a premise, we hypothesize that 

transfection of the DNA vectors in the cells leads to activation of RNase L and elicits 

Type-I innate immune response. The upregulation of ISGs through the RNAi 

mechanism has already been reported (Bridge et al., 2003; Pebernard and Iggo, 

2004). However, the downstream signaling and the effect of the activation of RNases 

on RNA metabolism have been overlooked.  

In order to study the impact of transfection on RNA metabolism, we have 

developed a model. Our approach involves transfecting HeLa cells with different types 

of nucleic acids, followed by quantifying the overall RNA level. We measure the 

expression of type-I IFN and RNase L gene levels and investigate the altered nucleic 

acid metabolism and localization in mammalian cells. 

We speculate that the altered nucleic acid metabolism is caused due to the 

activation of cGAS-STING pathway upon transfection with plasmid vectors. We have 

a synthetic dsRNA, Poly I:C, as a positive control. 

  



23 
 

Chapter 2 Materials and Methods 

 

2.1 Plasmid isolation: 

From ~30mL of culture, the plasmids were isolated using Qiagen miniprep kit 

(Cat#27104) for transfections. The instructions were followed as per the kit and the 

buffer volumes were scaled according to the volume of the cultures. The DNA was 

eluted using nanopore water instead of elution buffer. To check the quality of the DNA, 

nanodrop readings were taken, and the plasmids were run on the gel.  

 

2.2 Gel electrophoresis: 

To check the purity of the plasmids, we ran 500ng DNA on 0.8%-1% agarose gel in 

1X TAE buffer at 100V. The gel was visualized under UV using Biorad gel doc 

equipment. For running RNA gel, we loaded 500ng RNA on a 1% agarose gel and 

used 1X TBE buffer at 100V.  

 

2.3 Cell Culture:  

HeLa Kyoto cells were maintained at 37°C, 5% CO2 in high glucose (4.5gm/liter) 

DMEM (Himedia, AT068) with 5% FBS (Himedia, catalog number) and 1X PenStrep. 

PC12 cells were maintained at 37°C/5% CO2 in modified DMEM, Horse serum (25 

U/ml) Fetal Bovine Serum (25 U/ml), and Pen Strep (5 U/ml) (Life Technologies, USA). 

Passaging/subculturing all types of cells: The cells were washed with 1X PBS, 

trypsinized using 0.25% Trypsin-EDTA (Himedia, catalog number), kept in the 

incubator for 2-3 mins and the trypsin was neutralized using fresh DMEM containing 

5% FBS and 1X PenStrep (complete DMEM). The suspension was then transferred 

to 15mL centrifuge tubes and were pelleted down at 1200 rpm. The media with trypsin 

was then removed and the pellet was resuspended in complete DMEM and added in 

flask. HeLa Kyoto cells were a gift from Dr. Sachin Kotak, MCB dept, IISC, and PC12 

cells were kindly given by Dr. Nikhil Gandasi, MRDG, IISc. 

 

2.2 Transfection and Treatments: 

Plasmids (addgene/alberti lab) or poly(I:C) (Invivogen, tlrl-pic) were transfected using 

PEI (polycation polyethyleneimine) for all cell types. Transient transfections were 
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performed on 12-mm coverslips in 24-well plate for imaging experiments and in 6-well 

plates for RNA isolation. The transfection mix comprised of 50/100 μL OptiMEM 

(Gibco, 31985-070) using 3/6μL Polycation Polyethyleneimine (PEI), 1μg/2μg nucleic 

acids (PEI:DNA = 3:1). After 5-6 hours, the medium was replaced with complete 

DMEM., after transfection followed by imaging/RNA isolation. The imaging was 

performed after 24 hrs and the cells for RNA isolation were harvested in RNAisoplus 

6 hrs after replacing the media. The plasmids used were pSICOR-sh-Scrambled-

CMVmcherry coding for a scrambled shRNA sequence (5’-GCAACAAGATGAA 

GAGCACCAA-3’), cloned in Maharana et al.,2022; pH2B-mcherry-IRES-neo3 

(addgene), pLKO.1-puro-sh-Scrambled and pENTR-SRSF2 (made using gateway 

cloning by Padmanava DasGupta). For all transfections, 6*104 cells were plated on 

12mm coverslips in a 24-well plate for RNA staining/ immunofluorescence staining or 

0.2*106 cells in 6-well plates for RNA isolation. For conditioned media experiment, 

after 5-6 hrs of transfection, the media was replaced with fresh DMEM and after 6 hrs, 

the conditioned media was then transferred to untreated cells. The cells were treated 

with conditioned media for 6 hrs and were then fixed/harvested for staining/RNA 

isolation respectively. 

 

2.3 Immunofluorescence: 

The cells were plated on 24-well on coverslips and treated the next day with the 

transfection mix. After following usual transfection protocol, the cells were fixed with 

4% formaldehyde in 1X PBS, pH 7.4. This was followed by 1X PBS washes, 3 times. 

After fixation, 10-minutes permeabilization was performed using 0.25% Triton-X-100 

in 1X PBS followed by 3 PBS washes and blocking in 2% BSA (MP Biomedicals, 

160069) made in 1X PBS for 4-6 hrs. After 3 washes, primary antibody- G3BP1 (CST, 

61559, epitope: Against residues surrounding Val218 of human G3BP1 protein, rabbit, 

monoclonal) in a 1:1000 dilution, made in 2% BSA was added and the coverslips were 

left in the hydration chamber at 4 degrees overnight. Next morning, the coverslips were 

washed thrice and were incubated in secondary antibody (Anti-rabbit Alexa Fluor 555) 

in a 1:1000 dilution for 2-3 hours at RT After washing with PBS thrice, the coverslips 

were stained with DAPI (1:1000 dilution in 1X PBS), incubated at RT for 10 mins and 

this was followed by RNA staining using 500nm RNAselect dye (Thermofisher, catalog 

number) for 20 mins. The coverslips were then mounted on glass slides using antifade 

solution. Images were taken immediately within 30 mins after staining.  
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2.4 Staining and Imaging: 

For both transfection and Immunofluorescence assay studies, the supernatant was 

removed from the cells, and they were washed twice with 1X PBS. They were then 

fixed with 4% formaldehyde made in 1X PBS for 10 mins at RT and washed thrice. 

This was followed by 10 mins DAPI (1:1000 dilution) staining and RNAselect 

(Thermofisher, absorption/emission maxima ∼490/530nm) staining (500nm) for 20 

mins to stain for RNA or 5μM Thr1 (kindly gifted by Dr Subrata Ghosh, I.I.T. Mandi). 

For WGA (kindly provided by Dr. Subba Rao, M.C.B., IISc) staining, the coverslips 

were incubated in 5μM of the solution made in 1X HBSS buffer for 20 mins and were 

then mounted on the glass slides using 2μL antifade solution. The imaging for the RNA 

dyes (both RNAselect and Thr1) were done in sets as the images need to be taken 

within 30 mins after staining else, they photobleach. The fluorescence images were 

taken in a wide-field Leica microscope (DMI6000B) using 63X and 100X objective 

lens. The immersion oil (Leica microsystems C.M.S. GmbH, 11513859) has a 

refractive index of 1.518 and viscosity (ve) =46. 

 

2.5 RNA isolation:  

For RNA isolation, 0.2*106 cells were seeded in a 6-well plate per well and allowed to 

adhere overnight with 5 % CO2 at 37 °C. Post-treatment, cell culture supernatant was 

removed, and cells were washed with 1X PBS twice and stored at -80 degrees in 1 ml 

of RNA-iso plus (Takara, 9108/9109). RNA was extracted according to the 

manufacturer’s instructions using the RNA-iso plus-chloroform extraction method.  

For isolating RNA, the RNA-iso plus stocks kept in -80 degrees were thawed and to 

the solution, 0.2 ml of chloroform/1ml of RNA-iso plus was added and centrifuged at 

12,000g for 15 min at 4°C. The solution was separated into three layers; top liquid 

layer (contains RNA), semisolid middle layer (mostly DNA), and bottom organic 

solvent layer. The top liquid layer was transferred to new microcentrifuge tube without 

touching the middle layer. Next, 0.5 to 0.6 ml or equal vol of isoproranol was added to 

the aqueous phase, mixed well and incubated 10 min at RT. The samples were then 

centrifuged at 12,000g for 10min at 4°C to pellet the RNA. The supernatant was 

removed and RNA pellet was washed with 75% cold ethanol by centrifuging the 

solution at 7,500g for 5 min at 4°C. The supernatant was discarded, and the pellet was 

dried by leaving the tube open for several min. RNA was then dissolved in 20uL of 

RNase-free water. This was followed by running 1ug of RNA on a 1% agarose gel 
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using 1X TBE buffer made in DEPC-treated water to check the quality of RNA 

samples. 

 

2.6 cDNA synthesis:  

500 ng of total RNA was used for cDNA conversion using PrimeScript™ cDNA 

Synthesis Kit (Cat#RR037A). Instructions were followed according to the kit. For a 

10μL reverse transcription reaction, 0.5μL of PrimeScript RT Enzyme Mix I, 0.25 pmol 

of oligodT primer, 50 pmol of random 6-mer primer and 1X PrimeScript buffer was 

used.  

 

2.7 Quantitative PCR:  

Real-time analysis was done using Takara TB Green Premix Ex Taq II kit (catalog no: 

#RR820A) in 10 μl reaction volume as per manufacturer’s instructions. Expression 

levels (Ct values) of GAPDH were used to normalize the expression data. Quant 

Studio 6 instrument and its corresponding software was used. Primers used for qPCR 

are mentioned in the table below. All the primers were obtained from Bioserve. 

 

Primers Sequence 

Hu GAPDH Fwd 5’ GTCTCCTCTGACTTCAACAGCG 3’ 

Hu GAPDH Rev 5’ ACCACCCTGTTGCTGTAGCCAA 3’ 

Hu IFNβ Fwd 5' AAACTCATGAGCAGTCTGCA 3’ 

Hu IFNβ Rev 5’ AGGAGATCTTCAGTTTCGGAGG 3’ 

Hu RNase L Fwd 5’ AAGGCTGTTCAAGAACTACACTTG 3’ 

Hu RNase L Rev 5’ CATCAAGTGGGCTGGAGATCCA 3’ 

 

Table 1: The sequence of primers used for qRT-PCR analysis. 0.4μM of each primer 

was used. 
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2.8 Quantification and Statistical Analysis:  

Microscopy: The raw folders were retrieved and moved to one folder using a basic 

MATLAB move files code. The images were then split and among the z-stacks, the 

best focused z-projection was analysed. The cell boundary as region of interest (ROIs) 

around the cells were drawn and a mask was created. The mean cytoplasm intensity 

was calculated for each cell within this mask. Using colour thresholding of the DAPI 

and RNA channel, the nucleus, nucleolus and the assemblies mask were made (the 

code was modified from Maharana et., al 2022). For the nucleic acid assemblies 

quantification, the number of assemblies in each cell and the fraction of cells showing 

the assemblies were counted using an ImageJ plugin counter. The total number of 

cells and assemblies from each image was taken as each sample and the mean and 

standard deviation across the images were plotted. Similarly the co-localized 

assemblies were manually counted and plotted. 

qRT-PCR: The CT values were obtained for our genes and the control- GAPDH. ΔCT 

was obtained by subtracting the CT value of the gene with the corresponding CT value 

of GAPDH for each sample. ΔΔCT for each sample was obtained by subtracting the 

respective ΔCT values from the average ΔCT of GAPDH of Mock sample. Using the 

ΔΔCT values, the fold change was calculated. Fold change =2(-ΔΔCT). 

For all graphs, Mean is plotted with SD as error bars from at least 3 technical 

replicates. The significance is quantified by two-tailed unpaired t-test (unequal 

variance).   
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Chapter 3 Results  

 

3.1 Transfection of nucleic acid causes inflammation and activates Type-I IFN 

response 

 

The expression of IFNβ was measured to check the inflammatory response and 

upregulation of cytokines upon transfection of nucleic acids. It is one of the crucial 

cytokines upregulated in Type-I IFN response. Plasmids (circular dsDNA) that code 

for ssRNA (pH2B-mCherry), dsRNA (pSICOR-nh-shRNA-mCherry), and synthetic 

dsRNA (Poly I:C) were transfected, and the inflammatory response was measured 

(Figure 4). We observed an enhanced inflammatory response by around ~100 folds 

upon treating the cells with nucleic acids. We observed that the cells treated with 

synthetic dsRNA showed higher IFNβ expression by ~130 folds compared to those 

treated with plasmid vectors. There was no significant difference in the expression 

levels in cells treated with an ssRNA coding plasmid and those treated with a 

dsRNA/shRNA coding plasmid.  

 

 

 

From this data, we can conclude that transfection of all kinds of nucleic acid 

results in an upregulation of inflammatory response, and transfection of synthetic 

dsRNA lead to the highest IFNβ expression levels.  

 

 

Figure 4: Expression of IFNβ gene levels 
using qRT-PCR. There is an increased 
expression of IFNβ in the treated cells. 
dsRNA treated cells show upregulation of 
IFNβ levels by ~130 folds. The fold change on 

the y-axis is 2^(-ΔΔCT). The inflammatory 

response was measure after 12 hrs of 
transfection 
  
Error bars represent the SD of 3 technical 
replicates.  
 
Statistical test: Student t-test, ***p<0.0001, 
**p<0.05, non-significant (n.s.) 
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3.2 Upregulation of RNase L in the transfected cells 

 

In antiviral, inflammatory response pathways, various RNases are activated in 

the downstream signaling pathways. PRRs with direct antiviral activity like OAS and 

PKR upregulate and activate RNase L (Jha et al., 2011; Chakrabarti et al., 2012; Li et 

al., 2016). Upregulation of RNase L is also observed via the cGAS-STING pathway 

(Shu et al., 2014; Webb and Fernandez-Sesma, 2022). To check if RNase L is indeed 

getting activated due to the transfection of nucleic acids, we measured RNase L gene 

levels. We found that there is undoubtedly an enhanced expression of RNase L by 

~30 folds, and there is no significant difference among the treated samples (Figure 5). 

The expression levels of RNase L in plasmid vectors were comparable to synthetic 

dsRNA.  

 

 

 

From the above data, we conclude that transfection of nucleic acids leads to 

upregulation of RNase L. RNase L enhancement has been shown in Poly I:C 

transfected cells, but we observe that the plasmid vectors also cause an upregulation 

of RNase L levels to a similar extent.  

Upon observing an increase in RNase L expression level, we speculated that 

RNase L is getting activated and leading to RNA degradation in the cells. To check if 

this is true and RNA is being degraded, we ran the RNA samples on a 1% agarose 

gel, and no evident degradation was observed in the treated samples (Figure 6).  

Figure 5: Expression of RNase L gene levels 
measured using qRT-PCR. The fold change is 
high for the treated wells. There is no significant 
difference between plasmid vectors and dsRNA. 

The fold change on the y-axis is 2^(-ΔΔCT). The 

response was measured 6 hrs after the 
treatment.  
 
Error bars represent the SD of 3 technical 
replicates. 
 
Statistical test: Student t-test, ***p<0.0001, 
**p<0.05, non-significant (n.s.) 
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The gel showed intact 28S, 18S, and 5S bands with no apparent degradation 

in treated wells. However, in this case, a gel is a crude way of quantification of total 

RNA levels. We were also curious about the localization of the RNA in treated cells. 

Thus, we performed staining experiments to quantify RNA level and check RNA 

localization. 

3.3 Formation of nucleic acid assemblies upon transfection  

 

3.3.1 Transfection of DNA vectors gives rise to nucleic acid assemblies 

 

For RNA quantification, we used RNA select dye. It binds to RNA and stains the 

available RNA in the cells. DNA uptake is a random event, and not all the cells of the 

treated well have plasmid DNA. Therefore, the quantification of the transfected cells 

and those not transfected but exposed to the transfection mix (called untransfected 

here) was performed separately. Figure 7(B) shows no significant difference between 

the transfected and the untransfected cells. However, a ~40% decrease in the mean 

RNA select intensity in the cytoplasm and a ~35% decrease in the nucleoplasm of 

treated cells (transfected and untransfected taken together) compared to untreated 

cells was observed. No significant difference in the nucleolus intensity was observed. 

This data concluded that the RNA level is significantly lower in the cytoplasm and 

nucleoplasm of the treated cells. The decrease in the RNA intensity in the cytoplasm 

is also apparent from the microscopy images- LUT (lookup table) of the RNA channel 

(Figure 7(A)).  

Figure 6: Checking degradation of RNA 
upon transfection. Upon running total 
isolated RNA on agarose gel, no 
degradation was observed in the transfected 
samples. ~500 ng of RNA was loaded in 
each lane. 
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Figure 7: Transfection of a plasmid vector coding for dsRNA A) RNA and DAPI staining of the fixed 
coverslips shows DAPI and RNA assemblies. LUTs of RNA channels show the intensity map of RNA in 
the treated cells ranging from low (black) to high (white). B) Quantification of the RNA intensity levels in 
cytoplasm, nucleoplasm, and nucleolus. A significant increase in the intensity of untreated cells is seen 
compared to the treated cells. Treated cells include- transfected cells, the ones expressing mCherry 

(A) 

(B) 

(C) 



32 
 

protein, and the untransfected ones that are not expressing mCherry protein. n=23 untreated cells, 10 
untransfected cells, and 8 transfected cells. C) Quantification of the assemblies observed upon treatment. 
The number of RNA assemblies and the fraction of cells with RNA assemblies are ~20% more than DAPI 
assemblies. It is observed that around 35% of the cells undergo co-localization, and around 43% of 
assemblies are seen to co-localize. n=202 control cells and n=194 treated cells. 
 
Statistical test: Student t-test, ***p<0.0001, **p<0.05, non-significant (n.s.). Scalebar: 20μm.  

 

From the microscopy images, RNA localization seems altered in treated cells. 

RNA and DNA assemblies (Figure 7(A)) were observed in the cytoplasm of the treated 

cells. These assemblies were alike in the transfected and the untransfected cells. This 

could mean that the sensing of nucleic acids in itself is leading to the formation of 

these assemblies. The DAPI staining for these assemblies could explain the staining 

of DNA vectors, but we observed RNA foci too. We were curious to know if all of these 

assemblies had both DNA and RNA. Therefore, we tried to compute their number and 

check the co-localization of the assemblies. 

To check the number of assemblies and the fraction of cells undergoing co-

localization, we independently quantified RNA and DAPI assembly numbers. Then we 

checked for the number of assemblies co-localizing (Figure (C)). From these plots, we 

observe that ~50% of the cells show RNA assemblies and 32.4% show DAPI 

assemblies, and on average, ~3.5 RNA assemblies and 2.5 DAPI assemblies per cell 

were observed. From co-localization plots, we observe that 34.6% show co-

localization and, on average, 42.8% of RNA assemblies per cell co-localized with DAPI 

assemblies.                
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To ensure that this is not an artifact of the dye, another RNA-binding dye was 

used called Thr1. As a negative control, the cells were treated with the transfection 

reagent and no plasmid (mock transfection). No assemblies in mock-transfected cells, 

and the assemblies were observed only in the treated cells (Figure 8 (A)) corroborating 

our observations with RNAselect dye. As observed from Figure 7, there was no 

significant difference in terms of mean intensity and assemblies among the treated 

cells. Hence, the cells were now treated with a tagless plasmid to ensure that this is 

not caused by overexpression of any protein. Another plasmid vector encoding for 

control scrambled shRNA (pLKO.1-puro-sh-Scrambled) with a different backbone was 

used.  

 

Similar to our previous observations, we found a significant reduction in the 

RNA intensity of the treated cells in cytoplasm and nucleoplasm. In this experiment, 

we also saw significantly reduced intensity in the nucleolus of the treated cells (Figure 

8(B)). The reduction in the intensity in the cytoplasm, nucleoplasm, and nucleolus was 

equivalent to ~35%. From this, we can conclude that there is indeed a reduction in 

RNA levels in treated cells as compared to mock-transfected cells. 

 

The numbers of the observed DNA and RNA assemblies were measured, and 

the co-localization was quantified. ~60% of the assemblies per cell were shown to co-

localize, and ~65% of the total cells were observed to depict assemblies that co-

localize.  

 

From the above experiments, we can conclude that there is an altered 

localization of RNA and/or a decrease of RNA is observed upon transfection. The 

nucleic acid assemblies were observed only in treated cells.  
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We speculated that the shRNA, albeit a scrambled control, could act as a 

pathogenic dsRNA for the cells, so we went ahead with a seemingly non-toxic plasmid 

that overexpresses H2B histone protein and possesses an mCherry tag.  

We transfected 1µg of the plasmid and also co-transfected this plasmid with 

other kinds of nucleic acids like pENTR, a noncoding plasmid, and Poly I:C, synthetic 

dsRNA. These assemblies were observed in every transfection treatment (Figure 

9(A)), and the morphology of these assemblies did not change. Upon quantifying the 

RNA intensity of the cytoplasm, we observed that there is ~8.4% reduction (significant) 

in treated cells (Figure 9(B)) as compared to mock-transfected cells. We also observed 

that in the nucleoplasm of the cells treated with 2µg DNA, the RNA intensity was 

reduced by ~10.6%. However, the reduction was not significant in other treatments. 

No significant difference was observed in the intensity of the nucleolus.  

The number of these assemblies was measured and plotted (Figure 9(C)). We 

observed that the cells treated with a higher dose of plasmid vectors (2µg DNA) due 

to co-transfection showed ~45% more assemblies per cell than the cells treated with 

1µg DNA. As compared to the cells treated with 1µg DNA+1µg RNA (Hybrid), 2µg 

DNA-treated cells had ~25% more assemblies. The cells possessing these 

assemblies were ~40% more in the 2 µg DNA treatment category than 1µg DNA 

treated cells and ~6.5% more as compared 1µg DNA+1µg RNA treated cells. 

Consequently, the co-localizing assemblies in the 2 µg DNA treated cells were also 

higher by ~43% as compared to the cells treated with 1 µg DNA and ~33% higher as 

compared to the cells treated with 1µg DNA+1µg RNA. 

 

Figure 8: Transfection of dsRNA encoding plasmid A) RNA staining with Thr1 dye of the fixed 
coverslips shows DAPI and RNA assemblies. LUTs of RNA channels show the intensity map of RNA 
in the treated cells ranging from low (black) to high (white). B) Quantification of the RNA intensity 
levels in cytoplasm, nucleoplasm, and nucleolus. A significant increase in the intensity of untreated 
cells is seen compared to the treated cells suggesting a global reduction in RNA levels. n= 33 mock 
cells and 48 transfected cells. C) Quantification of the assemblies observed upon treatment. The 
number of RNA assemblies and the fraction of cells with RNA assemblies are more than DAPI 
assemblies. Through microscopy images, it is evident that some DAPI assemblies undergo co-
localization with RNA assemblies. Upon quantification we observe that around ~64% of the cells 
undergo co-localization and around ~60% of assemblies are seen to co-localize. n=97 mock cells 
and n=111 treated cells. 
 

Statistical test: Student t-test, ***p<0.0001, **p<0.05, non-significant (n.s.). Scalebar: 20μm.  
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From these observations, we can conclude that the number of assemblies depends 

upon the dosage and the type of the nucleic acids used. All types of plasmid vectors 

lead to the formation of these nucleic acid assemblies. However, their number varies 

as per the treatment and dosage. In this case, the number of assemblies observed in 

the cells treated with 2 µg DNA> 1µg DNA+1µg RNA> 1 µg DNA (Figure 9). 
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Figure 9: Transfection with different nucleic acids to check the presence of the assemblies  
A) The cells were co-transfected with a mCherry-tagged plasmid. The images show the assemblies in all 
conditions and combinations. The cells treated with 2μg DNA show the greatest number of these 
assemblies B) Quantification of the RNA intensity levels in cytoplasm, nucleoplasm, and nucleolus. ~10% 
decrease (significant) in the RNA intensity of the cytoplasm of treated cells is observed as compared to 
the treated cells. The reduction is more prominent in cells treated with 2μg DNA. A significant reduction 
in the nucleoplasm of the 2μg DNA treated cells is also observed (~35%). Treatments include 1μg DNA, 
2μg DNA, and 1μg DNA +1μg RNA respectively, n=82 mock cells, n=20 1μg DNA treated cells, n=12 
cells treated with 2μg DNA, and n=30 cells treated with 1μg DNA+1μg dsRNA. C) Upon plotting the 
number of assemblies, we observe that they vary across treatments. The cells treated with 2μg DNA 
depict the highest number of assemblies, followed by 1μg DNA +1μg RNA treated cells, further followed 
by 1μg DNA treated cells. Order: 2μg DNA>1μg DNA +1μg RNA>1μg DNA. n= 135 2μg DNA treated 
cells, n =135 1μg DNA+1μg RNA treated cells, n= 230 1μg DNA treated cells and n=104 mock-treated 
cells 
 
Statistical test: Student t-test, ***p<0.0001, **p<0.05, non-significant (n.s.). Scalebar: 20μm 

 

3.3.2 Characterization of the observed assemblies 

 

Next, we wanted to characterize these assemblies. We were unsure about the 

nature of these bodies so we speculated that these could be formed due to 

transfection, acting as a stress inducer. So, we checked if these assemblies co-

localize with GTPase-activating protein-binding protein 1 (G3BP1), an RNA-binding 

protein found in stress granules. Stress granules are formed by mRNAs and 

ribonucleoproteins (RNPs) via the process of liquid-liquid phase separation when 

translation is inhibited. We transfected the cells and stained them with RNA and 

G3BP1. The nucleic acid assemblies were observed when the cells were transfected 

with the plasmid vector, and not all assemblies co-localized with G3BP1 (figure 10). 

We did not observe the assemblies when the cells were transfected with synthetic 

dsRNA, Poly IC. However, we observed some G3BP1 foci in Poly IC-treated cells. 

These foci were smaller and morphologically different from the nucleic acid 

assemblies, but they co-localized with equivalent RNA foci.  

From these observations, we can conclude that treatment with Poly IC or 

synthetic dsRNA does not lead to the formation of nucleic acid assemblies. The 

plasmid vectors or circular dsDNA give rise to the formation of these assemblies. 

Complete co-localization of these assemblies with G3BP1 was not observed when the 

cells were treated with a plasmid vector. Additionally, in Poly IC treated cells, G3BP1 

and RNA foci were observed. These foci were different from the assemblies.  
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From the microscopy images, it was observed that the majority of the 

assemblies formed are spherical. The phase condensates formed by liquid-liquid 

phase separation are often irregular in morphology and dynamic. Therefore, we 

wondered if a lipid membrane encloses these assemblies. We performed a co-

localization assay with WGA (Wheat Germ Agglutinin) to check if that is the case. 

WGA binds to the glycoproteins of the lipid bilayer membrane.  

The cells were transfected with 1 µg plasmid DNA, and it was observed that 

there is a complete co-localization of the nucleic acid assemblies with WGA (figure 

11(A)). From the microscopy images, it was observed that these assemblies are 

mostly found right at the cell boundary or outside the cells. We also performed a 

conditioned media experiment where the supernatant of the treated cells was 

transferred to the untreated cells to check if these assemblies were in the supernatant. 

No assemblies were observed in cells treated with conditioned media.  

Figure 10: Checking co-localization of the nucleic acid assemblies with SGs. The cells were 
transfected with 1µg plasmid DNA encoding for a control shRNA and with 1µg Poly IC (synthetic 
dsRNA). The plasmid-treated cells showed the presence of observed nucleic acid assemblies. The 
nucleic acid assemblies did not completely co-localize with G3BP1. However, the Poly IC-treated 
cells did not show these assemblies. Instead, we observed smaller G3BP1 foci inside the cytoplasm 
that co-localized with RNA. The LUT image of G3BP1 verifies this observation- small and granular 
high-intensity foci are observed in Poly IC-treated cells. These foci are demarcated by white dotted 
circles.  
 
Scalebar: 20 µm 
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Quantification of the RNA intensities showed a significant increase in intensity 

in the cytoplasm and nucleolus of the transfected cells (figure 11(B)), which is 

contradictory to what was observed in our earlier experiments. The increase in 

intensity in the cytoplasm and nucleolus of treated cells as compared to mock-

transfected cells was ~11% and ~26%, respectively. However, a significant reduction 

in the RNA intensity of the cytoplasm, nucleolus, and nucleoplasm of the cells treated 

with conditioned media was observed. The reduction was ~15%, ~11%, and ~37%, 

respectively.  

The number of RNA and DNA assemblies was measured and plotted (figure 

11(C)). No assemblies were observed in the cells treated with conditioned media. The 

average number of RNA assemblies and DNA assemblies was ~3, and ~60% of the 

treated cells had these assemblies. ~70% of the RNA assemblies co-localized with 

DNA assemblies, and ~55% of the cells had assemblies that underwent co-

localization.  

From this experiment, we can conclude that the DNA and the RNA in these 

assemblies are enclosed within the membrane. An increase in RNA intensity was 

observed in the treated cells. No assemblies and a decrease in RNA intensity were 

observed in the cells treated with conditioned media.  
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Figure 11: Checking co-localization of nucleic-acid assemblies with WGA. (A) The cells were treated 
with 1 µg plasmid DNA and with conditioned media. The assemblies were observed in plasmid-

treated cells but not in the cells treated with conditioned media. Black arrows show the assemblies 
co-localizing with WGA. (B) An increase in the RNA intensity was observed in the cytoplasm and 
nucleolus of treated cells. The increase in intensity in the nucleoplasm of the treated cells was not 
significant. A significant decrease in intensity in the cytoplasm, nucleolus, and nucleoplasm of cells 
treated with conditioned media was observed. (C) the average number of RNA and DNA assemblies 
in the treated cells were comparable. ~70% of the assemblies co-localized per cell, and the cells 
possessing co-localized assemblies were ~55%.  

 
Statistical test: Student t-test, ***p<0.0001, **p<0.05, non-significant (n.s.). Scalebar: 20μm.  

 

CONCLUSIONS 

In summary, we can conclude (section 3.1) that the introduction of nucleic acids 

leads to the activation of type-I IFN response, thereby upregulating cytokines like 

IFNβ. The introduction of plasmid vectors, irrespective of their sequences, elicits a 

similar response, and Poly IC, a synthetic dsRNA, shows the highest IFNβ expression 

levels. It can be concluded that the cells activate an antiviral-like pathway upon 

sensing foreign nucleic acids and lead to the upregulation of RNase L expression 

levels. The increase in RNase L levels was similar across plasmid vectors and Poly 

IC. We speculated that increase in RNase L levels will lead to a decrease in RNA level. 

However, we did not see a clear degradation of RNA upon running the RNA samples 

on the gel. However, in section 3.3, we observed reduced total RNA levels in the 

treated cells. We also observed nucleic-acid assemblies enclosed by the membrane. 

In a majority of the experiments, ≥50% of these assemblies contained both DNA and 

RNA. The reduction in RNA levels in the cytoplasm (Figures 7,8, and 9) was 

consistent, but it seemed to vary in nucleolus and nucleoplasm (Figures 7 and 9). 

When the cells were stained for membrane (using WGA) and RNA (using RNAselect 

dye) together, an opposite trend was observed (figure 11). The treated cells showed 

enhanced RNA levels in the cytoplasm and nucleolus. However, the cells treated with 

conditioned media showed a reduction in the RNA levels in the cytoplasm, 

nucleoplasm, and nucleolus. The nucleic acid assemblies are observed only when the 

cells are treated with plasmid vectors. They are not observed when they are treated 

with Poly IC, a synthetic dsRNA (figure 10). Poly IC-treated cells show foci different 

from the observed assemblies. These foci are fewer in number and do not contain 

DNA. They co-localize with a stress granule protein, G3BP1. G3BP1 does not entirely 

co-localize with nucleic-acid assemblies.  
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Chapter 4 Discussion 

 

Transfection of nucleic acids is a widely used strategy often employed to 

investigate gene expression. However, the process of introduction of non-self nucleic 

acids itself can lead to an alteration of nucleic acid metabolism by activating an 

antiviral-like pathway and inducing type-I IFN response as a consequence. The 

activation of the antiviral pathway increases the expression of nucleases to combat 

the pathogen posing a danger. A very crucial ribonuclease that is upregulated and 

activated upon pathogenic invasion is RNase L.  

A synthetic dsRNA, Poly IC, acts as a mimic of the viral genome. It has been 

reported that Poly IC can induce type-I IFN response and enhance the expression of 

the IFNβ gene via the 2’-5’-oligoadenylate synthetase/RNase L (2-5A OAS-RNaseL) 

antiviral pathway (Banerjee et al., 2014). However, we observed that transfecting 

plasmid vectors can also lead to an upregulation of inflammatory genes and RNase L 

levels. We observed enhanced IFNβ levels (Figure 4) and an increase in RNase L 

gene levels (Figure 5) upon transfecting with plasmid vectors encoding for control 

shRNA and mCherry protein. We speculate that the introduction of DNA vector is 

leading to the enhanced expression of RNase L and type-I IFN response by the cGAS-

STING pathway (Fu et al., 2020).  

The activation of an antiviral-like pathway and upregulation of nucleases alters 

nucleic acid metabolism and changes the localization of nucleic acids. Studies have 

reported an altered localization and sequestration of the nucleic acids into membrane-

less condensates (Maharana et al., 2018; Zhou et al., 2021; Xiao et al., 2022). 

However, the assemblies we observed upon transfecting the cells with plasmid 

vectors, co-localized with a membrane dye, WGA (Figure 11(A)). The observed 

assemblies consisted of faint DAPI signals and were found to be rich in RNA. 

Moreover, the number of these assemblies increased when the cells were co-

transfected, making the total concentration to 2µg DNA (Figure 9).  

The characteristics of these assemblies and the co-localization data with WGA 

suggest that these assemblies have plasmid DNA and are surrounded by RNA. The 

majority of the nucleic acid assemblies were found outside the cells, near the 
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membrane. Therefore, there could be a chance that these assemblies are being 

translocated via the Golgi-trafficking pathway as observed in the cGAS-STING 

pathway upon activation of STING (Ishikawa et al., 2009). WGA stains for the vesicles 

involved in the Golgi-trafficking pathway (Allen et al., 1989). Moreover, the packaged 

RNA in the vesicles being exocytosed explain the reduction in the RNA intensities 

observed when the cells are treated with plasmid vectors (Figure 7, 8, and 9). We also 

observed a couple of contradictory observations. First, when the cells were treated 

and stained with WGA- the RNA intensity in the treated cells was higher (Figure 11). 

We speculate that this could be due to WGA interfering with the RNAselect dye. 

Second, the RNA gel did not show clear degradation (Figure 6). This could be because 

quantification through the gel is a crude way. Going forward, a more sensitive 

technique like metabolic labeling could be used to confirm if RNA degradation or a 

decrease in transcription is the cause for reduced RNA levels observed via 

quantification of microscopy images. 

The introduction of synthetic dsRNA, Poly IC, did not lead to the formation of 

these assemblies (Figure 10). However, it led to the formation of foci containing RNA 

and G3BP1. Recently, a study reported the formation of such foci in Poly IC 

transfected cells formed due to the activation of RNase L (Burke et al., 2020). These 

foci were called RNase L-dependent bodies (RLBs). We believe that the foci we 

observed in Poly IC-treated cells are similar to RLBs.  

In summary, our results show that transfection or introduction of non-self 

nucleic acids leads to the upregulation of an inflammatory response pathway and 

alters nucleic acid metabolism in cells by upregulating RNases. A change in RNA 

localization is depicted by the formation of RNA-rich assemblies. These assemblies 

are enclosed by a lipid bilayer membrane and are formed when a plasmid vector is 

transfected.  
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HYPOTHETICAL MODEL: 

 

 

.  

First, the PEI forms a complex with DNA which is taken up by endocytosis. The 

free DNA is then released into the cytoplasm. Most of the free DNA is cleaved by the 

nucleases, however, some free DNA copies trigger cGAS-STING signalling based 

immune response pathway. The cGAS senses dsDNA in the cytoplasm and with 

STING, which sits in the intermediate complex of ER and Golgi (ERGIC complex), 

recruits kinases and phosphorylates transcription factors (TFs). The phosphorylated 

TFs translocate to the nucleus and upregulates IFN-stimulated genes or ISGs. One of 

the important ISG is IFNβ which was shown to be upregulated in this study. Another 

important ISG is OAS (oligoadenylate synthetase) which gets activated by the IFNs 

and also by the presence of dsRNA in the cytoplasm. The OAS upregulation and 

activation would lead to the upregulation and activation of RNase L, an antiviral 

Ribonuclease. The upregulation of RNase L was shown in this study. However, the 

activation of cGAS-STING pathway was not shown. 

Figure 12: A hypothetical model based on the results observed in the study. The figure depicts a 

transfected cell representing our interpretation of the results and a plausible model encompassing 
the processes that could be taking place upon treatment with circular dsDNA. 
 
Red ovals: shown in this study 
Question marks: Limitations of the study 
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 We believe that other free DNA copies would lead to their exocytosis via Golgi 

vesicles through lysosomal pathways and this is speculation made based on our WGA 

staining results as WGA stains for golgi-associated vesicles. Some dsDNA copies 

enter nucleus and lead to the production of excess mRNAs. Some mRNA copies are 

translated into the proteins; however, the excess free mRNAs are transported in the 

cytoplasm leading to their exocytosis via Golgi vesicles. This corroborates our results 

that we observe only DNA assemblies and only RNA assemblies. The co-localizing 

assemblies are formed when the free excess mRNA copies and the free DNA copies 

are encapsulated in the same golgi-formed vesicles and exocytosed. This study did 

not characterize these assemblies hence, we cannot discern their composition as of 

yet. These speculations are based on WGA staining but the presence of the 

membranes need to be confirmed via other techniques.  
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Chapter 5 Future Directions 

 

As we advance with the study of nucleic acid metabolism and its role in causing 

an inflammatory response, there are several directions that can be pursued to gain a 

deeper understanding of the mechanistic pathway involved. One approach would be 

to investigate the expression and activation of various other inflammatory cytokines 

and IFNs like IL-1β, IL-8, TNFα, etc. using qRT-PCR and Western Blotting. 

Additionally, the activation of RNase L and the genes and kinases like TBK1, involved 

in the cGAS-STING pathway can be targeted to understand their role in the pathway. 

To better characterize the observed nucleic acid assemblies, FRAP 

(Fluorescence recovery after photobleaching) can be performed to examine their 

dynamicity, and metabolic labeling using ethynyl-uridine can be used to investigate 

total RNA levels in a more sensitive manner. Co-staining with endosome markers like 

Rab5 and Rab7 would confirm the translocation of these assemblies via endosomes 

and lysosomes. Live-cell imaging using a tagged probe after transfection would also 

be useful for monitoring the movement of these assemblies within the cells. 

It would be beneficial to use a point scanning, confocal microscope instead of 

a wide-field microscope to visualize images stained with WGA. This would allow for z-

stacks of the images, providing information about the location of the assemblies within 

the cells. 

To investigate the occurrence of these assemblies, better control experiments 

can be performed using labeled ssDNA, dsDNA, ssRNA, and dsRNA. By taking these 

future directions, we can gain a more comprehensive understanding of the mechanism 

underlying the alteration of nucleic acid metabolism and its role in causing an 

inflammatory response upon the transfection of nucleic acids. 

Pursuing the aforementioned directions, more detailed and comprehensive 

elucidation of the underlying mechanism of nucleic acid sensing pathways and the 

associated innate immune response can be achieved. 
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