


RNA sensing in cells-Mechanisms, disorders and therapeutics-an update

Abstracts
The workhorses of a cell are the protein-coding RNA and the non-coding RNA (ncRNA). Many of these RNAs and the RNA-binding proteins that are linked to them, known as ribonucleoprotein complexes (RNPs), are essential for cellular processes. Accurate production of many protein-coding RNAs (messenger RNAs [mRNAs]) and ncRNA are essential for cells to function normally. These RNAs are involved in roles of translation, transcription, and RNA processing. Cellular processes require high fidelity due to the abundance of RNA-binding proteins and also due to cellular RNAs which could be both endogenously and exogenous in the form of pathogens, chemical and physiological stimuli. The ability of cells to recognize and respond to the presence of RNA, in order to trigger biological reactions is known as RNA sensing. The mechanism is essential for controlling gene expression and cell survival in prokaryotes and eukaryotes. In eukaryotes they enable, identifying pathogens—especially viruses—and in initiating antiviral defenses. The current brief review covers RNA sensing in a number of aspects, such as receptors, signaling pathways, and aberrant RNA pathways.  Additional succinct overview of diseases and treatment therapeutic applications is also covered. With advances in genomics and annotation methods, focus globally has shifted to RNA and its roles in cellular biology. Further, the annotation of human genome has yielded insights in to the functional roles of junk DNA and RNA. The review in part highlights on these developments in the area of RNA sensing. Further, since RNA sensing has numerous applications in fundamental biology, biotechnology, and also in the form of programmable RNA in medicine, its significance across disciplines emphasizes its value. Thus the review assumes significance in light of recent advancements in RNA biology.
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1. Introduction 
RNA and its importance in cellular processes
Most living organisms, including viruses, contain the chemical known as ribonucleic acid (RNA) a fundamental and universal mediator of genetic information (Yongjun Qian et al., 2022). Additionally, certain RNA molecules control gene expression and are used as treatment agents for human illnesses (David Wang and Aisha Farhana, 2023). The three primary types of RNA involved in protein synthesis are mRNA, rRNA, and tRNA. Micro-RNA (miRNA), small interfering RNA (siRNA), riboswitches, aptamers, ribozymes, and other forms of RNA control gene expression. Messenger RNA copies and transports genetic information; and ribosomal RNA and transfer RNA are crucial translational machinery. Additionally, it creates regulatory hierarchies, defines cellular identity, and catalyzes biological events (Bruce Alberts et al., 2022). Researchers have recently begun using them as instruments to regulate gene expressions and signal transductions in living cells based on these biological functions (Hirohisa Ohno et al., 2019). Further, it also acts as the fundamental genetic material for retroviruses. Also, it is involved in RNA editing, gene regulation, and RNA interference (Niles Lehman 2004). Additionally, it performs enzymatic tasks that were previously solely ascribed to proteins. Therefore, studying the spatial and temporal regulation of RNA is essential for understanding basic cellular processes in normal and on disease states (TaeSoo Kim and Tae-Kyung Kim et al., 2024).
Accurate production of several protein-coding and noncoding RNAs is essential for cells to operate normally. These RNAs are involved in translation (e.g., ribosomal RNAs [rRNAs], transfer RNAs [tRNAs], 7SL/SRP RNA, microRNAs [miRNAs]), transcription (e.g., 7SK RNA), and RNA processing (e.g., small nuclear RNAs [snRNAs], small nucleolar RNAs [snoRNAs]). Other RNAs include those that are less well understood or completely unknown (such as vault RNAs, Y RNAs, and Piwi-interacting RNAs [piRNAs]) and others that are involved in other processes (such as telomerase, MRP, and RNase P). According to Glisovic et al., (2008), RNAs are found in cells as ribonucleoprotein complexes (RNPs), which are made up of one or more RNAs and usually a large number of RNA-binding proteins. An estimate proposes that 107 types of RNA molecules exist in an each cell. SnRNA, snoRNA, miRNA, rRNA, lncRNA, and other molecules make up the majority of ncRNA (Gurjit Kaur Bhatti et al., 2021). RNA is thought to have evolved during evolution alongside proteins and DNA (Robertson and Joyce 2012). It is well known that eukaryotes have a comparatively lesser number of protein-coding genes than prokaryotes, which have 80–95% of their genomes coding proteins and only a small amount of ncRNA (Walter et al., 2024). These diverse observations place the RNA molecule under limelight in terms of roles in cellular biology. Table-1 is a summary of milestones related to the field of RNA discovery. These findings paved the way for further studies in cell and molecular biology and established the framework for comprehending the composition and role of RNA.

2.RNA sensing: Mechanisms, types and significance
The onus of regulating gene expression has moved on the genes themselves which stems from the result of sequencing initiatives of mammalian genomes which find low number of genes in the genomes (www.broadinstitute.org). In addition the identification of RNA sensors in exonic regions of human inflammatory cytokine genes adds to the above observation and to the regulation repertoire of a cell (Sherwood AV and Henkin T 2016). According to these evidences, exonic and intron regions could possibly be a source of RNA sensors. Cells use a process called RNA sensing to identify and respond to RNA, especially foreign or abnormal cellular RNA, which triggers innate immune reactions and other biological processes. These reactions are essential for preserving cellular homeostasis and preventing viral infections (Xiaohan Luan et al., 2024). In addition they promote various signaling cascades that cause the creation of many pro-inflammatory chemicals and initiate the expression of genes that would further aid in combating the viral infection. The RNA sensing events can be identified by endosomal and cytosolic proteins referred to as pattern recognition receptors (PRR) (NanhuaC Chen al., 2017). Research reveals that RNA sensors are present in higher eukaryotes, where they likely constitute an essential component of their contemporary genomes, as well as bacteria, where they could be traces of an ancient RNA world (Harold S Bernhardt 2012). 
Cellular genes in eukaryotes encode RNA components that control mRNA translation and splicing. The sensitivity and specificity of RNA in molecular sensing are provided by the use of RNA sensors as ligans, and more generally, as regulators of eukaryotic mRNA production function. By using RNA interference, which is based on pairing between particular short RNA sequences, RNAs can selectively target messenger RNA and regulate gene expression (Takuyayaa Uehata, Osamu Takeuchi 2022). Selective advantages in adaptive gene regulation can result from the significantly faster evolution of RNA-mediated control when compared to protein-based processes. Evidences that mRNA harbor cis-acting RNA elements are potent expression regulators is recently resurfaced with several new research. Through molecular recognition methods that transcend basic base pairing these elements function as sensors of both internal and external signals in both prokaryotic and eukaryotic genes (Chyi-Ying A Chen, Ann-Bin Shyu.2016). All life forms, including bacteria, fungi, plants, and mammals, have developed a wide range of homeostasis-maintaining processes in response to endogenous and exogenous damages. The TPP riboswitch, often referred to as the Thi-box riboswitch or the THI element, is a highly conserved RNA secondary structure found in prokaryotes. It functions as a riboswitch that directly binds thiamine pyrophosphate (TPP) and regulates gene expression in prokaryotes, and in bacteria via a number of different methods (Juan Miranda-Ríos, 2007). Thiamine (vitamin B1), an important coenzyme produced by the coupling of pyrimidine and thiazole moieties in bacteria, is active in the form of TPP. They enable temperature-driven differential gene expression, stress responses, and defenses against pathogens in bacteria (Patrick J Biggs and Lesley J Collins. 2011; Hubert Salvail, Ronald R Breaker.2023). Lower eukaryotes, archaea, and algae all have sequences that are homologous to the consensus bacterial TPP. Example include the ThiC gene in Fusarium (Carmenn Ruiz-Roldán et al., 20), in plants the 3′-UTR in the ThiC gene of rice and bluegrass (Ashish Kumar Srivastava et al., 2017), and the thiamine biosynthesis nmt-1 gene in Neurospora (Dorothy McColl, et al., 2003). Exogenous (non-self) RNA from viruses and microorganisms, as well as endogenous (self) molecules, trigger RNA sensors in cells. However, in plants and mammals, RNA stimulates immune response. 
The accumulation of RNA in abnormal cell compartments is detrimental because cytosolic fragments of RNA signify infections, while fragments of cytosolic or extracellular self-RNA suggest cellular dysfunctions or disruptions (Nikolaii N. Khodarev 2019). Specialized proteins known as RNA sensors or PRRs are found in cells that are able to identify particular RNA motifs or structures, such as double-stranded RNA (dsRNA) or specific RNA modifications (Danyang Li & Minghua Wu. 2021). Endosomal Toll-like receptors (TLRs) in mammals are able to detect either single-stranded (ss) or double-stranded (ds) RNA. (Dela Justina et al., 2020). Further, based on the location of RNA, the subcellular localization of mammalian receptors may promote self/nonself distinction. However, the majority of mammalian receptors share downstream signaling elements like the master transcription regulators nuclear factor (NF)-κB and interferon regulatory factor 3 (IRF3), as well as autoantibodies and diverse damage-associated molecular patterns (DAMPs) that transport DNA across membranes (Martin heil and Isaac Vega-Muñoz 2018). Innate immunity is stimulated against various threats through the type I interferon (IFN) response such as infection, physical injury or endogenous RNA damage. These danger signals, also known as DAMPs, are evolutionarily conserved molecules of host origin that allow organisms to recognize the “damaged self” (GuanQun Liu and Michaela U Gack 2020). Also they appear in aberrant compartments such as the extracellular space or in the case of molecules of mitochondrial, nuclear origin or cytoplasm (Choi and Klessi 2016; Ranf 2016; Yatim et al., 2017). The RNA sensors include the a.RIG-I-like receptors (RLRs) which are cytosolic sensors that identify dsRNA, especially those produced by viruses (Jann Rehwinkel & Michaela UGack 2020).Whereas, b. Toll-like receptors (TLRs): such as TLR3, TLR7, and TLR8, are found in endosomes and are able to identify RNA from viral infections (Sandra N. Lester andter and KuLi 2013), c. Another cytosolic sensor that can identify RNA is Melanoma Differentiation-Associated Protein 5 (MDA5) (Peterterr Duewell et al., 2015). Finally d.NLRP1: A protein that activates the inflammasome and detects dsRNA (Hirokiokii Mitoma et al., 2013).
Toll-like receptors (TLRs) and retinoic-acid inducible gene-I (RIG-I)-like receptors (RLRs) are the two primary types of RNA sensors. Dendritic cells, macrophages, and other cells' endosomal compartments and cell surfaces express the TLRs. A type of RNA sensor is TLR3 and it recognizes the replication genomes and ds RNA of different viruses, while TLR7, TLR8, and TLR8 are endosomal RNA sensors of genomes (Takumi Kawasaki and Taro Kawai 2014). ss RNA is detected by TLR7 and TLR8 (Sandra S. Diebold 2008). RIG-I, melanoma differentiation-associated protein 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2) are the three members of RLRs, which are cytosolic sensors. RIG-I triggers an immune response after detecting RNA in the cytoplasm of infected cells (H.-C Lai et al., 2014). Longer dsRNA is recognized by MDA5, and interactions between MDA5 and dsRNA are made possible by LGP2. Following this interaction, RIG-I and MDA5 undergo conformational changes that trigger interferon release and immunological activation. The DEAD-box or DEAH-box RNA helicases and NOD-like receptors (NLRs) detect RNA and then interact with TLRs and RLRs to initiate an immunological response (Katarzyna Wicherska-Pawłowsket et al., 2021). In order to preserve cellular homeostasis and defend against pathogenic infections, RNA-sensing mechanisms are essential. According to Jiaxin Li et al. (2024), pathogen detection triggers many signaling cascades that are intended to eradicate the pathogen and reduce its capacity to damage the host. Nevertheless, some endogenous RNAs can also act as RNA-sensing pathway activators when infection is not present. Systemic inflammation and autoimmune disorders are caused by self-ligands that improperly activate RNA-sensing pathways (Williams et al., 2025).
In conclusion, organisms from various kingdoms develop immunity in response to nucleic acid fragments. Immune responses to self-DNA are rapidly becoming recognized as the causative factors for autoimmune disorders, whereas immune responses to non-self-nucleic acids should typically be disadvantageous also (Ablasser, 2018; Dhanwani et al., 2018). Because of these characteristics, nucleic acids are particularly intriguing as immune modulators. The area of nucleic acid sensing in mammals is documented in a number of reviews (Stefania Gallucci, Massimo E Maffei, 2017; Hartmann, 2017). DAMPs have been linked to a number of diseases (Jong Seong Roh, Dong Hyun Sohn 2018). In the area of cancer research and therapy, they have a potential role wherein studies suggest they enhance antitumor immunity (Hamad Ghaleb Dailah et al., 2024). Finally, they are sources of several RNA vaccines and gene therapies for various human diseases (Anke Sparmann, Jörg Vogel 2023).
3. Gene regulating mechanisms of RNA
By selectively targeting messenger RNA through RNA interference—a method based on matching between certain, short RNA sequences—noncoding RNAs can regulate gene expression (Veena S. Patil et al., 2013). Selective advantages in gene regulation can be achieved by RNA-mediated control, which can develop significantly and quickly than protein-based processes. There is sufficient research proof that messenger RNA contains cis-acting RNA elements that sense external stimuli and control gene expression (Elliott J. Meer et al., 2012). Riboswitches are responsible for the synthesis or translation of prokaryotic mRNA, which operates through exquisite specificity like metabolite sensing (Catherine A. Wakeman et al., 2007). In eukaryotes, the RNA-dependent protein kinase PKR is activated by human RNA sensors. Further, a stress kinase that is also activated by dsRNA a hallmark of viral infection. Antiviral cytokine genes that encode tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) are regulated through this mechanism (Eric Bartee et al., 2008). Recent research demonstrates that riboswitches, which are widely employed by prokaryotes to regulate the synthesis and translation of mRNA, undergo a conformational shift upon ligand binding. Bipartite in nature, riboswitches have an expression module that converts the change in RNA structure brought on by ligand binding into genetic regulation and an aptamer module that functions as a particular sensor. For instance, riboswitches that detect lysine, S-adenosylmethionine (SAM), thiamine pyrophosphate (TPP), and vitamin B12 (Jeffrey E. Barrick & Ronald R. Breaker, 2007), also the Listeria monocytogenes thermosensor, which makes it virulent at 37 °C at 30°(Jörgen Johansson et al., 2002). In vivo RNA aptamers are essential for feedback control, for example, in vitamin B12 and riboflavin synthesis (Donald H. Burke and David G. Nickens, 2002).
3.1RNA sensors in cytokine genes
An important modulator of inflammatory and antiviral reactions is the RNA-dependent protein kinase PKR. The presence of dsRNA, a characteristic of viral infection, activates the serine/threonine stress kinase that is inducible by IFN and TNF (Stéphanie Dabo et al., 2012). By phosphorylating the α-chain of the eukaryotic initiation factor eIF2, which binds tRNAi Met in a GTP-dependent way, PKR effectively suppresses translation. Tandem dsRNA-binding motifs (dsRBMs) are found in PKR since dsRBM2 binds with the kinase domain and obscures the active site hence the majority of PKR is inactive within the cell. The protein conformation relaxes on binding both the ATP binding and dimerization domains become active (Tomoh Matsumiya et al., 2023). A cis-acting element in the human TNF-α 3′-UTR renders the splicing not only dependent on the activation of PKR but also very efficient (Raymond Kaempfer.2023). Human TNF-α pre-mRNA activates PKR through its 2-aminopurine response element (2-APRE) sensor to enable splicing. The 2-APRE in the tumor necrosis factor-α (TNF-α) 3′-untranslated region acts as a strong activator of RNA-dependent protein kinase PKR, allowing messenger RNA splicing to proceed and rendering it highly efficient. When the 2-APRE is prevented from activating PKR, splicing is blocked. Translation yields TNF-α, a secreted inflammatory mediator that can induce expression of more PKR in the cell, creating a positive feedback loop (Lise Sarah Namer, et al., 2017).  Although excessive expression of IFN-γ can cause autoimmune diseases and even toxic shock, it is necessary for protective immunity (KM Pollard et al., 2013). The human IFN-γ gene attenuates its own expression. IFN-γ mRNA activates PKR through a pseudoknot in its 5′-UTR, which phosphorylates eIF2α and prevents it from translating. Through a pseudoknot sensor, the 5′-UTR region activates PKR to prevent its own translation. mRNA translation, which is dependent on eukaryotic initiation factor 2 (eIF2), yields IFN-γ that can induce excess PKR expression in the cell, creating a negative feedback loop. Inactive PKR binds to the pseudoknot, leading to a local PKR activation resulting in phosphorylation of eIF2α which blocks further translation (Sarah Aleksandr Makariuk, et al., 2025).

4. Mechanisms of RNA sensing—receptors, adapter proteins and signaling
Specialized receptors have evolved in mammalian cells to recognize RNA with unusual structures or alien in origins, which are indicative of many viral infections. An antiviral state and inflammatory reactions are brought on by the activation of these receptors (Gustavo P Amarante-Mendes, et al., 2018). It is becoming more widely recognized through several research results, that these RNA sensors can also become active when there is no infection and referred as "self-activation". The process may be harmful/detrimental and contribute to several illnesses in humans (Sarah Straub and Natalia G Sampaio 2023). A summary of new findings on the sterile activation of RNA-binding cytosolic innate immune receptors is described in the following paragraph. In specific, novel facets of endogenous ligand recognition that these investigations have revealed, as well as their functions in the etiology of disease is described. TLRs, RLRs, NLRs, 2,5-goadenylate synthetase (OAS)-like receptors (OLRs), and RNA-dependent protein kinase (PKR) are the primary RNA-sensing PRR families found in mammalian cells. Upon binding to stimulatory molecules, these PRRs trigger a range of immune responses, including antiviral and inflammatory signaling, inhibition of cell growth, and, in certain cases, induction of cell death, to halt viral replication(Danyang Li & Minghua Wu.2021). Major classes of receptors are based on the class of RNA they bind and length of RNA. The figure -1 describes the various receptors and signaling mechanisms they participate.



a.TLRs
Lemaitre et al., in 1996 were the first to identify TLRs. The TLR3 is an essential dsRNA sensor in antiviral signaling (Pohar et al., 2013). When TLR7/8/13 detects ds RNA, it triggers type I IFN response and a notable increase in pro-inflammatory cytokines (Hondada et al., 2005). Autoimmune illness results from abnormalities of these receptors, which are mainly found in the endosomal/lysosomal compartments (Barton and Kagan, 2009). TLRs dimerize and attract adaptor proteins, such as TIR-domain-containing protein (TRIF) and myeloid differentiation primary response 88 (MyD88), upon ligand binding in order to initiate signaling cascades. 
b.NLR
The NOD domain, which mediates dNTPase activity and NLR protein (NLRP) assembly, is a characteristic of NLRs (Wanget al., 2016). Viral dsRNA can be detected by NLRs in conjunction with particular DEAH-box RNA helicases, which can trigger type I IFN and/or inflammasome-dependent antiviral responses. When they are active, pro-inflammatory cytokines interleukin 1 (IL-1) and IL-18 are produced and released externally, which stimulates the mitogen-activated protein kinase (MAPK) pathway and causes apoptosis and pyroptosis (Lechtenberg et al., 2014). When NLRP1, an inflammasome-forming sensor, detects microorganisms, it either triggers the release of gasdermin D (GSDMD)-mediated holes in the plasma membrane or activates the cytokines IL-1 and IL-18 (Patrick S Mitchell, et al., 2019). To initiate the inflammasome pathway, NLRP1's C-terminal LRR domain and NACHT region directly detect dsRNAs longer than 500 bp (Bauernfried et al., 2021). 
c.OLRs
OASes belong to the broader superfamily of nucleotidyltransferases (NTases) constituting a class of template-independent NTases (Kuchta et al., 2009). They possess structural characteristics of cyclic GMP–AMP synthase (cGAS) proteins. In humans, four OAS isoforms are expressed which exhibit enzymatic activity that facilitates the activation of ribonuclease L (RNase L). In contrast, OASL lacks enzymatic functionality and plays a regulatory role in alternative antiviral immune pathways (Samantha L Schwartz and Graeme L Conn. 2019). These contain one, two, and three tandem repetitions of the NTase domain, respectively (Philip J Kranzusch 2019). Activated RNase L degrades both cellular and viral ssRNAs resulting in widespread inhibition of protein synthesis, cellular proliferation, and viral reproduction (Heather J Ezelle et al., 2016). These receptors activate the triggers type I IFN signaling and the pro-inflammatory cytokine response (Malathi et al., 2007).
d.PKR
Intracellular dsRNA triggers the production of PKR, which are subsequently recognized as RNA sensors. They have a C-terminal serine/threonine protein kinase domain and two N-terminal RNA-binding domains, and they are basally produced in all tissues (Meredith Corley, et al., 2020). When binding occurs, the downstream eukaryotic translation initiation factor 2 α (eIF2 α) is phosphorylated, autophosphorylated, and dimerized (Thomas D Baird, et al., 2012). Protein synthesis is stopped and cell development is slowed when the eIF2α prevents the eIF2 complex from starting mRNA translation in the ribosome (Ronald C Wek et al., 2018). This leads to the regulation of apoptosis, autophagy, and metabolic stress, as well as the phosphorylation of IκB, JNK, and MAPK (Watanabe et al., 2020).
e.Additional RNA sensor and co-sensor classes.
1.RNA helicases are increasingly recognized to  involve in innate immune detection. After localizing to mitochondria, the SF1 helicase, SF2 helicase, and ZNFX1 attach to type I IFN and viral RNA (Wang et al., 2019). Asp–Glu–Ala–Asp (DEAD)-box or Asp–Glu–Ala (DEAH)-box DEAD or DEAH motifs, are conserved motifs that enable NTP hydrolysis and RNA unwinding (Eva Absmeier, et al., 2019). 
2. Heterogeneous nuclear ribonucleoproteins (hnRNPs) regulate transcriptional and translational aspects of RNA metabolism. They are generally nuclear or nucleocytoplasmic RNA-binding proteins (Geuens et al., 2016). The hnRNPU is proposed to act as a nuclear RNA sensor that interacts with dsRNAs produced by herpes simplex virus 1 in the nucleus, triggering the production of type I IFN (Kevin Danastas, et al., 2020). Additionally, hnRNPU engages in the interaction with SMARCA5 and TOP1, elements of the SWI/SNF nucleosome remodeling complex, to activate enhancers and super enhancers that control the transcription of pro-inflammatory and antiviral genes.
3.An RNA sensor that triggers cell death pathways in response to viral infection is Z-DNA-binding protein 1 (ZBP1), also referred to as DAI (Takaoka et al., 2007). Endogenous dsDNA or dsRNA in a "Z" shape can be recognized by ZBP1's Zα2 domain Sanchita Mishra et al., 2025). These proteins either interact with mixed lineage kinase domain-like pseudokinase to produce necroptosis or activate RIPK3 through the RIPK1–FADD–caspase-8 complex to induce apoptosis. A few receptors and their functional characteristics are described in Table-2. 

4.1PRRs, or pattern recognition proteins
Through their effector domains, PRRs identify and bind their specific ligands and attract adaptor molecules that share similar structure, initiating downstream signaling made up of effector, intermediate, and ligand recognition domains (Rahul Suresh, David M Mosser. 2013). Three primary molecule types are involved in PRR signaling are transcription factors, adaptor proteins, and protein kinases. These molecules converge into a number of similar signaling pathways, despite the fact that they are activated by their respective ligands in various subcellular structures via various processes. First, the transcription of the B cell κ chain gene, which is essential for cellular inflammation and immunological response, known as NF-κB signaling. NF-kB facilitates signaling by RIG-I and MDA5, TLRs, NLRs, and viruses that invade cells (Jun Zhao et al., 2015). Second, cytokines, neurotransmitters, hormones, cell stress, and cell adhesion all activate the mitogen-activated protein kinase (MAPK) signaling-serine–threonine protein kinases(Olanrewaju Roland Akinseye. 2024). Third, is the IRF-3–TBK1 signaling pathway a crucial transcription factor that supports type I IFN generation and is involved in the antiviral innate immune response that mediates RLR signaling (Kiramage Chathuranga et al., 2021). Finally, the signaling of the inflammasome is an essential component of the innate immune system. It is a multiprotein complex that PRRs assemble in the cytoplasm (Yali Dai et al., 2020). Caspase-1 can be recruited and activated by the inflammasome upon recognition of PAMPs or DAMPs. The inflammasome pathway facilitates NLRP1-mediated signaling. Table-3 is a list of few adapter proteins and their functions.
5. Mechanisms of generating endogenous ligands for RNA sensors
Emerging evidence suggests that certain forms of endogenous nucleic acids are generated during regular physiological activities or in response to various cellular disturbances. These endogenous RNAs activate the same receptors that have evolved to detect viral RNAs, serving as ‘danger’ signals to alert disruptions in cellular homeostasis (Jonathan Maelfait et al., 2020). In the following paragraphs, brief description of several mechanisms is outlined. Figure-2 describes various mechanisms of generating endogenous ligands.
a. Transcription of retrotransposons and production of non-coding RNAs
Retrotransposons and repeated non-coding RNAs are a source of a sizable fraction of the RNA molecules that build up in the cytoplasm and attach to different RNA sensors during stress. About 40% of human genomes are made up of retrotransposons, which include both full-length and shortened internal retrotransposable elements Long interspersed nuclear elements (LINEs), long terminal repeats (LTRs), endogenous retroviral elements (ERVs), and short interspersed nuclear elements (SINEs, like the Alu1 repeat) (Katarzyna Matylla-Kulinska, et al., 2014). These elements spread throughout the host genome via a "copy and paste" mechanism (Roberto Ferrari,  et al., 2021). Foldback hairpin dsRNA or sense-antisense hybrid dsRNA can be produced by translating these REs in both orientations or as an inverted repeat (Y Grace Chen and Sun Hur. et al., 2021). Active genes for reverse transcription and genome integration are found in endogenous REs (Kassiotis and Stoye, 2016). Internal promoters in the 5 and 3 UTRs, which are linked to the activation of RIG-I-dependent IFN signaling, are the source of their transcription by Pol II (Magdalena Wolczyk, et al., 2025). RIG-I-activating exosomes have been reported to have an abundance of LTR retroelements, or LTR sequences (Juliane Daßler-Plenker,et al., 2016). Lastly, SINEs-Alu elements are well-known REs that activate different RNA sensors when exposed to genotoxic stressors (Peter A Larsen, et al., 2018). Notably, the editing enzyme adenosine deaminase acting on RNA 1 (ADAR1) which post-transcriptionally modifies Alu:Alu hybrids, converting adenosine (A) to inosine (I) and causing structural changes in the dsRNA due to mismatches thus evading the MDA5 sensor (Jan Rehwinkel and Parinaz Mehdipour.et al., 2025). Other types of small non-coding RNAs include small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). RLRs and TLRs can detect SnRNAs, which are a component of the nucleoplasmic spliceosome, as DAMPs (John Karijolich, Yi-Tao Yu et al., 2010). The snoRNAs function as PKR ligands and participate in rRNA modification (Li-Ping Shen, et al., 2024). Circular RNAs (circRNAs), on the other hand, which are produced by back-splicing pre-mRNAs, exhibit distinct secondary structures and patterns of RNA modification (Xiang Liu,  et al., 2022). 

b.Chromosome conformational changes and epigenetic silencing 
To silence integrated REs, a variety of regulatory mechanisms are employed by cells, such as transcriptional suppressor recruitment to promoter areas, condensation of chromatin domains into heterochromatin structures, and epigenetic changes of DNA and chromatin (Robin C Allshire and Hiten D Madhani. 2017). The synthesis of RE-based dsRNAs is frequently inhibited by chromatin condensation and epigenetic silencing mechanisms. These include DNMTi, HDACi, or reduction of the histone H3K9 methyltransferase SETDB1 and its companion HUSH, or the histone demethylase LSD1 (Luisa Di Stefano 2022). When these silencing mechanisms are deactivated, repetitive RE genes produce RNA, and the innate immune response is triggered by binding to RNA sensors. The formation of aberrant dsRNAs and their interactions with RNA sensors such as MDA5, TLR3, and OASes are caused by DNA methylation (Mohammad Imran Khan et al., 2022). Inhibiting histone demethylase LSD1 activates TLR3 and RLRs (Sheng et al., 2018). Epigenetic inhibitors such as 5-aza-2-deoxycytidine (5-azacitidine), a DNA methyltransferase inhibitor (DNMTi) and common chemotherapeutic drug, significantly induce the transcriptional upregulation of epigenetically repressed REs (María-Paz Ramos,  et al., 2015). Similarly, histone deacetylase inhibitors (HDACi) play crucial roles in controlling endogenous dsRNA synthesis.
c. Changes to RNA modification
Discovery reveals that RNA alterations have a major effect on protein interactions, secondary structure, and RNA metabolism. The activity of cellular RNAs is further impacted by errors in the identification or implementation of RNA, such as post-transcriptional alteration of A-to-I and m6A, which change the structure of dsRNA and decrease its immunogenicity (P Cody He and Chuan He, 2021). Normal cellular transcripts may become alien if these (and possibly other) RNA modifications are dysregulated because local duplex structures may develop. These alterations may cause self-RNAs as alien, which could trigger an immunological reaction. Adenosine deamination and methylation are two examples of RNA modifications that change local dsRNA structures and reduce the ability of dsRNA sensors to detect endogenous RNAs (Lian Cui, et al., 2022). Mammalian survival depends on the widespread post-transcriptional RNA change known as A-to-I RNA editing (Stefan Maas, 2006). In order to break the dsRNA structure, which is mostly produced by inverted repetitive sequences like SINEs, ADAR1, a dsRNA-specific adenosine deaminase, binds to dsRNA and helps convert A-to-I to A-U pairs into less stable I-U pairings (Inga Jarmoskaite and Jin Billy Li. et al., 2024). Another significant RNA alteration is m6A, the majority of protein-coding RNAs have m6A modification in their native state, which acts as a structural switch, inhibits base pairing and the creation of dsRNAs, and permits recognition of RIG-I and MDA5 cytosolic receptors (Huilin Huang 2020). Finally, pseudouridine, 2-thiouridine, or 5-methylcytidine incorporation into exogenously inserted RNAs (like therapeutic mRNA) enables them to evade detection by TLRs, RIG-I, and PKR (Katalin Karikó et al., 2008). Conversely, 5-methyluridine activates PKR, indicating that immune receptors respond differently to various RNA modifications.
d.Dysregulation of RNA Pol III
While some acquire a monomethyl group on the γ-phosphate of 5 ppp, many RNA Pol III transcripts, including U6 snRNA, 5S rRNA, 7SK RNA, and 7SL RNA, retain 5 ppp in nascent transcripts, in contrast to RNA Pol II transcripts, which are processed to have a 7-methylguanosine (m7 G) cap at the 5 end (Victoria H Cowling et al., 2009). By stimulating RIG-I, aberrant RNA Pol III activation, like MYC activation in cancer, encourages the production of dsRNAs. For instance, 7SL RNA is a member of the ribonucleoprotein complex known as the signal recognition particle (SRP), which interacts with the ribosome and transports developing proteins to the endoplasmic reticulum for membrane insertion or secretion (Morgana K Kellogg, et al., 2022).
e.Defects in RNA processing and degradation
Immunostimulatory dsRNAs may accumulate within cells as a result of disturbances to RNA processing and degradation mechanisms, according to multiple lines of evidences. Cytoplasmic dsRNA buildup and antiviral-like reactions may be caused by small molecules that interfere with spliceosome activity, particularly when combined with hyperactivation of MYC (Lydia Borgelt,  et al., 2023). Additionally, it increases the number of transcripts that are intron-retained, which may result in the formation of dsRNA structures (Tassa Saldi et al., 2016). Dicer has an RNase III domain that is specifically designed to cleave dsRNAs, whereas the majority of cellular ribonucleases are unsuccessful at doing so (Roghiyh Aliyari et al., 2009). Cytosolic RNA turnover is significantly influenced by SKIV2L, an important RNA helicase found in the RNA exosome. (Ilias Georgakopoulos-Soares,  et al., 2022). Deficiencies in SKIV2L can lead to RIG-I hyperactivation (Sterling C Eckard, et al., 2014). In addition, cytosolic RNAs can also be removed via ‘RNautophagy,’ a process in which RNAs are directly engulfed by lysosomes through an RNA transporter (Lisa B Frankel, et al., 2016).
f.Leakage of mitochondrial dsRNA
Mitochondrial dsRNAs, uncapped mRNAs, and RNA–DNA hybrids possess immunostimulatory properties (Alice Lepelley, et al., 2021). Studies implicate these RNAs as potential ‘danger’ signals indicative of cellular dysfunction (Dali Zong et al., 2020). Mitochondrial circular mtDNA is bi-directionally transcribed from promoters on each strand and produces large quantities of double-stranded mtRNA. The mtRNA degradosome, which contains the helicase SUV3 and PNPase, typically regulates mitochondrial dsRNA levels. When the mtRNA degradosome is inhibited, mtRNA is released via inner mitochondrial membrane herniation through Bax/Bak pores comprising the ribonuclease polynucleotide phosphorylase (PNPase) and the RNA (Giulia Santonoceto et al., 2024). Helicase SUV3 depletion leads to mitochondrial dsRNA accumulation, whereas PNPase depletion results in dsRNA accumulation in both mitochondria and cytoplasm (Phang-Lang Chen.2023). When MDA5 finds mtRNA in the cytosol, it may enter PNPase-depleted cells through BAX–BAK pores and cause a type I IFN response (Vanessa López-Polo, et al., 2024). By appending CCA residues to the 3 end of mitochondrial and cytosolic tRNA molecules, TRNT1 contributes significantly to tRNA aminoacylation; protein mutations result in defective mitochondrial translation (Florin Sasarman,  et al., 2015). Furthermore, according to a number of studies, mtDNA is vulnerable to ionizing radiation damage, which may cause it to leak into the cytoplasm due to compromised membrane integrity. According to recent research leakage happens when fumarate hydratase (FH), an enzyme involved in the tricarboxylic acid cycle, is inhibited after extended LPS stimulation (Lorea Valcarcel-Jimenez,Christian Frezz 2023). Increased IFN β production follows the activation of RNA sensors TLR7, RIG-I, and MDA5 by the spilled mtRNA (Paola M Barral, et al., 2009). Lastly, well-established cell-intrinsic ligands (RNA DAMPs) for RNA sensors include dsRNAs produced from a variety of sources, including as LINEs, LTR/ERV, and SINEs/Alu, as well as snRNAs and circRNAs (Shaymaa Sadeq et al., 2021). A number of stimuli, including, chemotherapy, kinase inhibitors, and epigenetic modifiers, can activate these ligands, which causes aberrant RNA transcripts to accumulate (Lei Zhong et al., 2021). These RNA ligands and cytoplasmic RNA sensors combine to initiate type I IFN signaling activate downstream signaling, inflammatory response activation, and translational shutdown/cell death activation in cell subpopulations with imbalanced RNA stress.
6. Diseases associated with RNA sensing
Cellular RNA sensors have an activation threshold that is precisely calibrated. Cellular dsRNA levels typically stay much below the threshold for these sensors to activate, but in cases of RNA virus infections or excessive buildup of immunogenic endogenous dsRNA, dsRNA levels may surpass the threshold and activate the sensor (Chen and Hur, 2022). The activation threshold may be further lowered by aberrant dsRNA-sensing pathways, which are typified by increased sensor sensitivity, ligand-independent activation, or compromised negative control of type I IFN signaling. All of these factors work together to produce aberrant type I IFN expression, which may lead to systemic autoinflammation and other autoimmune symptoms. A short list of illnesses linked to genes linked to RNA sensing receptors is provided in Table-4. A few diseases and their characteristics are described in the paragraphs that follow. Mutations c1118A > C [p.E373A], and c1551G > C [p.Q517H]) in the DDX58 gene have been reported to correlate with the increased IFN levels and susceptibility to atypical (milder) and classic (severe) of Singleton–Merten syndrome (SMS) defects, presenting with multiorgan symptoms such as dental dysplasia, glaucoma, psoriasiform skin rash, aortic calcifications, and skeletal dysplasia (Ferreira et al., 2019 ; Prasov et al., 2022 ). E373A mutation is located in the SF2 ATP-binding and hydrolysis motif I and motif II of RIG-I, respectively which impair ATPase activity without any effect on ATP binding. They form long-lived ATP-bound complexes on stem RNAs to increase interaction with self-RNA, leading to abnormal innate immune signaling (Devarkar et al., 2018). In MDA5 gene, a missense mutation in the IFIH1 gene (c.2465G > A; p.Arg822Gln) is the cause of classical SMS, characterized by dental abnormalities, aortic and valvular calcification, glaucoma, and an increased type I IFN signature gene expression pattern (Rutsch et al., 2015 ). The constitutive sensor activation that results from this mutation, which is found in the Hel2 domain of MDA5, is caused by conformational changes that facilitate the creation and stability of MDA5 filaments on dsRNA. In SLE patients from the Eastern Asian Taiwanese community, a single nucleotide polymorphism (rs3853839-G > C variation) is linked to elevated TLR7 gene expression, which raises the risk of developing SLE (Wang et al., 2014). Another study discovered that the TLR8 gene had mosaic and germline GOF mutations that cause new inborn mistakes. of immunity with lymphoproliferation, neutropenia, infectious susceptibility, B- and T-cell defects, and in some cases, bone marrow failure (Aluri et al., 2021). Mutation, p.Arg726Trp, causes NLRP1 gene-associated autoinflammation with arthritis and dyskeratosis (NAIAD) and is linked to the increased caspase-1 activity (Grandemange et al., 2017). PKR. Irregular PKR activation has been implicated in various diseases, including dystonia, SLE, Alzheimer’s disease, and Huntington’s disease (Liu et al., 2019 ; Lee et al., 2020 ; Kuipers et al., 2021). Aicardi-Goutières syndrome (AGS)-related ADAR1 gene mutations comprise nonsense, frameshift, and missense mutations in the catalytic, Zα, and RNA-binding domains, impairing its function. Bi-allelic mutations in human SKIV2L gene give rise to trichohepatoenteric syndrome (THES), a rare disorder characterized by growth retardation, craniofacial abnormalities, and intestinal dysfunction (Fabre et al., 2012).
7. Therapeutic applications of RNA sensing
RNA-sensing pathways have emerged as highly promising approach in the realm of therapeutic developments for various human diseases. Distinct advantages of the mechanism which robustly enhances broader immune responses primarily due to the abundance of RNA sensors, which are expressed across various cell types and also elicitation of a spectrum of downstream effects (Ying Zhang et al., 2025). In the area of autoimmune diseases, targeted treatments based on dsRNA are currently being tested in clinical trials. These methods relay on reducing the production or increasing the elimination of self-nucleic acid triggers, as well as blocking downstream IFN signaling pathways. Although specific medications have not been approved for clinical use, several therapeutic strategies. Traditional anticancer therapies, including radiotherapy and chemotherapy are focused on disrupting the critical cellular processes. However; emerging evidence indicates that these conventional treatments also engage the host’s innate immune system, particularly through innate immune sensing mechanism. It is observed that radiotherapy stands as a key treatment modality for cancer exerts direct cytotoxic effects to induce tumor cell death, while also stimulating the release of DAMPs, including RNA (Oishi Mukherjee, et al., 2023). Research suggests high-dose irradiation leads to the leakage of cellular RNA, triggering widespread cell death via the TLR3–TRIF–RIPK1 signaling axis (Mao-Bin Meng et al., 2016). Additionally, it causes short nuclear RNAs, such as U1 and U2, to translocate to the cytoplasm, facilitating the formation of RIG-I: RNA complexes and initiating downstream signaling cascades (Ranoa et al., 2016). Finally, it facilitates the release of mtRNA into the cytoplasm, thereby activating the RIG-I–MAVS pathway and subsequent IFN-I production (Quinn Storozynsky, et al., 2020). These cellular observations underscore a potential role for RNA mediated regime in radiotherapy. Chemotherapeutic agents trigger both innate and adaptive immune thus enhancing the anticancer efficacy. By inducing immunogenic cell death in tumors, specific chemotherapeutic drugs activate tumor-specific adaptive T-cell responses (Jianhua Liu et al., 2021). These emerging evidences highlight the exploration of RNA sensor agonists as potential anticancer. To this end several pharmacological agonists, have entered clinical development. Traditional chemotherapy can induce epigenetic dysregulation in cancer, resulting in the accumulation of endogenous dsRNA and subsequent activation of dsRNA sensors and the IFN response (Ruirui Wang et al., 2025). Several CDK4/6 inhibitors have been discovered which not only induce tumor cell cycle arrest but also boost anti-tumor immunity (Shom Goel, et al., 2019). These inhibitors inhibit the E2F target DNMT1, leading to the transcriptional activation of ERV3-1 in tumor cells and the increased intracellular levels of dsRNA resulting in the improved tumor antigen presentation. Similarly, 5-azacitidine, a DNMTi approved in leukemia induces bidirectional transcription of ERV-like genes, generating dsRNA and activating RNA-sensing pathways through a process known as ‘viral mimicry’ (Brian M Reilly, et al., 2020). Finally, 5-azacitidine is shown to upregulate three primary classes of REs (LINE, LTR, and SINE) and activation of the IFN pathway. Several RNA sensor agonists are under development as potential anti-tumor agents, many of which are being explored in conjunction with cancer vaccines or immune check- point blockade (ICB) therapy. For instance, inhibiting METTLE3 could induce dsRNA formation and trigger an IFN response, subsequently enhancing MHC-I antigen presentation and increasing anti-tumor immunity (Anna Brichkina et al., 2023). In the area of CAR-T cell therapy, cells engineered to express RN7SL1, an endogenous RNA that activates RLR signaling, have exhibited the capacity to promote the expansion of endogenous effector-memory and tumor- specific T cells (Anna Brichkina et al., 2023). Recent findings indicate that endogenous RNA sensor ligands might serve as predictive markers for individual responses to ICB therapy (Hongxing Shen et al., 2019). Finally, the activated RNA-sensing pathways during cancer treatment could serve as adjuvants against cancer and thereby enhancing anti- tumor efficacy.
The removal of putative self-nucleic acid stimulation and blocking RNA-sensing signaling are areas of research directed at RNA based therapy. Given that most immunostimulatory nucleic acids are generated through a reverse transcription step in the life cycle of endogenous retro elements, using reverse transcriptase inhibitors, previously utilized in HIV treatment, to limit the production of endogenous nucleic acids that drive aberrant IFN production has shown promise for patients with AGS (Hannah E Volkman, et al., 2014).Clinical studies have supported these results. Potential therapeutic utility of RNA sensor antagonists in autoimmune and inflammatory diseases by targeting unregulated nucleic acid sensing and cytokine overproduction is supported through preclinical evidences (M. McWhirter, 2020). In mouse lupus models, TLR7/8 inhibition with a small- molecule inhibitor, demonstrated efficacy which has moved to phase II clinical trial (George D Kalliolias, et al., 2024). Similarly, a mixed TLR7 and TLR8 antagonist is currently under evaluation for efficacy and safety in SLE patients. Blocking downstream signaling include antibodies against IFN or the type I IFN receptor, as well as inhibitors targeting downstream signaling components. To this end Janus kinase (JAK) inhibition has shown promise in treating various type I interferonopathies (Wendao Li, et al., 2022). In summary, the integration of human genetics and molecular understanding of IFN-related auto immune diseases has paved the way for precision medicine strategies that match the aberrant innate immune signaling source with targeted therapies.
Conclusion
A major milestone in molecular biology was discovering the sequential events in the flow of genetic information packed in DNA to the working cosmos of biological processes through proteins. However, new technologies, robust next-generation sequencing and large international consortiums implicate meager 1.5 % of that RNA actually translates into protein thus shifting the focus to RNA and its role in several cellular processes (Flavia Michelini, et al., 2018). Even though RNA world hypothesis lay emphasis to first life started with RNA and later, its role was taken up by DNA eventually. However, it was unraveled that the RNA is just not endowed with the capacity to store genetic information but is implicated in diverse, though latent catalytic functions. Several recent studies place RNA as a valuable contender in the field of epigenetics, disease, and undiscovered regulatory features in spite of its dethronement.  From an RNA evolution perspective RNA is shown to evolve along with proteins and DNA. Further, the RNA processing system, transinduction and transvection, DNA methylation, imprinting, RNA interference (RNAi), post-transcriptional gene silencing, chromatin modification, gene editing, splicing, dosage compensation, gene regulation mechanisms, and transcriptional gene silencing indicate the major roles if RNA (Philip Cowie et al., 2015). Also, certain chromatin signatures binding transcription factors, histone modifications and DNase1 hypersensitivity prove the existence of transcription of ncRNA in the intergenic region. (Guttman et al., 2009). With advancements in methods and annotation of mammalian genomes and in specific Human genome the role of junk (noncoding DNA/RNA) is being unraveled and functional roles attributed to them ranging from gene regulation, participation in cellular functions and in predisposition to diseases. As evident from the sections of the review RNA sensing is a area where their roles is increasing gaining importance. The domain of RNA in the cellular world is separated into two diverse forms; the non-coding RNA (ncRNA) which was once considered the evolutionary junk and lacking the potential to code protein and the other is a smaller chunk of protein-coding RNA. The plethora of cellular RNAs and a large number of RNA-binding proteins necessitates the need for fidelity in the biogenesis of RNPs. RNA sensing is one such mechanism which cells employ to detect and respond to the presence of RNA, particularly foreign or aberrant cellular RNA. These responses are crucial for defending against viral infections and maintaining cellular homeostasis. The process is tightly regulated with several receptor and adapter proteins facilitating common signaling cascades. Mutations that disrupt any of the components of RNPs, or signaling either RNAs or proteins, or the factors required for their assembly can be deleterious to cells and cause several human diseases (Thomas A Cooper et al., 2009). The splicing of the transcript produced from the same gene (in cis), mutations in the splicing machinery and the regulatory proteins that affect splicing of other transcripts (in trans) all contribute to the disease phenotype pool (Amanda J Ward, Thomas A Cooper 2010). Several classes of mutations such as Gain of function, loss of function, Missense, bi-allelic, Single nucleotide polymorphisms have been reported in the genes encoding the receptor proteins leaing to altered IFN ignalling. Inappropriate type I IFN expression, potentially results in systemic auto-inflammation and various autoimmune manifestations. Notably are the monogenic auto-inflammatory disorders like AGS and Singleton–Merten syndrome (SMS), as well as multifactorial systemic autoimmune diseases such as SLE. The mechanism has applications is the study of basic and pathogen biology of several pathogenic microorganisms. In specific roles of certain variables (pH, temperature, nutrients) on gene expression in relation to pathogenesis can be studied (Dmitri Ivnitski et al., 1999). In the area of plant biology several evidences are accumulating for the application of the method in disease resistance, crop improvement, and in understanding gene function/s (David Yu, 2022). In the area of human diseases and mechanisms it provides a wealth of new opportunities for therapies as well as tools for treatment of human diseases. Several advantages of the method include detecting low-copy samples and directly thus, eliminating the need for nucleic acid amplification. This enhances the efficiency of viral RNA detection in development of detection tools, surveillance and pandemics. Further, it enhances surveillance across various host species and environments for known pathogens (Ye Chen et al., 2024). Finally, several developments such as programmable chip based RNA sensing are an indication of the wider application of the method. The CellREADR (Cell access through RNA sensing by Endogenous ADAR) for cell monitoring and manipulation is an example which enables the recording and control of specific types of neurons in behaving mice (Yongjun Qian, et al., 2022). The application highlights the potential of RNA-based monitoring and editing of animal cells in ways that are simple, specific, versatile, and generalizable across organ systems and species. Thus RNA sensing and its applications has far reaching applications in fundamental biology, biotechnology, and also in the form of programmable RNA in medicine emphasizes its value biology.
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Tables and figures:
Table-1: Milestones and associated discoveries in the area of RNA 
	1865
	Gregor Mendel discovers the laws of heredity and postulates the existence of hereditary elements.

	1889
	Richard Altmann discovers nuclear substances in the cell nucleus, later identified as ribonucleic acid (RNA).

	1909	
	Walter Siegfried Albrecht discovered that RNA is a molecule distinct from DNA (deoxyribonucleic acid).

	1909	
	Phoebus Levene discovers that RNA is composed of ribose, phosphate and nitrogenous bases by hydrolysis.

	1930
	James Sumner and John Northrop demonstrated that RNA is a molecule capable of acting as an enzyme.

	1938
	Marjory Stephenson isolates RNA from the spirochete responsible for syphilis.

	1955
	Alex Rich and David Davies propose the double helix structure of RNA.

	1958
	Francis Crick proposes the hypothesis of the RNA “adaptor” or “adaptor”, which plays an important role in the translation of RNA into proteins.

	1960
	Sydney Brenner, François Jacob and Matthew Meselson discover messenger RNA (mRNA).

	1961
	Marshall Nirenberg and Heinrich Matthaei discover the genetic code, revealing that specific sequences of nitrogenous bases in RNA determine the sequence of amino acids in proteins.

	1967
	Howard Temin and David Baltimore discover reverse transcriptase, the enzyme that enables the synthesis of DNA from RNA.

	1977
	Frederick Sanger develops the Sanger strand RNA sequencing method, a technique that made it possible to sequence RNA fragments on a large scale.

	2001
	Lynn Margulis and other scientists propose the endosymbiotic theory, which suggests that mitochondria and plastids have an ancestral bacterial origin and possess their own RNA.

	2006
	Andrew Fire and Craig Mello demonstrate RNA interference 

	2006
	Roger Kornberg discribed transcription of RNA

	2009
	Venki Ramakrishnan, Thomas A. Steitz, and Ada Yonath elucidated the atomic structure of the ribosome

	2023
	Katalin Karikó and Drew Weissman discovered modified nucleosides that enabled the development of effective mRNA vaccines 







Table-2: List of few receptors and their attributes (Location, signaling, and associated diseases) 
	Sl.no
	Receptor
	location
	Recognition molecule
	Signal transducing molecules/cells
	Associated disease
	Adapter 

	1
	TLRs
	Endosomal/
lysosomal compartments
	Recognize double-stranded RNA (dsRNA) and single-stranded RNA (ssRNA)
	Pro-inflammatory cytokines type I IFN

	Autoimmune disease 
	Myeloid differ- entiation-88 (MyD88)

	2
	RLRs
	Cytoplasm
	dsRNAs
	Activate transcription factors IRF3 and NF- κB,
	Autoimmune diseases, SMS, certain subtypes of AGS, and SLE,
	Mitochondrial anti-viral signaling protein (MAVS,

	3
	NLRs
	Cytoplasm
	Recognizes microbes/
dsRNAs
	NF-κB, MAPK and inflammasome pathway
	metabolic disorders, cancer, and autoimmune diseases
	NLRP3–ASC interaction via Pyr domains. NOD-containing protein 2 (NLRC2, also known as NOD2)

	4
	OLRs
	Cell surface 
	long dsRNAs
	Type I IFN signaling and the pro-inflammatory cytokine response
	Inflammatory diseases
	Serine/threonine kinase-like and ribonuclease domains

	5
	PKR
	Cytoplasm
	Intracellular dsRNA
	Translation initiation factor 2 α (eIF2 α). 
phos- phorylation of I κB, JNK, and MAPK 
	Including dystonia, SLE, Alzheimer’s disease, and Huntington’s disease
	IPS-1 and TRAF6,

	6
	RNA helicases
	Mitochondria
	viral RNA
	 Type I IFN
	Neurodegenerative disorders like ALS, FTD, and AD, as well as cancer.
	DEAD or DEAH motifs

	7
	hnRNPs
	Nucleus
	dsRNAs
	transcription of pro-inflammatory and antiviral genes.
	ALS and Alzheimer's, cancer, and infectious diseases
	recognizes pathogen-derived DNA as a homodimer

	8
	ZBP1
	na
	dsRNA
	Apoptosis necroptosis.
	 viral infections and inflammation
	RIPK1–FADD–caspase-8


Reference Jiaxin Li et al., 2024, Journal of Molecular Cell Biology 16(7).




















Table-3. List of few adapter proteins and their attributes. 
Reference- CHI-PING CHAN and DONG-YAN JIN 2022. RNA (2022) 28:449–477
	Sl.no
	RNA sensor/adapter protein
	Function
	Mechanism
	Responses

	1
	MDA5
	Viral RNA, (dsRNA) 
	MAVS (mitochondrial antiviral signaling protein) and NF-kB (nuclear factor kappa-B).
	Innate immune response and Type I interferons

	2
	RIG-I/Retinoic Acid-Inducible Gene I,
	 Viral RNA
	MAVS signaling cascade activating transcription factors like IRF3 and NF-κB,
	type I interferon (IFN)

	3
	NLRP1
NLR (nucleotide-binding domain, leucine-rich repeat-containing)
	Pathogen- and damage-associated molecular patterns
	Proinflammatory cytokines like IL-18 and IL-1β.
	Inflammation, cell death specifically pyroptosis.

	4
	ASC (Apoptosis-associated speck-like protein containing a CARD)
	Pathogen and damage-associated molecular patterns
	Pro-inflammatory cytokines like IL-1β and IL-18.
	Innate immune responses, particularly in the formation and activation of inflammasomes,

	5
	RNase L
	Interferon (IFN)-induced ribonuclease
	IFN-β
	Innate immune responses,

	6
	PKR (Protein Kinase R)
	Double-stranded RNA (dsRNA)
	Phosphorylates  eukaryotic translation initiation factor 2 (eIF2α),
	cell proliferation, apoptosis, and signal transduction pathways. 

	7
	DExD/H-box RNA helicases
	RNA
	Type I interferons and pro-inflammatory cytokines. 
	Anti-viral immunity

	8
	NOD2
	SsRNA
	IFN response
	Anti-viral immunity

	9
	HMGB
	rRNA and snoRNAs, and specific mRNAs.
	Type I interferon and inflammatory cytokine production.
	Anti-viral immunity




Table-4.A brief list of genes affected in various diseases in the receptors
	Sl.no
	Receptor
	Gene
	Mutation/ Type
	Disease
	Pathology
	Refs.

	1
	

RLRs
	IFIH1
	(p.Gly821Ser, p.Ala946Thr, and p.Arg779His)
	Autoimmune diseases, SMS, AGS, and SLE
	Dental anomalies, aortic and valvular calcification, glaucoma, and an enhanced type I IFN
	Van Eyck et al., 2015

	
	
	IFIH1
	rs35337543
rs35667974
Loss of function (LOF)

	
Type 1 Diabetes
	
Autoreactive T lymphocytes and damages
β-cells.
	Nejentsev et al., 2009

	
	
	MDA5
	G495R/Gain of function(GOF)
	AGS

	Impaired psychomotor development,
Demylination & Microangiopathy.
	Ahmad S et al., 2018

	
	
	DDX58
	(c.1529A > T [p.E510V], c.803G > T [p.C268F]
	Autoimmune diseases, SMS, AGS, and SLE
	dental dysplasia, glaucoma, psoriasiform skin rash, and skeletal dysplasia
	Prasov, L. et al., 2022

	2
	NLRs
	NLRP1


	rs1008588
SNP
	Generalized vitiligo
	ROS damage melanocytes.
	Jin Y et al., 2007

	
	
	
	rs878329



	Rheumatoid
Arthritis


	Synovial inflammation
	Sui J et al., 2012

	
	
	
NLRP3
	rs10754558

	Type 1 diabetes

	Beta-cell damage
	Pontillo A et al., 2010


	
	
	
	rs358294199







	Celiac disease







	villous atrophy, crypt hyperplasia, and loss of absorptive surface area in the small intestine

	
Pontillo A et al., 2010





	
	
	
NLRP7
	Substitutions
R693W, R693D


	pregnancy complication, affects proteins ability to oligomerize

	Hydatidiform moles
Abnormal human pregnancies and
embryonic development
Reproductive wastage
	



Murdoch S et al., 2006

	
	
	NLRC
NOD2
	frameshift mutation


	
Crohn’s disease
	Alters the interaction between gut microbe and immune system

	
Ogura Y et al., 2001

	3.
	TLRs
	TLR2

	TLR2 Arg753Gln
(+2258G/A,rs5743708)
SNP.TLR2rs5743708

	CRC
susceptibility
	Impaired NF-Κb signaling and decreased secretion of cytokines in response
to the PAMPs

	Mukherjee S et al., 2019

	
	
	TLR1
	rs4833095
SNP
	Type 1 Diabetes mellitus
	Expansion of autoreactive CD4+ and CD8+ T cells, autoantibody-producing B lymphocytes and activation of the innate immune system
	Fierabracci A, 2011

	
	
	TLR4
	(Asp299Gly and Thr399Ile)

	Multiple sclerosis
	Endogenous ligand HMGB1 are increased in expression in the CSF mononuclear cells
	

	
	
	TLR7
	Gln11Leu (SNP)

Non-synonymous polymorphism within exon 3 of the X-linked TLR7 gene
	Hepatitis C infection
	Functionally impaired protein.
Skewed mosaicism in peripheral blood mononuclear cells (PBMCs).

	Askar E et al., 2010

	4.
	RNA helicases
	SETX Gene
	Mutations
	Amyotrophic lateral sclerosis (ALS, Lou-Gehrig’s disease)
	
Abnormal TGF-β signaling and causes neuron death.
	
Chen YZ et al., 2004




	
	
	DDX1




	Upregulation of transcription, translation and mRNA processing
	Neuroblastoma and Retinoblastoma.


	




	Kanai Y et al., 2004



	
	
	DDX39
	rs786205516
	Lung cancer
	

	Wang D et al., 2011

	5.
	PKR
	EIF2AK2
	A bi-allelic (rs2254958) 

	Alzheimer’s disease
	Amyloid plaques formation.
	Bullido MJ et al., 2008

	
	
	PPP1CA
	rs7480390 
	
Alzheimer’s disease
	Dysregulation eIF2α pathway involving PKR – increased BACE1. 
	Ernest et al., 2011

	
	
	PKR
	N32T, G130R
dsRNA-binding domain.  GOF.
	Dystonia – disorder of motor programmes.
	Tight disynaptic connections between the cerebellum and the striatum.
	Kuipers et al., 2021 & Magrinelli et al., 2022.
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Figure-2-Depicting various mechanisms of suppressing of RNA sensing (Adapted from -
Addison A. Young, et al., 2024).




