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Abstract: Interferon (IFN)-related DNA damage resistant signature (IRDS) genes are a subgroup
of interferon-stimulated genes (ISGs) found upregulated in different cancer types, which promotes
resistance to DNA damaging chemotherapy and radiotherapy. Along with briefly discussing IFNs
and signalling in this review, we highlighted how different IRDS genes are affected by viruses. On the
contrary, different strategies adopted to suppress a set of IRDS genes (STAT1, IRF7, OAS family,
and BST2) to induce (chemo- and radiotherapy) sensitivity were deliberated. Significant biological
pathways that comprise these genes were classified, along with their frequently associated genes
(IFIT1/3, IFITM1, IRF7, ISG15, MX1/2 and OAS1/3/L). Major upstream regulators from the IRDS
genes were identified, and different IFN types regulating these genes were outlined. Functional
interfaces of IRDS proteins with DNA/RNA/ATP/GTP/NADP biomolecules featured a well-defined
pharmacophore model for STAT1/IRF7-dsDNA and OAS1/OAS3/IFIH1-dsRNA complexes, as well
as for the genes binding to GDP or NADP+. The Lys amino acid was found commonly interacting
with the ATP phosphate group from OAS1/EIF2AK2/IFIH1 genes. Considering the premise that
targeting IRDS genes mediated resistance offers an efficient strategy to resensitize tumour cells and
enhances the outcome of anti-cancer treatment, this review can add some novel insights to the field.

Keywords: DNA damage; IRDS genes; DNA; RNA; ATP; functional site; viruses; receptors; resistance;
interferon; chemotherapy and radiotherapy; protein interfaces; upstream regulator

1. Introduction

Radiotherapy is an effective treatment for many cancer types, which is used in ~60%
cancer patients and frequently with surgery or chemotherapy [1]. A decade of efforts has
demonstrated that the Type 1 interferon (IFN-I; Figure 1) cytokine system is compelling in
mediating the efficacy of radiotherapy [2,3]. Type 1 IFNs produced by irradiated tumour
cells and tumour-infiltrating leukocytes can enhance dendritic cell cross-priming of CD8+
T-cells (cytolytic T cell) and concomitant T-cell mediated killing. These IFN-I may act
upon irradiated cancer cells directly, priming them for immunogenic, and necroptotic cell
death [4,5]. The mechanisms by which Type 1 IFNs promote the efficacy of standard-of-
care cancer treatments, remains an area of active investigation. Nevertheless, tumours
often develop resistance to radiotherapy, and paradoxically, recent work has shown that
elevated tumoural expression of a subset of IFN-stimulated genes (ISGs) known as the
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IFN-related DNA damage resistance signature (IRDS) positively correlates with therapy
resistance across multiple cancer types [1,6]. This review highlights proteins encoded
as the IRDS genes, with assessing their known tertiary structures from the protein data
bank (PDB) database [7] and functional interfaces (Figure 2a) with DNA, RNA, ATP,
(adenosine triphosphate), GTP (guanosine triphosphate) or NADP+ (nicotinamide adenine
dinucleotide phosphate). The regulation of antiviral effects by IFNs and different ways
adopted by viruses to evade IFNs induced antiviral responses are discussed, as well as
investigating IRDS genes enrichments in different biological pathways. Subsequently,
the diverse set of IRDS inhibitory treatments practiced are addressed, with considering
the fact that targeting IRDS mediated resistance offers an efficient strategy to resensitize
tumour cells.

1.1. Interferon Types and Their Signaling Cascade

Upon recognition of viral, pathogenic, and tumorigenesis the activated immune
system synthesizes different cytokines or interferons [8]. Along the viral and tumour
suppression activities by IFNs, their anti-proliferative, pro-apoptotic and immunomodula-
tory roles have also been characterized [9–12]. The interferon family is classified in three
different types (Figure 1); IFN-I (IFNα-1/13, IFNβ, IFNε, IFNκ and IFNω), IFN-II (IFNγ),
and IFN-III (IFNλ-1/4) [13,14]. IFN-I are homologous cytokines [9], and particularly, the
IFNα genes are expressed by most nucleated cell types. Despite different redundant roles,
the IFN-I is typically secreted as a result of infection (IFNβ, released by non-immune cells;
and IFNα, secreted by immune cells) [10,15], whereas IFN-II is essentially activated upon
immune and inflammatory stimuli [16].
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Figure 1. Type I, II, and III interferons (IFNs) signalling cascades, along with their tertiary structures retrieved from the 
Protein data bank (PDB) [7] database. Individual IFN receptors from the IFNAR1-IFNα2-IFNAR2 (pdb id. 3se4 [17]), 
IFNGR1-IFNγ-IFNGR2 (pdb id. 6e3l [18]), and IFNLR1-IFNλ3-IL10Rβ (pdb id. 5t5w [19]) complexes containing the ex-
tracellular topological domain (ETD), transmembrane domain (TMD) and cytoplasmic domain (CPD) are described with 
their amino acid range. Type I, II and III IFNs signal via distinct receptors IFNAR (composed of IFNAR1 and IFNAR2), 
IFNGR (IFNGR1 and IFNGR2) and IFNLR (INFLR1 and IL-10Rβ), respectively [20,21]. Upon the IFN binding to the re-
ceptor complex, JAK1 (Janus kinase 1) and TYK2 (tyrosine kinase 2) are activated by cross-phosphorylation within the 
cytoplasmic regions of the receptor, which then phosphorylate STAT1 and STAT2 (signal transducer and activator of 
transcription 1 and 2). STATs from various complexes migrate to the nucleus and binds the IFN-stimulated response 
elements (ISREs) or gamma-activated sequences (GASs), which leads to the activation of transcription of several genes 
involved in antiviral responses comprising ISGs, IFNs, IRFs and STATs [20,21]. Abbreviations: IFNAR, interferon alpha 
and beta receptor; IFNGR, interferon-gamma receptor; IFNLR, interferon lambda receptor; L10Rβ, interleukin 10 receptor 
Beta; aa, amino acids; P, phosphate; OASs, oligoadenylate synthases; GBPs, guanylate binding proteins; NOS2, nitric 
oxide synthase 2; IFITMs, IFN-induced transmembrane proteins; and TRIMs, tripartite motif proteins. Visualization and 
representation of the tertiary structures of IFNs and its associated receptors was performed using the BIOVIA Discovery 
Studio Visualizer (Dassault Systèmes, BIOVIA, San Diego, CA, USA), IFNs are shown in ribbon and its receptors as sur-
face. 

Individual interferon bind specifically to a particular IFN receptor type, which re-
sults in the activation of the signalling cascade. All subtypes of IFN-I with different af-
finities binds to the same cell surface receptors (from class II cytokine receptor family); 
IFNAR1 and IFNAR2 (interferon alpha and beta receptor subunit 1 and 2) [22–25]. Gen-
erated IFNAR1-IFN-IFNAR2 complex, mediates the activation of different signal trans-
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Protein data bank (PDB) [7] database. Individual IFN receptors from the IFNAR1-IFNα2-IFNAR2 (pdb id. 3se4 [17]),
IFNGR1-IFNγ-IFNGR2 (pdb id. 6e3l [18]), and IFNLR1-IFNλ3-IL10Rβ (pdb id. 5t5w [19]) complexes containing the
extracellular topological domain (ETD), transmembrane domain (TMD) and cytoplasmic domain (CPD) are described with
their amino acid range. Type I, II and III IFNs signal via distinct receptors IFNAR (composed of IFNAR1 and IFNAR2),
IFNGR (IFNGR1 and IFNGR2) and IFNLR (INFLR1 and IL-10Rβ), respectively [20,21]. Upon the IFN binding to the receptor
complex, JAK1 (Janus kinase 1) and TYK2 (tyrosine kinase 2) are activated by cross-phosphorylation within the cytoplasmic
regions of the receptor, which then phosphorylate STAT1 and STAT2 (signal transducer and activator of transcription 1
and 2). STATs from various complexes migrate to the nucleus and binds the IFN-stimulated response elements (ISREs) or
gamma-activated sequences (GASs), which leads to the activation of transcription of several genes involved in antiviral
responses comprising ISGs, IFNs, IRFs and STATs [20,21]. Abbreviations: IFNAR, interferon alpha and beta receptor; IFNGR,
interferon-gamma receptor; IFNLR, interferon lambda receptor; L10Rβ, interleukin 10 receptor Beta; aa, amino acids; P,
phosphate; OASs, oligoadenylate synthases; GBPs, guanylate binding proteins; NOS2, nitric oxide synthase 2; IFITMs,
IFN-induced transmembrane proteins; and TRIMs, tripartite motif proteins. Visualization and representation of the tertiary
structures of IFNs and its associated receptors was performed using the BIOVIA Discovery Studio Visualizer (Dassault
Systèmes, BIOVIA, San Diego, CA, USA), IFNs are shown in ribbon and its receptors as surface.

Individual interferon bind specifically to a particular IFN receptor type, which results
in the activation of the signalling cascade. All subtypes of IFN-I with different affinities
binds to the same cell surface receptors (from class II cytokine receptor family); IFNAR1 and
IFNAR2 (interferon alpha and beta receptor subunit 1 and 2) [22–25]. Generated IFNAR1-
IFN-IFNAR2 complex, mediates the activation of different signal transduction through
the JAK/STAT pathway, which leads to the regulation of several genes (Figure 1) [9,25,26].
Particularly, the IFNAR2 is assumed to be responsible for the affinity determination and
differential recognition of Type I IFNs, and IFNAR1 receptor is implicated in a discrete set
of signal transduction pathways and upon the ligand binding (Figure 1). Consequently, two
members of the Janus tyrosine kinases family, TYK2 (tyrosine kinase 2) and JAK1 (Janus
kinase 1), associate to the cytoplasmic domain of the IFNAR1 and IFNAR2, respectively.
Sequentially, the STAT is phosphorylated forming STAT1-STAT2 heterodimers in IFN-I,
whereas the STAT1-STAT1 homodimer are formed in IFN-II and translocated to the nucleus
(Figure 1) [27]. IFN-I and IFN-II activation are interrelated (Figure 1); suppressing IFN-I
signal decreases IFN-II effects, similarly enhancing IFN-I increases IFN-II response [28–31].

Rising number of effector molecules are being characterized, with summarizing their
roles in antiviral responses, DNA-replication (p53, c-myc), RNA-turnover (2-5A-synthetase,
RNAse L) and protein translation (M-Tor, PKR) [9]. Depending on the test system and read-
outs employed, the potency of the IFNα subtypes varies significantly, however, IFNα8 is
often claimed to be the most potent and IFNα1 has the weakest activity [32,33]. In addition,
to the potentially regulating antiviral effects, IFNs act directly or indirectly in both innate
and adaptive immune responses, on natural killer (NK) cells, T cells, B cells, dendritic
cells (DCs) and phagocytic cells [34]. Furthermore, despite condition-dependent behaviour,
IFNs are repeatedly used in different treatments, for example, presently available anti-
HBV (Hepatitis B virus) and anti-HCV (Hepatitis C virus) treatments are based on the
administration of Type I IFNs. Therapies with the recombinant subtypes IFNα- 2a or 2b,
and their chemically modified derivatives; PEG-IFNs (pegylated interferon), are current
clinical therapeutics standards. For HBV, PEG-IFN2a is recommended as the first choice,
and HCV treatment regimens are based on PEG-IFN 2a or 2b combined with the nucleoside
analogueribavirin as ‘state of the art’ treatment.

1.2. Downstream Events for the Cellular Response against DNA Damage

In vivo studies proved that chemotherapy and radiation treatment induce Type I IFN
signalling in tumours to develop anti-tumour immunity [2,35,36], as well as the mech-
anistic insights into how DNA damage induces Type I IFNs have been classified [6,37].
The strong crosstalk between immune responses and DNA damage response (DDR) has
been found for the recognition of misplaced self-DNAs. The DNA damage can trigger
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innate immune response through the accumulation of nuclear DNA in the cytoplasm,
a common characteristic of tumours and cancer cell lines in the accumulation of cytoplas-
mic ssDNA or dsDNA [38–40]. Many human tumours display chromosomal instability
(CIN) phenomenon, often coincides with cytosolic DNA, which activates the cyclic guano-
sine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)-STING
pathway signalling, forming the central node between cancer cells and its surrounding
microenvironment [40,41].

cGAS-STING is a major cytosolic ssDNA and dsDNA sensor, the receptor protein
GMP-AMP synthase sense cytosolic dsDNA and synthesizes secondary messenger 2′,3′-
cyclic GMP-AMP. The latter one is detected by the downstream sensor protein STING,
triggering IFN regulatory factor 3 (IRF3) activation for the Type I IFN production. In fur-
ther detail, the cGAS activation is regulated by dsDNA in a length-dependent manner,
as long DNA fragments (in range of kilobase) activate cGAS more efficiently compared to
shorter ones. Likewise, cGAS also guides the downstream production of IFN with a longer
portion of DNA being more immunostimulatory [42]. The cGAS-STING signalling cascade
upregulates Type I IFN expression and such response activates the innate immune system,
particularly the NK cells, which increases their cytotoxic activity [43]. The binding of the
canonical Type I IFNs; IFNα or IFNβ to their receptors IFNAR or IFNBR, respectively, leads
to the JAK1 and TYK2 activation, as well as the downstream recruitment, dimerization,
and nuclear translocation of STAT proteins [15]. The STAT1 gene binds to INFγ-activated
sequences to promote the transcription of pro-inflammatory genes, for instance IRF1 and
CXCL9 [44]. On the other hand, STAT3 homodimers formed following the activation of
JAK-JAK receptors, act as suppressors of pro-inflammatory genes [45]. Parallel to STAT1
activation, cGAS-STING activity also facilitates STAT3 activity that counteracts STAT1-
mediated activation of NK cells in a negative feedback loop [46]. Moreover, STAT3 activity
reduces the migration of various immune cells to the tumour microenvironment involving
NK cells, T cells, neutrophils, and macrophages, further contributes to an immunosup-
pressive tumour microenvironment. Contrarily, inhibiting STAT3 activity through STAT3
inhibitors raises the level of chemoattractant chemokines and enhances tumour cell sensitiv-
ity to NK-mediated lysis. All these features, thus make the STAT3 a promising therapeutic
target [39,47,48].

Though, the cGAS-STING signalling axis has been identified recently that may require
more investigations, various chemotherapeutic as well as radiotherapeutic approaches rely
heavily on this signalling pathway to eradicate cancer. For example, etoposide has already
been revealed to induce the expression of inflammatory genes, namely IFNβ, IFNA4, and
IFI16 [49]. Likewise, another chemotherapeutic agent dimethyloxoxanthenyl acetic acid
induces IFNβ and primes CD8+ cells in a STING-dependent manner [50]. Furthermore,
the Cisplatin treatment has also been proved to activate the cGAS-STING signalling route,
it boosts the Type I IFN genes expression, specifically the CXCL9 and CXCL10 genes [51].
These both chemokines have been shown to recruit antigen presenting cells, and T cells
to the tumours. Similar to chemotherapeutics, radiotherapy can trigger cGAS-STING
signalling axis through the generation of neo-epitopes, which would activate dendritic cells
and through the cytoplasmic DNA accumulation directly trigger cGAS-STING in cancer
cells. The closely related cGAS, DNA damage, and the immune system offer potential to
exploit radiotherapy-induced DNA damage to trigger the immune system to clear more
cancer cells [39,52].

2. Resistance to Radiation and Chemotherapy by Interferon Signalling Related Proteins

The antitumoral role of IFN has been proven by various studies, for example, murine
models showed that IFNα suppresses tumour growth, lack of functional IFNGR (IFNγ
receptor) or STAT1 grow tumours faster in presence of carcinogen, and a colon adeno-
carcinoma model deficient in IFNγ show less tumour regression compared to the control
one [9,11,12,53]. On this premise, IFNs have been used as in anti-cancer therapy by con-
ferring pro-apoptotic and anti-proliferative activity to malignant cells, and enhancing the
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CD8+ T cell content as well as the antigen presentation pathway [54,55]. Paradoxically,
IFN response also activates immunosuppressive as well as tumour survival pathways
conferring tumour resistance, which lead to poor outcomes [56]. On this regard, IFN based
therapies may not be successful at eradicating all cancer cells and those cells that survive
frequently arise with more aggressive features; for instance, radiosensitive squamous cell
carcinoma (SCC) xenograft becomes resistance after repetitive doses of radiation [57–60]
and repetitive doses of type I IFN confers cell resistance to X-rays [61].

Intrigued by this phenomenon, the scientific community tried to elucidate the mecha-
nisms underlay this effect, and a small group of proteins related to the interferon signalling
have been identified in patients that show resistance to radiation and chemotherapy (IRDS
genes a subset of ISGs; Figure 2) [61,62]. Clinical data from different breast cancer datasets
highlighted a correlation between sensitivity to chemotherapy and low expression of IRDS
genes [63], also corroborated in glioblastoma dataset [63]. Additionally, the radiation in
breast, prostate, and glioma cancer cells also elevates IRDS gene expression [64]. The repet-
itive exposure to infrared ray (IR) positively selects the radio-resistant human tumour
xenograft Nu61 cells; gene expression analysis reported that 19 of 52 genes differentially
expressed were part of the IFN pathway and 25 of them are upregulated by IFN [57,65].
Further investigation in this direction revealed that persistent IFN signalling upregulates
the STAT1 gene, which is the key IFN-pathway transducer, but lacks in activating the
cytotoxic response [66]. IFN signalling can be continuously activated through unphos-
phorylated STATs that can bind alternative ISRE (IFN-stimulated response element) sites
resulting in the expression of IRDS genes [67–69]. A murine model demonstrates that the
elevated STAT1 expression leads to radiation-resistance in head and neck cancer xenografts,
as well as metastasis and chemoresistance in a melanoma mice model [57,65,70].

Several efforts are being made by the scientific community to understand how the
IRDS genes protect malignant cells from eradication. Particularly, the STAT1/IFN pathways
are responsive to DNA damage [70,71], and in a healthy state, there is no free DNA or RNA
released in the cytosol, whereas upon pathogen attack the exogenous DNA is recognized
by the Type I IFN [6,72]. Similarly, the IFN response can be consistently activated by the
presence of dsDNA produced by the potent DNA-damage effect caused by chemother-
apy [6]. Moreover, there are some arguments as to the source of immunostimulatory DNAs
in the DNA damage; Mackenzie et al. suggest lower free dsDNA but rather the micronu-
clei [73] and Yang et al. emphasises the role of cytoplasmic DNA [37]. Overall, there is a
sustained production of low levels of IFN in cancer and chronic inflammation that may
cause resistance to DNA damage and facilitate tumour survival [74,75]. All-in-all, these
IRDS genes are associated with suppression of T cell toxicity, resistance to DNA damage,
metastasis, and epithelial-mesenchymal transition [76] and, thus, proposed as a predictive
marker in response to radio- and chemotherapy outcomes.
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Figure 2. Differentiating IRDS genes considering their binding molecules, and associated significant biological path-
ways [71,74,75]. (a) A network describing IRDS genes involvement in binding with diverse biomolecules; DNA, RNA,
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ATP, GTP or NADP [77]. (b) Pathway enrichment analysis for the IRDS genes listed in the panel (a). The enrichment analysis
was performed using g:Profiler [78,79], and as the following step, the networks were visualized using the “Enrichment
Map” platform in the Cytoscape package [80]. Parameters for the pathway enrichment analysis in g:Profiler and Cytoscape
were set as described in the protocol by Reimand et al. [79]. (c) The total number of IRDS genes involved in a particular
pathway. (d) Frequency of IRDS genes occurring in different pathways that are identified in panel (c), and only genes with
higher frequency are presented. For pathway analysis as shown in panel (b), the node size corresponds to the number
of genes in the dataset/gene-set size, and colour of the node corresponds to the number of the geneset for the dataset.
Edge size corresponds to the number of genes that overlap between two connected genesets. Intra- and interconnecting
nodes means some genes are shared in clusters or pathways and, hence, they are represented as edges. In the cytoscape,
following parameters were set for the plots: the chart data, Q-value (FDR) columns; and chart type, radial heat map
(RdBu-3). The plots and networks between pathways for this figure were generated with the data retrieved from the
Cytoscape program [80].

2.1. Biological Pathways, Upstream Regulators and Different IFNs Regulating IRDS Genes

The pathway enrichment analysis combining g:profiler and Cytoscape protocols [78–80],
assisted to interpret the involvement of IRDS genes [71,74,75] in different biological pro-
cesses (Figure 2b,c). In total, thirty different biological pathways associated with either of
the IRDS genes were classified, and from that 29 pathways were clustered as the ‘interferon
viral regulation’ (Figure 2b). The pathway excluded from the ‘interferon viral regulation’
cluster is the ‘negative regulation of endopeptidase activity’, which includes the following
genes (Figure 2b); IFI6 (interferon alpha inducible protein 6), THBS1 (Thrombospondin
antisense RNA 1), and TIMP3 (Tissue inhibitors of metalloproteinases 3). Seven highly
populated biological pathways with the IRDS genes are indentified (abbreviated names);
Type I IFN signalling pathway, response to virus, defence response to virus, cellular re-
sponse to Type I IFN, IFN alpha/beta signalling, response to Type I IFN, and interferon
signalling (Figure 2b,c). Surprisingly, a least number of IRDS genes were found in the
‘response to IFN-β’ pathway (Figure 2c). Furthermore, investigating the frequency of a
particular IRDS gene occurring in the classified pathways, suggests that IFIT1 (interferon
induced protein with tetratricopeptide repeats 1), IFIT3, IFITM1, IRF7 (interferon regu-
latory factor 7), ISG15 (ISG15 ubiquitin like modifier), MX1 (MX dynamin like GTPase
1), MX2, OAS1 (2’-5’-oligoadenylate synthetase 1), OAS3 and OASL (2’-5’-oligoadenylate
synthetase like) genes were found in 20different pathways (Figure 2d and Table 1).

In order to identify major regulators among the IRDS genes, we performed upstream
regulator analysis employing protocols from the ingenuity pathway analysis (QIAGEN-IPA
[https://digitalinsights.qiagen.com/, accessed on 7 April 2021]) software (trial version).
The data highlighted the following genes as the upstream regulators; IRF7, STAT1, EIF2AK2,
IFIH1, USP18 (ubiquitin specific peptidase 18), ISG15, DCN (decorin), IFIT1, and TIMP3
(Figure 3a,b), which are presented in ascending order based on their p-values ranking. Fur-
thermore, a set of biological pathways associated with these upstream regulators were clas-
sified, as shown in Figure 3a (bottom panel). Particularly, the upstream regulator IRF7 genes
(Figure 3b) consists of 33 dataset genes downstream of regulators and 13 other regulators in
the network (IRF3, IFNA1/IFNA13, IFN-α and IFNA2 directly connected to IRF7, whereas
STAT4, STAT1, STAT3, STAT2, IRF1, MYC (Myc proto-oncogene protein), PML (promyelo-
cytic leukemia) and STAT6 genes are indirectly connected). The causal network analysis in
QIAGEN-IPA [https://digitalinsights.qiagen.com/, accessed on 7 April 2021]), suggested
IRF7, EIF2AK2, STAT1, USP18, ISG15 and IFIH1 (presented in the ascending order based
on their p-values) as the master regulator genes.

https://digitalinsights.qiagen.com/
https://digitalinsights.qiagen.com/
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Table 1. Dataset retrieved from the pathway enrichment analysis using the g:profiler and Cytoscape protocols [78–80],
representing the number of IRDS genes involved in a particular pathway.

Name Genes *GS_DESCR *gs_Size

GO:0043903 ISG15|STAT1|IFI27|MX1|OAS1|OASL|
IFIT1|OAS3|IFITM1 regulation of symbiotic process 9

REAC:R-HSA-909733
IFI27|USP18|OAS1|HLA-

B|IFIT1|IFI6|OAS3|IFI35|IFIT3|
IFITM1|ISG15|MX1|OASL|IRF7|MX2

Interferon alpha/beta signalling 15

GO:0045069 ISG15|IFI27|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 regulation of viral genome replication 8

GO:0009615
STAT1|IFI27|OAS1|IFIT1|IFI6|OAS3|

IFIT3|IFITM1|ISG15|MX1|IFI44|OASL|
IFIH1|IFI44L|IRF7|MX2

response to virus 16

GO:1903900 ISG15|IFI27|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 regulation of viral life cycle 8

GO:0060700 OAS1|OASL|OAS3 regulation of ribonuclease activity 3

GO:1903901 ISG15|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 negative regulation of viral life cycle 7

GO:0032727 STAT1|IFIH1|IRF7 positive regulation of interferon-alpha
production 3

REAC:R-HSA-8983711 OAS1|OASL|OAS3 OAS antiviral response 3

GO:0050792 ISG15|STAT1|IFI27|MX1|OAS1|OASL|
IFIT1|OAS3|IFITM1 regulation of viral process 9

GO:0032069 OAS1|OASL|OAS3 regulation of nuclease activity 3

GO:0016032 ISG15|STAT1|IFI27|MX1|OAS1|OASL|IFIT1|HLA-
B|IFIH1|OAS3|IRF7|IFITM1 viral process 12

GO:0010951 TIMP3|IFI6|THBS1 negative regulation of endopeptidase activity 3

GO:0051607
STAT1|IFI27|OAS1|IFIT1|IFI6|OAS3|

IFIT3|IFITM1|ISG15|MX1|OASL|
IFIH1|IFI44L|IRF7|MX2

defense response to virus 15

GO:0071357
STAT1|IFI27|USP18|OAS1|HLA-

B|IFIT1|IFI6|OAS3|IFI35|IFIT3|IFITM1|ISG15|
MX1|OASL|IRF7|MX2

cellular response to type I interferon 16

GO:0035455 MX2|IFIT3|IFITM1 response to interferon-alpha 3

GO:0035456 STAT1|IFITM1 response to interferon-beta 2

GO:0045071 ISG15|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 negative regulation of viral genome replication 7

REAC:R-HSA-913531
STAT1|IFI27|USP18|OAS1|HLA-B|

IFIT1|IFI6|OAS3|IFI35|IFIT3|IFITM1|ISG15|
MX1|OASL|IRF7|MX2

Interferon Signalling 16

REAC:R-HSA-877300 OAS1|HLA-B|OASL|OAS3|IRF7 Interferon gamma signalling 5

GO:0060333 STAT1|OAS1|HLA-B|OASL|OAS3|IRF7 interferon-gamma-mediated signalling pathway 6

REAC:R-HSA-1169408 ISG15|STAT1|USP18|MX1|IFIT1|MX2 ISG15 antiviral mechanism 6

GO:0034341 STAT1|OAS1|HLA-B|OASL|OAS3|IRF7|IFITM1 response to interferon-gamma 7

GO:0034340
STAT1|IFI27|USP18|OAS1|HLA-

B|IFIT1|IFI6|OAS3|IFI35|
IFIT3|IFITM1|ISG15|MX1|OASL|IRF7|MX2

response to type I interferon 16

GO:0048525 ISG15|STAT1|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 negative regulation of viral process 8

GO:0060337
STAT1|IFI27|USP18|OAS1|HLA-
B|IFIT1|IFI6|OAS3|IFI35|IFIT3|

IFITM1|ISG15|MX1|OASL|IRF7|MX2
type I interferon signalling pathway 16

GO:0019058 ISG15|IFI27|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 viral life cycle 8

GO:0019079 ISG15|IFI27|MX1|OAS1|OASL|IFIT1|OAS3|IFITM1 viral genome replication 8

GO:0071346 STAT1|OAS1|HLA-B|OASL|OAS3|IRF7 cellular response to interferon-gamma 6

REAC:R-HSA-1169410 ISG15|STAT1|USP18|MX1|OAS1|OASL|IFIT1|
OAS3|MX2 Antiviral mechanism by IFN-stimulated genes 9

*GS_DESCR, the gene set description; gs_szie, gene set size.



Biomolecules 2021, 11, 622 9 of 29

Majority of the IRDS genes can be found as the subset of ISGs [81,82], and largely these
genes are regulated by both Type I and Type II IFNs or by all three IFN types. Therefore,
to identify specific IRDS regulated by a single or multiple type IFNs, we performed an
extensive search to differentiate these genes using the Interferome database (which consist
of datasets to annotated IRGs; IFN-regulated genes) [81]. Analysing the experimental
datasets from the interferome [81], revealed that ROBO1 (roundabout guidance receptor
1) and SLC6A15 (solute carrier family 6 member 15) genes are only regulated by single
IFN; Type II (Figure 3c). Whereas, 19 genes (CCNA1, cyclin A1; CXCL1; CXCL10; GALC,
galactosylceramidase; HLA-B, HLA class I histocompatibility antigen; HLA-G; IFI27; IFI44;
IFI44L; IFITM1; IRF7; LAMP3; LGALS3BP, galectin 3 binding protein; LY6E, lymphocyte
antigen 6 family member E; MCL1, myeloid cell leukemia 1; MX2; SERPINB2; THBS1;
and TIMP3) were regulated by Type I and Type II IFNs, and 16 genes (BST2, EIF2AK2,
HERC6 (potential Ubiquitin ligase), IFI35, IFI6, IFIH1, IFIT1, IFIT3, ISG15, MX1, OAS1,
OAS3, OASL, PLSCR1, STAT1, and USP18) were found regulated by all three IFN types
(Figure 3c).
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and Cytoscape package [80]. The node size corresponds to the number of genes in the dataset/gene-
set size, and colour of the node corresponds to the number of the geneset for the dataset. Edge size
corresponds to the number of genes that overlap between two connected genesets. Intra- and intercon-
necting nodes means some genes are shared in clusters or pathways, and hence, they are represented
as edges. (b) Different IRDS genes targeted by two major upstream regulators; IRF7 and STAT1.
(c) Majority of the IRDS genes were found regulated by both IFNs Type I and II or by all three IFN
types, whereas only a small amount of genes are regulated by a single type; Type II IFN. The pie
chart is generated considering the experimental datasets from the Interferome database [81].

2.2. Functional Interfaces of IRDS Proteins with Different Biomolecules

These IRDS genes are identified to be induced in diverse cancer cell lines in response
to chemo- and radiotherapy or mediate experimental resistance [57], as well as signatures
have been traced in cancer patients samples that correlates with the resistance [75,83,84].
Therefore, it suggests that targeting or suppressing these IRDS genes in cancer could
benefit in increasing the (chemo- and radiotherapy) sensitivity, and few studies are already
been performed in this direction: (i) STAT1 is proposed as the main driver of the IRDS
expression and resistance, and its overexpression in a SCC cell line conferred resistance
to irradiation, whereas its suppression resulted in increased sensitivity [85]. (ii) In breast
cancer, IRDS expression measured suggests seven genes (STAT1; MX1; ISG15; OAS1;
IFIT1; IFIT3; and IFI44, interferon induced protein 44) whose cancers are resistant to
therapies. Silencing of these genes resensitizes triple negative breast cancer (TNBC) cells to
chemo- and radiotherapy in vitro and in vivo, illustrating the potential therapeutic power
of modulating this response [86].

While interferon responses exert antiviral properties, it is worth noting that they also
have roles in the progression of various non-viral diseases. For example, the OAS proteins
play as an immune modulator and their level is strongly related to chronic infections, au-
toimmune disorders, cancers, and infectious diseases. Thus far, they have been overlooked
as drug targets due to which there were no molecules to inhibit their activity, besides
very recent study put forward the molecules competing the ATP binding site of OAS [87].
Transcription factors activate transcription of their target genes upon binding to different
short DNA consensus motifs, and for example, the decoy oligonucleotides comprising
such motifs can interact with the DNA binding regions in the transcription factors, thereby
blocking their activity. Decoy oligonucleotides have been revealed to trigger the cells
death in which the STAT3 gene is activated, and this specifies another possible target for
inhibitory molecules in the form of DNA-binding sites [88]. Furthermore, concerning the
viral strategies, it also involves targeting the DNA or RNA or nucleotide binding sites of
the IRDS genes. For example, the Kaposi’s sarcoma-associated herpesvirus (KSHV), viral
homologs of the cellular IFN regulatory factors 3 (vIRF3) selectively bind the DNA binding
domain of the IRF7 protein, which leads to the inhibition of IRF7-DNA binding activity
and accordingly, suppression of IFNα production as well as IFN-mediated immunity [89].

Subsequently, targeting the IRDS protein interfaces responsible for interacting DNA
or RNA or nucleotides by different means may significantly modulate the IRDS response.
Functional binding regions in proteins can be identified by traditional experimental ap-
proaches such as; X-ray, NMR (nuclear magnetic resonance), cryoEM, CLMS (cross-linking
mass spectrometry), etc. [90]. Such identified active site or amino acid hotspots in a pro-
tein can be of great importance, which supports the development of different screening
platforms that may interfere with crucial recognition processes or other related stud-
ies (e.g., mutagenesis). Particularly for the high-throughput screening or in silico SBVS
(structure-based virtual screen) of compounds against a protein target, a predefined ac-
tive site is always effective to classify target specific molecules, as well as can reduce
the computational time for the in silico SBVS approach. Considering the importance of
such active amino acids, herein, we reported different possible functional active sites
of IRDS genes based on their available tertiary structures in the PDB database [7] or
proposed them by homology modelling approach (Molecular Operating Environment,
MOE; Chemical Computing Group Inc., Montreal, QC, Canada). IRDS genes were dis-
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tinguished as the DNA or RNA binders, and those essential for binding to nucleotide
ATP/GTP/NADP molecules. Particularly, the DNA/RNA-binding functional regions in
the structures of the STAT1 [91], OASL [92], IRF7 [93], EIF2AK2 (Eukaryotic Translation
Initiation Factor 2 Alpha Kinase 2; or PKR, Protein kinase R) [94], PLSCR1 (phospholipid
scramblase 1) [95], IFIH1 (Interferon-induced helicase C-domain-containing protein 1;
or MDA5, melanoma differentiation-associated protein 5) [96], BST2 (bone marrow stro-
mal cell antigen 2) [97], IFIT1 [98], OAS3 [99], and OAS1 [100] genes were highlighted
(Figure 4). In addition, Figure 5 describes the ATP/GTP/NADP binding amino acids from
the OAS1 [100], EIF2AK2 [94], IFIH1 [96], MX1 [101], MX2 [102], and HSD17B1 (hydroxys-
teroid 17-beta dehydrogenase 1) [103] genes. Certain residues defining the functional active
site interfaces or hotspot in these IRDS protein tertiary structures, are listed in Table 2.

Biomolecules 2021, 11, x 12 of 30 
 

predefined active site is always effective to classify target specific molecules, as well as 
can reduce the computational time for the in silico SBVS approach. Considering the im-
portance of such active amino acids, herein, we reported different possible functional ac-
tive sites of IRDS genes based on their available tertiary structures in the PDB database 
[7] or proposed them by homology modelling approach (Molecular Operating Environ-
ment, MOE; Chemical Computing Group Inc., Montreal, QC, Canada). IRDS genes were 
distinguished as the DNA or RNA binders, and those essential for binding to nucleotide 
ATP/GTP/NADP molecules. Particularly, the DNA/RNA-binding functional regions in 
the structures of the STAT1 [91], OASL [92], IRF7 [93], EIF2AK2 (Eukaryotic Translation 
Initiation Factor 2 Alpha Kinase 2; or PKR, Protein kinase R) [94], PLSCR1 (phospholipid 
scramblase 1) [95], IFIH1 (Interferon-induced helicase C-domain-containing protein 1; or 
MDA5, melanoma differentiation-associated protein 5) [96], BST2 (bone marrow stromal 
cell antigen 2) [97], IFIT1 [98], OAS3 [99], and OAS1 [100] genes were highlighted (Figure 
4). In addition, Figure 5 describes the ATP/GTP/NADP binding amino acids from the 
OAS1 [100], EIF2AK2 [94], IFIH1 [96], MX1 [101], MX2 [102], and HSD17B1 (hydroxys-
teroid 17-beta dehydrogenase 1) [103] genes. Certain residues defining the functional ac-
tive site interfaces or hotspot in these IRDS protein tertiary structures, are listed in Table 
2. 

 
Figure 4. The functional binding sites for a set of IRDS genes with the DNA or RNA molecules. The crystal structures or 
experimentally derived complexes for the following IRDS genes from the PDB database [7] were analysed; STAT1 (pdb 
id. 1bf5 [91]), OASL (2’-5’-oligoadenylate synthetase like; pdb id. 4xq7 [92]), IRF7 (interferon regulatory factor 7; pdb id. 
2o61 [93]), EIF2AK2 (Eukaryotic Translation Initiation Factor 2 Alpha Kinase 2; pdb id. 2a19 [94]), PLSCR1 (Phospholipid 

Figure 4. The functional binding sites for a set of IRDS genes with the DNA or RNA molecules. The crystal structures or
experimentally derived complexes for the following IRDS genes from the PDB database [7] were analysed; STAT1 (pdb id.
1bf5 [91]), OASL (2’-5’-oligoadenylate synthetase like; pdb id. 4xq7 [92]), IRF7 (interferon regulatory factor 7; pdb id.
2o61 [93]), EIF2AK2 (Eukaryotic Translation Initiation Factor 2 Alpha Kinase 2; pdb id. 2a19 [94]), PLSCR1 (Phospholipid
scramblase 1; pdb id. 1y2a [95]), IFIH1 (interferon-induced helicase C-domain-containing protein 1; pdb id. 4gl2 [96]),
BST2 (bone marrow stromal cell antigen 2; pdb id. 3mq9 [97]), IFIT1 (interferon induced protein with tetratricopeptide
repeats 1; pdb id. 5udi [98]), OAS3 (pdb id. 4s3n [99]), and OAS1 (pdb id. 4ig8 [100]). These DNA or RNA binding interfaces
in IRDS genes were defined based on the amino acids involved in the hydrogen bond (h-bond, distance ≥ 3.5 Å) as well as
in the pi-stacking (distance ≥ 5 Å) interactions. In addition, the upstream regulators are marked with red label (Figure 3a);
IRF7, STAT1, EIF2AK2, IFIH1, DCN and IFIT1, differentiating them with the functional proteins (PLSCR1, OASL, OAS3,
BST2 and DAZ1). Interacting residues of IRDS genes with its respective partner are presented in green surface view, with
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amino acids labeled in black. The DNA and RNA structures are coloured in orange and grey, respectively. For OASL
and BST2, the alpha spheres (MOE; Chemical Computing Group Inc., Montreal, QC, Canada) are presented as either
“hydrophobic” or “hydrophilic (for lone pair active; LPA)” in red and white colour. Visualization and representation of the
protein tertiary structures in this figure, and tracing hydrogen bonds or pi interactions between two partners was performed
using the Molecular Operating Environment (MOE; Chemical Computing Group Inc., Montreal, QC, Canada) and BIOVIA
Discovery Studio Visualizer (Dassault Systèmes, BIOVIA, San Diego, CA, USA) software programs.
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Figure 5. The ATP (adenosine triphosphate), GTP (guanosine triphosphate), or NADP (nicotinamide adenine dinucleotide
phosphate) binding residues from a set of IRDS genes. Considering the known tertiary structures from the PDB database [7],
the binding sites were defined for the following proteins; OAS1 (pdb id. 4ig8 [100]), EIF2AK2 (pdb id. 2a19 [94]), IFIH1
(pdb id. 4gl2 [96]), MX1 (pdb id. 4p4t [101]), MX2 (pdb id. 4whj [102]), and HSD17B1 (pdb id.1a27 [103]). The ATP, GTP or
NADP interfaces were defined considering the amino acids involved in the hydrogen bond (h-bond, distance ≥ 3.5 Å) as
well as in the pi-stacking (distance ≥ 5 Å) interactions. The upstream regulators EIF2AK2 and IFIH1 are marked in red label
(Figure 3a), differentiating them with the other functional protein. Interacting residues of IRDS genes with its respective
partner are presented in yellow surface view, with amino acids labelled in black. The ATP/GTP/NADP and dsRNA
structures are coloured in orange and grey, respectively. Particularly for the MX2 gene, the active sites were predicted
using the MOE program (Chemical Computing Group Inc., Montreal, QC, Canada), the alpha spheres are presented as
either “hydrophobic” or “hydrophilic (for lone pair active; LPA)” in red and white colour. Visualization and representation
of the protein tertiary structures for this figure, and tracing hydrogen bonds or pi interactions between two partners
was performed using the MOE (Chemical Computing Group Inc., Montreal, QC, Canada) and BIOVIA Discovery Studio
Visualizer (Dassault Systèmes, BIOVIA, San Diego, CA, USA) programs.
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Table 2. Residues defining the pharmacohpore model for STAT1, PLSCR1, BST2, EIF2AK2, HSD17B1, IFIH1, IFIT1, IRF7,
MX1, MX2, OAS1, OAS3 and OASL genes, generated from the crystal structures or predicted using the homology modelling
approach using the MOE (Chemical Computing Group Inc., Montreal, QC, Canada) package.

Gene pdb id. Resolution (Å),
Residue Range

Binding Partner Binding Residues or *(Active Site Predicted)

STAT1 1bf5 [91] 2.90,
136–710 dsDNA K336, R378, K567, T419, E421, K413, T427, S459, N460, V339, R378

IRF7 2o61 [93] 2.80,
19–2111 dsDNA

site #1 = R33, R35, Y36, C38, E39, R41, S42, K122, K123, R124, K218, K221,
R246, Q247; site #2 = F1014, W1044, H1046, F1047, R1049, K1050, W1063,

R1067, K1092, N1094, R1096, C1097, R1100, K1120; site #3 = W2038,
G2041, K2077, R2078, N2079, R2081, R2086, K2087, K2098, K2105

PLSCR1 1y2a [95] 2.20,
257–266 Importin α-2 K258, I259, S260, K261, W263, I266

BST2 3mq9 [97] 2.80,
4–457 RNA

* (D14, K15, G16, A63, A109, V110, E111, P229, G260, V261, L262, V293,
K297, P298, L299, G300, A301, H64, D95, A96, V97, R98, Y99, N100, Y171,

G174, K175, Y176, I329, M330, P331, N332, I333, W230, A231, W232,
SER233, D65, R66, G68, G69, Y70, P334, GLN335, M336, SER337, W340,

F169, I178, K179, A338, I368, T369, A371, R372, Y167, PHE169, K170,
E328)

EIF2AK2 2a19 [94] 2.50,
256–541

EIF2α L452, D486, T487, A488, F489, E490, S492

AMPNP K296, E367, C369

HSD17B1 1a27 [103] 1.90,
1–285 NADP+ G9, S11, I14, R37, L64, D65, V66, N90, G141, K159, V188, T190, F192,

K195

IFIH1 4gl2 [96] 3.56,
306–1013

dsRNA N364, K365, V366, T413, N419, E451, Q580, R605, K726, R728, G756,
A757,G758, S761, N812, R843, M926, H927, K983, K1001, W1003, V1004

AMPNP K335, G334, T336, Q312, T331, G332

IFIT1 5udi [98] 1.58,
8–467 m7Gppp-AAAA R38, Q42, T48, K151, G154, Y157, R187, G190, N216, Y218, R255, Y256,

K259, R262, Q290, H289, K336, D345, D379

MX1 4p4t [101] 2.30,
44–662 GDP S80, S81, G82, K83, S84, S85, K248, P249, D250, C280, R281, Q283

MX2 4whj [102] 3.20,
93–711 GDP

* (D126, Q127, S128, S129, G130, K131, S132, L135, E136, S139, G140,
V141, A142, L143, P144, V150, T151, A166, A168, P183, G184, E187, I213,
S215, E217, V218, D225, L226, P227, G228, Q330, R328, G329, E332, I333,

T334, N335, R336, L337, S338, L339, K345)

OAS1 4ig8 [100] 2.70,
3–346

dsRNA K14, E17, P22, T24, R27, N31, D35, K42, E43, R47, V55, S56, V58, K60,
G67, Q158, K199, Q200, T203, K204, K206, T247

ATP S63, K213, Q229

OAS3 4s3n [99] 2.00,
1–359 dsRNA D12, R13, R30, R41,E42, R53, L55, T57, Q155, E186, N193, K198, K200,

D244

OASL 4xq7 [92] 1.60,
5–348 apo

* (V67, G68, S69, F70, G71, N72, T74, V75, L76, S78, T79, R80, E81, V82,
E83, L84, V85, E129, R131, V132, P133, A135, T150, T152, V154, I178,

C181, F187, P189, S192, Q195, R196, V199, K214, Y217, Q218, Q219, K222,
A223, A228, N229, L230, P231, P232, L233, Y234, E237, C291, K294, Q295,

K298, D305, T310, L311, N312, V313, A314, E315, Y317)

* Abbreviations: STAT1 (signal transducer and activator of transcription 1), PLSCR1 (phospholipid scramblase 1), BST2 (bone marrow
stromal cell antigen 2), EIF2AK2 (eukaryotic translation initiation factor 2 alpha kinase 2), HSD17B1 (Hydroxysteroid 17-Beta Dehydrogenase
1), IFIH1 (interferon-induced helicase C-domain-containing protein 1), IFIT1 (interferon induced protein with tetratricopeptide repeats 1),
IRF7 (interferon regulatory factor 7), MX1 (MX dynamin like GTPase 1), MX2, OAS1(2’-5’-oligoadenylate synthetase 1), OAS3, and OASL
(2’-5’-oligoadenylate synthetase like).

The DNA or RNA binding interfaces or active sites in IRDS genes were defined based
on the amino acids involved in the hydrogen bond (h-bond, distance ≥ 3.5 Å) as well as in
the pi-stacking (distance ≥ 5 Å) interactions. Among different dsDNA binders, the STAT1
protein (pdb id. 1bf5 [91]) formed a conserved active site or pharmacophore model with
dsDNA, whereas IRF7 (pdb id. 2o61 [93]) constitute three dsDNA binding sites (Figure 4).
Particularly, for the OAS1 (pdb id. 4ig8 [100]), OAS3 (pdb id. 4s3n [99]), and IFIH1 (pdb
id. 4gl2 [96]) genes a well-defined binding site with the dsRNA was observed, whereas
IFIT1 (pdb id. 5udi [98]) shared a functional interface with the m7Gppp-AAAA molecules
(Figure 4). Genes such as the OASL (pdb id. 4xq7 [92]) and BST2 (pdb id. 3mq9 [97]) lacking
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the binding partners in the structures retrieved from the PDB database [7], their active
sites were predicted using the homology modelling module implemented in the MOE
program (Chemical Computing Group Inc., Montreal, QC, Canada) (Figure 4 and Table 2).
Using the ‘Alpha Shapes’ construction geometric method, the MOE modules (Chemical
Computing Group Inc., Montreal, QC, Canada) allows the computation of the binding site
of a protein or receptor. This method classifies the alpha spheres as either “hydrophobic”
or “hydrophilic (for lone pair active; LPA)”, depending on whether the sphere is in a good
hydrogen bonding spot in the receptor. Hydrophilic spheres not near a hydrophobic sphere
are eliminated, since these generally correspond to water sites, and sites that are “too
exposed” to solvent are filtered out (unlikely to be a good active site). The ‘Apha Shapes’
method in MOE (Chemical Computing Group Inc., Montreal, QC, Canada) identified the
largest cluster or active sites residues from each protein are shown in Figure 4.

Differentiating IRDS genes as the ATP/GTP/NADP binders, suggest that OAS1,
EIF2AK2, and IFIH1 interact with the ATP or its analogue (AMPPNP, adenylyl imidodiphos-
phate), MX1 binds with the GDP (guanosine diphosphate), and HSD17B1 binds to NADP+
(Figure 5). A closer view of the ATP/AMPPNP-OAS1 (pdb id. 4ig8 [100]) complex, demon-
strated that amino acids mainly interact with the phosphate group of the ATP molecule.
Whereas, amino acids from the EIF2AK2 (pdb id. 2a19 [94]) and IFIH1 (pdb id. 4gl2 [96])
genes formed hydrogen bonds with both ends of the AMPPNP molecules, i.e., with the
phosphate group as well as with the adenine (nitrogenous base; Figure 5 and Table 2).
The lysine (Lys) amino acid was found common in all three genes (OAS1, EIF2AK2 and
IFIH1) binding with the phosphate groups of the ATP/AMPPNP molecule. The MX1 (pdb
id. 4whj [102]) gene binds with all functional groups (guanine, ribose sugar and phosphate)
of the GDP molecule, and similarly, the HSD17B1 (pdb id. 1a27 [103]) interacts to the
functional groups from adenine, both ribose and phosphate groups, and nicotinamide
(Figure 5). Comparing the pharmacophore designed for the respective IRDS proteins based
on the hydrogen bond and pi interactions with ATP/GTP/NADP, suggest that GDP and
NADP+ binders formed a conserved active-site hotspots (Figure 5 and Table 2).

Overall, IRDS gene set consist of regulators (e.g., IRF7 and STAT1; Figures 3 and 4),
as well as the functional proteins (e.g., OAS1/3/L enzymes; Figures 3–5). The regulator
IRF7 gene identified in the context with Epstein–Barr virus (EBV), plays a crucial role
in both innate and adaptive immunity as the important/key regulator of the Type I IFN
responses. Upon pathogen infection, activates IRF7 phosphorylation and it translocates
to the nucleus, where binding to the promoter sites of the target genes (along with co-
activators) to active transcription [104,105]. In addition, it has been suggested that the
appropriate regulation of IRF7 expression is very crucial for normal IFN-mediated physio-
logical functions [106]. The capacity of IRF7 gene to interact with a wider DNA consensus
sequence GAAWNYGAAANY, makes it a potential candidate to regulate different target
genes involved in different cellular processes [107]. Furthermore, the phosphorylated
STAT1 regulator, from various complexes migrate to the nucleus and binds the ISREs GASs
leading to the activation of transcription of several genes involved in antiviral responses
comprising ISGs, IFNs, IRFs and STATs [20,21]. Though IRF7 and STAT1 are identified
as the regulators, their diversity in transcription kinetics indicates that they are regulated
by different pathways [108]. The functional proteins, for example, OAS1, OAS2, OAS3,
and OASL (OAS family) are antiviral enzymes that are stimulated by interferon. In the
presence of double-stranded (ds) RNA viruses these OAS proteins are activated to detect
and restrict viral replication [109]. Delaying translation, these OAS proteins operate as a
nucleic acid sensor in a more immediate antiviral restriction pathway [110]. In addition
to OAS major role as the immune regulators, sever cellular function have been identified,
for example, OAS3 synthesize the dimeric 2-5A-activating RNase L derivative, which is
suggested as inhibitory molecules against breast cancer growth [111].
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2.3. Diverse Set of Strategies Practiced Targeting IRDS Genes

IRDS genes have been proposed as a predictive marker of response to radio- and
adjuvant chemotherapy, and therefore, targeting IRDS mediated resistance could provide
an effective approach to resensitize tumours cells, and improve the outcome of anti-cancer
treatment. Herein, we reviewed different strategies already practiced to modulate the
activities of IRDS genes. Particularly, the STAT1 gene has been reported to be the main
driver of IRDS expression, and efforts to identify potential inhibition strategies have been
primarily focused on direct STAT1 inhibition; disruption of STAT dimerization as well as
phosphorylation, and inhibition of STAT-mRNA/DNA binding. For example, Fludarabine,
a STAT1 inhibitor approved for the treatment of various haematological malignancies,
acts by inhibiting STAT1 phosphorylation in normal and malignant cells, thus leading to
downregulation and impaired STAT1 signalling [112].

Currently, combined treatment of Fludarabine with pegylated liposomal doxorubicin
is being evaluated (phase 2, clinical trials) in patients with refractory ovarian cancer. More-
over, it has been reported that a group of phosphopeptide mimetics of STAT1, notably
ISS-840, have been found to inhibit STAT1 by binding within the SH2 domain and disrupt-
ing dimerization [113]. Pravastatin, a synthetic small molecule inhibitor of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase, reportedly reduces IFNγ activity via
modulation of STAT1. In studies of apolipoprotein E-knockout mice fed on a cholesterol-
rich diet, treatment with pravastatin decreased serum IFNγ levels by attenuating STAT1
activity [114]. Another interesting strategy is inhibition of the STAT1 DNA-binding domain
with the oligodeoxynucleotide (ODN) decoys. Competition between the ODN decoys and
promoter sequences for binding of the transcription factors facilitate gene suppression at
the transcriptional level [88]. In addition, to such direct targeting of STAT1, there have been
several indirect targeting strategies that also constitute an important mechanism of STAT1
inhibition. STAT1 activity can be suppressed by SOCS (suppressor of cytokine signalling)
proteins a negative-feedback inhibitor of JAK/STAT pathway, by induction of phosphatases
and STAT1 dephosphorylation, as well as by PIAS (protein inhibitors of activated STATs)
binding to phosphorylated STAT dimers disrupting DNA binding [115–117]. Furthermore,
blocking upstream receptors also inhibits STAT1. Recently, the JAK2 inhibitor (SAR302503)
role in suppressing STAT1 activation in radioresistant non-small cell lung cancer (NSCLC)
cell lines has been recorded [118]. Despite numerous studies on the modulation of STAT
proteins, and several discovered and developed inhibition strategies only a few inhibitors
entered clinical trials.

Upregulated IRF7 gene in breast cancer elicits an immune response that is strongly as-
sociated with cancer cells decreased growth, nevertheless, also contributes to cell resistance
to chemotherapy [119]. Currently, the only IRF inhibition methods reported are based on
IRFs indirect modulation. Direct inhibition strategy has not been widely investigated, and
the only direct approach applied to inhibit IRF employ siRNA and miRNA to target IRFs
transcription. The IRF-DNA binding site has been proposed as the promising active site
for inhibition, which could provide a new opportunity for therapeutics [89]. In addition,
it has been demonstrated that ORF45 (Open Reading Frame 45) of KSHV acts as IRF7
phosphorylation inhibitor, which blocks the nuclear translocation of the IRF7 gene [120].

Against the PKR or EIF2AK2 gene, the imidazolo-oxindole PKR inhibitor C16 is the
most broadly used pharmacological drug. It is a highly robust and selective small-molecule
inhibitor, which binds the ATP binding site of PKR and blocks RNA-induced PKR au-
tophosphorylation [121]. The 2′-5′ oligoadenylate synthetase family (OAS1, OAS2, OAS3,
and OASL) consists of antiviral enzymes stimulated by interferon [109]. OAS has been as-
sociated with immune-regulatory functions that facilitate infectious diseases, autoimmune
disorders, chronic inflammatory conditions, and cancer [122,123]. Despite this, neither
OAS enzymes have not been pursued as drug targets, nor direct OAS inhibitory strategies
have been reported. Recently, an in silico study identified 37 molecules that could compete
for ATP binding sites of OAS proteins and inhibit their enzymatic activity [87], however,
these findings require further experimental validation. In addition, the demethylating
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drugs could exert their chemotherapeutic effect by hyperactivating RNA sensing pathways
and downstream toxicity [124]. Another member of IRDS genes, PLSCR1, belongs to
a conserved family of genes PLSCR, and it possesses a conserved calcium ion binding
domain, DNA-binding domain and transmembrane region [125]. In studies, PLSCR1 has
been blocked with direct inhibition methods, notably with siRNA or by knocking down
PLSCR1 with small hairpin RNA (shRNA) [126].

Therapeutic targeting IFIH1 or MDA5 gene is primary focused on identification of
potent nucleic acid agonists, as MDA5 is one of a pivotal sensors of pathogen-associated
molecular pattern (PAMP) and mediates downstream signalling to activate an antiviral
and immunomodulatory response [127]. Recently, two high molecular weight dsRNA
derived from natural sources have been reported; dsRNA (rb-dsRNA) corresponding to
the genome of endornavirus extracted from rice bran [128] and nucleic acid band 2 (NAB2),
a dsRNA corresponding to a yeast virus of the Totiviridiae family [129]. The specificity of
RNA binding site in IFIT1 protein has been reported to be modulated by binding of another
IRDS gene IFIT3. IFIT3 binding extends the half-life of IFIT1 and allosterically regulates the
IFIT1-RNA binding channel, and thus, manipulating the protein stability [130]. The study
covering the role of IFIT1 and IFIT3 genes on drug resistance in OSCC cells (oral squamous
cell carcinoma) showed that silencing of IFIT1 and IFIT3 by shRNA increased the sensitivity
to cisplatin, thus further implicating their role in chemotherapy resistance [131].

The BST2 also known as Tetherin have been suggested to play a role in the growth
and progression in various cancers. Recent reports implicate BST2 elicits its pro-tumor
effects through the formation of BST2 dimers. Mahauad-Fernandez et al., selected BST2
extracellular domain as potential target for drug treatment [132]. They generated small
peptides (B49) with a specific binding to the BST2 extracellular domain, thus disrupting
the dimerization of BST2 and inhibiting BST2 mediated tumorigenesis and metastasis.
The CXCL1 (C-X-C motif chemokine ligand 1) and CXCL10, ligands for chemokine re-
ceptor 2 (CXCR2) and chemokine receptor 3 (CXCR3), respectively, are the only members
of CXC chemokines family identified as IRDS genes and have been implicated in cancer
progression and metastasis. CXCLs/CXCR axis is an attractive target for drug treatment,
however, recent strategies have been primarily focused on receptor inhibition. Nonetheless,
targeting the CXCR ligands also showed encouraging results in preclinical studies. Nu-
merous methods based on CXCLs inhibition have been developed including application of
neutralizing antibodies, targeting molecules in the upstream signalling pathway or miRNA
transfection [133].

3. Viruses and IRDS Genes

Evolution of the innate and adaptive immunity was shaped by species-specific
viruses, and many elements of these networks are brought by viruses themselves [134–136].
The ability of retroviruses to integrate to the host DNA, expand and reintegrate allows
for dispersing their sequences all over the genome. These retroviral sequences play es-
sential regulatory roles in immune response, for example, IFNγ network is controlled
by lineage-specific endogenous retroviruses (ERVs) scattered independently in diverse
mammalian genomes as IFN-inducible enhancers [137]. They constitute the binding sites
for IFN-induced transcription factors STAT1 and IRF1, allowing for expression of ISGs.
It has been often observed that persistent viruses protect the host from infections of similar
viruses. Any new colonizers need to outsmart the encountered immunity mechanisms and
introduce new ones, and thus, enhancing immunity of the host. Accordingly, viruses have
developed various ways to evade the antiviral responses; they either inhibit the production
of IFNs, block inter- and intra-cellular IFNs signalling, or impair the action of IFN-induced
antiviral proteins. Depending on the strategy of a particular virus and the immune status
of the host, viruses not only impair but can utilize IFN signalling to establish a stable and
inapparent infection in their hosts.

STAT1 is inhibited by several viruses applying different strategies, for example, the V
protein of simian virus 5 (SV5) and the C protein of the Sendai virus directly target STAT1
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for proteasomal degradation [138,139]. Instead, E1A of adenovirus directly binds and
inactivates STAT1 [140], while vaccinia virus phosphatase VH1 (Vaccinia virus gene H1)
binds and dephosphorylates STAT1 [141]. Although, the STAT1 degrading IFN-insensitive
SV5 virus continues to produce its proteins, the IFN-sensitive variant has an impaired
protein synthesis, thus can hide from T cells or antibody-mediated recognition. The IFN
resistant SV5 is a more acute variant, inducing strong T cell and B cell responses, while the
IFN-sensitive can hide and persist. This is in line with the RNA quasispecies concept,
where RNA viruses due to the infidelity of the RNA polymerase, form a population of
diverse variants of both collaborative and interfering actions [142–146]. This diversity allows
the virus to adjust to the changing environments, and to the immune status of the host.
Interestingly, DNA viruses use non-coding RNAs like microRNAs to fine-tune the host
immune response, e.g., EBV-encoded miR-BART20-5p and miR-BART8 inhibit the IFNγ-
STAT1 pathway associated with progression of nasal NK-cell lymphoma [147].

IFN signalling and viral dsRNA lead to the activation of the OAS/RNase L system,
which results in the cleavage of viral and cellular ssRNA. OSL family members OAS1,
OAS2 and OAS3 activated by dsRNA binding, synthesize short oligonucleotide secondary
messengers (2-5A) that induce dimerization and activation of otherwise latent RNase L.
Activated RNase L, either directly cleaves viral RNA or cellular ssRNA, which boosts IFN
signalling and induces cell apoptosis. It seems that the most efficient way would be to
directly inhibit the RNase L activity, as does the Theiler’s murine encephalomyelitis virus
(TMEV) protein L* [148] or to escape from the RNase L cleavage via formation of cleavage
resistant secondary structures (poliovirus [149]) or via decreasing the number of cleavage
sites (Hepatitis C virus genotype 1 [150]). However, many viruses act upstream of the
effector by; (i) sequestering dsRNA and preventing OAS activation (Influenza A virus
NS1 [151], vaccinia virus (VV) E3L [152], the σ3 outer capsid protein of reoviruses [153],
Tar protein of HIV [154]), (ii) expression of viral mRNA decapping enzymes to limit dsRNA
accumulation [155,156], (iii) degrading 2-5A messengers by a viral phosphodiesterase (ns2
protein of mouse hepatitis virus (MHV) [157], C-terminal domain of rotavirus protein
VP3 [158,159]), and (iv) production of inactive or inhibitory 2-5A (herpes simplex virus
HSV-1 and HSV-2 [160]).

The fact that viruses inhibit steps upstream of RNase L activation, indicates that they
might have RNase L-independent antiviral effects. Indeed, upon dsRNA binding, OAS
proteins activate cellular helicases like RIG-1 (retinoic acid inducible gene 1) and MDA5
to potentiate interferon pathways. MDA5, binds long dsRNA (>1000 bp) with no end
specificity [161,162], which causes its oligomerization and leads to the association with
the adaptor molecule MAVS (mitochondrial antiviral signalling protein) and activation
of downstream signalling cascades inducing transcription of IFNs and ISGs [96,163,164].
Some of the known mechanisms used by viruses to disrupt recognition by MDA5 are:
(i) sequestration of viral RNA PAMPs, e.g., Ebola virus (EBOV) and Marburg virus (MARV)
VP35 proteins bind viral dsRNA to prevent their recognition [165,166], (ii) direct binding
to RIG-I like receptors (RLRs), e.g., all viruses from paramyxovirinae subfamily encode
a protein V that can bind to MDA5 and disrupt downstream signalling responsible for
IFN induction [85,167], and (iii) regulation of phosphorylation events, e.g.,Nipah virus
(NiV) and measles virus (MeV) encode V proteins that can bind to PP1α/γ (protein
phosphatase 1) and inhibit the dephosphorylation of MDA5 at Ser88 and consequently
activating the MDA5 gene [168,169].

Interestingly, viruses can also make use of the MDA5 to promote disease, which has
been recently proved in pathogenesis of vitiligo under virus invasion. Virus invasion
significantly activated MDA5 as well as promoted the secretion of CXCL10 and CXCL16
in keratinocytes, which are the two vital chemokines for the cutaneous infiltration of
CD8+ T cells in vitiligo. Under virus invasion, IFNβ mediated by the MDA5-MAVS-
NF-κB/IRF3 signalling pathway, induced the secretion of CXCL10 via the JAK/STAT1
pathway and MDA5-mediated IRF3 transcriptionally activated the production of CXCL16
in keratinocytes [170]. Furthermore, the IFITMs are restriction factors conferring potent
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antiviral activity to the cell host, and IFITM1/2/3 proteins inhibit the replication of a
wide range of viruses. Individually, the IFITM1 gene is able to attenuate different types of
viruses such as SARS (Severe Acute Respiratory Syndrome) coronavirus, Influenza A, and
HCV [171–174].

IFIT1, can primarily interfere with the interaction of eIF4E with the cap structure, and
competes with eIF4E and eIF4F for binding to cap 0 mRNA [175–177] or suppress an inter-
nal ribosome entry site (IRES)-dependent translation by targeting eIF3-dependent steps
in the viral RNA translation initiation process, in the case of hepatitis C virus [178,179].
IFIT1 can also recognize viral RNA that carries a triphosphate group on its 5′ terminus (PPP-
RNA), and sequesters it from the actively replicating pool [180]. As IFIT1 is one of the most
strongly induced genes by the cell-intrinsic innate immune responses, pathogenic viruses
have evolved specific and efficient mechanisms to overcome its inhibitory action, such as
their own capping machinery for N-7 and 2′-O methylation of viral RNA [178], “cap snatch-
ing” mechanism, which refers to ‘stealing’ cap structures from cellular mRNA [181,182] or
using host methyltransferases in the nucleus to generate cap 1 structures on 5′ end [183].
Viruses are also using cap-independent translation or covalent binding of viral proteins to
the 5′-end of the RNA. Interestingly, in the case of alphaviruses, the viral replication varies
in the presence of IFIT1, depending on the structures of the 5’-untranslated regions (UTRs)
in their genomes. They are using a stable stem-loop structure in their 5′-UTR to antagonize
the IFIT1 binding and antiviral activity. Additionally, in viruses IFIT1 acts as an antiviral
effector molecule as well as an inducer of innate immunity, since the presence of IFIT1 at
higher levels makes IFIT1-resistant wild-type alphaviruses more potent inducers of Type I
IFN [184].

In vitro studies have elaborated that tumour-associated human papillomavirus (HPVs)
oncoproteins utilize various strategies to interfere with the IFN-receptor pathways. By bind-
ing with the TYK2, they hamper phosphorylation of the transcription factors, STAT1 and
STAT2 that are required for IFN-stimulated gene transcription [185,186]. High-risk HPV
oncoprotein E6 directly impairs STAT1 transcription and translation [187–189], while E7 pro-
tein form interaction with the IRF9 gene, and thus, preventing the IRF9 binding with phos-
phorylated STAT1 and STAT2, which forms a complex for nucleus translocation [190,191].
This perhaps explains the limited effect of IFN therapy in the treatment of HPV genital
infections highlighted during the past few years [192]. It is of interest to note that the
response rate to IFNα in low-risk HPV infection patients is higher compared to those
with high-risk HPV infection [193]. Furthermore, cervical cancer patients’ biopsy samples
showed downregulation of Type I IFN expression compared to tissue from normal individ-
uals [194], which implies that high-risk HPVs more efficiently promote host resistance to
IFN signalling [186].

4. Conclusions and Outlook

The mechanisms by which IFNs promote the efficacy of standard-of-care cancer treat-
ments, remains an area of active investigation. According to antiviral potency, several
studies ranked the IFN subtypes, with IFNα8 often being the most potent and IFNα1
up to 1000-fold less potent. These IFNα offers a significant benefit in terms of overall
survival when given as an adjuvant therapy to surgery in high-risk patients with malignant
melanoma, sequentially with dacarbazine. Radiotherapy and chemotherapy are the stan-
dard treatments for beating cancer, but tumour resistance to these methods is rising a great
concern. Interferon-stimulated genes expression encompass an IFN-related DNA damage
resistance signature or IRDS, which is strongly associated with resistance to radiation and
chemotherapy across different tumours. An overview of different strategies adopted to
suppress these IRDS genes (for example; STAT1, IRF7, OAS family and BST2) in cancer
inducing the sensitivity (chemo- and radiotherapy), as well as different ways by which the
viruses inhibit the IRDS genes are addressed in this review. In addition, major upstream
regulators (IRF7, STAT1, EIF2AK2, IFIH1, USP18, ISG15, DCN, IFIT1 and TIMP3) from the
IRDS gene set were identified, and different IFNs regulating these genes were outlined.
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Both Type I and Type II IFNs regulate 19 IRDS genes and 16 genes were found regulated by
all three IFN types, whereas ROBO1 and SLC6A15 genes are only regulated by Type II IFN.

The pathway enrichment data revealed association of IRDS genes with different signif-
icant biological pathways, among which majority of them are connected to the ‘interferon
viral regulation’, excluding the ‘negative regulation of endopeptidase activity’ which carries
IFI6, THBS1 and TIMP3 genes. Additionally, seven highly populated biological pathways
with the IRDS genes were identified, and with recording their frequently associated genes
(IFIT1/3, IFITM1, IRF7, ISG15, MX1/2 and OAS1/3/L). To capture novel insights within
IRDS genes we further investigated their tertiary structures, with providing a glance of
functional interfaces. Based on the known structures coding IRDS genes, the hotspots
regions making interactions with DNA/RNA and ATP/GTP/NADP were defined, using
an established computational workflow. Alike the STAT1 and IRF7 proteins forming a
well-defined pharmacophore active sites with dsDNA, the genes OAS1, OAS3, and IFIH1
defined their pharmacophore with dsRNA. The Lys residue was found common in all three
genes (OAS1, EIF2AK2 and IFIH1) binding with the phosphate groups of the ATP molecule.
Additionally, the MX1 and HSD17B1 genes defined a conserved active site model with the
GDP and NADP+ molecules, respectively. These details revealing the IRDS genes can be
of immense importance, as a predefined active site is always effective to classify target
specific molecules. In particular, structural knowledge can support different strategies to
target the identified functional sites in IRDS genes, and may open doors for several genes
that have notfundamentally validated for such applications.
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AMP Adenosine Monophosphate
aa Amino acids
AMPPNP Adenylyl Imidodiphosphate
ATP Adenosine Triphosphate
BST2 Bone Marrow Stromal Cell Antigen 2
CCNA1 Cyclin A1
CD8+ T-cells Cytolytic T cell
CLMS Cross-Linking Mass Spectrometry
CIN Chromosomal Instability
GMP Cyclic Guanosine Monophosphate
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CPD Cytoplasmic Domain
cryoEM Cryo-electron Microscopy
CXCL C-X-C motif Chemokine Ligand
CXCR Chemokine Receptor
DCs Dendritic Cells
DCN Decorin
DDR DNA damage response
EBOV Ebola Virus
EBV Epstein–Barr Virus
EIF2AK2 Eukaryotic Translation Initiation Factor 2 Alpha Kinase 2
eIF3 Eukaryotic Initiation Factor 3
ER Estrogen Receptor
ERVs Endogenous Retroviruses
ETD Extracellular Topological Domain
FDA Food and Drug Administration
GASs Gamma-Activated Sequences
GALC Galactosylceramidase
GBPs Guanylate Binding Proteins
GDP Guanosine Diphosphate
GS_DESCR Gene Set Description
gs_szie Gene set size
Gtp Guanosine Triphosphate
HBV Hepatitis B virus
HCV Hepatitis C virus
HMG-CoA 3-Hydroxy-3-methylglutaryl Coenzyme A
HSD17B1 Hydroxysteroid 17-Beta Dehydrogenase 1
HSV Herpes Simplex Virus
HLA Histocompatibility Antigen
IFI Interferon Alpha Inducible
IFIH1 Interferon-induced Helicase C-domain-containing protein 1
IFIT interferon Induced protein with Tetratricopeptide repeats
IFITM Interferon-induced Transmembrane protein
IFN Interferon
IFN-I Type 1 Interferon
IFN-II Type 2 Interferon
IFN-III Type 3 Interferon
IFNAR1 Interferon Alpha and Beta Receptor subunit 1
IFNAR2 Interferon Alpha and Beta Receptor subunit 2
IFNGR Interferon-Gamma Receptor
IFNLR Interferon Lambda Receptor
IL10Rβ Interleukin 10 Receptor Beta
IRES Internal Ribosome Entry Site
IRF Interferon Regulatory Factor
IRGs IFN-regulated Genes
IR Infrared Ray
IRDS IFN-related DNA Damage resistance Signature
ISRE IFN-Stimulated Response Element
ISG IFN-Stimulated Gene
ISG15 ISG15 Ubiquitin Like Modifier
IPA Ingenuity Pathway Analysis
JAK Janus Kinase
KSHV Kaposi’s Sarcoma-Associated Herpesvirus
LPA Lone Pair Active
LGALS3BP Galectin 3 Binding Protein
LY6E Lymphocyte antigen 6 family member E
MARV Marburg Virus
MAVS Mitochondrial Antiviral Signalling protein
MCL1 Myeloid Cell Leukemia 1
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MDA5 Melanoma Differentiation-Associated Protein 5
MeV Measles Virus
MHV Mouse Hepatitis Virus
MOE Molecular Operating Environment
MX MX dynamin like GTPase
NAB2 Nucleic Acid Band 2
NADP Nicotinamide Adenine Dinucleotide Phosphate
NF-κB Nuclear Factor Kappa-light-chain enhancer of activated B cells
NiV Nipah Virus
NK Natural Killer
NMR Nuclear Magnetic Resonance
NOS2 Nitric Oxide Synthase 2
NS1 Non-Structural Protein 1
NSCLC Non-Small Cell Lung Cancer
MYC Myc proto-oncogene protein
OAS 2’-5’-Oligoadenylate Synthetase
OASL 2’-5’-Oligoadenylate Synthetase Like
ODN Oligodeoxynucleotide
ORF45 Open Reading Frame 45
OSCC Oral Squamous Cell Carcinoma
P Phosphate
PAMP Pathogen-Associated Molecular Pattern
PDB Protein Data Bank
PEG Pegylated
PIAS Protein Inhibitors of Activated Signal Transducer
PKR Protein Kinase R
PML Promyelocytic Leukemia
PLSCR1 Phospholipid Scramblase 1
PP1 Protein Phosphatase 1
PPP Triphosphate
FDR False Discovery Rate
rb-dsRNA dsRNA extracted from rice bran
RIG-1 Retinoic Acid Inducible Gene 1
RLRs RIG-I like receptors
ROBO1 Roundabout Guidance Receptor 1
SARS Severe Acute Respiratory Syndrome
SBVS Structure-Based Virtual Screen
SCC Squamous Cell Carcinoma
shRNA Small hairpin RNA
SOCS Suppressor of cytokine signalling
STAT Signal Transducer and Activator of Transcription
SV5 Simian Virus 5
SLC6A15 Solute Carrier Family 6 Member 15
THBS Thrombospondin
TIMP Tissue Inhibitors of Metalloproteinases
TMD Transmembrane Domain
TMEV Theiler’s Murine Encephalomyelitis Virus
TNBC Triple Negative Breast Cancer
TRIM Tripartite Motif Protein
TYK Tyrosine Kinase
UTRs Untranslated Regions
VV Vaccinia Virus
VH1 Vaccinia virus gene H1
vIRF Viral homologs of the cellular IFN regulatory factors
USP18 Ubiquitin Specific Peptidase 18
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