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SUMMARY 
 
My PhD project focused on the biological function analysis of human RNases, 
emphasizing the immune-regulation action within human macrophages to fight 
pathogen infection and the potential molecular mechanisms involved. Our laboratory 
has extensively studied human RNases and found that RNases have a direct 
antimicrobial activity against diverse bacterial species in vitro, suggesting a 
physiological host-defense function. In this doctoral thesis, the main goal is to 
understand how human RNases function in human innate cells against pathogen 
infection.  
The majority of the research presented in this thesis is taken from 4 published papers, 1 
manuscript submitted and 1 in preparation. Below is a description of each chapter 
within this thesis: 
 
CHAPTER I: 
A version of Chapter 1 has been published as: 
Arranz-Trullén J, Lu L, Pulido D, Bhakta S, Boix E. Host Antimicrobial Peptides: The 
Promise of New Treatment Strategies against Tuberculosis. 2017, 8, 1499, Frontiers in 
Immunology. This chapter mainly summarized the antipathogenic mechanism of human 
antimicrobial peptides and proteins in mycobacterial infections and their applied 
therapies against tuberculosis. 
 
CHAPTER II: 
A version of Chapter 2 has been published as: 
Lu L, Li J, Moussaoui M, Boix E. Immune Modulation by Human Secreted RNases at 
the Extracellular Space. 2018, 9, 1012, Frontiers in Immunology. This chapter reviewed 
the immune-regulation functions of human RNase superfamily. 8 human RNase A 
family members were summarized based on their contribution to innate immunity at the 
extracellular space. 
 
CHAPTER III: 
A version of Chapter 3 has been published as: 
Lu L, Arranz-Trullén J, Prats-Ejarque G, Pulido D, Bhakta S, Boix E. Human 
Antimicrobial RNases inhibit intracellular bacterial growth and induce Autophagy in 
Mycobacteria-Infected Macrophages. 2019, 10, 1500, Frontiers in Immunology. This 
chapter focused on screening the antimicrobial profiles of human RNases against M. 
aurum and identifying their ability to induce autophagy in infected macrophages. 
Moreover, we found that the antimicrobial and autophagy activities were not dependent 
on the RNase enzymatic activity. 
 
CHAPTER IV: 
A version of Chapter 4 is currently being prepared for submission as: Lu L, Wei RL, 
Goetz M, Prats-Ejarque G, Wang G, Torrent M, Boix E. Immunomodulatory action of 
RNase3/ECP in a macrophage infection model related and unrelated to catalytic activity.  
In this chapter, the transcriptome of macrophages treated with RNase3 and RNase3-
H15A (a catalytic defective mutant) were compared to identify the molecular 
mechanism of the immune-regulation action of RNase3. Moreover, we overexpressed 
the endogenous RNase3 in THP1 derived-macrophage cells and analyzed its effect on 
the infectivity by Mycobacterium aurum and the Respiratory Syncytial Virus. We 
identified RNase3 immune-regulation activities on macrophages, either in a 
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ribonucleolytic-dependent or independent manner. We propose that RNase3 directly 
targets the EGFR receptor. On the other hand, the RNA products cleaved by RNase3 
may be responsible for the ribonucleolytic-dependent macrophage immune response. 
 
CHAPTER V: 
A version of Chapter 5 is currently being prepared for publication as: 
Lu L, Wei RL, Goetz M, Boix E. RNase2 antiviral activity against human respiratory 
syncytial virus through macrophage immunomodulation and targeting of tRNA. 
In this chapter, CRISPR/Cas9 gene editing tool was applied to knock out RNase2 in 
macrophage THP1 cells. Then, RSV infectivity, transcriptome change, and tRNA 
population were compared in cells with and without endogenous RNase2. Our results 
indicated that RNase2 is crucial in controlling the macrophage intracellular RSV 
infection. Transcriptome analysis suggests a direct interaction of RNase2 with the 
EGFR receptor. In addition, by screening a library of tRNA fragments we identified the 
tRNA fragments produced by RNase2 that might participate in the virus infection 
inhibition. 
 
CHAPTER VI: 
A version of Chapter 6 has been published as: 
Prats-Ejarque G, Lu L, Salazar VA, Moussaoui M, Boix E. Evolutionary Trends in 
RNA Base Selectivity Within the RNase A Superfamily. 2019, 10, 1170, Frontiers in 
Pharmacology.  
In this chapter, we analyzed the enzyme substrate specificity at the secondary nucleotide 
base binding site and performed a kinetic characterization of the canonical RNase types 
together with a molecular dynamic simulation of the selected representative family 
members. The results highlight an evolutionary trend from lower to higher order 
vertebrates towards an enhanced discrimination for adenine respect to guanine 
preference, The RNase binding involves specific bidentate polar and electrostatic 
interactions: Asn to N1/N6 and N6/N7 adenine groups in mammals versus Glu/Asp and 
Arg to N1/N2, N1/O6 and O6/N7 guanine groups in non-mammals. The study aims to 
identify the structural basis for the specific recognition of cellular RNA substrates. 
In conclusion, the results presented in this thesis contribute to understand the role of 
RNases in innate immune cells and how they facilitate the host clearance of pathogens, 
which is crucial for designing and developing new therapeutic agents.
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1 INTRODUCTION 

Drug-resistant bacteria are becoming a major world health issue(1). Host defense 
peptides (HDPs), also named as antimicrobial peptides (AMPs), represent a promising 
alternative to conventional antibiotics(2). HDPs are gene coded and produced by a wide 
variety of animals, plants, fungi, protists, archaea, bacteria and viruses(3,4). Instead of 
AMP, HDP is a better term to define these peptides, as recent studies have demonstrated 
that most AMPs are endowed with a wide range of activities. Apart from their mere 
antimicrobial properties, AMPs display a variety of immune-modulating activities and 
participate in the natural host defense system(3). In fact, HDPs are key components of 
the innate immunity and they play a critical role in cleaning invading pathogens. 
Moreover, HDPs can possess other complementary biological functions, such as 
apoptosis induction, wound healing, and tissue remodeling(3,5). 

1.1 Diversity of HDPs 

1.1.1 Identification of HDPs  

Since cecropin was identified in Hyalophora cecropia moth, more than 3000 
antimicrobial peptides with diverse sequences and structures are now compiled in the 
antimicrobial Peptide Database (APD3, http://aps.unmc.edu/AP/main.php). Two major 
methods were utilized for AMP identification, chromatographic and bioinformatic 
approaches. Initially, chromatographic approaches were used to isolate and characterize 
new peptides, for example, identification and purification of HDP from frog skin 
secretions. Briefly, the peptide components in the secretions can be separated using 
reverse-phase high performance liquid chromatography (HPLC), of which the peptides 
with antimicrobial activity are then identified. Individual peptides with antimicrobial 
activity are further characterized structurally by an automated Edman assay and mass 
spectrometry(6,7).  
With the recognition of conserved peptide sequence motifs, bioinformatic approaches 
were later developed to identify HDPs at the genomic level(8). The genomic and 
transcriptome databases are valuable sources to identify gene sequences involved in the 
biosynthesis of HDPs. A number of HDP prediction tools have been designed and made 
freely available online, and an empirical comparison of those tools have been well 
conducted(9). The in silico analysis of protein sequences or gene databases are 
strategies used to predict peptides of therapeutic interest(10). The search for peptides 
using this strategy is performed by using sophisticated computational programs that 
scan the databases, correlating the antimicrobial peptide features previously described in 
the literature with the amino acid sequences. Since the main characteristics of 
antimicrobial peptides are already known, the pursuit of these similarities in silico in the 
available databases is a tool to facilitate the identification and selection of new HDPs. 
To certify the in silico identified peptides, the selected sequences must be synthesized 
and evaluated in vitro against selected microorganisms to explore their antimicrobial 
potential. Besides, once the sequences are identified, it is also possible to make 
chemical variations in their amino acid residues, in order to improve their antimicrobial 
activity. Recently, a new deep neutral network classifier was developed which can 
better recognize HDP compared to the existing methods(11). 

1.1.2 Classification of HDPs  

Natural HDPs can be arbitrarily classified based on peptide size: ultra-short (2-10 aa), 
short (10-24 aa), medium (25-50 aa), and long (50-100 aa). HDPs greater than 100 aa 
are classified as antimicrobial proteins, as for example, lysozyme or RNase7. HDPs can 

http://aps.unmc.edu/AP/main.php
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also be classified in numerous ways based on their biological sources biological 
functions (antibacterial, antiviral, antifungal, antiparasitic, insecticidal, chemotactic, etc), 
physicochemical properties (charge, hydrophobicity, amino acid composition, length), 
primary structure (covalent bonding pattern, linear or circular main chains), secondary 
and three dimensional structure (alpha helical, beta strand and random coil content) as 
well as their molecular targets (cell surface and intracellular targeting).  

1.1.3 Structural determinants of HDPs 

Sequence composition and structural propensity, cationicity, hydrophobicity and 
amphipathicity are the most important structural determinants for HDPs microbicidal 
and cytotoxic activities. 

1.1.3.1 Sequence and structure 

Although HDPs show a high variability in their amino acid composition, some common 
traits have been found. For example, lysine and arginine are the most frequent residues 
and have an important role in HDPs interaction with negative membrane 
components(12).  However, it is considered that it is the overall amino acid composition 
and physicochemical features that determines the antimicrobial activity of HDPs, rather 
than their specific amino acid sequences or peptide structures(13–16). Notwithstanding, 
the peptides’ overall features are intrinsically dependent to specific amino acids. Subtle 
changes of specific amino acids and their relative positioning may lead to major 
functional differences in their antimicrobial activity and cytotoxicity toward host cells. 

Besides, the structures and conformations have been recognized as one of the key 
factors determining the antimicrobial activity of HDPs. During the process of 
interacting with biological membranes, the main secondary structures adopted by HDPs 
are α-helical and β-sheet(17). Most cationic amphipathic peptides do not present 
specific structures in a polar hydrophilic medium, while the amphipathic sequence tends 
to reorganize after the initial contact with the membrane through electrostatic 
interactions. In particular, the stable helical secondary structure is optimal for HDPs 
interactions with the membrane core, resulting in destabilizing and/or penetrating into 
the cell(18). β-sheet structures are the second most common structure for HDPs. The 
disulfide bond makes these molecules more resistance to degradation by peptidases(19). 

Nevertheless, the modification of amino acids of HDPs should not be ignored. 
Especially, in the design of synthetic peptides, chemical modifications such as 
halogenation, oxidation, reduction, or introduction of unnatural amino acids, can 
broaden the functional scope of naturally occurring peptides(17). For example, 
modifying amino acids can increase the stability of peptides through increasing the 
resistance to proteolytic degradation. Moreover, it can fulfill specific requirements 
during peptide design, such as ensuring a proper balance of cationic and hydrophobic 
regions. 

1.1.3.2 Cationicity 

High cationicity is mostly required for interaction with bacterial surface. Gram-positive 
bacteria cell wall is rich in peptidoglycans and other polymers such as teichoic acids, 
teichuronic acids, lipoteichoic acids, and glycolipids. On their side, Gram-negative 
bacteria are more complex, consisting of an outer membrane (composed of 
lipopolysaccharides and phospholipids), a layer between the outer and inner membranes 
(composed of peptidoglycans) and the inner membrane (composed of phospholipids and 
proteins)(20). Those components of bacterial membranes have large quantities of 
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negatively charged molecules that influence their interactions with HDPs. HDPs vary in 
cationicity, but most active peptides fall into an range from +2 to +11 net charge(21). 
Some studies have shown that there is a correlation between charge and potency, but no 
optimal structure-function profiles have been determined because additional parameters 
(secondary interactions, solvation and composition) have to be considered(17,22). 

1.1.3.3 Hydrophobicity 

Hydrophobicity is another important feature determining the antimicrobial activity of 
HDPs, because it facilitates its interaction with the membrane lipids. The percentage of 
hydrophobic residues in natural HDPs varies between 40% and 60%, this is consistent 
with the requirement for energetically stable amphipathic structures for antimicrobial 
function.  

Hydrophobicity governs the partition degree of a peptide from water to the lipid bilayer, 
thus it is crucial for the specificity toward a class of microorganism or enhanced 
antimicrobial activity of HDPs. For example, a reduction of hydrophobicity will impair 
the antimicrobial profile while an increase causes a loss in selectivity towards microbial 
membranes, inducing the hemolytic activity of eukaryotic cells(23,24).  It is important 
to note that a fine balance of charge and hydrophobicity should be considered in 
designing synthetic peptides.  

1.1.3.4 Amphipathicity 

Amphipathicity of HDPs is quantified by calculating the vectorial sum of individual 
amino acid hydrophobicity vectors and normalizing to an ideal helix(25). Thus, HDP 
amphipathicity is commonly described as peptide helicity. However, amphipathic 
structures are not limited to helical molecules because β-turn or β-sheets can also 
present amphipathicity(26). Cationic moieties and hydrophobic moieties, the common 
features of these amphipathic molecules, are responsible for initial peptide-membrane 
electrostatic interaction and subsequent interaction with hydrocarbon chains of lipids. 
Most peptides are unstructured and will fold into a defined structure until hydrophobic 
interactions happen and become prevalent. Amphipathicity is considered the feature 
most relevant to the antimicrobial activity of HDPs, affecting the mechanism of 
action(27,28). Likewise, amphipathicity is also crucial for antifungal(29), 
antiparasitic(29), and anticancer activities(30).  

1.2 Antimicrobial action of HDP against microorganisms 

The evolutionarily widespread distribution and the extreme diversity of HDPs highlight 
their prominent role in immune defense. The main mode of the antimicrobial action for 
most HDPs is through non-specific physical disruption of bacterial wall or cytoplasmic 
membranes(31).  

1.2.1 Membrane target 

Most HDPs act on cytoplasmic membrane of microorganisms. Important mechanisms of 
action of HDPs are carpet-like, barrel stave, or toroidal pore formation(32,33). 
Electrostatic interactions between HDPs and bacterial membrane components initiated 
the physical disruption of membranes. Firstly, negatively charged microbial membranes 
components such as lipopolysaccharide (LPS) of Gram-negative bacteria, lipoteichoic 
acids of Gram-positive bacteria, and peptidoglycan of both Gram-negative bacteria and 
Gram-negative bacteria drive the electrostatic interaction with cationic HDPs. The 
electrostatic interactions between anionic phospholipid head groups of the outer layer of 
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the lipid membrane and HDPs will happen once HDPs reached the cytoplasmic 
membrane. The HDPs are then induced to adopt amphipathic structures with the 
charged side facing outward towards the phospholipid head groups and the hydrophobic 
part embedded into the acyl tail core, which further leads to cell depolarization, leakage 
of cellular contents and ultimate cell death. Other specific mechanisms targeting 
membrane have also been reported, such as membrane thinning(34) and non-lytic 
membrane depolarization(35). 

1.2.2 Intracellular target 

In addition to acting at the bacterial membrane level at high concentrations above the 
minimal inhibitory concentration (MIC), many HDPs have the ability to cross the 
membrane and interact with intracellular components without excessively disrupting the 
cell membrane(33,36). Those HDPs enter the pathogen cells and targets cellular 
processes and metabolic pathways, such as DNA replication, RNA transcription or 
protein synthesis and folding. We find HDPs that specifically inactivate chaperone 
proteins(36) or inhibit the bacterial cell wall synthesis(37). An illustration of the AMPs 
targeting intracellular sites is detailed in Figure1.  

 
Figure1. Illustration showing the major pathways targeted by HDPs in bacterial cells. A 
few HDPs can inhibit multiple intracellular targets to achieve high antibacterial 
efficiency. Taken from(36). 

1.3 Host immune-modulation action of HDPs 

Most HDPs were found to have direct antimicrobial activity against microorganisms in 
vitro and this was long time considered their primary biological role in vivo. However, 
many natural HDPs play immune-modulation roles towards the host cells and many of 
them exhibit regulatory activities at concentrations that are much lower than those 
necessary for direct antimicrobial activity(38). Generally, HDPs interact with or act on 
target cells including monocytes, macrophages, dendritic cells, epithelial cells, 
neutrophils, and keratinocytes(39). Those HDPs can cross the plasma membrane of cells 
and/or interact with membrane receptors such as TLRs, CXCR2(40,41); while some 
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HDPs can bind to intracellular receptors such as GAPDH and SQSTM1(42–44). The 
interaction with those receptors will stimulate a variety of signal transduction pathways 
important in the innate immune response including the p38, Erk1/2, and JNK, MAP-
kinases, NFkB, PI3-kinase, Src family kinase, TRIF-IRF, TREM pathways, as well as 
autophagy. Those signaling will activate downstream transcription factors such as 
NFkB, Creb, IRF4, AP-1, AP-2, Are, E2F1, SP1, Gre, Elk, PPARγ, STAT3, resulting in 
the alteration of host transcriptome(3,42). The immune-regulation activities include: 
expression of cytokines; expression of chemokines; stimulation of angiogenesis; 
leukocyte differentiation and activation of autophagy, as illustrated in Figure2. 
 

 
Figure 2. Illustration of the distinct reported mechanism of action of HDPs/AMPs 
expressed by the vertebrate innate immune cells. The main peptide antimicrobial and 
immune-regulation activities are showed(45). 

1.3.1 Modulation of inflammation  

Inflammation is a natural response system to injury, which allows the host organism to 
kill infective microbes, remove damaged cells or heal damaged tissues(46). Infection or 
local tissue damage usually trigger inflammation, resulting in immune cells 
chemoattraction and activation and the loosening of blood vessel walls to ease blood 
immune cells passage. Dendritic cells, recruited neutrophils, monocytes, lymphocytes, 
and resident tissue macrophages are the main immune cells involved in inflammatory 
responses, and activation of these cells leads to the transcription of numerous proteins 
including cytokines, chemokines, acute-phase proteins, cell adhesion molecules, 
costimulatory molecules  and HDPs(42,47). 

HDPs can enhance inflammation by enhancing production of chemokines, polarizing 
macrophage and dendritic cell (DC) differentiation, promoting phagocytosis, and 
attracting neutrophils or other immune cells(39). On the other hand, HDPs can also 
exhibit anti-inflammatory activities by dampening pro-inflammatory cytokine responses 
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via various mechanisms, such as inducing anti-inflammatory cytokines, and blocking 
LPS binding to receptor proteins or LPS-binding protein(48). HDPs are neither pro-
inflammatory nor anti-inflammatory, they are indeed selectively modulating 
inflammatory mechanisms. 

1.3.2 Direct chemoattractant activity 

Although many of the inflammatory modulation of HDPs are related to their indirect 
recruitment of immune cells, some HDPs such as, LL-37, cathelicidins and defensins 
show direct chemoattractant action to immune cells(49–53). The structural similarities 
between HDPs and chemokines may help to elucidate the structure-function 
relationships that allow HDPs to have chemoattractant properties(54). For example, 
defensins share various characteristics with chemokines, including size, structure, 
disulfide bonds, and cationic charge(50,55,56). 

1.3.3 Promotion of wound healing 

Wound healing, involving multiple steps from inflammation to regeneration, is another 
process that can be enhanced by HDPs. Vascular permeability increases and platelet and 
fibrin aggregation occur when skin injury happens. Then, several growth factors are 
released from platelets and attract neutrophils to the wound and induce inflammation. 
Presence of HDPs is frequent around oral and cutaneous wounds, and they have been 
found to play various roles in promoting wound healing, such as reducing the bacterial 
burden, increasing neutrophil and macrophage recruitment, interacting with growth 
factors, inducing chemotaxis of epithelial cells, and promoting angiogenesis(39,48). 
Expression of natural HDPs can be induced in wounded keratinocytes by growth factors. 
The presence of LL-37 at wound sites has been shown to induce migration and 
proliferation of fibroblasts, human microvascular endothelial cells, and human umbilical 
vein endothelial cells(57). Human beta-defensin 2 promotes keratinocyte migration and 
proliferation through the phosphorylation of the epidermal growth factor receptor and 
activation of STAT1 and STAT3(56,58). 

1.3.4 Modulation of Autophagy and apoptosis 

Autophagy is a natural process of cells to recycle dysfunctional cellular components and 
preserve cellular energy and is considered a part of the innate defense mechanism(59). 
The autophagy process involves the sequestration of cellular components into 
autophagosome vesicles that fuse with lysosomes to hydrolyze and recycle cytosolic 
materials. The process depends on signaling pathways and highly conserved autophagy-
related genes.  Autophagy is often activated upon intracellular organisms infection, such 
as Mycobacterium. tuberculosis(60). Alternatively, cells can undergo apoptosis which is 
a programmed cell death process(59). Some HDPs are known to be able to promote 
these two modes of cellular degradation pathways. 

LL-37 can induce autophagy in neutrophils through nucleotide scavenging receptor 
P2X7 and G-protein-coupled receptors(61). Moreover, vitamin D3 induction of 
autophagy by activating Beclin-1 and Atg5 is mediated by LL-37(62). In addition, LL-
37 can induce cellular apoptosis through activation of caspase3 and caspase9 upon P. 
aeruginosa infection in the airway epithelium, promoting thereby pathogen 
clearance(61,63). Conversely, LL-37 has been found to suppress caspase3 activity 
through upregulating cyclooxygenase-2 in keratinocytes(64). Although the role of 
HDPs on apoptosis and autophagy is complex, their ability to promote either cell death 
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or cellular recycling could potentially be used to treat intracellular resident infections or 
directly the clearance of infected cells. 

1.4 Human antimicrobial RNases 

The bovine pancreatic RNase (RNaseA) is the first ribonuclease discovered and 
characterized, thanks to its abundance at bovine pancreas and high stability(65,66). 
Thus, RNaseA was taken as the reference member of a vertebrate specific superfamily. 
Although varying from 20 to nearly 100% in sequence, the RNase A family proteins 
share specific elements of sequence identity (containing a CKXXNTF signature motif), 
a common 3D kidney shaped structure (Figure3) and the catalytic active center 
(conformed by 2 histidine and 1 lysine key residues). In humans, 13 homologous gene 
members were identified, but only 8 enzymatically functional members have been 
isolated, known as “canonical RNases”. In addition to their ribonuclease activity, those 
RNases were reported to have antibacterial, antiviral, antifungal, and antitumor 
activities even though each protein attributes to different biological effects(67). 
Moreover, the immune-regulation properties of human RNases in host defense cannot 
be disregarded(68). 
 

 
Figure 3. Alignment of human homologous RNases with bovine RNaseA. The 
alignment was performed using Clustal W (https://www.ebi.ac.uk/Tools/msa/clustalo/), 
and the picture was drawn with the ESPript online tool 
(http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi)  using as a reference bovine RNaseA 

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
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3D structure. Disulfide pairs are labelled in green. The substrate-binding sites of 
RNaseA are illustrated at the bottom right corner，taken and modified from Parés(69). 

1.4.1 Expression  

Human RNase1 is expressed in almost all tissues and is particularly abundant in 
endothelial cells(70–72). Human RNase2 (also known as the eosinophil-derived 
neurotoxin, EDN), together RNase3, is one of the main secretory proteins stored in 
eosinophil secondary granules(73,74). In addition, the high expression of RNase2 can 
also be detected in other blood cells such as monocytes and other tissues such as lung 
and liver. RNase2 has a high antiviral activity mediated by its catalytic activity(75) and 
induced by viral infection(68,73,74). Moreover, the  release of the eosinophil RNases 
can be induced by cytokines such as CCL11 and CCL24 through the PI3K/MAPK 
pathway in human and mice(76). RNase3, also called the eosinophil cationic protein 
(ECP), is the other eosinophil RNase abundant in the secondary secretory granule. 
RNase3 can be induced by infection as well as by inflammation. The concentration of 
RNase3 circulating in biological fluids is correlated with eosinophil degranulation, 
which is used as a clinical marker for the diagnosis and monitoring of inflammatory 
disorders(77,78). RNase4 was detected in most human tissues and was found 
particularly abundant in liver and lung. Interestingly, cytoplasmic granules of 
monocytes also contain RNase4(79). RNase5 is the most ancient RNase A family 
member(80). The expression of RNase5 can be found in embryonic somatic cells and 
epithelial cells, and it can be induced during inflammation(81,82). Transcriptional 
expression of RNase6 showed a nearly ubiquitous distribution in all tissues, including 
monocytes and neutrophils(83). Bacterial infection caused the upregulation of RNase6 
in genitourinary tract(84), while HIV infection caused the downregulation in Th17 
polarized cells(85). RNase7 is one of the most abundant AMPs purified from 
skin(86,87). The protein is secreted by various epithelial cells, and can be induced by 
various factors such as infection, inflammation signaling molecules, and insulin(88–90). 
RNase8 is the last identified canonical member of the RNase A superfamily. RNase8 
was first uniquely identified in the placenta, and later on it was also reported in lung, 
liver, and testes(91,92). 

1.4.2 Ribonuclease catalytic activity 

All eight human RNase A superfamily member harbor detectable ribonucleolytic 
activities. The conserved catalytic triad, consisted by 1 lysine and 2 histidine residues, is 
the structural base of the endoribonuclease enzyme activity of RNaseA via acid-base 
catalysis(93). RNase A catalyzes the cleavage of the P-O5’ bond of RNA specifically on 
the 3’ side of pyrimidine nucleotides, and this pyrimidine specificity is mediated by 
Thr45 and Phe120 of the B1 subsite. The cleavage process of RNA substrate catalyzed 
by RNaseA takes place in two steps: first the transphosphorylation step and formation 
of a 2’,3’-cyclic nucleotide at 3’-terminus of one product and a 5’-hydroxyl group at 5’-
terminus of the other product; and secondly, the hydrolysis step from the 2’,3’ -cyclic 
phosphate nucleotide into a 3’-phosphate mononucleotide end(93). This mechanism is 
conserved in all canonical RNaseA superfamily members, with the participation of 
equivalent His and Lys active site counterparts to residues His12, Lys41, and His119 in 
RNaseA. Although the eight human canonical RNaseA family members strictly 
conserve their catalytic triad they vary a lot in the catalytic efficiency against diverse 
RNA substrates(94). 

1.4.2.1 Substrate binding pattern 
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RNaseA binds nucleic acids through multiple electrostatic interactions between the 
phosphates of the polynucleotide and the positive groups of the protein subsites(69,95). 
In addition, hydrogen bond and van der Waals interactions contribute to shape the 
nucleotide recognition pattern. The RNase subsites that interact with nitrogenous base, 
ribose, phosphate are defined as Bn, Rn, and Pn, respectively (Figure3). In addition to 
the main phosphate active site P1 (consisted by His12, Lys41, and His119), there are 
two more main noncatalytic phosphate-binding subsites, the P0 (consisted by Lys66) 
and P2 site (consisted by Lys7 and Arg10), that bind the phosphate group of the 
nucleotide adjacent upstream to the active site and the phosphate group of the 
corresponding adjacent nucleotide at the 3’ side, respectively(96). The main base site 
(B1, consisted by Thr45, Phe120, and Ser123) prefers pyrimidines and the secondary 
site (B2, consisted by Gln69, Asn71, and Glu111) favors purines binding(93,97). 
Altogether, the subsites facilitate RNA binding to form the enzyme-substrate complex 
and facilitate the endonuclease cleavage. The comprehensive structural evolutionary 
analysis and preliminary kinetic characterization indicate a conservation binding pattern 
at the main B1 and P1 sites but a higher variability at the secondary base and phosphate 
subsites(98,99).  

1.4.2.2 Role in RNA metabolism 

RNA metabolism refers to any modification of RNA molecules, including splicing, 
maturation, and degradation. RNA alteration is related to the pathogenesis of many 
diseases, such as cancers and neurodegeneration(100,101). Messenger RNAs (mRNAs) 
convey genetic information to direct the assembly of protein of the ribosomes in protein 
synthesis of cellular organisms. This process is regulated by abundant and functional 
non-coding RNAs (ncRNAs), including tRNAs, ribosomal RNAs, microRNAs, tRNA-
derived stress-induced small RNAs (tiRNAs), small interfering RNAs (siRNAs), small 
nuclear RNAs (snRNAs), Piwi-interacting RNAs (piRNAs), small nucleolar RNAs 
(snoRNAs), and long ncRNAs (lncRNAs)(102,103). In addition to the intracellular 
functions, some types of RNAs such as mRNAs and most of ncRNAs are also found 
outside the cells either in a free form or within vesicles, and are termed extracellular 
RNAs (exRNAs). ExRNAs can serve as intercellular communicators and are used as 
biomarkers for certain diseases(104,105).  

Human RNaseA superfamily may mainly exert its ribonucleolytic activity toward free 
forms of exRNAs for body fluid cleaning(106). The proteins are synthesized with an N-
terminal signal peptide that guides their secretory route towards the extracellular space. 
Besides, the cell cytoplasm is protected against their potentially toxic ribonucleolytic 
action by the presence of the abundant and ubiquitous RNase inhibitor (RI)(107). 
Although the relative catalytic activity of the human RNase A members is dependent on 
the substrate, RNase1, the human homologue of bovine RNaseA, is the most active one. 
RNase2 and RNase7 also have a quite high activity compared to RNase3 and RNase6, 
RNase5 has very low activity and RNase8 shows the lowest ribonucleolytic 
activity(91,108–110). More and more evidences indicate that the ribonucleolytic 
activity of RNases is required for some but not all their biological functions (Table1).  

Human RNase1 is conventionally ascribed as the direct orthologue of bovine RNaseA 
based on their sequence identity, although a distinct biological role is being attributed. 
RNaseA was previously reported to be essential for the digestion of dietary RNAs in 
ruminants(66,71). On its side, human RNase1 is secreted abundantly in the blood 
circulatory system, where it can modulate the content of exRNAs. Those processes 
strictly require the ribonucleolytic activity of RNase1(106). Human RNase1 possess the 
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ability to degrade single and double strand RNAs, and RNA: DNA hybrid(111,112). 
Human RNase2 and RNase3 are derived by gene duplication from a common ancestor 
that took place during primate evolution. Although they share 67% in protein sequence 
and 88% in gene sequence identities(113,114), RNase2 harbors about 10 times higher 
ribonucleolytic activities than RNase3(115). One of the best characterized biological 
roles of RNase2, its activity against RNA viruses, is dependent on its ribonucleolytic 
activity(73,116). RNase3 is tightly associated with innate host defense involving 
antibacterial, antihelminthic, and cytotoxic roles(68,117). It is worth to note that the 
antiviral and antihelminthic activities of RNase3 require the ribonucleolytic activity 
whereas the bactericidal and cytotoxic effects do not(75,118). 
Table1. Ribonucleolytic activity and biological properties of human RNases reported to 
work in a dependent or independent manne.  
Ribonuclease Dependent Independent Not defined 
RNase1 Extracellular RNA 

degradation(106) 
 Dendritic cell 

maturation(119); 
Antiviral(120) 

RNase2 Antiviral activity(73)  Dendritic cell chemotaxis 
and activation(73,119) 

RNase3 Antiviral activity & 
Antihelminthic 
activity(75,118) 

Antibacterial 
activity(106); 
Cytotoxic 
activity(106); 
Promote bacterial 
cell 
agglutination(98) 
 

Tissue remodeling(121); 
Chemotaxis of 
fibroblasts(122) 

RNase4   Angiogenesis(123); 
Antiviral(124); 
Antimicrobial(125); 
neuroprotective(123) 

RNase5 Angiogenic 
activity(126); 
Cell proliferation by 
stimulation of rRNA 
metabolism 125,  
Cell stress response 
by tRNA cleavage124,  

EGFR 
binding(129) 

Inhibits neutrophil 
degranulation(130); 
Modulated inflammatory 
response(131); 
Tissue remodeling(132), 
Neuroprotective(133) 

RNase6 Antiviral activity(85) Antibacterial 
activity(84); 
Promote bacterial 
cell 
agglutination(98) 

 

RNase7  Antibacterial 
acitivity(134,135) 

Promote 
inflammation(132); 
Chemotaxis of immune 
cells(136); 
Tissue remodeling(137) 

RNase8   Antimicrobial activity(138) 
On its side, RNase4 shows a very high sequence conservation within the family lineage, 
suggesting an essential physiological role. Besides, RNase4 has a particularly 
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pronounced specificity for uridine at the B1 site(139), suggesting a strong RNA 
selectivity. Cleaning of cellular RNA was first proposed for the protein functional role, 
but still little information is available. Although RNase5 harbors significantly lower 
ribonucleolytic activities, the limited ribonucleolytic activity of RNase5 is essential for 
its role in angiogenesis and ncRNA cleavage(140,141), illustrated in Figure 4. For 
example, the tRNA fragments (tRFs), are produced from pre-tRNAs as well as mature 
tRNAs. Beside RNase5, other RNases are involved in cleaving tRNA and producing 
functional tRFs (Figure 4). For example, 5-tRFs are generated from cleavage in the D-
loop of tRNAs by Dicer; 3-tRFs are generated from cleavage in the T-loop by Dicer, 
RNase5/ANG; TF-1s are generated from cleavage of the 3’-trailer fragment of pre-
tRNAs by RNase Z or its cytoplasmic homologue ELAC2; tiRNAs (also referred as 
tRNA halves) are generated by the cleavage in or near the anticodon loop of a tRNA, 
RNase5/ ANG, and  Rny1p, a member of the ribonuclease T2 family, are responsible fo 
the production of tiRNAs in mammal and yeast cells, respectively(142–145). tiRNAs 
can be induced under stress conditions such as amino acid deficiency, phosphate 
starvation, UV radiation, heat shock, hypoxia, oxidative damage, and viral infection. 
tiRNAs are mainly located in the cytoplasm, with a small amount in the nucleus and 
mitochondria, and can also be detected in the circulation system(127,141,145–148). 
RNase6, on its side, has a second catalytic triad that favor its endonuclease cleavage 
specificity with polynucleotide substrate(149). However, whether this catalytically 
specificity is associated to a physiological target in vivo is still unknown. 

 
Figure 4. RNases involved in specific tRNAs cleavage. The types of tRNAs are 
classified by size and sequence location in the tRNA structure. Biogenesis of 
tRFs/tiRNAs. tRF-1 is generated from the 3’-trailer of primary tRNA. tRF-5, i-tRF and 
tRF-3 are produced from the 5’-, internal- and 3’-portions of the mature tRNA, 
respectively. When the cleavage site is within the anticodon loop, two fragments are 
generated as tiRNAs for the 5’- and 3’- tRNA halves. Unpublished work. 

1.4.3 Antimicrobial activity 

In addition to the ribonucleolytic activities, RNaseA superfamily proteins display a 
wide spectrum of antimicrobial activities against various microorganisms. RNase1 is 
not recognized as a high antimicrobial protein, but it was reported that recombinant 
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RNase1 and the native protein from urinary samples showed activity against the human 
immunodeficiency virus (HIV-1)(120,150). RNase2 is mainly recognized to display a 
broad antiviral activity, in particular against ssRNA viruses, by inhibiting the replication 
of respiratory syncytial virus (RSV), HIV-1, and hepatitis B DNA virus(120,150,151). 
Together with RNase2, RNase3 is the other RNase in the eosinophil secondary 
secretory granule. In addition to share neurotoxic and antiviral activities with RNase2, 
RNase3 has unique bacterial properties(152). The protein has an aggregation-prone 
region that promotes the protein self-aggregation and the agglutination of bacterial cells. 
Moreover, bacterial cell agglutination is further enhanced by high biding affinity of the 
protein to anionic LPS present at the Gram-negative bacterial wall(153). The 
antimicrobial activity of RNase4 is not well defined yet. Notwithstanding, few studies 
suggested RNase4, along with RNase5, are the soluble factors secreted by T cells 
showing anti-HIV activity(124). RNase5 apart from its role in promoting 
neovascularization and angiogenesis, displays toxicity toward the yeast Candida 
albicans and Streptococcus Pneumonia, Enterococcus faecalis, Listeria 
Moncocytogenes bacteria(132,154). It has also been implicated in inhibiting HIV-1 
replication(124). Recently, RNase6 is reported to have bactericidal activity against 
Gram-positive and Gram-negative bacteria(84,155). The antimicrobial mechanisms of 
RNase6 is similar to RNase3 in the sense that it induces bacterial agglutination and 
membrane depolarization in Gram-negative bacteria(155). Moreover, RNase6 inhibits 
HIV replication and is downregulated in Th17 cells upon HIV infection(85). 

RNase7 is one of the most abundant antimicrobial proteins purified from skin, which 
has high antimicrobial activity against a wide variety of infective 
microorganisms(86,89,156,157). RNase8 is the last canonical RNaseA superfamily 
member, and the recombinant protein exhibits sub-micromolar toxicity to 
microorganisms such as Gram-positive and Gram-negative bacteria, and yeast(138). 

1.4.4 Immune modulation activity 

HDPs also participate in host defense response by playing an immune modulation role. 
HDPs can target a variety of cell types, including epithelial cells, keratinocytes, and 
immune cells of myeloid or lymphoid origin. 

Although no direct antibacterial action is detected for RNase1, the protein may mediate 
the host anti-pathogen response by activating human dendritic cells, resulting in the 
production of inflammatory cytokines, chemokines, growth factors, and soluble 
receptors(119). RNase2 can promote leukocyte activation, maturation, and 
chemotaxis(73). Moreover, RNase2 contribute to host immunity as an alarmin through 
activating DCs mediated by TLR2-MyD88(116,119,158). Together with direct 
hRNase3 action on pathogens, a series of immune-modulating activities are observed.  
For example, RNase3 has remodeling activity that is partly mediated by inducing the 
expression of epithelial insulin-like growth factor1 (IGF-1) expression(122). In addition, 
RNase3 can enhance fibroblast chemotaxis to the site of injury to facilitate tissue 
repair(159). More recently, RNase3 was proven to be able to exert antimicrobial activity 
against M. aurum intracellular infection in macrophages, which is related to its ability to 
induce autophagy. The role of RNase5 in immunomodulation has been broadly 
investigated. It has been postulated that RNase5 regulates inflammatory states by 
inhibiting TKB1-mediated NF-kB nuclear translocation, thus decreasing levels of TNFa 
and IL-1b(132,160,161). RNase5 is also implicated in modulating inflammatory 
responses owing to its ability to stimulate leukocytes to produce the pro-inflammatory 
cytokines IL-6 and TNF-a. In addition, RNase5 can promote cell survival in stress 
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conditions by inducing tiRNA, which inhibits global protein translation(162). Very 
recently, RNase5 was found to serve as a ligand for epidermal growth factor receptor 
(EGFR, a member of the tyrosine kinase receptor family) in pancreatic ductal 
adenocarcinoma(129). The RNase5-EGFR pair complex is a novel example of a ligand-
receptor relationship between families of RNase A and tyrosine kinase receptors(163) 
(Figure 5).  

 
Figure 5. A diagram of RNase5/ANG as an EGFR ligand and a serum biomarker for 
prediction of erlotinib sensitivity in pancreatic cancer(163).  

RNase7 can selectively suppress TH2 cytokine production by reducing GATA3 
activation(164,165). It has further been indicated that RNase7 promoted inflammation 
and chemotaxis in acne and cutaneous wound healing(166). Moreover, recent data 
indicates that RNase7 acts as an alarmin by converting self-DNA released from dying 
host cells into a danger signal that rapidly activates interferon genes and antimicrobial 
immune responses(117). Nevertheless, RNase7 facilitates microbial clearance or drive 
autoimmunity in chronic inflammatory skin conditions by permitting recognition of 
self-DNA by plasma dendritic cells(136). 
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2 AIMS OF THE THESIS 
The main objective of the present work is to investigate the antimicrobial mechanism of 
human ribonucleases, emphasizing on the immune-regulation role and the related 
molecular mechanism in host defense. Particularly, the specific aims of the thesis are: 
     
Chapter 1:  

• To review the antimicrobial action of host antimicrobial peptides against 
tuberculosis.  

Chapter 2:  
• To review the immune-regulation role of human secretory RNases and their role 

at the extracellular space. 

Chapter 3: 
• To screen the anti-mycobacterial activity of human RNase A family members 

and further investigate the mechanism involved in removal of macrophage 
intracellular infection, mediated by autophagy induction.  

Chapter 4: 
• To explore the immune modulation action of RNase3 in THP1-derived 

macrophages and the catalytic dependent and independent mechanisms. 

Chapter 5: 
• To investigate the antiviral action of RNase2 and its mechanism by RNase2 

knock-out THP1-derivedmacrophages and analyze the cellular ncRNA products. 
To compare the tRFs population in native and RNase2 knock-out cells in the 
presence and absence of RSV challenge. 

Chapter 6: 
• To identify the evolutionary trend in substrate specificity at the secondary base 

binding site of RNase A superfamily by a kinetic and structural comparative 
analysis of representative family members. The characterization of the RNases 
substrate specificities should help us to identify the protein physiological cell 
RNA substrates related to their biological role.  
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3 GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
Antimicrobial RNases are small cationic proteins belonging to the vertebrate secreted 
RNase A superfamily. Eight members, known as “canonical RNases” have been 
identified in humans. Despite of the shared RNase catalytic activity, RNases were also 
reported to possess other biological activities, such as antimicrobial, antiparasitic, 
antiviral, antitumoral, angiogenic and immune-regulation properties(167,168).  It has 
been reported that RNase3, RNase6 and RNase7 are the most effective antimicrobial 
members within the superfamily and RNase3 and RNase7 were proven to have an 
effective mycobactericidal action at low micromolar concentration in vitro(157).  These 
characteristics are the basis to consider human RNases as potential drug molecules 
against pathogens. 

In this thesis work, we first screened the antimycobacterial activity of seven human 
canonical RNases. Applying the semi-solid agar-based spot-culture growth inhibition 
assay-high-through screening (SPOTi-HTS), the protein activities were evaluated both 
in vitro and ex vivo. Our data demonstrated that RNase3, RNase6 and RNase7 were 
active against extracellular bacteria, moreover the protein can be phagocyted into 
macrophage and then eradicate intracellular macrophages-dwelling mycobacteria. The 
data corroborated that RNase3 is the most active among the family members. Moreover, 
the protein cell agglutination activity was determined in vitro against three distinct 
Mycobacterium species: M. smegmatis mc2155, M. aurum and M. bovis BCG. RNase3 
and RNase6, but not RNase7, were able to induce the aggregation of all the tested 
mycobacteria. The results are in accordance with the previous reported data using M. 
vaccae(157). Compared to RNase3 and RNase6, RNase7 lacks an aggregation-prone 
hydrophobic patch within the primary sequence(167,169,170). It has been reported that 
the antimycobacterial action of many AMPs is mediated by immune-regulation 
activities, such as triggering the autophagy pathway to control the proliferation of 
intracellular resident bacteria in macrophage(45,171,172). Thus, we screened the ability 
of the seven canonical RNases in inducing autophagy and found that only RNase3 and 
RNase6 significantly increased BECN1 and ATG5 gene expression and LC3 processing. 
Comparing the effect of wild-type RNase3 and the catalytic defective mutant RNase3-
H15A, we found that the catalytic activity of RNase3 is not needed for its 
antimycobacterial activity and autophagy induction. This is consistent with previous 
studies on Gram-negative and Gram-positive bacterial species that also observed that 
the protein enzymatic activity was not require for its antimicrobial 
activity(155,167,173–175). In addition, we also observed that M. aurum infection can 
modulate the expression of RNase3, suggestion a potential physiological role. 
Encouraged by the previous results showing that RNase3 can enter the macrophage and 
eradicate the intracellular mycobacteria via modulation of autophagy of host 
macrophage cells(176), we then aimed to broad our understanding of the immune-
regulation role of RNase3. In this study, THP1 induced macrophages were treated with 
the wild-type RNase3 and RNase3-H15A (the catalytic defective mutant) for 4h and 12h 
and then were characterized by the next generation mRNA sequencing methodology. 
We identified the regulation pathways related and unrelated to the ribonucleolytic 
activity of RNase3, by comparing the transcriptomes of macrophage treated with 
RNase3 and RNase3-H15A. Overall, RNase3 and RNase3-H15A triggered a similar 
response of macrophages, characterized by a pro-inflammation state, cell growth arrest, 
and cell duplication inhibition. Moreover, epidermal growth factor receptor (EGFR) 
was identified as the main hub gene by network analysis of the common response 
differential expressed genes (DEGs). Interestingly, EGFR is not only a key membrane 
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receptor involved in cell survival and tissue remodeling(177), EGFR was also reported 
to be able to mediate the macrophage activation during bacterial(178) and viral 
infection(179). Specifically, the EGFR signaling induces pro-inflammatory cytokine 
and chemokine production(178,180,181). Moreover, the homologous protein RNase5 
was recently reported to be able to bind to and activate EGFR(129). Those results 
strongly suggest that EGFR is the key molecule that mediates the macrophage 
modulation by RNase3. By molecular modeling, taking EGFR-EGF complex as a model, 
we also predicted a strong binding of RNase3 with EGFR and it is worthy to mention 
that there is a high sequence identity within the receptor interaction region of EGF with 
both human RNase A family members. In addition to the common response triggered by 
RNase3 and RNase3-H15A, we also found a list of DEGs specifically related to the 
ribonuclease activity. Those DEGs were enriched to viral infection related pathways, of 
which the top-rated is RIG-I-like receptors (RLRs), consisting of RIG-I, MDA5, and 
LGP2, play an important role in sensing RNA virus infection to initiate and modulate 
antiviral immunity. Its necessary to point out that RLRs can also detect self RNA in the 
cytoplasm to triggers innate immunity and inflammation to control infection in addition 
to viral RNA molecules(182,183). Thus, we may speculate that RNase3 antiviral 
activity in macrophage may be mediated by specific RNA cleavage by RNase3. In 
addition, we found that overexpression of endogenous RNase3 in macrophage 
significantly reduced both M. aurum and RSV infection. To conclude, the results 
presented in this work highlight that RNase3 plays a crucial role in immunomodulation 
of human macrophage via interacting with EGFR. Moreover, the ribonucleolytic 
activity of RNases is required for some but not all of their biological functions. It would 
be worthwhile to co-crystalize the complex of RNases with the EGFR extracellular 
domain to further identify the direct interactions and compare with EGF to determine if 
the activation of EGFR takes place in the same way. 

Next, we focused on human RNase2 (EDN), another RNaseA family member that 
together with RNase3, is one of the main eosinophil derived proteins. In comparison to 
RNase3 known as a potent antibacterial protein, RNase2 has antiviral activity against 
RSV, HIV-1, and hepatitis B DNA virus.  Nevertheless, RNase2 was also reported to 
have immune-regulation activity on various host cell types, for example promoting 
leukocyte activation, maturation, and chemotaxis. In the present study, to further 
explore the biological role of RNase2 in human macrophages, we first edited a THP1 
cell line to knock out RNase2 expression by CRISPR/Cas9. After induction of THP1 
into macrophage, we applied next generation sequencing to study the transcriptomic 
change of macrophages when RNase2 is missing.  After DEG analysis, we found that 
more than 2000 genes were significantly altered when RNase2 is knocked out. We can 
suggest that RNase2 is crucial in mediating and maintaining the host innate immune 
response and cell survival, based on the identified DEGs enriched related pathways, 
such as viral protein interaction, cell cycle, cytokine-cytokine receptor interaction and 
chemokine signaling. This was further confirmed as we found that knocking out 
RNase2 resulted in heavier RSV infection burden and severe macrophage cell death. 
Moreover, EGFR was also identified as the main hub gene by applying those DEGs to 
network analysis. Based on our recent results on the EGFR activation by the closely 
related RNase3, we can suggest that the ribonuclease activity of RNase2 is probably not 
involved in the protein EGFR mediated catalytic immune-regulation activity of 
macrophages. Small non-coding RNAs (sncRNAs), such as siRNA, miRNA and piRNA, 
have emerged as key regulatory molecules of the antiviral innate immune response(184). 
sncRNAs derived from tRNAs, called tRNA-derived RNA fragments (tRFs), have been 
recently found induced by specific viral infection, such as RSV and hepatitis virus but 
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not metapneumovirus(185,186). Thus, we next compare the tRNA fragments population 
in wild-type and RNase2 knocked out macrophages using qPCR based commercial tRFs 
library screening kit. In total, we detected 5 tRNA fragments that were significantly 
reduced in RNase2-knocked out macrophages compared to wild-type macrophages. The 
results indicated that RNase2 is another RNase that may be responsible to cleave tRNA 
and produce specific tRNA fragments as described for RNase5(187). We then compare 
tRNA fragments population with or without RSV challenge and we concluded that RSV 
infection can regulate the production of tRFs in macrophages and the composition of the 
cell tRFs population is regulated by the presence of RNase2. Overall, our results 
indicate that RNase2 has a multifaced role in modulating macrophages, either dependent 
or independent of its catalytic activity. This is consistent with previously reported data 
that indicated that other features of RNase2 apart from the ribonuclease activity are 
crucial to its antiviral activity(75). 
In order to interpret the potential contribution of tRNA cleavage by RNases in the 
protein immune-regulatory properties, we decided to further analyze their sequence 
specificities. Therefore, we decided to compare the catalytic activity of the 7 human 
canonical RNases. In particular, we focused at the B2 site because a strong specificity 
was observed at this site in previous studies(98). The kinetic activity on UpA, UpG and 
UpI was measured by a spectrophotometric assay and the relative preference for the 
secondary base was estimated for each protein. The results indicated a shift of the 
secondary base specificity, from a poor A/G discrimination to a pronounced preference 
for A. By the complementary analysis of the kinetic characterization of other family 
members available in the literature, we inferred that there has been a shift at the 
substrate secondary base predilection, from lower to higher order vertebrates, from 
guanine to adenine (98). Moreover, we carried out a molecular dynamics analysis of 
RNase-dinucleotide complexes to unravel the structural determinants underlying the 
observed differentiated kinetic behaviors. Overall, molecular dynamics corroborated the 
observed shift from guanine to adenine preference by kinetic analysis. Although the 
main contributors (Asn71 and Glu111 in RNase A and equivalent counterparts) 
involved in the enzyme B2 sites are present in all the family members, significant 
differences in L4 loop extension and contribution of complementary residues can 
facilitate a distinct binding mode that confers discrimination between both purine bases. 
Asn, Glu/Asp and Arg bidentate side chains provide selective binding to adenine N1/N6 
and N6/N7 versus guanine N1/O6, O6/N7 and N1/N2 groups.  Moreover, we analyzed 
the modified base inosine apart from the two natural purine bases in RNA, as inosine is 
one of the main posttranscriptional modifications in cellular transcripts. We found an 
overall similar enzymatic activity of RNases on UpG and UpI. Moreover, we identified 
Glu/Asp residues are important for non-mammalian RNases to recognize N1/N2 group 
in guanine.  RNA modifications can not only regulate the translation pathway, they have 
also been reported to be involved in the generation of regulatory tRNA 
fragments(145,188). This specific tRNA cleavage process is associated to the host 
response to specific stress conditions(147) and the target specificity of endonucleases 
might be modulated by posttranscriptional modification, such as methyl modifications. 
For example, m5C modification inhibits RNase5 mediated cleavage of tRNA(145). 
Noteworthy, RNA posttranslational modification is an important immune-escape 
mechanism achieved by differential posttranscriptional modification profiles of 
eukaryotic and prokaryotic RNA(189,190). For example, murine innate immune cells 
were reported to be able to discriminate between self and nonself RNA (bacterial RNA 
with ribose 2’-O-methylation)(147). Overall, we speculate here that RNA 
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posttranscriptional modifications might be important for RNases in discriminating self 
and non-self RNA.  

To summarize, this thesis concluded that human RNases play an important immune-
regulation role in regulating macrophages to fight against pathogen infection, through 
both ribonucleolytic activity dependent and independent ways. Specifically, we 
identified an activation pathway non-dependent on the RNase catalytic activity 
mediated through interaction with the EGFR receptor. More studies are needed to 
completely confirm the interaction of RNases with EGFR, especially to identify the 
structural interactions. Moreover, it is of special interest to determine the RNase 
dependent manner activity which may be mediated through the release of selective RNA 
products, such as regulatory tRNA fragments. To prove that, we need to look closer at 
the recognition, binding, and cleavage of RNA by human RNase A family members and 
this can be achieved by applying newly developed methodologies. The next-generation 
sequencing technologies have been proven a powerful tool in unveiling the cellular 
transcriptome and the molecular functions of coding and non-coding RNAs. Moreover, 
some special method, such as “cP-RNA-seq” can achieve to selectively amplify and 
sequence the cyclic phosphate-containing RNAs. The technique can unambiguously 
identify the RNA molecules released by a specific enzymatic endonuclease cleavage. 
Besides, the clustered regularly interspaced short palindromic repeats (CRISPR) based 
gene editing tool can not only help to conduct RNase-knock in or -knock out 
comparison experiment but also allows to investigate the effect of RNA modification on 
RNA cleavage by RNases through specific modification of RNAs. A better knowledge 
of the mechanism of action of host-defense RNases should set the basis for the design of 
novel antimicrobial drugs. 
 
 



21 

4 CONCLUSIONS 

4.1 
• RNase3, RNase6 and RNase7 achieve the eradication of extracellular and 

macrophage intracellular infection by M. aurum at a low micromolar range. 
• RNase3 and RNase6 can agglutinate mycobacteria (M. aurum, M. smegmatis 

mc2 155, and M. bovis BCG) 
• RNase3 and RNase6 can induce autophagy and thereby inhibit intracellular M. 

aurum growth. 
• RNase2 is the most abundant RNases expressed in THP1 macrophages followed 

by RNase3 and RNase6; the expression of RNase3 and RNase6 are regulated by 
M. aurum infection. 

• The antimicrobial activity, bacterial agglutination, and autophagy induction 
ability are not dependent on the RNase enzymatic activity. 

4.2 
• RNase3 can activate the host immune response of human macrophage through 

EGFR binding which is not dependent of the ribonuclease activity. 
• RNase3 can trigger the antiviral pathway of macrophage, which is dependent of 

the ribonucleolytic activity. 
• M. aurum infection can regulate the expression of RNase3 in THP1 induced 

macrophages while RSV infection cannot. 
• Overexpression of RNase3 in human macrophage can inhibit the infection of M. 

aurum and RSV. 

4.3 
• Overexpression of RNase2 in THP1 leads to cell death. 
• Knock-out of RNase2 increases the RSV infection burden of macrophages. 
• RSV infection activates the expression of RNase2 in THP1 induced 

macrophages. 
• RNase2 is involved in the activation of EGFR in THP1 induced macrophages. 
• RNase2 is another RNase that is involved in specific tRNA fragments release. 

4.4 
• Among RNase A superfamily, there is an evolutionary trend towards adenine 

respect to guanine at B2 site from lower to higher order vertebrates. 
• The bidentate side chains of Asn, Glu/Asp and Arg, provide selective binding to 

adenine N1/N6 and N6/N7 versus guanine N1/06, O6/N7 and N1/N2 groups. 
• The principal contribution to the distinct binding mode lies in the protein β6 and 

L4 loop regions, that show significant differences in the orientation and 
extension. 
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Supplementary Material 

Human Antimicrobial RNases Inhibit Intracellular Bacterial 
Growth and Induce Autophagy in Mycobacteria-Infected 
Macrophages Lu Lu1, Javier Arranz-Trullén 1,2, Guillem Prats-Ejarque 1, 
David Pulido 1,3, Sanjib Bhakta2* and Ester Boix 1* 

* Correspondence: Ester Boix: Ester.Boix@uab.cat (EB); Sanjib Bhakta: 
s.bhakta@bbk.ac.uk (SB) 

Specie Gene Sequence Unique ID / 
Reference 

Human GAPDH  qHsaCED0038674 
Human RNase2  qHsaCED0020010 
Human RNase3  qHsaCED0001992 
Human RNase6  qHsaCED0046630 
Human RNase7  qHsaCID0020296 

Human β-actin-F ATCTGGCACCACACCTTCTACAATGAGC
TGCG (1) 

Human β-actin-R ACACCAGACATAGTAGCAGAAATCAAG 
Human ATG5-F TGGGATTGCAAAATGACAGA (1) Human ATG5-R TTTCCCCATCTTCAGGATCA 
Human Beclin-1-F CCAGGATGGTGTCTCTCGCA (1) Human Beclin-1-R CTGCGTCTGGGCATAACGCA 
Mouse β-actin-F GGCACCACACCTTCTACAATG (2) Mouse β-actin-R GGGGTGTTGAAGGTCTCAAAC 
Mouse ATG5-F GACAAAGATGTGCTTCGAGATGTG (3) Mouse ATG5-R GTAGCTCAGATGCTCGCTCAG 
Mouse Beclin-1-F  GTGCTCCTGTGGAATGGAAT (4) Mouse Beclin-1-R GCTGCACACAGTCCAGAAAA 
Table S1. Primer sequences for real-time qPCR. Primers of human GAPDH, RNase2, 
RNase3, RNase6 and RNase7, and human and mouse β-actin, Beclin-1 and ATG5. 
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 RNase1 RNase2 RNase3 RNase4 RNase5 RNase6 RNase7 

Theoretical pI 8.98 9.2 10.7 9.18 9.73 9.22 9.83 

 GRAVY -0.916 -0.669 -0.598 -0.726 -0.907 -0.543 -0.860 

Table S2. Comparison of physicochemical parameters of human secretory RNases. 
pI and Grand average of hydropathy (GRAVY) were predicted using the ProtParam tool 
(https://web.expasy.org/translate/). 

https://web.expasy.org/translate/
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Figure S1.  Confocal microscopy analysis of RAW 264.7 cell culture (2.5x105 

cells/mL) incubated with 2 µM of RNase3 labelled with Alexa Fluor 488. Cells were 
stained with Hoechst and Deep Red following the assay incubation conditions detailed 
in the experimental procedures section. After addition of Alexa Fluor 488 labelled 
protein (green), the evolution of the fluorescence signals was analysed by confocal 
microscopy. A total of 20 cells were analysed by regions of interest (ROIs) using Leica 
TCS software. The images were taken using a Leica TCS SP5 AOBS microscope. 
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Figure S2.  3D reconstruction of RAW 264.7 macrophages post-treatment with 
RNase3. Confocal microscopy analysis of RAW 264.7 cell culture incubated with 2 µM 
of RNase3 labelled with Alexa Fluor 488 (green). Cells were stained with Hoechst and 
Deep Red following the assay incubation conditions detailed in the experimental 
procedures section. After 45 min of protein addition, the fluorescence signals of 
Hoechst and AlexaFluor (A) and Hoechst, AlexaFluor and Deep Red (B) were analyzed 
by confocal microscopy. The images were taken using a Leica TCS SP5 AOBS 
microscope. 
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Figure S3. Confocal microscopy analysis of RAW 264.7 cell culture incubated with 
human RNases labelled with Alexa Fluor 488. Cells were stained with Hoechst and 
Deep Red following the assay incubation conditions detailed in the experimental 
procedures section. After labelled protein addition (green), the evolution of the 
fluorescence signals was analyzed by confocal microscopy for 30 min. A total of 20 
cells were analyzed by regions of interest (ROIs) using Leica TCS software. The images 
were taken using a Leica TCS SP5 AOBS microscope. Each panel indicates the RNase 
assayed. 
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Figure S4. Expression pattern of human RNases in THP-1 derived macrophage 
cells infected with M. aurum. Human THP-1 macrophage derived cells were infected 
with M. aurum for 4, 24, 48 and 72h, the transcriptional expression of human RNase2, 
RNase3, RNase6 and RNase7 were detected by real-time qPCR, all samples were 
normalized with GAPDH housekeeping gene. (A) relative expression of RNase2, 
RNase3, RNase6 and RNase7 at 0h without infection; (B, C, D) The kinetic of RNases’ 
expression upon infection were presented as the fold change of relative expression in 
infected group compared with the corresponding control group at each time point. 
Results are shown from 3 independent experiments (mean ± SD), *indicates a 
significant difference with control with P value is 0.05.  
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Figure S5. Quantification of acidic vesicular compartment measured by AO 
staining. The total amount of acidic vesicles was assessed as an estimate of 
autolysosome formation. Mouse RAW 264.7 macrophage cells were treated with 
RNases 3 and 7 for 24 h. Values are presented as means ± SD of 8 replicates. * indicates 
significant difference compared with control group (p < 0.05). 
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Figure S6. Comparison of aggregation of DOPG/DOPC liposomes by RNases. The 
incubation time of protein with liposomes is 30 min for all assay. The proteins were 2-
fold serially diluted (from 1.6 μM to 0.05 μM).
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Figure S7. RNase3 and RNase3-H15A antimycobacterial activity in the presence of 
autophagy regulators. RAW 264.7 macrophages were infected with M. aurum and 
treated with different concentration of the proteins, and/or 100 nM of rapamycin (Rapa), 
and/or 100 nM of bafilomycin A (BA), and/or 5 mM of 3 methyladenine (3MA) for 24h 
in RPMI-1640 complete medium. Macrophages were washed twice with RPMI-1640 
and lysed, and then an aliquot was spotted onto wells of a 24-well plate containing 
MB7H10/OADC/agar and incubated at 37⁰C for 4-5 days to determine intracellular 
survival.  
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Figure S8. Sequence alignment and prediction of aggregation propensity of eight 
human RNases. A) Alignment of the eight human canonical RNases using the ESPript3 
software (espript.ibcp.fr/), the N-terminal domain is highlighted in blue. Sequence 
allocation was performed following the homology between RNases. B) 3D structure of 
RNases by Aggrescan3D (A3D) [50]. A3D exploits an experimentally derived intrinsic 
aggregation propensity scale for natural amino acids. This structure-based approach 
identifies aggregation patches (in red) at the protein surface. C) Aggregation profile 
propensity of RNase3, RNase6 and RNase7 based on A3D score for protein residues.  
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Abstract: 

The human RNase3, also named the Eosinophil Cationic protein (ECP), is a member of 
the pancreatic RNaseA superfamily, involved in host immunity. RNase3 is expressed by 
leukocytes and show broad-spectrum antimicrobial activity. Together with a direct 
antimicrobial action, RNase3 also exhibits immunomodulatory properties. To gain a 
better understanding of RNase3 role, we have analysed here the transcriptome of 
macrophages exposed to both the wild-type protein and a catalytically defective mutant 
(RNase3-H15A). The analysis of differently expressed genes (DEGs) in treated THP1 
derived macrophages highlighted a common pro-inflammatory “core-response” 
independent of the protein ribonucleolytic activity. Network analysis identified 
epidermal growth factor receptor (EGFR) as the main central regulatory protein. 
Structural analysis suggested that RNase3 can activate the EGFR pathway by direct 
interaction with the receptor, as recently reported for the homologous human 
RNase5/Angiogenin. In addition, we identified a subset of DEGs specifically related to 
the protein ribonucleolytic activity, which are characteristic of virus infection response 
and interferon signalling. Transcriptome profile comparison at 4 and 12h revealed an 
early pro-inflammatory response, not dependant on the protein catalytic activity, 
followed by a late activation of the interferon pathway in a ribonucleolytic dependant 
manner. Next, we demonstrated that overexpression of the macrophage endogenous 
RNase3 can protect the cells against intracellular infection by both Mycobacterium 
aurum and the human respiratory syncytial virus (RSV). Eventually, comparative 
analysis of M. aurum and RSV infection profiles of the RNase3 overexpression cell line 
in the presence of Erlotinib, an inhibitor of the EGFR, revealed that the receptor 
activation is required for the antibacterial but not for the antiviral protein action. 
Moreover, the DEGs profiles related and unrelated to the protein catalytic activity are 
associated to the immune response to and viral infection respectively. We can conclude 
that RNase3 participates in the macrophage pro-inflammatory immune response against 
infection. A better knowledge of RNase3 anti-infective mechanism of action would 
provide the basis for applied therapeutics.  

Keywords: RNase3, ribonucleases, macrophage, immunomodulation, EGFR, 
Mycobacterium aurum, Respiratory Syncytial Virus, transcriptome 
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Introduction: 

Human RNase3, also known as Eosinophil Cationic Protein (ECP), is a member of the 
ribonuclease A superfamily. It is a small and highly cationic protein that participates in 
the immune defence response. RNase3 is mainly expressed in eosinophils, the mature 
protein is stored in the eosinophil secondary granules and is secreted upon infection and 
inflammation [1–3]. Together with its main production source, the protein is also 
reported to be expressed in other leukocytes, such as neutrophils and macrophages [4]. 
The importance of the selective expression and secretion of RNase3 has been 
emphasized due to its association with multiple diseases, such as asthma, intestinal tract 
inflammation or autoimmune disorders [1, 2, 4, 5]. The protein is routinely used as a 
clinical diagnostic marker of eosinophil activation during inflammatory processes [2]. 
Secretion of RNase3 is also induced by damaged epithelia and the protein can also 
participate in tissue healing and remodelling [4]. In addition, RNase3 expression is 
induced by infection and might contribute to the protection of biological fluids. The 
protein exhibits antimicrobial activity against a wide range of microorganisms, such as 
bacteria, yeast, viruses, and parasites [3, 6–10]. Abundance of surface-exposed cationic 
and hydrophobic residues can mediate the protein binding and subsequent 
destabilization of bacterial membranes through a carpet-like mechanism characteristic 
of many host defence antimicrobial peptides (AMPs) [10–12]. Although the protein 
triggers the pathogen death mainly through a direct mechanical action at the cell 
envelope, the targeting of intracellular components, such as nucleic acids cannot be 
disregarded. Indeed, RNase3 internalization is observed in treated yeast cells and 
protozoa [8, 13]. Besides, RNase3 can enter the macrophage and eradicate the 
intracellular dwelling bacteria [14]. On the other hand, the protein antiviral activity on 
single stranded RNA virus has been directly correlated to its ribonucleolytic action [9].  

Together with the RNase3 direct antimicrobial activity, a series of evidences illustrated 
that RNase3 also plays an immunomodulatory role during host defence [2, 4]. Early 
studies showed that RNase3 can activate rat mast cell and induce histamine release, 
mediating the cross talk between mast cells and eosinophils [15]. RNase3 displays 
remodelling activity partly mediated by inducing the expression of epithelial insulin-
like growth factor 1 (IGF1) [5] and the fibroblast chemotaxis can be enhanced by 
RNase3 release into the injured tissue site [2, 16]. Recently, we observed that RNase3 
expression in macrophages is regulated by mycobacteria infection. Moreover, we 
demonstrated the protein ability to enter macrophage cells and induce autophagy, 
contributing thereby to the eradication of the intracellular infection [14]. However, how 
RNase3 regulates the macrophage function and whether the protein immunomodulatory 
properties are dependent on its ribonucleolytic activity remains to be clarified. 

In the present study, we have investigated how RNase3 modulates the transcriptome 
profile of the macrophage cell. Towards this end, we used the human monocytic cell 
line THP1 derived to macrophage and applied the next generation RNAseq 
methodology to analyse the cell response to protein treatment. In addition, we explored 
the potential contribution of the protein catalytic activity on macrophages by using a 
mutant enzymatically defective mutant (RNase3-H15A). To note, this is the first 
systematic study to investigate the biological function of human RNase3 in 
macrophages by the whole transcriptome analysis. Complementarily, we built an 
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RNase3 overexpression THP1 cell line by CRISPRa, to validate the transcriptome 
results and evaluated the direct contribution of endogenous RNase3 in the eradication of 
intracellular infection by M. aurum and the human respiratory syncytial virus (RSV). 
The results revealed that RNase3 can inhibit both bacterial and viral infection through 
the modulation of the macrophage immune response in both ribonucleolytic dependent 
and independent ways. 

Materials and methods 

Cell culture 

Human THP-1 cells (NCTC #88081201) were maintained or passaged in 25 or 75 cm2 
tissue culture flasks (BD Biosciences) using RPMI-1640 (Lonza, BE12-702F) medium 
with 10% heat-inactivated fetal bovine serum (FBS) at 37°C, humidified 5% CO2 
conditions. THP-1 cells using in this study were controlled below passage 25. THP-1 
cells were treated with 50 nM phorbol myristate acetate (PMA, Sigma-Aldrich, P8139) 
for 48h to induce differentiation into macrophage-like cells and allowed to rest for 24h 
before further treatment. 

Recombinant protein expression 

RNase3 and RNase3-H15A recombinant proteins were produced as previously reported 
[8]. Briefly, E. coli BL21(DE3) cells were induced by 1 mM Isopropyl β-d-1-
thiogalactopyranoside (IPTG, St. Louis, MO, USA) and the inclusion bodies enriched 
pellet was resuspended in 80 mL of 10 mM Tris-HCl pH 8.5, 2 mM EDTA and left 
incubating 30 min with 40 µg/mL of lysozyme prior to sonication. Following, the 
sample was centrifuged at 30.000×g for 30min at 4°C and the pellet was resuspended in 
25 mL of the same buffer with 1% triton X-100 and 1 M urea and was left stirring at 
room temperature for 30min and then centrifuged 30 min at 22.000×g.  Following, 200 
mL of 10 mM Tris-HCl pH 8.5, 2 mM EDTA was added to the pellet, and then the 
sample was centrifuged at 22.000×g for 30min (4°C). The resulting pellet solubilized in 
6 M guanidine hydrochloride and rapidly 80-fold diluted in the refolding buffer was left 
in gentle stirring for 48-72h at 4°C. The folded protein was then concentrated, dialyzed 
against the chromatography buffer and purified first by cation chromatography using a 
Resource S (GE Healthcare Life Sciences) column and then by reverse phase 
chromatography on a Vydac C4 (ThermoFisher Scientific) column. Sample purity was 
checked by SDS-PAGE and MS spectrometry. 

Treatment of THP1 cells derived to macrophages with RNase3 and RNase3-H15A 

THP1 cells were differentiated into macrophages by 50 nM of PMA treatment as 
previously described [14]. The cells were then washed 3 times with prewarmed PBS 
and replaced with fresh RPMI+10%FBS medium. THP1-derived macrophages were 
then treated with 10 M of the recombinant proteins, wild-type (wt) RNase3 or the 
RNase3-H15A mutant. Previous work confirmed that the selected protein concentration 
ensured an effective antimicrobial activity and was non-toxic to the macrophage cells 
[14]. After 4 and 12 h of treatment, the cells were washed 3 times with pre-warmed PBS 
and collected for further RNA extraction. Three biological repeats were carried out for 
each experiment.  
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RNA isolation and sequencing 

Total RNA was extracted using the mirVanaTM miRNA Isolation Kit (Ambion, Life 
Technologies, AM1560) as described by the manufacturer. RNA purity was determined 
by spectrophotometry and RNA integrity (RIN) was analysed using Agilent 2100 
Bioanalyzer (Table S1). Following RNA extraction, total RNAs were submitted to the 
CRG genomics unit (Centre for Genomic Regulation, Barcelona) for cDNA library 
preparation, polyA enrichment and NGS sequencing. Sequencing libraries were 
prepared according to protocols provided by Illumina. 50bp-long single-end sequencing 
was carried out in an Illumina HiSeq2500 sequencer with a depth of >20 million reads 
per sample. Raw sequence reads have been deposited in the NCBI Sequence Read 
Archive (SRA) under accession number PRJNA574982. 

Transcriptome Analysis  

FastQC was used to carry out the quality assessment of reads, assessing the distribution 
of phred quality scores and mean percentage GC content across each read. Reads were 
aligned to the latest human genome assembly from the Genome Reference Consortium 
(GRCh38) using HISAT2 [17]. Aligned reads were stored in the SAM file format.  
StringTie was used to assemble the alignments into transcripts and estimate the 
expression levels of all genes and transcripts [17]. Low expression (sum count less than 
10) and non-coding genes were filtered out using biomaRT [18] before passing to the 
Bioconductor package DESeq2 [19]. The resulting P-values were adjusted using 
Benjamini and Hochberg's approach for controlling the false discovery rate (FDR). 
Genes with an adjusted P-value (Q-value) < 0.01 & log2fc absolute value >1 found by 
DESeq2 were assigned as differentially expressed genes (DEGs).  

GO enrichment and KEGG pathway enrichment analysis of the differential expression 
of genes across the samples was carried out using the clusterProfiler R package [20]. 
Protein-protein-interactions between DEGs were analysed using NetworkAnalyst which 
integrates the experimentally validated interactions database, InnateDB database [21]. 
The network was visualized using Cytoscape software (https://cytoscape.org).  

Molecular Modeling 

HADDOCK2.2 (Utrecht Bioinformatics Center, University of Utrecht) was applied to 
perform the modelling of the protein complexes and predict the associated free energies 
[22, 23].  

Construction of an RNase3 overexpression THP1 cell line 

We applied CRISPRa to activate the endogenous expression of RNase3 in THP1 [24]. 
Five distinct sgRNAs targeting the region from 100 to 500 bp relative to the 
transcription start sites (TSS) of the RNase3 gene were designed by using Cas9 
Activator Tool (http://sam.genome-engineering.org/database/) [24]; the sgRNA 
sequence is listed in Table S2. The pLenti239G plasmid, used to co-express the dCas9-
VP64 fusion protein and EGFP, was constructed by inserting the T2A-EGFP cassette 
from the LentiCRISPRv2-GFP-puro (gifted by Manuel Kaulich) in place of the T2A-
BSD cassette of the lenti-dCAS-VP64-Blast (Addgene61425, gifted by Manuel 
Kaulich). The pLenti239R, used to co-express the gRNA, cherry red fluorescence 

https://cytoscape.org/
http://sam.genome-engineering.org/database/
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protein, and puromycin resistance gene, was constructed by displacing the Cas9-T2A-
EGFP of LentiCRISPRv2-GFP-puro (gifted by Manuel Kaulich) with Cherry red 
fluorescent gene (gifted by Marcos Gil García, UAB). The sgRNA sequences were 
inserted in pLenti239R at downstream of the U6 promoter using the BbsI cloning sites. 
The correct construction of the plasmids was validated by Sanger sequencing. 

Following, HEK293T cells were used for lentiviral production. HEK293T cells were 
maintained in DMEM + 10% FBS complete medium in a 5% CO2 humidified incubator 
at 37°C. Cells were co-transfected with psPAX2 (Addgene#35002, gifted by Marina 
Rodriguez Muñoz) packaging plasmid, pMD2.G (Addgene#12259, gifted by Marina 
Rodriguez Muñoz) envelope plasmid, and pLenti-239G (encoding dCAS9 and eGFP) or 
pLenti-239R (encoding sgRNA and Cherry red fluorescent marker) using calcium 
phosphate precipitation protocol [25]. The transfection medium was replaced with fresh 
medium after overnight. Supernatants were collected 24, 48 and 72 hours after 
transfection, centrifuged to remove cell debris, passed through 0.45 μm filter and 
concentrated using PEG6000 precipitation method [26]. Viral pellets were resuspended 
in PBS, aliquoted and stored at -80°C until use. THP1 monocytes were infected with 20 
μl concentrated lentivirus in the presence of 8 μg/mL polybrene for overnight. Next day, 
the cells were replaced with fresh medium and cultured for 72h. Fluorescence 
positive monocytes were checked by fluorescence microscopy and then sorted by Cell 
sorter. The fluorescence positive cells were evaluated by suspending the cells in PBS 
and fixing them with 2% paraformaldehyde for 10 min prior to flow cytometer. The 
fluorescence positive cells were sorted into single cells by Cell sorter BD FACSJazz. 

Real -Time qPCR Assays 

The transcriptional expression profiles of selected genes were measured by RT-qPCR 
with GAPDH as the internal control gene. Primers used for RT-qPCR validation are 
listed in Table S2. The same total RNA was reverse transcribed into cDNA by using 
iScriptTM cDNA Synthesis Kit (Bio-Rad, 1708891). RT-qPCR assays were performed 
in 20 μL using the iTaq Universal SYBR Green Supermix (Bio-Rad, 1725121) 
according to the manufacturer's instructions. The reactions were conducted using 
CFX96 Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA) under the 
following conditions: 95°C for 2 min; 40 cycles of 95°C for 15 s and 60°C for 30 s; 
melting curve generation (60°C to 95°C). The relative expression ratios were calculated 
using the 2−ΔΔCT method [27, 28]. 

Western blot 

For the western blot assays, cells were harvested and lysed with RIPA buffer. The 
samples were separated by 10% SDS-PAGE, transferred to polyvinylidene difluoride 
membranes, blocked with 5% non-fat milk in TBST, and incubated with anti-RNase3 
primary antibody (Abcam, ab207429) overnight at 4°C. After washing, the membranes 
were treated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Sigma 
Aldrich, 12-348) for 1 h at room temperature (RT). Finally, the membranes were 
exposed to an enhanced chemiluminescent detection system (Supersignal West Pico 
Chemiluminescent Substrate, ThermoFisher Scientific, 32209) for detection. As a 
control, GAPDH was detected with chicken anti-GAPDH antibodies (Millipore). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/western-blot
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/horseradish-peroxidase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/beta-actin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/leporidae
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Macrophage infection by mycobacteria and CFU assay 

Infection of THP1 cells derived to macrophage by mycobacteria was performed as previously 
described [14]. M. aurum was purchased from the UK National Collection of Type Cultures 
(NCTC). Cells cultures of M. aurum (NCTC, 10437 were grown in Middlebrook (MB) 7H9 
broth (BD Biosciences, 271310) enriched with 10% (v/v) albumin/dextrose/catalase (ADC; BD 
Biosciences, 212352) containing 0.05% Tween 80, and in MB7H10 (BD Biosciences, 262710) 
with 10% (v/v) oleic acid/albumin/dextrose/catalase (OADC; BD Biosciences, 212240) for 
semi-solid agar growth at 37°C. Stock cultures of log-phase cells were maintained in glycerol 
(25% final concentration of glycerol) at −80°C. The bacteria were vortexed and sonicated using 
ultrasound sonication bath to obtain a single cell suspension, and then the bacterial 
concentration was determined by measuring the optical density (OD) of the culture at 600 nm 
(OD = 109 CFU/mL). Mid-log phase M. aurum cells, harvested in RPMI-1640 complete 
medium, were co-cultured with macrophages at a multiplicity of infection (MOI) of 10:1 and 
were incubated at 37°C for 3 h, then were washed 3 times with PBS and replaced with fresh 
media supplied with 50 μg/mL gentamycin (Apollo Scientific, BIG0124) to remove 
extracellular mycobacteria during further treatment. 

Colony forming units (CFU) counting assay was applied to compare the infectivity and 
living rate of M. aurum toward THP1 derived macrophages with or without RNase3 
overexpression. 2x105 THP1 cells were seeded in 24 well plates per well and induced to 
macrophages by 50 nM of PMA treatment. Next, log-phase cultures of M. aurum 
(OD600≈1) were diluted to 2x106 CFUs/mL and were used to infect macrophages 
derived from wild type macrophage (WT) or RNase3-overexpression macrophage cells 
(OX) at a multiplicity of infection of 10:1 at 37 degree for 3h. Then the cells were 
washed 3 times with PBS and replaced with fresh media supplied with 50 μg/mL 
gentamycin to remove extracellular mycobacteria, taken as the “0h post-infection” 
reference time. At 0h, 24h, 48h, and 72h, the cells were washed, collected, lysed with 
distilled water, and plated in 10mm petri dish containing MB7H10/OADC/agar. The 
CFU were counted after 2 weeks. Five independent experiments were conducted for this 
assay. 

Macrophage infection by viruses & viral quantification 

Human respiratory syncytial virus (RSV, ATCC, VR-1540) stock was ordered from 
ATCC. Hela cells were used to produce RSV under biosafety level II conditions [29]. 
Briefly, Hela cells are plated in 75 cm2 culture flask and incubated at 37ºC in 
DMEM+10% FBS until they are approximately 50% confluent. The cells were then 
washed and infected with RSV stock under a MOI of 0.1. After 3h infection, the cells 
were washed and replaced with fresh medium (DMEM+ 10%FBS) and incubated for 4 
days at 37ºC, 5% CO2. The cells and the virus suspension were collected when the 
cytopathology appeared, with scraping and vortexing of the cells to release more viral 
particles. The virus suspension was centrifuged for 10 min at 1800×g to remove the cell 
debris. The virus suspension without cell debris were either frozen immediately and 
stored at -80ºC as seeding stock or concentrated using Amicon Ultra-15 centrifugal 
filters (Millipore, UFC910024). The produced viruses were titrated using TCID50 
(median tissue culture infectious dose) method in Hela cells [30]. 

Before RSV infection, THP1 cells were induced to macrophage by 50 nM of PMA 
treatment for 48h. Cells were washed three time with prewarmed PBS and replaced with 
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fresh RPMI+10% FBS medium for 24h incubation. After that, macrophages were 
washed and incubated with RSV, mixing every 15 min for the first 2h. All virus 
treatment tests were performed using RSV at a MOI of 1 TCID50/cell. 

RSV was detected by RT-qPCR [31]. After the indicated post-infection time, the 
extracellular RSV virus was collected by the PEG6000 precipitation methodology [26, 
32] and intracellular RSV virus were collected by lysing the macrophage cells with the 
lysis buffer from mirVanaTM miRNA Isolation Kit (Ambion, Life Technologies, 
AM1560). Total RNA from RSV infected macrophage cells as well as stock virus was 
extracted using mirVanaTM miRNA Isolation Kit according to the manufacturer’s 
instructions. cDNA was synthesized using iScriptTM cDNA Synthesis Kit (Bio-Rad, 
170-8891). The synthesis was performed using random hexamers, starting with 1 μg of 
total cell RNA. The RT-qPCR was performed using ddPCRTM Supermix for Probes 
(Bio-Rad, 1863024). Samples with a cycle threshold value of more than 40 were 
recorded as negative. A standard curve was prepared using serially diluted RNA 
extracts from a known quantity and used to quantify RSV as TCID50/mL. In parallel 
with the RSV probe assays, an endogenous glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) control was used for relative quantification of the intracellular virus. The 
primers and probe used were listed in Table S2. 

Cell viability assay 

Cell viability was measured using MTT assay as previously reported [33]. After each 
time point of post of infection, cells were incubated with 100 μL of MTT reagent. The 
media were then removed and 200 μL of DMSO was added per well. The absorbance of 
the formazan was determined at 570 nm in an ELISA reader. 

Results: 

Comparative transcriptome analysis of THP1 derived macrophages treated with wild-
type RNase3 and catalytically defective RNase3-H15A mutant 

In order to explore the immunomodulatory properties of RNase3 on macrophages we 
incubated THP1 derived cells in the presence of the protein and analysed the cell 
transcriptome at 4h and 12h incubation time. Macrophage response to wild-type 
RNase3 exposure was compared with a protein mutant variant devoid of ribonucleolytic 
activity. Our previous work indicated that the H15A substitution fully abolishes the 
RNase3 catalytic activity without any alteration of the 3D protein structure [8]. Besides, 
we recently observed how both wild-type RNase3 and H15A mutant can induce the 
autophagy pathway and mediate the eradication of intracellular mycobacteria within 
macrophages [14]. Therefore, we decided to carry out a whole transcriptome analysis to 
identify the putative cell pathways associated to the protein exposure.  

For each condition, three biological replicates were prepared for control, RNase3 and 
RNase3-H15A treatment of THP1 derived macrophage cells. Sample points were taken 
at 4h and 12h incubation time. Total RNA was purified for each condition and cDNA 
libraries were prepared for poly(A) mRNA sequencing 50 nt single read by NGS 
Illumina Hiseq2500. The raw sequencing data can be found in NCBI Sequence Read 
Archive (SRA) under accession number PRJNA574982. A total of 511 million reads 
(mReads) were obtained, providing about 28 mReads per sample. Approximately 96% 
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of the reads were uniquely mapped to the Homo sapiens genome (Table S3). Expression 
of 14801 protein coding genes were detected in at least one individual (filtered by sum 
count more than 10) (Additional file 1). The Principal Components Analysis (PCA) plot 
shows tight clustering within the control group and the protein treated groups (either 
RNase3 or RNase3H15A treatment) for mRNA expression (Figure S1). Additionally, 
RNase3 and RNase3-H15A treated samples clustered separately from each other, 
indicating temporal alterations in gene expression driven by different protein treatment.  

Following, Differently Expressed Genes (DEGs) were identified for RNase3 versus 
control, RNase3-H15A versus control, and RNase3-H15A versus RNase3. Using 
DESeq2, we identified 4930 (2563 up regulated and 2367 down regulated) and 4933 
(2584 up regulated and 2349 down regulated) DEGs at 4h and 12h, respectively, 
between RNase3 treated cells and untreated control cells. When comparing 
RNase3H15A treated cells to untreated control cells at 4h and 12h respectively, 4869 
(2516 up regulated and 2353 down regulated), and 4986 DEGs were identified (2585 up 
regulated gene and 2401 down regulated) (Figure 1A). Next, we identified DEGs by 
comparing 4h and 12h timing for each treatment, 18 (10 up regulated and 8 down 
regulated), 351 (223 up regulated and 128 down regulated) and 198 (81 up regulated 
and 117 down regulated) DEGs were found in control, RNase3, and RNase3-H15A 
treatment as a function of time, respectively. The small amount of DEGs between 4h 
and 12h found in control samples indicated that the biology status of the cells has been 
stable during all the experiment. A direct comparison between RNase3 and RNase3-
H15A treated cells found 30 (22 up regulated and 8 down regulated) and 125 (115 up 
regulated and 10 down regulated) DEGs at 4h and 12h post of treatment, respectively. 
All the DEGs described above are listed in Additional file 2. 

RNase3 modulates the macrophage global innate immune response in a ribonuclease 
independent manner 

Given the high overlapping rate of DEGs between RNase3 and RNase3-H15A treated 
cells either at 4h or 12h (Figure 1B & 1C), we sought to identify the genes with similar 
response profiles. Profiles with overlap between RNase3 and RNase3-H15A treated 
cells, comprising a total of 3818 genes, were identified to confirm the core response of 
macrophage modulated by both RNase3 and RNase3-H15A. Core response genes not 
related to the protein ribonucleolytic activity are listed in Additional file 3 (1972 and 
1846 are up-regulated and down-regulated, respectively; see Figures 1B and 1C). 

KEGG pathway enrichment of the up-regulated DEGs indicated that both RNase3 and 
RNase3-H15A treatment triggered the cells overall immune response. In total, 58 
KEGG pathways were significantly enriched (padj<0.01) (see Figure 2A and Additional 
file 4). The top 10 listed pathways included TNF signal pathway, Cytokine-cytokine 
receptor interaction, NF-kappa B signal pathway, Chemokine signalling pathway, Toll-
like receptor signal pathway and MAPK signalling pathway. To examine more closely 
the correlations between the genes of the core response to RNase3 and RNase3H15A 
treatment, we incorporated a network based approach using the NetworkAnalyst3.0 
with InnateDB database [21]. Ranked by connectivity and betweenness centrality, 
EGR1, EGFR, SRC, STAT1, NFkB1, and JUN were identified as the primary hub and 
bottleneck genes of macrophages induced upon RNase3 and RNase3-H15A exposure 
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(Figure 3A). Among them, the Epithelial Growth Factor Receptor (EGFR) is the main 
connector, followed by a second group composed by EGR1, SRC, STAT1 and NFkB1 
and last the JUN gene. Moreover, EGFR shares direct or indirect interaction with all the 
other central hub genes: EGR1, SRC, STAT1, NFkB1, and JUN and SRC transcription 
regulator. EGFR activation positively regulates EGR1, STAT1, NFkB1 and JUN 
transcription factors. EGFR upregulates the expression of the signal transducer and 
activator of transcription STAT1, a transcription factor responding to cell stress injuries, 
such as infection, and regulating genes involved in the inflammatory response [34]; 
EGFR signalling is an important mechanism of NF-kB activation, which controls pro-
inflammatory cytokine production and cell survival [35] and SRC is a regulatory protein 
kinase that also mediates the inflammatory response via EGFR transactivation [36]. 
Likewise, EGR1 is a transcription factor that promotes inflammation activated by 
EGFR. Therefore, we can conclude from the network analysis results that EGFR is the 
main determinant of shared pathways induced by both wt RNase3 and the RNase3-
H15A mutant.  

Next, we explored the down regulated DEGs in THP1 derived macrophages upon 
exposure of both wt and the catalytically defective RNase3. We identified 1846 DEGs 
counts associated to RNase3/RNase3-H15A common response (Figure 1C), 13pathways 
were significantly enriched (Figure 2B; Additional file4). Downregulated pathways 
include cell cycle, DNA replication, homologous recombination and mismatch repair 
among others, which are indicators of a cellular growth inhibition and duplication arrest 
response. To note, CDK1, BRCA1, PCNA, CDK1 and KIAA0101, were considered the 
hub and bottleneck genes by network analysis (Figure 3B). As illustrated by their key 
connectivity we can highlight CDK1 and BRCA1, followed by CDK2 and PCNA, and 
last KIAA0101. Interestingly, BRCA1, CDK1 and CDK2 are also downregulated by 
EGFR activation. Moreover, PCNA is involved in the direct response to EGFR related 
to DNA damage.  

Following, we studied the macrophage cell response upon protein exposure as a 
function of time. Considering that cytokine-cytokine receptor interaction is within the 
top common enriched pathway upon RNase3 and RNase3-H15A treatment, with more 
than 78 genes significantly up-regulated (Figure 2A, Additional file 4), we decided to 
compare their dynamic changes at 4h and 12h time points. Compared to control, 
RNase3 or RNase3-H15A triggered a fast inflammatory response of the macrophage 
cell, as witnessed by a significant up-regulation of 20 hallmark inflammatory genes, 
such as TNFα (210 fold), IL1β (1422 fold), CD40 (14 fold), CXCL8 (760 fold), CCL4L2 
(1594 fold). Moreover, 19 hallmark TNFα-signalling via NFkB genes were also 
significantly upregulated, such as CXCL1 (133 fold), CXCL2 (183 fold), CXCL3 (596 
fold), IL7R (62 fold), LIF (366 fold), CCL3L1 (570 fold), CCL4 (1771 fold), 
TNFRSF12A (11 fold) (see Additional file 5). Likewise, we identified a group of 
significantly down-regulated genes, such as CXCR4, IL31RA, IL1RAP, PRLR, CCL28, 
IL12RB1, CXCR2, CXCR1, GDF11, CCL23, CX3CR1, CCR2, BMP8B, and CSF3R. 
According to the timeline, the gene counts of most pro-inflammatory genes decreased 
by 12h in comparison to a 4h (Figure 4), indicating that the pro-inflammatory effect 
triggered by RNase3 is a short-term effect and is reduced upon time. Figure 5 illustrates 
the main activated transcription factors and their associated response. To note, together 
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with pro-inflammatory cytokines, we can identify up-regulated chemokines related to 
leukocyte recruitment, such as CCL1 and CCL2 for monocytes, CCL20 for 
lymphocytes, CCL21 for activated T cells, CXCL3 for neutrophils and tissue 
remodelling, such as ICAM1, VCAM1, MMP9 and TGFβ. Overall, the observed 
immune-metabolic response is characteristic of a M1 macrophage activation type [37].  

RNase3 modulates the macrophage antiviral pathway in a catalytic dependent manner 

Although RNase3 and RNase3-H15A elicited an overall similar transcriptional response 
of macrophage, a direct comparison between macrophage cells treated with the wt and 
mutant proteins identified significant changes related to the RNase catalytic activity.  
Transcriptome analysis of wt versus H15A mutant revealed 30 and 143 DEGs at 4 and 
12h, respectively (Figure 1). Within the DEGs paired set we found only 6 genes 
activated at both 4 and 12h time points: CXCL10, IFIT1, LAMTOR1, SOCS3, OASL, 
and IFIT2 (Figure 6). Interestingly, several of these genes are activated by the interferon 
pathway, such as the 2’5’ oligoadenylate synthase like protein (OASL), the CXCL10 
chemokine and the interferon induced RNA binding proteins (IFIT1 and 2) [38–40]. On 
its side, SOCS3 activation is usually observed following infection and plays a tissue 
protecting role against inflammation side effects [41]. 

On the other hand, when all the DEGs were analysed by connectivity and betweenness 
centrality, we observed 31 seed genes connected by 44 edges. The network analysis 
clearly pointed out to STAT1 and ISG15 as the hub genes (Figure 6).  ISG15 expression 
is regulated by STAT1 transcription factor (Figure 5), which is characteristic of the 
macrophage activation by the interferon pathway and adaptation to an antiviral state. 
The connectivity map outlined the contribution of other interferon induced regulatory 
proteins, such as IFIT1-3 and the CXCL10 chemokine. By applying the KEGG pathway 
enrichment analysis, we mostly obtained at 12h signalling pathways related to infection 
sensing and in particular associated to antiviral response (see table 1 and Additional file 
5). In contrast, no significant pathway was found when applying the DEGs at 4h.  In any 
case, according to GO term annotation analysis “response to virus” is the single 
significantly enriched at 4h. Moreover, analysis of the DEGs at 12h, identified diverse 
biological processes but in all the cases related to the cell defence response to virus” 
(Table 3, Additional file 6). In addition, the comparative heatmap of DEGs highlighted 
that significant changes of wt versus H15A mutant are mostly prominent at 12h. 
Overall, we can conclude that the late immune-regulatory action (12h) induced by 
RNase3 dependent on the protein catalytic activity would complement the first short-
term response (4h), mostly mediated by EGFR activation. Results suggest that both 
RNase3 activated pathways, catalytically dependent and independent, might work by 
complementing each other. In addition, the activation of STAT1, via ISG15 and IFIT1-
3, can mediate the endosomal EGFR internalization and macrophage cell response 
(Figure 5). Indeed, by inspection of DEGs network analysis we observed the induction 
of the endosomal TLR7-9 mediated pathways dependant on RNase activity (Figure 5). 
In this context, we observed how STAT1 mediated activation is reinforced by a catalytic 
activity dependent mechanism at a late (12h) response. We can hypothesize that 
activation of STAT1 by RNase3 might be mediated by the release of specific RNA 
products, such as dsRNA. Interestingly, STAT1 is activated by both the IFN and EGFR 
signalling pathways. Indeed, the initial increase of IFNα and IFNβ would be induced by 



121 

the NF-kB pathway, which was observed to be activated by an RNase independent 
manner (see figure 5). Based on our data, we can suggest that the IFN pathway, might 
be reinforcing the short term signalling paths induced by a direct targeting of EGFR by 
RNase3. 

Analysis of the putative RNase3-EGFR interaction by Molecular modelling 

Considering that our whole transcriptome analysis pointed out to a direct activation of 
EGFR by RNase3 (Figure 3), we decided to further explore the protein-receptor binding 
process. Interestingly, it was recently demonstrated that RNase5/Ang, another member 
from the RNase A superfamily, is a direct ligand of EGFR [42]. The authors identified a 
C-terminal region in RNase5 needed for EGFR interaction, with significant homology 
to EGF binding region to the receptor. Interestingly, we observed here how the four 
conserved residues shared by RNase5 and EGF (C81, C92, Q93, Y94) are mostly 
conserved in RNase3 (Figure 7A and Additional file 7). In particular, the QYRD 
sequence was confirmed to participate in EGF interaction with the receptor by site-
directed mutagenesis [43]. Considering that the region of RNase 5 involved in the 
interaction with EGFR is partially conserved in RNase3, we decided to explore the 
potential protein interaction to the receptor. We applied HADDOCK software to predict 
the complex structures of RNase3 with the EGFR extracellular domain (Figure 7B). 
High binding of RNase3 to EGFR was estimated (see Table 2). To note, we obtained for 
RNase3 similar or even slightly higher binding energies, as calculated for EGF. Besides, 
our calculated values by HADDOCK are in accordance to the binding energies 
predicted for EGF by molecular dynamics [44]. A close inspection of the predicted 
complex revealed that the interaction of RNase3 with EGFR might be mediated by 
residues regions 1-4, 19-28, 33-35, 86-87 and 94-100. In particular, we can identify the 
key role of N95, R97, Y98 and D100 of RNase3 that can interact within the 417-470 
region of the EGF receptor (see Additional file 7 for a full list of predicted protein-
protein interactions). The molecular modelling also indicates that the RNase active site 
residues (H15, K38 and H128) would not be involved in the receptor binding, in 
agreement with our transcriptomic results. Besides, the main region identified in 
RNase3 overlaps with the RNase 5, and EGF counterparts (Figure 7A). However, we 
also observed significant differences in the main interacting region from EGF and 
RNases, where residues 45-51 in EGF are not conserved in RNases sequence. This 
suggests that the RNases mechanism is not fully equivalent to EGF functioning and 
might indicate a distinct target within the EGFR family. Notwithstanding, we do 
observed conservation of main key interacting residues, specifically within the CQYRD 
segment (residues 96-100 and 92-96 in RNase3 and EGF respectively). In particular, 
Hung and co-workers confirmed that residues Q93 and Y94 were essential for the 
receptor binding to RNase5. Here, in our model for RNase3, we observed the putative 
binding of R97 to the receptor extracellular domain. Interestingly, RNase3 presents a 
single nucleotide polymorphism (SNP) at position 97 with two alternate substitutions 
(R/T) [45] and molecular modelling predicted a significantly higher affinity to the 
receptor for the R97 variant respect to the T97 one (Table 2). Previous work by Venge 
and co-workers indicated that substitution of R97 by a T correlated with a loss of the 
protein cytotoxicity [46, 47]. The present data might explain the previously observed 
differences in the biological properties of the two RNase3 variants. 
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Characterization of an RNase3 overexpression THP1 cell line 

In order to corroborate our transcriptomic results and evaluate the potential contribution 
in situ of the macrophage endogenous RNase3, we decided to obtain a THP1 cell line 
that overexpresses the protein. As quantified in our previous work, basal levels of 
RNase3 in the monocytic THP1 cell line are detectable but considerably low (estimated 
about 1/500 respect to the GAPDH control gene) [14]. Therefore, the overexpression of 
RNase3 in THP1 cells could serve to analyse the protein action within the macrophage 
–derived cells.  CRIPSRa methodology was applied to overexpress RNase3 in THP1 
cells. The plasmids encoding CRISPRa components were delivered to THP1 cells by 
lentiviral infection. An empty lentiviral plasmid was used for the control reference cells. 
The GFP and Cherry red both positive cells successfully transduced by lenti239G 
(encoding dCas9-VP64-GFP) and lenti239R (encoding sgRNA-Cherry red) were sorted 
by FACS (Figure 8A). After induction of THP1 to macrophage, the expression of 
RNase3 was quantified by qPCR, observing an increase from about 1.5 to 3-fold in all 
the analysed cell lines (Figure S2). The best performance cell line (OX5) was selected 
for final characterization. RNase3 levels in relation to wild-type THP1 cells were 
quantified by both qPCR and WB, confirming a significant increase of RNase3 both at 
the gene and protein level (Figure 8B & C). On the other hand, we confirmed that 
overexpression of RNase3 did not alter the macrophage cell viability (Figure 9).  

To validate the transcriptome results obtained by NGS sequencing, we analysed the 
expression profile of the RNase3 overexpression THP1 cell line. A total of 18 genes 
from the previously obtained DEGs libraries were selected for further qPCR analysis. 
The results confirmed similar expression levels induced by both endogenous and 
recombinant proteins (Figure 8D).  

Overexpression of endogenous RNase3 inhibits the macrophage intracellular infection 
by both M. aurum and RSV  

Next, we evaluated the efficacy of the macrophage endogenous RNase3 against 
infection. We selected two models of macrophage intracellular infection. M. aurum and 
the RSV. Both intracellular pathogens have been previously proven to be effectively 
eradicated within the macrophages by recombinant RNase3 addition [9, 14].  

First, we infected both wild-type (WT) and RNase3-overexpression (OX) THP1 cells 
derived to macrophages with M. aurum and monitored the cell lines for 3 days. 
Intracellular infection was quantified by Colony Forming Unit counting (CFUs) in lysed 
cells after removal of extracellular mycobacteria. No significant differences in M. 
aurum initial CFUs between WT and OX cell lines were observed at the initial time 
point (Figure 9A). However, M. aurum can easily proliferate in wild type macrophage 
as indicated by an exponential CFU count increase as a function of time. On the 
contrary, mycobacteria cannot proliferate in the RNase3-overexpression cell line. A 
significant growth inhibition of M. aurum in RNase3 overexpression macrophages was 
detected at 24 h post-infection compared to WT macrophage. Noteworthy, the growth 
inhibition was even more prominent as the infection progressed (48h and 72h). The 
present data corroborate our previous results showing that recombinant RNase3 can 
efficiently mediate the eradication of macrophage intracellular infection by 
mycobacteria [14].  
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Likewise, both WT and OX THP1 cells derived to macrophages were infected with the 
RSV virus and the cell lines were monitored for 3 days. Probe-qPCR was applied to 
quantify the RSVs both extracellularly and intracellularly using an internal RSV 
quantification standard curve built by serially dilutions from a RSV stock (Figure S3). 
Starting from an equivalent RSV initial titer in both WT and OX cell lines we observed 
the increase as a function of time of RSV at extracellular and intracellular levels (Figure 
9B and S4). Intracellular and extracellular RSV reached a maximum peak at 24h and 
48h post of infection, respectively. Importantly, we found that overexpression of 
RNase3 in macrophage can significantly inhibit the RSV duplication at 24-72h poi 
(Figure 9B and S4). In addition, overexpression of RNase3 reduced the macrophage cell 
death rate caused by M. aurum and RSV infection (Figure 9C).  

Moreover, the transcriptional expression levels of RNase3 were quantified in both cell 
lines (WT and OX) in the absence and presence of M. aurum and RSV infection. 
Overall, we confirmed that the OX cell line expresses significantly higher level of 
RNase3 than WT cells at all the time points (Figure 9D). In addition, we explored 
whether the cell infection by M. aurum and RSV could regulate the macrophage 
endogenous RNase3 expression. The results indicate that short term M. aurum infection 
is downregulating RNase3 whether a longer term exposure (48-72h) induced the protein 
expression. The data corroborate down and upregulation profile previously reported 
upon mycobacteria infection [14]. On the contrary, the expression of RNase3 in WT 
macrophage was not significantly altered by RSV infection. On its side, the OX cell line 
kept the expression levels of RNase3 stable during all the 3 days’ experiment in both M. 
aurum and RSV infection studies. 

Blockage of the EGFR receptor by Erlotinib inhibits the RNase3 antibacterial activity 

We next assessed the effect of adding an inhibitor of EGFR activity on the antimicrobial 
action of RNase3. Erlotinib inhibits EGFR activation by blocking the receptor tyrosine 
kinase [51].  The RNase3 overexpression macrophages were treated with Erlotinib for 
24h before infection of either M. aurum or RSV.  As illustrated in Figure 10A, upon 
addition of 10 μM of Erlotinib, we observed a significant increase of M. aurum growth 
within the macrophages. On the contrary, this scenario was not observed in RSV 
infection even after addition of 100 μM of Erlotinib (Figure 10B). Moreover, we 
quantified and compared the fold change of a set of 18 selected genes in RNase3 
overexpressed cell line in the presence and absence of Erlotinib treatment. The selected 
genes had previously been quantified as DEGs by both recombinant RNase3 addition 
and endogenous protein overexpression (see Figure 8D). Moreover, by comparison 
between wild-type and catalytic defective RNase3 we identified the DEGs dependent or 
independent of the protein catalytic activity (see figures 3, 5 and 6). Here, following 
Erlotinib treatment we observed how gene expression is uniquely altered for the genes 
not dependent on the protein catalytic activity (Figure 10C). That is, addition of 10 μM 
of Erlotinib significantly inhibited RNase3’s induction of the expression of genes such 
as CXCL10, CEBPB, TNF, BCL3, IL1, NFKIBA, SRC, TLR4, ATP6V1H, GABARAP. 
On the contrary, MDA5, ISG15 and RIG1 that are dependent on RNase3’s catalytic 
activity, did not response to Erlotinib treatment. The results corroborated the presence 
of two distinct type of pathways that are regulated by RNase3 and are associated to 
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either catalytic or non-catalytic dependent mechanisms of action (see Figure 5 for a 
schematic overview). 

Discussion 

Antimicrobial peptides (AMPs) are important components of natural defence against a 
wide range of pathogens [52]. AMPs, originally reported to work by a direct action at 
the microbial cell wall, were later ascribed a diversity of immune modulatory properties 
that can contribute to the infection eradication [53, 54]. Human antimicrobial RNases 
from the RNaseA superfamily can be regarded as multifaceted AMPs that combine a 
microbial membrane destabilization action with immune regulatory properties [4, 55, 
56]. In our recent work, we have reported how RNase3 induction of macrophage 
autophagy mediated the eradication of M. aurum intracellular infection [14]. Here, we 
have applied the NGS RNA sequencing methodology to explore the immune-regulatory 
mechanism of action of RNase3 within macrophages. The comparative transcriptomic 
profile of macrophages treated with wild-type and catalytically defective RNase3 has 
enabled us to identify the regulation pathways related and unrelated to the protein 
ribonucleolytic activity. Overall, we observed that treatment with both RNase3 and 
RNase3-H15A triggered a common immune response. The shared transcriptome profile 
pattern outlined an up-regulation core response characteristic of a macrophage pro-
inflammation condition [37]. On its side, downregulation core response indicated that 
the protein addition promoted the cell growth arrest and duplication inhibition.  

Protein-protein network analysis identified EGFR as the main hub gene, followed by a 
group of five other genes (JUN, NFkB1, STAT1, EGR1, SRC), which are on their turn 
directly or indirectly interacting with EGFR (Figure 5). On its side, inspection of central 
hub downregulated genes (Figure 3) also revealed an association to EGFR receptor 
activation. Interestingly, EGFR, the epidermal growth factor receptor, is not only a key 
membrane receptor involved in cell survival and tissue remodelling [57, 58], but it can 
also mediate the macrophage activation during bacterial [59] and virus infection [60]. 
Specifically, EGFR signalling is critical for pro-inflammatory cytokine and chemokine 
production [59, 61, 62]. Therefore, our present results suggest that RNase3 mostly 
modulates the macrophage response via direct EGFR activation. Taking into 
consideration the very recent report of human RNase5 direct binding to EGFR [63], we 
envisaged here a structural analysis of the putative interaction of RNase3 to the 
receptor. Human RNase5/Ang sharing with RNase3 a common three-dimensional 
structure fold, was taken as a reference to model a putative RNase3-receptor complex 
using the EGF-receptor complex as a reference (Figure 7). The results predicted a strong 
binding of RNase3 to the EGFR extracellular domain. Structural dynamics suggested no 
involvement of the protein catalytic site in the receptor interaction, as indicated by our 
transcriptome results. Likewise, EGFR activation by RNase5/Ang was not dependent on 
the protein catalytic activity [64]. Interestingly, we found a high sequence homology 
between both RNases at the conserved key target sequence previously identified at 
RNase5 and EGF C-terminus [64]. In particular, by structural alignment with the EGF 
molecule in complex with the extracellular domain of the receptor [65] the authors 
identified in RNase5 four conserved residues: two cysteines (C81 and C92), a glutamine 
(Q93) and a tyrosine (Y94) [63].  C81 and C92 are conserved in most of the RNaseA 
family members and participate in the disulphide bonding that connects the protein N 
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and C ends and stabilizes the overall three dimensional structure. On their turn, Q93 and 
Y94 counterparts in EGF were reported to bind to the receptor [66] and were confirmed 
by site-directed mutagenesis to participate in RNase5 -EGFR interaction. Pairwise 
sequence alignment indicated that Y94 is conserved in all RNase members. On the other 
hand, we found partially conserved substitutions for RNase5 Q93. To note, in RNase3 
the glutamine is substituted by a threonine (T97). Interestingly, RNase3 displays a 
polymorphism at this position (R/T97), which has been correlated to the protein 
properties. In particular, R97 shows an enhanced cytotoxicity on several tested cancer 
cell lines [46]. On the contrary, the presence of a T at this position creates an N-
glycosylation site and native N-glycosylated forms display a reduced cytotoxicity and 
antimicrobial activity [49, 67, 68]. Particular attention to R/T97 SNP in RNase3 was 
drawn due to the specific distribution within the population [69]. Presence of an R at 97 
position has been linked to an enhanced severity of malaria and schistosomiasis side-
effects [70, 71], such as hepatic fibrosis or neurological disorders that might be 
associated to an overabundance of the secreted RNase3 at the infectious focus [72, 73]. 
The protein overproduction at the infected tissue could be detrimental to the host health, 
as also observed in allergic asthma and other chronic inflammatory diseases. 
Evolutionary studies indicated that R is the amino acid present in RNase3 lineage 
ancestor and is shared by most of the other primate homologues [74]. The current 
results that highlight the potential contribution of R97 in EGFR activation would 
provide a novel explanation on the protein potential cytotoxicity and might explain the 
R/T SNP distribution as a function of the areas of the infection disease predominance. 
On the other hand, if we analyse the CQYRD region within the family context, we 
observed a high variability in position 97. Interestingly, while a glutamine is present in 
RNase5/Ang and ancestral family members, shared by most fish RNases, amphibians 
have lost the Q residue at this position and a high variability is found in mammalian 
RNases, where R is the predominant substitution [74, 75]. The importance of this 
residue was highlighted by Hung and co-workers, who demonstrated that human 
RNase1 homologue, where position 97 is occupied by an Ala does not activate the 
EGFR [64]. Additional variability is observed within the last two residues.  

Arginine at position 99, present at EGF and RNase5 is substituted by an Ala in some 
RNases, like RNase2 and RNase3 [74]. To note, A99 in human RNase3 is conserved in 
all primates [74]. In addition, our modelling study identified another residue key for 
RNase3 interaction to the receptor, D100. The D residue at position 100 is also key for 
EGF binding but is not present in RNase5. The residue is conserved in all RNase3 
primates but absent in RNase2, its closest homologue counterpart. Therefore, structural 
analysis revealed subtle differences that might significantly alter the receptor 
recognition pattern. We can speculate that the observed variability within the interacting 
sequence is indicating the targeting of distinct receptor subtypes within the EGFR 
family. 

In any case, our results are in agreement with the characterization of the RNase5-EGFR 
interaction, where the protein catalytic activity was not required for the receptor 
activation [63]. In addition, the present results highlight the induction by both wild-type 
RNase3 and RNase3-H15A of pro-inflammatory cytokines. Complementarily, we also 
identified the release of tissue remodelling chemokines, such as VCAM, MMPs and 
TGFβ, in a catalytically independent manner (Figure 5). The present data would 
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reinforce the RNase3 role in tissue remodelling processes reported by in vitro wound 
healing models [2, 16, 76–78].  

Although transcriptome analysis indicates that the majority of the macrophage response 
is common to both RNase3/RNase-H15A treatment, we also identified a group of genes 
specifically associated to the protein ribonucleolytic activity (see Figures 5 and 6). 
Overall, the main bulk of identified genes are related to interferon induced pathways, 
such as CXCL10, a leukocyte chemoattractant during viral infection, IFIT1 and 2, 
antiviral RNA binding proteins [39] and OASL [79, 80]; OASL is a 2’-5’ 
oligoadenylate synthetase like gene which can bind double-stranded RNA and displays 
antiviral activity through mediating RIG-I activation [81, 82].  

Accordingly, the top-rated KEGG pathways are related to host response to virus 
infection. Among them, the RIG-I-like receptors (RLRs), consisting of RIG-I, MDA5, 
and LGP2, play a major role in pathogen sensing of RNA virus infection to initiate and 
modulate the antiviral immunity [83]. Importantly, not only viral RNA ligands but also 
processed self RNA can be detected by RLRs in the cytoplasm to triggers innate 
immunity and inflammation and to impart gene expression that serves to control 
infection [83, 84]. Our network analysis identified ISG15 as a hub gene dependent on 
RNase3 catalytic activity (Figure 6B), ISG15 is regarded as the hallmark gene of RIG-I 
like receptor signalling pathway which is mainly activated by viral RNA and DNA. In 
addition, a specific processing of the host noncoding RNA and release of dsRNA can 
also activate the cell intrinsic immune response through RIG-I, MDA5or OASL sensors 
[84].  Complementarily, the RNA products can work as intercellular signalling 
molecules to mediate a prompt host response to infection [85]. A complex interplay 
between the host ncRNA and the RNA virus might determine the final outcome during 
infection [86]. We can speculate that RNase3 antiviral immune response may be 
mediated by the generation of specific RNA cleavage products. Our transcriptome 
results also highlighted that most of the significant DEGs related to RNase3 catalytic 
activity were visualized at the late (12h) exposure time rather than at the early (4h) time 
point (figure 6). Moreover, among the activated pathways associated to the protein 
ribonucleolytic we found the activation of endosomal receptors, such as the TLRs 7-9, 
which are associated to endosomal detection of both foreign and host signalling nucleic 
acid molecules [85]. On its turn, TLR8 activated by self RNAs might reinforce the 
NFkB pathway (see Figure 5). 

Interestingly, we find in the literature reference to other members of the RNaseA 
superfamily that have been related to interferon-mediated response and endosomal TLR 
activation [87–89]. RNase7 was recently reported to activate the TLR9 signalling 
pathway [90, 91]. Earlier, Schein and coworkers related BS- RNase activity to a direct 
interaction with IFN and the cleavage of dsRNA [92, 93]. Besides, IFN is reported to 
activate the expression of RNase L, another RNase that belongs to a protein family 
totally unrelated to the RNaseA superfamily. RNase L is also induced by IFN and can 
release small RNA products that reinforce the IFN mediated response [94]. Both RNase 
L and RNase3induce the OAS gene, which is related to dsRNA and antiviral response 
pathways. The present results suggest that both protein families might cooperate to fight 
infection by shared convergent mechanisms of RNA processing. Indeed, recent work 
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highlighted the importance of coordinated signalling pathways that mediate the 
macrophage defence mechanism against infection [95, 96].  

In order to complement our comparative transcriptome analysis, we decided to analyse 
in situ the potential role of the RNase3 endogenously expressed by macrophages. 
Characterization of a THP1 macrophage derived cell line that overexpresses RNase3 
corroborated the protein gene activation profile. The observed gene expression pattern 
(Figure 8) is characteristic of both EGFR and IFN induction pathways, which can 
participate in the macrophage response to bacterial and viral infection respectively [59, 
96, 97]. Moreover, our results confirmed that native RNase3 expressed within the 
macrophages can mediate the eradication of M. aurum or RSV infection. Our previous 
work using recombinant RNases highlighted the protein antimicrobial activity against 
both extracellular and macrophage intracellular dwelling mycobacteria [6, 14]. The 
present results indicate that overexpression of endogenous RNase3 within macrophages 
can inhibit both M. aurum and RSV intracellular proliferation (Figure 9). Moreover, we 
observed how the mycobacteria infection is modulating the expression of RNase3, as 
reported for other host defence peptides [98–100]. Last, with the final aim to confirm 
RNase3 activation of the EGFR pathway, we treated the THP1 cell lines with Erlotinib, 
an inhibitor of the EGFR receptor. Results suggests that the receptor is required for 
RNase3 antibacterial but not for antiviral activity. Accordingly, the receptor blockage 
only altered the expression profile of genes unrelated to RNase3 catalytic activity 
(Figure 10). This data is in agreement with previous results by Rosenberg and co-
workers that demonstrated how RNase3 catalytic activity directly participates in its 
antiviral action [9]. Besides, it also reinforces previous report on RNase3 antibacterial 
action in infected macrophages not dependent on its enzymatic activity [14]. 

RNase3 has been reported to contribute against persistent intracellular pathogens, such 
as the tuberculosis bacilli or the HIV virus, that frequently coexist and threaten 
immune-depressed patients [96, 98]. Therefore, it is crucial to understand the protein 
mechanism of action against macrophage intracellular infections. Unfortunately, 
RNase3 pro-inflammatory action following infection might also have a detrimental 
effect on the host tissues. On the other hand, the protein action at the infection focus 
might also promote the tissue remodelling and healing [4, 16, 77]. RNase3 leukocyte 
recruitment activity can reinforce the role of other blood cell type. In particular, RNase3 
is abundantly expressed and secreted by eosinophils during inflammation and infection. 
In this context, we should regard the contribution of RNase3 within the overall host 
defence response as a reinforcement of the macrophage role that can also be promoted 
by eosinophil activation. Upon eosinophil degranulation, pro-inflammatory cytokines 
and chemokines are released to the infected tissue. On its turn, the eosinophil secretory 
proteins can be engulfed by macrophages and contribute to the eradication of 
intracellular infection. Therefore, the protein would mediate a positive feedback and 
will ensure an efficient host response. A better, understanding of the regulatory 
pathways that mediate the host response processes induced by the secreted RNase3 
should facilitate the design of alternative anti-infective drugs. The present results recall 
once again the importance of understanding the functioning of host defence proteins to 
take advantage of their therapeutic potentialities. 

Conclusions 
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Comparative transcriptome profile analysis of macrophages treated with wild-type 
RNase3 and the catalytically defective mutant (RNase3-H15A) revealed that the protein 
triggers an early pro-inflammatory response in a ribonuclease-independent manner. 
Moreover, protein-protein network analysis of comparative gene expression profiles 
indicated that the overall cell response is triggered by a direct activation of the EGFR. 
By structural analysis we have identified the protein region potentially involved in the 
receptor binding. Complementarily, transcriptome analysis revealed that RNase3 
catalytic activity would participate in the activation of interferon dependent pathways, 
associated to antiviral host defence. Moreover, the specific blockage of EGFR by 
Erlotinib indicates that the receptor-associated pathways participate in the protein 
antibacterial but not antiviral actions. Last, we demonstrated that endogenous 
overexpression of RNase3 in macrophages can inhibit M. aurum and RSV intracellular 
proliferation, which advances novel strategies in the design of alternative anti-infective 
drugs. 
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Figures and Tables legends: 

Table 1. KEGG pathway enrichment analysis of DEGs comparing RNase3-H15A 
treatment with RNase3 at 12h. 

Table 2. Predicted free energies for EGFR-protein modelled complexes. The 
binding affinities ΔG (kcal/mol) and dissociation constants Kd (M) were predicted 
using HADDOCK2.2. 

Table 3. Top 10 significant GO terms enriched comparing RNase3H15A treatment 
with RNase3 at 12h. 

Figure 1. DEseq2 analysis Count of differential expressing genes. (A). Genes with 
an adjusted P-value (Q-value) < 0.01 & log2fc absolute value >1 found by DESeq were 
assigned as differentially expressed (DE). The common DEGs responded to RNase3 
and RNase3H15A treatment at 4h and 12h was identified by overlapping. Venn plot of 
the DEGs from paired comparison, (B) common up regulated and (C) common down 
regulated DEGs. 

Figure 2. KEGG pathway enrich map of the common response DEGs to RNase3 
and RNase3H15A treatment. KEGG pathways enriched by (A) common up-regulated 
DEGs and (B) common down-regulated DEGs. 

Figure 3. Protein-protein-interaction (PPI) analysis of common response DEGs. 
The common DEGs were applied to NetworkAnalyst3.0 online tool. (A). The PPI 
network of upregulated DEGs; (B). The PPI network of downregulated DEGs. 

Figure 4. Heatmap of DEGs enriched in cytokine-cytokine receptor interaction 
pathway. 

Figure 5. Schematic illustration of the molecular mechanism of RNase3 
modulating in human macrophage. The genes related to ribonucleases activities were 
label with red color in word. 

Figure 6. Ribonuclease specific response. (A). Overlap of the DEGs identified by 
directly comparing RNase3 with RNase3H15A at 4h and 12h, respectively; (B). 
Network analysis of ribonuclease dependent protein interaction of DEGs identified by 
comparing RNase3 and RNase3H15A at 12h. 

Figure 7. Schematic illustration of the molecular mechanism of RNase3 
modulating in human macrophage. 

Figure 8. Overexpression of RNase3 in human THP1 derived macrophages. (A). 
FACS selection of GFP (indicates the successful transduction of lenti239G-dCas9-
VP64) and RFP (indicates the successful transduction of lenti239R-sgRNA) both 
positive cells; (B). Comparison of the transcriptional expression of RNase3 gene in wild 
type (WT) THP1 macrophages and RNase3 overexpression (OX) THP1 macrophages 
by qPCR; (C). Comparison of the expression of RNase3 protein in wild type (WT) 
THP1 macrophages and RNase3 overexpression (OX) THP1 macrophages by WB. (D). 
Comparison of 18 gene expression levels between RNAseq and qPCR. 18 DEGs 
identified from transcriptome sequencing was validated by qPCR, using wildtype (WT) 
THP1 induced macrophages and RNase3 overexpression (OX) THP1 macrophages. 
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Figure 9. RNase3 controls bacterial and viral infection within macrophages.  (A). 
Overexpression of RNase3 in macrophage inhibits M. aurum proliferation, the number 
of M. aurum inside of macrophage was counted by CFU assay and compared with wild-
type (WT) THP1-induced macrophages and RNase3 overexpression (OX) THP1-
induced macrophages for up to 3 days; (B) RSV was quantified by probe-qPCR, the 
intracellular RSV was normalized using GAPDH gene; (C) MTT assay was applied to 
measure the cell viability, 0h WT group was used for normalization (100%). (D). 
Comparison of the relative transcriptional expression of RNase3 gene in WT, OX, WT 
infected with M. aurum (WT+ M. aurum), and OX infected with M. aurum (OX+ M. 
aurum) cells with by qPCR using GAPDH as reference; Significance was indicated as 
“*” p < 0.05, “**” p < 0.01. 

Figure 10. EGFR inhibitor, Erlotinib, blocks RNase3 induced antimicrobial 
activity. Before infection, the EGFR inhibitor, erlotinib, was used to treat RNase3 
overexpressed macrophages for 24h under three concentrations, 0 μM, 10 μM and 100 
μM. At the indicated time post of infection, the intracellular M. aurum (A) and RSV (B) 
was quantified by CFU assay and probe-qPCR assay, respectively, the intracellular RSV 
was normalized using GAPDH gene. (C). The relative expression of genes was 
quantified by qPCR with or without erlotinib treatment (10 μM, 24h), and the fold 
change was calculated by comparing erlotinib treatment with control. Significance was 
indicated as “*” p < 0.05, “**” p < 0.01. 

Table S1. Total RNA quality. The concentration of total RNA was measured by 
nanodrop and the integrity of the RNA was evaluated by bioanalyzer 2100. 

Table S2. Oligos of sgRNA, and primers for PCR 

Table S3. Basic information on sequencing output and processing 

Figure S1. PCA plot.  

Figure S2. Selection of THP1/RNase3 overexpression cell lines obtained by 
CRISPRa. 

Figure S3. Standard curve of RSV quantification by probe qPCR. A RSV stock 
with known concentration was serially diluted and used to build the standard curve. 

Figure S4. Extracellular RSV was quantified by probe-qPCR. 
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Figure 1. DEseq2 analysis Count of differential expressing genes. (A). Genes with 
an adjusted P-value (Q-value) < 0.01 & log2fc absolute value >1 found by DESeq were 
assigned as differentially expressed (DE). The common DEGs responded to RNase3 
and RNase3H15A treatment at 4h and 12h was identified by overlapping. Venn plot of 
the DEGs from paired comparison; (B). common up regulated and (C). common down-
regulated DEGs. 
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Figure 2. KEGG pathway enrich map of the common response DEGs to RNase3 
and RNase3H15A treatment. KEGG pathways enriched by (A) common up-regulated 
DEGs and (B) common down-regulated DEGs. 
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Figure 3. Protein-protein-interaction (PPI) analysis of common response DEGs. 
The common DEGs were applied to NetworkAnalyst3.0 online tool. A. The PPI 
network of upregulated DEGs; B. The PPI network of downregulated DEGs. The 
interaction between each protein pair is indicated with lines, the circle size is 
proportional to the betweenness and centrality score.
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Figure 4. Heatmap of DEGs enriched in cytokine-cytokine receptor interaction 
pathway.
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Figure 5. Schematic illustration of the identified pathways activated by 
macrophage treatment by RNase3. The genes related to RNase catalytic activity are 
labelled with red color. EGFR, epidermal growth factor receptor; IFIT, interferon 
induced protein with tetratricopeptide repeats; EGR1, early growth response 1; Jun, jun 
proto-oncogene, AP-1 transcription factor subunit; NFκB, nuclear factor Kappa B, 
transcription regulator; STAT, signal transducer and activator of transcription; IRF, 
interferon regulatory factor; VCAM, vascular cell adhesion molecule; MMP, matrix 
metallopeptidase; TGF, transforming growth factor; TNF, tumor necrosis factor; TRAF, 
TNF receptor associated factor; IL, interleukin; CCL, C-C motif chemokine ligand; 
CXCL, C-X-C motif chemokine ligand; ISG15, interferon induced 15kDa protein; 
OAS, 2’-5’-oligoadenylate synthetase, interferon induced, dsRNA-activated antiviral 
enzyme; IFN, interferon; PCNA, proliferating cell nuclear antigen, CDK, cyclin 
dependent kinase; BRCA1, BRCA1  DNA repair associated, maintaining genomic 
stability.  
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Figure 6. Ribonuclease specific response. (A). Overlap of the DEGs identified by 
direct comparison of RNase3 with RNase3-H15A at 4h and 12h, respectively; (B). 
Network analysis of ribonuclease dependent protein interaction of DEGs identified by 
comparing RNase3 and RNase3-H15A at 12h. 
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Figure 7. Comparison of the interaction of EGFR with RNase3 (R97 and T97), 
RNase5 and EGF by molecular modelling. (A). Primary sequence alignment of EGF, 
RNase3 and RNase5. The common interacting region is underlined. (B). Representative 
binding of EGFR with EGF, RNase5, and RNase3 single nucleotide 
polymorphisms:(RNase3-R97) and RNase3-T97). The crystal complex of EGFR with 
EGF (PDB ID: 3NJP) is depicted. EGFR is coloured in grey, the protein ligands were 
coloured in pink, the interacting residues from EGFR and the ligands were coloured in 
blue and red, respectively.  
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Figure 8. Overexpression of RNase3 in human THP1 derived macrophages. (A). 
FACS selection of GFP (indicating the successful transduction of lenti239G-dCas9-
VP64) and RFP (indicating the successful transduction of lenti239R-sgRNA) both 
positive cells; (B). Comparison of the transcriptional expression of RNase3 gene in wild 
type (WT) THP1 macrophages and RNase3 overexpression (OX5) THP1 macrophages 
by qPCR; (C). Comparison of the expression of RNase3 protein in wild type (WT) 
THP1 macrophages and RNase3 overexpression (OX) THP1 macrophages by WB. (D). 
Comparison of 18 gene expression levels between RNAseq and qPCR. 18 DEGs 
identified from transcriptome sequencing were validated by qPCR, using wild-type 
(WT) THP1 induced macrophages and RNase3 overexpression (OX) THP1 
macrophages. 
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Figure 9. RNase3 controls bacterial and viral infection within macrophages.  (A). 
Overexpression of RNase3 in macrophage inhibits M. aurum proliferation. The number 
of M. aurum inside of macrophage was counted by CFU assay and compared with wild-
type (WT). THP1-induced macrophages and RNase3 overexpression (OX) THP1-
induced macrophages for up to 3 days; (B) RSV was quantified by probe-qPCR, the 
intracellular RSV was normalized using GAPDH gene; (C) MTT assay was applied to 
measure the cell viability, 0h WT group was used for normalization (100%). (D). 
Comparison of the relative transcriptional expression of RNase3 gene in WT, OX, WT 
infected with M. aurum (WT+ M. aurum), and OX infected with M. aurum (OX+ M. 
aurum) cells with by qPCR using GAPDH as reference; Significance was indicated as 
“*” p < 0.05, “**” p < 0.01. 
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Figure 10. EGFR inhibitor Erlotinib blocks the RNase3 induction of 
antimycobacterial activity. Before infection, the EGFR inhibitor, Erlotinib, was used 
to treat RNase3 overexpressed macrophages for 24h under three concentrations, 0 μM, 
10 μM and 100 μM. At the indicated time post of infection, the intracellular M. aurum 
(A) and RSV (B) was quantified by CFU assay and probe-qPCR assay, respectively, the 
intracellular RSV was normalized using GAPDH gene. (C). The relative expression of 
genes was quantified by qPCR with or without Erlotinib treatment (10 μM, 24h), and 
the fold change was calculated by comparing Erlotinib treatment with control. 
Significance was indicated as “*” p < 0.05, “**” p < 0.01. 
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Table 1. KEGG pathway enrichment analysis of DEGs comparing RNase3-H15A 
treatment with RNase3 at 12h. 

Description GeneRatio BgRatio p adjust Count 
Influenza A 16/82 170/7925 1.60E-09 16 
Hepatitis C 13/82 155/7925 3.40E-07 13 
Viral protein interaction with 
cytokine and cytokine receptor 10/82 100/7925 2.88E-06 10 

NOD-like receptor signalling 
pathway 12/82 181/7925 9.50E-06 12 

Cytokine-cytokine receptor 
interaction 14/82 294/7925 4.10E-05 14 

Chemokine signalling pathway 11/82 189/7925 6.41E-05 11 
Cytosolic DNA-sensing pathway 7/82 63/7925 6.41E-05 7 
Toll-like receptor signalling pathway 8/82 104/7925 0.000177 8 
Measles 8/82 138/7925 0.001219 8 
RIG-I-like receptor signalling 
pathway 5/82 70/7925 0.009897 5 

Significant enriched pathway list was filtered using p adjust <0.01. 
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Table 2. Predicted free energies for EGFR-protein modelled complexes. The 
binding affinities ΔG (kcal/mol) and dissociation constants Kd (M) were predicted using 
HADDOCK2.2. 

 ΔG (kcal/mol) Kd (M) at 25º C 
EGF (docking) -10,3 2,9·10-8 
EGF (crystal) -15,8 2,5·10-12 
RNase5 -12,4 8,2·10-10 
RNase3 (R97) -12,0 1,5·10-9 
RNase3 (T97) -10,2 3,4·10-8 

 



151 

Table 3. Top 10 significant GO terms enriched comparing RNase3-H15A 
treatment with RNase3 at 12h. 

Description GeneRatio BgRatio p adjust Count 
defence response to virus 39/130 224/17653 7.32E-40 39 
response to virus 42/130 310/17653 8.42E-39 42 
negative regulation of viral 
process 21/130 95/17653 9.30E-23 21 

negative regulation of viral life 
cycle 19/130 79/17653 2.78E-21 19 

negative regulation of viral 
genome replication 16/130 55/17653 3.21E-19 16 

regulation of multi-organism 
process 28/130 391/17653 2.00E-17 28 

negative regulation of multi-
organism process 21/130 172/17653 2.00E-17 21 

regulation of viral life cycle 19/130 137/17653 9.75E-17 19 
response to interferon-gamma 21/130 191/17653 1.43E-16 21 
regulation of viral process 21/130 196/17653 2.21E-16 21 
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Table S1. Total RNA quality. The concentration of total RNA was measured by 
nanodrop and the integrity of the RNA was evaluated by bioanalyzer 2100. 
Reference Treatment Type of sample Concentration(ng/µL) RIN 
A1 Control-4h RNA 261 9.3 
A2 Control-4h RNA 171 10 
A3 Control-4h RNA 151 10 
A4 RNase3-4h RNA 73 9.9 
A5 RNase3-4h RNA 74 10 
A6 RNase3-4h RNA 114 10 
A7 RNase3H15A-4h RNA 96 10 
A8 RNase3H15A-4h RNA 81 10 
A9 RNase3H15A-4h RNA 90 10 
A10 Control-12h RNA 78 10 
A11 Control-12h RNA 66 10 
A12 Control-12h RNA 61 10 
A13 RNase3-12h RNA 66 10 
A14 RNase3-12h RNA 65 10 
A15 RNase3-12h RNA 101 8.8 
A16 RNase3H15A-12h RNA 77 10 
A17 RNase3H15A-12h RNA 80 10 
A18 RNase3H15A-12h RNA 80 10 
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Table S2. Oligos of sgRNA, and primers for PCR. 

Category Name Sequence 

Guide RNA 

sgRNA1 GGCAGCTGGTCTCCCCTACTTGG 

sgRNA2 AGAGCAGCAGGGCTGTCCTTGGG 

sgRNA3 TCAATCTGTGGGTTTCTGCATGG 

sgRNA4 AAAAAGGATGATTGCACAAGTGG 

sgRNA5 TGTTTAAATAAAGCTTCCCTTGG 

Sequencing 
Primer U6-seq GAGGGCCTATTCCCATGATT 

PCR primers 

CXCL10-Fw GCCATTCTGATTTGCTGCCT 

CXCL10-Rv GCAGGTACAGCGTACAGTTCT 

IFIH1-Fw GCATATGCGCTTTCCCAGTG 

IFIH1-Rv CTCTCATCAGCTCTGGCTCG 

ISG15-Fw GCGCAGATCACCCAGAAGAT 

ISG15-Rv GTTCGTCGCATTTGTCCACC 

RIG1-Fw TGATTGCCACCTCAGTTGCT 

RIG1-Rv CTGCTTTGGCTTGGGATGTG 

CEBPB-Fw AAGCACAGCGACGAGTACAA 

CEBPB-Rv CCCCAAAAGGCTTTGTAACCA 

TNF-Fw CTGGGCAGGTCTACTTTGGG 

TNF-Rv CTGGAGGCCCCAGTTTGAAT 

BCL3-Fw GCCTACACCCCTATACCCCA 

BCL3-Rv GATGTCGATGACCCTGCGG 

IL1A-Fw TGAGCTCGCCAGTGAAATGA 

IL1A-Rv AACACGCAGGACAGGTACAG 

ORC1-Fw AAGCTTTGGAGCCGGCCAT 

ORC1-Rv TGATCTCCGAGAAGGCCACT 

TAB2-Fw TACGAATGGCCCAAGGAAGC 

TAB2-Rv CACAGCAGGCATCCAGGTTA 

NFKBIA-Fw TGTGCTTCGAGTGACTGACC 
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NFKBIA-Rv TCACCCCACATCACTGAACG 

SRC-Fw AACAAGTGCGGCCATTTCAC 

SRC-Rv GGAGTTGAAGCCTCCGAACA 

TLR6-Fw GCAGGGGACAATCCATTCCA 

TLR6-Rv AGAATCAGGCCAGCCCTCTA 

TLR4-Fw TGCCGTTTTATCACGGAGGT 

TLR4-Rv GGGCTAAACTCTGGATGGGG 

ATP6V1H-Fw GAGACGCCTACTTGGCTCTGA 

ATP6V1H-Rv TTCAACAGCAACACCGCTAC 

CTSL-Fw CTGCTGGCCTTGAGGTTTTA 

CTSL-Rv GCAGCCTTCATTGCCTTGAG 

MYD88-Fw ACCCAGCATTGGTGCCG 

MYD88-Rv GGTTGGTGTAGTCGCAGACA 

GABARAP-Fw CTCCCTTATTCAGGACCGGC 

GABARAP-Rv TGCCAACTCCACCATTACCC 

RSV-A 

RSV-A-Probe TCCCATTATGCCTAGGCCAGCAGCA 

RSV-A-Fw CTCAATTTCCTCACTTCTCCAGTGT 

RSV-A-Rv CTTGATTCCTCGGTGTACCTCTGT 
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Table S3. Basic information on sequencing output and processing. 

Refer
ence 

Treatment 
Total reads 

Total raw 
base 

pair(fastq) 

Sam 
base 

Mapping 
reads 

percentage 

A1 Control-4h 28433026 4.2GB 7.8GB 96.69% 

A2 Control-4h 28164308 4.3GB 7.7GB 96.97% 

A3 Control-4h 28470445 4.3GB 7.8GB 97.09% 

A4 RNase3-4h 28535014 4.3GB 7.5GB 96.69% 

A5 RNase3-4h 27749512 4.2GB 7.3GB 96.36% 

A6 RNase3-4h 28306352 4.3GB 7.5GB 96.63% 

A7 RNase3H15A-4h 28752432 4.3GB 7.6GB 96.81% 

A8 RNase3H15A-4h 28535256 4.3GB 7.5GB 96.77% 

A9 RNase3H15A-4h 28373650 4.3GB 7.6GB 96.53% 

A10 Control-12h 28163110 4.3GB 7.7GB 96.92% 

A11 Control-12h 28508004 4.3GB 7.8GB 96.65% 

A12 Control-12h 28581025 4.4GB 7.8GB 96.84% 

A13 RNase3-12h 27864433 4.3GB 7.3GB 96.59% 

A14 RNase3-12h 28659039 4.3GB 7.5GB 95.16% 

A15 RNase3-12h 28791962 4.4GB 7.8GB 96.79% 

A16 RNase3H15A-12h 28618105 4.3GB 7.6GB 96.65% 

A17 RNase3H15A-12h 28341850 4.3GB 7.5GB 96.81% 

A18 RNase3H15A-12h 28456211 4.3GB 7.6GB 96.51% 
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Figure S1. PCA plot.  
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Figure S2. Selection of THP1/RNase3 overexpression THP1 cell lines obtained by 
CRISPRa. RNase3 and GAPDH genes expression were quantified by qPCR.
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Figure S3. Standard curve of RSV quantification by probe qPCR. A RSV stock 
with known concentration was serially diluted and used to build the standard curve. 
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Figure S4. RT-PCR quantification of extracellular RSV. At each time point after 
infection, the supernatant was collected by centrifugation (4000×g, 5min) and filtration 
(0.45 µm filter) to removed cell debris. The RSV in the supernatant was precipitated by 
PEG6000 method and used for RNA extraction. The extracted RNA was then used for 
probe RT-PCR to quantify. 
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Abstract: 

RNase2, also named the Eosinophil derived Neurotoxin (EDN), is one of the main 
proteins secreted by the eosinophil secondary granules. RNase2 is also expressed in 
other leukocyte cells and is the member of the human ribonuclease A family most 
abundant in macrophages. The protein is endowed with a high ribonuclease catalytic 
activity and participates in the host antiviral activity. Although RNase2 displays a broad 
antiviral activity, it is mostly associated to the targeting of single stranded RNA viruses. 
In particular, its expression is induced upon respiratory viral infection and has been 
used as a diagnosis marker. Here, we aimed to explore RNase2 mechanism of action in 
antiviral host defense. Towards this end, we knocked out RNase2 expression in the 
THP1 monocyte cell line by using the CRISPR/Cas9 editing tool methodology and 
characterized the transcriptome profile. By comparative transcriptome analysis using 
NGS RNAseq of native and RNase2 defective THP1-derived macrophages we 
identified more than 2000 differentially expressed genes. More than 20 significantly 
enriched pathways were detected, of which the associated top enriched pathways are 
related to viral infection. Protein-protein interaction network analysis highlighted the 
EGFR as the main hub gene. Molecular modelling indicated that RNase2 can directly 
interacts with the EGFR, as recently reported for RNase5. Activation of the EGFR 
might be associated to cellular response to stress conditions, such as viral infection.  

Next, we characterized the native and RNase2 defective THP1 cell lines in the presence 
of the human Respiratory Syncytial Virus (RSV). First, we observed that RSV infection 
can induce the RNase2 expression and protein secretion in THP1 macrophage-derived 
cells. Moreover, knockout of RNase2 resulted in higher RSV burden in macrophage 
cells and subsequent cell death. Last, with the final aim to investigate how RNase 
activity can contribute to the protein antiviral activity, we analyzed the ncRNA 
digestion product population in infected and none-infected cells. In particular, tRNA 
derived fragments have been reported to participate in the host response against external 
injuries, such as infection. Screening of a tRF&tiRNA PCR array identified the specific 
tRNA fragments associated to RNase2 expression and RSV infection.  The present 
results confirm the key role of EDN in macrophage response against virus infectivity 

file:///C:/Users/Lu/Documents/Experiment/paper/4THP1/Ester.Boix@uab.cat
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and contribute to the understanding of the mechanism of action of RNase2 antiviral host 
defense role towards the design of novel antiviral drugs.  

Introduction 

Respiratory syncytial virus (RSV) is the most important cause of death in infants. 
Although RSV infections involve several types of cells in the lung, the central role of 
macrophages in the host response against respiratory pathogens has been demonstrated 
(Machado et al., 2017).  

RNase2 is a member of the ribonuclease A superfamily that has been associated to 
innate immunity and mostly to the host response against pathogenic respiratory viruses 
(Lu et al., 2018; Rosenberg, 2015). In particular, RNase2 was proposed to have a role in 
RNA viruses, such as the host the human Respiratory Syncytial Virus (RSV). RNase2 is 
mainly found in the eosinophil secondary granules and is also named Eosinophil 
Derived Neurotoxin (EDN) (Acharya and Ackerman, 2014; Davoine and Lacy, 2014; 
Lee et al., 2010; Weller and Spencer, 2017).Eosinophils can migrate into various 
epithelial tissues, including the gastrointestinal, genitourinary and respiratory tracts in 
response to chemokine signals produced during diverse types of infection (Davoine and 
Lacy, 2014; Lee et al., 2010; Weller and Spencer, 2017). Eosinophils will release a 
number of effector proteins, such as RNase2, which contribute to neutralize the 
pathogen upon activation. Apart from eosinophils, RNase2 is also expressed in 
epithelial cells, liver and spleen, together with other leukocyte cell types, such as 
neutrophils and monocytes (Boix and Nogués, 2007; Monteseirín et al., 2007; 
Rosenberg, 2008a). Although RNase2’s immunomodulatory and antiviral properties 
have been extensively studied, we still lack a deep knowledge on its underlying 
mechanism of action.   

RNase2 has been reported to participate in the innate host defense, for example, by 
activation and modulation of the host immune system, working like an alarmin 
(Oppenheim et al., 2007; Yang et al., 2008). Specifically, RNase2 was observed to 
induce the TLR2-MyD88 pathway and induce the migration and activation of dendritic 
cells (Yang et al., 2008). Complementarily, RNase2 can directly target the single 
stranded RNA virus RSV (Domachowske et al., 1998). Interestingly, the protein 
ribonucleolytic activity is required to remove the RSV virion, but some structural 
specificity for RNase2 is mandatory as other family homologues endowed with a high 
catalytic activity are devoid of antiviral activity. Besides, RNase2 is active against 
several viral types, such as rhinoviruses, adenoviruses and retroviruses, such as the 
HIV. On the contrary, no action is reported against the tested bacterial species 
(Domachowske et al., 1998; Harrison et al., 1999; Rosenberg and Dyer, 1997). In 
particular, among respiratory viruses, which activate eosinophil recruitment and 
degranulation, the RSV is probably the most studied model for RNase2 antiviral action. 
RNase2 levels have predictive value for the development of recurrent wheezing post-
RSV bronchiolitis (Kim et al., 2013). Even though it is accepted that RNase2 plays a 
key role in leukocyte immunomodulation and antiviral activity against RSV infection in 
vitro  (Domachowske et al., 1998; Rosenberg, 2008a; Yang et al., 2004), we know very 
little about the target molecules, the nature of the interactions and its mechanism of 
action. Moreover, most work was performed on the recombinant protein or the native 
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form purified from eosinophils, but no information is currently available on the 
endogenous RNase2 expressed by macrophages. In our previous work in a macrophage 
infection model, we observed that RNase2 is the most abundantly expressed RNaseA 
superfamily member in the monocytic THP1 cell line (Lu et al., 2019). 

To broaden the knowledge of the immunomodulatory role and potential targeting of 
cellular RNA population by RNase2 in human macrophages, we first built a RNase2-
knockout THP1 monocyte cell line using CRIPSR/Cas9 (clustered regularly interspaced 
short palindromic repeats) gene editing tool. Next, we compared the transcriptome of 
the RNase2 knocked out macrophage cells with the unedited macrophages and we found 
that the top differently expressed pathways are associated to antiviral host defense. 
Following, we selected a macrophage RSV infection model to explore in situ the protein 
antiviral action. The comparative infection study conducted indicated that the knockout 
of RNase2 in macrophage resulted in heavier RSV burden and more cell death. Last, the 
screening of a regulatory tRNA halves (tiRNA) and tRNA fragment (tRFs) PCR array 
proved that RNase2 expression in macrophage is correlated to selective tRNA fragment 
production, as several tiRNA and tRFs were significantly reduced by RNase2 removal. 
These findings provide increasing understanding on the mechanisms by which RNase2 
participates in the macrophage response to viral infection. 

Materials and Methods 

Plasmid Construction 

For long term consideration, we used the two plasmid system to run the CRISPR gene 
editing experiments instead of using all-in-one CRISPR system. Thus, we  constructed a 
pLenti-239S coding Cas9, GFP and Puromycin resistance gene for knock out assay by 
replacing the sgRNA expression cassette of LentiCRISPRv2-GFP-puro (gifted by 
Manuel Kaulich)  short annealed oligos; for activation assay, we cloned the eGFP into 
lenti-dCAS-VP64-Blast (Addgene61425, gifted by Manuel Kaulich), the new plasmid 
was named pLenti-239G. Lastly, plenti-239R, a new lentiGuide plasmid coding sgRNA 
expression cassette and Cherry fluorescence gene was created by using the Cherry gene 
(gifted by Marcos Gil García, UAB) to replace the Cas9 of LentiCRISPRv2-GFP-puro 
(gifted by Manuel Kaulich). The primers used for PCR was listed in Table S1. 

sgRNA design and clone into pLentiGuide (pLenti239R) vector 

N20NGG motifs in the RNase2 locus were scanned, and candidate sgRNAs that fit the 
rules for U6 Pol III transcription and the PAM recognition domain of Streptococcus 
pyogenes Cas9 were identified. From CRISPOR (http://crispor.tefor.net/) and CRISPR-
ERA, the top 2 sgRNA were selected for knockout RNase2. Using the same procedure, 
potential OT sites were also predicted. The sequences are listed in 
TableS2. Oligonucleotides were annealed and cloned into BbsI-digested pLenti-239R. 
The resulting plasmids containing sgRNAs were further confirmed by Sanger 
sequencing. 

Cell Culture 

HEK293T cell line was kindly provided by Raquel Pequerul Pavón (UAB). HEK293T 
cell line was maintained in DMEM (Corning Life Science) supplemented with  10% 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/streptococcus-pyogenes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/streptococcus-pyogenes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cas9
http://crispor.tefor.net/
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sanger-sequencing
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sanger-sequencing
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fetal bovine serum (FBS) (Gibico). The culture media were replaced every 2–3 days, 
and the cells were passaged using EDTA solution containing 0.25% trypsin (Corning). 

Human THP-1 cells (NCTC #88081201) were maintained or passaged in 25 or 75 cm2 
tissue culture flasks (BD Biosciences) using RPMI-1640 (Lonza, BE12-702F) medium 
with 10% heat-inactivated FBS at 37°C, humidified 5% CO2 conditions. The culture 
media were replaced every 3 days. 

Generation of Lentiviral Vectors 

To make the cell reach 90% confluence for transfection, 7.5×106 of HEK293T cells 
were seeded in T75 culture flask with 15ml DMEM + 10% FBS complete medium one 
day before transfection. The lentiviral plasmids were transfected into HEK293T cells 
using calcium phosphate protocol (Al Yacoub et al., 2007). Briefly, 36 µg transfer 
plasmid, 18 µg psPAX2 (Addgene#35002, gifted by Marina Rodriguez Muñoz) 
packaging plasmid, 18 µg pMD2.G (Addgene#12259, gifted by Marina Rodriguez 
Muñoz)  envelope plasmid were mixed and then 93.75 µl of 2 M CaCl2 was added and 
the final volume was adjusted to 750 µL with H2O. Then, 750 µL of 2×HBS buffer was 
added dropwise and vortexed to mix. After 15 min at room temperature, 1.5 mL of the 
mixture was added dropwise to HEK293T cells and the cells were incubated at 37 °C at 
5% CO2 for 6h, then the medium was replaced with pre-warmed fresh medium. After 
24h, 48h, and 72h, the supernatant was collected and cleared by centrifugation at 
4000×g for 5 min and passed through 0.45 µm filter. Then, the supernatant fraction was 
concentrated by PEG6000 precipitate method (Kutner et al., 2009) and the concentrated 
virus stock was aliquoted and stored in -80 °C freezer. 

Cell Transduction 

5 ×105 THP1 monocytes were infected with 20 µl concentrated lentivirus in the 
presence of 8 µg/mL polybrene for overnight. Next day, the cells were replaced with 
fresh medium and cultured for 72h. Fluorescence positive monocytes were checked by 
fluorescence microscopy and then sorted by Cell sorter. The percentages of 
GFP+ HEK293T，THP1 cells were evaluated by suspending the cells in PBS and 
fixing them with 2% paraformaldehyde for 10 min prior to flow cytometer. Single cells 
were sorted by Cell sorter BD FACSJazz. 

Sanger Sequencing 

Briefly, the genomic DNA of THP1 cells was extracted using GenJET Genomic DNA 
purification kit (ThermoFisher, K0721) and was further used to amplify RNase2 using 
NZYTaq II 2×Green master mix (nzytech, MB358). Genomic DNA was subjected to 
PCR (BioRad) using primers listed in Table S2. The general reaction conditions were 
95°C for 10 min followed by 30 cycles of 95°C for 30 s, annealing at 60°C for 30 s, and 
extension at 72°C for 30 s. The pairs of primers were designed to amplify the region 
that covers the two possible double breaking sites. The PCR product is 410bp. After 
each reaction, 200 ng of the PCR products was purified using a QIAquick 
PCR Purification Kit (QIAGEN), subjected to T7E I assays, and then analyzed 
by agarose gel electrophoresis. The indel mutation was confirmed by Sanger 
Sequencing. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bovine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/trypsin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/copurification
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/agarose-gel-electrophoresis


167 

T7 Endonuclease I Assay-gene editing detection 

As illustrated above, 200 ng of the purified RNase2 PCR products was denatured and 
re-annealed in 1× T7EI Reaction Buffer and then were incubated with or without T7E I 
(Alt-R® Genome Editing Detection Kit, IDT). The reaction mixtures were then 
separated by 2% agarose gel electrophoresis. The knockout efficiency (KO%) was 
determined using the following formula: KO% = 100 × (1−[1−b]/[a+b])1/2, where a is 
the integrated intensity of the undigested PCR product and b is the combined integrated 
intensity of the cleavage products (Shen et al., 2013). 

Protein detection by Western Blot and ELISA 

For the western blot assays, 5 ×105 cells with or without transduction and 
their supernatants were harvested with RIPA buffer and the protein concentration was 
determined with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225). 
Equal amounts of protein (50 µg) for each sample were loaded and separated by 15% 
SDS-PAGE, transferred to polyvinylidene difluoride membranes. Then the membrane 
was blocked with 5% non-fat milk in TBST for 1 h at room temperature, and incubated 
with rabbit source anti-RNase2 primary antibody (abcam, ab103428) overnight at 4°C. 
After washing, the membranes were treated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (Sigma Aldrich, 12-348) for 1 h at room temperature 
(RT). Finally, the membranes were exposed to an enhanced chemiluminescent detection 
system (Supersignal West Pico Chemiluminescent Substrate, ThermoFisher Scientific, 
32209). As a control, GAPDH was detected with chicken anti-GAPDH antibodies 
(Abcam, ab9483) and goat anti-chicken secondary antibody (Abcam, ab6877) 

Secretory RNase2 in cell culture was detected by using human Ribonuclease2, RNase A 
family, (Liver, Eosinophil-Derived Neurotoxin) (RNASE2) ELISA Kit (MyBioSource, 
MBS773233). Before applying ELISA, the supernatant of the culture was concentrated 
50 times using 15kDa cut-off centrifugal filter unit (Amicon, C7715). Following, the 
standard and the concentrated culture supernatants were loaded to wells pre-coated with 
anti-RNase2 antibody, then the HRP-conjugated reagent was added. After incubation 
and washing for the removal of unbound enzyme, the substrate was added to develop 
the colorful reaction. The color depth or light was positively correlated with the 
concentration of RNase2. Triplicates were performed for all assays. 

Zymogram/ Ribonuclease activity staining assay 

Zymograms were performed as previously described (Prats-Ejarque et al., 2016). 15% 
polyacrylamide-SDS gels were casted with 0.3 mg/mL of poly(U) (Sigma Aldrich, 
P9528-25MG). Then, cells were collected by centrifugation and resuspended in 106 
cells/ml with 1% SDS buffer. After sonication, cell lysate with indicated number of 
cells was loaded using a loading buffer that does not contain 2-mercaptoethanol. 
Electrophoresis was run at a constant current of 100 V for 1.5 h. Following, the SDS 
was removed by washing with 10 mM Tris/HCl, pH 8, and 10% (v/v) isopropanol for 
30min. The gel was then incubated for 1 h in the activity buffer (100 mM Tris/HCl, pH 
8) to allow ribonuclease digestion of the embedded substrate and then stained with 0.2% 
(w/v) toluidine blue in 10 mM Tris/HCl, pH 8, for 10 min. Positive bands appeared 
white against the blue background after distaining. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/western-blot
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/supernatant
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/horseradish-peroxidase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/beta-actin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/leporidae
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tRF&tiRNA PCR Array 

Total RNA was extracted by using mirVana miRNA Isolation Kit (ambion, AM1556), 
then 2 µg of purified total RNA was used to create cDNA libraries from small RNAs for 
qPCR detection using rtStar First-Strand cDNA Synthesis Kit (Arraystar, AS-FS-003). 
This method sequentially ligate 3’-adaptor with its 5’-end to the 3’-end of the RNAs, 
and 5’-adaptor with its 3’-end to the 5’-end of the RNAs. After cDNA synthesis, 185 
(tRNA-derived fragments) tRFs & (tRNA halves) tiRNAs were profiled and quantified 
by qPCR method using nrStar Human tRF&tiRNA PCR Array (Arraystar, AS-NR-002). 

RNAseq  

Total RNA was extracted using mirVanaTM miRNA Isolation Kit as described by the 
manufacturer (Ambion, Life Technologies, AM1560). RNA purity was determined by 
spectrophotometry and RNA integrity was analyzed using Agilent 2100 Bioanalyzer 
and calculated as an RNA integrity number. Following RNA extraction, total RNAs (4 
wild-type macrophage samples and 4 RNase2 knocked out macrophage samples) were 
submitted to CRG genomics (Centre for Genomic Regulation, Barcelona) for cDNA 
library preparation, polyA enrichment and NGS sequencing. Sequencing libraries were 
prepared according to protocols provided by Illumina. 50bp-long single-end sequencing 
was carried out in an Illumina HiSeq2500 sequencer with a depth of >20 million reads 
per sample.  

Transcriptome Assembly and Differential Expression Analysis 

FastQC was used to carry out the quality assessment of reads, assessing the distribution 
of phred quality scores and mean percentage GC content across each read. Reads were 
aligned to the latest human genome assembly from the Genome Reference Consortium 
(GRCh38) using HISAT2 (Pertea et al., 2016). Aligned reads were stored in the SAM 
file format.  StringTie was used to assemble the alignments into transcripts and estimate 
the expression levels of all genes and transcripts (Pertea et al., 2016). Low expression 
(sum count less than 10) and non-coding genes were filtered out using biomaRT 
(Durinck et al., 2009) before passing to the Bioconductor package DESeq2 (Love et al., 
2014). The resulting P-values were adjusted using Benjamini and Hochberg's approach 
for controlling the false discovery rate (FDR). Genes with an adjusted P-value (Q-value) 
< 0.01 & log2fc absolute value >1 found by DESeq were assigned as differentially 
expressed genes (DEGs).  

Gene annotation and network analysis 

GO enrichment and KEGG pathway enrichment analysis of the differential expression 
of genes across the samples was carried out using the clusterProfiler R package (Yu et 
al., 2012). Protein-protein-interactions between DEGs were analyzed using 
NetworkAnalyst which integrates the experimentally-validated interactions database, 
InnateDB database (Zhou et al., 2019). The network was visualized using Cytoscape 
software.  

Molecular docking 
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HADDOCK2.2 (Utrecht Bioinformatics Center, University of Utrecht) was applied to 
perform the modelling of the protein complexes with EGFR and predict the associated 
free energies (Dominguez et al., 2003; van Zundert et al., 2016).  

RSV production 

Human respiratory syncytial virus (RSV, ATCC, VR-1540) stock was ordered from 
ATCC. Hela cells were used to produce RSV under biosafety level II conditions 
(Vissers et al., 2013). Briefly, Hela cells are plated in 75 cm2 culture flask and incubated 
at 37°C degree in DMEM+10%FBS until they are approximately 50% confluent. The 
cells were then washed and infected with RSV stock under multiplicity of infection 
(MOI) of 0.1. After 3h infection, the cells were washed and replaced with fresh medium 
(DMEM+10%FBS) and incubate for 4days at 37 degree, 5% CO2. The cells and the 
virus suspension were collected when the cytopathology appeared, with scraping and 
vortexing of the cells to release more viral particles. The virus suspension was 
centrifuged for 10 min at 1800×g to remove the cell debris. The virus suspension 
without cell debris were either frozen immediately and stored at -80°C as seeding stock 
or concentrated using Amicon. The produced viruses were titrated using TCID50 
(median tissue culture infectious dose) method in Hela cells (Sun et al., 2015). 

RSV infection THP1 induced macrophage 

Before RSV infection, THP1 cells were induced to macrophage by 50 nM of PMA 
treatment for 48h as previously described (Lu et al., 2019). Cells were washed three 
time with pre-warmed PBS and replaced with fresh RPMI+10%FBS medium for 24h 
incubation. After that, macrophages were washed and incubated RSV, mixing at every 
15 min for the first 2h. All virus treatment tests were performed using RSV at a MOI of 
1 TCID50/cell. 

Real-time quantitative PCR 

RSV quantification were detected by real-time quantitative PCR. After the indicated 
time post of infection, the extracellular RSV virus were collected by PEG6000 
precipitation method and intracellular RSV virus were collected by lysing the 
macrophage cells with the lysis buffer from mirVanaTM miRNA Isolation Kit 
(Ambion, Life Technologies, AM1560). Total RNA from RSV infected macrophage 
cells as well as stock virus was extracted using mirVanaTM miRNA Isolation Kit 
according to the manufacturer’s instructions. cDNA was synthesized using iScriptTM 
cDNA Synthesis Kit (Bio-Rad, 170-8891). The synthesis was performed using random 
hexamers, starting with 1 g or lee of total cell RNA. The RT-qPCR was performed 
using ddPCR TM Supermix for Probes (Bio-Rad, 1863024). Samples with a cycle 
threshold value of more than 40 were recorded as negative. A standard curve was 
prepared using serially diluted RNA extracts from a known quantity and used to 
quantify RSV as TCID50/mL. In parallel with the RSV probe assays, an endogenous 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control was used for relative 
quantification of the intracellular virus. The relative expression of GAPDH and RNase2 
gene in macrophage was quantified by real-time PCR using iTaq Universal SYBR 
Green Supermix (Bio-Rad, 1725120). The primers and probe (Dewhurst-Maridor et al., 
2004) used were listed in Table S1. 
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Cell viability assay 

THP1 monocytes (wild type or RNase2 knockout) were seeded at 5×104 cells/well in 96 
well plates and differentiated in macrophages as described (Lu et al., 2019). After 
infection with RSV under MOI=1 for different times, dynamic cell viability was 
measured using MTT assay.  

Results 

RSV infection activated the expression of RNase2 in macrophage 

RSV virus stock was obtained at a titration of 2.8×106 TCID50/mL, as previously 
described (Lu et al., submitted). THP1 macrophages were exposed to the RSV at a 
selected MOI of 1:1 up to 72h post of infection (poi). Following, we examined whether 
RSV infection induced the RNase2 expression in THP1-derived macrophages. The 
GAPDH gene was used as a housekeeping gene control. Figure 1A shows that 
unstimulated macrophage cells had a constant and stable transcriptional expression of 
RNase2 and the RNase2 gene was significantly upregulated in a time-dependent manner 
upon RSV infection. The significant RNase2 gene levels upregulation can be detected as 
early as at 4h poi, with a 7-fold increase at 72 h poi. Furthermore, to determine whether 
the induction of RNase2 mRNA levels correlated with an increase in protein expression, 
ELISA and WB were conducted to detect intracellular and secreted RNase2 protein of 
THP1-derived macrophages. At indicated poi time, culture medium and whole-cell 
extracts of macrophages infected with RSV were collected for ELISA and WB, 
respectively. As indicated in Figure 1B, the secreted protein levels of RNase2 was 
detected in human macrophages stimulated with RSV and was enhanced in response to 
RSV in a time-dependent manner, while no significant change of secreted RNase2 was 
detected in macrophage without RSV exposure. However, the maximum concentration 
of secreted RNase2 protein in macrophage culture was detected at 48h poi, with a slight 
decrease at 72h poi. Likewise, a similar profile was obtained by WB (Figure 1C). Taken 
together, our results suggest that RSV induces both RNase2 protein expression and 
secretion in human THP1 induced macrophages. 

Construction of RNase2-knockouted THP1 cell line 

Myeloid cells are poorly transfected using lipid-based transfection agents. Moreover, 
they are prone to potent cytokine and cell-death responses induced through intracellular 
nucleic acid-sensing receptors such as AIM2 and STING (Baker and Masters, 2018). 
Therefore, we adopted a lentiviral system to deliver CRISPR components into 
hematopoietic cells, THP1. Cas9 and sgRNAs lentiviral particles were produced in 
HEK293T cells by Calcium phosphate precipitation method as previously reported (Al 
Yacoub et al., 2007; Kutner et al., 2009; Tiscornia et al., 2006). THP1 cells were then 
transduced with the concentrated lentiviral particles with 10 µg/mL of polybrene, the 
overall transduction efficiency is about 7% (Figure S1). We designed 2 single guide 
RNAs (sgRNAs) (Table S2) targeting the RNase2 locus to generate double strand 
breaks (DSBs) (Figure S2A). T7EI assay was employed to select the more active guide 
RNA, achieving the knockout efficiencies of about 40% (Figure S2B and S2C). The 
GFP and cherry red double fluorescence positive cells were then sorted by FACS into 
single cells and were further allowed to grow into a single cell derived clonal cell line. 
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Following, the genomic DNA was extracted from the single cell derived cell lines and 
further used as a template to amplify RNase2 using the primers covering the potential 
mutation sites. After Sanger sequencing validation, we confirmed that RNase2 gene had 
been successfully knocked out in 2 out of 32 single cells derived THP1 cell lines, 
named as KO18 and KO28 (Figure 2A). Both of KO18 and KO28 express a 15aa in 
length peptide comparing the wild type THP1 which encodes the full length 134aa 
protein.  

Although the successful replacement was confirmed, we needed to ensure that the 
expression of functional RNase2 has effectively been abolished. According to the WB 
assay, we can barely detect RNase2 in the KO18 cell lysate sample compared to the 
control sample and a total absence of signal is achieved in KO28 sample (Figure 2B). 
Moreover, the release of RNase2 from THP1 cells were quantified by ELISA and we 
found no significant levels of RNase2 in culture supernatant for KO28, where no 
detectable differences in absorbance were registered between the KO28 culture 
supernatant and the RPMI+10%FBS medium (Figure 2C). Last, we conducted the 
ribonuclease activity staining assay to evaluate the ribonucleolytic activity of the 
samples from cell lysates and culture supernatants. According to the activity staining 
electrophoresis, two main activity bands can be visualized in wild-type macrophage 
lysate sample, with molecular weight sizes are around 15 and 20kDa, respectively. 
Compared to the WT control, both activity bands were missing in the RNase2 knockout 
cell lines (Figure 2D).  In addition, as recent studies suggested that CRISPR/Cas9 
frequently induces unwanted off-target mutations, we evaluated the off-target effects on 
these transduced monocytes. Here, we examined the top 4 potential off-target sites for 
the sgRNA1(Table S2), and we did not detect off-target mutation in the T7EI assay 
(Figure S3). Overall, we confirmed that the RNase2 gene has been both structurally and 
functionally been knocked out. The KO28 THP1 cell line as that achieved full RNase2-
knockout was selected for all the downstream experiments. 

Knockout of RNase2 alters the transcriptome of THP1 

After knocking out of RNase2 in THP1 cells, next generation sequencing was 
performed and the whole transcriptomes from wild-type (WT) and knockout (KO) 
macrophages were compared. Transcriptomic data have been deposited at the NCBI 
Sequence Read Archive database (PRJNA590650). Expression of up to 19957 protein 
coding genes were detected (Additional file 1). A tight clustering within the WT group 
and KO group was observed by PCA plot (Figure S4). Differential expressed gene 
(DEGs) analysis illustrated that KO of RNase2 in THP1 macrophages resulted in 2009 
(1415 up regulated, 594 down regulated) DEGs compared to WT group (Additional 
file2). Applied DEGs to KEGG pathway enrichment, 23 pathways were significantly 
enriched (p.adj<0.05) (Additional file 3) and listed in Figure 3A. The significantly 
enriched KEGG pathways were mainly clustered in 3 groups, including Group1: Viral 
protein interaction with cytokine and cytokine receptor, Cytokine-cytokine receptor 
interaction and Chemokine signaling pathway; Group2: TNF signaling pathway, NF-
kappa B signaling pathway, TNF signaling pathway and Influenza A; and Group3: 
Oocyte meiosis, maturation and cell cycle. Five top enriched pathways (ranked by p.adj 
value) are identified: viral protein interaction, cell cycle, cytokine-cytokine receptor, 
chemokine signaling pathway, and DNA replication. We observed that the DEGs 
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related to cytokine and chemokines were down-regulated while the DEGs related to cell 
cycle and DNA replication were up-regulated upon removal of RNase2 expression 
(Figure3B). A set of 11 selected genes were also used to validate the RNAseq data by 
qPCR, the result indicated a consistent agreement between RNAseq and qPCR (Figure 
S5). In addition, the DEGs were applied to network analysis to explore the protein -
protein interactions. In total, the network analysis yielded 756 nodes (each node 
standing for one protein) with 1547 edges (interactions), and SRC, STAT1, EGFR, 
CDK1, and KIAA0101 were the five top 5 hub genes ranked by betweenness and 
centrality scores (Figure 4). Interestingly, all the five top central genes associated to 
RNase2 expression were also identified as hub genes in THP1-derived macrophages in 
response to RNase3 treatment (Lu et al., unpublished results). Human RNase3 is the 
closest RNase2 family homologue, sharing about a 70% sequence identity. To note, all 
the five spotted genes were observed in our previous work to be induced in a none 
related to catalytic activity manner: an equivalent common response was evidenced by 
the transcriptome analysis of macrophage cells treatment with both wild-type RNase3 
and the H15A catalytically defective mutant (Lu et al. unpublished results). Likewise, in 
both RNases 2 and 3 the network centrality expressed genes are directly or indirectly 
related to the EGF receptor (EGFR). Surprisingly, a recent report indicated that RNase5 
can work as a direct EGFR ligand (Wang et al., 2018a) and our very recent structural 
characterization of RNase3 also predicted a high affinity protein-receptor binding. 
Therefore, we modelled here a putative RNase2- EGFR complex taking the published 
EGF-EGFR structure as a reference (Wang et al., 2018a). Molecular modelling 
predicted that RNase2 is a strong ligand of EGFR (Figure 5, Table 1). Comparing 
RNase2, RNase3, and RNase5 with EGF sequence, the CQYRD region is mostly 
conserved, especially the cysteine and tyrosine residues (Figure 5). A close inspection 
of the predicted complex revealed that the interaction of RNase2 with EGFR might be 
mediated by residues regions 19-25, 28-35, 79-81, 84-88, and 97-103 (Additional file 
4). R97, Y98 of RNase2 were identified as the key residues that interact within the 412-
468 region of the EGFR. A side-by-side comparison of RNase2 with its closest 
homologue RNase3 highlighted conserved features that might account for slightly 
distinct binding modes. For example, substitution of residue D100, shared by RNase3 
and EGF, by a Q in RNase2 might reduce the binding affinity. To note, both D and Q 
are conserved in the two RNases respective primate lineages (Zhang et al., 1998).  

Knocking out RNase2 increases RSV infection burden in macrophage 

Next, we investigated whether RNase2 expression within macrophages contributes to 
the cell antiviral activity. First, THP1 cells (WT and RNase2 KO) were induced into 
macrophages as described above. Macrophages were then exposed to RSV at MOI=1 to 
investigate the kinetics of infection by monitoring both intracellular and extracellular 
RSV amplicon using probe RT-qPCR, the standard curve built by serial diluting of a 
known RSV stock (Figure S5).  Intracellularly (Figure 6A), RSV increased at beginning 
of the infection (24h) but decreased at longer infection periods (48-72h), with a slow 
increase (0h-4h) followed by an exponential increase (4h-24h) and reaching a maximum 
at 24h. At 24h, RNase2 KO macrophages had significantly more RSV inside than WT 
macrophages. The RSV out of macrophages were also determined (Figure 6B). We 
observed that RSV increased in KO macrophages’ cultures until 48h and then stabilized 



173 

at 48-72h. While in WT macrophages’ culture, RSV increased and reached the peak at 
48h and followed the decreasing, significantly higher RSV were detected in KO 
macrophages’ culture than in WT macrophages’ culture at 24h-72h. Moreover, we 
monitored cell death during RSV infection using MTT assay and our results confirmed 
that RSV infection can increase cell death in either WT or KO macrophages. However, 
significant differences were detected, where KO macrophage cell death upon RSV 
infection was higher than in the WT macrophage (Figure 6C). All together, we 
concluded that RNase2 KO macrophages burdening is significantly higher for RSV 
infection and cell death in comparison to WT macrophages. 

Knock out of RNase2 alters the tRNA fragment population 

Previous work by Rosenberg and coworkers indicated that RNase2 antiviral action was 
dependent on its catalytic activity (Domachowske et al., 1998). Therefore, we decided 
to explore here the changes in RNA population in both RSV infected and none infected 
THP1-derived macrophage cells. First, we decided to analysis the RNase activity on the 
cell tRNA population. Taking into account that single stranded RNA viral replication 
had been associated to host tRNA accessibility and that RNase5 homologue was 
reported to specifically cleave the host self tRNAs, we decided to analyze here RNase2 
action on the macrophage tRNA population. In order to find out whether the RNase2 
catalytic activity is specifically targeting the tRNA population we screened a tRNAs 
fragment library.  

Using the nrStar Human tRF&tiRNA PCR  assay, which includes regulatory tRNA 
halves (tiRNA) and tRFs, we found that out of a total of 185 tRNA fragments 5 were 
significantly decreased in RNase2 KO macrophage in comparison to the WT control 
group: 2 tiRNAs, 1 tRF-5, 1 tRF-3, 1 tRF-1 (see Table 2 and Figure S7). Under RSV 
infection condition, KO of RNase2 significantly caused the reduction of 22 tRNA 
fragments (8 tiRNAs, 8 tRF-5, 3 tRF-3, 3 tRF-1).  Comparing the tRNA population 
from WT macrophages with or without RSV infection, we observed that RSV infection 
can promote the production of 4 tRNA fragments (2 tiRNAs, 2 tRF-5). Cleavage of 
LysCTT, LysTTT, ArgCCT and GluTTC are commonly released by RNase2 in both 
infected and non-infected cell cultures. Specifically, the release of the tRNA fragment 
1039, is shared in both cases. In total, there are 26 tRFs downregulated by RNase2-KO 
either with or without RSV infection (Table 2). Upon inspection of sequence of the 
putative cleavage sites we observed all sites at or near any of the tRNA loops (10 at 
anticodon, 9 at D loop, 4 at T loop), except 3 tRF-1s which are released from the 
precursor of tRNA (Table S3). Moreover, we identified the preferable target sequences 
are enriched with U or A by comparing the cleavage site of 13 tRFs which located 
strictly within any of the tRNA loops (3 at anticodon loop, 6 at D loop, 4 at T loop), 
such as XUUX, XAAX. However, there are more G or C appeared in the target 
sequences when the cleavage site is outside of any of the tRNA loops. A full analysis of 
exposed cleavage sequences should also consider the final adopted tRNA 3D fold that 
will hide some regions from the RNase action. Notwithstanding, we still lack 
information here on the contribution of nucleotide posttranscriptional modifications that 
might partially protect the processing of the tRNA and play a key role during infection. 
Besides, prediction of the RNA secondary structure potentially adopted by the tRNA 
fragments products, indicated that some of the main fragment sequences associated to 
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RNase2 presence, such as the tiRNA released from LysCTT and LysTTT parental 
tRNA, can form a very stable hairpin like structure (Figure S7). We can speculate that 
the adopted hairpin structures might play some key role in the cell response to virus 
infection, by either interfering in the virus replication or inhibiting the translation 
machinery. In addition, together with the release of regulatory fragments from mature 
tRNAs, we also observed few RNA species released from pre-tRNAs transcripts. 
Further work needs to be performed in order to identify the specific location of 
expressed RNase2 within the infected macrophages in order to better interpret the 
present results.  

Discussion 

RNase2 antiviral activity against RSV within macrophage 

Expression of human RNase2 is widely distributed in diverse body tissues such as 
kidney, liver and spleen together with leukocyte cells. Among the blood cell types, 
eosinophils are undoubtedly the main source of RNase2 expression, which first gave its 
name upon the protein discovery, name thereafter as the Eosinophil Derived Neurotoxin 
(EDN) (Gleich et al., 1986). Apart from its main source, the eosinophils, RNase2 is also 
expressed in other blood cell types, such as monocytes, basophils, and neutrophils 
(Rosenberg, 2015).  

A number of host defense-associated activities have been proposed for RNase2, mostly 
associated to the targeting of RNA viral infection. In particular, the protein has been 
reported to reduce the infectivity of the human respiratory syncytial virus (RSV) and 
HIV in cell cultures (Domachowske et al., 1998; Rugeles et al., 2003). Moreover, 
RNase2 has been suggested as a biomarker in RSV induced bronchiolitis (Kim et al., 
2013; Rosenberg, 2015).  

In this study, we first monitored the dynamic change of RNase2 expression in human 
THP1-derived macrophage with RSV infection. We chose THP1 induced macrophage 
to investigate the dynamic expression of RNase2 upon RSV infection because RNase2 
is the most abundant RNaseA family member expressed in this cell line (Lu et al., 2019) 
(https://www.proteinatlas.org/). Viruses can manipulate cell biology to utilize 
macrophages as vessels for dissemination, long term persistence within tissues and virus 
replication. Endocytosis, phagocytosis, micropinocytosis, and membrane fusion are the 
major ways that viruses enter cells. In this study, we observed that RSV can enter 
human THP1 induced macrophages within 2 hours’ infection. A fast proliferation of 
RSV can be found after 4h post of infection and the number of RSV viruses reached the 
highest peak at 24h, following a decrease at 48h and 72h in macrophages. Without RSV 
infection, human THP1 induced macrophages stably express a basic level of RNase2. 
However, RSV infection can significantly activate transcriptional RNase2 expression in 
the macrophage cell as early as 4h post of infection, and the significant increase of 
protein expression can be detected after 24h post of infection (Figure 1). Its worthy to 
mention there is a correlation between RSV population and RNase2 expression level at 
the timeline. It was previously demonstrated that human monocyte-derived 
macrophages challenged with a combination of LPS and TNF-a produced RNase2 in 
time-dependent manner (Yang et al., 2004). However, we did not find any significant 
change of transcriptional expression of RNase2 upon Mycobacteria aurum infection (Lu 

https://www.proteinatlas.org/
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et al., 2019). Discrepancy of expression induction is also found for RNase2 secretion by 
eosinophils upon distinct bacterial infections. For example, Clostridium difficile and 
Staphylococcus aureus infection caused release of RNase2 while Bifidobacteria, 
Hemophilus, and Prevotella species infection did not (Rosenberg, 2015). In agreement, 
our previous work on THP1 derived macrophages infected by mycobacteria also 
discarded any induction of RNase2 expression (Lu et al., 2019). In contrast, RSV 
infection significantly activated the expression of RNase2 in the same THP1 
macrophage derived cell line. Considering the present study and previous reports on 
RNase2 association to viral infections (Rosenberg, 2015), we may speculate that 
RNase2 is involved in the immune antiviral response. In particular, our work 
highlighted the protein role in macrophage cells challenged by RSV infection. This 
result was further corroborated by knocking out of RNase2 by CRIPSPR/Cas9 and 
observation of macrophages suffering a heavier RSV infection burden and subsequent 
cell death. Our present results reinforce the potential role of RNase2 in the host antiviral 
response. 

RNase2 participates in the macrophage overall immune response  

Although RNase2 expression is commonly associated to the host antiviral response, no 
direct characterization was previously performed on the protein endogenously expressed 
by macrophages. Previous work reported a broad antiviral activity, including inhibition 
of the replication of the RSV, human immunodeficiency (HIV)-1, and hepatitis B DNA 
viruses (Bedoya et al., 2006; Domachowske et al., 1998; Li et al., 2009; Rugeles et al., 
2003). Beside the antiviral activity on viruses, RNase2 was also reported to mediate an 
immunomodulatory action on various host cells, promoting leukocyte activation, 
maturation, and chemotaxis (Rosenberg, 2008b, 2015; Yang et al., 2008). Here, to gain 
knowledge on how RNase2 exerts its effects on host immune cells, we performed a 
comparative transcriptome analysis of human THP1 induced macrophages with and 
without expression of endogenous RNase2. Our results indicated that RNase2 is crucial 
in maintaining macrophage’s immune response, i.e., the knockout of RNase2 resulted in 
more than 2000 genes significantly differently expressed and those DEGs enriched into 
pathways related to innate immune response and cell cycle (Figure 3, Additional files 2-
3). Specifically, most of the down regulated DEGs upon RNase2 removal, such as 
cytokines, chemokines, are related to innate immune response, while the main up 
regulated DEGs when RNase2 is knocked out are related to cell cycle. It was previously 
reported that RNase2 can activate dendritic cells through TLR2-MyD88 pathway (Yang 
et al., 2008). However, the main DEGs observed here for THP1 macrophages were not 
significantly enriched into Toll-like receptor signaling pathway. Notwithstanding, we 
cannot discard that the present discrepancy with previous results is merely due to 
intrinsic differences on the working cell lines. Instead, we identified by network 
analysis based on protein-protein interactions the epidermal growth factor receptor 
(EGFR) as the main hub gene. The EGFR, also called ErbB1, is a membrane-bound 
tyrosine kinase, which, together with ErbB2, ErbB3 and ErbB4, constitute the ErbB 
family (Roskoski, 2014). The receptor activation can trigger downstream signaling via 
several major pathways, including MAPK, phosphoinositide 3 kinase (PI3K), nuclear 
factor kappa light chain enhancer of activated B cells (NF-kB) and janus kinase/signal 
transducer and activator of transcription (JAK/STAT) pathways (Chakraborty et al., 
2014; Colomiere et al., 2009). EGFR signaling can result in a number of outcome 
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primarily associated with growth, including cell proliferation, survival, angiogenesis, 
adhesion, differentiation and motility. A wide variety of viruses and bacteria are known 
to exploit EGFR functions for infection and replicative benefit. However, EGFR also 
functions to protect the host during disease (Choi et al., 2011; Monticelli et al., 2015) 
and can contribute to the maintenance of epithelial barriers and immune defense 
(Franzke et al., 2012; Monticelli et al., 2015). It is worthy to mention that RNase5 had 
been reported very recently to function as a ligand of EGFR (Wang et al., 2018b). 
Besides, our recent transcriptomic analysis of the THP1 derived macrophages grown in 
the presence of recombinant RNase3 also identified the network centrality of the EGFR 
in the cell response (Lu et al., unpublished results). In this work, we have performed a 
molecular modelling and corroborated the potential direct binding of RNase2 with the 
receptor (Figure 5). Our molecular docking data suggests that there is a direct 
interaction of RNase2 with EGFR, and that the key binding region is conserved with 
RNase3 and RNase5. However, local divergence in the spotted interaction domain 
among the three RNases suggest that there might be subtle differences in the activation 
mechanism that could explain the proteins’ distinct biological properties. Interestingly, 
the catalytic activity in both RNase3 and RNase5 is not required for interaction with the 
receptor (Wang et al., 2018a) (Lu et al., unpublished results). Further work is mandatory 
to confirm whether this is also the case for RNase2 immunomodulatory activity 
mediated by EGFR. Future structural analysis will also be required to identify the 
structural features that contribute to the interaction of RNase2 with EGFR and the 
similarities and potential specificities respect to the other family homologue proteins. 
Taking into account that EGFR activation can participate in the host anti-infective 
response, further work should explore whether some of RNase2 biological properties 
are mediated by EGFR activation. 

RNase2 alters the cellular ncRNA population 

Considering previous reports on the contribution of RNase2 enzymatic activity in the 
protein antiviral activity (Domachowske et al., 1998), we decided to analyze here the 
effect of the macrophage endogenous RNase2 on the ncRNA population. Increasing 
data demonstrates that small noncoding RNAs (sncRNAs) play important roles in 
regulating antiviral innate immune responses (Ghildiyal and Zamore, 2009; Skalsky and 
Cullen, 2010). In particular, small ncRNAs derived from tRNAs, also called regulatory 
tRNA halves (tiRNAs) and tRNA-derived fragments (tRFs), have been recently 
identified and proven as functional molecules. Cellular stress, cell proliferation, or RSV 
infection can regulate the population of tiRNAs and tRFs. For example, it has been 
demonstrated that RSV infection and hepatitis viral infection can induce the production 
of tRFs and tRNA-halves, and their release has been related to RNase5/angiogenin 
activity (Selitsky et al., 2015; Wang et al., 2013). Interestingly, the release of a specific 
tRF, tRF5-GluCTC, which targets and suppresses the apolipoprotein E receptor 2 
(APOER2), can also promote the RSV replication (Deng et al., 2015; Wang et al., 
2013). In the present study, although the tRF5-GluCTC was not significantly changed 
upon RSV infection alone, we observed a significant reduction in the RNase2 knockout 
cell line challenged with RSV infection (Table 2). Besides, tiRNA-5034-ValCAC-3, the 
tRF originated from ValCAC, was found in both the present data and the previous work. 
Moreover, we found that RSV infection on WT cell line induced the production of 4 
tRFs in macrophages in agreement to the previous study that indicated that RSV 



177 

infection (moi=3) induced the release of tRFs in epithelial cells (A549 cell line) (Wang 
et al., 2013). Moreover, the difference of experimental conditions and source cell line 
should be responsible for the converse results. Moreover, tRFs production was observed 
to be regulated by specific viral infection, for example, human metapneumovirus did 
not induce tRFs (Wang et al., 2013). In any case, among the identified tRFs by the array 
screening, we find the tRF3 from tRNALysTTT, which is reported to block retroviruses 
replication, such as in HIV-1, by direct binding to the virus priming binding site (Das et 
al., 1995; Jin and Musier-Forsyth, 2019; Schorn et al., 2017). 

RNase5, also known as Angiogenin, is one of the most well-known ribonucleases that 
are responsible for ribonucleolytic activity-dependent endonucleolytic cleavage of 
tRNA (Fu et al., 2009; Yamasaki et al., 2009). Under certain conditions of cellular 
stress, such as nutrition deficiency, oxidative stress, or hypothermia, RNase5 stimulates 
the formation of cytoplasmic stress granules and cleaves tRNA at positions close to the 
anticodon loop, producing tRNA-derived stress-induced small RNA (tiRNA, or tRNA 
halves) (Li and Hu, 2012; Xin et al., 2018; Zhang et al., 2016). Those tiRNA fragments 
functionally enhance damage repair and cellular survival through suppressing the 
formation of the translation initiation factor complex or associating with the 
translational silencer (Ivanov et al., 2011; Yamasaki et al., 2009). In the present study, 
we found that KO of RNase2  abolishes the tRFs release in human macrophages, and 
this scenario is more pronounced upon RSV challenge. In particular, the present results 
indicated that RNase2 expression in macrophages is associated to the enrichment of 
selective tRNA fragments (Figure 7; Tables 2 and S3).  Our result is consistent with the 
recently published studies, which have suggested that there may be other ribonucleases 
from the RNaseA superfamily apart from RNase5 that target tRNA and procure 
regulatory tRNA fragments (Akiyama et al.; Su et al., 2019). Further work is in progress 
to fully identify the selective cleavage sites within the cell ncRNA population targeted 
by RNase2 and their role during viral infection. 

Conclusions  

This is the first characterization of the RNase2 expressed in macrophages and its direct 
targeting of tRNA. Moreover, the characterization of THP1-derived macrophages 
defective in RNase2 in a RSV infection model confirms its participation in the 
macrophage host antiviral defense. In addition, comparative transcriptomic suggests the 
direct protein activation of EGFR. Last, the screening of a tRNA regulatory fragments 
library indicates RNase2 specific targeting of tRNA population. Future work should 
unravel the contribution of the protein catalytically dependent and independent activities 
in its antiviral action. The results should contribute in the design of novel antiviral drugs. 
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Figure 1. RSV infection activates the expression of RNase2 in THP1 induced 
macrophages. 106 THP1 cells were seeded in 6-well tissue culture plate per well and 
induced by 50 nM of PMA treatment. After induction, macrophages with infected with 
RSV under MOI=1 for 2h and then cells were washed and replaced with fresh 
RPMI+10%FBS (0h time point post of infection). At each time point post of infection, 
the supernatant and cells were collected to quantify the expression of RNase2. (A). 
qPCR detection of relative expression of RNase2 gene; (B). Secreted RNase2 in culture 
supernatant was measured by ELISA and normalized with alive cell number, 
Significance was indicated as “*” p < 0.05, “**” p < 0.01.  (C). The intracellular 
RNase2 protein in macrophage was detected by WB. “+” and “-” indicate with or 
without RSV infection, respectively.  
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Figure 2. CRISPR/Cas9 mediated knock out of RNase2 gene in THP1 derived 
macrophages. (A). Schematic of the mutation of RNase2 caused by sgRNA1, the 
sequence if validated by Sanger sequencing; a replacement happened, where the deep 
red labeled sequence in wild type was replaced by the green labeled sequence, resulting 
in the coding frame change; (B). Western blot assay was applied to detect the RNase2 
protein; (C). The secreted RNase2 in supernatant was measured by ELISA, the 
RPMI+10%FBS complete culture medium was used as a negative control, all the 
supernatant was concentrated 50 times; (D). Ribonuclease activity staining assay was 
used to confirm the removal of functional ribonuclease protein. Cells were collected and 
resuspended in water and sonicated, cell lysates were loaded in each well at the 
indicated quantity. Significance was indicated as “*” p < 0.05. 
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Figure 3. KEGG pathway enrichment analysis. (A). Enrichment map of significant 
pathways. The DEGs identified from differential expressed gene analysis were applied 
to KEGG enrichment, p.adj<0.05 was set as the cut-off. Each circle represents one 
pathway, and pathways shared DEGs were connected with lines, the color indicates the 
significance and the size of circle indicates the number of DEGs enriched in the specific 
pathway; (B). Top 5 most significant pathways (labeled with different size of circles, in 
brown color) were chosen to illustrate in more detail the DEGs, the individual DEG was 
shown in small colorful circle (the fold change of DEGs, Red, up-regulated; Green, 
down-regulated).
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Figure 4. Protein-protein interaction analysis of the DEGs. The DEGs identified by 
comparing the transcriptome of macrophages (wild-type and RNase2 knockout) was 
applied to NetworkAnalyst 3.0 tool. Each circle represents one DEG annotated protein, 
and the line represents the protein-protein interaction. The up regulated DEGs and down 
regulated DEGs were colored in red and green, respectively. The genes with higher 
scores by calculating the betweenness and centrality were identified as hub genes and 
the top rated were labeled with their protein name. 
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Figure 5. Comparison of the interaction of EGFR with RNase2 and EGF by 
molecular modeling. (A). Primary sequence alignment of EGF, RNase2, RNase3 and 
RNase5. The conserved interaction region (CQYRD) is underlined. (B). Representative 
binding of EGFR with EGF and RNase2. The crystal complex of EGFR with EGF 
(PDB ID: 3NJP) is depicted. EGFR is colored in grey, the ligands were colored in pink, 
the interacted residues from EGFR and the ligands were colored in blue and red, 
respectively.  
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Figure 6. Knocking out of RNase2 resulted in macrophages suffering heavier RSV 
burden and more cell death. The intracellular (A) and extracellular (B) RSV was 
quantified by probe qPCR. (C). MTT assay was applied to monitor the proliferation of 
macrophages, the star indicates the significance between KO+ and WT+. “+” and “-” 
indicate with or without RSV infection, respectively. Significance was indicated as “*” 
p < 0.05, “**” p < 0.01. 
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Figure 7. Scheme of identified cleavage of tRNA by RNase2. The cleavage sites are 
indicated by red scissors.  
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 Table 1. Free energy of the complex and residues involved in direct interaction. 

 ΔG (kcal/mol) Kd (M) at 25º C 

EGF -11.8 2.3·10-9 

RNase2 -9.9 5.5·10-8 
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Table 2. tRNA fragment population changes upon RNase2 knockout and/or RSV 
infection. 185 tRNA fragments from four groups (WT, wild-type macrophage; KO, 
RNase2-knockout macrophage; WT+RSV, WT macrophage infected RSV; KO+RSV, 
KO macrophage infected with RSV) were detected by using nrStar Human tRF&tiRNA 
PCR Array and compared between each other. P value <0.05 and absolute value of the 
fold change >2 was set as the significant threshold. 

Comparison Transcript name p value Fold 
change Type tRF&tiRNA 

Precursor 

KO vs WT 

3'tiR_088_LysCTT (n) 0.008549 -4.11511 3-half LysCTT (n) 

tiRNA-5033-LysTTT-1 0.010405 -16.544 5-half LysTTT 

1039 0.018261 -80.5836 tRF-1 ArgCCT 

3002A 0.010849 -8.03351 tRF-3 ProAGG 

5028/29A 0.035238 -2.41112 tRF-5 GluTTC 
GluTTC 

KO+RSV 
vs 
WT+RSV 

3'tiR_060_MetCAT (n) 0.009106 -3.62243 3-half MetCAT 
(n) 

TRF62 0.035978 -2.38937 5-half MetCAT 

TRF315 0.018585 -3.28841 5-half LysCTT 

TRF353 0.024323 -3.8968 5-half GlnTTG 

TRF419 0.021386 -2.15623 5-half LeuTAG 

tiRNA-5030-LysCTT-2 0.03224 -2.93952 5-half LysCTT 

tiRNA-5031-HisGTG-1 0.034538 -2.78883 5-half HisGTG 

tiRNA-5031-GluCTC-1 0.015486 -3.05342 5-half GluCTC 

1001 0.047471 -2.92261 tRF-1 SerTGA 

1013 0.048765 -4.36482 tRF-1 AlaCGC 

1039 0.010483 -2.38917 tRF-1 ArgCCT 

3004B 0.001669 -5.38453 tRF-3 GlnTTG 

3006B 0.047336 -2.12999 tRF-3 LysTTT 

3016/18/22B 0.011578 -2.20447 tRF-3 LysCTT 
MetCAT 

5024A 0.011785 -3.8361 tRF-5 LeuTAA 

5032A 0.03463 -2.42302 tRF-5 AspGTC 

TRF356/359 0.039843 -3.63021 tRF-5 ArgTCG 
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ArgTCG 

TRF366 0.028509 -2.84655 tRF-5 ThrTGT 

TRF365 0.025314 -7.96473 tRF-5 ThrTGT 

TRF396 0.046282 -2.39119 tRF-5 AlaAGC 

TRF457 0.042069 -4.42785 tRF-5 SerAGA 

TRF550/551 0.039843 -4.83758 tRF-5 GluTTC 
GluCTC 

RSV vs WT 

tiRNA-5034-ValCAC-3 0.006083 5.48561 5-half ValCAC 

tiRNA-5029-ProAGG 0.034864 2.19859 5-half ProAGG 

TRF354 0.012413 2.97669 tRF-5 ThrTGT 

TRF374 0.019808 25.9252 tRF-5 ThrCGT 
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Figure S1. Representative image of THP1 cells tranduced by CRISPR lentiviral. 
1x106 of THP1 cells were resuspended in 2mL of RPMI+10%FBS and incubated in 37 
℃ at 5% CO2 for 2h before the transduction. 20 µl of the concentrated virus and 8 
ug/mL polybrene were added into THP1 culture in 6-well plate. After overnight’s 
culture, the medium was changed with fresh medium and the cells were continually 
grown. After 72h post of the infection, the cell samples were fixed by 4% 
paraformaldehyde and dyed with DAPI and the fluorescence images were captured 
using Olympus BX50 fluorescence microscopy. The GFP positive cells were calculated 
to evaluate the transduction efficiency of lentiviral with THP1 cells from 15 randomly 
chosen images. 
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Figure S2. Evaluation of the knockout efficiency of sgRNA1-6 targeting the 
AAVS1 locus in HeLa cells. (A). Schematic of sgRNA1&3 designed to target the 
RNase2 locus; (B) and (C) Detection of the knockout efficiency of sgRNA1 and 
sgRNA3 using a T7E I assay, respectively. Amplicons of sgRNA1&3 that were treated 
with T7E I (T7E I+) or without T7E I (T7E I+) were separated by 2% agarose gel 
electrophoresis. DSB sites were recognized and digested by T7E I. Undigested and 
digested bands were consistent with the predicted sizes from the RNase2 locus.  
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Figure S3. Analysis of the potential off-target effects of sgRNA1. The sgRNA1 
mediated off-target sites OT1-4 were predicted and analysed by T7EI assays. 
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Figure S4. PCA plot. NC, wild-type THP1 macrophage; KO, RNase2 knockout THP1 
macrophage. 
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Figure S5. Comparison of gene expression between RNAseq and qPCR. 
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Figure S6. Standard curve of RSV quantification by probe qPCR. 
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Figure S7. Secondary structure prediction of the tRNA fragments. The tRNA 
fragment type is indicated on the side. The secondary structure of the significantly 
expressed tRNA fragments were predicted using RNAstructure online tool 
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(https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html). (A). 
The significantly differential expressed tRNA fragments comparing RNase2-knockout 
macrophage cells with wild-type cells; (B). The significantly differential expressed 
tRNA fragments comparing RNase2-knockout macrophage cells with wild-type cells 
under RSV infection condition; (C). The significantly differential expressed tRNA 
fragments comparing wild-type macrophage cells infected with RSV with wild-type 
macrophage cells without RSV infection.  

 

 

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html
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Table S1. Primers used for PCR. 

Name Sequences 

Short-Fw CCACCGGGTCTTCGAAGACTGTTTG 

Short-Rv CATGGGTGGCCCAGAACCTTCTGACAAACGATC 

Cherry-Kosak-AgeI TATAACCGGTGCCACCATGGTGAGCAAGGGCGAGGA 

Cherry-BamHI ATAAGGATCCCTTGTACAGCTCGTCCATGC 

GFP-BsrGI ATATTGTACAGAGGGCAGAGGAAGTCTGCT 

GFP-EcoRI TTAGAATTCTTACAGCTCGTCCATGCCGAGAG 

RSV-A-Fw CTCAATTTCCTCACTTCTCCAGTGT 

RSV-A-Rv CTTGATTCCTCGGTGTACCTCTGT 

RSV-A-Probe TCCCATTATGCCTAGGCCAGCAGCA 

The fluorogenic probe was labeled with 6-carboxyfluorescein (FAM) and 6-
carboxytetramethylrhodamine (TAMRA). 
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Table S2. Oligos of the sgRNAs, and primers for PCRs 

Target name Sequence  

SgRNA1 GTTAATGACCTGCATTGCATTGG  

sgRNA3 CGCAAAAATTGTCACCACAGTGG  

Off-target name  Chromosome location 

OT-1 GTTAATGACCTGCATTGCATTGG chr10:116445782-116445804:+ 

OT-2 CTTAATGATATGCATTGCAT AGG chr4:95875569-95875591:- 

OT-3 GATAATGAGATACATTGCAT TGG chr2:211644633-211644655:+ 

OT-4 TTTTATGACCTGTATAGCAT AGG chr6:22605178-22605200:+ 

PCR primers   

sgRNA-x-Fw TCTTCTGTTGGGGCTTCTGGCTG 482 

sgRNA-x-Rv GATGAGTGATGATGAGGAGTGCT  

sgRNA3-Fw TCTTCTGTTGGGGCTTCTGGCTG 482 

sgRNA3-Rv GATGAGTGATGATGAGGAGTGCT  

OT1-Fw TCAGGGGCTAAAATAGGGTGC 107 

OT1-Rv TATTGGATTGCCTGCTCCCC  

OT2-Fw ACAAACTCTGCAGCTTTGGC 123 

OT2-Rv TCTATGTAAACAGAGTCTTTGGCA  

OT3-Fw AGGGGCTTGACTCAGAGAGT 129 

OT3-Rv GGCATGCATCCATTGAGCTG  

OT4-Fw TCCATGTAATCTGCCAGCCA 115 

OT4-Rv AATTGGGTGGCTGAGGTGAC  

Sequencing 
primers 

  

U6-seq GAGGGCCTATTCCCATGATT  

Fw-seq GCTTCTTCTGTTGGGGCTTC  

Rv-seq TCAACGACGAGACCCTCCAC  

qPCR primers   

CXCL10-Fw GCCATTCTGATTTGCTGCCT  

CXCL10-Rv GCAGGTACAGCGTACAGTTCT  
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IFIH1-Fw GCATATGCGCTTTCCCAGTG  

IFIH1-Rv CTCTCATCAGCTCTGGCTCG  

ISG15-Fw GCGCAGATCACCCAGAAGAT  

ISG15-Rv GTTCGTCGCATTTGTCCACC  

IL1A-Fw TGAGCTCGCCAGTGAAATGA  

IL1A-Rv AACACGCAGGACAGGTACAG  

ORC1-Fw AAGCTTTGGAGCCGGCCAT  

ORC1-Rv TGATCTCCGAGAAGGCCACT  

TAB2-Fw TACGAATGGCCCAAGGAAGC  

TAB2-Rv CACAGCAGGCATCCAGGTTA  

NFKBIA-Fw TGTGCTTCGAGTGACTGACC  

NFKBIA-Rv TCACCCCACATCACTGAACG  

TLR6-Fw GCAGGGGACAATCCATTCCA  

TLR6-Rv AGAATCAGGCCAGCCCTCTA  

TLR4-Fw TGCCGTTTTATCACGGAGGT  

TLR4-Rv GGGCTAAACTCTGGATGGGG  

CTSL-Fw CTGCTGGCCTTGAGGTTTTA  

CTSL-Rv GCAGCCTTCATTGCCTTGAG  

MYD88-Fw ACCCAGCATTGGTGCCG  

MYD88-Rv GGTTGGTGTAGTCGCAGACA  

GABARAP-Fw CTCCCTTATTCAGGACCGGC  

GABARAP-Rv TGCCAACTCCACCATTACCC  
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Table S3. Predicted cleavage sites of the tRNA. 

Transcript 
name Type 

Identified sequence 
in tiRNA&tRF 
library 

Remaining sequence from 
parental tRNAsequence 

Predicted 
cleavage 
site1 

3'tiR_088
_LysCTT 
(n) 

3-half 

CUUAAUCUCAG
GGUCGUGGGU
UCGAGCCCCAC
GUUGGGCGCCA 

GCCCGGCUAGCUCAGUCG
GUAGAGCAUGGGACU 

GGA(CU
CUU)A
A 

tiRNA-
5033-
LysTTT-1 

5-half 
GCCCGGAUAGC
UCAGUCGGUAG
AGCAUCAGACU 

UUUAAUCUGAGGGUCCA
GGGUUCAAGUCCCUGUU
CGGGCG 

AGA(CU
UUUA
A) 

1039 tRF-1 
UCGAGAGGGGC
UGUGCUCGCAA
GGUUUCUUU 

  

3002A tRF-3 

AUCCCGGACGA
GCCCCCA 

GGCUCGUUGGUCUAGGG
GUGUGGUUCUCGCUUAG
GGCGGGAGACCCAAGAG
GUCCCGGGUUCAA 

(UUCAA
AU)CC
C 

5028/29A tRF-5 

UCCCACAUGGU
CUAGCGG 

UUAGGAUUCCUGGUUUU
CACCCAGGUGGCCCGGGU
UCGACUCCCGGUAUGGG
AA 

(AGCGG
UUA)G
G 

3'tiR_060
_MetCAT 
(n) 

3-half 

UCAUAAUCUGA
AGGUCGUGAG
UUCGAUCCUCA
CACGGGGCACC
A 

GCCCUCUUAGUGCAGCUG
GCAGCGCGUCAGUU 

CAG(UU
UCAU
AAU) 

TRF62 5-half 
AGCAGAGUGGC
GCAGCGGAAGC
GUGCUGG 

GCCCAUAACCCAGAGGUC
GAUGGAUCGAAACCAUC
CUCUGCUA 

GCUGG
G(CCC
AUAA) 

TRF315 5-half 
GCCCGGCUAGC
UCAGUCGGUAG
AGCAUGG 

GACUCUUAAUCUCAGGG
UCGUGGGUUCGAGCCCCA
CGUUGGGCG 

CAUGG
GA(CU
CUUAA) 

TRF353 5-half 

GGCCCCAUGGU
GUAAUGGUUA
GCACUCUGGA 

CUUUGAAUCCAGCAAUCC
GAGUUCGAAUCUCGGUG
GGACCU 

CUGGA
 
(CUUUG
AA) 

TRF419 5-half GGUAGUGUGG
CCGAGCGGUCU

GAUUUAGGCUCCAGUCU
CUUCGGAGGCGUGGGUU

CGCUG
GA(UU
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AAGGCGCUG CGAAUCCCACCGCUGCCA UAGGC) 

tiRNA-
5030-
LysCTT-2 

5-half 
GCCCGGCUAGC
UCAGUCGGUAG
AGCAUGGG 

ACUCUUAAUCUCAGGGU
CGUGGGUUCGAGCCCCAC
GUUGGGCG 

AUGGG
A(CUC
UUAA) 

tiRNA-
5031-
HisGTG-1 

5-half 

GCCGUGAUCGU
AUAGUGGUUA
GUACUCUGCG 

UUGUGGCCGCAGCAACCU
CGGUUCGAAUCCGAGUC
ACGGCA 

CUGCG
 
(UUGU
GGC) 

tiRNA-
5031-
GluCTC-1 

5-half 

UCCCUGGUGGU
CUAGUGGUUA
GGAUUCGGCG 

CUCUCACCGCCGCGGCCC
GGGUUCGAUUCCCGGUC
AGGAAA 

CUCUCACCGCCGCGGCCC
GGGUUCGAUUCCCGGUC
AGGGAA 

CGGCG
 
(CUCUC
AC) 

1001 tRF-1 GAAGCGGGUGC
UCUUAUUUU 

  

1013 tRF-1 GGCGAUCACGU
AGAUUUU 

  

1039 tRF-1 
UCGAGAGGGGC
UGUGCUCGCAA
GGUUUCUUU 

  

3004B tRF-3 

UCAAAUCUCGG
UGGGACCUCCA 

GGCCCCAUGGUGUAAUG
GUUAGCACUCUGGACUU
UGAAUCCAGCGAUCCGA
GU 

GGUCCCAUGGUGUAAUG
GUUAGCACUCUGGACUU
UGAAUCCAGCGAUCCGA
GU 

CGAGU
 
(UCAAA
U) 

3006B tRF-3 

UCAAGUCCCUG
UUCGGGCGCCA 

GCCCGGAUAGCUCAGUCG
GUAGAGCAUCAGACUUU
UAAUCUGAGGGUCCGGG
GU 

GCCCGGAUAGCUCAGUCG
GUAGAGCAUCAGACUUU
UAAUCUGAGGGUCCAGG
GU 

GGGG(
UUCA
AGU) 

3016/18/2
2B tRF-3 

UCGAGCCCCAC
GUUGGGCGCCA 

GCCCGGCUAGCUCAGUCG
GUAGAGCAUGGGACUCU
UAAUCUCAGGGUCGUGG

UGGG(
UUCG
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GU AGC) 

5024A tRF-5 

GUUAAGAUGG
CAGA 

ACCUGGCAGUUUCAUAA
AACUUAAAGUUUAUAAU
CAGAGGUUCAACUCCUCU
UCUUAACA 

GCCCGGUAAUCGCAUAA
AACUUAAAACUUUACAG
UCAGAGGUUCAAGUCCU
CUUCUUAACA 

GCAG(A
ACCU
GGCAG) 

GCAG(A
GCCC
GGUAA
) 

5032A tRF-5 

UCCUCGUUAGU
AUAGUGG 

UGAGUGUCCCCGUCUGUC
ACGCGGGAGACCGGGGU
UCGAUUCCCCGACGGGGA
G 

UUAGUAUCCCCGCCUGUC
ACGCGGGAGACCGGGGU
UCAAUUCCCCGACGGGGA
G 

UGAGUAUCCCCGCCUGUC
ACGCGGGAGACCGGGGU
UCGAUUCCCCGACGGGGA
G 

(AGUG
GUGA)
GU 

(AGUG
GUUA)
GU 

TRF356/3
59 tRF-5 

GGCCGCGUGGC
CUAAUGGA 

UAAGGCGUCUGACUUCG
GAUCAGAAGAUUGCAGG
UUCGAGUCCUGCCGCGGU
CG 

(AAUG
GAUA)
AGG 

TRF366 tRF-5 

GGCUCCAUAGC
UCAGUGGUUA
GAGCA 

 

CUGGUCUUGUAAACCAG
GGGUCGCGAGUUCGAUC
CUCGCUGGGGCCU 

(AGUG
GUUA)
GAGCA
CUGG
U 

TRF365 tRF-5 

GGCUCCAUAGC
UCAGGGGU 

UAGAGCGCUGGUCUUGU
AAACCAGGGGUCGCGAG
UUCAAUUCUCGCUGGGG
CCU 

UAGAGCACUGGUCUUGU
AAACCAGGGGUCGCGAG
UUCAAAUCUCGCUGGGG
CCU 

(AGGG
GUUA)
GAG 

TRF396 tRF-5 
GGGGGUAUAG
CUCAGCGGU 

AGAGCGCGUGCUUAGCA
UGCACGAGGUCCUGGGU
UCAAUCCCCAAUACCUCC

(AGCGG
UA)GA
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A GC 

TRF457 tRF-5 

GUAGUCGUGGC
CGAGUGG 

UUAAGGCGAUGGACUAG
AAAUCCAUUGGGGUUUC
CCCACGCAGGUUCGAAUC
CUGCCGACUACG 

(GAGU
GGUU
AA)G 

TRF550/5
51 tRF-5 

UCCUUGGUGGU
CUAGUGGCUAG 
UCCUUGAUGUC
UAGUGGUUAG 

GAUUCGGCGCUUUCACCG
CCGCGGCCCGGGUUCGAU
UCCCGGCCAGGGAA 

GAUUCGGCGCUUUCACCG
CCGCGGCCCGGGUUCGAU
UCCCGGUCAGGGAA 

GAUUCGGCGCUUUCACCG
CUGCGGCCCGGGUUCGAU
UCCCGGUCAGGGAA 

GAUUUGGUGCUCUCACU
GCAGCAGCCUGGGUUCA
UUUCUCAGUCAGGGAA 

(AGUG
GCUA)G
GAUU
C 

(AGUG
GUUA)
GGAU
UC 

(AGUG
GUUA)
GGAU
UU 

tiRNA-
5034-
ValCAC-3 

5-half 

GUUUCCGUAGU
GUAGCGGUUA
UCACAUUCGCC
UC 

ACACGCGAAAGGUCCCCG
GUUUGAAACCAGGCGGA
AACA 

ACACGCGAAAGGUCCCCG
GUUCGAAACUGGGCGGA
AACA 

ACACGCGAAAGGUCCCCG
GUUCGAAACCGGGCGGA
AACA 

ACACGCGUAAAGGUCCCC
GGUUCGAAACCGGGCGG
AAACA 

GC(CUC
ACAC)
G 

tiRNA-
5029-
ProAGG 

5-half 

GGCUCGUUGGU
CUAGGGGUAU
GAUUCUCG 

CUUAGGGUGCGAGAGGU
CCCGGGUUCAAAUCCCGG
ACGAGCCC 

CUUAGGAUGCGAGAGGU
CCCGGGUUCAAAUCCCGG
ACGAGCCC 

UCUCG
C(UUA
GGGU) 

TRF354 tRF-5 

GGCCCUAUAGC
UCAGGGG 

UUAGAGCACUGGUCUUG
UAAACCAGGGGUCGCGA
GUUCAAAUCUCGCUGGG
GCCU 

(AGGG
GUUA)
GA 
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TRF374 tRF-5 

GGCUCUGUGGC
UUAGUUGGC 

UAAAGCGCCUGUCUCGU
AAACAGGAGAUCCUGGG
UUCGAAUCCCAGCGGGGC
CU 

(AGUU
GGCU
A)AAG 

1the potential cleavage site of the tRNAs are indicated according to the sequences 
detected in the tiRNA&tRFs library screening. Complementarily, we include in the next 
column the remaining tRNA sequence from the parental tRNA. The tRNA fragments at 
the 5’ and 3’ sides are colored in red and blue, respectively. The cleavage site is marked 
with an arrow and the corresponding loop region in the parental tRNA is enclosed by 
parenthesis. See figure S7 for a schematic drawing of the identified fragment and a 
prediction of the adopted secondary structure. 
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Supplementary Figure 1 | Modifications of the force field to include inosine 
parametrization. 

mailto:Ester.Boix@uab.cat
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Supplementary Figure 2 | Phylogenetic tree of representative sequences of pancreatic 
ribonucleases. The evolutionary history was inferred by using the Maximum Likelihood 
method and JTT matrix-based model (Jones et al., 1992). The tree with the highest log 
likelihood (−27534.43) is shown. The percentage of trees in which the associated taxa 
clustered together is shown next to the branches. Initial tree(s) for the heuristic search 
were obtained automatically by applying Neighbour-Join and BioNJ algorithms to a 
matrix of pairwise distances estimated using a JTT model, and then selecting the 
topology with superior log likelihood value. The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site. This analysis involved 160 
amino acid sequences. There were a total of 212 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). RNases are 
labeled with the species abbreviation (see Table S1) and its UNIPROT code, or, in its 
absence, with its NCBI code. 

https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B47
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B51
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#h12
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Supplementary Figure 3 | Atom nomenclature of the three dinucleotides used in the 
molecular dynamics simulations. 
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Supplementary Figure 4 | Mobility of the dinucleotides, calculated in RMSD (nm), 
during each 100 ns simulation run. Each color represents a different replicate. 
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Supplementary Figure 5 | Fraction of hydrogen bond interaction occurrence of the key 
protein residues involved in the binding to the purine base during each MD simulation 
run. 
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Supplementary Figure 6 | Schematic illustration of RNase-UpG complexes obtained 
by molecular dynamics simulations using GROMACS. The picture was generated using 
PyMOL 1.7.2 (Schrödinger, Inc). 
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Supplementary Figure 7 | Sequence alignment of representative sequences of fish 
RNases. Protein regions identified to participate in B2 site are highlighted in yellow (L4, 
spanning from b2 to b3, end of ß6 and one of the two catalytic histidines together with a 
close by residue at ß7). Main conserved key residues are: Asn 72/74, Glu 114 and Glu 
122/Arg123. TT indicates the presence of a ß-turn. Dots label every 10 residues of the 
reference protein used (Dr-RNase 1). The disulphide bonds are labeled with green 
numbers. The alignment was performed using Clustal Omega (Sievers and Higgins, 
2018), and the picture was drawn using ESPript (Robert and Gouet, 2014). Labels are as 
follows: red box, white character for strict identity; red character for similarity within a 
group; and character with blue frame for similarity across groups. 

https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B87
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Supplementary Figure 8 | Sequence alignment of representative sequences of 
amphibian RNases. Protein regions identified to participate in B2 site are highlighted in 
yellow (L4, spanning from b2 to b3, end of ß6 and one of the two catalytic histidines 
together with a close by residue at ß7). Main conserved key residues are: Arg5, Asn56 
and Thr89/Glu91. TT indicates the presence of a ß-turn. Dots label every 10 residues of 
the reference protein used (Rp-RNase). The disulphide bonds are labelled with green 
numbers. The alignment was performed using Clustal Omega (Sievers and Higgins, 
2018), and the picture was drawn using ESPript (Robert and Gouet, 2014). Labels are as 
follows: red box, white character for strict identity; red character for similarity within a 
group; and character with blue frame for similarity across groups. 

https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B87
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Supplementary Figure 9 | Sequence alignment of representative sequences of reptilian 
RNases. Protein regions identified to participate in B2 site are highlighted in yellow (L4, 
spanning from b2 to b3, end of ß6 and one of the two catalytic histidines together with a 
close by residue at ß7). Main conserved key residues are: Asn68 and Asp116/Arg117. 
TT indicates the presence of a ß-turn. Dots label every 10 residues of the reference 
protein used (Cm-RNase 1). The disulphide bonds are labelled with green numbers. The 
alignment was performed using Clustal Omega (Sievers and Higgins, 2018), and the 
picture was drawn using ESPript (Robert and Gouet, 2014). Labels are as follows: red 
box, white character for strict identity; red character for similarity within a group; and 
character with blue frame for similarity across groups. 

https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B87
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Supplementary Figure 10 | Sequence alignment of representative sequences of bird 
RNases. Protein regions identified to participate in B2 site are highlighted in yellow (L4, 
spanning from b2 to b3, end of ß6 and one of the two catalytic histidines together with a 
close by residue at ß7). Main conserved key residues are: Asn65, Arg66 and Trp105. TT 
indicates the presence of a ß-turn. Dots label every 10 residues of the reference protein 
used (Gg-RNase 1). The disulphide bonds are labelled with green numbers. The 
alignment was performed using Clustal Omega (Sievers and Higgins, 2018), and the 
picture was drawn using ESPript (Robert and Gouet, 2014). Labels are as follows: red 
box, white character for strict identity; red character for similarity within a group; and 
character with blue frame for similarity across groups. 

https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B87
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Supplementary Figure 11 | Sequence alignment of representative sequences of 
mammalian RNases. Protein regions identified to participate in B2 site are highlighted 
in yellow (L4, spanning from b2 to b3, end of ß6 and one of the two catalytic histidines 
together with a close by residue at ß7). Main conserved key residues are: 
Asn67/Gln69/Asn71, Ala109, Glu111 and Arg122. TT indicates the presence of a ß-
turn. Dots label every 10 residues of the reference protein used (Bt-RNase 1). The 
disulphide bonds are labelled with green numbers. The alignment was performed using 
Clustal Omega (Sievers and Higgins, 2018), and the picture was drawn using ESPript 
(Robert and Gouet, 2014). Labels are as follows: red box, white character for strict 
identity; red character for similarity within a group; and character with blue frame for 
similarity across groups. 

https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B94
https://www.frontiersin.org/articles/10.3389/fphar.2019.01170/full#B87
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Class Subclass Cohort Subcohort Order Suborder/ 
Infraorder Family Species Abb. 

 
Actinopteri  

(Pisces) 

Neopterygii 

Elopomorpha - Anguilliformes - Anguillidae Anguilla anguilla Aa 

Otomorpha 
Ostariophysi Cypriniformes Cyprinoidei Cyprinidae Danio rerio Dr 

Clupei Clupeiformes Clupeoidei Clupeidae Clupea harengus Ch 

 
Euteleostei 

Protacanthopterygii 
Salmoniformes - Salmonidae Salmo salar Ss 

Esociformes - Esocidae Esox lucius El 

Neoteleostei 

Cyprinodontiformes Cyprinodontoidei Poeciliidae Poecilla reticulata Pr 

Carangiformes - Carangidae Seriola lalandi 
dorsalis Sld 

Beloniformes Adrianichthyoidei Adrianichthyidae Oryzias melastigma Ome 

- Lepisosteiformes - Lepisosteidae Lepisosteus oculatus Lo 

Chondrostei - Acipenseriformes - Acipenseridae Acipenser ruthenus Ar 

Amphibia Lissamphibia  
- Anura 

Sokolanura Ranidae 
Rana catesbeiana Rc 

Rana pipiens Rp 

Xenoanura Pipidae Xenopus laevis Xl 

 
 
 
 
 
 

Reptilia 

Diapsida - Squamata 

Gekkota Gekkonidae Gekko japonicus Gj 

Diploglossa 
Diploglossidae Celestus warreni Cw 

Anguidae Gerrhonotus 
infernalis Gi 

Iguania 
Iguanidae Iguana iguana Ii 

Dactyloidae Anolis carolinensis Ac 

 
Ophidia 

Elapidae 
Ophiophagus 

hannah Oh 

Micrurus corallinus Mc 

Lamprophiidae Psammophis 
mossambicus  Pm 

Viperidae Crotalus 
adamanteus Ca 

Anapsida - 
Testudines Cryptodira 

Cheloniidae Chelonia mydas Cm 

Emydidae Terrapene mexicana Tm 

Chelydridae Chelydra serpentina Cs 

Crocodylia Eusuchia Alligatoridae Alligator 
mississippiensis Am 

Aves Neognathae 

Galloanserae 
Galliformes - Phasianidae 

Gallus gallus Gg 

Meleagris gallopavo Mg 

Anseriformes - Anatidae Anas platyrhynchos Ap 

Neoaves 

Passeriformes - 
Muscicapidae Ficedula albicollis Fa 

Estrildidae Lonchura striata 
domestica Lsd 

Psittaciformes - Psittacidae Amazona aestiva Ama 

Charadriiformes - Scolopacidae Limosa lapponica 
baueri Llb 

Columbiformes - Columbidae 
Patagioenas 

fasciata monilis Pfm 

Columba livia Cl 
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Apterygiformes - Apterygidae Apteryx australis 
mantelli Aam 

Paleognathae - Tinamiformes - Tinamidae Nothoprocta 
perdicaria Np 

Mammalia 

Prototheria - - Monotremata - Ornithorhynchidae Ornithorhynchus 
anatinus Oa 

Metatheria - - Didelphimorphia - Didelphidae Monodelphis 
domestica Md 

Theria Placentalia - 

Proboscidea Elephantiformes Elephantidae Loxodonta africana La 

Primates Euprimates Hominidae Homo sapiens Hs 

Artiodactyla Ruminantia Bovidae Bos taurus Bt 

Supplementary Table 1 | Phylogenetic classification and abbreviations used for the 
analysed species. 
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RNaseA 
Referen

ce 
number

ing 

Bt-
RNas

eA 

Hs-
RNase6 

Hs-
RNase2 

Oa-
RNase4 

Cm-
RNase 

Ii-
RNase 

Gg-
RNase 

Rp-
RNase 

Dr-
RNase1 

Dr-
RNase 

A4     R3   D2 R8 R9 
R39 R39          

P42      R42   E46 E46 
V47     T43      

N67 N67 N64 N65 N68       

Q69 Q69 R66 R68 R70    S54 N72  

N71 N71 N68 N70 N72 N68 N67 R66 N56 D74 N71 
G85     Q88      

E111 E111 D107 D112 E110  E107  E91 E114  

H119 H119 H122 H129 H118 H114 H113 H111 H97 H120 H117 
D121 D121 D124 D131  D116  D113  E122 D119 

           

A122   R132 R121 R117 E115   R123 E120 

Supplementary Table 2. Main key residues identified by molecular dynamic simulations of the 
studied RNase complexes with UpA, UpG and UpI. Equivalent residues by structural superposition 
are indicated. Cationic residues are indicated in blue, anionic residues in red and polar residues in 
black. Histidine residues involved in stacking interactions with the purine base are coloured in orange. 
Only specific interactions with purine atoms are included. Specific interaction to purine atoms are 
illustrated in Figure 5. 
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