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Abstract 

Short ORF-encoded peptides (SEPs) are increasingly being identified as functional 

elements in various cellular processes. The current computational methods and 

experimental molecular biochemistry allow us to discover putative SEPs or micropeptides 

from proteogenomic datasets and experimentally validate them. Here, we identified a 

micropeptide produced from a putative long noncoding RNA (lncRNA) 1810058I24Rik 

which is downregulated in both human and murine myeloid cells exposed to 

lipopolysaccharide (LPS), as well as other TLR ligands and inflammatory cytokines. 

Analysis of lncRNA 1810058I24Rik subcellular localization revealed this transcript is 

localized in the cytosol, prompting us to evaluate its coding potential. In vitro translation 

with 35S-labeled methionine resulted in translation of a 47 amino acid micropeptide. 

Microscopy and subcellular fractionation studies in macrophages demonstrated 

endogenous expression of this peptide on the mitochondrion. We thus named this gene 

‘Mitochondrial micropeptide-47 (Mm47)’. Functional studies using siRNA and Cripsr-

cas9-mediated deletion in primary cells, showed that the transcriptional response 

downstream of TLR4 was not affected by Mm47 loss of function. In contrast, both the 

Crispr-cas9- and siRNA-targeted BMDM cells were compromised for Nlrp3 

inflammasome responses. However, the primary macrophages derived from the Mm47 

knockout mice do not require Mm47 for Nlrp3 activation, likely due to basal 

downregulation of a negative regulator microRNA of Nlrp3 called Mir-223. Notably, the 

Mm47-deficient mice are susceptible to influenza virus infection and succumb despite 

comparable antiviral and inflammatory response to wildtype mice. We hypothesize that 

the Mm47 deficiency may affect the antiviral resilience of mice due to secondary 



mitochondria dependent immunometabolic defect or failure of recovery from immune 

pathology, which warrants further investigation. This study therefore identifies a novel 

mitochondrial micropeptide Mm47 that is required for activation of the Nlrp3 

inflammasome in cells and resistance to influenza virus infection. Broadly, this work 

highlights the presence of translatable ORFs is annotated noncoding RNA transcripts and 

underscores their importance in innate immunity and virus infection.  
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Chapter 1: Introduction 

Introduction of Immune system 

In the course of growth and development, a single cell divides many times to produce a 

variety of cell types that create different tissue systems with distinct roles in a eukaryotic 

animal. For example, systems like skeletal, digestive, circulatory, neuronal, muscular, 

reproductive, etc. that are intricately linked in a delicate equilibrium to make up a complex 

organism (1, 2). The immune system consists of various cells residing in or surveilling 

these systems that are capable of discriminating host self from pathogenic non-self, and 

eliminating the non-self with prejudice. This immunological response against foreign 

substance called antigens is initially carried out by the genome-encoded innate immune 

system (1, 3). In cases where the response of these sentinel cells is insufficient, they are 

capable of presenting the antigens to the adaptive immune system for mounting well-

adapted and specific responses (4). The immune response is a double-edged sword that 

is required to protect against foreign substance but its overt activity could lead to adverse 

health outcomes for the host. One such nuanced balancing act performed by our immune 

system is apparent in our interactions with the huge number of symbiotic and synergistic 

bacteria residing on our body cavities and surfaces (2). The immune system deems these 

organisms as harmless nonpathogens and does not mount any immune response in 

healthy condition. Such equilibrium where non-self maintains dynamic equilibrium with 

the innate immune system and the adaptive immune systems do not develop any 

response (1). Altogether, the animal body is an ecosystem of complex yet balanced 

systems made of cells, tissues and organs.          

 



The Innate immune system 

The innate immune system is the first line defense against foreign pathogens. During 

animal development, the hematopoietic stem cells (HSC) residing in the bone marrow 

undergo differentiation into many cell types. One category of cells produced by 

differentiation of HSCs is called antigen presenting cells (APC), which comprises cells 

like macrophages, dendritic cells and neutrophils (1, 4, 5). These cells are decorated with 

genome-encoded pattern recognition receptors (PRRs) that recognize pathogen-

associated molecular patterns (PAMPs) or danger-associated molecular patterns 

(DAMPs). The recognition of cognate PAMP and DAMP by PRR leads to a signaling 

cascade resulting in transcriptional upregulation of numerous immune response genes 

(IRGs) to eliminate the threat and protect the host (1, 6, 7).   

 

Innate immune cells: The immune cells originate at the animal bone marrow. The 

progenitor HSCs in bone marrow differentiate into many different immune cell types i.e. 

they are pluripotent. The HSCs differentiate into common lymphoid progenitor cells and 

common myeloid progenitor cells (1, 8).  

The common myeloid progenitor cells give rise to monocytes, macrophages and dendritic 

cells. These are the sentinel cells that circulate in blood and surveil for foreign antigen 

while maintaining homeostasis. In case a pathogen penetrates the protective skin 

epithelial layer and enters the animal body, these guard cells ingest the pathogen, identify 

the PAMP on the pathogen and initiate an inflammatory program to eliminate the 

pathogen (9, 10). Furthermore, these cells present the antigen derived from the pathogen 

on their surface for the lymphocytes so adaptive response may be initiated. The myeloid 



progenitor also differentiates into other cells like neutrophils, basophils, eosinophils and 

mast cells (1, 11, 12). The common lymphoid progenitor cells give rise to the lymphocytes 

namely B cells and T cells. Both B and T cells rely on innate immune signaling for their 

activation. The B cells upon activation differentiate into plasma cells and produce specific 

antibody against the antigen. The T cells could differentiate into cytotoxic T cells or helper 

T cells (1, 12).    

 

 

Figure 1.1:  Differentiation of hematopoietic stem cells (HSCs)  

A. HSCs constitute the pool of long-term HSCs (LT-HSCs), short-term HSCs (ST-

HSCs), and multipotent progenitors (MPPs). They differentiate into common 

lymphoid progenitor (CLP) and common myeloid progenitor cells (CMP). The CLP 

further differentiate into NK cells, T cells and b cells. The CMP differentiate into 



monocytes (produce macrophages and Dendritic cells), erythrocytes, platelets and 

granulocytes (produce neutrophils). Figure adapted from Lee et al (13). 

 

 

Transcriptional regulation of immune mediators: The differentially expressed genes 

are a hallmark of innate immune regulation. The gene expression profiles are unique to 

the cell types and control their specificity and strength of response. Downstream of the 

PRR-mediated signaling, there are dedicated transcription factors that turn on or off 

specific gene programs to produce chemotactic factors, cytokines, tissue repair factors, 

etc. with the goal to control cell migration, tissue repair and remodeling, antimicrobial 

defense, phagocytosis, metabolic reprogramming and the regulation of adaptive immune 

response (6, 14-18). The transcription factors differentially express genes that may be 

broadly categorized as primary response and secondary response genes. The primary 

response genes are turned on immediately after the cell identifies the PAMP. The best 

studied example of this system is the expression of inflammatory genes like IL-6 and type 

I interferon like interferon alpha/beta. These primary response genes subsequently lead 

to the transcription of the secondary response genes, which are slow to start based on 

spatiotemporal regulation but have strong and specific effect for cellular reprogramming 

for metabolic and transcriptional polarization (6, 19). 

 

Innate immune signaling: Animals are inundated with innumerable microbes present 

around and on the body surface and cavities. Not all the microbes are individually 

identified by the innate immune system. However, over the vast period of evolution, the 



innate system has developed different genome-encoded PRRs that identify the molecular 

pattern of the host compared to these microbes. The PRR on the cell surface, endosome 

cytosol and nucleus identify the molecular pattern of pathogenic microbes called PAMP 

and engages downstream signaling molecules and adapters that transmit the signal while 

amplifying as needed. These signals from various PRRs converge on transcription factors 

that transcribe genes that mediate proper immunological response that broadly 

antimicrobial and reparative based on the PRR that initiated the signaling (20).     

  

Pattern recognition receptors: The pattern recognition receptors (PRR) are genome-

encoded receptors that reside on the cell surface, cytosol or endosomes. These PRRs 

identify general molecular patterns on a protein, carbohydrate or nucleic acid of foreign 

organism as pathogen-associated molecular patterns (PAMPs). In addition, injury of the 

cells either during infection or sterile condition leads to cells releasing signals that are 

identified by PRRs as danger-associated molecular patterns (DAMPs). Upon binding of 

a PRR to a cognate ligand, the downstream signaling follows to resolve underlying 

infection and help host in recovery(5, 21). The PRR can broadly be categorized as follows: 

1. Toll-like receptors 

2. RIG-I like receptors 

3. Nod-like receptors 



    

Figure 1.2: Simplified schematic of innate immune system 

A. A schematic figure showing pattern recognition receptors, namely Toll-like 

receptors (TLRs), Rig-I-like receptors (RLR) and Nod-like receptors (NLRs) on the 

cell surface, endosome and cytosol. The PRRs identify pathogen- or danger- 

associated molecular patterns, PAMPs or DAMPs, and signal to transcription 

factors (TFs). The TFs translocate to the nucleus and turn on transcriptional 

program to produce various immune response genes that include proteins, 

micropeptides, and noncoding RNAs that function as positive and negative 

regulators, effectors, signaling molecules, etc. 

 

Toll-like receptor pathways: The toll-like receptors (TLRs) in mammals are present on 

the cell surface or the intracellular compartment called endosomes. The cell surface 

TLRS identify pathogen surface molecules like lipid, lipoprotein, and protein. The TLRs 



on the intracellular compartment identify PAMPs nucleic acids. The PAMPs identified by 

different TLRs in mice and humans are listed in Table 1.1.  

 

Table 1.1: Toll-like receptors (TLRs) and their ligands. Adapted from Fitzgerald et al (22) 

and Blikslager et al (9). 

 

Each TLR is composed of ectodomain, a transmembrane domain, and a cytoplasmic 

domain. The ectodomain appears as a horseshoe-shaped leucine-rich-repeat (LRR) that 

mediates PAMP recognition. The cytoplasmic Toll/ IL-1 receptor (TIR) domain initiates 

the downstream signaling by recruiting signaling molecules and adapters. The TLRs 

interact with the PAMPs as a homo- or heterodimer along with accessory or co-receptor 

molecule(s). Upon PAMP binding, the TIR domain recruits TIR-domain containing adaptor 

molecules like MyD88 and TRIF, which initiate signal transduction to activate transcription 

factors like NF-kB, IRFs or MAP kinase (23-25).    

 

TLR Ligand
TLR1 Lipopeptides, modulin

TLR2
Lipoteichoic acid, lipoproteins, peptidogycan, 

yeast mannans, lipoarabinomannan

TLR3 dsRNA

TLR4 Lipopolysaccharide

TLR5 Flagellin

TLR6 Modulin

TLR7 viral ssRNA

TLR8 viral sRNA

TLR9 Microbial CpG-DNA

TLR10 Undefined

TLR11 Toxoplasma gondi profilin-like protein

TLR12 Undefined



RIG-I-like receptor pathways: RIG-I-like receptor family consists of DExD/H box RNA 

helicases localized in the cytosol where they identify PAMPs in virus RNA. This family 

includes RIG-I (retinoic acid-inducible gene I), MDA5 (melanoma differentiation 

associated factor 5) and LGP2 (laboratory of genetics and physiology 2). These RLRs 

are widely expressed in most cell types at basal state. Based on structural studies, it is 

apparent that RIG-I preferentially binds short 5’-triphosphorylated ssRNA (single stranded 

RNA) and blunt ended dsRNA (double stranded RNA) rich poly-uridine (26-28).  

 

RIG-I and MDA5 are very similar in structure with three distinct domains namely, N-

terminal region made of CARD (caspase activation and recruitment domains) arranged 

in tandem, a central DExD/H box RNA helicase domain, and al C-terminal repressor 

domain (RD) embedded within the C-terminal domain (CTD).  The LGP2 does not have 

a N-terminal CARD domain, but binds RIG-I and MDA5 with its CTD. The RIG-I receptor 

is the most well studied receptor of all three. In an inactive state, the CARD and RD 

domains are interacting to hold RIG-I in “closed” confirmation. Upon binding the RNA 

ligand by helicase and the CTD domain, and subsequent ATP hydrolysis by helicase the 

causes conformational change in RIG-I to expose the CARD domain for further 

downstream signaling.  

 

Once the RD domain releases CARD domain for downstream signaling, the CARD 

multimerizes to viral RNA to signal downstream and activate IRF3, IRF7 and NFkB to 

produce type I interferon (IFN) (26, 27). The IFN greatly upregulates the expression of a 

number of genes called IFN-inducible genes (ISGs), including RLR (27). 



 

Nod-like receptors (NLR) and Inflammasome: The Nucleotide-binding, oligomerization 

domain-like receptor (NLR) family consists of proteins in the cytosol that have shared 

architecture and are active against a broad range of non-self and host ligands, which 

includes PAMPS and DAMPS. Once activated, the NLRs are known to signal via 

multimeric cytosolic platforms called inflammasomes that include the NLR sensor, 

adaptors and zymogen procaspase-1 (29). 

 

As of now, 22 human and 34 murine NLRs have been identified. Most of the NLR family 

members have a tripartite structure with an N-terminal domain, a central NACHT (NAIP, 

CIITA, HET-E, and TP-2) domain and a C-terminal LRR domain. The most prominent and 

well-studied NLRs have CARD (Caspase Activation and Recruitment Domain) or PYD 

(pyrin) domain in the N-terminal, so they are categorized into NLRC or NLRP subfamilies. 

The central NACHT domain consists of the ATP nucleotide binding required for and 

subsequent oligomerization of the NLRs. Despite the considerable body of research 

conducted on NLR proteins, the precise sequence of events governing their activation, in 

terms of ATP-binding and hydrolysis, remains poorly defined. The C-terminal LRR region 

is responsible for ligand binding and activator sensing (29-31). 

 



 

Figure 1.3: Schematic figure showing domain architecture of NOD-like receptors 

A. Domain Architecture of NOD-like Receptors, AIM2, and the Adaptor Protein ASC. 

A color-coded schematic diagram detailing the domain architecture of the 14 NLRP 

family members, NLRC4, NOD1 and 2, Pyrin, AIM2, and the inflammasome 



adaptor protein ASC. Domain abbreviations are as follows: pyrin domain (PYD); 

domain present in NAIP, CIITA, HET-E, and TP-1 (NACHT); leucine-rich repeat 

domain (LRR); caspase-recruitment domain (CARD); function to find domain 

(FIIND); B-box-type zinc finger domain (BB); coiled coil domain (CC); exon B30-2 

domain (B30.2); and hematopoietic expression, interferon-inducible nature, and 

nuclear localization domain containing a 200 amino acid repeat (HIN-200). Figure 

adapted from Platnich et al, 2019 (29). 

 

Activating the NLR mediated inflammation takes two steps often coming from first signal 

needed to prime the cells and the second signal to activate the inflammasome. Once the 

NLR is activated, they oligomerize through their NACHT domain, and recruit adapter 

molecule Asc through the interaction of PYD domain of NLR and Asc. The Asc proteins 

form prion-like multimers that are stable and act as a platform for downstream 

inflammatory signaling, thus called inflammasome complex. The CARD domain of Asc 

interacts with the CARD domain of Procaspase-1 and recruits it to the complex for  

proximity-induced autocatalytic activation and downstream signaling for pro-IL1b 

processing, pro-IL18 and Gasdermin (29, 32, 33).  

 

Similarly, Aim2 and Pyrin are also cytosolic DNA sensors related to NLRs that signal 

through the formation of inflammasome complexes to potentiate IL-1β and IL-18 

maturation.  They are comprised of HIN-200 domains that recognize DNA and a PYRIN 

domain that bridge its interaction with caspase-1 through the adaptor ASC. AIM2 may 



also respond to mitochondrial DNA or DNA from damaged cells. A broad class of HIN 

domain containing proteins in the mouse and house genome has been identified (31). 

 

 

Figure 1.4: Schematic showing canonical inflammasomes and noncanonical 

inflammasome assembly  

A. The canonical inflammasome assemble downstream of cytosolic PRRs including 

NLRP1, NLRP3, NLRC4, AIM2, and pyrin and control the activation of caspase-1. 

The ASC adaptor forms multimeric filaments and amplifies the response. The non-

canonical inflammasomes are activated by cytosolic LPS and result in caspase-4 

and -5 (homologs of mouse caspase-11) activation. All these inflammatory 

caspases cleave GSDMD which then forms cytolytic pores leading to pyroptosis. 

In addition, caspase-1 controls the maturation of cytosolic pro-cytokines which are 



released from the GSDMD created pores. Figure adapted from Groslambert et al 

(34). 

 

NLRP3 signaling 

NLRP3 is one of the most well-studied NLR due to its activity against a broad range of 

microbial PAMPs as well as and DAMP of cellular or microbial origin. The NLRP3 activity 

is critical against pathogens and during sterile inflammation and metabolic diseases. 

Activation of signaling by NLRP3 requires two signals. In this model, a first signal that is 

provided by microbial components or endogenous cytokines primes the NLRP3 

inflammasome; a second signal from extracellular ATP, pore-forming toxins, or particulate 

matter activates the NLRP3 inflammasome (35). The priming of cells with first signal 

engages TLR, RIG-I, NLR or other PRR that leads to transcriptional upregulation of 

immune response genes including NLRP3, IL1b, caspase-1, etc.  The priming step is also 

shown to cause changes in NLRP3 like BRCC3 (mouse)/BRCC36 (human)-mediated 

deubiquitination and JNK-1-mediated phosphorylation which are critical steps in 

activation of NLRP3 (34-36). 

 

Once primed, the second signal activates the NLRP3 for downstream signaling. Most of 

the activators of NLRP3 are thought to destabilize cellular compartments or cause ion 

flux. Only mitochondrial cardiolipin has been shown to directly bind NLRP3 thus far (37) 

out of the variety of NLRP3 activators as shown in figure 1.5. Some of the common 

activators of NLRP3 that act as the second signal include reactive cellular oxygen species 

(ROS), mitochondrial DNA (mtDNA), ATP, and cellular potassium imbalance. 



Furthermore, pathogenic activators of NLRP3 include components of bacteria like 

Streptococcus spp, Staphylococcus aureus, viruses like Influenza A virus, SARS 

Coronavirus, pore-forming toxins like hemolysin and pneumolysin, as well as crystals like 

Alum and silica (35, 37-44).  

 

Downstream of activated NLRP3 is the Asc-mediated inflammasome formation where the 

recruited proCaspase-1 undergo proximity dependent cleavage and activation. The 

activated caspase-1 then cleaves pro forms of IL-1b and IL-18 to activate them. In 

addition, Gasdermin-d and potentially other Gasdermins are cleaved and activated (34, 

45). 

 

 

Figure 1.5:  Schematic showing NLRP3 pathway regulation 

A. NLRP3 activation occurs in two steps. In step 1, the macrophage cell is primed by 

incoming pathogen signal like LPS or cellular cytokines like TNFa. Priming step 



leads to transcription and translation of NLRP3, Pro-caspase-1, pro-IL1b, pro-IL18 

and other immune response genes. In the step 2, a second signal like leakage 

products of lysosome, ATP, Potassium ion disbalance, and reactive oxygen 

species (ROS) activate NLRP3. Activated NLRP3 leads to caspae-1 cleavage and 

subsequent cleavage of Gasdermin D, pro-IL1b and pro-IL18. The GSMD form 

cytosolic pore and leads to pyroptosis, meanwhile IL1b and IL18 leak out of 

GSDMD pores and act as inflammatory and cytokine signals. Figure adapted from 

Fusco et al (46). 

 

Role of mitochondria in NLRP3 signaling 

Mitochondria plays a central role for innate immune signaling from pattern recognition 

receptors. The recognition of viral RNA in the cytosol by RLRs, Rig-I and MDA5, lead 

them to engage the CARD domain of mitochondrial antiviral signaling (MAVS) adapter 

resulting in recruitment of downstream signaling molecules and ultimately activating 

transcription factors IRF-3 and -7 and NFkB (27, 47). Similarly, the sensing of PAMPs by 

TLR1, TLR2 and TLR4 are known to cause the translocation of Tumor necrosis factor 

receptor (TNFR)-associated factor 6 (TRAF6) to the mitochondria where it interacts with 

Evolutionarily Conserved Signaling Intermediate in Toll Pathway (ECSIT). This interaction 

is known to alter the electron transport chain (ETC) function by affecting the complex I of 

ETC (23, 48-50). As a result, the mitochondria switch oxidative phosphorylation to 

glycolytic mode of energy production resulting in increase of reactive oxygen species. 

The downstream effects of TLR signaling via mitochondria include increase in 

inflammation dependent on NFkB and MAPK, mitophagy, and autophagy (48, 51, 52). 



The activation of these transcription factors by RLR and TLR are major drivers of 

macrophage priming, a process where the immune response genes are activated and 

transcribed in cells. Thusly primed cells are well-receptive to a second signal which may 

be a PAMP or a DAMP (31). For example, the mitochondria that is responding to TLR 

and RLR signaling produces increased ROS and ATP. These mitochondria are actively 

dividing and could leak mitochondrial DNA (mtDNA), or cytochrome C which are normally 

absent form cytosol and are seen by NLR receptors, particularly, Nlrp3 as a danger signal. 

Activation of Nlrp3 leads to downstream Caspase-1-dependent maturation of IL1b, IL18 

and Gasdermin-D (31, 34).    

 

IL-1 pathway and inflammation 

The Interleukin-1 (IL-1) family is composed of 11 soluble pleiotropic cytokines encoded 

from 11 distinct genes in mice and humans, and 10 IL-1 family receptors. As shown in 

table 1.2, the IL-1 family cytokines and their cognate receptors have both proinflammatory 

and anti-inflammatory roles (53). IL-1 family cytokines are divided into three subgroups, 

on the basis of the IL-1 consensus sequence and the signaling receptor chain. They 

include secreted molecules with agonistic activity (IL-1a, IL-1b, IL-18, IL-33, IL-36a, IL-

36b, and IL-36g), receptor antagonists (IL-1Ra, IL-36Ra, and IL-38), and an anti-

inflammatory cytokine (IL-37). With the exception of IL-1Ra, IL-1 cytokines carry a 

consensus sequence (AXD), located 9 amino acids after the cleavage site. In the case of 

the IL-1β precursor, nine amino acids before the consensus motif (Leu-Arg-Asp) is the 

caspase-1 cleavage site creating the N-terminus for optimal IL-1β bioactivity (53, 54). The 



cleavage of this consensus site by caspase-1 activates the IL1 cytokine which is then 

secreted out of the cell for further signaling. 

 

Table 1.2: IL-1 family ligands and receptors. Table from Mantovani et al (54) 

 

The receptor IL1R1 binds IL1a, IL1b and IL1Ra. Both IL1a and IL1b activate the signaling 

while IL1RA competes with them to prevent signaling. Binding of the IL1 cytokine to the 

extracellular chain of the IL1R1 recruits a coreceptor IL1-receptor accessory protein 

(IL1RAcP) to form a heterodimeric complex (53). Downstream of this heterodimer 

formation, the intracellular Toll- and IL-1R-like domain (TIR) domain recruits adapter 

molecules myeloid differentiation primary response gene 88 (MyD88) for downstream 

signaling and activation of transcription factors, such as NF-κB, AP-1, c-Jun N-terminal 

kinase (JNK) and p38 MAPK (54).   

 

Interferon systems and antiviral responses 



Sensing PAMPS by PRR activates transcription factors like NF-kB, IRF3 and IRF7 to 

transcribe many immune response genes (IRGs). Among these IRGs, one of the first 

cytokines transcribed are Interferon (IFN). There are three families of interferons, named 

as type I, type II and type III. The type I IFN comprises IFN-α, IFN-β, IFN-ε, IFN-κ, and 

IFN-ω with the IFN-α, IFN-β (hereafter IFN-α/β) being the most studied IFNs. Similarly 

type III IFN comprises IFN-λ1, IFN-λ2, and IFN-λ3. Meanwhile IFN-γ is the only known 

member of type II IFN family (55-59). 

    

 

Figure 1.6: Schematic showing the type I interferon pathway 



A. Recognition of pathogen-associated molecular pattern by pattern recognition 

receptor activates transcription factors NF-kB, IRF3, and IRF7. The transcription 

factors translocate the nucleus and transcribe IFNb, which is secreted from the 

cells. On the cell surface, the dimer of IFNAR1 and IFNAR2 bind IFNb and signal 

downstream to activate STAT1, STAT2 and IRF9 to form IFN-stimulated gene 

factor 3 (ISGF3).  The ISGF3 then translocate to the nucleus and transcribes 

multitude of interferon stimulated genes (ISGs). Adapted from Schneider et al  (55). 

 

 

The three families of IFNs signal via distinct receptor complexes expressed on the cell 

surface. The type I IFNs act through IFN-α receptor 1 (IFNAR1) and 2 (IFNAR2) 

heterodimers. They type II IFN bind dimers of the heterodimer consisting of IFN-γ 

receptors 1 (IFNGR1) and 2 (IFNGR2). The type III IFN binds interleukin-10 receptor 2 

(IL-10R2) and IFN-λ receptor 1 (IFNLR1). Pre-associated Janus kinase 1 (JAK1) and 

tyrosine kinase 2 (TYK2) are activated by mutual phosphorylation when type I and type 

III IFN bind to their receptors (55, 60, 61). Subsequently, the signal transducers and 

activators of transcription 1 and 2 (STAT 1 and 2) are recruited and phosphorylated to 

form a heterodimer and further recruit Interferon regulatory factor 9 (IRF9) to form a 

complex called Interferon-stimulated genes factor 3 (ISGF3). Similarly, the binding of type 

II IFN with its receptor leads to phosphorylation and activation of JAK1 and JAK2, which 

in turn recruit and phosphorylate STAT1 to form a homodimer called IFN-γ activation 

factor (GAF). Both ISGF3 and GAF are transcription factors that translocate to the 

nucleus to induce genes regulated by IFN-stimulated response elements (ISRE) and 



gamma-activated sequence (GAS) promoter elements, respectively. The ISRE and GAS-

mediated transcriptional expression of many Interferon-stimulated genes (ISGs), 

including the IFNs, significantly amplify the antiviral state of the host. The Interferon-

stimulated genes (ISGs) are a wide variety of genes that express antiviral effectors, 

inflammatory cytokines, metabolic regulators, tissue repair factors, and countless other 

protein and RNA regulators (55, 58-60).  

 

Long noncoding RNAs in Innate immunity regulation  

Long noncoding RNAs: Noncoding RNA (ncRNA) are bonafide RNA molecules that 

regulate various processes in cells and are not translated. The ncRNA family could be 

further subdivided into small ncRNA and long ncRNA. The small ncRNAs include 

microRNAs, ribosomal RNAs, transfer RNAs, and small nucleolar RNAs. The difference 

in size between sncRNA and lncRNA is arbitrarily set at 200 nucleotide bases (62). 

Furthermore, the lncRNA primarily include transcripts that are transcribed by RNA pol II 

are polyadenylated, spliced and capped and expressed in organism and tissue specific 

manner. LncRNAs generally do not encode for protein polypeptides with few exceptions 

(63-65).  

 

LncRNA classification: The lncRNAs have been classified based on their genomic 

location, cellular location, or mode of function. LncRNAs may be transcribed from one 

location and function locally i.e. in cis or leave the location and function elsewhere i.e. in 

trans (66, 67). Based on genomic location of transcription of lncRNAs, they may be non-

overlapping long intergenic ncRNA (lincRNA), overlapping intronic lncRNA or overlapping 



antisense lncRNAs. Similarly, based on the location of the transcript itself, a lncRNA may 

be nuclear or cytosolic, where they may function through binding to other molecules by 

RNA-RNA binding, RNA-protein binding, RNA-DNA binding or a combination. Through 

these molecular interactions, the lncRNA may function as a decoy to sequester other 

cellular components, guide to attract various components or scaffold to form topologically 

associated domains (63, 68-70).  

 

 

 

 

Figure 1.7: Schematic figure showing modes of action of lncRNAs and their known 

functions as guide, decoy or scaffold in nuclear and cytosolic locations. The lncRNAs 

interact with other cellular components in three basic modules namely, RNA–RNA, RNA–

protein and RNA–DNA interactions, to exert their functions either in the cytosol or the 

nucleus. Adapted from Atianand et al (66) and Rinn et al (71). 

 

Comparison of coding and noncoding RNA transcripts: The lncRNAs are primarily 

transcribed by RNA polII, as are the protein coding mRNAs. The seminal study from 



Guttman et al, 2009 identified more than 1600 lincRNAs based on molecular signatures 

based on comparing the similarities and differences between the lncRNA and mRNAs 

(72). The polymerase II transcribed genes are marked by K4-K36 domains i.e. these 

genes show trimethylation of lysine 4 of histone H3 (H3K4me3) at their promoter and 

trimethylation of lysine 36 of histone H3 (H3K36me3) along the length of the transcribed 

region. Using chromatin immunoprecipitation for K4-K36 domain followed by high 

throughput sequencing, the authors showed that both mRNAs and lncRNAs are 

transcribed by RNA polII and show enrichment of K4-K36 domains(72). They also 

captured the 7-methylguanosine cap at the 5’-end of Pol II transcripts and showed that 

lncRNA promoter regions are strongly conserved like mRNAs. Upon further 

computational analysis for coding potential they determined that the majority of lncRNAs 

have lower codon substitution frequency corresponding to lack of conservation compared 

to mRNAs (72). 

 

In the following years many groups have shown that lncRNAs are less frequently loaded 

onto the polyribosome for translation (65, 73). There are, however, examples of lncRNAs 

that also encode protein for additional RNA-independent function (74). Furthermore, the 

conservation level of the bonafide lncRNA exons are lower compared to the mRNAs, 

probably indicating lower constraint on secondary RNA structure conservation compared 

to the amino acid codons (72). There are also studies showing that the length of the 

transcript length, exon numbers and ORFs present in lnRNAs are shorter than mRNAs 

(72, 75, 76). Furthermore, lncRNAs are believed to be expressed in a relatively more 

tissue specific manner (62, 65). While these molecular and expression difference are 



present in RNA polII transcribed mRNA and lncRNA, there are also works describing 

lncRNA that are RNA polIII transcribed and do not display 3’-polyadenylation (77-79) 

 

Discovery and study of lncRNAs: Prior to the completion of the human genome project 

it was incorrectly assumed that the majority of human DNA was “junk matter”. We know 

that approximately 2% of the human genome encodes for protein and the rest is non-

coding (80, 81). Over the years, systematic methods to probe, discover and understand 

the function of this protein non-coding genome have been proposed and, in many cases, 

successfully used. Briefly, chromatin marks of interest may be used to isolate RNA 

transcripts. For example, K4-K36 domain signature which indicates polymerase II–

transcribed genes occupied by histone H3 lysine 4 trimethylation (H3K4me3) and histone 

H3 lysine 36 trimethylation along the transcribed unit (K4-K36 domains could isolated and 

identified via methods like ChIP-seq. This data compared to the data from RNA-

sequencing of the capped RNA fragments (CAGE-seq) or polyadenylation ends (3P-seq) 

could define the precise beginnings and ends of the transcripts. Further computational 

analysis for coding potential of the identified genes is informative in narrowing down the 

potential lncRNAs(72, 82). The subsequent molecular and biochemical analysis required 

for functional understanding thus far have been on individual basis (63, 64, 69).  

 

Discovery of lncRNAs in immunity: Many lncRNAs have been discovered in immune 

cells over the last two decades. High throughput sequencing and computational analysis 

have been at the heart of these discoveries with experimental validation being the gold 

standard. For example, the discovery of lincRNA-EPS(83) (84), lincRNA-Cox2 (85), Lethe 



(86), Pacer (87), and lnc-DC (88) represent some examples of well characterized 

lncRNAs that regulate innate immunity. Human transcriptome sequencing at various 

stages of human monocyte development was carried out to identify a group of lncRNAs, 

including lnc-DC, as necessary for monocyte to DC maturation in tissue culture. 

Subsequent study of lnc-DC revealed that it acted by binding STAT3 (signal transducer 

and activator of transcription 3) forming an RNA-protein interaction to keep STAT3 in the 

cytosol and promote STAT3 phosphorylation on tyrosine-705 by preventing STAT3 

binding to and dephosphorylation by SHP1. In essence, lnc-DC was shown to be 

necessary for activating STAT3 and transcriptional upregulation of genes responsible for 

DC maturation and subsequent induction of allogenic CD4+ T cell proliferation (88, 89). 

Similarly, in our lab lincRNA-Cox2 was identified from a RNA sequencing dataset of mice 

bone marrow-derived macrophages stimulated with TLR2 ligand synthetic bacterial 

lipopeptide Pam3CSK4 (85). This lincRNA was shown to act in cis on neighboring gene 

prostaglandin-endoperoxide synthase (Ptgs2) and in trans on multiple innate immune 

genes in trans (90). Likewise, LincRNA-EPS was identified from an RNA-sequencing data 

as a lincRNA expressed during erythropoiesis. Further investigation showed that linRNA-

EPS was required for suppression of apoptotic gene Pycard and survival of erythrocytes 

during terminal differentiation, thus named LincRNA erythroid prosurvival (lincRNA-EPS) 

(83). Mechanistic study carried out in our lab showed that lincRNA-EPS bound to 

heteronuclear ribonucleoprotein L (hnRNPL) in a RNA sequence motif-specific manner 

to form a RNA:protein complex to localize on regulatory regions of immune response 

genes to repress them at basal level (84). 

 



Short ORF-encoded peptides (SEPs)  

Introduction to SEPs: Traditional understanding dictates that mRNAs consist of open 

reading frames consisting of series of in-frame codons beginning with a start codon and 

ending with a stop codon which are translated into polypeptides (75). Since there are 

uncountable ORFs interspersed in RNA transcripts, historically the computational 

predictive algorithms were designed to disregard small ORFs. In doing so, for a long time, 

the sORF-encoded peptides (SEPs) or micropeptides were missed and RNA transcripts 

consisting of SEPs were erroneously classified as noncoding (91). Recently, we have 

started to appreciate the ubiquity of SEPs in RNA transcripts as our predictive algorithms 

have improved and molecular studies have shown their functional relevance. 

Micropeptides are defined as proteins expressed in cells that are 100 amino acids or 300 

nucleotides length and smaller. Owing to their small size, most of them function as a 

single domain protein. Classically known small proteins in cells include neuropeptides, 

antimicrobial peptides and peptide hormones that are cleaved from larger proteins to 

make biologically active forms. Micropeptides, however, are directly translated from their 

precursor mRNA (65, 91-93).  Some of the micropeptides studied thus far are known to 

be functional in fundamental processes including development, cell death, metabolism, 

stress signaling, myoblast fusion, DNA repair etc. (65, 75, 91, 93).  

 

Discovery and study of micropeptides: Irrespective of the protein coding potential of 

RNA transcripts, the open reading frames with start codon, series of in-frame codons and 

stop codon occur ubiquitously. Whether any of the ORFs are in fact translated and are 

biologically functional takes an in-depth examination (91). Ribosome profiling method 



gives us a powerful tool to use translation inhibitors on RNA-ribosome complexes in the 

presence of nuclease to generate ribosome protected fragments (RFPs) of 20-30 

nucleotides. By deep sequencing these RFPs we can obtain a genome-wide snapshot of 

active translation with single nucleotide resolution (73, 94). Ribosome profiling has not 

only broadened our repertoire of translated ORFs, but also challenged the concept of 

RNA translation by providing evidence of translation of non-AUG noncanonical ORFs 

(91).   

 

For computational analysis, the transcriptome data sets, including annotated lncRNAs, 

can now be examined for cross-species conservation of the codons present in the ORFs, 

called codon substitution frequency (CSF). The ratio of nonsynonymous codon 

substitution compared to synonymous codon substitution of <1 typically indicates protein 

coding potential (72). The CSF ratio is difficult to score as the codon length becomes 

smaller. Therefore, there are other methods used in combination. For example, PhyloCSF 

tool integrated in UCSC Genome browser conservatively aligns the coding region to test 

evolutionary conservation and scores all the potential ORFs. In addition, there are other 

computational tools used to identify translatable ORFS such as FLOSS, ORFscore, 

PROTEOFORMER, and ORF-RATER, and curated databases for annotated 

micropeptides like TISdb, GWIPS-viz, RPFdb, and sORFs.org (91, 95). 

 

In recent days, mass spectroscopy (MS) has really emerged as a powerful tool for 

discovering micropeptides expressed in cells and under various conditions. Since the 

peptide spectra detected with MS shows translated ORF, it is widely believed to be a 



confirmatory test for RNA-sequence analysis (95). While MS data usually have many 

unidentified spectra, raising our hopes for discovery of many more micropeptides, the 

absence of spectra is not necessarily a proof of absence of translation. Many small 

proteins may be short-lived and lost during sample preparation or remain undetected in 

mass spectroscopy due to inefficient digestion and fragmentation (91).  

 

Evolutionary conservation and expression in cells indicate function but there is a lot of 

difficulty in determining the function of micropeptides. Each micropeptide needs to be 

experimentally tested using classical biochemical and molecular methods. To determine 

the protein coding potential currently we rely on in vitro translation with radiolabeled 

methionine followed by Western blot. Similarly, epitope-tagging and overexpression of 

micropeptides is common due to the difficulty in generating good antibodies. Furthermore, 

CRISPR-cas9 or siRNA targeting for loss of function experiments is also widely used.           

 

SEPs in immune regulation: As mentioned above, micropeptides are important in a 

variety of functions in cells that include growth, development, metabolism, stress 

response. They may be expressed as the main product of the RNA translation or 

sometimes as an alternative ORF or an upstream ORF (91, 93). While the whole 

micropeptide field is still in its infancy, during immune response SEPs are increasingly 

being identified as differentially expressed and functional in responding to inflammation 

and infection, including during bacterial and viral infections.  

 



Cell death: Humanin an antiapoptotic SEP was identified in a cDNA expression screen 

to prevent neuronal cell death caused by familial Alzheimer's disease genes and by 

amyloid-b (96). In a separate work, using yeast two-hybrid system and mutagenesis it 

was shown that this 24 amino acid long micropeptide bound directly to proapoptotic Bax 

(Bcl2-associated X protein) and prevented it’s translocation to the mitochondria 

consequently prevented the leakage of cytochrome C and subsequent cell death (96).  

 

Inflammation: An annotated lncRNA in human DCs named Mir155HG was shown to 

stably express a micropeptide, dubbed P155. The P155 micropeptide interacts with the 

ATP-binding domain of heat shock cognate protein 70 (HSP70), which is a dedicated 

chaperone required for clathrin-mediated endocytosis that facilitate MHC class II 

presentation of antigens. The expression of P155 was required for DC-driven 

inflammation in mice (97). Similarly, work from our lab shows that mitochondrially 

localized micropeptide Mm47 is functional in regulating mitochondrial signals to activate 

Nlrp3 inflammasome. In the absence of Mm47, the Nlrp3 inflammasome fails to activate 

in mice BMDM cells (98).   

 

Anti-bacterial response: Using LPS stimulation of BMDM derived from RiboTag-LysM-

Cre mice, recently Jackson et al were able to identify Aw112020, an annotated lncRNA 

as a micropeptide encoding gene. Following LPS treatment, many genes, including 

lncRNAs were dynamically regulated in BMDM. The authors immunoprecipitated 

ribosome associated RNAs and identified Aw112010. This transcript produced stably 

expressed micropeptide translated from non-AUG site making it an example of a non-



canonical micropeptide. The authors created Aw112010Stop knock-in mice where they 

saw increased bacterial burden in the gut upon infection with Salmonella typhimurium 

and increased inflammation (99). The high throughput analysis performed on ribosome 

associated lncRNAs in the same project also identified Mm47 as a potentially non-

canonical micropeptide. However, our work conclusively shows it to be a canonical 

polypeptide, thereby displaying the importance of experimental verification of each 

micropeptide (98). 

 

Antiviral response: While directly antiviral or pro-viral micropeptides have not been 

described yet, micropeptide called MIR22HG RNA (100) was stably expressed and 

upregulated in response to IAV infection in human cell lines. The same study also 

identified a micropeptide called NoBody (non-annotated P-body dissociating polypeptide) 

which was shown in a separate study to interacts with mRNA decapping proteins, which 

remove the 5’ cap from mRNAs to promote 5’-3’ decay (101). Similarly, antiviral 

micropeptide RPS27 in shrimps was identified to directly interact with White spot 

syndrome virus (WSSV) virus in addition to promoting NF-kB dependent antimicrobial 

peptides production (102).  

 

As we are just uncovering these micropeptides and learning their functions, many groups 

are starting to take systematic approach to discovery and functional studies. In our case, 

we set out to discover and study lincRNAs that regulate innate immunity. Further 

investigation the candidate 1810058I24Rik RNA transcript showed it to be a micropeptide 

encoding transcript. Using various molecular assays, we show that this micropeptide is 



localized on the mitochondria, and is functional in innate immune response during 

inflammation and virus infection. Serendipitous discovery of this gene shows that 

micropeptide encoding genes have been systematically been misannotated as lncRNAs. 

Furthermore, the phylogenetic conservation and functional role in mice highlights the 

need for learning more about how these small proteins affect immune regulation and 

animal health.  



Chapter 2: Mitochondrially localized micropeptide Mm47 is required for the 

activation of Nlrp3 inflammasome in cells 
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Abstract: 

Functional peptides encoded by short open reading frames (sORFs) are emerging as 

important mediators of fundamental biological processes. Here, we identified a 

micropeptide produced from a putative long-non-coding RNA that is important in 

controlling innate immunity. By studying lncRNAs in mice macrophages, we identified 

lncRNA 1810058I24Rik which was downregulated in both human and murine myeloid 

cells exposed to lipopolysaccharide (LPS), as well as other TLR ligands and inflammatory 

cytokines. Analysis of lncRNA 1810058I24Rik subcellular localization revealed this 

transcript was localized in the cytosol, prompting us to evaluate its coding potential. In 

vitro translation with 35S-labeled methionine resulted in translation of a 47 amino acid 

micropeptide. Microscopy and subcellular fractionation studies in macrophages 

demonstrated endogenous expression of this peptide on the mitochondrion. We thus 

named this gene ‘Mitochondrial micropeptide-47 (Mm47)’. Crispr-Cas9-mediated deletion 

of Mm47, as well as siRNA studies in mice primary macrophages showed that the 

transcriptional response downstream of TLR4 was intact in cells lacking Mm47. In 

contrast, Mm47-deficient or knockdown cells were compromised for Nlrp3 inflammasome 

responses. Activation of Nlrc4 or Aim2 inflammasomes were intact in cells lacking Mm47. 

This study therefore identifies a novel mitochondrial micropeptide Mm47 that is required 

for activation of the Nlrp3 inflammasome. This work further highlights the functional 

activity of sORF-encoded peptides (SEPs) and underscores their importance in innate 

immunity.  

 

 



Introduction: 

RNA molecules can be divided into two categories - messenger RNAs (mRNAs) and non-

coding RNAs (ncRNAs). A large proportion of the mammalian genome is transcribed as 

long non-coding RNAs (lncRNAs) (80). Recent studies have demonstrated diverse 

physiological functions for long non-coding RNAs (lncRNAs) including a growing 

appreciation for the role of these molecules in the immune system, where they control the 

differentiation and/or activation of immune cells (63, 64, 70, 103). In the innate immune 

system, our group and others have found that lncRNAs act as positive or negative 

regulators of inflammatory gene expression in a variety of immune cells including 

macrophages (63, 103). However, many annotated lncRNAs have short open reading 

frames (sORFs) that may encode for functional proteins or small peptides (73, 91, 99). 

These short ORF-encoded peptides (SEPs) or ‘micropeptides’ are now being recognized 

for their functions in development, differentiation, transport and other fundamental 

biological processes (91, 93). Indeed, a recent study has revealed that a large number of 

transcripts currently annotated as lncRNAs are associated with ribosomes and in some 

cases are translated (99).  Among these, one such transcript, Aw112010 was found to be 

encoded from a non-canonical ORF and found to play a role in Salmonella typhimurium 

infection and intestinal inflammation (99). Similarly, humanin, an anti-apoptotic 24 aa SEP 

localized on the mitochondria prevents Bax translocation from the cytosol to the 

mitochondria (104). Other SEPs, such as Dworf and Myoregulin, have also been shown 

to regulate calcium transport in the endoplasmic reticulum (105). Collectively, these 

studies highlight important roles for SEPs in fundamental biological processes including 

cell death and innate immunity. 



 

Macrophages represent the first line of defense against infection by detecting pathogens 

through germline-encoded Pattern Recognition Receptors (PRRs). These PRRs 

recognize specific pathogen associated molecular patterns (PAMPs) such as LPS and 

trigger the expression of pro-inflammatory cytokines and type I interferons (IFN) through 

the activation of the transcription factors NF-kB and IRF3 (24, 106). Macrophages also 

upregulate the expression of Nlrp3 and IL1b,  both of which are critical for mounting rapid 

immune responses during infection (107). Nlrp3 forms a multiprotein complex known as 

the inflammasome. Inflammasomes are cytoplasmic supramolecular complexes that form 

in response to microbial as well as endogenous damage or danger signals (24, 30, 108, 

109). Inflammasomes activate inflammatory caspases such as caspase-1, which in turn 

controls the protolytic maturation of the proinflammatory cytokines interleukin 1β (IL-1β) 

and IL-18. Caspase-1 also cleaves gasdermin D to generate an N-terminal pore forming 

fragment that facilitates cytokine release and pyroptotic cell death (32, 33, 110). The Nlrp3 

inflammasome is activated in response to a wide variety of microbial and endogenous 

danger signals including nigericin, uric acid crystals, amyloid-β fibrils and extra-cellular 

ATP. The precise mechanisms leading to formation of the Nlrp3 inflammasome in 

response to these diverse ligands are still unclear although K+ efflux, and in some cases, 

mitochondria are important (30, 111, 112).  

 

Here, we have identified an SEP encoded from an annotated intergenic lncRNA (lincRNA) 

transcript that is regulated in macrophages exposed to LPS. Loss of function studies 

identify a key role for this Mitochondrial micropeptide-47 (Mm47) in controlling activation 



of the Nlrp3 inflammasome. CRISPR-Cas9 knockout of Mm47 or siRNA mediated 

suppression of Mm47 expression in primary cells resulted in impaired Nlrp3 

inflammasome activation, leading to reduced activation of caspase-1 and compromised 

IL1b secretion. The levels of Mm47 decrease following LPS stimulation suggesting that 

inflammasomes could be turned off by eliminating this peptide. Given its mitochondrial 

localization and the functional link to the Nlrp3 inflammasome, we posit that Mm47 

represents a novel signaling node in the emerging crosstalk between mitochondria and 

the Nlrp3 inflammasome. 

 

Materials and Methods: 

Cell lines: Primary bone marrow derived macrophages (BMDM) were generated from 

C57/Bl6N mice, or B6 mice expressing Cas9-GFP (Jackson labs #024858) and used, or 

immortalized for later. Briefly, bone marrow cells were cultured in DMEM supplemented 

with 10% FCS, 1% penicillin/streptomycin and 20% L929 conditioned media for 7 days to 

differentiate into BMDM cells. Immortalized BMDM were generated using J2 transforming 

retroviruses expressing Raf and Myc as described (113).  

 

Knock down and Knock out: Knock down of Mm47 was performed using SilencerSelect 

small inhibitory RNAs purchased from ThermoFisher. Two non-targeting control siRNAs 

(ThermoFisher Cat#4390843 Cat#4390846) and three siRNAs targeting Mm47 

(ThermoFisher Cat#4390771) were used. Lipofectamine and RNAiMAX (13778030) was 

used to transfect 30pmol siRNA in 1x10^6 BMDM cells.  The cells were used for 

experiments at 72 hours post transfection.  



CRISPR-cas9 mediated knock out of Mm47 was performed using single-guide RNAs. 

Non-targeting sgRNAs used were NTC Fwd GGCGAGGTATTCGGCTCCGC and NTC 

Rev CGCGGAGCCGAATACCTCGC. The sgRNAs targeting Mm47 genomic region were 

sgRNA1 Fwd CAACGTGGTTGGAATGTATC, sgRNA1 Rev 

GATACATTCCAACCACGTTG, sgRNA2 Fwd TGAAGAGATTAAGAAGGACC and 

sgRNA2 Rev GGTCCTTCTTAATCTCTTCA. Lentivirus packaging the single-guide RNAs 

was used to transduce immortalized BMDM expressing cas9-GFP. The cells were 

selected using 5ug/mL puromycin and used for respective experiments. To rescue Mm47 

expression, we created a new construct in which the Pam sites were altered on the Mm47 

DNA sequence to be resistant to cas9-mediated cleavage. Retrovirus was created using 

the empty vector or CRISPR-cas9-resistant Mm47 and used to transduce KO cells which 

were selected for stable lines using 2ug/mL blasticidin. 

 

Macrophage stimulation: The cells were treated with LPS (100ng/mL), polyinosinic-

polycytidilic acid [Poly(I:C)] (25ug/mL), Pam3Csk4 (100nM), CLO97 (200ng/mL), TNFa 

(10ng/mL) and interferon alpha (500U/mL) purchased from Sigma-Aldrich. Cell lysate and 

supernatant was collected for RNA analysis and ELISA respectively. ELISA was 

performed for IL1b, TNFa and IL6 using kits available from R&D. RNA was extracted from 

cells using Biorad, Aurum kit (7326820). 

 

RNA and Quantitative Real-Time PCR: Total RNA was extracted from cells using Bio-

rad Aurum Total RNA Mini Kit (Bio-Rad, 7326820) or TRIzol (Invitrogen, 15596026) 

according to the product manual. The cDNA was synthesized using iScript Reverse 



Transcription Supermix (Bio-Rad, 1708840). Quantitative PCR on the cDNA was 

performed in Bio-Rad CFX96 Touch Realtime PCR using gene specific primers. The 

genes were normalized to the housekeeping gene Gapdh. Mouse Primers used are 

GAPDH Fwd TGGCAAAGTGGAGATTGTTGC, GAPDH Rev 

AAGATGGTGATGGGCTTCCCG, MALAT1 Fwd TTGGGACAGTGGACGTGTGG, 

MALAT1 Rev TCAAGTGCCAGCAGACAGCA, Mm47 Fwd 

GCTCAGAACTATGAAATGCCAAAC, Mm47 Rev GGTCTCAGAAGCAGGTGGAC, IL1 

β Fwd GCCACCTTTTGACAGTGATGAG, IL1 β Rev GTTTGGAAGCAGCCCTTCATC, 

Nlrp3 Fwd CATGTTGCCTGTTCTTCCAGAC and Nlrp3 Rev 

CGGTTGGTGCTTAGACTTGAGA. Human primers used were GAPDH Fwd 

TGCAACAACCAACTGCTTA, GAPDH Rev AGAGGCAGGGATGATGTTC, Mm47 Fwd 

CACCGACATCATGCTCGAGT and Mm47 Rev GCCAGATACATTCCAACCACGT. 

 

Western blots: BMDMs stimulated as per the experiment were lysed in buffer containing 

20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40 and 5 mM EDTA with fresh 1x Halt 

Protease inhibitor cocktail (Promega #1861279). Homogenized lysates were resolved on 

14% SDS-PAGE, and transferred to 0.2 μM PVDF membrane. Membranes were blocked 

with 5% non-fat dry milk (w/v) and probed with antibodies diluted in 1X PBS and 0.05% 

Tween-20 (v/v). The antibodies used were pro-IL1β (R&D Systems, AF-401-NA), 

caspase-1 (Santa Cruz Biotechnology, sc-514), gasdermin D (Abcam, AB209845), β-

actin (Sigma), Nlrp3 (Enzo Life Sciences, clone cryo-2), Gapdh (Sigma, G9295), Flag 

(Sigma, A8592), KDEL (Enzo Life Sciences 10C3), Tom20 (Abcam, AB186734), VDAC 

(Cell Signaling, 4866S), HSP60 (Santa Cruz, 13115). The Mm47 antibody was custom 



made by Thermo Fisher against the immunogenic residue 22-47 of Mm47. Membranes 

were probed with horseradish peroxidase-conjugated anti-mouse (Bio-Rad, 172-1011) 

and anti-rabbit (Bio-Rad, 170-6515) or anti-Goat (Bio-rad, 172-1034) and developed 

using ECL chemiluminescent substrate (Pierce). 

 

Immunofluorescence and Confocal Microscopy: MitoTracker Deep Red 

(ThermoFisher, M22426) dye for mitochondrial staining was added to live cells as per the 

manual. Cells were fixed on 8-well chambered slides (Lab-Tek, 155411) using ice-cold 

4% Paraformaldehyde for 15 minutes and washed with 1X PBS. The cells were 

permeabilized using 0.2% Triton X-100 in 1X PBS for 15 minutes and blocked using 5% 

Normal Goat Serum (Jackson Immunoresearch, 005-000-121) in 1X PBS and 0.2% Triton 

X-100. Cells were incubated with antibodies against Flag-AF488 (Cell Signaling, 5407S) 

or Mm47 (custom made, ThermoFisher) and anti-rabbit AF-488 (Thermo-Fisher, A11008) 

was used as secondary antibody. The cells were washed with PBS, and incubated with 

DAPI at room temperature for 10 minutes and washed again followed by imaging using 

Leica SP8 Lightning Confocal Microscope. 

 

RACE: The 5’- and 3’-ends of Mm47 transcript were determined using FirstChoice RLM-

RACE kit (Ambion AM1700) according to the manufacturer’s instructions. The 

1810058I24Rik gene-specific primers used were Fwd GATAGCTGCTGGGGACTCAC 

and Rev CGTGGTTGGAATGTATCTGGCT. 

 



Cell fractionation: Primary BMDM cells were suspended in resuspension buffer (50mM 

Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2). To the cell suspension, 10% Nonidet P-

40 (v/v) was added, mixed and incubated on ice for 10 minutes and centrifuged at 13,000g 

for 30 seconds. The supernatant was used for cytosolic RNA, and the pellets were 

washed a few times and used to extract nuclear RNA using Qiagen RNAeasy Kit. GAPDH 

and MALAT1 were used as cytoplasmic and nuclear controls respectively. Primer 

sequences are listed in supplementary data Table T1. 

 

Custom RT2 Profiler PCR Array: Optimized real-time PCR primers were bound to 96-

well plate by Qiagen (330171) specific for 72 annotated lincRNA genes, 8 housekeeping 

genes, 6 protein coding inflammatory genes, and RT-qPCR positive and negative 

controls. The 2^-deltaCT value for each gene was calculated against the average of b-

actin and B2m for each treatment condition.  

 

Subcellular fractionation: Mouse embryonic fibroblast were used to perform sucrose 

discontinuous gradient centrifugation to separate cytosolic, ER and mitochondrial 

fractions as described before(114). Briefly, MEF cells were lysed in MTE buffer (270mM 

Mannitol + 10mM Tris + 0.1mM EDTA) and spun at 1400g for 10 minutes. The 

supernatant was spun at 15,000g for 10 min to separate crude ER fraction in the 

supernatant and mitochondrial fraction in the pellet. The crude ER fraction was further 

spun on a sucrose gradient of 1.3M, 1.5M and 2M at 152,000g for 74 minutes followed 

by collection, washing and drying of the pure ER band. Similarly, the crude mitochondrial 

fraction in the pellet was loaded to a sucrose gradient of 1M and 1.7M and spun at 



40,000g for 30 minutes followed by collection, washing and drying of the pure 

mitochondrial band. All the high-speed centrifugation was performed in Beckman coulter 

SW40-Ti. 

 

In vitro translation assay: Plasmids with full wild-type sequence and frame-shifted 

mutant sequence of Mm47 with T7 promoter tag was prepared. The PCR primers used 

for cloning are Mm47 XhoI Flag  Fwd ATCCTCGAG 

ATGGACTACAAGGACGACGATGACAAGCTCCAGTTCCTGCTTGGATTTACTT, 

Mm47 XhoI Fwd ATCCTCGAGATGCTCCAGTTCCTGCTTGGATTTACTT, Mm47 BglII 

Rev CATAGATCTTCAGGAACTAGGGGGCTTCTT , Mm47 BglII Flag Rev 

CATAGTCTTCACTTGTCATCGTCGTCCTTGTAGTCGGAACTAGGGGGCTTCTT , 

Mm47 XhoI T7  FS Fwd 

ATCCTCGAGTAATACGACTCACTATAGATGACTCCAGTTCCTGCTTGGATTTACTT, 

and Mm47 XhoI T7 promoter Fwd 

CTCGAGTAATACGACTCACTATAGGGACCTCTCACACCCTCCTCG. Megascript 

transcription kit (AM1334) was used to produce RNA. Retic lysate Kit (AM1200) and 

EasyTag Express35S Protein Labeling Mix, 35S (Cat# NEG772002MC) were used to 

generated radiolabeled Mm47 peptides.  

 

Statistical analysis: Statistical analysis was performed with an unpaired, two-tailed 

Student’s t-test in GraphPad Prism software, version 7.0.  

 



Results: 

TLR4 signaling regulates expression of long non-coding RNAs:  

The macrophage transcriptome is dynamically regulated in response to microbial and 

endogenous stimuli (6, 106).  Lipopolysaccharide, which is recognized by TLR4/MD2, 

leads to the induction of a transcriptional program through NF-kB, IRFs and STAT 

proteins. Previous work from our lab and others has demonstrated that TLRs also 

regulate the expression of lncRNAs including both antisense lncRNAs and intergenic 

lncRNAs (lincRNAs). For example, lincRNAs such as lincRNA-Cox2 (Ptgs2os2) and 

lincRNA-EPS are regulated in response to LPS and exhibit broad regulatory effects by 

controlling inflammatory gene expression (84, 85). These lncRNAs were identified 

following transcriptional analysis of mouse bone marrow derived macrophages (BMDM) 

stimulated with LPS using RNA-sequencing [Fig. 2.1A]. To further examine the role of 

lncRNAs in macrophages, here we generated a custom PCR Array for an in-depth 

investigation of the expression of 72 lncRNAs, including genes that were TLR4-regulated 

(log2 fold change >2 or <-2) or abundantly expressed in BMDMs (84, 85). A heatmap 

showing the expression of this set of 72 lncRNAs in mouse macrophages treated with 

LPS (TLR4), Pam3CSK4 (TLR2), Poly I:C (TLR3), CL097 (TLR7) or the cytokines Tumor 

necrosis factor-a and type I IFN is shown [Fig. 2.1B]. Consistent with our previous studies, 

the expression of lincRNA-Cox2 was induced by all of these ligands, while lincRNA-EPS 

was downregulated in cells exposed to all of these stimuli. In addition, amongst the 

downregulated lncRNAs was a gene that was previously uncharacterized, called 

1810058I24Rik. This transcript was downregulated in response to multiple ligands [Fig. 

2.1B]. We confirmed the downregulation of this lncRNA in response to LPS as well as 



other TLR ligands as shown by quantitative RT-PCR [Fig. 2.1C]. The RNA virus Sendai 

virus (SeV) did not lead to a downregulation of this RNA.  

 

1810058I24Rik is transcribed from mouse chromosome 6. The 1810058I24Rik transcript 

is spliced, and has three exons [Fig. 2.1D]. Using 5’- and 3’-RACE we determined the full-

length sequence (580 nucleotides) of the spliced 1810058I24Rik [Fig. 2.1D]. qRT-PCR 

analysis of RNA extracted from mouse organs showed a broad expression profile of this 

transcript in muscle, lung, spleen, liver, kidney as well as the small and large intestine 

[Fig. 2.1E]. There was limited expression in brain and heart.  
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Figure 2.1: Identification of Mm47 as a putative lincRNA regulated in immune 

response 

a) Schematic detailing pipeline for identification of immune regulated lincRNAs.  

b) Quantitative profiling of candidate lincRNAs in response to various PAMPs and 

cytokines. Cells were treated with LPS (100ng/mL), Poly(I:C) (25ug/mL), 

Pam3Csk4 (100nM), CLO97 (200ng/mL), TNFa (10ng/mL) and interferon 

alpha/beta (500U/mL). Upregulated genes are in red and downregulated in blue. 

Mm47 is highlighted in green.  

c) qRT-PCR of Mm47 relative to Gapdh in response to bacterial and viral PAMPs. 

Cells were treated with), Pam3Csk4 (100nM), Poly(I:C) (25ug/mL), LPS 

(100ng/mL), CLO97 (200ng/mL), CpGB (2ug) and Sendai virus (400HAU). Data 

represents mean ±SEM from three experiments. 

d) Schematic diagram (upper) showing Mm47 genomic locus, and mature RNA 

transcript along with qPCR primers and siRNA target sites. The translating ORF is 



highlighted in red. Mature RNA transcript (lower) sequence of Mm47 showing 

ORF, siRNA target site, single-guide RNA target sites and qPCR primer sites. 

e) qRT-PCR showing expression level of Mm47 in wild type B6 mice tissues 

compared to housekeeping gene Gapdh. Data represents mean ±SEM from three 

mice. 

 

lncRNA 1810058I24Rik is down-regulated by LPS in a TRIF-dependent manner: 

We next performed copy number analysis to define the abundance of this lncRNA. 

lncRNA 1810058I24Rik was expressed at ~1250 copies per cell in mouse macrophages 

and these levels were reduced to ~ 400 in response to LPS [Fig. 2.2A, 2.2B and 2.2C]. 

1810058I24Rik is also conserved in humans where we found it was also expressed at 

high levels in human monocytes (~900 copies/cell) and dendritic cells, where it also 

exhibits a pattern of downregulation in response to LPS in both cell types [Fig. 2.2D 

(monocytes) and 2.2E (monocyte derived DCs)]. We next sought to address the 

mechanism involved in the downregulation of 1810058I24Rik. In wild type BMDM, the 

expression of 1810058I24Rik was reduced in response to LPS stimulation. However, 

this downregulation was lost in cells lacking TLR4 or TRIF but was still observed in cells 

lacking MyD88, suggesting that the TLR4-TRIF pathway shuts down expression of this 

transcript [Fig. 2.2F].  

 



 

 

 

 

Figure 2.2: Mm47 transcript is downregulated in activated macrophage in 

Tlr4/MyD88- dependent manner  

a) qRT-PCR showing copy number of mature transcripts of Mm47 in BMDM cells with 

and without LPS treatment.  

b) qRT-PCR of Mm47 transcript with LPS treatment compared to Gapdh.  

c) Standard curve for copy number analysis of Mm47. 



d) qRT-PCR in LPS treated human monocytes for copy number of Mm47 transcript. 

Data represents mean±SEM of two experiments. 

e) qRT-PCR in LPS treated human dendritic cells for fold change in Mm47 transcript 

level. Data represents mean ±SEM of two experiments.  

f) qRT-PCR showing Mm47 transcript downregulation in BMDM cells in response to 

100 ug/mL LPS. 

a) a-c) Data represents mean ±SEM of three experiments. *p<0.03; **p<0.002; ns, 

not significant.    

 

1810058I24Rik encodes a highly conserved mitochondrial micropeptide: 

Understanding the subcellular localization of a lncRNA can be informative. Frequently, 

these RNAs are localized in the nucleus where they alter the expression of protein-coding 

genes by controlling gene transcription. There is also evidence that lncRNAs can be 

localized and function in the cytosol and act as sponges for miRNAs (63, 103). Thus, we 

tested the subcellular location of the 1810058I24Rik transcript by generating cytosolic 

and nuclear extracts, purifying RNA and performing qRT-PCR. Malat1, a well 

characterized lncRNA that functions in the nucleus was detected in the nuclear fraction 

(115). In contrast, the 1810058I24Rik transcript was predominantly cytosolic [Fig. 2.3A]. 

This was similar to the localization of the mature GAPDH mRNA, a protein coding gene 

that would be translated in the cytosol.  Given the cytosolic location of the 1810058I24Rik 

transcript we next evaluated the potential protein coding capacity of this putative lncRNA, 

since many lncRNAs are misannotated and may encode functional proteins or short 

ORFs. The NCBI ORFfinder program revealed three putative ORFs in 1810058I24Rik 



which included a 47-aa ORF that shows high conservation across diverse species from 

C. elgans to humans [Fig. 2.3B]. In light of this observation, we wanted to address the 

possibility that 1810058I24Rik may be a protein-coding gene. To test this, we performed 

in vitro translation assays using 35S labeled methionine, which confirmed that the 

1810058I24Rik RNA was indeed translated into ~ 5.1 kDa peptide [Fig. 2.3C]. We also 

generated a mutant with a frameshift mutation inserted immediately after the start site, 

and found that this mutation ablated translation. Next, we cloned the putative ORF into a 

cDNA expression vector with a Flag tag at either the N-terminus, C-terminus or both. We 

could detect Flag-tagged translated 1810058I24Rik only with C-terminal tags in mouse 

embryonic fibroblast (MEF) cells and 293T human cells [Fig. 2.3D]. SignalP protein 

domain prediction suggested that the N-terminus of 1810058I24Rik contained a potential 

signal sequence. The addition of the N-terminal tag may not be tolerable causing 

degradation of 1810058I24Rik SEP. Finally, to formally define the presence of this 

peptide in cells, we generated an antibody to detect the endogenous 1810058I24Rik SEP. 

Consistent with our expression data, endogenous 1810058I24Rik SEP was expressed in 

BMDM. The levels of this peptide decreased in response to LPS. 1810058I24Rik SEP 

was abundant in macrophages and was decreased after 24 hours post LPS-treatment 

(Fig. 2.3E).  

 



 

 

 

 

 



 

Figure 2.3: Mm47 encodes for a stable micropeptide 

a) Subcellular fraction and qRT-PCR of Malat1, Gapdh and Mm47 to test the 

localization of Mm47 transcript. Data represents mean ±SEM of three independent 

experiments.  

b) Mm47 micropeptide sequence alignment across species of different phyla.  

c) Schematic for wildtype and frame-shift mutant of Mm47 transcript used for in vitro 

translation assay. One nucleotide base was inserted immediately after the start 

site to create a frameshift. In vitro translation assay using 35S-labeled methionine 

and SDS-PAGE electrophoresis showing 5.1 kDa band of Mm47 micropeptide in 

WT sequence. Representative immunoblot of three independent experiments is 

shown.   

d) Expression of Flag-tagged Mm47 micropeptide in MEF cells (left) and HEK 293T 

cells (right) followed by immunoblotting for Flag-tag. Schematic for ectopically 

expressed Mm47 with C-terminal and N-terminal Flag-tag from an expression 

vector with a T7 promoter. Representative immunoblot of three independent 

experiments is shown. 

e) Western blot of endogenous Mm47 micropeptide with LPS treatment. 

Representative immunoblot of three independent experiments is shown.    

 

Mm47 is localized on mitochondrial outer membrane 

We next aimed to further understand where the 1810058I24Rik SEP was localized in 

cells. The SignalP program suggested that 1810058I24Rik may be localized to the 



mitochondria, despite the absence of a canonical mitochondrial targeting signal (116). A 

partial protein sequence of 1810058I24Rik had previously been reported in bovine heart 

and zebrafish mitochondria (117, 118). In order to determine if the 1810058I24Rik peptide 

localized at the mitochondria we performed immunostaining on FLAG-tagged 

1810058I24Rik SEP ectopically expressed in MEFs. This analysis revealed that the 

1810058I24Rik peptide co-localized with the mitochondrial marker MitoTracker Deep Red 

[Fig. 2.4A]. Given this localization we propose to rename 1810058I24Rik-SEP as 

Mitochondrial Micropeptide 47 (Mm47). We next confirmed the localization of 

endogenous Mm47 in macrophages. Antibodies against the endogenous Mm47 again 

revealed mitochondrial localization in mouse BMDMs. [Fig. 2.4B]. The Endoplasmic 

Reticulum (ER) and mitochondria are known to intimately associate, which may affect the 

immunofluorescence imaging (119). Therefore, we employed sucrose gradient 

ultracentrifugation to separate pure cytosolic, ER and mitochondrial fractions (120). Using 

the mitochondrial membrane protein Tom20 as a positive control, western blot analysis 

confirmed that the Mm47 peptide is predominantly localized on the mitochondria [Fig. 

2.4C]. Further sub-fractionation of the mitochondrial fraction revealed that Mm47 is highly 

enriched on the outer membrane and intermembrane fraction of the mitochondrion as 

indicated by the corresponding localization of VDAC, an outer membrane protein [Fig. 

2.4D]. Overall, these studies indicate that the 1810058I24Rik transcript encodes a peptide 

that is localized to the mitochondrion.  

 



 

 

 

 

 



Figure 2.4: Mm47 micropeptide is localized on the mitochondria 

a) Ectopic expression of Flag-tagged Mm47 in MEF followed by immunofluorescence 

imaging of Flag-Mm47 (Green), MitoTracker Deep Red (red) for mitochondria and 

DAPI (blue) for nucleus. Representative images from three independent 

experiments are shown.  

b) Immunofluorescence imaging of endogenous Mm47, MitoTracker Deep Red for 

mitochondria and DAPI for nucleus. Representative images from three 

independent experiments are shown. 

c) Subcellular fraction of the cytosolic, ER and mitochondrial fraction followed by 

immunoblot for endogenous Mm47, mitochondrial outer membrane protein 

Tom20, ER membrane protein KDEL and cytosolic protein Gapdh. Representative 

immunoblot of three independent experiments is shown.  

d) Sub-organelle fractionation of the outer and inner mitochondrial compartment 

followed by immunoblot for endogenous Mm47, outer mitochondrial membrane 

protein VDAC and mitochondrial matrix protein HSp60.  

 

Mm47 is required for Nlrp3-dependent IL1b maturation.  

We next examined the possibility that Mm47 played a role in regulating the magnitude or 

duration of the LPS response in macrophages. Using CRISPR-Cas9 we created Mm47 

knockout immortalized mouse macrophages. Western blot analysis of BMDMs 

expressing a non-targeting control gRNA (NTC) and three gRNAs targeting Mm47 

confirmed knockout of Mm47 in the three cell lines examined [Fig. 2.5A]. We then 

monitored LPS-dependent transcriptional responses in these cells using Nanostring 



technology to simultaneously detect the expression of 100 immune system-related genes. 

As shown in Fig. 2.5B, LPS treatment led to an increase in the expression of a broad 

panel of immune genes in the control lines after 2 and 6 hours of LPS. These responses 

were largely intact in macrophages lacking Mm47. These results suggest that Mm47 does 

not impact the transcriptional response induced in macrophages following LPS 

stimulation.  

 

Given the localization of Mm47 on the mitochondria and the literature that reveals how 

damaged or defective mitochondria contribute to the activation of inflammation through 

engagement of Nlrp3, we next examined the possibility that Mm47 played a role in 

controlling activation of the Nlrp3 inflammasome. Immortalized BMDM were primed with 

LPS for 3 hours to upregulate IL1b and Nlrp3 itself, followed by stimulation with 

Nigericin, a potassium ionophore and bacterial pore-forming toxin that leads to 

formation of the Nlrp3 inflammasome complex. LPS priming and Nigericin stimulation 

led to robust secretion of IL1b as measured by ELISA.  This response was significantly 

abrogated in cells lacking Mm47 [Fig. 2.5C]. This Mm47-dependent release of IL1b was 

also abrogated in cells stimulated with another Nlrp3 activator, ATP [Fig. 2.5D]. Indeed, 

this effect of Mm47 was specific for the Nlrp3 inflammasome, as Mm47-deficient cells had 

comparable IL1b release when cells were stimulated with Poly(dA:dT), a double stranded 

DNA mimetic that activates the Aim2 inflammasome [Fig. 2.5E] or when cells were 

infected with Salmonella typhimurium, a bacterial pathogen that activates the Nlrc4 

inflammasome [Fig. 2.5F]. We also performed rescue experiments by restoring Mm47 

levels in the KO cells. This was achieved by ectopically expressing Mm47 in a form that 



was resistant to Cas9-directed cleavage. This approach led to restoration of Mm47 at 

levels observed in wild type cells [Fig. 2.5G]. These restored cells were fully competent 

for LPS/Nigericin induced secretion of IL1b [Fig. 2.5H].  Together, these observations 

indicate that Mm47 controls the activation of the Nlrp3 inflammasome in a highly specific 

manner.  

 

Since mitochondrial ROS (mtROS) contributes to the priming of macrophages via Hif1a-

mediated transcription of pro-IL1b as well as activation of the Nlrp3 inflammasome, we 

tested the levels of mtROS in cells (44, 52, 121). We did not observe a significant increase 

in mtROS in LPS treated cells and there was no difference between Mm47-deficient and 

wild type cells [Fig. 2. S3B].  Similarly, alteration in mitochondrial electron transport chain 

(ETC) function affects ATP levels which in turn alter Nlrp3 activation (122). Therefore, we 

tested the mitochondrial oxygen consumption rate (OCR) as a proxy for mitochondrial 

ATP. We notice that the Mm47-deficient cells had reduced basal OCR. However, after 

the addition of chemical inhibitors of ETC we observed similar levels of OCR in both WT 

and Mm47 KO cells with reduced maximal OCR in LPS exposed cells [Fig. 2. S3C]. We 

conclude from these studies that Mm47 does not contribute to the generation of ATP 

during mitochondrial ETC stress.  

 



 

 



 

 

 

 



Figure 2.5: Mm47-deficient iBMDM have impaired Nlrp3 pathway 

a) Western blot for endogenous Mm47 after CRISPR-Cas9-mediated knock out. 

b) Heatmap of inflammatory genes tested using Nanostring codeset to compare 

response of non-targeted cells (NTC) and Mm47 KO cells to 100ng/mL LPS 

treatment for 2h and 6h. Transcription change shown as log2 fold change 

compared to NTC. 

c) ELISA for secreted IL1b in non-targeted and CRISPR-cas9-mediated knockout of 

Mm47 in BMDM after priming with 100ng/mL LPS and stimulation with 5uM 

Nigericin. 

d)  ELISA for secreted IL1b in non-targeted and CRISPR-cas9-mediated knockout of 

Mm47 in BMDM after priming with 100ng/mL LPS and stimulation with 5uM ATP. 

e) ELISA to test AIM2 receptor-mediated secretion of IL1b in BMDM with or without 

Mm47 knockout upon 100ng/mL LPS priming and 2ug Poly(dA:dT) transfection. 

f) ELISA to test NLRC4 receptor-mediated IL1b  secretion in primary BMDM with or 

without Mm47 knockout upon Salmonella typhimurium infection for 6 hours.  

g) Western blot of Mm47 to test restoration of CRISPR-cas9-resistant Mm47 

expression using lentiviral transduction. The control cells were transduced with 

empty vector (EV) and rescued cells (R) were transduced with CRISPR-cas9-

resistant Mm47.   

h) ELISA testing secreted IL1b expression in control and CRISPR-cas9-resistant 

Mm47 reconstituted cells upon priming with 100ng/mL LPS and stimulation with 

5uM Nigericin.  



i) a-f) Data represents mean±SEM of three experiments. *p<0.03; **p<0.002; 

***p<0.001; ns, not significant. 

 

To further corroborate the finding that Mm47 impacts Nlrp3 inflammasome mediated IL-

1b production, we employed an independent siRNA approach in primary BMDM. BMDM 

were transfected with two non-targeting siRNAs or with three Mm47-targeting siRNAs. 

Analysis of LPS and Nigericin responses in these cells showed that siRNAs targeting 

Mm47 led to a significant reduction in IL1b in response to Nigericin treatment [Fig. 2.6A]. 

Meanwhile, release of IL1β was comparable between non-targeting siRNA and Mm47-

targeting siRNA transfected cells when cells were stimulated with double stranded DNA 

(poly (dA:dT)), or infected with Salmonella typhimurium [Fig. 2.6B and 2.6C]. 

Immunoblotting of cell lysates and supernatants revealed that Mm47-targeting siRNAs 

led to reduced processing of Caspase-1 p20 and mature IL1b (p17) [Fig. 2.6D]. We 

also measured mRNA levels of pro-IL1b or Nlrp3 itself in Mm47-siRNA targeted cells 

and in both cases the responses were intact [Fig. 2.6E and 2.6F]. Furthermore, the 

Mm47-siRNA targeted cells displayed reduced levels of processed Gasdermin D 

(Gsdmd) compared to controls. This effect on Gsdmd however, did not have a 

significant impact on cell death [Fig. 2.S4B and S4C]. Collectively, these findings reveal 

that expression of Mm47 is essential to facilitate activation of the Nlrp3 inflammasome 

and the release of IL1b and Gsdmd processing with a modest impact on cell death.  

 



 

 

 



 

Figure 2.6: Mm47-deficient BMDM have impaired Nlrp3 pathway 

a) ELISA testing the secreted IL1b levels upon priming with 100ng/mL LPS and 

treatment with 5 uM Nigericin in non-targeted or siRNA-mediated knock down of 

Mm47 in primary BMDM. Two nontargeting lines (NT1 and NT2) were used as 

control and three independent siRNA targeting Mm47 was used. 

b) ELISA testing AIM2 receptor-mediated secretion of IL1b in primary BMDM with or 

without Mm47 knock down upon LPS priming followed by 2ug Poly(dA:dT) 

transfection. 

c) ELISA testing NLRC4 receptor-mediated IL1b secretion in primary BMDM with or 

without Mm47 knock down upon Salmonella typhimurium infection for 6 hours. 

d)  Mm47 was knocked down using siRNA or non-targeting siRNA in primary BMDM 

cells. Cells were challenged as indicated with and Western bot was performed to 

pro-caspase-1, cleaved caspase-1, pro-IL1b and cleaved IL1b. Representative 

images from three independent experiments is shown. 



e) qRT-PCR showing mRNA levels of IL1b and Nlrp3 after priming primary BMDM 

with 100ng/mL LPS for 2 hours with or without Mm47 knock down. 

f) Primary BMDM cells with Mm47 knock-down or non-targeting siRNA were primed 

with LPS and at 0.1n/mL, 1ng/mL. 10ng/mL and 100ng/mL followed by qRT-PCR 

for IL1 (upper), Nlrp3 (middle) and IL6 (lower) relative to control (siNT1) untreated 

cells. 

g) Mm47 was knocked down using siRNA or non-targeting siRNA in primary BMDM 

cells. Cells were challenged as indicated and Western blot was performed for full 

length and cleaved Gasdermin D, Asc, Mm47 and -actin. Representative images 

from two independent experiments is shown. 

h) Mm47 was knocked down using siRNA or non-targeting siRNA in primary BMDM 

cells. Cells were challenged as indicated. Sytox orange and Hoest dye was added 

to the cells and cell death was measured over time as a ratio of Sytox/Hoest 

fluorescence using Cytation 5 imager. Average values of the knock down and non-

targeting cells are plotted in graph 

i) a-d) Data represents mean ±SEM of three experiments. *p<0.03; **p<0.002; 

***p<0.001; ns, not significant. 

 

Discussion: 

An accumulating body of evidence indicates that a large number of genes are miss-

annotated as long non-coding RNAs, many of which produce small proteins with 

important biological functions (75). Studies on the functions of these short ORF-encoded 

peptides are currently limited since in-depth experimental investigation of individual genes 



is required to uncover their functions. Recent computational and genomic advances have 

allowed the identification and mapping of SEPs (91). Several recent studies using 

Ribosome profiling and mass spectrometry-based detection of peptides have revealed 

that many genes currently annotated as lncRNAs produce small proteins (75, 91). These 

include ORFs that are translated from canonical AUG or  non-canonical start sites (73, 

91, 93). In macrophages, a novel gene AW112010 was recently identified as an SEP 

translated from a non-canonical start site of an annotated lncRNA gene.  AW112010 was 

shown to be regulated in innate cells such as macrophages following microbial infection, 

and genetic loss of function models in mice showed this SEP was important in mucosal 

immunity by controlling Salmonella typhimurium infection and altering susceptibility to 

colitis in mice.  The same study also identified three ORFs of the 1810058I24Rik gene in 

their ribosome profiling studies, two of which were predicted to be translated from non-

AUG start sites (99).  This study among others underscores the need for independently 

authenticating the coding potential of cytosolic lncRNAs and determining to what extent 

these RNAs produce peptides.  

 

In a surprising twist on our initial focus on lncRNAs, here we have identified Mm47, a 

highly conserved 47aa long mitochondrial micropeptide, which is produced from an 

annotated lncRNA. Further, we provide clear genetic evidence demonstrating that Mm47 

regulates Nlrp3 inflammasome function in macrophages. Mitochondria provide a 

signaling hub to integrate metabolic and inflammatory capability of immune cells. Such 

integration is provided through innate immune receptors including TLRs and the Nlrp3 

inflammasome which respond to altered mitochondrial function and/or mitochondrial-



derived molecules released from damaged organelles. In response to stress, 

mitochondria release molecules such as cardiolipin and mitochondrial DNA (mtDNA), 

both of which are sensed by the Nlrp3 inflammasome as well as by other innate sensors 

such as cyclic GMP-AMP synthase (cGAS) (37, 43, 112). Mm47-deficient cells exhibit 

impaired Nlrp3-mediated inflammasome responses. This defect was remarkably specific 

for Nlrp3, as neither Aim2 nor Nlrc4 inflammasomes were impacted by the loss of Mm47. 

Importantly, genetic-complementation of the Mm47 CDS in Mm47 KO cells restored 

Nlrp3-mediated inflammasome responses. This indicates that the loss of Nlrp3 activity in 

the KOs is truly due to Mm47 and not an additional impairment in these cells. Further, the 

ability of the micropeptide ORF to rescue inflammasome defects also supports the 

importance of the peptide product in this biological context.  

 

Exactly how Mm47 on the mitochondrion impacts activation of the Nlrp3 inflammasome 

is still an open question. Our results indicate that Mm47 does not act at the level of 

inflammasome priming since LPS-driven expression of pro-IL1b and of Nlrp3 were intact 

in Mm47-deficient cells as was the broader transcriptional program activated downstream 

of TLR4. Mm47 appears to act at the level of inflammasome licensing or activation 

although how this occurs is not clear from our work. Activation of Caspase-1 as measured 

by monitoring the formation of the p20 fragment and generation of the IL1b p17 were 

reduced in cell lacking Mm47. Caspase-1 cleaves pro-IL1b and Gsdmd in canonical 

inflammasome activation (110).  The levels of IL1b p17 and Gsdmd p30 were both 

reduced in Mm47 targeted cells, however the kinetics of cell death was similar to non-

targeted cells. Despite the reduction in Gsdmd processing, MM47 targeted cells still 



underwent pyroptosis.  Previous studies have shown that while Gsdmd is a major 

executioner of cell death in the Nlrp3 pathway, Gsdmd-independent cell death pathways 

are also involved (110). It is possible in Mm47 targeted cells that Caspase-8 activation 

leads to the cell death observed  (123, 124). While there has been considerable progress 

in understanding inflammasome biology, in particular the importance of Nlrp3 in a diverse 

range of cellular processes and diseases, the precise mechanisms that coordinate Nlrp3 

inflammasome complex formation are very poorly understood. A unifying mechanism of 

how Nlrp3 is activated is not known and therefore it is difficult to mechanistically define 

how Mm47 alters these processes. We also do not understand the impact of Mm47-

deficiency on normal mitochondrial function. When we overexpress Mm47 in murine 

embryonic fibroblasts, the morphology of the mitochondria was altered. This could 

indicate that MM47 has a role in mitochondrial fission during stress that may directly or 

indirectly impact leakage of mtDNA or cardiolipins into the cytosol.  

 

While we do not understand how Mm47 interfaces with the inflammasome, we did find 

that after exposure to LPS, both the 1810058I24Rik gene and the Mm47 polypeptide are 

reduced. At the protein level, the decrease in expression of Mm47 was observed after 

prolonged exposure (24-48 hours) of cells to LPS. It’s possible that this temporal 

downregulation of Mm47 protein removes this essential factor on the mitochondrion and 

could represent a mechanism to curb inflammasome activation in order to resolve 

inflammation.  



Chapter 3: Mice deficient in micropeptide Mm47 are susceptible to influenza virus 

infection  
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Abstract 

Short ORF-encoded peptides (SEPs) are increasingly being identified as functional 

components in various cellular processes. We have reported an annotated lncRNA gene 

1810058I24Rik that encodes for a mitochondrially localized micropeptide that we named 

Mm47 (mitochondrial micropeptide 47). Since Mm47 is conserved in mice and human, 

highly expressed in various mice tissues, and functional in inflammasome signaling, we 

created CRISPR-cas9-targeted knockout mice to understand its in vivo relevance. The 

primary peritoneal and bone marrow derived macrophages from these knockout mice 

presented normal Nlrp3 activation, potentially through downregulation of negative 

regulator microRNA of Nlrp3 called Mir-223. The Mm47-deficient mice also displayed 

antiviral and inflammatory transcriptional response similar to wildtype mice, with 

comparable myeloid and lymphoid cells patrolling the lungs microenvironment. However, 

the Mm47-deficient mice are more susceptible to influenza infection and succumb at late 

time points. Mm47-deficiency may affect the antiviral resilience of mice due to secondary 

mitochondria dependent immune-metabolic defect or failure of recovery, which warrants 

further investigation. This work highlights the biological necessity of the expression of 

Mm47 micropeptide in mice for protection against virus infection.       



Introduction 

In the recent years, our appreciation for ubiquity of Short ORF-encoded peptides (SEPs) 

and their functional roles has increased considerably. Genome sequencing and 

investigation of RNA translation has revealed many genes that may encode for SEPs 

(69). Specifically, evidence of potential ribosome association and readthrough of both 

coding and noncoding RNAs have emerged recently (73, 94, 125). Many RNA transcripts 

annotated as lncRNAs are now proposed to encode for micropeptides based on 

computational analysis of codon substitution frequency and phylogenetic conservation, 

with some being experimentally validated to encode functional micropeptides (91, 93, 

105). 

 

SEPs play important roles in various cellular processes, including regulation of immune 

response. Recent work on one micropeptide called Aw112010 showed it to be protective 

against Salmonella typhimurium infection in mice. The expression if Aw112020 was 

necessary in mice bone marrow derived macrophages (BMDM) for robust production of 

interleukin IL12p40 which is known to be protective against S. typhimurium in both mice 

and human (99). Similarly, another micropeptide named Humanin was shown to bind and 

sequester proapoptotic protein Bax in cytosol and prevent cell death (96). In addition, 

there are many examples of micropeptide regulating nonimmunological cellular functions 

like Dworf and myoregulin regulating calcium transport activity of SERCA (105, 126). 

Interestingly, myoregulin  is encoded from an annotated lncRNA called lncRAM which 

also functions as a bonafide lncRNA in translated protein-independent manner to directly 

bind MyoD, and promote the assembly of the MyoD–Baf60c–Brg1 complex on the 



regulatory elements of target genes required for muscle cell differentiation and 

regeneration (74).  

 

In chapter 2, we described the identification and functional characterization of a 47 amino 

acid long micropeptide encoded from an annotated lncRNA 1810058I24Rik. This 

micropeptide was localized on the outer membrane of the mitochondria, thus we named 

it Mm47 (mitochondrial micropeptide 47). This micropeptide was required in mouse bone 

marrow derived macrophages (BMDM) for Nlrp3-dependent inflammasome assembly, 

and subsequent activation of caspase-1 and maturation of IL1b. Due to the 

preponderance of evidence that Mm47 is immunologically functional, we created knock-

out mice for Mm47 to study its in vivo function. The goal of this study was two-fold. First, 

to test whether Mm47 was required in mice for the activation of Nlrp3 inflammasome for 

IL1b maturation. Second, due to high expression levels of Mm47 in lung cells, we tested 

the response of Mm47-deficient mice to Influenza A virus (IAV) as it is a potent lung 

pathogen capable of activating Nlrp3 dependent IL1b maturation among other pathways 

(34, 127).  

 

Our results show that the constitutive knockout (KO) of Mm47 is largely compensated in 

terms of activation of Nlrp3-mediated IL1b maturation in mice. It is likely that the mice 

born without Mm47 bypass it to regulate mitochondrial signal based Nlrp3 activation. High 

throughput transcriptome sequencing of bacterial lipopolysaccharide (LPS)-stimulated 

primary BMDM from these mice show altered expression of microRNA Mir-223, a known 

negative regulator of Nlrp3 that modulates the inflammasome activation threshold. 



However, the KO mice are susceptible to IAV infection and succumbed gradually up to 

day 16 post infection. This susceptibility to influenza strongly indicates that Mm47 is a key 

player in antiviral immune response tissue repair.  

 

Materials and Methods: 

Cell lines: Primary bone marrow derived macrophages (BMDM) and mouse lung 

fibroblast (LF) cells were generated from wildtype or Mm47-deficient C57/Bl6N mice and 

used. For BMDM, the bone marrow cells were cultured in DMEM supplemented with 10% 

FCS, 1% penicillin/streptomycin and 20% L929 conditioned media for 7 days to 

differentiate into BMDM cells. For the LF cells, the lung was extracted form mice and 

chopped into pieces and digested using 0.25% trypsin (ThermoFisher Scientific 15400-

054) for 30 minutes. The cells were then washed with 1X PBS and resuspended in DMEM 

supplemented with 10% FCS, 1% L-glutamine, 1% penicillin/streptomycin and 1% 

amphotericin B and 1% ciprofloxacin and allowed to grow for 7-10 days. 

 

CRISPR-cas9 Knock out mice: Using RNA mixtures of cas9 and single-guide RNAs 

were injected into C57/Bl6N mice embryo to target Mm47. The sgRNAs targeting Mm47 

genomic region were sgRNA1 Fwd CAACGTGGTTGGAATGTATC, sgRNA1 Rev 

GATACATTCCAACCACGTTG, sgRNA2 Fwd TGAAGAGATTAAGAAGGACC and 

sgRNA2 Rev GGTCCTTCTTAATCTCTTCA. The sgRNA1 and sgRNA2 were cloned into 

Lentiguidepuro and used as template for further PCR. Similarly, Cas9 was cloned in 

PX330 vector and used as template for downstream PCR. T7 promoter was added to 

cas9 coding region by PCR reaction using Cas9 T7 promoter Fwd 



CTCGAGTAATACGACTCACTATAGGGAGAATGGACTATAAGGACCACGAC and cas9 

T7 Rev GCGAGCTCTAGGAATTCTTAC. Similarly, T7 promoter was added to sgRNA1 

using primers sgRNA1 T7 Fwd 

CTCGAGTTAATACGACTCACTATAGCAACGTGGTTGGAATGTATC and sgRNA2 T7 

Rev AAAAGCACCGACTCGGTGCC. And, T7 promoter was added to sgRNA2 using 

primer pair sgRNA2 T7 Fwd 

CTCGAGTTAATACGACTCACTATAGTGAAGAGATTAAGAAGGACC and sgRNA2 T7 

Rev AAAAGCACCGACTCGGTGCC. Thusly prepared DNA amplicons with T7 promoter 

were run on 1% agarose gel, cut and purified for use in in vitro transcription using 

Megascript transcription kit (AM1334) to create RNA according to manual instruction. The 

RNA was cleaned up using RNA clean up and concentrator kit (Zymo research R1017). 

A total of 25uL of the mixture of 50 ng/uL cas9 mRNA and 20ng/uL sgRNA was 

microinjected into mice embryo to target Mm47.  

The success of Mm47 targeting was determined using PCR primers Pair 1 comprising of  

Mm47 Fwd CCAGCTCCCGTGGGTATTTG and Mm47 Rev 

GGACACCGTGCCTTTGTGA Or PCR primers pair 2 comprising of Mm47 Fwd 2 

CCAGCTCCCGTGGGTATTTG and Mm47 primer Rev 2  

AAGATACGGGAACGGGGAGA. The amplicons were also sequenced to check the exact 

deletions. 

 

Flow cytometric analysis: The lung from mice were digested using collagenase solution 

consisting of 1X RPMI, 1M MgCl2 (Ambion AM9530G),1M CaCl2 (Hyclone SH30289.01), 

5% Bovine Serum (Hyclone SV30014.03) and 20,000 U Type I Collagenase (Worthington 



4197). Digestion was performed at 37oC with shaking at 220rpm for 45 minutes. The 

digestion mix was passed through 40 micron strainer to separate out the single cells. The 

cells were washed with 1X PBS and the RBCs were lysed with 5 mL of room temp ACK 

RBC lysis buffer (ThermoFisher scientific A1049201) for 5 min and resuspended in 

DMEM supplemented 10% FCS, 1% penicillin/streptomycin. For staining, ghost violet 540 

was used for live/dead determination. Similarly, staining for lymphoid cells was achieved 

with anti-B220 FITC for B cells, anti-TCRb PerCP-Cy5.5 (Ebioscience 45-5961-82) for 

total T cell, anti-CD8 PE YG (BD Pharmingen 553033) for CD8 positive T cells, and anti-

CD4 PE Cy7 (Tonbo Biosciences 60-0042-u100) for CD4 positive T cells. And staining 

for myeloid cells was achieved using anti-CD11b PerCP-Cy5.5 (Tonbo Biosciences 65-

0112-u100) for total myeloid cells, antiLy6C APC (Ebioscience 17-5932-82) for 

monocytes, anti-F4/80 APC Cy7 (Biolegend 123118) for macrophages, anti-Ly6G FITC 

(BD Pharmingen 551460) for neutrophils and anti-CD11c PE YG (Ebioscience 48-0114-

82) for Dendritic cells. 

 

Macrophage stimulation: The cells were treated with 100ng/mL LPS or 10ng/mL IFNg 

(PeproTech 315-05). Cell lysate and supernatant was collected for RNA analysis and 

ELISA respectively. ELISA was performed for IL1b, TNFα, IL6 and CCL5 using kits 

available from R&D. RNA was extracted from cells using Biorad, Aurum kit (7326820). 

 

RNA and Quantitative Real-Time PCR: Total RNA was extracted from cells using Bio-

rad Aurum Total RNA Mini Kit (Bio-Rad, 7326820) or TRIzol (Invitrogen, 15596026) 

according to the product manual. The cDNA was synthesized using iScript Reverse 



Transcription Supermix (Bio-Rad, 1708840). Quantitative PCR on the cDNA was 

performed in Bio-Rad CFX96 Touch Realtime PCR using gene specific primers. The 

genes were normalized to the housekeeping gene Gapdh. Mouse Primers used are 

GAPDH Fwd TGGCAAAGTGGAGATTGTTGC, GAPDH Rev 

AAGATGGTGATGGGCTTCCCG and Mm47 Fwd GCTCAGAACTATGAAATGCCAAAC, 

Mm47 Rev GGTCTCAGAAGCAGGTGGAC. The human primers used were GAPDH Fwd 

TGCAACAACCAACTGCTTA, GAPDH Rev AGAGGCAGGGATGATGTTC, Mm47 Fwd 

CACCGACATCATGCTCGAGT and Mm47 Rev GCCAGATACATTCCAACCACGT. The 

IAV/PR8 specific primers used were M1 Fwd ATCAGACATGAGAACAGAATGG, M1 Rev 

TGCCTGGCCTGACTAGCAATATC, M2 Fwd CGAGGTCGAAACGCCTATCAGAAAC 

M2 Rev CCAATGATA TTTGCTGCAATGACGAG, NS1 TGGAAAGCAAATA 

GTGGAGCG Fwd NS1 Rev GTAGCGCGATGCAGGTACAGAG, NS2 Fwd CAAGCTT 

TCAGGACATACTGATGAG, and NS2 Rev CTTCTCCAAGCGAATCTCTGTAGA. 

 

RNA sequencing: Lysates from BMDM treated with 100ng/mL LPS or 10ng/mL IFNg 

(PeproTech 315-05) for 0hr, 2hr and 6hr were used to extract RNA. Fragment analysis 

using Advanced Analytical capillary electrophoresis system at UMMS Molecular Biology 

Core lab was performed to determine quality of RNA. Then the LPS and IFNg treated 

samples were sent to BGI Americas Corporation for 20 million reads per sample. HISAT2 

(Hierarchical Indexing for Spliced Alignment of Transcripts) was performed to map and 

annotate the identified RNA-seq read. The samples were then compared against the 

untreated control for log2 fold change. 

 



Western blots: BMDMs stimulated as per the experiment were lysed in buffer containing 

20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40 and 5 mM EDTA with fresh 1x Halt 

Protease inhibitor cocktail (Promega #1861279). Homogenized lysates were resolved on 

14% SDS-PAGE, and transferred to 0.2 μM PVDF membrane. Membranes were blocked 

with 5% non-fat dry milk (w/v) and probed with antibodies diluted in 1X PBS and 0.05% 

Tween-20 (v/v). The antibodies used were Gapdh (Sigma, G9295) and Flag (Sigma, 

A8592). The Mm47 antibody was custom made by Thermo Fisher against the 

immunogenic residue 22-47 of Mm47. Membranes were probed with horseradish 

peroxidase-conjugated anti-mouse (Bio-Rad, 172-1011) and anti-rabbit (Bio-Rad, 170-

6515) or anti-Goat (Bio-rad, 172-1034) and developed using ECL chemiluminescent 

substrate (Pierce). 

 

Immunofluorescence and Confocal Microscopy: Cells were fixed on 8-well 

chambered slides (Lab-Tek, 155411) using ice-cold 4% Paraformaldehyde for 15 minutes 

and washed with 1X PBS. The cells were permeabilized using 0.2% Triton X-100 in 1X 

PBS for 15 minutes and blocked using 5% Normal Goat Serum (Jackson 

Immunoresearch, 005-000-121) in 1X PBS and 0.2% Triton X-100. Cells were incubated 

with antibodies against Flag-AF488 (Cell Signaling, 5407S). The cells were washed with 

PBS, and incubated with DAPI at room temperature for 10 minutes and washed again 

followed by imaging using Leica SP8 Lightning Confocal Microscope. 

 



Statistical analysis: Statistical analysis was performed with a Tukey test, Two-Way 

Anova in GraphPad Prism software, version 7.0. for all the mice data. For cell-based 

assays, unpaired, two-tailed Student’s t-test was performed.  

 

Results 

CRISPR-cas9 deletion of Mm47 produces constitutive knockout mice: Based on 

abundant in vitro data showing requirement of Mm47 for activation of Nlrp3 

inflammasome, we decided to create Mm47 knockout mice and investigate its in vivo 

relevance. Two single-guide RNAs targeting exon 2 and exon 3 [Fig. 3.1A] were 

microinjected into C57/Bl6N mice embryos to delete 775 nucleotide bases in in the 

gnomic region of Mm47 gene. The mice obtained were verified for deletion by using PCR 

amplification of Mm47 gene [Fig. 3.1B] and sequencing the amplicons to compare with 

wildtype genomic sequence [Fig. 3.1C]. In addition, western blot showed the deletion to 

be indeed complete as there was no detectable protein being expressed [Fig. 3.1D]. The 

backcrossed progenies up to 20 generations were screened for clean deletion and 

determined to be healthy with no congenital defects. They bred in Mendelian ratio and 

did not display visible health defects.  
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Figure 3.1: CRISPR-cas9 targeting of genomic Mm47 produces germline knock out 

mice   

a) Schematic for CRISPR-cas9 targeting of Mm47 genomic region of Mm47 gene. In 

red is the translated ORF of Mm47 spanning three exons, E1, E2 and E3. The sg1 

and sg2 show single-guide RNA targeting sites that are 775 nucleotide bases 

apart. The untranslated region (UTR) is shown in black. 

b) PCR amplicons from genomic region of MM47 performed to verify deletion. 

Expected bands in WT and HET using primers Primer pair 1st is 1364bp. Expected 

bands in KO using primers primer pair 1st 589bp. Using primer pair 2nd the 

expected bands for WT and HET is 1512bp and for KO is 737bp. The mice number 

3 and 5 show 589 bp with primer pair 1st and 737bp with primer pair 2nd. 

c) Genomic sequence of Mm47 with CRISPR-cas9 targeted region highlighted in 

pink. Sites marked as sgRNA1 and sgRNA 2 in grey color show the cas9 cut sites 

validated by sequencing.  

d) Western blot to validate Mm47-null mice. KO3 and KO5 are the knockout mice 

lacking Mm47 expression, WT1 and WT2 are wild type mice and HET is 

heterozygous mouse. 

 

Mm47 deletion in mice does not affect immune cell populations: Next we 

enumerated the various subsets of differentiated myeloid and lymphoid cells in 

unchallenged resting mice organs to ascertain the absence of any gross immunological 

disorders. Spleen and lymph nodes were collected from these mice. The lymphoid and 



myeloid cells of hematopoietic stem cells (HSC) origin were enumerated to rule out HSC 

compartment related defect. Total myeloid, monocytes, macrophages, DCs and 

neutrophils were enumerated using their respective cell surface markers. All the cells in 

Mm47 KO mice were comparable to the wildtype [Fig. 3.2A]. Similarly, the lymphoid cells 

i.e. B and T cell population were enumerated and found to be comparable between the 

WT and KO [Fig. 3.2B].  

A. 

 

 

 

 

 

Myeloid cells Macrophage Monocyte Granulocyte
 (Neutrophils)

DCs
0

5

10

15

20

25

60

80

100

P
er

ce
nt

ag
e  

KO
WT



 

B. 

    

Figure 3.2: Myeloid and lymphoid cell subsets in WT and Mm47 KO mice   

a. Flow cytometric comparison of percentage of cells of myeloid lineage, namely total 

myeloid cells (CD11b+), Monocytes (CD11b+Ly6Chi), Macrophages 

(CD11b+F4/80+), Dendritic cells (CD11b+Cd11c+), and Neutrophils 

(CD11b+Ly6Ghi) in unchallenged resting WT (black circle) and Mm47 KO (red 

square) mice. Each circle represents 1 mouse. 

b. Flow cytometric comparison of percentage of cells of lymphoid lineage, namely 

total B cells (B220+) and total T cells (TCR+) in unchallenged resting WT (black 

circle) and Mm47 KO (red square) mice. Each circle represents 1 mouse. 
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Mm47 KO mice express IL1b: Our preceding work shows that mice bone marrow 

derived macrophage cells need Mm47 to activate Nlrp3 inflammasome. Also, previous 

works in the inflammasome field show that Nlrp3 signaling defect in mice leads to 

impaired maturation of IL1b and reduced inflammation (35, 128). Therefore, we 

challenged live Mm47 KO and WT mice with 10mg/kg bacterial liposaccharide (LPS). 

Serum was collected from the mice at 6 hour post exposure and tested for IL1b levels, 

which were comparable between the KO and WT mice [Fig. 3.3A].  

 

Next, we extracted thioglycolate elicited macrophages from the peritoneum of these mice 

and challenged them with LPS and nigericin on a tissue culture plate. Again, ELISA for 

IL1b levels revealed a competent response of Mm47 KO mice peritoneal macrophage 

[Fig. 3.3B]. To further validate our findings, we extracted bone marrow derived 

macrophages (BMDM) from these mice and tested for LPS and nigericin mediated Nlrp3 

dependent IL1b secretion. Again, the levels of IL1b were comparable between the WT 

and KO BMDM [Fig. 3.3C]. At least, in case of constitutive Mm47-null mice, it seems that 

the mitochondrial Mm47-Nlrp3 axis is bypassed or compensated. 
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Figure 3.3: Mm47 KO mice express IL1b 
 

a. ELISA showing IL1b serum level in WT (black circle) and KO mice (red square) after 

6hr of 10 mg/kg LPS intraperitoneal injection. Each dot represents a mouse. 

b. ELISA for IL1b level in thioglycolate-elicited peritoneal macrophages from WT and 

KO mice after priming with 100ng/mL LPS and 5uM nigericin challenge for 45 

minutes. 

c. ELISA showing IL1b level in BMDM of WT and Mm47 KO mice after priming with 

100ng/mL LPS, and 5uM nigericin challenge for 45 minutes. 
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Transcriptome of KO and WT show differential expression of Mir-223 

Following up on our cellular data showing Mm47-deficient bone marrow derived 

macrophages failed to respond in Nlrp3 dependent manner when challenged (chapter 2), 

we checked to see if there are changes in gene expression profile in the BMDM of Mm47 

KO mice. The BMDM from these mice were stimulated with 100ng/mL LPS followed by 

whole transcriptome sequencing. These BMDMs were also separately treated with 

10ng/mL IFNg for RNA sequencing. For the most part, both the WT and KO BMDM have 

comparable responses. We focused on genes that were had log2 fold change value of 

greater than 2.5 or less than 2.5. Gene ontology analysis using DAVID 6.7 of these highly 

regulated genes show many genes clustering into groups that regulate cell death, 

chemokine signaling, lymphocyte migration and proliferation, and metabolic processes 

[Fig. 3.4A]. These genes are transcriptionally regulated similarly in both KO and WT 

macrophages and for the most part to comparable levels [Fig. 3.4B]. Among the top 50 

most highly upregulated genes in KO cells but downregulated in WT was microRNA 223 

(Mir-223). The basal WT BMDM express Mir-223, which has been shown to negatively 

regulate Nlrp3 in resting macrophages (129, 130). Upon LPS treatment, the RNA copies 

of Mir-223 were sharply downregulated in WT. Conversely, in Mm47 KO BMDM, the Mir-

223 mRNA copies were not detectable in basal level and upregulated upon LPS treatment 

[Fig. 3.4C and 3.4D]. Therefore, in KO mice the Mir-223 is basally absent or low to release 

the negative control for Nlrp3 activation threshold, and LPS priming induces expression 

of Mir-223 to prevent overactivation of Nlrp3. This pattern of opposite regulation of miR-

223 compared to WT and the resulting effect on Nlrp3 signaling may be an example of 

control system of Nlrp3 signaling by a microRNA. 
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C. 

 

D. 

GeneSymbol RefSeq_NM WT_LPS_2hr.log2.ratio WT_LPS_6hr.log2.ratio KO_LPS_2hr.log2.ratio KO_LPS_6hr.log2.ratio 

Mir-223 NR_029801 -9.0110287 -4.41128456 9.8983712 4.672294428 
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Figure 3.4: Mir-223 is differentially expressed in KO mice 

a. Heat map of the differentially regulated genes in response to 100ng/mL LPS for 

2hr and 6hr in WT and Mm47 KO mice BMDM. Genes with log2 FC>2 or <-2 we 

specifically chosen for heat map. 

b. Gene ontology and clustering of genes transcriptionally regulated in BMDM of WT 

and Mm47 KO mice treated with 100ng/mL LPS for 2 and 6hr. Only the gens with 

log2 FC>2 or <-2 were clustered. 

c. Top 50 highly upregulated genes WT and KO BMDM. The Mir-223 is 

downregulated in WT in response to LPS. 

d. Log2 fold change values of Mir-223 (NR_029801) in WT and KO BMDM with 2hr 

and 6hr of 100ng/mL LPS treatment. 

 

Mm47-deficient mice are susceptible to influenza virus infection: Unexpectedly we 

found that the Mm47 KO mice were healthy in terms of their Nlrp3 regulation. We 

recognize that cell systems are different from live mice that develop with a constitutive 

protein knock out. Therefore, we decided to test the requirement of Mm47 in mice in a 

relatively complex system by challenging the mice with a live infectious pathogen. Owing 

to the highest expression of Mm47 in the lung cells (98), we chose to challenge the mice 

with mouse adapted influenza virus IAV/PR8 strain. Each mouse was infected with 50 pfu 

of IAV or left uninfected.   

 

The KO mice displayed significant susceptibility to IAV infection. These mice lost 

significantly more weight compared to the WT upon IAV challenge [Fig 3.5A and 3.5B], 



and not all mice recovered. In independent experiments we consistently saw 30-35% of 

KO mice dying from infection up to day 9. About 20% of the KO mice succumbed at a 

later date up to day 16 [Fig 3.5C and 3.5D]. These results point to a possibility of early 

immune pathology that may lead to significant weight loss in KO mice and they fail to 

recover likely due to failure of wound healing.  

A. 

 

B.  

 



C. 

 

D. 

 

Figure 3.5: Mm47-deficient mice are susceptible to influenza infection 

a and b. WT and Mm47 KO mice were intranasally infected with 50 PFU IAV/PR8 and 

observed for weight loss for (a) 12 days and (b) 20 days. The KO mice lost significantly 



more weight than WT mice. Two-way analysis of variance (ANOVA) for multiple 

comparisons was performed for statistical test. 

c and d. WT and Mm47 KO mice were intranasally infected with 50 PFU IAV/PR8 and 

observed for survival for (a) 12 days and (b) 20 days. The KO mice were more susceptible 

and about 30-50% died in two weeks period. Two-way analysis of variance (ANOVA) for 

multiple comparisons was performed for statistical test. 

 

Antiviral response of KO and WT mice are similar: Lungs from the IAV/PR8 

challenged mice was collected at 2- and 6-days post infection and used for qPCR 

quantitation of the virus RNA. Specifically, we quantitated segment NS1, PA, and M1 and 

compared them to cellular housekeeping gene GAPDH. The viral RNA between the WT 

and KO were comparable [Fig 3.6A, 3.6B and 3.6C]. While there is a significant difference 

between the mRNA levels of viral genes between the uninfected and KO infected mice, 

there is no significant difference between he KO and WT at day 2 post infection. Around 

the day 6 post infection time point, the viral RNA levels are pretty low in all infected mice 

as they are all approaching resolution of infection. 

 

Next, we tested for antiviral and inflammatory cytokine response of the mice. Since type 

I IFN response is the primary antiviral response in mammals, we tested the serum for 

levels of IFNb. Consistent with literature on wild type immune competent IAV/PR8 with 

intact immunomodulatory NS1 protein, we noticed that the IFN production was retarded 

in both WT and KO mice [Fig. 3.6D]. Next, we tested the IL1b level for inflammatory 

response. Again, the WT and KO mice produced comparable levels of IL1b [Fig. 3.6E]. 



Furthermore, the mRNA levels of inflammatory response genes IL-6, TNFa and CXCL10 

determined by quantitative PCR also did not show any significant differences between 

the KO and WT [Fig. 3.6F].  

 

Quantitation of the RNA levels of virus is an important tool but it may not reflect the 

difference in the numbers of actual infectious virions. Therefore, we extracted the lung 

cells and cultured primary lung fibroblast cells ex vivo. We infected these lung fibroblast 

cells with IAV/PR8, collected the supernatant and tested the infectious virus titer using 

plaque assay. Again, the number of infectious virions in both WT and KO were 

comparable [Fig. 3.6G]. The virus RNA levels in infected lung fibroblast cells as 

determined with quantitative PCR was also was comparable between the WT and KO 

[Fig. 3.6H]. These results collectively indicate that the inflammatory and antiviral response 

of both the WT and KO mice are comparable and may not contribute the differences in 

disease outcome. 
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Figure 3.6: Mm47 KO mice control IAV replication 
 
a-c. qRT-PCR quantitation of IAV/PR8 viral mRNA in mice lungs at day 2 and day 6 post 

infection for viral genes a) M1, b) PA, c) NS1. Each data point represents quantitation 

from individual mouse with black for uninfected, red for Mm47 KO and blue for WT. 

d. qRT-PCR quantitation of IFNb gene expression in mice lungs cells at day 2 and day 6 

post infection. Each data point represents quantitation from individual mouse with black 

for uninfected, red for KO and blue for WT. 

e. qRT-PCR quantitation of IL1b gene expression in mice lungs cells at day 2 and day 6 

post infection. Each data point represents quantitation from individual mouse with black 

for uninfected, red for KO and blue for WT. 

f. qRT-PCR quantitation of IL6, TNFa and CXCL10 gene expression in mice lungs cells 

at day 2 and day 6 post infection. Each data point represents quantitation from individual 

mouse with black for uninfected, red for KO and blue for WT. 

g. Foci forming unit (FFU) for IAV/PR8 from the supernatant of lung fibroblast of WT (left) 

and Mm47 KO (right) infected with IAV/PR8 for 24 hours. 



h. qRT-PCR quantitation of IAV/PR8 viral mRNA in mice primary lung fibroblast cells at 

12 hour and 24 hour post infection. 

 

Innate and adaptive cell subsets responding to IAV infection: The cells of 

hematopoietic origin, both myeloid and lymphoid cells, were enumerated in IAV infected 

mice lungs [Fig. 3.7A and 3.7B]. We challenged these mice with mouse adapted influenza 

IAV/PR8 strain and enumerated the immune cells patrolling the lung environment for 

response. The total lungs were collected from mice at day 2 and day 6 post infection, 

digested to obtain single cells and enumerated for myeloid, monocytes, macrophage and 

DC cells where we saw significant difference between total myeloid and monocyte cells 

[Fig. 3.7A] at day 2 post infection. Whether these cells migrated to the lungs or proliferated 

from resident cells of lungs could not be determined from our experiments. Furthermore, 

we do not see any significant difference between the macrophages, dendritic cell and 

neutrophils in lungs at day 2 and day 6 post infection. We also enumerated the total B 

cells, and T cells including CD4+ and CD8+ cells [Fig. 3.7B]. We do not observe 

significant difference in these lymphoid cells between the KO and WT mice. 

A.  

 



 

 

B.  

 

Figure 3.7: Myeloid and lymphoid cells numbers in infected mice lungs  

a. Flow cytometric enumeration of myeloid lineage immune cells in lungs at day 2 

post IAV/PR8 infection. From top left to bottom right the figure show total myeloid 

cells (CD11b+), Monocytes (CD11b+Ly6Chi), Macrophages (CD11b+F4/80+), 

Dendritic cells (CD11b+Cd11c+), and Neutrophils (CD11b+Ly6Ghi). Each data point 

represents a mouse with uninfected control mice in black, challenged WT in blue and 

challenged KO in red. Two-way analysis of variance (ANOVA) for multiple 

comparisons was performed for statistical test. 



b. Flow cytometric enumeration of lymphoid lineage immune cells in lungs at day 2 

post IAV/PR8 infection. From left to right the figure show B cells (B220+), total T cells 

(TCR+), CD4 T cells (TCR+CD4+) and CD8 T cells (TCR+CD8+). Each data point 

represents a mouse with uninfected control mice in black, challenged WT in blue and 

challenged KO in red. Two-way analysis of variance (ANOVA) for multiple 

comparisons was performed for statistical test. 

 

Immunoprecipitation of Mm47 identifies SLC35a4 uORF as a binding partner: Owing 

to the small sizes of micropeptides, they may function as a single domain protein that are 

specialized for a specific task. The previous work on antiapoptotic micropeptide Humanin 

shows that it functioned as a binding protein in cytosol for proapoptotic protein Bax to 

sequester it in the cytosol and prevent cell death. Similarly, the work on micropeptides 

Dworf and MLN showed that they both bound to calcium transporter SERCA and 

performed opposing function for increasing and decreasing calcium uptake by SERCA 

respectively. Therefore, we decided to find the binding proteins for Mm47 under the 

hypothesis that it may bind to at least one or more protein individually or in a complex. 

Using the anti-Mm47 antibody we created and validated, we immunoprecipitated Mm47 

in mice BMDM and performed mass spectroscopy to identify all the proteins we pulled 

down. Among the spectra of identified proteins was upstream ORF (uORF) of a Solute 

Carrier 35 family protein called SLC35a4, which is thought to be a probable UDP 

galactose transporter. Five separate peptides were identified in the mass spectroscopy 

covering 39% of the total length of the peptide [Fig. 3.8A]. The uORF of SLC35a4 is 

thought to be expressed in resting cells and modulate stress response of the cells. Here  



 immunoblotted for flag tagged SLC35a4 uORF which is coherent with the role of Mm47 

in Nlrp3 signaling, at least in cell systems. Further, we pulled down Mm47 and 

immunoblotted for the flag-tagged SLC35a4 uORF to validate the bonding. Conversely, 

we were able to pull down flag-tagged SLC35a4 uORF and see Mm47 also [Fig. 3.8B]. 

Whether Mm47 and SLC35a4 function as part of a larger protein complex could not be 

determined from our experiments. As both of these proteins are non-enzymatic 

micropeptides with any apparent functional domains, it is possible that they require a large 

protein or protein complex for their roles. 
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Figure 3.8: SLC35a4 uORF is a specific binding partner of Mm47 

A. Mass spectroscopic identification of SLC35a4 as a protein co-immunoprecipitated 

with Mm47. Mm47 was immunoprecipitated and run on SDS-gel followed by mass 

spectroscopy to identify all potential binding proteins. The upper panel shows the 

coverage of the mass spectroscopy and the lower panel shows the spectra for 

mouse SLC35a4 upstream ORF.  

B. SLC35a4 uORF was flag tagged and expressed in MEF cells. Immunoprecipitation 

of Mm47 and immunoblotting for Flag-tagged SLC35a4 uORF (upper), and 

immunoprecipitation of Flag-tagged SLC35a4 uORF and immunoblotting for 

Mm47 (lower) shows they bind specifically. 

 



Discussion 

The Mm47 constitutive knockout mice were susceptible to IAV infection and lost 

significantly more weight compared to the WT mice. At least half of the KO mice 

succumbed to the infection. While we could not see a specific Nlrp3 pathway defect in the 

Mm47 KO mice, there are clear differences between the responses of the mice. Cell 

systems are thought to be relatively simpler than a whole organism. The siRNA targeted 

cells and CRISPR-cas9-mediated KO cells lines used for testing the role of Mm47 may 

be unable to compensate for the loss of Mm47 in mitochondria, which upon subsequent 

challenge provided the signal to activate Nlrp3 dependent IL1b secretion. However, in the 

mice born with a constitutive knockout, secondary mechanisms to compensate for the 

Mm47-deficiency and regulate Nlrp3 may be triggered during growth and development. 

Our RNA sequencing results in untreated and LPS treated BMDM shows Mir-223 to be 

one such cellular component being differentially expressed to potentially fine tune the 

Nlrp3 signaling to control inflammasome activation. In this case, we believe that Mir-223 

may be expressed in basal state in WT mice to negatively regulate Nlrp3 activation. 

However, it is absent in basal KO mice to allow for the mitochondrial signal to activate 

Nlrp3 at low threshold. Upon LPS treatment the Mir-223 in WT is downregulated to allow 

for Nlrp3 signaling while in the KO where the Mir-223-dependent break is completely off 

expresses Mir-223 to apply break on overactivation of Nlrp3. 

 

Data from cells show that Mm47 overexpression in MEF causes mitochondria to undergo 

fission resembling mitochondria derived vesicles in stress response (98). However, in the 

same work we also tested the differences in ATP and ROS levels in MM47-deficient mice 



BMDM and did not find significant differences. Cardiolipin leakage from mitochondria 

could be another likely signal activating Nlrp3 in cells remains to be investigated (37, 45). 

In the mice however, these upstream signal activators of Nlrp3 do not activate Nlrp3, at 

least in response to the same challenges. However, the response to IAV infection in terms 

of Nlrp3 response and overall IL1b secretory canonical and non-canonical pathways 

remain to be tested.  

 

The level of antiviral and inflammatory cytokines in WT and KO mice in response to IAV 

infection combined with similar titers of virus indicates that the antiviral response may be 

similar in both mice. There are significant differences between the myeloid and monocyte 

cells in the lung at day 2 post infection, but not in macrophage and dendritic cell 

population. Whether these monocytes arrived in the lungs or proliferated there could not 

be concluded from our experiments. We also did not observe differences between the 

lymphoid cells in the KO and WT mice. Based on the high level of viral RNA at day 2 and 

but low levels on day 6 after infection, the virus is resolved in the WT and KO mice at 

similar rate. However, 50% of the KO mice to succumb in an extended period up to day 

16. Therefore, it is likely that the KO mice could not recover from the initial immune 

pathologies sustained during virus infection and antiviral response. In order to ascertain 

the extent of lung pathology and resolution, we need histological samples from these mice 

at various time points. In the WT mice, we anticipate the lungs to recover with normal 

wound healing. However, in the KO, we believe the wound healing could be 

compromised.  

 



Wound healing is a complex phenomenon involving actions of multiple cell types, growth 

factors, and extracellular matrix proteins beginning from the initial response to the trigger 

to final homeostasis. For example, following the infection by IAV, the lung resident or 

patrolling monocytes and macrophages may identify the virus PAMP or DAMP and initiate 

antiviral response including producing cytokines and antiviral proteins. Higher number of 

monocytes infiltrate the lungs from 48-72 hour post infection. We do observe increased 

myeloid lineage cells (CD11b+), specifically monocytes (CD11b+Ly6Chi), between the 

uninfected, WT and KO mice. The significant difference in the monocyte cells in lungs 

between the WT and KO mice may be resulting in the difference in disease outcome.  Of 

not, we do not see increased IFN, but we do observe increased inflammatory cytokines 

like IL-6, TNFa and CXCL10 in infected mice (both WT and KO) at day 2 post infection. 

The cytokine storm and resulting immune pathology is an unintended consequence of 

immune response. The virus RNA also is rapidly multiplying in these mice lungs, in 

addition to causing immune activation, may lead as yet unidentified path to cell death.  

Whether these injuries are occurring to the same extent in WT and KO mice, and whether 

they heal equally needs to be investigated. 



Chapter 4: Discussion, perspective and implications 

 

Biology is as adaptable as the environment challenging it. Macromolecules that can 

broadly be categorized as DNA, RNA and proteins together perform broad range of 

functions that make life possible. Using our available tools, we attempt to understand and 

define general rules for their molecular and functional interactions. Every established rule 

seems destined to be challenged by new discovery, and sometimes proven inadequate 

and sometimes inaccurate (131). We believed that the central dogma was DNA templates 

transcribing RNA messengers, which would be translated into executioner proteins. Then 

we discovered noncoding RNAs, including lncRNAs, which functioned as a bonafide and 

versatile molecules without needing to translate for proteins. However, not all lncRNAs 

turned out to be noncoding (91, 132). There are examples of lncRNAs that function as a 

true RNA molecule, and also have protein products for additional function (74, 105, 126). 

We set out to study the role of an annotated lncRNAs in immune regulation. Every new 

finding led us to describe a stably expressed and highly conserved micropeptide encoded 

from a small ORF localized on the mitochondria (98). It regulated downstream 

inflammatory signaling in cells, and may have protective antiviral or recovery function in 

mice. 

 

Coding potential of RNA transcripts 

In the past decade, ubiquity and accessibility of high throughput genomic sequencing 

ability has given us a wealth of data. While our computational capabilities and analysis 

pipelines have become sophisticated, they are nowhere near adequate. The conventional 



methods of protein analysis using various electrophoretic mobility-based separation 

methods had limitation of sizes for experimental analysis (65, 91). For example, most 

western blots were designed to probe >10 kDa protein. Furthermore, it was difficult to 

generate antibodies against smaller proteins since they have fewer numbers of antigenic 

segments (91). Therefore, only with the recent improvements in computational analysis 

pipelines for large genomic and transcriptomic data, we have started exploring the short 

ORF encoded peptides. 

 

Commonly used analysis to discover translatable protein ORFs are starting to include 

shorter ORF of <300 nucleotides which were disregarded earlier due to their high 

abundance in DNA and RNA sequences and low confidence in predictive capability of 

algorithms. The presence of translatable features on a RNA transcript like 5’-UTR, Kozak 

sequence, 3’-UTR, and most importantly start codon and stop codon with ORF that show 

high level of evolutionary conservation gives increased confidence for protein expression 

from a RNA transcript (91, 94, 126, 133, 134). The recent availability of genomic and 

transcriptomic data of many different species across various clades makes it possible to 

test for evolutionary conservation (91, 92, 133). The protein coding genes and their RNA 

transcript show high degree of conservation between species. What’s more impressive is 

that we can now compare protein encoding and noncoding RNA transcripts in the same 

animal.  This comparison determines allelic variations of noncoding and protein encoding 

genes to predict whether it is conserved or not. This method was employed by Gutmann 

et al to compare all unidentified transcripts with known protein coding genes to predict 

thousands of lncRNAs (72, 91, 94). 



 

While the high throughput sequencing data and computational analysis have enabled us 

to go further, there is really no parallel for good old experimental verification. We found 

many putative protein coding genes in human cells of hematopoietic origin, including DCs 

and macrophages via computational analysis of publicly available data. However, not all 

of the putative ORFs expressed micropeptides. For instance, recent work from Jackson 

et al used ribosome-tagging to purify ribosome associated RNA transcripts as a starting 

point to discover many canonical and noncanonical ORFs. They went on to functionally 

characterize AW112010, a micropeptide that is protective against Salmonella 

typhimurium. Same work also shows Mm47 as a potentially noncanonically translated 

ORF (99). Our experiments clearly show that out of the many potential ORFs present on 

Mm47 transcript, only one canonical AUG start site is used for translation of Mm47 (98).  

 

We set out to discover and characterize lncRNAs that regulate innate immunity. However, 

there are many misannotated lncRNAs that encode for micropeptides. Particular attention 

is required when a lncRNA is localized in the cytosol where translation is one of the 

potential outcomes for RNA transcripts (73, 94). Indeed, many annotated lncRNAs have 

now been discovered to encode for proteins. Moreover, there are RNA transcripts that 

are believed to function as bonafide RNA species without being translated, except they 

may produce readthrough peptide as a result of ribosome scanning. These peptides may 

not be stable but are believed to create “noise” in mass spectroscopy data sets. Combined 

with this noise and the small size of these micropeptide have led to systematic failure on 

our part in discovering them (65, 91). All the lncRNA candidates that we investigated had 



ORFs but only Mm47 was highly conserved across many species. Using in vitro 

translation with S35-labeled methionine, we detected a micropeptide of 5.1 kDa size that 

we were able to epitope tag and stably express in cells. We functionally characterized this 

micropeptide, and found that it was needed in (98).    

 

Our work presents a discovery of Mm47 micropeptide in mice and human, and 

experimental validation. Looking at large datasets generated from Ribosome profiling in 

recent years, we observe that there were strong predictions for protein-coding potential 

of Mm47 transcript in mice. The ribosome protected fragments of Mm47 transcript show 

signatures of polysome binding (94, 135). Recently, Jackson et al also used Ribo-seq to 

discover Mm47 as a potentially translated ORF in mice (99). Additionally, there is high 

degree of conservation of the RNA sequence itself in the ORF with very similar sequences 

in mice and human. Furthermore, the mass spectroscopy of full proteome generated in 

bovine heart and mitochondrial proteins have shown partial sequences of Mm47 (118, 

136). Based on these studies, one could not ascertain if Mm47 was stably being 

expressed and functional. With our biochemical and molecular experiments, we 

conclusively show that this highly conserved micropeptide is stably expressed in animals.    

 

Conservation of lncRNAs and micropeptides 

Conservation of sequence and function are important determinants of evolutionary 

positive selection. While such comparison is relatively easier for large proteins, it is still a 

developing science for lncRNAs and micropeptides (137) (65, 91). For lncRNAs, 

sequence conservation is usually observed in very closely related species, specifically in 



cases where the lncRNAs form sequence-dependent binding for their function. In many 

cases lncRNAs function may depend on secondary structures (64, 65). These lncRNAs 

do not show strong conservation of sequence. The number of lncRNAs that show strong 

sequence conservation in difference species are very small. Of the > 10,000 currently 

annotated human lncRNAs, approximately 100 have homologs in fish, approximately 300 

in non-mammalian vertebrates, and over a thousand have sequence-similar counterparts 

in other mammals. For example, the lncRNA in the eutherian X-inactivation center—XIST 

is conserved across mammals (138). 

 

Our analysis tools have become efficient in tracking the features arising from evolutionary 

duplication, divergence and conservation. This strategy is used for both lncRNAs and 

micropeptides (69, 75). The Guttman et al project found that the lncRNAs show clear 

sequence conservation when compared to the intergenic regions in the same species 

(72). However, many bonafide lncRNAs do not show strong sequence conservation 

between different species rather rely on conservation in synteny and secondary structure 

that contributes to function (72, 82). When we investigate the micropeptides, we see that 

the protein coding region and the promoter region show stronger evolutionary 

conservation between different species as observed by comparing codon substitution 

frequency and phylogenetic conservation. In addition, these ORFS show strong 

conservation compared to intergenic regions in the same species (72, 91, 94, 133, 134).  

 

Gene duplication and divergence have been thought to be major drivers of genetic 

evolution for a long time. Recently, we are beginning to learn that many de novo genes 



are emerging in humans and other animals to drive evolution actively. These new genes 

are shorter, both with respect to gene length, as well as open reading frame length. They 

contain fewer exons, have fewer recognizable domains, and sometimes may occur within 

existing genes as alternative ORFs. Some of the predicted micropeptides that do not 

show evolutionary conservation are among these new genes (137, 139). In addition to 

newly emerging micropeptide genes, the discovery of functional non-canonical 

micropeptides creates another interesting layer to micropeptide investigation (99). 

Whether these non-canonical micropeptide expressing genes are newly emerging or 

already widely prevalent and conserved remains to be explored. The Mm47 micropeptide 

shows strong evolutionary conservation between various species from C. elegans to 

humans. Between mice and humans only two synonymous amino acid substitution exist, 

indicating that at least Mm47 is an old gene, potentially with a conserved functional role.    

 

Functional role of micropeptides in inflammation and death 

Micropeptides are increasingly being discovered in various basic functional roles. It is 

becoming more apparent that the variety of micropeptides is comparable to the variety of 

proteins we have in cells. But the field of micropeptides is still young and the tools to 

systematically study them are being developed. Concerted effort to study micropeptides 

that are functional in immunity are only beginning to be undertaken.  

 

The micropeptides are by definition small proteins translated from a small ORF. In 

defining the micropeptides, we categorize these standalone peptides as separate from 

anti-microbial peptides, signal peptides and neuropeptides which are part of bigger 



proteins and are cleaved to obtained the functional polypeptide (91, 140-142). With our 

historical context of studying mRNAs that are longer and then discovering lncRNAs fairly 

recently, we were deliberately not looking at small proteins. However, now that we have 

adjusted our computational pipelines to discover smaller peptides, it seems like potential 

micropeptide encoding sORFs are everywhere (133, 134). Whether these sORFs indeed 

produce functional SEPs needs experimental verification. 

 

We have evidence that some of the RNA transcripts that harbor small ORFs have been 

misannotated as lncRNAs. The recent examples of micropeptide discovery have come 

from investigation of annotated lncRNAs for their coding potential. DWORF and MLN 

were discovered in annotated lncRNAs and were found to enhance or dampen calcium 

uptake by calcium transporter SERCA in the endoplasmic reticulum of muscle cells (105, 

126). The investigation of possible downstream immune function was outside the scope 

of these projects. It must be noted that calcium signaling is critical for many different types 

of cell signaling, including immune signals (143, 144). Recently, identified and 

characterized micropeptide Aw112010 was identified using HA-tagged ribosome 

expressing mice in all the LysM-expressing cells like macrophages. This micropeptide 

represents the first in class discovery for a functional micropeptide translated from a non-

canonical (non-AUG) start site. The non-canonical start site of this micropeptide would 

make it unlikely to be discovered if not for an unbiased approach to identifying entire 

proteome in mice BMDM infected with Salmonella typhimurium. The expression of 

Aw112010 was shown to be essential for mucosal immunity against Salmonella 

typhimurium (99).   



 

There have been other micropeptides discovered in regulating inflammation and cell 

death. For example, Humanin is required to bind to proapoptotic protein Bax and 

sequester it to cytosol for preventing cell death (96). Similarly, in DC cells, a micropeptide 

called P155 expressed from annotated lncRNA Mir155HG is needed to regulate clathrin-

mediated endocytosis of MHC class II antigens (145).  

 

We discovered Mm47 micropeptide being encoded by an annotated lncRNA gene 

1810058I24Rik at basal condition from a canonical start site. The expression of Mm47 

was necessary in cells for Nlrp3 signaling (98). Moreover, mice lacking Mm47 expression 

succumb to influenza infection, the exact mechanism for which remains to be explored. 

Our work shows that in mice BMDM with Mm47 targeting by siRNA or CRISPR-cas9, the 

cells become incapable of signaling through the mitochondria-Nlrp3 axis. This defect 

leads to reduced maturation and secretion of IL1b.  We did not observe differences in cell 

death between the WT and Mm47 KO cells. While reduced IL1b may lead to reduced 

inflammation, a robust inflammatory response is a part of immune clearing of infecting 

pathogens. Testing for response in live mice challenged with LPS, we noticed that IL1b 

production was robust. It is likely that the germline KO of Mm47 allows for the mice to 

compensate for its Nlrp3 signaling defect. However, Mm47 KO mice challenged with 

influenza are susceptible and succumb. As of now, our tests have been largely centered 

around testing the inflammatory phenotype of macrophage cells. The Nlrp3 signaling 

appears to be a part of this response but does explain the full spectrum of phenotypes.   

 



Taken together, all these examples of micropeptide being expressed from RNA 

transcripts harboring small ORFs tell a story that micropeptides in various cell types are 

needed for normal functioning of cells and immune system.  

 

Model for function of Mm47 in cells and mice 

In the mice BMDM cells where Mm47 is targeted by siRNA or Crispr-cas9, we observe 

specific and strong impairment Nlrp3 activation and downstream IL1b maturation. 

Meanwhile, the other inflammasome sensors like Aim2 and Nlrc4, and their downstream 

signaling are normal. A large body of evidence suggests that Nlrp3 acts as a general 

sensor of cellular homeostasis that detects changes in cytosolic sanctity based on danger 

signals like ion balance, crystals, and mitochondrial leakage products like mtDNA, ROS, 

ATP, cardiolipins and cytochrome C (34, 43, 46, 146). We did not observe any difference 

in ROS and ATP levels between the WT and KO cells. Meanwhile, the signaling from 

mitochondria to Nlrp3 occurs normally in WT cells leading to robust caspase-1 activity 

and IL1b maturation. As a specific binding partner of Mm47, the SLC35a4 uORF localized 

on the trans-golgi network. 

 

In BMDM cells, our data shows that RNA polymerase II in cells at basal state transcribe 

Mm47 RNA. This RNA is processed, spliced and polyadenylated. The mature RNA 

translocate to the cytosol where one of the open reading frames is translated by 

ribosomes to make Mm47 micropeptide. This micropeptide localizes on the mitochondrial 

outer membrane. Upon LPS sensing by TLR4, the Mm47 is transcriptionally 

downregulated. While at the same time, TLR4 signaling activates transcriptional 



upregulation of multiple immune response genes, including the components of Nlrp3 

pathway, in a process called priming. When the cell sees a second signal like pore-

forming toxin Nigericin or extracellular ATP, it activates Nlrp3 inflammasome through 

mitochondrial disbalance and potential leakage of mitochondrial components like mtDNA, 

cardiolipins, etc. Our tests show that mitochondrial ATP and ROS are not affected by 

Mm47 KO. The SLC35a4 uORF discovered to bind Mm47 specifically plays a role that is 

a yet to be understood. Downstream from Nlrp3 inflammasome formation, we get a robust 

IL1b maturation and secretion. The Mm47 KO cells fail to activate Nlrp3 and therefore 

lack the downstream IL1b maturation. 

 

 

 



Figure 4.1: Model for Mm47 function in cells.   

a. Signal 1 is a PAMP or DAMP sensed by PRRs like TLR and RLR. The sensing of 

Signal 1 leads to transcriptional upregulation of IRGs (immune response genes) 

by transcriptions factors IRF-3 and -7 and NF-kB in a process called Priming. A 

subset of IRGs are components of the Nlrp3 inflammasome pathway, namely 

Nlrp3, pro-Caspase-1, IL-1b, IL-18 and Gasdermin-D. The Signal 2 is an unspecific 

signal like ion disbalance, crystals, ATP, mtDNA, cardiolipins or cytochrome C that 

is sensed by Nlrp3. Activation of Nlrp3 leads to inflammasome assembly signaling 

and downstream cleavage of pro-forms of IL1b, IL18 and full length GSDMD to 

produce their active forms. The GSDMD forms cytoplasmic pores for secretion of 

IL1b and IL18. The WT cells with Mm47 have normal mitochondria-to-Nlrp3 

signaling which may partly depend on SLC35a4 uORF. In the Mm47-deficient 

cells, this mitochondria-Nlrp3 signaling is impaired leading to stunted downstream 

signaling and lack of IL1b maturation. 

 

Moving on from cell system to live mice, we observe that LPS challenge of mice leads 

to robust IL1b maturation in both Mm47 KO and WT mice. Also, macrophage cells 

derived from these mice show robust IL1b in response to LPS and nigericin challenge, 

indicating at least these germline KO mice may have compensated for the requirement 

of Mm47 during growth and development.  There could be a number of factors 

involved in allowing the mice to bypass the mitochondria-Nlrp3 signaling defect, 

ranging from cell intrinsic pathway rewiring in macrophages to contributions from other 

hematopoietic and non-hematopoietic cells. One example of pathway rewiring in 



macrophages is the alteration in expression pattern of Mir-223. It is strongly 

downregulated in resting macrophages from Mm47 KO mice likely to reduce the 

threshold of Nlrp3 activation, and upregulated with LPS treatment likely to prevent 

hyperactivation of Nlrp3.  

 

While the KO mice show robust inflammatory response to LPS, they are highly 

susceptible to influenza A virus and die at a later timepoint. Given the comparable 

responses in inflammatory cytokines and antiviral response, points to the possibility 

of increased immune pathology or defect in wound healing. For WT mice, TLR-3 and 

-7 and RIG-I receptors identify viral RNAs (i.e. the 1st signal) to transcriptionally prime 

the cells (34). While mitochondria-Nlrp3 axis may be rewired in these mice, the 

influenza virus has other activators (i.e. the 2nd signal) of Nlrp3 as well which may 

allow for robust IL1b secretion in infected animal. For example, the M2 ion transporter 

of influenza virus is known to activate Nlrp3. Similarly, virus replication in nucleus, 

which is initially sensed by ZBP1 sensor, also activates Nlrp3 (127, 147, 148).  

 

In our experiments we tested the protein levels of inflammatory cytokines in animal 

serum and correlated it with mRNA level in the whole lung samples of these mice. 

This data lacks the finer detail of which cell type is responsible for producing the 

cytokines, and the differences between the contributions of various cells types. 

Furthermore, the quantitative PCR levels of IAV RNA in the lungs does not answer 

whether the number of infectious viruses were also present in similar titer in the lungs 

of the WT and KO mice. Finally, to get a complete picture of the in vivo relevance of 



Mm47, it is necessary to test the lungs health while resting, and the complete course 

of infection from immune pathology to healing where all the cells, including 

hematopoietic and nonhematopoietic, are equally important. 

  

Implication of role of Mm47 in NLRP3 signaling in cells and mice 

Mitochondria is an immunometabolic center where many different pathways meet. As the 

powerhouse of the cell, mitochondria are fine-tuned to respond to the changes in cellular 

environment to meet the cellular energy needs (48, 149, 150). The LPS-TLR4 signaling 

leads to metabolic reprogramming of macrophages and DCs over a period of 24 hour 

following exposure (6, 149, 151). This reprogramming involves a break in Krebs cycle 

causing the accumulation of pro-inflammatory metabolites like succinate which stabilizes 

transcription factor hypoxia-inducible factor-1α (HIF-1α). Stabilized HIF-1α is an important 

transcription factor for activation macrophages, a process also called priming by 

transcribing many genes including pro-inflammatory cytokine gene IL1b (121, 152, 153). 

Similarly, normal functioning of complex I, II and III of the electron transport chain have 

been shown to be important for ATP production during homeostasis, but following LPS 

signaling, these complexes allow reverse electron transport and free radical production. 

These radicals called reactive oxygen species may be directly bactericidal or may affect 

transcription factors HIF-1α stabilization. ROS is also known to increase mitogen 

activated protein kinases (MAPKs) such as c-Jun N-terminal kinase (JNK), extracellular 

signal-regulated kinase (ERK) and p38 MAPK phosphorylation in response to LPS and 

contribute to increased cytokine levels (36, 149, 152, 154). Moreover, mitochondrial 

integrity as determined by the separation of cytosolic and mitochondrial components play 



a role in signaling the homeostasis, or lack of, in cells. Following LPS treatment of BMDM, 

mitochondrial components like DNA, cardiolipins and cytochrome C may leak into the 

cytosol and activate Nlrp3 inflammasome (35, 37, 48). Another important pathway that 

depends on mitochondria is Rig-I-like receptor pathways. The adaptor MAVS downstream 

of the RLR is localized on the mitochondria and is required for signaling to activate 

downstream transcription factors, IRF3 and IRF7 (155, 156). 

 

In light of mitochondria acting as a hub for all these pathways, we thought the location of 

Mm47 was interesting. Indeed, mice BMDMs targeted with siRNA and CRISPR-cas9 for 

Mm47 expression fail to activate Nlrp3 inflammasome. Using mitochondrial signal ATP, 

danger associated signal silica and potassium ionophore nigericin, we demonstrated 

specific impairment in Nlrp3 signaling in the cells lacking Mm47 expression. We did not 

see any defects in other NLR pathways. Nor did we notice any transcriptional differences 

between the priming of WT and Mm47-deficient cells measure by Nanostring test of 

hundred known inflammatory immune response genes. This Nlrp3 specific defect could 

be rescued in Mm47 KO iBMDM cells by reintroducing the expression of Mm47. It seems 

that the defect in inflammasome activation was at the level of signaling between 

mitochondria and Nlrp3. The comparable levels of inflammatory gene expression is 

consistent with this scenario. Also, the level of ROS in both WT and KO cells were 

comparable making it possible for similar stabilization of HIF1a and downstream gene 

transcription (52, 98, 122, 157). 

In the live mice and BMDM derived from germline KO mice, however, the requirement of 

Mm47 for Nlrp3 activation was compensated possibly by reducing the threshold of 



activation by reducing level of Mir-223, a known negative regulator of Nlrp3 activation 

(129). The lack of expression of Mir-223 in the RNA seq dataset of resting BMDM of KO 

mice indicates that Mir-223 is suppressed to prevent it from negatively regulating Nlrp3 

activation. However, after LPS-priming of macrophages, the Mir-223 is expressed in order 

to prevent hyperactivation of inflammasome signaling. The quantitative PCR 

experimental validation of expression level of MiR-223 in the BMDM of the KO and WT 

mice challenged with LPS combined with immunoblot analysis for the protein level of 

Nlrp3 would be potential methods for assessing the relationship of Nlrp3 and Mir-223. 

The Mir-223 differential regulation was not observed in the RNA sequencing dataset of 

IFNg treated BMDM from both WT and KO mice, indicating that its activity may only be 

important in LPS-TLR4 signaling and may not be a significant factor in antiviral immune 

response. In sum up, following infection of IAV, testing for Nlrp3 inflammasome activation 

and subsequent IL1b maturation in the mice lungs, bronchoalveolar lavage and serum 

and correlating it with miR-223 levels is one of the important areas to investigate. 

 

Implication of antiviral function of Mm47 in mice 

Infection with Influenza virus is more complex compared to exposure to pure antigenic 

microbial product like LPS. The mouse adapted IAV/PR8 is an immune competent virus 

with many antigens and immune modulator (158-160). For example, the viral RNA is 

sensed by Rig-I and MDA5 in cytosol. The RLR respond by activating type I interferon. 

This IFN response in respiratory epithelial cells, help in creating an antiviral environment 

and recruiting APCs to the site of infection (27). The APCs like macrophages and DCs, 

are elite cells that take up via endocytosis and macropinocytosis the PAMPs and DAMPs 



around the site of infection as soon as they arrive to the site (161). In addition to 

responding to the cytokine signal from respiratory epithelial cells, the APCs are decorated 

with endosomal TLRs APCs like TLR3 and -7 which identify the viral RNAs and further 

respond by upregulating type I interferon and priming the cells (55). In addition, ion 

channel M2 of IAV also known to activate Nlrp3 inflammasome and lead to IL1b 

maturation in primed macrophages (127). Similarly, recent work shows that replication of 

IAV in the nucleus is sensed by Z-DNA binding protein 1 (ZBP1) leading to one of many 

outcomes like activation of Nlrp3-Caspase-1 dependent pyroptosis, Caspase8-

dependent apoptosis or even RIPK3-MLKL dependent necroptosis(147, 148). 

Meanwhile, the IAV/PR8 is a immunocompetent virus with NS1 nonstructural protein 

blunts interferon production by targeting ubiquitin ligase TRIM-25 to prevent ubiquitination 

of the N-terminal CARD domains of the viral RNA sensor RIG-I (162). Furthermore, NS1 

has been shown to inhibit host mRNA export and processing to shut down the host 

translation machinery (163, 164).  

 

In mice lungs, the subsets and lymphoid cells, namely B cells and T cells (CD4+ and 

CD8+) were comparable between the WT and KO mice at day 2 and 6 after IAV infection. 

These cells make up the adaptive response arm of immune response and are more 

specific and effective in the late timepoints measured in weeks. The early responders of 

myeloid subsets that include monocytes, macrophages, DCs, and neutrophils showed 

increase in total myeloid, specifically monocyte cell population at 2-day post infection in 

WT mice lungs. Whether these monocytes are circulating monocytes that arrived to the 

lungs or proliferated in the lung environment from resident stem cells could not be 



ascertained. Previous work to determine the response of resident and circulating myeloid 

cells show that the circulating monocyte cells are primarily responsible for the increased 

inflammatory response in site of infection and injury (8, 165, 166). These cells are also 

responsible for producing inflammatory cytokines like TNFa, IL6 and CXCL10. Despite 

the higher level of monocytes in WT lungs after IAV infection, the similarity in mRNA levels 

of the inflammatory cytokines in the whole lungs do not suggest the higher contribution of 

monocytes in inflammatory response in WT mice. The PCR based quantitation for 

expression for these genes in total lungs of KO mice show higher trend but are not 

significantly different compared to the WT. Whether the monocytes in these mice 

differentiate into more reparatory anti-inflammatory macrophages is a question that needs 

to be explored in the future. Since the lungs epithelial cells are the primary target for IAV 

infection, one important line of inquiry is to determine the presence of specific cytokines 

produced by these cells that help differentiate the WT monocytes (potentially for repair) 

while failing to do so in Mm47 KO mice.  

 

The type I IFN response was weak with very low levels of IFNb in serum of both WT and 

KO mice infected with IAV/PR8, probably due to immunomodulatory effects of viral NS1. 

In contrast, the lung primary fibroblast cells form the KO and WT mice grown in tissue 

culture setting showed upregulated IFNb mRNA levels but were comparable for both WT 

and KO. However, in both cases, there was no difference in virus titers. For total mice 

lungs we determined virus levels using quantitative PCR of viral RNA, and for the lung 

primary fibroblast cells we tested by histochemistry-based plaque assay. It appears that 

the type I IFN response and direct antiviral activity of live mice and mice-derived primary 



fibroblast cells are not affected by Mm47.  Although more tests in the mice lungs and 

bronchoalveolar lavage for virus titer and cytokine levels is needed the pilot experiments 

indicate that the immune genes mRNA level in complete lungs, cytokines levels in serum, 

IFN response and cellular response by monocytes appear relatively similar in both WT 

and KO mice.  

 

While immune response may be comparable, the immune pathology incurred may not be 

similar for these mice. Whether the deficiency of Mm47 affects tissue strength and 

resilience against antiviral influenza response is yet to be investigated. Wound healing is 

a complex phenomenon that starts as soon as the injury occurs (167). In this case, we 

believe that the IAV infection of lungs leads to local inflammation and some cell death 

which release PAMPs and DAMPs in the extracellular matrix. Also, the blood vessels of 

lungs may become inflamed and leak allowing for a process called hemostasis when 

formation of Platelets driven matrix occurs for immune responder to arrive to scene. The 

Platelet degranulation further release chemokines like TNFa, IL1b, IL1a, CXCL8, CCL2, 

etc. to attract more neutrophils, monocytes, and DCs (9, 166-169). These elite cells 

quickly pick up the DAMPs and PAMPs from the injury site and respond by initiating a 

stronger antiviral and inflammatory response (167). These steps include hemostasis 

(minutes to hours after injury), inflammation (days 1–3), proliferation and repair (days 4–

21), and lastly, wound remodeling (days 21–365) (167). In our mice, we do not see major 

differences in the hemostasis and inflammation stages. Also, our mice are infected by 

influenza which would require T cell activity also at a later time point. Specifically, CD8+ 

cytotoxic T cells and CD4+ helper T cells develop to counter the virus infection in about 



a week (167, 170). At least up to day 6 post infection we do not see any difference 

between the T cells subsets of WT and KO mice. Furthermore, the viral mRNA levels are 

low enough to indicate successful resolution of infection. Therefore, the real difference 

between the two mice may be in the later part of wound healing involving repair.  

 

The repair stage is a complex long-term process that we have not even begun to 

investigate in our Mm47-deficient mice. As the PAMPs and DAMPs dwindle in the lungs, 

the apoptosed neutrophils are taken up by pro-inflammatory macrophages to clean up 

the site (167, 171, 172). The source of these reparative macrophage is an area of 

investigation with some sources showing them as arising from the alveolar macrophages 

(173) while some showing circulatory macrophages differentiating into these reparatory 

cells (166). The action of efferocytosis is one of the triggers for macrophages to convert 

into anti-inflammatory and reparative cells. The other mediators of repair signal include 

glucocorticoids, IL-10, prostaglandins, the IL-4/IL-13 pathway (167, 171, 172). At least 

one work testing the differentiation of macrophages to reparative type cells from Chen et 

al found Arg-1, Ym1 and “found in inflammatory zone1” (Fizz1) as unique markers that 

are significantly upregulated by influenza during recovery. In addition, the expression of 

anti-inflammatory cytokines IL-10 and TGF-b we also highly corelated with repair (173). 

Recent work has also implicated T regulatory cells and microRNAs in providing the signal 

to macrophages to switch to reparative type by blunting inflammatory signaling and 

producing growth factor for extracellular matrix synthesis, angiogenesis, and fibroblast 

proliferation (174-176).  Whether any step in this process may be impaired in Mm47 KO 

mice remains to be investigated. Given the high number of mice that die in the second 



week of infection, and not earlier, indicates failure in repair of the wounds. We do observe 

that the proinflammatory cytokines and viral titers are lower on day 6 indicating reduction 

in the PAMP and DAMP. Whether the reparative macrophages and downstream 

proliferation of lung tissue occurs normally is still in question. 

 

One other area of future investigational interest is the identification of SLC35A4 uORF as 

a binding partner of Mm47 using immunoprecipitation followed by mass spectroscopy. 

Biochemical validation of this interaction was made using overexpression of flag-tagged 

SLC35a4 uORF in MEF cells and performing immunoprecipitation and immunoblotting 

for Mm47 and vice versa. The activation of Protein Kinase R (PKR) in cells by double 

stranded RNA is known to activate PKR and cause downstream phosphorylation of 

eukaryotic translation initiation factor (eIF2a) (177, 178). This activated eIF2a shuts down 

translation in the cells for most known mRNAs except for a small subset of mRNAs that 

are need for stress response like mammalian ATF4 (a cAMP response element binding 

transcription factor) and CHOP (a pro-apoptotic transcription factor). Interestingly 

enough, the SLC35a4 uORF, and the full protein, both are known to be translated during 

stress response in HEK293T cells (179, 180). Whether this regulation of SLC35a4 is 

conserved in mice cells, specifically immune cells would be helpful in understanding if 

Influenza infection affects expression of full-length protein or uORF of SLC35a4, and its 

downstream effect.  

 

Future direction in discerning the role of Mm47 



We discovered Mm47 encoding gene as a potential lncRNA gene. Looking into the most 

upregulated and downregulated genes in LPS-stimulated BMDM, we hoped to discover 

noncoding RNA transcripts that would be regulated in TLR4 signaling in order to recruit 

their help in regulating the response to LPS. In other words, we reasoned that 

identification of functional lncRNAs in innate immune regulation by investigating “guilt by 

association” was a reasonable starting point for discovery. We shortlisted about 50 

different lncRNAs that were transcriptionally regulated by more or less than log2 fold 

change of 2 in BMDMs. The gene 1810058I24Rik was highly expressed basally, 

downregulated in response to LPS and conserved in mice and human. In vitro translation 

with S35-labeled methionine and cell-based expression assays revealed that it encodes 

for 47 amino acid micropeptide localized on the mitochondrial outer membrane, thus we 

named it Mm47. Functional investigation in immortalized and primary BMDM using loss 

of function approach showed that Nlrp3 signaling and downstream IL1b maturation was 

impaired in cells lacking Mm47. However, when we created Crispr-cas9 targeted mice, 

we did not specifically observe defect in IL1b production in mice upon LPS challenge, and 

in mice derived macrophages upon LPS and nigericin challenge. However, the Mm47-

deficient mice are highly susceptible to influenza infection and succumb. While the 

inflammatory and antiviral response of both WT and Mm47 KO mice, and the viral titers 

are comparable, the lung pathology remains to be investigated. It is likely that the lung 

injury arising from IAV infection is not being repaired well in the Mm47-deficient mice. The 

specific defect in repair mechanisms also need to be investigated. 

 



In the quantitative PCR based assay of the infected lungs we observe minor differences 

in the inflammatory and antiviral genes of WT and KO mice. An unbiased approach to 

quantitating the gene expression profile of these mice at various time points may reveal 

specific pathway defect or cytokine expression differences. Also, in the repair phase in 

the later timepoints, we would expect the anti-inflammatory and reparative factors to be 

differentially expressed contributing directly to failure of recovery in KO mice.   

 

The macrophage cells are known to polarize either as inflammatory or reparative based 

in the needs of the local environment (166). While our initial experiments do not indicate 

much difference in terms of their inflammatory function, we have yet to test their reparative 

function. One way of testing anti-inflammatory and reparative function of macrophages is 

to test for efferocytosis. Efferocytosis is the process where macrophages take up debris 

and dead cells from the surrounding by endocytosis and pinocytosis (167).  

 

Immunoprecipitation of Mm47 followed by and mass spectroscopy identified SLC35a4 

uORF as protein that specifically binds with Mm47. It is yet not clear whether this binding 

occurs as part of a protein complex or independently. Therefore, using biochemical 

method to label all protein that interact with Mm47 to identify them would help in 

answering this question. For this purpose, we could fuse Mm47 with ascorbate 

peroxidase (APEX) enzyme to create Mm47-APEX. Expression of the APEX fusion 

protein followed by treatment of cells with hydrogen peroxide (H2O2) in the presence of 

biotin-phenol covalently labels proteins proximal to the APEX fusion protein with biotin 



(136, 181). Then using mass spectroscopy, we could identify all the biotin labeled protein 

to reveal proteins that interact with Mm47, transiently or stably (181).  

 



Conclusion 

The work presented in the thesis advances our understanding of the coding potential of 

RNA transcripts harboring short ORFs that are functionally relevant for immune response 

and even survival following virus infection. We show that an annotated lncRNA gene 

1810058I24Rik (Mm47) encodes for a highly evolutionarily conserved and abundant 

micropeptide that localized on the mitochondria. In cells, the presence of this 

micropeptide ensure the normal activation of Nlrp3 signaling following mitochondrial 

signaling event. The Mm47 germline-knockout mice appear to have compensated for the 

requirement of Mm47 for mitochondria-dependent Nlrp3 signaling but become highly 

susceptible to influenza infection and cannot recover back to health. This project 

highlights that evolutionarily conserved short ORFs exist in transcriptome that are 

misannotated as noncoding RNAs, but are translated to make micropeptides that perform 

basic functions to affect inflammatory responses of cells, and antiviral fitness of animal. 

 

  

 



Appendix I: LncRNAs candidate screening and selection 
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Appendix I: 

a. Log2 fold change of all genes transcriptionally regulate by LPS signaling in mice 

BMDM cells at 6 hour post treatment. The red dotted line demarcates log2 

foldchange of 2, a cutoff for considering genes for further investigation. 

b. Heatmap showing the upregulation (red) and downregulation (blue) of the 

shortlisted genes in mice BMDM. From left to right no treatment, polyI:C, TNFa 

and IFN-I. 

c.  5’-RACE (upper) and 3’-RACE (lower) determines the ends of RNA transcripts 

Gm12840, Gm26809, Gm11216 and 1810058I24Rik. With Reverse transcriptase 

(RT) and without RT reaction were carried out. Corresponding sizes of the 

amplified  fragment are shown in gel electrogram. 

 

  



Appendix II: SEPs in mice and human 

 

Appendix II 

a. Putative micropeptides encoding genes identified in human and mice cells of 

myeloid lineage. The spectra identified, BLASTp coverage percentage and 

location are specific for human genes.   

 

Peptide BLASTp 
coverage %

Accession matching Chromosome Start End

AGNIELFSK 66% XP_011516714.1 chr15 40332336 40332383
AQIIPLR 85% XP_011527570.1 chr1 182273028 182273129
AQIIPLR 85.00% XP_011527570.1 chr1 182273028 182273129
CPQSAGLAHAVELGK 44% XP_011538154.1 chr13 23522391 23522435
CPQSAGLAHAVELGK 46% XP_011538154.1 chr13 23522391 23522435
DIAVYEIIK 88% NP_001191.1 chr2 25228010 25228075
EAGAGAEAAAGSARPLGR 94% collagen alpha-2(I)-like chr17 81636916 81637053
EYWTRSGPPLLEK 56.25% NP_940986.1 chrX 122459143 122459226
FDEENFILK 88.89% NP_001181936.1 chr3 60732236 60732394
GLGINNNDISILVQCQPPK 42% XP_016880120.1 chr12 97533269 97533325
GLPLYPDPSRVPGTK 73% XP_011520550.1 chr2 69466436 69466480
GPSYLEAHVLLIR 87.50% XP_024307964.1 chr7 99147021 99147200
GQGSYPGPGPVLILR 87.50% NP_542189.1 chr11 95087927 95088022
GTLFNEAMVLILDTATDYNSIPPR 35.71% NP_001075445.1 chr12 104760311 104760382
IVGSEAEGLPRPGAPLASLLAPLGVM 57% XP_011529947.1 chr17 45490650 45490721
KQGSSVWENHIQPEEGAK 70.00% NP_001070666.1 chr8 123201661 123201714
LGEHNVEVLEGNEQFINAAK 95% XP_011514713.1 chr7 142762710 142762769
NDDIPEQDSLGLSNLQK 70% XP_016865681.1 chr20 10420567 10420617
NIQNILLKALTL 66% XP_005264577.1 chr6 53735326 53735469
NIQNILLKALTL 66% XP_005264577.1 chr6 53735326 53735469
NIQNILLKALTL 66% XP_005264577.1 chr6 53735326 53735469
NLLLEEGK 87% NP_005650.2 chr13 42735991 42736044
NSTLSEPGSGR 90.91% NP_001306115.1 chrX 131646639 131646887
QAELAVSRDCATALQPGR 88% NP_001181930.1 chr5 142166013 142166162
QGALLSESGAFLR 61% NP_001304674.1 chr6 2037325 2037363
QGALLSESGAFLR 87.50% NP_001304674.1 chr6 2037325 2037363
QRLPQEILGK 90% XP_016882478.1 chr16 70333890 70333961
QSLVLQPR 87% NP_973731.1 chr4 103552507 103552560
RILDTGPPPHAYSLSLPPSLQVTTK 48% NP_002491.2 chrX 8827513 8827569
RVLGPSSSGLK 90% NP_061130.1 chr12 108628668 108634422
RVLGPSSSGLK 87.50% NP_061130.1 chr12 108628668 108634422
RVTGSEVAALK 80.00% NP_001239029.1 chr6 1041751 1041903
SIILKPVNTNK 81% XP_011542759.1 chr2 209316117 209316212
SIILKPVNTNK 77.78% XP_011542759.1 chr2 209316117 209316212
SLLDEKFK 75% NP_060887.2 chr1 226090224 226090271
SLTDLTASPSVTVK 78% XP_016868366.1 chr4 185065280 185065321
SPRTNGPSSFIEK 76% NP_001026871.1 chr7 114297203 114297241
TMVSGYPFVHLR 66% NP_067024.1 chr3 6631825 6631911
TQNNLESDYLAR 75% NP_055925.2 chr2 69466349 69466471
VATDSIHR 72.73% NP_000551.1 chr3 44590948 44591067
VATDSIHR 72.73% NP_000551.1 chr3 44590948 44591067
VDHFGFVNTK 90% NP_955450.2 chr7 9120619 9120702
VETIKMEGAPLEK 69% XP_016860703.1 chr6 2168115 2168153
VFLQTGTPYNRLHLGSLNESHSSAVPPR 62.50% XP_011531747.1 chr7 144252410 144252493
VLEAEVHR 87% XP_016877788.1 chr21 43816119 43816298
VLEVITAHFNHSSPGDPVRTGENTHLK 37% XP_011540940.1 chr10 74128946 74129026
VMPCYLRLCLAK 66% XP_011523944.1 chr2 67561611 67561724
VMPCYLRLCLAK 66% XP_011523944.1 chr2 67561611 67561724
VMPCYLRLCLAK 66% XP_011523944.1 chr2 67561611 67561724
VMPCYLRLCLAK 75.00% XP_011523944.1 chr2 67561611 67561724
VMPCYLRLCLAK 75.00% XP_011523944.1 chr2 67561611 67561724
VQMILDSR 87% NP_001001547.1 chr2 34068038 34068118
VQTVQNTYYLK 81% NP_742066.2 chrX 103628159 103628314



Appendix III: Micropeptide Discovery and validation 
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Appendix III: Proteogenomic strategy identifies SEPs in annotated lncRNAs 

a) Proteogenomic pipeline to discover putative micropeptide encoding genes. 

Publicly available data from published manuscripts and curated databases are 

compared to tally annotated lncRNAs and identified spectra of mass 

spectroscopies to identify potentially translated sORFs and the expressed 

micropeptides. 

7/20/2020 4:00:19 PM

https://benchling.com/ankit/f/lib_Gd5WuEwF-temporary-sequences/seq_ZVGaJKbd-untitled-sequence/edit 1/1

Untitled Sequence (259 bp)
cttaggtacactgatgctgaagtactatgagccttcggaacttgtggagagactacaaagttttggttgttatggtccctttagttgggctcatacatttggggtgg

M S L R N L W R D Y K V L V V M V P L V G L I H L G W

tacagaatcaaaagcagccctgttttccaaatacctaaaaacgacgacattcctgagcaagatagtctgggactttcaaatcttcagaagagccaaatccaggggaa
Y R I K S S P V F Q I P K N D D I P E Q D S L G L S N L Q K S Q I Q G K

MS peptide

gGACTACAAGGACGACGATGACAAGtagcaggcttgcaatcttca
D Y K D D D D K *

Flag tag



b) Nine putative micropeptides encoding ORFs were transiently expressed in 

HEK29T cells. The lnc-MKKS micropeptide of approximately 10KDa size is 

expressed and the rest are not expressed. 

c) Immunofluorescence imaging of lnc-MKKS with Flag epitope tagging. From left to 

right nuclear DNA (blue), lnc-MKKS-Flag (green), cytosolic control GAPDH (red) 

and merged image. 

d) Complete SEP sequence of lnc-MKKS showing all 69 amino acids, mass 

spectrometry detected peptide (MS peptide) and flag epitope tag. 

 

Proteogenomic analysis: The secretome and proteome data was collected from 

Rieckmann et al (2017). Similarly, annotated lncRNA data was mined from NONCODE 

and LINCipedia. The lncRNA dataset was analyzed for all possible 3-frame translations 

and further compared to the PRoteomic IDEntification (PRIDE database) and SequestHT 

to create a list of potential micropeptide encoding genes. 

 

Proteogenomics identifies translated ORFs in annotated lncRNAs 

The ubiquity of short ORFs in RNA transcripts, including lncRNAs, is undeniable. 

However, it cannot be overstated how difficult the determination of translation ability of a 

short ORF is. Using a computational analysis platform to compare publicly available 

datasets for annotated lncRNAs on LNCipedia and NONCODE, and mass spectrometric  

proteomic datasets (95), we discovered 69 events of protein coding potential in 45 

annotated lncRNA transcripts [Appendix III A]. These events were results of peptide 

fragment spectra being detected in mass spectroscopy that aligned along annotated 



lncRNA transcripts [Appendix II]. There were one or more peptides aligned to same RNA 

transcript. Whether these peptides represented stably expressed micropeptides or 

unstable readthrough peptide sequences warrant expression analysis in cells.  

 

To experimentally validate our computational pipeline, we cloned the putative 

micropeptide ORFs as cDNA with Flag epitope tagging in mammalian expression vectors 

and expressed in HEK 293T cells. We chose to test 9 potential SEPs candidate based on 

confidence level of expression in cells and possible immunological function. Out of the 

candidates tested, we found that only one was stably expressed and was detectable using 

western blot and immunofluorescence imaging [Appendix IIIB and IIIC]. Unlike Mm47 

which is predominantly localized in the mitochondria, lnc-MKKS is localized in both 

nucleus and cytosol [Appendix IIIC]. This micropeptide expressed from annotated lncRNA 

called lnc-MKKS encoded for a 63 amino acid long micropeptide that is conserved 

between mice and human [Appendix IIID]. This micropeptide is translated from a 

canonical AUG site and localizes in both nucleus and cytosol. 
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