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ABSTRACT 

How noncoding RNA regions regulate the innate immune system 

Elektra Kantzari Robinson 

 
Infiltrating and resident macrophages are the critical effector cells of the 

innate immune system, providing the first line of defense against infection through 

the induction of inflammation. While an inflammatory response is critical for 

combating pathogens, excessive or uncontrolled inflammatory responses are 

drivers of diseases, such as cancer and autoimmune diseases. These pathways have 

been studied for decades, however, a complete understanding of the molecular 

mechanisms governing inflammation remains elusive. Recently, the contribution of 

non-coding RNA regions, such as long non-coding RNAs (lncRNAs), have been 

implicated as critical regulators of the innate immune response through controlling 

the magnitude, duration, and resolution of inflammation. The functional 

characterization of how lncRNAs, other ncRNAs regions of protein-coding genes 

and alternative splicing regulate innate immunity remains largely unexplored. 

This thesis focuses on how lncRNAs and untranslated regions (UTRs) of 

mRNAs regulate innate immunity using both in vitro and in vivo methods, as well 

as developing a novel cell line necessary for culturing myeloid cells.  First, we 

generated a HEK-293T cell line expressing murine GM-CSF that secretes high 

levels of GM-CSF (~180ng/ml) into complete media as an alternative to 

commercial GM-CSF. We assessed the ability of supernatant GM-CSF to culture 



xxvi 
 

alveolar macrophages (AM) and bone marrow-derived dendritic cells (BMDC) by 

flow cytometry, as well as RT-qPCR and ELISA to measure inflammatory 

responses. Taken together our results show that the crude supernatant GM-CSF 

yielded a more pure and higher number of BMDCs, as well as maintained 

inflammatory competency in either the BMDCs or AMs populations, in comparison 

to commercially available GM-CSF. 

Second, this thesis focuses on a seminal lincRNA in the field of immunity, 

lincRNA-Cox2, which is a broad-acting regulatory component functioning to 

mediate the activation and repression of distinct classes of immune genes in 

macrophages. LincRNAs function to control gene expression either in cis, where 

they influence the expression and/or chromatin state of neighboring genes, or in 

trans where the lincRNA leaves the site of transcription and affects genes on 

different chromosomes. In this study, utilizing different genetic manipulations in 

vitro and in vivo we found that lincRNA-Cox2 functions through an enhancer RNA 

mechanism to regulate its neighboring protein-coding gene Ptgs2 in cis. More 

importantly, lincRNA-Cox2 also functions in trans, independently of Ptgs2, to 

regulate critical innate immune genes in vivo. Subsequently, using bulk and single-

cell RNA-seq, in addition to fluorescence-activated cell sorting, we show that 

lincRNA-Cox2 is most highly expressed in alveolar macrophages where it 

functions to control immune gene expression following acute lung injury. Utilizing 

a newly generated lincRNA-Cox2 transgenic overexpressing mouse, we show that 

it can function in trans to control genes including Ccl3 and Ccl4.  Finally, using a 
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chronic obstructive pulmonary disease (COPD) mouse model we find lincRNA-

Cox2 is induced by cigarette smoke (CS) and functions as a positive and negative 

regulator in vivo and in vitro. Collectively, this work provides insights into how 

lincRNA-Cox2 functions in trans to impact inflammatory signaling during acute 

and chronic inflammatory models. 

         Finally, the contribution of alternative splicing to the regulation of innate 

immune responses remains poorly studied. Through analysis of differential splicing 

using both short-read and long-read RNA sequencing of human and mouse 

macrophages, we identified that alternative first exon (AFE) changes are a 

prominent widespread event during inflammatory activation. Of these AFE events, 

we identified 95 unannotated transcription start sites (TSS) in mice using a de novo 

transcriptome generated by long-read native RNA sequencing, one of which is in 

the cytosolic receptor for dsDNA and a known inflammatory inducible gene, Aim2. 

We show that this unannotated, inflammatory-specific, AFE isoform of Aim2 

contains an iron-responsive element in its 5′UTR enabling mRNA translation to be 

regulated by iron levels. This work highlights the importance of examining 

alternative isoform changes and translational regulation in the innate immune 

response and uncovers novel regulatory mechanisms of Aim2.  

         The studies presented here identify novel mechanistic details of ncRNA 

genes or ncRNA regions of protein-coding genes using in vivo and in vitro models, 

setting in place a new RNA-immune-regulatory layer within innate immunity. 
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CHAPTER 1: The how and why of lncRNA function: An 

innate immune perspective 
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1.1 Abstract 

Next-generation sequencing has provided a more complete picture of the 

composition of the human transcriptome indicating that much of the “blueprint” is 

a vastness of poorly understood non-protein-coding transcripts. This includes a 

newly identified class of genes called long noncoding RNAs (lncRNAs). The lack 

of sequence conservation for lncRNAs across species meant that their biological 

importance was initially met with some skepticism. LncRNAs mediate their 

functions through interactions with proteins, RNA, DNA, or a combination of 

these.  Their functions can often be dictated by their localization, sequence, and/or 

secondary structure. Here we provide a review of the approaches typically adopted 

to study the complexity of these genes with an emphasis on recent discoveries 

within the innate immune field.  Finally, we discuss the challenges, as well as the 

emergence of new technologies that will continue to move this field forward and 

provide greater insight into the biological importance of this class of genes.  

1.2 Introduction 

One of the most profound discoveries from the sequencing of the human 

genome is that over 85% of the genome is transcribed, yet less than 2% encodes 

protein-coding genes (Hangauer et al., 2013).  Large consortiums such as ENCODE 

and FANTOM have embarked on attempting to characterize all functional coding 

and noncoding elements in the genome and have compiled important regulatory 

data for these elements (Carninci et al., 2005; Derrien et al., 2012; Forrest et al., 

2014). Long noncoding RNAs (lncRNAs) represent the largest group of non-coding 
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RNAs produced from the genome. LncRNAs are defined as transcripts greater than 

200 nucleotides in length, lacking protein-coding potential.  In the most recent 

GENCODE V30 release, there are 16,193 annotated lncRNAs in the human 

genome (Derrien et al., 2012).  Additionally, there are over 14,000 pseudo-genes, 

that could fall under the description of long noncoding RNAs which is simply based 

on them being 200 nucleotides or greater in length. Less than ~3% of annotated 

lncRNAs have ascribed functions. Hence this class of RNAs is greatly in need of 

further investigation (Derrien et al., 2012).  From those that have been 

characterized, it is clear that lncRNAs can function through a variety of 

mechanisms to regulate gene expression both at the transcriptional and post-

transcriptional levels (Atianand and Fitzgerald, 2014). 

As we will discuss through this review lncRNAs can mediate their functions 

through interactions with proteins, RNA, DNA, or a combination of these.  

Furthermore, the function of lncRNAs can often be dictated by their localization, 

sequence and/or secondary structure.  There are many categories and sub-categories 

of lncRNAs, but some of the major classifications include: antisense (Wery et al., 

2018), bi-directional (Hamazaki et al., 2017), enhancer-associated (Ding et al., 

2018), intergenic lncRNAs (lincRNAs) (Ulitsky and Bartel, 2013), pseudogenes 

(Tutar, 2012), while a full review of all classifications can be obtained from the 

recent review by Jarroux et al. (Jarroux et al., 2017). LncRNA function cannot be 

determined simply based on the lncRNA classification. However, the classification 

can sometimes provide insight into its mechanism of action, such as antisense 
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lncRNAs impacting their neighboring genes. However, this same classification can 

also lead to erroneous assumptions about how the lncRNA regulates gene 

expression. Recently, some lncRNAs have been demonstrated to actually encode 

small peptides indicating that these genes are misclassified as noncoding, although 

it is possible that they could also have functions as a noncoding RNA in addition to 

their peptide coding capacity (Anderson et al., 2015; Legnini et al., 2017; 

Matsumoto et al., 2017; Nelson et al., 2016; Razooky et al., 2017; Rohrig et al., 

2002).  It is therefore, important to have a logical methodology to study the 

biological importance of these genes. 

The innate immune system functions as a rapid initial response against 

specific pathogens, while also promoting the activation and development of the 

adaptive immune system (Iwasaki and Medzhitov, 2015). Macrophages and 

dendritic cells are important innate immune cells that initiate the immune response 

through recognition of specific pathogen-associated molecular patterns (PAMPs) 

through their germline-encoded pattern recognition receptors (PRRs) (Iwasaki and 

Medzhitov, 2015).These receptors couple pathogen-sensing to activation of 

downstream signaling cascades resulting in up-regulation of numerous 

inflammatory pathways (Medzhitov and Janeway, 2000). While a robust immune 

response is crucial for eliminating pathogens, prolonged activation can be 

detrimental to the host (Dajon et al., 2017).  Not surprisingly, many aspects of the 

inflammatory response are tightly regulated at both transcriptional and post-

transcriptional levels allowing for a transient antimicrobial response while 
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subsequently promoting a return to homeostasis (Susan, 2015).  Perturbations in 

this regulation can have significant consequences that can manifest in diseases, 

such as arthritis (Scanzello, 2017), multiple sclerosis (Miranda-Hernandez and 

Baxter, 2013) and cancer (Dajon et al., 2017; Wunderlich et al., 2017).  While the 

role of coding genes in immune cell function has been well characterized, the role 

of lncRNAs in these processes is just beginning to emerge (Satpathy and Chang, 

2015) (Figure 1.1).   Here, we use the biological model system of macrophage 

activation as a framework to demonstrate how we approach the study of lncRNA 

biology. We provide a step-by-step guide to consider when studying lncRNAs.  

Furthermore, we discuss the challenges, as well as the emergence of new 

technologies that are helping evolve the ways we study these genes.    

 

Figure 1.1: LncRNA Publications.  
Graph representing the total number (black bar), or immunology related (pink bar) 
publications in the lncRNA field since 2010 to 2018. 
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1.3 Getting Started 

1.3.1 The biological question 

The lncRNA field is in its infancy yet from what we do know we find that 

lncRNAs play critical roles in a wide variety of biological processes and diseases 

from cell differentiation, tissue organ development, flowering in plants, to cancer 

metastasis to name just a few (Batista and Chang, 2013; Fatica and Bozzoni, 2014; 

Jariwala and Sarkar, 2016; Liu et al., 2015; Rafiee et al., 2018). We believe that 

lncRNAs play regulatory roles in many biological processes and diseases. 

Therefore, no matter what your research area is, there is a rich source of information 

to be obtained from the study of lncRNAs in your field of interest.  

The bulk of lncRNA studies to date have focused on the cancer field (Chan 

and Tay, 2018; Mitobe et al., 2018; Tian et al., 2018). Meanwhile, studies of 

lncRNAs in the context of innate immunity have lagged, making up only ~4% of 

all lncRNA papers to date (Figure 1.1). The innate immune system provides one of 

the first lines of defense against infection through the induction of inflammation 

(Brubaker et al., 2015; Jiménez-Dalmaroni et al., 2016). The inflammatory 

response of murine macrophages offers a powerful system for applying genomic 

approaches for studying novel lncRNAs within the framework of a pathway that 

has been studied for decades. Macrophages are important mediators of 

inflammation and initiate this response through recognition of specific pathogen-

associated molecular patterns (PAMPs) through their germline-encoded pattern 

recognition receptors (PRRs).  These receptors couple pathogen-sensing to 
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activation of downstream signaling cascades resulting in activation of numerous 

transcription factors, including NF-kappaB (NF-κB) and interferon regulatory 

factors (IRFs) that can act in combination to both positively and negatively regulate 

the expression of thousands of genes (Medzhitov and Horng, 2009; Smale, 2012). 

There are 10 different TLR genes in the human genome and 13 TLR genes in 

mice(Fukata et al., 2009; Nie et al., 2018; Takeda and Akira, 2005) , each binding 

a different PAMP(Underhill and Ozinsky, 2002). Using this extensively studied 

biological system, we identified the first example of a TLR-stimulated lncRNA, 

lincRNA-Cox2, which was capable of positively and negatively regulating distinct 

types of innate immune genes (Carpenter et al., 2013a; Covarrubias et al., 2017a; 

Elling et al., 2018a; Hu et al., 2016a; Q. Tong et al., 2016a). Knockdown of 

lincRNA-Cox2 resulted in impaired production of proinflammatory genes (i.e., IL-

6), while IFN-related genes were hyperactivated in the absence of lincRNA-Cox2 

(Carpenter et al., 2013a; Covarrubias et al., 2017a; Elling et al., 2018a; Hu et al., 

2016a; Q. Tong et al., 2016a). Numerous other studies have made use of the TLR-

signaling biological system, uncovering and characterizing dozens of novel 

lncRNAs that act in a wide range of mechanisms to either positively or negatively 

regulate this pathway as reviewed in Carpenter et al. and Hadjicharalambous et al. 

(Carpenter and Fitzgerald, 2018; Hadjicharalambous and Lindsay, 2019).  

1.3.2 LncRNA candidate Selection 

As mentioned lncRNAs are categorized into five main classes of long 

noncoding RNAs based on their genomic location: antisense, bidirectional, 
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intronic, enhancer-associated, and intergenic. Intergenic and enhancer lncRNAs 

contain their own promoters and are distinct from protein-coding genes. 

Bidirectional lncRNAs share a promoter and are transcribed from the opposite 

strand of a protein-coding gene, while intronic lncRNAs are transcribed within an 

intronic region of a protein-coding gene (Figure 1.2A) (Ma et al., 2013; St.Laurent 

et al., 2015). The specific class of lncRNAs can often provide significant insight 

into how it may regulate gene expression.  For example, lncRNAs antisense to a 

coding gene have been demonstrated to be involved in transcriptional interference, 

negatively affecting the expression of their coding gene (Villegas and 

Zaphiropoulos, 2015). While all categories of lncRNAs will no doubt be important 

in various biological processes, the most targetable lncRNAs are intergenic 

lncRNAs. A benefit to studying an intergenic lncRNA (lincRNA) is the immense 

variety of molecular techniques that would not apply to other types of lncRNAs, 

such as antisense, bidirectional and intronic lncRNAs, which often overlap coding 

genes and their targeting could lead to possible unwanted interference of that 

coding gene. 
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Figure 1.2: Classification and Regulation of LncRNAs. 
(A) Positional classifications of lncRNAs based on their genomic location in 
respect to nearby protein coding genes: bidirectional, intergenic, antisense, 
antisense intronic, sense intronic, enhancer, sense-overlapping. (B) The lower left 
panel of the figure represents how lncRNA activity can be regulated 
transcriptionally. Transcriptional activation is depicted basally ‘Part I’, as well as 
during inflammatory activation ‘Part II’ following stimulation of a pattern 
recognition receptor (PRR). Three lncRNA examples genes are shown A, B and C. 
Part III depicts how a lncRNA can undergo differential isoform expression which 
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is regulated co-transcriptionally. During active transcription a lncRNA can either 
undergo differential splicing or utilize a new transcriptional start site post 
inflammatory stimulation, such as lipopolysaccharides (LPS). Post-transcriptional 
regulation of a lncRNA is broken up into three parts: IV, V and VI. After 
transcription is completed there is several processes that a lncRNA can undergo. 
Part IV depicts RNA modifications, which can change the structure of a lncRNA 
molecule. These modifications can be added or removed depending on the 
inflammatory state of a cell. Part V depicts the process of miRNA biogenesis, where 
a lncRNA can be processed to a mature miRNA. Part VI shows that a lncRNA can 
also be translated if it has a small open reading frame (smORF). (C) The lower right 
panel of the figure illustrates the regulatory function of a lncRNA in the nucleus 
and the cytoplasm. During active transcription (basally ‘Part I’ or inflammatory 
‘Part II’), a lncRNA can function to repress genes (mRNA gene A and C) or activate 
genes (mRNA gene A and B). A lncRNA can either be a scaffold for transcription 
factors to enhance activation, or a scaffold for chromatin remodeler proteins to open 
or close chromatin. A lncRNA can also regulate a mRNA transcript co-
transcriptionally ‘Part III’ by affecting either the stability, change the splicing 
activity, editing of modifications, or even the capping of the mature mRNA. 
Finally, post-transcriptionally a lncRNA can function to regulate the mRNA in 
several ways. A lncRNA can affect the stability of a mRNA transcript: ‘Part IV and 
Part V.’ Alternatively, a lncRNA can function as a miRNA sponge which indirectly 
de-represses the expression of a mRNA that would be targeted by the miRNAs. 
Lastly, a lncRNA can modulate the translation of a mRNA by binding to ribosomes 
or mRNA transcripts during translation.  
 
1.3.2.1 Cis regulators 

Numerous studies have established that lncRNAs can regulate the 

expression of their neighboring coding genes (cis regulation) (Villegas and 

Zaphiropoulos, 2015). A recent study by Engreitz et al. demonstrated that a 

significant portion of lncRNAs had cis effects on their neighboring genes (Engreitz 

et al., 2016a). Interestingly, in most cases, the cis effect did not require the 

production of the lncRNA transcripts themselves, but instead required the processes 

associated with their production, such as transcription and splicing (Engreitz et al., 

2016a). There are many examples of lncRNAs that regulate their neighboring 

coding genes, for example: lnc-MARCKS, lnc-TNFAIP3, AS-IL1α, lnc-IL7R, and 
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IL-1β-eRNA (Chan et al., 2015; Cui et al., 2014; Engreitz et al., 2016a; Ilott et al., 

2015; Q. Zhang et al., 2019).  Recently we used genetic mouse models to show that 

lincRNA-Cox2 can function as an enhancer RNA in cis to regulate its neighboring 

gene Ptgs2 (Elling et al., 2018a). For these reasons, one aspect to consider when 

selecting a candidate, no matter the class, is to investigate the effect of the 

transcriptional expression on neighboring coding genes. This candidate selection 

approach is sometimes referred to as “guilt by association” (Guttman et al., 2009a; 

John L Rinn and Chang, 2012). This bioinformatic approach drives an initial 

hypothesis that the lncRNA could be involved in the similar biological pathway as 

their neighboring protein-coding gene due to their co-expression.   

1.3.2.2 Trans regulators 

A large number of studies to date have also shown that lncRNAs can 

regulate gene expression on different chromosomes (trans regulation) (Yan et al., 

2017) (Figure 1.2C). The majority of lncRNAs studied in immunity were initially 

identified following RNA-sequencing to examine their expression profiles in 

specific cell lines or tissues during inflammatory activation. For example, 

lincRNA-Cox2 was initially identified as an up-regulated lncRNA in murine 

dendritic cells following TLR4 stimulation (Guttman et al., 2009b), as well as 

murine bone marrow derived macrophages (BMDMs) following TLR2-depedent 

stimulation (Carpenter et al., 2013a). Studies have also highlighted the functions of 

lncRNAs that are highly downregulated post inflammatory activation, such as 

lincRNA-EPS (Atianand et al., 2016a) and lnc13 (Castellanos-rubio et al., 2016). 
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Both lincRNA-Cox2 and lincRNA-EPS were discovered in BMDMs post TLR 

inflammatory activation and were chosen for further characterization based on their 

extreme expression profile. LincRNA-Cox2 is rapidly upregulated and regulates a 

large number of interferon stimulated genes (ISGs) and NF-κB regulated genes 

(Carpenter et al., 2013a). Meanwhile, lincRNA-EPS is rapidly down-regulated 

during inflammation and acts as an inflammatory brake on all ISGs during periods 

of homeostasis (Atianand et al., 2016a). These are just two examples of lncRNAs 

that have provided critical insights into the roles of lncRNAs in immunity. For more 

information on specific lncRNAs that are involved in innate immunity we direct 

you to the following recent reviews on this topic (Atianand et al., 2017a; Carpenter 

et al., 2013a; Hadjicharalambous and Lindsay, 2019). In addition to these bulk 

RNA sequencing studies, a small number of single cell RNA sequencing studies 

have been performed in both human and mouse that can be utilized to examine 

differential expression of lncRNAs in basal versus treatment conditions or between 

cell types (Frishberg et al., 2019; Gierahn et al., 2017; Lavin et al., 2017; 

MacParland et al., 2018; Wimmers et al., 2018). Numerous RNA-seq (both bulk 

and single cell) datasets are available for a variety of primary cells, cell lines or 

tissues of interest either basally or under a multitude of inflammatory or cellular 

differentiation treatments. These datasets outlined in Table 1 (Altboum et al., 2014; 

Atianand et al., 2016a; Dev M Bhatt et al., 2012; Carpenter et al., 2013a; 

Eichenfield et al., 2016; Elling et al., 2018a; Frishberg et al., 2019; Guttman et al., 

2009c; Lara-Astiaso et al., 2014a; Lavin et al., 2014; Link et al., 2018; Peng et al., 
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2010; Roy et al., 2018; A.-J. Tong et al., 2016a) and table 2 (Ciancanelli et al., 

2015; Dix et al., 2017; Gierahn et al., 2017; Hong et al., 2019; Ilott et al., 2015; 

Lavin et al., 2017; Li et al., 2014; MacParland et al., 2018; Novakovic et al., 2016; 

Pai et al., 2016a; Roux et al., 2017; Saeed et al., 2014; Schultz et al., 2015; Thurman 

et al., 2012; Wang et al., 2014a; Wimmers et al., 2018; Wu et al., 2012; Zhang et 

al., 2018; Q. Zhang et al., 2019) provide a rich source of lncRNAs for further 

investigation.   
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Table 1.1: Mouse RNA-sequencing data sets. 
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Table 1.2: Human RNA-sequencing datasets. 

 
 
 EVLncRNAs (Zhou et al., 2018), NONCODE (Shuangsang Fang et al., 

2018), or LNCipedia (Volders et al., 2019) are databases that categorize published 

information on all annotated lncRNAs. These databases can be utilized to determine 

if a lncRNA is experimentally validated within one or more studies.  Additionally, 

these databases can provide information on whether a lncRNA possesses multiple 
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isoforms, secondary structure, cross-species conservation and/or disease-

association via presence of single nucleotide polymorphisms (SNPs). 

1.3.3 LncRNAs expression and specificity 

Multiple studies have demonstrated that lncRNA expression is more cell 

type specific compared to protein-coding genes (Cabili et al., 2011; Djebali et al., 

2012; S John Liu et al., 2017) . Such specific expression patterns can often provide 

important clues into the specific biology that the gene could be involved in (Elling 

et al., 2018a) (Table 1.1 and 1.2). A variety of consortiums exist for both human 

and mouse and can be utilized to determine cell type specificity of a lncRNA 

candidate further. For instance, GTEx (Aguet et al., 2017) and XENA (Goldman et 

al., 2018) are two websites that include RNA sequencing on healthy primary human 

tissue samples, in addition to samples from patients with diagnosed cancers. This 

will further assist the initial understanding of the expression of the lncRNA in 

specific tissues as well as obtaining information on whether a lncRNA is involved 

in cancer.  In contrast, if a researcher is studying a mouse candidate lncRNA, the 

Mouse Cell Atlas (MCA) (Han et al., 2018a), as well as Tabula Muris (Schaum et 

al., 2018) are excellent tools to assess specificity in cellular expression, as well as 

differential splicing isoforms amongst differentiated cell types. Additional websites 

for mouse and human expression datasets can be found at the ENCODE project 

(Davis et al., 2018), the European Bioinformatics Institute Expression and the 

FANTOM projects (de Hoon et al., 2015). These sites are filled with raw and 

analyzed data sets from either single cell or bulk RNA sequencing from primary 
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cells, tissues or immortalized cells ready to use to determine the statistical 

significance of expression for any annotated lncRNA candidate.    

1.3.4 Determining disease association 

Genome-wide association studies (GWAS) have revolutionized the study of 

complex diseases by allowing quantitative disease-association of thousands of 

genetic loci (Bush and Moore, 2012). These studies include evaluation of single-

nucleotide polymorphisms (SNPs) or deletions and determination of their 

association with a disease phenotype.  Diseases studied range from Inflammatory 

Bowel Disease (IDB) to schizophrenia (Visscher et al., 2017; Witte et al., 2014). 

Until recently, most GWAS studies focused on protein-coding genes, even though 

90% of disease-associated SNPs lie in noncoding regions of the genome (Kumar et 

al., 2013).   There are several databases that summarize the plethora of published 

human sequencing studies, including UK Biobank (Bycroft et al., 2018) and GWAS 

Catalog - EMBL-EBI (Witte, 2010). Other databases specifically focus on SNPs 

within lncRNAs, such as lncRNASNP2 (Miao et al., 2018) and Lnc2Catlas (Ren et 

al., 2018).  

To date, a couple of studies have clearly shown how SNPs from GWAS 

studies can be used to identify clinically relevant lncRNAs. Castellanos-Rubio et 

al. identified a SNP rs917997 associated with Celiac Disease and showed it was 

located within a novel lncRNA, Lnc13 (Castellanos-rubio et al., 2016). Lnc13 

regulates inflammatory genes and mediates its function via an interaction with an 

hnRNP protein (Castellanos-rubio et al., 2016).  Furthermore, they showed that the 
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SNP disrupted the RNA-protein interaction, thus making the lncRNA dysfunctional 

(Castellanos-rubio et al., 2016). Another fascinating study began by mining GWAS 

for atherosclerosis disease-associated SNPs, which led to the discovery of a novel 

lncRNA, LIN00305, that had 5 SNPs that were associated with atherosclerosis all 

located within an intronic region (Zhang et al., 2017). The group went on to 

characterize LINC00305 in human primary and immortalized monocytes as a 

promoter of inflammation through activating the aryl-hydrocarbon receptor 

repressor (AHRR) – NF-κB pathway by directly binding to lipocalin-1 interacting 

membrane receptor (LIMR), acting as a scaffold to promote the interaction between 

LIMR and AHRR (Zhang et al., 2017).  Both of these studies started by 

investigating clinically relevant SNPs that led to the discovery of disease-associated 

lncRNAs, providing the groundwork for future studies on potential biomarkers or 

the development of novel therapeutic targets for a variety of inflammatory diseases. 

Additionally, as previously mentioned, XENA or Lnc2Catlas are databases 

that combine RNA sequencing of tissue samples from healthy and cancer patients, 

these tools can also be adapted to assess age, gender, tissue or even disease 

association of splice variants (Goldman et al., 2018; Ren et al., 2018). These 

disease-associated SNPs or splice variants will help guide further studies to 

determine therapeutic or biomarker potential. In summary, assessing disease 

association by a variety of databases can provide insight into the function of a 

lncRNA (Castellanos-Rubio and Ghosh, 2019). 
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1.3.5 Conservation of lncRNAs 

Unlike lncRNAs, coding genes are highly conserved across distal and 

related species.  The requirement of coding genes to encode functional peptides 

likely constrains the variation within the open reading frame (ORF) sequence (Lin 

et al., 2011).   LncRNAs by definition are not translated and often have poor 

sequence conservation across related species. Many lncRNAs display species-

specific expression.  Thus, inferring function based on sequence similarity is a 

challenge (reviewed in (Johnsson et al., 2014)).  A more useful conservation metric 

is to assess whether the lncRNAs have conservation of synteny (location relative to 

flanking coding genes), along with expression conservation (Quinn and Chang, 

2016a).  The databases LNCipedia and NONCODE have user-friendly interfaces, 

allowing assessment of both conservation of synteny and sequence for lncRNAs.  

Additionally, expression conservation can be useful to assess whether the specific 

lncRNA has the same biological role in similar and divergent species (Roberts et 

al., 2014).  Conservation of lncRNA expression can also be indicative of 

conservation of regulatory regions, such as transcription factor binding sites within 

promoters (Nitsche and Stadler, 2017).  However, conservation of expression does 

not necessarily mean the RNA product is important for lncRNA function.  Enhancer 

RNAs (eRNAs), for example, are thought to predominantly function by creating a 

localized, active transcriptional state, which can activate neighboring genes (Cheng 

et al., 2015; Font-Cunill et al., 2018; Lam et al., 2014).  It is unclear to what extent 

the specific RNA sequence of eRNAs is important for their function (Lam et al., 
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2014). Nevertheless, a couple of studies have provided examples of eRNAs for 

which the transcript sequence was necessary for their function (Carlos A. Melo et 

al., 2013; Rai et al., 2013). 

To further investigate conservation of a candidate, BLAST (basic local 

alignment search tool) on NCBI (national center for biotechnology information) 

can be utilized to explore conservation across species (Tavares et al., 2019) or 

lncRNAdb v2.0 (Quek et al., 2015), by inputting the entire sequence of a lncRNA 

of interest. If a lncRNA has a known structure, inputting the shorter structured RNA 

sequence can enhance conservation results. One can also, view the conservation 

track of the UCSC genome browser (Karolchik et al., 2009) to assess if this specific 

sequence within the lncRNA transcript is conserved across species. In summary, 

conservation of a lncRNA is complicated to assess using current bioinformatic 

methods. However, understanding if there is a functional motif (therefore a shorter 

starting input sequence) within a lncRNA can allow for an increased assessment of 

functional conservation across species. 

1.3.6 Transcriptional regulation of lncRNAs 

Activation of inflammatory pathways result in both up and down regulation 

of specific lncRNAs, which in turn can have either positive or negative regulatory 

effects on the pathway, such as activation of sequestered transcription factors 

(Covarrubias et al., 2017a; Ma et al., 2017) or enhanced or repressed expression of 

specific inflammatory cytokines (Atianand et al., 2016a; Krawczyk and Emerson, 

2014; Li et al., 2014). Genes that are immediate regulators of immunity are poised 
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for transcriptional activation, which can be assessed by defining the openness of 

promoter regions of a lncRNA pre- and post- inflammatory stimulation. Common 

methods for assessing chromatin accessibility of promoters include DNase-hyper-

sensitivity (DNAseHS) (Crawford et al., 2006) and the Assay for Transposase-

Accessible Chromatin (ATAC) (Buenrostro et al., 2016). DNAse HS-seq and 

ATAC-seq datasets are available from a variety of tissues on ENCODE for both 

mouse and humans (Table 1.1and 1.2). If the promoter is open (accessible), this is 

indicative of either a poised or actively transcribed gene. Accessibility of promoter 

regions in the hematopoietic cell lineage was assessed by Lara-Astiaso et al. 

through performing ATAC-seq for all cells in the hematopoietic lineage (Lara-

Astiaso et al., 2014a). This dataset provides insight into a gene’s promoter 

accessibility, as well as cell type specificity. For instance, if the promoter is open 

in all cell types, it shows that it is ubiquitously accessible and possibly expressed, 

while if a promoter is only accessible in myeloid cells or terminally differentiated 

macrophages this provides insight into the cell type that could be most biologically 

relevant for a particular lncRNA. Another interesting data set from Tong et al. have 

provided ATAC sequencing from bone marrow derived macrophages (BMDMs) 

pre- and post- inflammatory time course stimulation (A.-J. Tong et al., 2016a). This 

dataset assesses both poised genes and genes that undergo promoter remodeling 

during inflammatory activation. If a promoter of a lncRNA is inaccessible or 

accessible during inflammatory stimulation, this could provide insight to its 

regulation and biological significance during an immune response.  
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Once the accessibility of a promoter region is determined, defining post-

translational modifications of histones on promoter regions will assess promoter 

activity in specific cell types or inflammatory states (Alaskhar Alhamwe et al., 

2018; Araki and Mimura, 2017; He et al., 2018). A histone modification is a 

covalent post-translational modification (PTM) to histone proteins which 

includes methylation, phosphorylation, acetylation, ubiquitylation, and 

sumoylation (reviewed in (Bannister and Kouzarides, 2011)). Posttranslational 

histone modifications do not affect DNA nucleotide sequence but can modify 

chromatin availability to the transcriptional machinery (ALLFREY et al., 1964). 

Identifying the types of epigenetic histone marks will add additional layers of 

understanding if the candidate is active, poised, silenced or an enhancer. Many 

publicly available datasets provide this information outlined in Tables 1.1 and 1.2. 

While the examples we outlined here are immune focused there is a vast array of 

additional primary and immortalized cell line for every histone mark available 

through the easily accessible ENCODE database (Davis et al., 2018).   

Finally, the transcriptional regulation of a lncRNA can be defined by 

analyzing the transcription factor (TF) motif’s that lie within the predicted promoter 

region (Carpenter et al., 2014a; Palii et al., 2019; Platanitis and Decker, 2018). 

RNAReg2.0 (T. H. Chang et al., 2013) or HOMER (Boeva, 2016a; Heinz et al., 

2010a) are useful tools to predict TF binding sites by motif analysis. TF motifs can 

be indicative of biological pathway regulation indicating when a gene is expressed. 

These findings of predicted TF can then be put into a gene ontology tool 
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(PANTHER or DAVID) to assess how a candidate lncRNA is transcriptionally 

regulated. For instance, the presence of pioneering transcription factors could 

provide information on the cell type specificity of a lncRNA. On the other hand, if 

the promoter motifs are enriched for p65, Interferon Response Factors (IRFs) or 

Activating Transcription Factors (ATFs) this would be indicative of inflammatory 

specific expression. This finding can be further supported by Chromatin 

immunoprecipitation (ChIP) sequencing data sets from a multitude of labs, as well 

as data from the ENCODE project (outlined in Table 1.1 and 1.2). 

1.4 Functional characterization of lncRNAs 

1.4.1 Assessing whether lncRNAs are translated 

The categorization of lncRNAs as “noncoding” is initially determined 

bioinformatically using the arbitrary cut-off of <100 codons (Frith et al., 2006).  

This leaves the possibility that some lncRNAs may be mRNAs. Therefore, one of 

the first steps in characterizing a candidate lncRNA is to confirm that it is 

noncoding. For example, in Drosophila, a gene annotated as a lncRNA 

FBgn0087003, was shown to encode multiple small ~ ten amino acid peptides 

critical for development (Galindo et al., 2007).  The discovery of these germline-

encoded biologically active peptides has opened the door into new and exciting 

levels of regulation.  However, this discovery also shows that we should be cautious 

when characterizing a lncRNA to confirm that indeed they are noncoding. 

Several bioinformatic tools exist for predicting small ORFs (smORF) but 

have noted that the predictive ability for smaller ORF size is in general very poor 
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(Cheng et al., 2011).  PhyloCSF uses codon substitution frequency, together with 

conservation across multiple species, to provide a score metric that can be used to 

determine the presence of a conserved ORF (Lin et al., 2011).  Other approaches 

have sought to identify novel small peptides using mass spectrometry. However, a 

major challenge is determining whether the peptides identified correspond to novel 

smORFs or represent degraded intermediates of larger proteins (Slavoff et al., 

2013). 

The development of ribosomal foot-printing coupled to next-generation 

sequencing (ribo-seq) has provided a powerful quantitative method for assessing 

global translation (Ingolia et al., 2014, 2009).  While ribosome profiling allows for 

ribosome nuclease-protected RNA fragments to be mapped to transcripts to enable 

quantitative measurement of the translation efficiency (Ingolia et al., 2009).  In 

addition, to mapping ORFs, ribo-seq can be performed with a drug that stalls 

ribosomes at the start codon to globally map translation start sites—this revealed 

significant numbers of non-canonical translation initiation from CTG codons 

(Ingolia et al., 2009).  Ribo-seq has also found that many lncRNAs appear to be 

translated, raising the possibility that some of these transcripts could be producing 

small peptides (Ingolia et al., 2014).  Guttman et al. developed the ribosome release 

score metric as part of the ribosome profiling analysis pipeline to more accurately 

predict translational efficiency.  Their findings show that ribosome occupancy of 

lncRNAs and 5’UTRs does not always equate to translation (Guttman et al., 2013). 

Furthermore, Guttman et al. concluded that most noncoding transcripts are not 



 

25 
 

translated into peptides.  Several additional studies have examined lncRNAs 

binding to ribosomes and have concluded that ribosome binding may not be 

functional and may serve as a quality control process to degrade transcripts with 

low coding potential via the nonsense-mediated decay (NMD) pathway (Carlevaro-

Fita et al., 2016; Chew et al., 2013). A recent study by Jackson et al. used ribo-

tagging in LPS-stimulated mouse macrophages to identify ribosome footprints 

within hundreds of annotated lncRNAs, raising the possibility that they may be 

producing functional peptides (Jackson et al., 2018).  They characterized an 83aa 

peptide located within a previously annotated lncRNA Aw112010 and showed it 

was produced by non-canonical “CTG” translation initiation (Jackson et al., 2018). 

They demonstrated that this small peptide had a critical role in mucosal immunity 

in mice and was specifically required for the expression of Il12 mRNA (Jackson et 

al., 2018).  The exact mechanism of how this peptide drives Il12 expression is yet 

to be elucidated. 

1.5 LncRNA expression manipulation 

1.5.1 RNA interference (RNAi) 

 The laborious process of functionally characterizing lncRNAs has remained 

a major limitation to lncRNA functional discovery. For example, while ~16,000 

long noncoding RNAs (lncRNAs) have been identified in the human genome, only 

3% of all validated lncRNAs have an ascribed function (Hadjicharalambous and 

Lindsay, 2019; Ma et al., 2019; Zhou et al., 2018).  For more than two decades 

since its discovery, RNA interference (RNAi) has been the method of choice for 
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loss of function studies.  The ease and versatility of RNAi make it appealing for 

use, requiring short complementary small RNAs transfected into cells that can then 

utilize the endogenous cellular machinery to target specific transcripts (Boettcher 

and McManus, 2015; Kurreck, 2009) (Figure 1.3A).   

 
Figure 1.3: LncRNA expression manipulation. 
(A) RNA interference acts post-translationally, degrading transcripts in the 
cytoplasm. (B) Gapmers, are composed of RNA and core stretch of ~10nt of DNA 
sequence that is critical for engaging the RNase H pathway. (C) CRISPRi uses a 
catalytic inactive version of Cas9 fused to a KRAB domain.  The CRISPRi system 
can target transcription start sites (TSS) to induce heterochromatin-based 
transcriptional silencing. CRISPR/Cas9 can be used to target (D) splice sites or (E) 
to delete specific regions of lncRNA loci using two flanking gRNAs. (F)  
Polyadenylation signals (3-5) can be inserted just downstream of the TSS, which 
result in premature termination of transcription.  These poly(A) signals can be 
flanked by loxP sites to allow their removal.  (G)  The CRISPRa system can target 
transcription start sites (TSS) to induce transcriptional activation. (H) LncRNA 
sequences (cDNA) can be cloned into plasmid either with native promoter or a 
constitutively active promoter (ei. EF1a, CMV). The different tools are compared 
base on criteria described in the subheadings of each column.  ‘Target’ describes 
what aspects of the lncRNA’s gene expression are targeted, for example 
transcriptional (CRISPRi, C) or posttranscriptional silencing (RNAi, A).  
‘Reversible loss-of-function?’ is the silencing effect of this tool reversible in a cell? 
In general, only the nuclease active Cas9 activity (D) is not reversible since the 
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regions of the loci are actually deleted.  ‘Type of phenotype’ refers to whether the 
tool completely shuts off expression of the lncRNAs.  Hypomorphic refers to the 
fact that some level of expression remains despite the level of knock-down.  Only 
compete removal of the locus completely abolishes its expression.  Knock-down of 
nuclear lncRNAs? Touches on the observation made by many groups, which have 
demonstrated that RNAi is not very active in the nuclear (in contrast to the other 
technology).  ‘Time to phenotype’ refers to the amount of time from planning 
experiment to obtaining phenotype.  Short: transfection of RNAi and ASO (A and 
B) remain the quickest route to phenotype since they don’t require cloning or 
modification to the cell.  Medium: CRISPRi/a (C, G) requires design and cloning 
guide RNAs to a specific locus in addition to generation of a functional CRISPRi/a 
cell line.  Medium/Long: Both CRISPR mediated deletions and adding poly(A) 
signal (D and E) require screening for cells (making single cell clones) to identify 
those with successful modifications.   

Additionally, short hairpin RNAs (shRNAs) can be expressed in a lentiviral context 

to accomplish stable RNAi in cells (Lambeth and Smith, 2013).  RNAi is most 

active in the cytoplasm, which makes it most useful for targeting mRNAs and 

lncRNAs that reside in the cytoplasm (Lennox and Behlke, 2016).  Success in 

knocking down some lncRNAs, for example lincRNA-Cox2, has been attributed to 

the fact that this lncRNA is expressed both in the cytoplasm and the nucleus 

(perhaps cycling between both compartments) and hence is susceptible to RNAi 

(Carpenter et al., 2013a).  However, many lncRNAs are thought to be nuclear-

restricted where RNAi has been demonstrated to have limited efficiency (Zong et 

al., 2015).  

1.5.2 Antisense oligonucleotides (ASOs) 

Antisense oligonucleotides (ASOs) can be either RNA or DNA-based and can 

be used to target complementary sequences within a transcript.  Unlike RNAi, 

ASOs do not engage the cellular RNAi machinery (Deleavey and Damha, 2012).  

Instead, ASOs function by hybridizing to the target RNA and inhibiting its function 
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by either inducing the RNase H pathway or by steric inhibition.  The RNase H 

enzyme is part of a cellular pathway that normally functions to resolve unwanted 

DNA: RNA interactions that can occur during replication and/or transcription 

(Cerritelli and Crouch, 2009).  One of the most widely used types of ASOs for 

targeting lncRNAs are gapmers which contain a “hybrid” modified/unmodified 

configuration consisting of ~10nt DNA core flanked by 2'-O-Methyl or LNA-

modified synthetic nucleotides (Figure 1.3B).  Gapmers offer the benefit of 

modifications for stability and reduced toxicity, while still allowing engagement of 

the RNase H pathway (Figure 1.3B) (Hvam et al., 2017).   

Efficient depletion of nuclear lncRNAs has been demonstrated using modified 

DNA anti-sense oligonucleotides (Lennox and Behlke, 2016).  Ilott et al. used 

gapmers to successfully knock-down TLR-induced enhancer RNA, as they were 

unable to knock-down these same eRNAs with 4 different siRNAs (Ilott et al., 

2015).   Recent in vivo applications for DNA oligonucleotides have also proven 

successful as a possible treatment of a neural degenerative disease called 

Angelman’s syndrome. Angelman’s syndrome is a monogenic disorder caused by 

mutations in the E3 ubiquitin ligase 3A (UBE3A) (Greydanus et al., 2016; Meng et 

al., 2015). As UBE3A is a paternally-imprinted gene, a mutation in the maternal 

allele is sufficient to lead to disease (Greydanus et al., 2016; Meng et al., 2015). 

Paternal imprinting of UBE3A requires the expression of an antisense lncRNA 

called UBE3A-ATS. Therefore, targeting the paternal lncRNAs UBE3A-ATS 

using ASOs leads to de-repression of expression of paternal UBE3A, allowing the 
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rescue of the defective maternal copy (Meng et al., 2015). In a mouse model, they 

showed that even partial restoration of the UBE3A protein expression ameliorated 

some cognitive deficits associated with the disease (Meng et al., 2015). 

Mechanistically, it is important to dissect what features of a lncRNA are 

important for its function — for example, determining whether the lncRNA 

transcript is required or whether the mere act of transcription is the important 

feature needed to mediate its function (discussed further below). siRNAs and ASOs 

are thought to inhibit gene expression at the posttranscriptional level, albeit by 

different mechanisms (Crooke, 2017; Stanisławska and Olszewski, 2005).  

Nevertheless, there are examples of siRNAs (reviewed in (Castel and Martienssen, 

2013)) mediating transcriptional inhibition. Targeting sequences near the 5’ end of 

the transcript can induce the “torpedo-effect,” resulting in pre-mature termination 

of transcription (Castel et al., 2014; Proudfoot, 2016).  Therefore, when targeting 

lncRNAs with ASOs or siRNAs, it’s important to consider where along with the 

transcript you are targeting to ensure biological interpretation of the ablation is 

correct.  

1.5.3 CRISPR/Cas Technology 

The introduction of CRISPR/Cas9 technology has revolutionized the field of 

functional genomics by providing a novel tool for interrogating gene function.  

CRISPR/Cas9 is a deoxyribose nuclease (DNase) that can be specifically targeted 

to genomic regions via a guide RNA (gRNA) (Hochstrasser and Doudna, 2015; 

Sternberg and Doudna, 2015).  Targeting of Cas9 to a region results in a blunt 
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double-stranded DNA break that engages the cellular Non-Homologous End-

Joining (NHEJ) DNA repair pathway, which promotes imprecise repair, yielding 

small deletions in the repaired sequence.  These small deletions result in a frame-

shift that disrupts the ORFs within coding genes, thereby disrupting protein 

synthesis.  LncRNAs do not contain ORFs and span tens of kilobases of sequence 

in size. As such, targeting them with a single gRNA is thought to be insufficient to 

disrupt their function (Ho et al., 2015).  An alternative application of Cas9 that has 

proven effective for targeting lncRNAs involves using two gRNAs flanking the 

lncRNA region of interest to induce deletion of the entire locus (Figure 1.3E).  The 

main advantage of deleting lncRNAs is obtaining complete loss-of-function, as 

demonstrated in a recent study that performed a CRISPR-mediated deletion-screen 

to identify lncRNAs that positively and negatively regulate cancer growth (Zhu et 

al., 2016). On the other hand, deletion of the DNA sequence may result in an 

inability to resolve whether a phenotype is due to loss of lncRNA production or 

loss of DNA sequence (discussed below) (Andrew R. Bassett et al., 2014). In an 

alternative approach, Liu and colleagues recently performed a CRISPR screen 

targeting the splice sites of over 10-thousand lncRNAs and identified 230 lncRNAs 

that proved essential for viability (Figure 1.3D) (Y. Liu et al., 2018). Targeting of 

splice sites has also been shown to induce exon skipping within coding genes 

(Lalonde et al., 2017). LncRNAs have many of the same regulatory elements as 

coding genes. Hence future studies may opt to target TF binding sites, secondary 
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structure and/or polyadenylation sites as a way to more finely dissect the functional 

portions of lncRNAs. 

The ease in which Cas9 can be targeted to specific genomic regions sparked the 

development of a modified (catalytically inactivated) version of the protein fused 

to the KRAB (Krüppel associated box) chromatin-silencing domain termed 

CRISPRi (Gilbert et al., 2014; Larson et al., 2013) (Figure 1.3C).  CRISPRi can be 

used to target both coding and noncoding genes (such as lncRNAs), triggering 

localized heterochromatin-silencing at the transcription start site (TSS) (Ying et al., 

2015).  Unlike RNAi, the transcription-based inhibition by CRISPRi offers the 

ability to efficiently target lncRNAs regardless of their localization in the cell.  

Gilbert et al. have shown maximum knock-down efficiency when targeting regions 

+50 to +500 nucleotides relative to the transcription start site (TSS) (Gilbert et al., 

2014).  However, CRISPRi is limited by the availability of an accurately annotated 

TSS, particularly for lncRNAs.  Incorporating CAGE-seq, Gro-seq and/or ChIP-

seq data into gRNA design may improve efficient targeting of a lncRNA of interest 

(S. John Liu et al., 2017).  Nevertheless, a recent study from the Weissman and Lim 

groups utilized CRISPRi to target 16,401 lncRNA loci in 7 diverse cell lines and 

identified hundreds of lncRNAs required for cell growth (S John Liu et al., 2017).  

Therefore, despite its caveats, it appears that CRISPRi can be a useful and powerful 

tool for interrogating lncRNA biology.  

An alternative approach to gene ablation is overexpression, gain-of-function.  

Plasmid-based overexpression systems have been used for decades to overexpress 
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specific coding genes (Prelich, 2012). Plasmid-based over-expression of lncRNAs 

is possible but is limited by the size (max size: 6-8kb) of the specific lncRNA 

(unpublished observations).  However, because lncRNAs can function in cis, it’s 

important that there is the significant mechanistic characterization of the candidate 

lncRNA to justify its cloning into a plasmid.   

The same catalytically inactivated Cas9 has also been fused to a 

transcriptional activation domain, for example, the VP16, a strong transcriptional 

activator derived from herpesviruses (Cheng et al., 2013; Gilbert et al., 2013).  This 

strategy allows CRISPR-based transcriptional gene activation that can be used to 

study gain-of-function phenotypes.  The Zhang group recently performed a 

CRISPR activation screen targeting over 10-thousand lncRNAs (Joung et al., 

2017a).  They identified 11 lncRNAs that upon activation, mediated BRAF 

inhibitor resistance in melanoma cells (Joung et al., 2017a).  One of the advantages 

of using a CRISPRa library is that the same library can be used across different cell 

types, which makes it more cost effective. Nevertheless, several caveats to the 

CRISPRa system, include the possibility that high expression of lncRNAs may 

create non-physiological conditions leading to incorrect conclusions of specific 

biology. 

LncRNAs have been shown to mediate functions via binding to specific 

proteins.  Hence over-expression of lncRNAs, without its protein partner, may 

result in the inability to identify important biology. In conclusion, it’s important to 

understand the advantages and disadvantages of the loss- or gain-of-function 



 

33 
 

methods used to modulate lncRNA expression.  All methods have their caveats, 

and these are important to consider when deciding which method to use. 

1.5.4 Dissecting the complex functions of lncRNAs in vivo 

 LncRNAs can span large stretches of DNA sequence and can contain 

important regulatory regions, such as enhancers, that are functionally independent 

of the lncRNA product (Goff and Rinn, 2015).  LncRNA promoters have been 

proposed to also function as enhancers, promoting the recruitment of 

transcriptional-activating factors that can affect the local nucleosome environment 

and ultimately the expression of neighboring genes (Cho et al., 2018; Lam et al., 

2014; Vikram R. Paralkar et al., 2016).  Nevertheless, in vivo assessment of 

lncRNA function has predominantly relied on assessing the consequence of 

deleting entire lncRNA loci (Andrew R. Bassett et al., 2014; Sauvageau et al., 

2013a). Numerous studies involving deletion of lncRNA loci have been unable to 

rescue the deletion phenotype using a trans-gene approach, making it difficult to 

attribute the phenotype to the lncRNA product itself (Marahrens et al., 1997; 

Ripoche et al., 1997). While deleting the entire lncRNA is a useful first step to 

establish a phenotype, this approach can make it difficult to identify which 

component of the lncRNA is important for the observed phenotype (Andrew R. 

Bassett et al., 2014; Eißmann et al., 2012; Li et al., 2013; Meller and Rattner, 2002; 

Sauvageau et al., 2013a).  

There are many approaches to generating a lncRNA knockout/knockdown 

mouse. For instance, the complete knockout is the easiest first step to take, which 
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can be designed to remove the entire gene. After this approach, one can use a more 

fine-tuned approach to reveal exactly how the gene is working, including deleting 

specific regions of the gene or inserting a poly-adenylation cassette before the 

exon1 of the gene. A well-documented example of this phenomena is Fendrr, 

which was shown to have a lethal phenotype in two independent studies, but the 

importance of the lncRNA in development differed due to the mouse ablation 

strategy. One in vivo study generated a knockout mouse by removing the genomic 

loci completely and replacing it with LacZ while leaving the native promoter intact 

(Sauvageau et al., 2013a). This study identified Fendrr as a key regulator of lung 

development and mesenchymal differentiation. However this study did not attempt 

to rescue the ablated Fendrr allele via a transgene (Sauvageau et al., 2013a). An 

additional group generated a Fendrr knockdown mouse using an alternative 

approach. Instead of disrupting the chromatin architecture or removing any possible 

DNA enhancer regions, they inhibited the transcription of Fendrr through the 

insertion of a poly-A cassette into exon1 (Grote et al., 2013a).  Using this lncRNA 

knockdown mouse design, the scientists determined that loss of Fendrr led to heart 

and body wall defects, which is slightly different from the phenotype in the KO 

mouse study. Importantly, the heart and body wall defects caused by the terminator 

insertion were rescued by a transgene of Fendrr in vivo, further confirming that the 

phenotype is due to the RNA while the KO phenotype could be due elements within 

the genomic DNA (Grote et al., 2013a).  Fendrr is located ~4kb downstream of 

Foxf1 and ~12kb upstream of Irf8. The observed phenotype of the KO mouse is 
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possibly due to the deletion of an enhancer element that could impact the expression 

of protein-coding genes, which could have roles in lung development 

(Dharmadhikari et al., 2015; H. et al., 2015). 

 We recently used multiple genetic mouse models to dissect both cis and 

trans functions of lincRNA-Cox2 in vivo (Elling et al., 2018a). Working with a 

complete lincRNA-Cox2 knockout (Sauvageau et al., 2013a), in which the gene is 

replaced with a LacZ cassette, we observed a strong cis defect on the neighboring 

protein-coding gene Ptgs2. From these studies, we concluded that lincRNA-Cox2 

functions in cis through an enhancer RNA mechanism to regulate its neighboring 

gene Ptgs2 (Elling et al., 2018a). In order to determine how lincRNA-Cox2 

functions in trans to regulate genes independent of its cis effects, we generated a 

mutant/intronless mouse by targeting the splice sites of lincRNA-Cox2 using 

CRISPR/Cas9. This mouse represents a knockdown mouse, and because there is a 

low level of transcription of lincRNA-Cox2, Ptgs2 levels are the same as WT. 

LincRNA-Cox2 is not inducible in the mutant mouse, probably because of 

transcript instability due to the lack of splicing, enabling us to study its trans 

regulatory roles. Similar to our early in vitro work we observed using an LPS shock 

model that many genes are both up and downregulated in the serum of mutant mice 

indicating that lincRNA-Cox2 can indeed function in trans to regulate immune 

genes in vivo (Elling et al., 2018a).  

To prove genetically that a lncRNA is functioning in trans, a trans rescue 

experiment can be performed using transgenic mice that constitutively express a 
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lncRNA. This rescue strategy has been utilized in some studies including Evf2 

(Berghoff et al., 2013; Bond et al., 2009), Jpx (Carmona et al., 2018a), as well as 

Pnky (Rebecca E Andersen et al., 2019) which both demonstrate successful rescue 

experiments where the phenotype from germline ablation of a lncRNA is rescued 

through generation and crossing with a transgenic animal.   

1.6 Understanding the mechanism of action of a lncRNA 

1.6.1 Subcellular Localization and binding partners 

LncRNAs are immensely adaptable molecules that are capable of working 

through RNA-RNA, RNA-DNA, or RNA-protein interactions. RNA-directed 

technologies such as Chromatin Isolation by RNA Purification (ChIRP) (Chu et al., 

2012; Chu and Chang, 2018) or RNA antisense purification (RAP) (Engreitz et al., 

2014; McHugh and Guttman, 2018), will help uncover lncRNA interactomes for 

RNA, genomic or protein partners for highly expressed candidates. If a candidate 

is lowly expressed, one can exogenously introduce a biotinylated form of the 

lncRNA using the RNA pull-down method, which we have successfully used to 

identify binding partners for lincRNA-Cox2. This has been performed for many 

lncRNAs (Carpenter et al., 2013a; Li et al., 2017; Torres et al., 2018).  

Functions of lncRNAs are associated with their subcellular fates. Web 

servers can assist in quickly assessing experimentally determined or predictive 

RNA-RNA interactions (Agostini et al., 2013) or even RNA-protein interactions 

(Fan et al., 2018; Henry et al., 2014). Depending on the subcellular or extracellular 

compartmental localization of a lncRNA, this patterning will elude to the regulatory 
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role of the gene, as well as how a lncRNA might execute its function (Carlevaro-

Fita and Johnson, 2019; Heon Noh et al., 2018; Sun et al., 2018). Some LncRNAs 

that are localized to the nucleus or chromatin have been experimentally shown to 

function in cis to regulate the transcriptional expression of a neighboring gene, or 

in trans to regulate the transcriptional regulation of a subclass of genes through the 

interactions between heterogeneous nuclear ribonucleoproteins (hnRNPs) 

(Atianand et al., 2016a; Carpenter et al., 2013a; Chan et al., 2015; Wan et al., 2018). 

In the cytosol, some lncRNAs have been shown to interact with RNAs and proteins 

to carry out their molecular functions (Carpenter et al., 2013a; Cesana et al., 2011; 

Legnini et al., 2014; Wang et al., 2014b). 

Cellular localization of lncRNAs can be predicted using a publicly available 

user-friendly web server established at http://lin-group.cn/server/iLoc-LncRNA 

(Su et al., 2018). This can be the first step by a researcher to attempt to predict the 

localization of your candidate based off its sequence. iLoc-LncRNA predicts 

subcellular location of a lncRNA by utilizing the 8-tuple nucleotide features into 

the general PseKNC (Pseudo K-tuple Nucleotide Composition) and rigorous tests 

show the overall accuracy achieved by the new predictor is 86.72%, which is over 

20% better than previous algorithms (Su et al., 2018). In addition to prediction 

methods, there are also publicly available sequencing datasets that have performed 

RNA sequencing on fractionated cells. Bhatt et al. utilized murine bone marrow 

derived macrophages, with and without inflammatory stimulation, and fractionated 

these cells into chromatin, nuclear, and cytoplasmic compartment to determine 
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RNA localization (Dev M Bhatt et al., 2012). This data set can now be utilized to 

investigate the localization of any murine candidate expressed in macrophages. A 

recent study took this question a step further by performing RNA sequencing on 

nine separate locations with a cell including: nucleus, nucleolus, nuclear lamina, 

nuclear pore, cytosol, endoplasmic reticulum membrane (ERM), outer 

mitochondrial membrane (OMM), mitochondrial matrix (MITO), and endoplasmic 

reticulum lumen (Fazal et al., 2018). This exciting study utilized an APEX-

sequencing method, where the peroxidase enzyme APEX2 was localized to these 

nine separate locations in nine separate Human embryonic kidney (HEK) 293T cell 

lines. APEX2 can biotinylate nearby RNA molecules allowing for streptavidin-

based immunoprecipitation and RNA sequencing.  The APEX-seq datasets will 

provide a powerful resource for referencing localization of specific lncRNA 

candidates that are expressed in HEK293T cells (Fazal et al., 2018).  

 There are a few commonly used experimental approaches that can be used 

to validate and determine the localization of a lncRNA. Subcellular chromatin, 

nuclear and cytoplasmic fractionations of any primary or immortalized cells can be 

prepared using previously published procedures (A. and D.L., 2009; Dev M Bhatt 

et al., 2012), followed by RNA isolation and RT-qPCR to assess the localization. 

If additional compartmental fractionation is desired other compartments can be 

enriched, such as mitochondria (Lesnik et al., 2015; Sadowski et al., 2008). Another 

standard gold technique is to visually determine cellular localization by RNA FISH 

(Carpenter et al., 2013a). RNA localization can also be directly visualized by 
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microscopy (Femino et al., 2018). SeqFISH techniques have recently been 

pioneered for imaging thousands of cellular RNAs at once using barcoded 

oligonucleotides (Shah et al., 2016). The drawbacks of these in-situ fluorescence 

hybridization (FISH) based approaches, however, are the need for cell fixation and 

permeabilization, which can re-localize or extract cellular components (Schnell et 

al., 2012). In addition to the difficulty of assigning RNAs to specific organelles or 

cellular landmarks due to spatial resolution limits, some of these difficulties can be 

overcome with the addition of stains for markers of specific organelles.   

1.6.2 Determining structure or motifs within a lncRNA 

Conventionally, lncRNAs display poor sequence conservation across 

species, with the exception of finite regions of conserved bases surrounded by large 

seemingly unconstrained sequences (Ulitsky, 2016). While sequence conservation 

does not constrain lncRNA genes, lncRNA function is found to be conserved across 

species when identifying motifs or structure. A great example of this phenomena is 

represented in the study of human maternally expressed gene 3 (MEG3), which 

utilized the computer program mfold and multiple ex vivo and in vitro chemical 

probing techniques to identify common motifs critical for retained function in 

orangutan, rat, mouse and pig (Sherpa et al., 2018; Zhang et al., 2010). Another 

study highlighting the marsupial Rsx lncRNA was initially found to have no linear 

sequence similarity with the lncRNA Xist. However, it shared substantial levels of 

non-linear conservation within k-mer repeats that share functionally analogous 

protein-binding domains (Sprague et al., 2019). Publicly available web servers can 
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be utilized to determine the RNA structure of a lncRNA depending on the size. The 

caveats to these web servers are they do not work efficiently with large transcripts. 

To overcome this, one can attempt to identify the critical sequence within the 

lncRNA that could be functional using RIP-sequencing databases, which allow you 

to input a gene ID to identify possible RNA binding proteins (RBPs). Additionally, 

if a lncRNA has already been identified to bind to a protein(s), RIP-sequencing 

databases can elucidate the specific binding location(s). Knowing the location of 

RNA-protein interaction narrows down the sequence input, that can be used for 

many web servers, which could enhance the elucidation of a predictive structure. If 

there is no information about potential protein binding partners, then these RNA 

structure webservers will be of little use.  

An alternative approach to further investigate structure is to utilize 

bioinformatic tools which now include parameters for covariation. Covariation 

analysis identifies the positions in an RNA molecule that have similar patterns of 

variation and the purpose of this covariance is due to structural constraints initially 

shown for ribosomal RNA (Shang et al., 2012) and now also for lncRNAs (Tavares 

et al., 2019, 2018). This study predicts structures for MALAT1, using over 130 

vertebrate sequences, as well as lncRNAs RepA and HOTAIR (Tavares et al., 

2019). These powerful tools allow scientists to predict structures in an RNA 

molecule based on covariance, which in turn drive the next steps of experimentally 

validating these findings.      
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Fortunately, there are several in vitro and in vivo experimental techniques 

used to assess RNA structure for any size, even up to 17,000nt (XIST). Dimethyl 

sulfate (DMS) probing uses a base-specific reagent that can bind and alter the 

methylation state of unpaired adenosine and cytosine nucleotides (Rouskin et al., 

2014; Tijerina et al., 2007). DMS “footprinting” is optimized for structural analysis 

of RNA. Protein binding to RNA will generate a “footprint” that can be traced due 

to alterations in the RNA structure. The transcript size that can be evaluated is rather 

small (<500nt) but this method can be performed both in vitro and in vivo as DMS 

can easily penetrate the cell membrane, shown to work for lncRNAs from 590nt, 

Braveheart (Brvht) (Fei Liu et al., 2017). Xue et al. utilized DMS and SHAPE to 

determine the multiple smaller order structures of Brvht, including an AGIL motif 

and a 90-degree turn (Xue et al., 2016). This AGIL motif is critical for transcription 

factor binding, which specifies the cardiovascular lineage. Targeting Structure-Seq 

relies on RNA methylation by DMA being performed in vivo. Using this method, 

structural models of elements within Xist were developed (Fang et al., 2015). 

SHAPE (selective 2’hydroxyl acylation by primer extension), as well as the 

modified SHAPE-MaP (Siegfried et al., 2014), In-cell SHAPE-Seq (Watters et al., 

2016) and icSHAPE-seq (Flynn et al., 2016), can interrogate the RNA structure 

both in vitro and in vivo using the chemical NMIA and its derivatives to detect 

flexible regions in RNA secondary structure (Weeks and Mauger, 2011; Wilkinson 

et al., 2006). This method has been proven valuable for Xist (Smola et al., 2016), 

RepA (Lee et al., 2017), and Rox1/2 (Ilik et al., 2013). PARIS (psoralen analysis 
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of RNA interactions and structures) was recently developed to determine both RNA 

structure and interactions in vivo (Lu et al., 2016). Using this approach, a model for 

the higher order structure of Xist was interrogated (Lu et al., 2016). These 

approaches are critical for identifying structural motifs and enhance conservation 

studies, as well as these identified elements,  can be used as novel targets for further 

exploration in precise intervention suitable for therapeutic applications. 

1.6.3 Alternative splicing of lncRNAs 

Alternative splicing (AS) significantly impacts the diversity of RNA 

isoforms produced, which in turn impacts the protein isoforms produced and can 

affect many aspects of the protein’s biology including binding, intracellular 

localization, enzymatic activity, stability, posttranslational modifications (Stamm 

et al., 2005). AS also impacts lncRNA genes which can have multiple isoforms 

depending on the cell/tissue, age, and disease state (Kiegle et al., 2018; Junqing 

Wang et al., 2019; Ziegler and Kretz, 2017). The UCSC genome browser 

(Karolchik et al., 2009), as well as NONCODEV5 (Shuangsang Fang et al., 2018),  

have all the annotated isoform transcripts for each gene. These tools will identify 

annotated transcript isoforms while RNA sequencing will provide information on 

which of these splicing events is utilized in a given cell or biological state. To date, 

there have only been a small number of papers focusing on the role that alternative 

splicing plays in controlling the immune system. One recent global study has shown 

that widespread shortening of 3' untranslated regions and increased exon inclusion 

are evolutionarily conserved features of innate immune responses in primary 
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human macrophages following Listeria monocytogenes and Salmonella 

typhimurium infection (Pai et al., 2016a). This is a transformative study for mRNAs 

but can be reanalyzed to examine AS and possible contributions from lncRNAs.  

Publicly available tools for tissue isoform expression specificity is available 

on GTEx (Aguet et al., 2017) and XENA (Goldman et al., 2018) for human genes. 

Tabula Muris (Schaum et al., 2018), a murine specific dataset, is now available as 

a UCSC genome browser track on mm10 and can be used to view cell-type specific 

splicing events and isoform expression. In order to identify isoforms in illumina 

RNA sequencing datasets, several tools can be utilized. MISO (Mixture of 

Isoforms) is software for a probabilistic model for RNA seq will identify specific 

the 5’ splice sites used for each isoform (Katz et al., 2010). Two other tools highly 

used for splicing analysis are JuncBASE (Angela N Brooks et al., 2011), MAJIQ-

SPEL (Green et al., 2018), and DRIMSeq (Nowicka and Robinson, 2016a). These 

tools can be used to define if your candidate gene undergoes any alternative splicing 

(alternative start site, exon inclusion/exclusion or alternative last exon) during a 

specific biological process for example following inflammatory activation. These 

tools are limited because of their dependence on a fully annotated transcriptomes. 

Therefore if a lncRNA is unannotated or has unannotated transcriptional isoforms, 

these events will not be captured. To overcome the limitations of incomplete 

transcriptomes, researchers can perform de novo transcriptome assembly using 

short RNA-Seq reads (Chang et al., 2015; Grün et al., 2016; Hibberd et al., 2016). 
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The future of RNA sequencing is headed towards long read sequencing, 

which is being met by Pacific Biosciences Single Molecule Real Time sequencing 

technology (PacBio) and Oxford Nanopore Technology (ONT) (Loit et al., 2019; 

Jason L Weirather et al., 2017). While both powerful technologies perform long 

read sequencing, their platforms are very different. PacBio technology is dependent 

on sequencing-by-synthesis. A DNA polymerase incorporates nucleotides that each 

have a corresponding conjugated fluorescent dye. The DNA polymerase works at 

a rate of 1000bp/sec, which is beyond the capabilities of current technologies. 

However, by circularizing the DNA PacBio has overcome this limitation through 

continuous long read sequencing, resulting in ability to generate 500k-4million 

reads at an error rate of below 1% (Ferrarini et al., 2013; Rhoads and Au, 2015). 

On the other hand, ONT’s approach relies on a pore embedded in a membrane. As 

a long cDNA or RNA strand translocates through the nanopore at single nucleotide 

precision from enzymatic regulation, the ionic current across the membrane is 

recorded. This technology can sequence full-length transcripts and can yield up to 

10 million reads on the MinION or up to 60 million reads on the PromethION for 

cDNA (De Coster et al., 2018; Technology, 2019). An initial limitation of ONT 

was the 5-10% per read error rate, which has been overcome with a new technology 

called Rolling Circle to Concatemeric Consensus (R2C2) bringing the error rate 

down to 2.5% by increasing the read coverage. Overall, both of these technologies 

have overcome the transcriptome assembly and isoform identification limitations 

of short-read Illumina sequencing (Volden et al., 2018). 
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As stated above, ONT and PacBio can perform long read cDNA sequencing 

(Boldogkői et al., 2018) and even more exciting, both technologies can perform 

direct long read RNA sequencing (Maier et al., 2019; Xu et al., 2017). The beauty 

and simplicity that ONT and PacBio offers is the ability to sequence the full 

expressed isoform (cDNA and direct RNA), without worries of misidentifying a 

complex splicing pattern, RNA cleavage events and also not relying on transcript 

annotation files will lead to the identification of novel isoforms which are problems 

faced using short-read Illumina sequencing. For lncRNAs there have been a couple 

of studies that focus on isoform specificity and function for a given lncRNA. 

Neat1(Lin et al., 2018) and lncRNA-PXN-AS1(Yuan et al., 2017) are two studies 

that show how one gene can have different functions depending on the RNA 

isoform expressed. While these studies are not immunology specific, this field is 

still at the early stages and we anticipate it becoming more prevalent in future 

studies.  

1.6.4 RNA modifications of lncRNAs 

RNA modifications are widespread and diverse in chemical nature, as well 

as highly conserved in their occurrence and function throughout species. RNA 

modifications function to affect RNA stability, localization, alternative site of poly-

adenylation, and more (Ke et al., 2015). Since lncRNAs can function as decoys and 

scaffolds, which are highly dependent on RNA structure, a single modification can 

enhance or eradicate this RNA-protein interaction. As you study a lncRNA, the 

mechanism of this molecule could be dependent on a modified nucleotide.  
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There are many techniques used to determine a single RNA modification in 

a cell type and biology of choice. Site-specific Cleavage and Radioactive-labeling 

followed by ligation-assisted extraction and TLC (SCARLET) Technology give 

scientists the ability to probe for N6-methyladenosine RNA (m6A) modification 

status at single nucleotide resolution in mRNA and long noncoding RNA (Dai et 

al., 2013). The significance of RNA modifications to the control of the immune 

response is beginning to be appreciated. A study by Winkler et al. showed that m6A 

modification controls the innate immune response to infection by targeting type I 

interferons (Winkler et al., 2019). A few recent studies have shown that lncRNAs 

do have RNA modifications such as MALAT1 containing m6A modifications 

(Coker et al., 2019; K. I. Zhou et al., 2016), HOTAIR containing m5C and m6A 

(Dominissini et al., 2012; Meyer et al., 2012) and XIST containing ψ, m6A and 

m5C modifications (Coker et al., 2019). A study by Zhou et al. showed that the 

RNA modification, m6A, acts as a structural ‘switch’ in Malat1. When there is a 

modification at site 2515, it results in an increased ability to bind hnRNPG, while 

a modification at 2577 leads to an increase in binding to hnRNPC (Coker et al., 

2019).  In clinical research, lncRNA RP11-139J23.1 is highly expressed in 

colorectal cancer cells (CRC), and this specific upregulation was controlled by 

m6A methylation (Wu et al., 2019).  The study showed that m6A could regulate 

the lncRNA, which inturn triggered the dissemination of CRC cells via post-

translation upregulation of the protein Zeb1. This novel study, connecting the 
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interplay of RNA modifications and lncRNAs, has paved the way for a novel 

predictive biomarker or therapeutic target in CRC (Wu et al., 2019).  

 There are over 160 identified RNA modifications, while only a few have 

been studied to any extent (Boccaletto et al., 2018). Of these RNA modifications, 

the way they are enriched for in analysis is through an assortment of techniques 

including methylated RNA immunoprecipitation (MeRIP), MeRIP-iCLIP 

(crosslinking and immunoprecipitation), Suicide enzyme trap and Clickable 

chemicals (Reviewed in (Helm and Motorin, 2017)). These techniques have many 

limitations and biases, but hopefully, future studies using direct RNA nanopore 

sequencing will overcome all these pitfalls. In a recent study, direct RNA 

sequencing using nanopore technology showed detection of m6A modifications 

with a 97% accuracy with the design of synthetic sequences (Liu et al., 2019). As 

the performance of the algorithm increases, use of this tool will be extremely 

insightful when analyzing myeloid or lymphoid primary cells with and without a 

treatment to understand how RNA modifications are regulated in innate immunity 

and specifically as it relates to our long noncoding transcriptome.  

1.7 Conclusions and future insights for the field 

LncRNAs, including XIST and H19, have been studied intensely for 

decades (Brannan et al., 1990; Brown et al., 1991). At the time we had no idea that 

these genes would represent the largest family of RNA genes produced in the 

genome. As Louis Pasteur once said, “Chance favors the prepared mind,” and this 

is especially true following the development of next-generation sequencing. RNA-
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sequencing provided an unprecedented insight into the human genome. We did not 

identify new proteins, instead we found a wealth of noncoding RNA transcripts. 

The lncRNA field is growing at a blistering pace with labs from all aspects of 

biology, and now immunology branching out to include questions about the 

regulatory impact of these pervasive long noncoding gene species. As detailed in 

this review, there are many publicly available datasets and web servers that will 

streamline how to begin a lncRNA project, from how to pick a lncRNA candidate 

by interrogating published RNA-sequencing data, to determine the best tools to use 

to study the function and mechanism of a candidate. Since this field is still at an 

early stage in its development, there are some shortcomings, including poorly 

annotated lncRNA transcripts. However, this will be overcome with direct RNA 

sequencing using ONT and PacBio technology. These technologies will enable us 

to determine the exact isoforms of transcripts expressed in a particular cell and 

begin to catalog the different RNA modifications that exist basally and during a 

biological process such as activation of inflammation. Since lncRNAs are cell-type 

specific in their expression patterns continued development of single-cell 

sequencing technologies will provide a complete catalog of lncRNAs in the 

genome. As the list of annotated lncRNAs grows, characterizing the function of all 

these genes has become a definite bottle-neck in the field. However, high-

throughput CRISPR screening provides an approach to quickly identify functional 

lncRNAs in a particular biological system. Utilizing all the tools outlined here 

should enable researchers to develop this field rapidly. For our research focus, 
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gaining a better understanding of the role of lncRNAs in regulating immune 

responses will provide novel insights into the molecular mechanisms governing 

inflammation. This data will be critical for identifying new avenues for therapeutic 

intervention for infectious and inflammatory disease.  

 
Figure 1.4: How to study lncRNAs? 
The flow-chart provides a “beginning to end” guide to study lncRNAs.  Not all 
suggested databases will be appropriate for all lncRNAs being studied.  A. 



 

50 
 

Selection of candidate lncRNAs should factor in changes in expression, type of 
lncRNA and nearby coding genes. B. Bioinformatic characterization of lncRNAs 
can be done using a variety of online databases including: LNCipedia to assess 
conservation or using the Mouse Cell Atlas (MCA) to assess tissue specific 
expression. C. Expression validation: This includes validation of expression and 
confirming that the lncRNA is in-fact non-protein coding. D. Functional validation 
dives into the final stage of mechanistic characterization of a lncRNAs, which 
involved manipulating its expression, as well as uncovering the specific cis-
elements within the transcript important for its function. 
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CHAPTER 2: Generation and utilization of HEK-293T 

murine GM-CSF expressing cell line 
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2.1 Abstract 

Macrophages and dendritic cells (DCs) are innate immune cells that play a 

key role in defense against pathogens. In vitro cultures of bone marrow-derived 

macrophages (BMDMs) and dendritic cells (BMDCs) are well-established and 

valuable methods for immunological studies. Typically, commercially available 

recombinant GMCSF is utilized to generate BMDCs and is also used to culture 

alveolar macrophages. We have generated a new HEK-293T cell line expressing 

murine GM-CSF that secretes high levels of GM-CSF (~180ng/ml) into complete 

media as an alternative to commercial GM-CSF.  Differentiation of dendritic cells 

and expression of various markers were kinetically assessed using the GM-CSF 

HEK293T cell line, termed supGM-CSF and compared directly to purified 

commercial GMCSF. After 7-9 days of cell culture the supGM-CSF yielded twice 

as many viable cells compared to the commercial purified GM-CSF. In addition to 

differentiating BMDCs, the supGM-CSF can be utilized to culture alveolar 

macrophages without an altering inflammatory activation cascade. Collectively, 

our results show that supernatant from our GM-CSF HEK293T cell line supports 

the differentiation of mouse BMDCs or alveolar macrophage culturing, providing 

an economical alternative to purified GM-CSF.  

2.2 Introduction 

Colony-stimulating factors (CSF) including macrophage colony-

stimulating factor (M-CSF), granulocyte colony-stimulating factor (G-CSF), and 

granulocyte-macrophage colony stimulating factor (GM-CSF) are crucial for 
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survival, proliferation, differentiation and functional activation of hematopoietic 

cells, including macrophages and dendritic cells (DCs) (Metcalf, 2008). 

Macrophages and DCs are innate immune cells found in tissues and lymphoid 

organs that play a key role in defense against pathogens (Becher et al., 2016). While 

there are a multitude of macrophage and dendritic cell subsets, GM-CSF is critical 

for the development of conventional dendritic cells (cDCs) and alveolar 

macrophages (AMs) (Becher et al., 2016). Due to cell number limitations from 

harvesting cDCs and AMs directly from mice, well-established in vitro culturing of 

bone marrow and bronchoalveolar lavage fluid for dendritic cells and alveolar 

macrophages, respectively, using GM-CSF have become invaluable for 

immunological and molecular biology studies (Becher et al., 2016). This has led to 

the use of CSF proteins in the purified form, as well as to the generation of 

recombinant cell lines that secrete the desired protein in the supernatant for cost 

efficiency (Almo and Love, 2014; Karasuyama and Melchers, 1988; Kiselev et al., 

2012; Klose et al., 2017). One of the most widely adapted cell lines, utilized for 

differentiating and culturing murine bone-marrow derived macrophages (BMDMs) 

is the NCTC clone 929 strain L line, also known as L929 (Boltz-Nitulescu et al., 

1987). Supernatant from cultured L929 can be utilized, in lieu of purified M-CSF, 

to culture and differentiated BMDMs because it secretes murine M-CSF (Boltz-

Nitulescu et al., 1987).  

The Human embryonic kidney 293T (HEK293T) cell line is the ideal choice 

for expressing a CSF protein for differentiating primary immune cells from mouse 
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bone marrow as it has been shown not to express innate immune pattern recognition 

receptors or naturally secrete immune-related cytokines (Razonable et al., 2005; 

Weichart et al., 2006). This ensures that it is predominantly only your protein of 

choice being expressed and that there is no inadvertent activation of the 

inflammatory cascade. Previously, murine GM-CSF has been cloned into J558L, a 

mouse B myeloma cell line (Karasuyama and Melchers, 1988), which is known to 

express cytokines, including IL-10 (Qin et al., 1997). Using J558L can therefore 

alter the results of in vitro experiments, by activating anti-inflammatory pathways 

when cultured with BMDCs or alveolar macrophages.  

In this study we constructed HEK293T cell lines stably expressing and 

secreting murine GM-CSF. We utilized GM-CSF to generate and culture BMDCs 

and alveolar macrophages (AMs). HEK293T cells have no expression of human 

GM-CSF and the constructed cell lines thus express only the stably transfected gene 

of murine GM-CSF. We have found that our line is very stable, producing GM-

CSF at a concentration of ~200ng/ml even following freeze thaw cycles of the line. 

We differentiated BMDCs and cultured AMs using our supGM-CSF and compared 

them to commercially available purified GM-CSF (pGM-CSF) and found that our 

supGM-CSF yields a higher number of cells, purity of DCs is not altered, and have 

an intact immune signaling cascades.   
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2.3 Results 

2.3.1 Production of murine GM-CSF-secreting HEK-293T cell line 

A murine GM-CSF (mGM-CSF) containing plasmid (Addgene, 74465) was 

used as a template to amplify mGM-CSF, which we inserted into a plasmid with a 

pSico backbone (SFigure 2.1). The vector contains a bidirectional EF1a promoter 

driving puromycin resistance gene and mCherry on one side and mGM-CSF on the 

other (SFigure 2.1B, Fig 2.1A).  

 
Figure 2.1: Generation of mouse GM-CSF secreting HEK293T cell line. 
(A) Schematic of lentiviral plasmid construct used to generate the stable HEK293T 
mGM-CSF expressing cell line. (B) Uninfected, Control plasmid and mGM-CSF 
plasmid lentivirally infected HEK239T cells were puromycin selected for mCherry 
expression and assessed using flow cytometry. (C) Protein secretion and cell-line 
stability of mGM-CSF HEK293T cells was confirmed ELISA, using initial and 
stock cell-line. Error bars represent the standard deviation of biological triplicates. 
Student’s t-tests were performed using GraphPad Prism. (SN) indicates not 
significantly different.  

Lentivirus containing mGM-CSF, or a control construct was generated and 

transduced into HEK293Ts and monitored using flow cytometry (SFigure 2.2). Post 

puromycin selection for 7 days, our control and mGM-CSF constructs were 

incorporated into the genomes of HEK293T cells (at a rate of >85%) (Figure 2.1B). 

In order to determine how much GM-CSF was being produced by the HEK293T 

line we plated and grew 2x106 cells for 3 days, isolated the supernatant and 
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performed an ELISA to measure the concentration which was found to be 

181.7ng/ml (Extended Methods). The cell line was subsequently frozen down into 

aliquots and thawed to assess stability. Protein secretion was assessed again, by 

ELISA, and the stock secreted mGM-CSF at 181.9±ng/ml (Figure 2.1C).  There 

was no significant difference between the concentration of mGM-CSF in the 

supernatant of the initial or the freeze thawed HEK293T cell line indicating that the 

line is stable. 

2.3.2 Bone-marrow cells differentiated with supGM-CSF yield higher number of 

Dendritic Cells compared to pGM-CSF 

To assess the efficacy of the mGM-CSF-rich supernatant (supGM-CSF), 

bone marrow (BM) cells were treated with 10ng/ml or 25 ng/ml of supGM-CSF 

and compared to the same concentrations of a commercially obtained purified GM-

CSF (pGM-CSF) (Na et al., 2016; Roney, 2013; Wang et al., 2016). As a control 

for differentiation, we also generated bone-marrow derived macrophages 

(BMDMs) using supM-CSF obtained from L929 cells (Weischenfeldt and Porse, 

2008) (Figure 2.2A).  
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Figure 2.2: Generation of primary Dendritic Cells using purified GM-CSF or 
supernatant GM-CSF.  
(A) Schematic of differentiation of primary bone marrow-derived macrophages 
(BMMs) or primary bone marrow-derived dendritic cells (BMDCs). (B) Images of 
primary BMMs and BMDCs under a light microscope after 7 days of 
differentiation. (C) Total number of live cells generated from using one of 5 
conditions: M-CSF, purified GM-CSF (pGM-CSF) at 10ng/ml, pGM-CSF at 
25ng/ml, supernatant GM-CSF (supGM-CSF) at 10ng/ml or supGM-CSF at 
25ng/ml. (D) Gating of  CD45+ and CD11b+  M-CSF differentiated cells are 
represented in a quadrant contour plot to determine the expression of F4/80 and 
CD11c. Same gating strategy is used for (E) pGM-CSF at 10ng/ml, (F) pGM-CSF 
at 25ng/ml, (G) supGM-CSF at 10ng/ml and (H) supGM-CSF at 25ng/ml. (I) 
Graphical representation for the percentage of M-CSF or GM-CSF differentiated 
cells that are F4/80+ and CD11c+ (Q2). (J) Graphical representation for the mean 
fluorescence of CD11c+. (K)  Graphical representation for the mean fluorescence 
of F4/80+. Error bars represent the standard deviation of n=5. Student’s t-tests were 
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performed using GraphPad Prism. Asterisks indicate statistically significant 
differences between mouse lines (∗p ≥ 0.05, ∗∗p ≥ 0.01, ∗∗∗p ≥ 0.005). 

Cells incubated with M-CSF, pGM-CSF and supGM-CSF were fully 

differentiated by day 7 and could be cultured until day 14 (Figure 2.2A). 

Morphologically, BM differentiated with supGM-CSF and pGM-CSF, at either 

10ng/ml or 25ng/ml, have a more stellate morphology as is expected in dendritic 

cells compared to M-CSF differentiated macrophage cells. There is no 

morphological difference between pGM-CSF or supGM-CSF differentiated cells, 

at either 10ng/ml or 25ng/ml (Figure 2.2B). At day 9 of differentiation, cells were 

harvested and counted. When comparing the pGM-CSF to the supGM-CSF, 

supGM-CSF yields significantly more viable cells in comparison to pGM-CSF 

(Figure 2.2C). After culture with M-CSF, pGM-CSF or supGM-CSF, cells were 

assessed for purity by flow cytometry based on previously published panels (Ono 

et al., 2018; Zaynagetdinov et al., 2013). After gating on Live+/CD45+/CD11b+ 

cells purity was determined based on the proportion of the population expressing 

CD11c and F4/80, shown as a quadrant (SFigure 2.3, Figure 2.2D-H). Percent of 

cells in quadrant 2 (F4/80+ and CD11c+) was significantly higher for all GM-CSF 

treated cells, in comparison to M-CSF treated cells, as is expected since CD11c is 

a dendritic cell marker. However, pGM-CSF and supGM-CSF were not 

significantly different (Figure 2.2I). As expected, the mean fluorescence intensity 

for dendritic cell marker CD11c+ cells was significantly higher for all GM-CSF 

treated cells in comparison to M-CSF (Figure 2.2J), while F4/80+ expression was 

equal for every treatment (Figure 2.2K). While supGM-CSF is able to generate 
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more viable cells than pGM-CSF, there is no significant difference in cellular purity 

between supGM-CSF and pGM-CSF (both at ~85% purity).  

2.3.3 BMDCs generated using sup-GM-CSF function as efficiently as BMDCs 

generated using pGM-CSF.  

Dendritic cells are the professional antigen presenting cells of the immune 

system. In order to test the ability of our supGM-CSF to generate functional DCs 

we measured their levels of MHC-Class II expression using flow cytometry (Santin 

et al., 1999). M-CSF differentiated cells express little MHC class II, while pGM-

CSF and supGM-CSF express robust levels of MHC class II, when differentiated 

with 10ng/ml or 25ng/ml concentration of GM-CSF (Figure 2.3A-B, SupFigure 

2.3A-B).  

 
Figure 2.3: Dendritic Cells differentiated with supGM-CSF retain Dendritic Cell 
activity and are more inflammatory in comparison to pGM-CSF.  
(A) Histogram overlay of CD45+ and CD11b+ M-CSF (grey) and pGM-CSF (pink) 
or (B) supGM-CSF (orange) differentiated cells expressing MHC II. (C) Graphical 
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representation of MHC II mean fluorescence intensity (MFI) of M-CSF, pGM-CSF, 
or supGM-CSF differentiated cells. (D) Il6 transcript measure by RTq-PCR from 
pGM-CSF (pink) or supGM-CSF (orange) DCs stimulated with LPS for 0, 6, and 
24hrs. (E) Dendritic cells differentiated with pGM-CSF (pink) or sup-GM-CSF 
(orange) were treated with lipofectamine, LPS (24hrs) or LPS (2hrs) and 
polydA:dT (6hrs) secreted IL-6 or IL-1β (E) was measured by ELISA. Student’s t-
tests were performed using GraphPad Prism. Asterisks indicate statistically 
significant differences between mouse lines (∗p ≥ 0.05, ∗∗p ≥ 0.01, ∗∗∗p ≥ 0.005). 

Dendritic cells differentiated with 10ng/ml GM-CSF show statistically higher mean 

fluorescence intensity for MHC class II for supGM-CSF in comparison to pGM-

CSF (SFigure 2.4C). Interestingly, dendritic cells differentiated with 25ng/ml of 

either pGM-CSF or supGM-CSF exhibit no significant difference in MHC class II 

protein expression when evaluated by mean fluorescence intensity (Figure 2.3C). 

In addition to assessing MHC Class II levels, we also assessed the ability of the 

pGM-CSF and supGM-CSF BMDCs to respond to inflammatory stimulation. Both 

pGM-CSF and supGM-CSF BMDCs were stimulated with LPS (200ng/ml) for the 

indicated time course and IL6 mRNA expression was measured by quantitative 

PCR (qPCR) (Figure 2.3C). Thus, determining that the supGM-CSF derived cells 

maintain their inflammatory activity. Finally, AIM2 inflammasome activity was 

measured through IL6 and IL1b protein secretion of both purified and supernatant 

GM-CSF. Here we observe that supGM-CSF produces significantly higher 

expression of IL6 and IL1b (Figure 2.3D-E) suggesting that these dendritic cells 

are more sensitive to inflammatory activation compared to DCs generated using 

pGM-CSF.   
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2.3.4 supGM-CSF can maintain viable and inflammatory inducible Alveolar 

Macrophages. 

mGM-CSF is a critical protein factor that is not only necessary for driving 

primary dendritic cell differentiation, but also for maintaining primary alveolar 

macrophages (AM) in culture (Busch et al., 2019; Shibata et al., 2001). To test the 

ability of supGM-CSF to maintain AM in culture, we harvested bronchiolar lavage 

fluid (BALF) from 10 WT wild-type mice. We pooled these cells, counted and then 

plated them in 25ng/ml supGM-CSF supplemented media. 24 h post-harvest, using 

a light microscope, we tested that AMs attached (Figure 2.4).  

 
Figure 2.4: supGM-CSF can differentiate functional Alveolar Macrophages.  
(A) Schematic of alveolar macrophage supGM-CSF harvesting and differentiating 
experiment. (B) The cellular viability of differentiated alveolar macrophages was 
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measured by LDH, where media, cells, and lysis of cells were measured. (C) 
Secreted IL6 protein was measured from supGM-CSF differentiated alveolar 
macrophages treated with and without LPS for 6hrs, as well as (D) TNFa, (E) MDC, 
(F) MCP-1, (G) IP10, (H) KC and (I) Rantes. Student’s t-tests were performed 
using GraphPad Prism. Asterisks indicate statistically significant differences 
between mouse lines (∗p ≥ 0.05, ∗∗p ≥ 0.01, ∗∗∗p ≥ 0.005). 

Viability of AMs were assessed by measuring the amount of lactate dehydrogenase 

(LDH) in the media. The amount of measured LDH correlates directly with the cell 

number lysed (Smith et al., 2011). Our data indicate that supGM-CSF does not 

negatively affect the cell culture, while the controls indicate there are healthy 

cultured cells not resistant to apoptosis (Figure 2.4B). AMs were stimulated with 

LPS for 24 hr and cytokines were measured by ELISA. Inflammatory inducible 

proteins are significantly upregulated in AMs cultured in supGM-CSF media, 

including proteins IL6, TNFa, MDC, MCP-1, IP10, KC and Rantes (Figure 2.4C-

I). supGM-CSF cultured primary alveolar macrophages maintain their pro-

inflammatory activation programming.  

2.4 Discussion 

Dendritic cells and macrophages have been cultured and studied for the last 

40 years, leading to many advances in culturing protocols. Flt3L is often utilized as 

a factor for BMDC differentiation, it is now appreciated that Flt3L DCs are 

representative of steady-state resident DCs, while GM-CSF BMDCs mirror the 

transcriptional programing of pro-inflammatory recruited cells (Carreras et al., 

2008; Xu et al., 2007). Granulocyte-macrophage colony-stimulating factor (GM-

CSF), differentiated bone marrow cells are widely used as a model system for 

conventional DC development (Nikolic et al., 2003; Zhang et al., 1998), as well as 
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sustaining primary alveolar macrophages in culture (Dong et al., 2016). Current 

strategies for the generation of murine BMDCs or culturing of primary alveolar 

macrophages utilize store bought purified recombinant GM-CSF or a stable cell-

line expressing recGM-CSF called J558L (Qin et al., 1997). J558L, a murine GM-

CSF, secreting cell-line is utilized for both BMDC and alveolar macrophage 

culturing, however it is an immune cell that also secretes IL-10 which can alter the 

transcriptional programing of the cells when culturing and only secretes 80ng/ml 

(Busch et al., 2019; Qin et al., 1997; Shibata et al., 2001).  

Using supernatant from GM-CSF secreting HEK293T cells, can serve as an 

alternative to purified GM-CSF for murine BMDCs or maintenance of primary 

alveolar macrophages. We have successfully cloned and stably integrated murine 

GM-CSF into HEK293T cells, which consistently secrete 180ng/ml of GM-CSF 

(Figure 2.1). Bone marrow differentiated with our supGM-CSF produces more cells 

by day 9 compared to pGM-CSF, but both GM-CSF sources generate an equal 

percentage of pure dendritic cells based on previously published gating strategies 

(Ono et al., 2018; Zaynagetdinov et al., 2013) (Figure 2.1C and I). Additionally, 

using more GM-CSF also will produce more viable and proliferating cells, which 

can be further enhanced with higher concentrations of supGM-CSF (Figure 2.2C). 

Commercial GM-CSF can be used instead of our HEK293T supGM-CSF, but it is 

expensive, and GM-CSF has to be added every 2 days to cells during the 

differentiation process. Our supGM-CSF is much more cost effective compared to 

purified GM-CSF from a number of companies (Supplemental Table 2.1). From 
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one harvest of supGM-CSF you can generate ~10 ug, which will be the cost of 50ml 

of complete media, while 10 ug of purified GM-CSF from Thermo Fisher will cost 

$276. The purity of BMDCs generated from pGM-CSF and supGM-CSF does not 

differ when assessed by flow cytometry based on previously published panels (Ono 

et al., 2018; Zaynagetdinov et al., 2013) (SFigure 2.3, Figure 2.2D-H).  

 DCs are professional antigen presenting cells and therefore express high 

levels of MHC Class II (Carreras et al., 2008; ten Broeke et al., 2013). BMDCs 

differentiated with either Flt3L or GM-CSF have comparable T cell activation, and 

therefore MHC II expression (Xu et al., 2007). BMDCs differentiated with either 

pGM-CSF or supGM-CSF express MHC-II at a comparable level, when measured 

by mean fluorescence through flow cytometry (Figure 2.3A-C).  

 As previously stated, picking a cell line to express a recombinant protein is 

very important. If an immune cell is chosen, one risks the chance of having immune 

factors being secreted in the supernatant, leading to priming and activation of either 

pro- or anti- inflammatory transcriptional programs (Busch et al., 2019; Qin et al., 

1997; Shibata et al., 2001).  By performing a time-course stimulation or overnight 

LPS stimulation, our study indicates supGM-CSF does not inhibit the inflammatory 

program transcriptionally when measuring the transcript or protein level of IL6 (Fig 

3D-E). supGM-CSF and pGM-CSF differentiated BMDCs both retain the ability to 

activate the inflammasome pathway, leading to the secretion of IL1b (Figure 2.3D-

F), while this pathway is now contested in DCs our results for GM-CSF is true 

(Erlich et al., 2019).  
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 Not only does our study provide data to support the use of supGM-CSF 

compared to pGM-CSF for BMDCs, but we also show that supGM-CSF can be 

utilized to sustain the culturing of primary alveolar macrophages from murine 

bronchoalveolar lavage fluid (BALF) (Busch et al., 2019; Qin et al., 1997). After 

48 h of supGM-CSF cultured BALF, the adhered alveolar macrophages (AMs) 

were >95% viable (Figure 2.4B). More importantly, when stimulating the cells with 

LPS overnight cytokines such as IL6, TNFa, KC and Rantes were all inducible 

(Figure 2.4C-I). Thus, supGM-CSF maintains AMs in culture and does not inhibit 

the pro-inflammatory programming of the immune cells.  

Taken together our results show that a pure BMDC population and 

inflammatory inducible DCs or AMs can be established by culturing BM cells or 

BALF with a crude supernatant from our GM-CSF HEK293T cell line. This line 

will provide the research community with a more cost-effective alternative to 

commercially available GM-CSF.   

2.5 Methods 

2.5.1 Cloning strategy of mGM-CSF. 

The mGM-CSF gene, including PspXI and NotI restriction sites, was amplified 

from the pCR3.1-mGM-CSF vector (Addgene, 74465). The PCR was set up with: 

25 μl 2X Phusion High-Fidelity PCR Master Mix (Thermo Scientific), 1 μl 

PspXI_hMCSF_fwd (20mM): 

TCCGCTCGAGCCACCATGTGGCTGCAGAATTTACTTTTCC,  

1 μl NotI_hMCSF_rev (20mM): 
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GACGCGGCCGCTCATTTTTGGCCTGGTTTTTTGC, 1 μl pCR3.1-mGM-CSF 

(20ng) and 22 μl DEP-C nuclease-free water. PCR program: 95℃ 3 minutes, 35 

cycles of 95℃ 30 sec, 60℃ 30 sec, and 72℃ 1 min, and end the PCR with 72℃ 

and 12℃ hold. The PCR product was purified using the PCR Clean-up Kit 

(Macherey-Nagel) and was subsequently digested with PspXI (New England 

BioLabs) and NotI-HF (New England BioLabs) using recommended digestion 

conditions (https://nebcloner.neb.com/#!/redigest) and was cloned into our custom 

681 bidirectional lentiviral vector (sequence in supplemental). Sequence was 

confirmed by Sequetech (Sanger) sequencing.  

2.5.2 Lentivirus generation. 

HEK-293T cells (4e5 cells/well) were plated onto a 6-well plate (353046, Corning) 

with complete DMEM [10% heat-inactivated FCS (Gibco, 26140-079), 100μg/ml 

penicillin (Thermo, 15140122), and 100μg/ml streptomycin (Thermo, 15140122)]. 

24hr later, 500 ng of 681-mGM-CSF or empty vector control, 250ng psPAX2 

(Addgene, 12260), and 250ng pMD2.G (Addgene, 12259) were mixed in 200μl of 

serum-free Opti-MEM (Gibco) and 5μl Lipofectamine 2000 (Thermo Fisher) was 

added to mix and incubated for 20 minutes at room temperature. Transfection 

reaction was added to HEK-293T cells and allowed to transfect for 72 hours, and 

supernatant was harvested, passed through 0.45μm filters (Millipore, Stericup), and 

aliquots were stored at -80°C. 
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2.5.3 Construction of GM-CSF-producing HEK-293T cells. 

HEK-293T cells were transduced 2 days with 200ul of lentivirus per 1E5 cells. 

48hrs after infection, the HEK-293T cells were selected with puromycin (2ug/ml) 

for >3 days, monitoring viability and increase of mCherry expression using FACS 

(Attune NxT Flow Cytometer). Once mCherry expression exceeded 85%, 

puromycin was removed, and cell-line was expanded and used to produce GM-

CSF. A detailed method for GM-CSF supernatant production is described in 

extended methods.  

2.5.4 Enrichment of DCs and macrophages from BM and in-vitro stimulation. 

Bone marrow (BM) cells were harvested from the femurs and tibia of wild-type 

C57BL/6 between 6- and 18-weeks old mice and depleted of erythrocytes. 1e6-3e6 

BM cells were plated per well of a 6-well tissue culture plate (353046, Corning) in 

complete DMEM supplemented with either 10% M-CSF from L929 cells, 5-10% 

supernatant, or 10-25ng/ml of recombinant mGM-CSF [PMC2015, Thermo 

Fisher]. Media was replaced on day 3 and every 2 days henceforward. Cells were 

scraped and moved onto a larger plate as they proliferated. After 7 to 14 days of 

enrichment, cells were stimulated by adding 200ug/ml LPS (Sigma, L2630-10MG) 

to the media and harvested for analysis after 0, 6, or 24 hours of stimulation. Total 

cell count was determined by staining cells with trypan blue and using a Light 

Microscope and hemocytometer.  
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2.5.5 Surface staining for Flow Cytometry. 

Stimulated BMDCs and BMDMs were harvested and centrifuged at 300 g for 5 

minutes. The pellets were resuspended in 100μl sorting media (2% FCS, 5 mM 

EDTA, 1X PBS). Each sample was blocked with 100μl of Fc block CD16/CD32 

(BD Biosciences) diluted 1:250 in sorting media and incubated at room temperature 

for 15 minutes. Antibodies and viability dye were then used to stain the samples for 

30 minutes on ice in the dark. Antibodies and dye: APC-eFluor 780 anti-CD45 

(Invitrogen, 47-0451-82), Alexa-Fluor 700 anti-CD11c (BD Pharmingen, 560583), 

FITC anti-CD11b (Thermo Fisher, MA1-10081), PE-eFluor 610 anti-F4/80 

(eBioScience, 61-4801-80), PE anti-MHC Class II (BD Pharmingen, 562010), and 

Fixable Aqua Dead Cell Stain (Thermo Fisher, L34957). Cells were washed twice 

in 1 ml sorting media, spinning at 300 g for 5 minutes. The resulting pellet was 

resuspended in 200μl of sorting media and analyzed by FACS (Attune NxT Flow 

Cytometer). 

2.5.6 Inflammasome activation assay and ELISA. 

supGM-CSF (25ng/ml) or recGM-CSF (25ng/ml) differentiated BMDCs were 

plated at 2e5cells/well in a 96 well plate with complete DMEM media. Cells were 

first primed with 200ng/ml LPS for 3h prior to treatment with different agents. 

Poly(dA:dT) DNA (dsDNA mimic) was transfected using Lipofectamine 2000 at a 

concentration of 1.5μg/ml, 6hrs prior to harvesting supernatant. The supernatant 

was harvested using a p300 multichannel pipette and stored at -80°C. Commercial 

ELISAs were used to measure the following analytes in triplicate mice following 
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the manufacturer's instructions: IL-6 (mouse IL-6 DuoSet, R&D Systems DY406) 

and IL-1β (Mouse IL-1β/IL-1F2 R&D Systems DY401-05).  

2.5.7 BALF Harvest and alveolar macrophage culturing. 

Bronchoalveolar Lavage Fluid (BALF) was harvested as previously stated by 

Cloonan et al. (PMID:26752519). 40 mice were euthanized by CO2 narcosis, the 

tracheas cannulated, and the lungs lavaged with 0.5-ml increments of ice-cold PBS 

eight times (4 ml total), samples were combined in 50ml conical tubes. BALF was 

centrifuged at 500g for 5 min. 1 ml red blood cell lysis buffer (Sigma-Aldrich) was 

added to the cell pellet and left on ice for 5 min followed by centrifugation at 500g 

for 5 min. The cell pellet was resuspended in 500μl PBS, and leukocytes were 

counted using a hemocytometer. Specifically, 10μl was removed for cell counting 

(performed in triplicate) using a hemocytometer. Cells were plated in sterile 12 well 

plates at 5e5/well (total of 8 wells) and use complete DMEM with 25ng/ml supGM-

CSF.  

2.5.8 Culturing of alveolar macrophages. 

24hrs post-BALF isolation, media was removed and fresh complete DMEM with 

25ng/ml supGM-CSF is added. All cells that adhere to the surface of the plate are 

considered alveolar macrophages (AM) as previously determined by Chen et al. 

(PMID:3288696). After new media is added, AMs are stimulated with 200ng/ml 

LPS (Sigma, L2630-10MG). Harvest supernatant 6hrs post-stimulation. Harvested 

supernatant was sent to Eve technologies for cytokine analysis. Statistics were 

performed using GraphPad prism. 
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2.5.9 Cytotoxicity assay. 

Cytotoxicity was assessed by measuring the release of LDH into the media (LDH-

Cytotoxicity Colorimetric Assay Kit II; BioVision) according to the manufacturer’s 

protocol.  
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CHAPTER 3: Genetic models reveal cis and trans immune-

regulatory activities for lincRNA-Cox2 
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3.1 Abstract 

An inducible gene expression program is a hallmark of the host 

inflammatory response. Recently, long intergenic non-coding RNAs (lincRNAs) 

have been shown to regulate the magnitude, duration and resolution of these 

responses. Amongst these, lincRNA-Cox2, a dynamically regulated gene in myeloid 

cells broadly regulates immune gene expression. To evaluate the in vivo functions 

of this lincRNA, we characterized multiple models of lincRNA-Cox2-deficient 

mice. LincRNA-Cox2-deficient bone-marrow derived macrophages and murine 

tissues had altered expression of inflammatory genes. Transcriptomic studies from 

various tissues revealed that deletion of the lincRNA-Cox2 locus also strongly 

impaired the basal and inducible expression of the neighboring gene prostaglandin-

endoperoxide synthase (Ptgs2), encoding cyclooxygenase-2, a key enzyme in the 

prostaglandin biosynthesis pathway. By utilizing different genetic manipulations in 

vitro and in vivo we found that lincRNA-Cox2 functions through an enhancer RNA 

mechanism to regulate Ptgs2. More importantly, lincRNA-Cox2 also functions in 

trans, independently of Ptgs2, to regulate critical innate immune genes in vivo.  

2.2 Highlights 

• New murine models of lincRNA-Cox2 (knockout, splicing mutant and a 

C57/MOLF cross) were generated to study the role of this gene in vivo. 

• lincRNA-Cox2 functions through an enhancer RNA mechanism to regulate 

Ptgs2 levels 
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• lincRNA-Cox2 has a trans regulatory role in vivo controlling the activation 

and repression of a number of critical innate immune genes. 

• This shows the complexity of lincRNA loci simultaneously regulating the 

expression of local and distant genes 

3.3 Introduction 

Activation of myeloid cells is associated with differential expression of 

immune genes involved in host-defense, tissue repair, and resolution of 

inflammation. Toll-like receptors (Tlrs) are germline encoded receptors critical for 

the activation of signaling pathways controlling immune response genes. 

Dysregulation of these pathways can lead to deleterious autoinflammatory 

conditions, which can contribute to autoimmunity or cancer (Gajewski et al., 2013; 

Gierut et al., 2010; Masters et al., 2009). Tight control of these inflammatory 

signaling cascades is required to prevent host damage and is achieved both 

transcriptionally and posttranscriptionally.  

The majority of the mammalian genome is pervasively transcribed, 

producing thousands of noncoding RNAs (The ENCODE Project Consortium, 

2012). Interestingly, the expression of these noncoding genes is highly cell-type 

specific (Morris and Mattick, 2014), while their function remains largely unknown. 

Long intergenic noncoding RNAs (lincRNAs) are a subclass of long noncoding 

RNAs (lncRNAs) that form the largest class of RNA produced in the genome. The 

tremendous number of newly annotated lincRNAs and their low evolutionary 

conservation has led to debates about their functionality (Andrew R Bassett et al., 
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2014). However, the number of characterized lincRNAs is growing, and this class 

of gene has been shown to control various biological processes including somatic 

tissue differentiation (Kretz et al., 2013), X chromosome inactivation (Carmona et 

al., 2018b; Engreitz et al., 2013; Jégu et al., 2017)  or organ development (Anderson 

et al., 2016).  

LincRNAs function to control gene expression either in cis, where they 

influence the expression and/or chromatin state of neighboring genes, or in trans 

where the lincRNA leaves the site of transcription and affects genes on different 

chromosomes(Kopp and Mendell, 2018a; Liang et al., 2018; Neumann et al., 2018). 

These trans acting lincRNAs, such as FENDRR, linc-EPS and NeST, can function 

to: regulate chromatin states (Atianand et al., 2016b; Gomez et al., 2013; Grote et 

al., 2013b; Sauvageau et al., 2013b), influence nuclear structure/organization (Rinn 

and Guttman, 2014) or interact with and regulate the behavior of proteins and/or 

other RNA molecules (Covarrubias et al., 2017b; Kawasaki et al., 2018; Lee et al., 

2016; Wang et al., 2017).  

LincRNAs have recently been shown to regulate the development and 

function of immune cells (Kotzin et al., 2016; Wang et al., 2017, 2014c). Previous 

work from our lab and others defined an immune-inducible lincRNA, lincRNA-

Cox2 (synonym: Ptgs2os2) with broad trans regulatory activity on inflammatory 

responses (Carpenter et al., 2013b; Covarrubias et al., 2017b; Hu et al., 2016b; Q. 

Tong et al., 2016b; Xue et al., 2019a). In macrophages, where this lincRNA was 

highly induced upon inflammatory activation, lincRNA-Cox2 functioned to activate 
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and repress distinct classes of innate immune genes (Carpenter et al., 2013b). 

However, like most lincRNAs and protein-coding genes, the cis and trans 

regulatory elements encoded within the locus remain unstudied in vivo. Most 

recently, some lincRNAs are now discovered to have the ability to function both in 

cis and in trans (Carmona et al., 2018b; Li et al., 2012; Yin et al., 2015).  

Here we created a combination of different genetic deletion models to study 

the role of the lincRNA-Cox2 locus in macrophages and in murine models in vivo.  

Consistent with prior work, we found lincRNA-Cox2-deficient macrophages had 

altered expression of numerous inflammatory genes (Carpenter et al., 2013b; 

Covarrubias et al., 2017b). In addition, we observed a profound cis-function for 

lincRNA-Cox2: lincRNA-Cox2-deficient mice had severely reduced expression of 

the neighboring gene Ptgs2, a gene that encodes for cyclooxygenase-2 (Cox2), a 

central enzyme of the prostaglandin biosynthesis pathway, across several tissues. 

This finding provides evidence for a previously unrecognized cis-function for 

lincRNA-Cox2. We have data that supports lincRNA-Cox2 functions through an 

RNA mediated mechanism as an enhancer (eRNA) to regulate Ptgs2 expression. 

Crossing our lincRNA-Cox2 deficient mice to a wild derived mice (MOLF) that 

have a distinct genetic background, provides critical evidence that lincRNA-Cox2 

indeed functions on the same chromosome to regulate Ptgs2 expression levels.   

 Finally, in order to distinguish the cis regulatory element from the trans 

activity of the RNA transcript we generated a “mutant” mouse model that retained 

the exonic sequences of the lincRNA but lacked the intron and splicing capabilities. 
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This resulted in a mouse with low basal expression level of lincRNA-Cox2, but the 

transcript is no longer inducible following inflammatory stimulation. In the 

“mutant” mouse, Ptgs2 expression is comparable to wild type mice as the eRNA 

activity of the lincRNA-Cox2 locus is maintained. Using a conventional in vivo 

LPS shock model we identify an additional role for the lincRNA-Cox2 transcript in 

the trans regulation of a subset of immune genes, as well as an organ specific role 

independent of Ptgs2 biology. Collectively these observations reveal a bimodal 

action of gene regulation by the lincRNA-Cox2 transcript: a trans-regulatory 

function controlling immune genes such as cytokines globally, and a separate 

enhancer function acting to regulate prostaglandin biosynthesis via Ptgs2 (Cox2).  

Thus lincRNA-Cox2 represents a new regulator of the Ptgs2 pathway, as well as an 

important mediator of immunity beyond the prostaglandin pathway. 

2.4 Results 

3.4.1 Genetic deletion of lincRNA-Cox2 alters immune gene expression in 

macrophages 

LincRNA-Cox2 is encoded on chromosome 1 and transcribed from the negative 

strand. The mature sequence has 2 exons and is 1.7 kb long. Its nearest protein 

coding gene, prostaglandin-endoperoxide synthase 2 (Ptgs2/Cox2), is ~50kb 

upstream and transcribed on the positive strand (Figure 3.1A). A lincRNA-Cox2 

knockout (KO) mouse was generated by removing the entire genomic locus 

(5.9kB), except for the promoter, and replacing it with a LacZ reporter cassette 

(Figure 3.1B). KO mice were born at expected Mendelian frequencies with no 
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obvious developmental abnormalities (Sauvageau et al., 2013b). We and others 

have previously published that lincRNA-Cox2 acts to positively and negatively 

regulate expression of distinct classes of innate immune genes (Carpenter et al., 

2013b; Covarrubias et al., 2017b; Hu et al., 2016b; Q. Tong et al., 2016b; Xue et 

al., 2019a).  

 
Figure 3.1: Characterization of the lincRNA-Cox2 knock-out BMDMs. 
(A) Schematic showing the lincRNA-Cox2 locus is ~50kb away from its closest 
protein coding gene Ptgs2. (B) Schematic depicting the generation of the lincRNA-
Cox2 knockout mouse in which the locus has been replaced with a LacZ reporter 
construct. (C) lincRNA-Cox2 expression levels were measured using qRT-PCR in 
wild type (WT) or knockout (KO) macrophages treated with LPS for 6h. (D-E) 
Bone Marrow Derived Macrophages (BMDM) were treated with LPS for 24h; Il6 
and Chi3L levels were measured by ELISA. (F) BMDMs were treated with LPS or 
R848 and Ifi202b levels were measured by qRT-PCR, normalized to the house 
keeping gene Gapdh and expressed as fold change over unstimulated cells. 
Student’s t-tests were performed using Graphpad Prism7. Asterisks indicate 
statistically significant differences between mouse lines (*= >0.05, **= >0.01 and 
*** = >0.005). 

In those studies, shRNA-based knockdown of lincRNA-Cox2 reduced the levels of 

pro-inflammatory cytokines like Interleukin-6 (Il6) in bone-marrow derived 
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macrophages (BMDMs) activated with LPS, while a number of interferon 

stimulated genes (ISGs) were expressed at higher levels. Here, using genetic 

approaches, we find that lincRNA-Cox2-deficient BMDMs (Figure 3.1C) produced 

less Il6 (Figure 3.1D) and more Chi3L as well as IfI202b, an ISG, following LPS 

(Tlr4) and R848 (Tlr7) stimulation (Figure 3.1E-F).   

3.4.2 Ptgs2 levels are reduced in lincRNA-Cox2 knockout mice 

The lincRNA-Cox2 KO mouse was generated such that the locus remains 

transcriptionally active and LacZ staining can be used as a surrogate for lincRNA-

Cox2 expression (Sauvageau et al., 2013b). Staining of several organs from these 

mice revealed the in vivo expression of lincRNA-Cox2 in both the brain (dorsal 

cerebral cortex) and the lung, under steady-state conditions (Figure 3.2A). Further, 

RNA-Seq from a variety of organs confirmed that lincRNA-Cox2 was most highly 

expressed in the lung at steady state (SFigure 3.1A). To identify the target genes of 

lincRNA-Cox2 at steady state, we performed RNA-Seq on whole lung tissue, 

comparing wild type and lincRNA-Cox2-deficient mice. Using DESeq2 with a cut 

off of 2.5-fold and a p-value of 0.05, 476 genes showed altered expression (273 

were up-regulated and 203 were down-regulated) (Table 3.1). Amongst the most 

significantly down-regulated genes was Ptgs2 (Figure 3.2B, highlighted in red).  
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Figure 3.2: lincRNA-Cox2 expression in the lung and effects on Ptgs2 in cis. 
(A) Brain, lung and liver were stained for LacZ expression. (B) RNA-sequencing 

was performed on lung tissue comparing WT and KO samples. Volcano plot 

represents the top upregulated and downregulated genes comparing KO/WT using 

DESeq (cut off of 1.5 log2fold change in expression with p-value >0.05). Ptgs2 is 

labeled in red. (C-H) WT and lincRNA-Cox2 KO mice were injected with LPS 

(20mg/kg) for 6h and spleens and lungs were extracted. Expression levels of 

lincRNA-Cox2 (C,E,G) and Ptgs2 (D,F,H) were tested by qRT-PCR and normalized 

to Gapdh. Each dot represents an individual animal. Asterisks indicate statistically 

significant differences between mouse lines (Student’s t-test with a p value ≤0.05). 

Student’s t-tests were performed using Graphpad Prism to obtain p-values.  (I) 

BMDMs were stimulated with TLR ligands for 6h and Ptgs2 levels were measured 

by qPCR and normalized against Gapdh. (J) BMDMs were stimulated with LPS for 
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the indicted times and Ptgs2 levels were measured by western blot and quantified 

below. (K) PDE levels in WT and KO BMDMs was measured by Mass 

Spectrometry. Heat-map generated by Morpheus (Broad Institute).  

Next, we wanted to investigate the lincRNA-Cox2 locus at higher resolution 

and across different tissues in order to understand whether this effect was specific 

to Ptgs2 or whether the genetic manipulation of the locus altered other neighboring 

genes. To that end, we compared the transcriptomes from WT and KO animal 

brains and lungs and generated cis-region plots spanning a 1-Mb window in the 

vicinity of the lincRNA-Cox2 locus. In both the lung and brain, which have high 

expression of lincRNA-Cox2 represented by LacZ staining in organs from KO mice 

(Figure 3.2A), the only gene affected in this region at steady-state was Ptgs2 

(SFigure 3.2A-B). To determine if the cis effect on Ptgs2 persisted after an 

inflammatory stimulus in vivo, a context in which the lincRNA transcript is highly 

induced, we measured the expression of Ptgs2 in lung, spleen and liver following 

intraperitoneal (IP) injection of E. coli LPS (20mg/kg) for 6h. In WT mice, 

lincRNA-Cox2 and Ptgs2 were inducible in the spleen and liver (Figure 3.2C-G) 

following LPS treatment. Ptgs2 levels were reduced in all tissues examined from 

lincRNA-Cox2 KO mice following LPS challenge (Figure 3.2D-H). LacZ 

expression remained comparable to lincRNA-Cox2 expression in the tissues from 

KO mice following LPS treatment, confirming that the locus is actively transcribed 

(SFigure 3.2C-D).  
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We also examined Ptgs2 levels in BMDMs from the lincRNA-Cox2 KO 

mice following stimulation with various Tlr ligands. In each case, the inducible 

transcriptional expression of Ptgs2 was greatly reduced (Figure 3.2I). We 

confirmed this effect at the protein level in lincRNA-Cox2-deficient BMDMs by 

immunoblotting for Ptgs2 (Figure 3.2J). Ptgs2 is the central enzyme of the 

prostaglandin pathway catalyzing the conversion of arachidonic acid to 

prostaglandins (Ricciotti and FitzGerald, 2011). Consistent with the reduced 

expression of Ptgs2 RNA and protein, there was reduced pro-inflammatory 

prostaglandin E2 (PGE2) production in lincRNA-Cox2 deficient cells as measured 

by Mass Spectrometry (Figure 3.2K). Together, all these data indicate that the 

lincRNA-Cox2 locus controls the expression of Ptgs2 and thereby prostaglandin 

biosynthesis.  

3.4.3 Rescue of mature lincRNA-Cox2 fails to restore inducible Ptgs2 expression in 

macrophages.  

LincRNA-Cox2 and Ptgs2 show parallel inducible expression kinetics 

following Tlr activation. In prior work we showed that knocking down the lincRNA 

transcript using shRNA had no impact on the expression of Ptgs2 (Carpenter et al., 

2013b). This observation contrasts with the strong cis effect of the lincRNA locus 

observed in our KO model and could be consistent with a DNA-mediated enhancer 

effect – a mechanism that has previously been reported for other lincRNA loci 

(Engreitz et al., 2016b; Groff et al., 2016; Joung et al., 2017b; Vikram R. Paralkar 

et al., 2016). In order to gain more insight into the molecular basis for this cis effect, 
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we reconstituted lincRNA-Cox2-deficient primary BMDMs with the full-length 

spliced mature RNA transcript (Figure 3.3A) via plasmid electroporation. Despite 

restoration of lincRNA-Cox2 to a level of expression comparable to that seen in WT 

cells, Ptgs2 expression could not be rescued (Figure 3.3B).  To control for possible 

effects mediated by knock-in of the LacZ transgene, we also generated a BMDM 

line lacking lincRNA-Cox2 using CRISPR/Cas9 to validate these findings. We 

designed guide RNAs to the 5’ and 3’ ends of the lincRNA-Cox2 gene as outlined 

in Figure 3.3C, using two guide RNAs that remove the entire locus encoding the 

gene (while leaving the promoter intact). Knockout of lincRNA-Cox2 was 

confirmed by RT-qPCR (Figure 3.3D). Ptgs2 levels were also impaired in these 

Cas9-edited cells (Figure 3.3E). Again, reconstitution with the full-length lincRNA-

Cox2 transcript by lentiviral expression, which localized to both the nuclear and 

cytoplasmic compartment (SFigure 3.3A-B), failed to rescue this phenotype 

(Figure 3.3F-G).   

3.4.4 lincRNA-Cox2 functions through an enhancer RNA mechanism to regulate 

Ptgs2. 

Recently, it has been shown that non-coding RNA loci have the potential to 

harbor enhancer activities (Engreitz et al., 2016b; Groff et al., 2016; Kim et al., 

2015; Kotzin et al., 2016; Carlos A. Melo et al., 2013; Ørom et al., 2010; Vikram R. 

Paralkar et al., 2016). Since the impact of lincRNA-Cox2-deficiency on Ptgs2 levels 

was not rescued by ectopic expression, we speculated that the lincRNA-Cox2 locus 

harbored a DNA enhancer element controlling Ptgs2 expression. LincRNA-Cox2  
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Figure 3.3: lincRNA-Cox2 acts as an eRNA to control Ptgs2. 
(A) Primary BMDMs from the lincRNA-Cox2 knockout mice were reconstituted by 
plasmid electroporation with full-length lincRNA-Cox2. Expression of lincRNA-
Cox2 was confirmed by qRT-PCR. (B) Ptgs2 levels were determined by qRT-PCR 
in the lincRNA-Cox2 reconstituted cells. Data represents 2 combined biological 
replicates representative of 3 individual experiments. (C) schematic of BMDM cell 
line using CRISPR/Cas9 to remove the lincRNA-Cox2 locus. (D-E) Expression of 
lincRNA-Cox2 and Ptgs2 were determined by qRT-PCR in the lincRNA-Cox2 Cas9 
knockout BMDMs. (F-G) Cas9 knockout cells were reconstituted using a lentiviral 
vector expressing full-length lincRNA-Cox2. LincRNA-Cox2 and Ptgs2 levels were 
measured by RT-qPCR. (H) A schematic outlining the strategy to knockdown 
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lincRNA-Cox2 expression using CRISPRi. (I) UCSC browser tracks indicating 
histone marks, H3K4me1 (enhancer), H3K4me3 (active transcript) and p300 peaks 
measured using ChIP in BMDMs and lungs are outlined. (J) Schematic outlining 
the strategy to remove exon-2 of lincRNA-Cox2 using CRISPR/Cas9. (K-L) Ctl and 
exon-2 KO BMDMs were stimulated with LPS for 6h and expression levels of 
lincRNA-Cox2 and Ptgs2 were measured by qRT-PCR. (M-N) lincRNA-Cox2 and 
Ptgs2 levels were measured in 6hr LPS stimulated BMDMs following knockdown 
of lincRNA-Cox2 using CRISPRi. Data represents 3 combined biological replicates, 
representative of 3 individual experiments. Student’s t-tests were performed using 
Graphpad Prism7. Asterisks indicate statistically significant differences between 
mouse lines (*= >0.05, **= >0.01 and *** = >0.005). 

possesses two exons, with the majority of the sequence lying within exon-2. Using 

CRISPR/Cas9 we excised exon-2 from lincRNA-Cox2 in BMDMs (Figure 3.3H) 

and confirmed this deletion by RT-qPCR (Figure 3.3K). Ptgs2 was measured by 

RT-qPCR and expression was markedly reduced in the exon-2 KO BMDMs again 

suggesting that either the lincRNA transcript or a DNA enhancer element within 

exon 2 is required for the activity on Ptgs2 (Figure 3.3L). This data confirms that 

there is no enhancer activity lying within exon 1, which remains intact in this 

model. To determine if there are any enhancer marks present within exon 2 of 

lincRNA-Cox2 we studied ChIP-Seq of histone marks associated with enhancers 

including H3K4mono-methylation, as well as p300 binding from the Mouse 

Encode project and from Lara-Astiaso et al. (Lara-Astiaso et al., 2014; Mouse 

ENCODE Consortium et al., 2012). We were surprised that there was no evidence 

of any enhancer within exon 2 of lincRNA-Cox2 and instead enhancer marks were 

identified upstream of the transcription start site of lincRNA-Cox2 (Figure 3.3I and 

SFigure 3.4). This data suggests that this locus might function instead as an 

enhancer RNA (eRNA) in which transcription of lincRNA-Cox2 functions to 
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connect the enhancer region with the Ptgs2 locus to drive expression of the protein. 

The enhancer region within the lincRNA-Cox2 promoter remains intact in the KO 

mouse, and the locus is transcriptionally active, yet there is a strong defect in Ptgs2 

levels. Only the lincRNA-Cox2 transcript is absent in this model and since there are 

no identifiable enhancer elements within this region it suggests that specific 

transcription of the lincRNA-Cox2 sequence is driving this phenotype as an 

enhancer RNA.   

In order to test if lincRNA-Cox2 can function as an eRNA we used CRISPR 

interference (CRISPRi) as outlined in Figure 3.3J to inhibit transcription of the 

locus. We successfully knocked down lincRNA-Cox2 by over 95% using two 

independent guide RNAs in a clonal cell line (Figure 3.3M) and each led to over 

95% decrease in Ptgs2 expression as assayed using RT-qPCR (Figure 3.3N). This 

result was replicated in a second CRISPRi BMDM cell line (SFigure 3.5C-D). This 

data strongly indicates that it is locus specific transcription of lincRNA-Cox2 and 

not a DNA element within the exonic sequence of the gene that is critical to its 

function to control Ptgs2 levels.  

 To determine that lincRNA-Cox2 regulates Ptgs2 on the same chromosome, 

one final experiment was performed using mice with distinct genetic backgrounds. 

We took advantage of the wild-derived mouse strain MOLF, which is genetically 

distinct from the common laboratory C57/Bl6 mice. MOLF possess numerous 

single nucleotide polymorphisms (SNPs) that are distinct when compared to 

C57/Bl6 mice (Doran et al., 2016). Within the last exon of Ptgs2, MOLF mice have 
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5 distinct SNPs that can be used to distinguish the C57/Bl6 and MOLF alleles. As 

outlined in Figure4A we crossed WT C57/Bl6 or lincRNA-Cox2 KO C57/Bl6 mice 

with WT MOLF mice to determine how loss of lincRNA-Cox2 impacts Ptgs2. By 

RT-qPCR we show that lincRNA-Cox2 expression is lost in the KO mice, while the 

native promoter is intact, represented by LacZ expression (Figure 3.4B-C).  

 
Figure 3.4: lincRNA-Cox2 influences the expression of Ptgs2 in cis. 
(A) Schematic outlining the mouse breading and experimental strategy. (B-D) 
Unstimulated and 6hr LPS stimulated BMDMs, generated from heterozygous 
MOLF/WT and MOLF/KO, and expression of lincRNA-Cox2, Ptgs2 and LacZ 
were measured by qRT-PCR. Data represents 3 combined biological replicates, 
representative of 3 individual experiments. Student’s t-tests were performed using 
Graphpad Prism7. Asterisks indicate statistically significant differences between 
mouse lines (*= >0.05, **= >0.01 and *** = >0.005). (E) UCSC genome browser 
tracks of MOLF snps compared to C57/Bl6 mm10 genome build. The 414bp 
region, highlighted in grey, is the targeted region of Ptgs2 exon-10. The MOLF 
background has 5 distinct SNPs compared to C57/Bl6 background. (F) Sequenced 
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reads of exon-10 from MOLF/WT and MOLF/KO were analyzed by normalizing 
the reads from the C57/Bl6 background to the MOLF background. (G) Diagram 
explaining the results of why Ptgs2 is fully expressed in MOLF/WT and how Ptgs2 
has repressed expression in MOLF/KO. LincRNA-Cox2 positively cis regulates 
Ptgs2, while LacZ inhibits the expression of Ptgs2.         

When examining the heterozygous mice, the MOLF/KO had reduced expression of 

lincRNA-Cox2 and Ptgs2, compared to MOLF/WT (Figure 3.4B and D). Using 

RNA-Seq, we determined that only the lincRNA-Cox2 KO allele (C57/Bl6) had 

decreased expression of Ptgs2. The WT MOLF allele, which has an intact 

lincRNA-Cox2 gene, was unaffected by the loss of lincRNA-Cox2 (Figure 3.4E-F). 

These results support the finding that lincRNA-Cox2 functions to regulate the 

expression of Ptgs2 on the same chromosome and is graphically summarized in 

Figure 3.4G.  

3.4.5 Ptgs2 expression is not required for transcriptional activity of lincRNA-Cox2  

Since lincRNA-Cox2 and Ptgs2 show parallel expression kinetics following 

an inflammatory stimulus (Carpenter et al., 2013b) we wanted to explore whether 

the regulatory interaction between lincRNA-Cox2 and Ptgs2 was unidirectional or 

whether Ptgs2 itself impacts expression levels of the lincRNA. In addition, we 

wanted to understand whether the effect on Ptgs2 was responsible for the changes 

in inflammatory genes, such as Il6. To address this question, we crossed conditional 

Ptgs2 flox/flox mice (Wang et al., 2009) to Vavi-Cre mice to delete Ptgs2 in all 

hematopoietic cells. We generated BMDMs from these Ptgs2f/f-Vavi-Cre mice and 

confirmed deficiency of Ptgs2 by immunoblotting and RT-qPCR in BMDMs 

stimulated with LPS (Figure 3.5A-B). The induction of lincRNA-Cox2 proceeded 
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normally in Ptgs2-deficient BMDMs (Figure 3.5C). Importantly, the induction of 

Il6 and Ifi202b, which were both impacted by lincRNA-Cox2-deficiency, were 

induced normally in Ptgs2-deficient cells (Figure 3.5D-E). Together, these results 

suggest the lincRNA-Cox2 transcript can regulate genes in trans that are not 

normally regulated by Ptgs2. Thus, lincRNA-Cox2 may represent an important 

modulator within and outside the Ptgs2 pathway.  

 
Figure 3.5: Ptgs2 does not impact expression of lincRNA-Cox2 or its target 
genes. 
(A) BMDMs from wild type (WT), heterozygous (Het) and knockout (KO) Ptgs2 
cells were stimulated with LPS. Levels of Ptgs2 and β-actin were measured by 
western blot. (B-E) BMDMs from WT, Het and Ptgs2 KO mice were stimulated 
with LPS for the indicated times and levels of Ptgs2, lincRNA-Cox2, Il6 and Ifi202b 
were measured by qRT-PCR and normalized to Gapdh. (F) Schematic of where 
dCas9-Krab will sit at the transcriptional start site of Ptgs2. (G-H) RT-qPCR was 
used to measure Ptgs2 and lincRNA-Cox2 levels were measured in 6hr LPS 
stimulated BMDMs following knockdown of lincRNA-Cox2 using the CRISPRi 
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clonal cell line number 1. Data represents 3 combined biological replicates, 
representative of 3 individual experiments. Student’s t-tests were performed using 
Graphpad Prism7. Asterisks indicate statistically significant differences between 
mouse lines (*= >0.05, **= >0.01 and *** = >0.005). 

 Additionally, we used the BMDM CRISPR inhibition (CRISPRi) clonal 

cell lines to target Ptgs2 using two independent guide RNAs as represented in 

Figure5F. CRISPRi mediated knockdown of Ptgs2 by over 90% had no effect on 

the transcription of lincRNA-Cox2 upon LPS stimulation. This data further 

confirms that Ptgs2, RNA or protein, is not necessary for transcriptional activity of 

lincRNA-Cox2 basally or post inflammatory stimulation (Figure 3.5G-H, SFigure 

3.6C-D), while lincRNA-Cox2 is required for Ptgs2 expression. 

3.4.6 A lincRNA-Cox2 splicing mutant mouse fails to produce any inducible 

lincRNA-Cox2 transcript. 

In order to determine the trans functions of this lincRNA transcript 

independent of its role in regulating Ptgs2, we generated a new mouse model with 

a deletion of the ~2.3 kb intronic region utilizing CRISPR/Cas9 (hereafter referred 

to as mutant mice). We designed two guide RNAs targeting the 5’ and 3’ splice 

sites of lincRNA-Cox2. Exon-2 remained completely intact while 50bp was deleted 

from exon-1 (Figure 3.6A). PCR genotyping confirmed the mutant as described in 

Figure  3.6B. These mice were also born at expected Mendelian frequencies with 

no obvious developmental abnormities.  We generated BMDMs from the mutant 

mice and examined the expression of lincRNA-Cox2 in response to LPS challenge. 

While the lincRNA-Cox2 transcript was inducible following LPS stimulation in WT 
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BMDM cells, there was only very low basal expression of lincRNA-Cox2 in the 

mutant BMDM cells as measured by qRT-PCR (Figure 3.6C).  

 
Figure 3.6: A lung specific role for lincRNA-Cox2 acting in trans. 
(A) Schematic outlining the strategy to remove the intron of lincRNA-Cox2 using 
CRISPR/Cas9. to generate “mutant mice” (B) Genotyping data confirming the 
mutation within the lincRNA-Cox2 locus. (C-D) BMDMs were isolated from WT 
and mutant mice, stimulated with LPS or Mock (water) and lincRNA-Cox2 and 
Ptgs2 levels were measured by RT-qPCR. (E-H) WT and mutant mice were 
challenged with 20mg/kg LPS for 6h and lungs and spleens were removed. 
lincRNA-Cox2 and Ptgs2 levels were measured by qRT-PCR. (I) Experimental 
schematic outlining the sequencing strategy of in vivo experiment comparing WT, 
KO and mutant mice. (J) Tables highlighting the number of genes differentially 
expressed determined using DESeq (cut off of 1.5 log2fold change in expression 
with p-value >0.05). (DE) in either the lung or spleen when comparing WT, KO 
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and mutant expression profiles post LPS treatment. (K-M) Venn diagrams 
displaying the DE genes that overlap between mutant and KO or Spleen and Lung.  
 

 In contrast to data we obtained with the full gene knockout, Ptgs2 levels 

were comparable between the WT and mutant BMDMs (Figure 3.6D). We next 

examined Ptgs2 levels in tissues, specifically the lung, where lincRNA-Cox2 is most 

highly expressed and the spleen, where the majority of white blood cells are stored 

(Figure 3.2A, C, E, SFigure 3.1A).  In the mutant, intron-less mouse, lincRNA-Cox2 

levels were dramatically reduced in the lung and spleen following LPS stimulation 

(Figure 3.6E, G). Again, there was no effect on Ptgs2 levels within the lung and 

spleen of mutant mice (Figure 3.6F, H). These observations support the hypothesis 

that this locus can function as an enhancer to regulate Ptgs2 and this eRNA activity 

is maintained in this model. Both the enhancer located prior to the start site of the 

locus in conjunction with the basal transcript work together to mediate these effects 

on Ptgs2. 

3.4.7 A lincRNA-Cox2 regulates distinct sets of genes in lung and spleen. 

Now having two separate mouse models, a complete deletion knockout 

mouse and an intron-less mutant mouse, we asked whether the absence of the 

lincRNA-Cox2 transcript has a trans and organ-specific role in vivo. lincRNA-Cox2 

is expressed at high levels in the lung and very low in the spleen (Figure 3.2D,E; 

SFigure 3.1A). The expression of lincRNA-Cox2 is inducible upon LPS challenge 

in the spleen and slightly reduced in the lung (Figure 3.2D,E). To define the global 

regulatory role of lincRNA-Cox2, we challenged WT, KO mice and mutant mice by 
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intraperitoneal injection of E. coli LPS for 6hrs followed by RNA-sequencing of 

spleen and lung, as represented by Figure 3.6I. 

 DESeq2 analysis was used to determine the differentially expressed (DE) 

genes between WT vs. KO, WT vs. mutant or KO vs. mutant, in both the lung and 

spleen (Figure 3.6J). The KO vs WT mice had 312 DE genes in the lung and 313 

DE genes in the spleen (Figure 3.6J). The mutant vs WT mice had 115 DE genes 

in the lung and 179 DE genes in the spleen (Figure 3.6J). When comparing gene 

expression of mutant mice to KO mice there were hundreds of significantly DE 

genes, reinforcing that these mice had very distinct phenotypes from one another, 

due to the cis and trans functions of lincRNA-Cox2 (Figure 3.6J-L). Interestingly, 

when comparing mutant, lincRNA-Cox2, specific DE genes, there are only six that 

overlap between the spleen and lung (Figure 3.6M). Of these six genes, only one 

gene changed from being upregulated to downregulated from the spleen to lung, 

Ptprh (synonym: Sap-1) (SFigure 3.7C) (Bujko et al., 2017). DAVID analysis of 

the differentially expressed genes of the spleen and lung show similar pathways 

such as glycoprotein and inflammatory response, as well distinct pathways such as 

fibronectin and heparin binding in the spleen or cellular homeostasis and secretory 

granule pathways in the lung (SFigure 3.7A-B). LincRNA-Cox2 is highly expressed 

in the lung, in a very cell-type-specific manner (SFigure 3.1B-C). Using the Mouse 

Cell Atlas generated by  Han et al. (Han et al., 2018b) we can show the differences 

in cell-type expression between Ptgs2 and lincRNA-Cox2 (SFigure 3.1B). Overall, 

lincRNA-Cox2 has higher expression in specific immune related cells in the lung, 
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while Ptgs2 has higher expression in epithelial/endothelial cells, providing 

additional evidence that lincRNA-Cox2 has distinct roles in trans independent of its 

regulation of Ptgs2.  

3.4.8 lincRNA-Cox2 controls immune genes in trans independent of Ptgs2 

following LPS challenge in vivo 

The generation of the mutant intron-less lincRNA-Cox2 loss-of-function 

model allowed us to assess the contribution of the lincRNA transcript in vivo 

independent of the cis effect on Ptgs2. We asked whether the absence of the 

lincRNA-Cox2 transcript impacts in vivo responses to LPS. We challenged the 

lincRNA-Cox2 mutant mice in vivo by intraperitoneal injection of E. coli LPS. The 

temperature of the mice, a clinical parameter of septic shock, decreased over time 

in both strains (Figure 3.7A).  

 
Figure 3.7: lincRNA-Cox2 controls innate immune cells in trans in vivo. 
(A-G) WT and Mutant mice were challenged with 20mg/kg LPS and body 
temperatures were measured. Mice were sacrificed after 6h, cardiac punctures were 
performed and serum was isolated and multiplex cytokine analysis was performed. 
Each dot represents an individual animal. Student’s t-tests were performed using 
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Graphpad Prism7. Asterisks indicate statistically significant differences between 
mouse lines (*= >0.05, **= >0.01 and *** = >0.005). 

Serum cytokines were then measured using multiplex assays. Interferon stimulated 

genes including Ccl5 (Rantes) and Ip10 were both found at elevated levels in the 

lincRNA-Cox2 mutant mice following LPS challenge (Figure 3.7B-C), while 

proinflammatory gene expression including Il5, Lif, Il17 were all reduced (Figure 

3.7D-F). Tnfα expression levels were unchanged between control and mutant mice 

(Figure 3.7G). This in vivo data is consistent with published in vitro data showing 

that lincRNA-Cox2 can act to both promote and inhibit the expression of innate 

immune genes. As all genes affected in the mutant mice were located on different 

chromosomes to lincRNA-Cox2 (chromosome 1), these data confirm that lincRNA-

Cox2 functions in trans to control immune responses in vivo.  

3.5 Discussion 

LincRNAs remain an understudied class of genes specifically within the 

context of the immune system. Although there are a number of studies, both by our 

lab and others, showing that lincRNA-Cox2 promotes and restrains different classes 

of innate immune gene expression none have shown the function of this gene in 

vivo (Carpenter et al., 2013b; Covarrubias et al., 2017b; Hu et al., 2016b; Q. Tong 

et al., 2016b; Xue et al., 2019a). Here, we expand our knowledge on the role of 

lincRNA-Cox2 by generating two murine models and multiple novel macrophage 

cell lines, which strengthen our earlier findings that lincRNA-Cox2 can inhibit 

expression of ISGs and enhance pro-inflammatory gene expression. In addition, we 
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now reveal that lincRNA-Cox2 also functions through an enhancer RNA 

mechanism to control the expression of the neighboring gene Ptgs2 (Cox2) in vivo. 

We initially characterized the lincRNA-Cox2 KO mouse, generated by 

replacing the locus with LacZ, by tracking the LacZ expression in organs post LPS 

challenge. We observed that lincRNA-Cox2 was highly expressed in the lung and 

further analysis of RNA-Seq data confirmed this observation. In order to determine 

how loss of lincRNA-Cox2 expression impacted gene expression at steady state, we 

performed RNA-Seq on lung samples comparing WT and KO. We were intrigued 

to identify Ptgs2 amongst the most significantly altered transcripts in the KO lung. 

Our previous work using shRNA mediated knockdown of lincRNA-Cox2 had not 

revealed any change in the expression levels of Ptgs2 in BMDMs (Carpenter et al., 

2013b), suggesting that this cis activity was carried out through an enhancer within 

the DNA of this locus. We were unable to rescue the expression of Ptgs2 by ectopic 

overexpression of lincRNA-Cox2 further suggesting that it is either the DNA 

responsible for the phenotype or locus specific expression of the transcript is 

required for this function. A caveat with the reconstitution experiment is that we 

express lincRNA-Cox2 off a plasmid using an EF1α promoter. Although the 

reconstituted lincRNA-Cox2 localizes to the nucleus and cytoplasm in a similar 

manner to the native transcript it is no longer induced by its native promoter or 

undergoing splicing. Additional experiments including ectopic expression of 

lincRNA-Cox2 with the native promoter or the entire locus could help determine if 

these features are critical to the function of lincRNA-Cox2 in controlling Ptgs2 in 
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cis. The majority of the sequence for lincRNA-Cox2 lies within exon 2 and 

removing this exon using CRISPR resulted in a dramatic decrease in Ptgs2. 

However, when we examined the locus for enhancer elements, we did not identify 

any within exon 2 of the gene. Instead, we observed evidence for DNA enhancer 

elements that lie only within the promoter of lincRNA-Cox2 including histone 3 

lysine 4 mono-methylation (H3K4me1) and p300 ChIP-Seq. Interestingly, this 

enhancer region remained intact in the lincRNA-Cox2 KO mouse and the locus was 

transcriptionally active yet Ptgs2 was downregulated. This indicates that locus 

specific transcription of lincRNA-Cox2 is required to mediate the activity in cis 

suggesting that lincRNA-Cox2 functions as a form of eRNA. 

It has been reported that many lincRNAs act locally, explaining why 

lincRNAs, like lincRNA-Cox2, display a similar expression pattern to their 

neighboring protein coding genes.  A recent study by Engreitz et al. showed that 

lncRNA and protein-coding genes can function locally and affect each other’s 

expression levels (Engreitz et al., 2016b). They show that 5 out of 12 lincRNA loci 

they studied impacted their neighboring gene in cis either through enhancer activity 

from within the promoter, through the act of transcription or the act of splicing of 

the lincRNA (Engreitz et al., 2016b).  

Enhancer RNAs (eRNAs) are produced from transcriptionally active 

enhancer regions, which are epigenetically defined by high levels of H3K4me1, 

low levels of H3K4me3 and high levels of H3K27Ac (Creyghton et al., 2010; 

Heintzman et al., 2007; Visel et al., 2009). LincRNAs that function in cis to either 
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enhance or suppress the expression of neighboring protein-coding genes can be 

classified as enhancer or repressor RNAs. Studies from Lindsay et al. identified 

over 40 canonical lincRNAs that act as eRNAs to regulate protein-coding genes 

upon LPS stimulation in human monocytes (Ilott et al., 2014). Interestingly, while 

we found that knocking out lincRNA-Cox2 greatly impacted Ptgs2, deletion of 

Ptgs2 itself did not impact basal or inducible levels of lincRNA-Cox2, showing that 

the effects are not reciprocal between these two loci. This result was further 

confirmed using CRISPR interference, which mediates heterochromatin formation 

and silencing of gene transcription. Knocking down the transcription of Ptgs2 by 

over 90% had no effect on the regulation of lincRNA-Cox2. The lincRNA-Cox2 

locus has both high H3K4me1 and H3K4me3 marks making it distinct from the 

typical definition of eRNAs. It is possible that as the field and function of lncRNAs 

continues to grow that the categories that define their functions will also expand. 

To determine if transcription of lincRNA-Cox2 is important to regulate 

Ptgs2 we knocked down expression of the gene using CRISPRi. Our data shows 

that we can knock down lincRNA-Cox2 expression over 95%, which equally 

impacts Ptgs2 expression by over 95%. In addition, using active Cas9 we knocked 

out exon2 of lincRNA-Cox2 (the majority of the lincRNA-Cox2 sequence), this 

perturbation also impacted Ptgs2 expression. Since we did not identify any possible 

enhancer marks within exon 2 and all the enhancer marks were within the promoter 

we conclude that lincRNA-Cox2 is functioning through an eRNA mechanism to 

control Ptgs2. Although unlikely, it is possible that there is an unidentified enhancer 
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mark within the DNA of exon 2. Future work aimed at inserting stop cassettes 

within exon 2 could confirm that indeed transcription of the gene is essential for 

Ptgs2 levels. The data we generated from our “intron-less splicing mutant” mice 

strongly suggests this is the case. We used CRISPR/Cas9 to generate the mutant 

mouse. In this mouse the exons of the lincRNA-Cox2 transcript are maintained 

however the intron and splice sites are removed. This mouse expressed basal levels 

of lincRNA-Cox2 however the transcript is no longer inducible following LPS 

stimulation. It is possible that since this transcript is no longer undergoing splicing 

that it is highly unstable and therefore rapidly degraded following LPS stimulation. 

In the future northern blots should be performed to confirm there are no additional 

unexpected lincRNA fragments in this model. Effectively this mouse functions as 

a transcript loss-of-function mouse model of lincRNA-Cox2. Our studies with bone 

marrow derived macrophages (BMDMs) and mice in vivo suggest that splicing is 

not required for the observed effect on Ptgs2. Low basal expression of the spliced 

lincRNA-Cox2 transcript is sufficient to activate the Ptgs2 locus further suggesting 

that indeed this gene can function through an enhancer RNA mechanism. 

A final experiment was performed to assess if lincRNA-Cox2 is regulating 

Ptgs2 on the same chromosome. We crossed our C57/Bl6 WT and KO mice with 

MOLF mice that contain millions of SNPs allowing us to differentiate between the 

two alleles. Studying the Ptgs2 locus we found that only expression from the cis 

(C57/Bl6) allele was impacted when lincRNA-Cox2 was knocked out. This data 

confirmed that indeed lincRNA-Cox2 functions to regulate Ptgs2 on the same 
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chromosome. We predict that lincRNA-Cox2 is functioning as an eRNA and the 

RNA is tethering the enhancer to the Ptgs2 locus and forming a topologically 

associating domain. Further work including performing 3C/Hi-C should confirm 

this.  

The lincRNA-Cox2 mutant mice are a critical model enabling us to study 

the trans activity for lincRNA-Cox2 independent of its effects on Ptgs2. As 

mentioned previously this mouse functions as a transcript loss-of-function mouse 

model of lincRNA-Cox2. The original lincRNA-Cox2 KO mouse, not only 

attenuated the expression of lincRNA-Cox2, but also repressed the expression of 

Ptgs2, whereas this new model only affects lincRNA-Cox2 levels, thereby enabling 

us to use these models to distinguish between the cis and trans functions for this 

gene.  

 Distinct tissue-specific functions have been shown for several lincRNAs. 

One such example is NEAT1, which is critical for synapse formation in the brain 

(Sunwoo et al., 2017), while in adipose tissue NEAT1 is necessary for the 

differentiation of white adipocytes (Cooper et al., 2014). lincRNA-Cox2 KO and 

mutant mice were used to globally study the cis and trans role of lincRNA-Cox2 in 

vivo by performing RNA-Seq on lungs and spleens from LPS challenged WT, KO 

and mutant mice. Not surprisingly, we observed over 300 genes that were 

differentially regulated comparing KO to WT mice while only half that number 

were affected comparing mutant to WT. We believe this is due to the fact that the 
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mutant mice reveal only the functions of lincRNA-Cox2 in trans while the KO mice 

exhibit both cis effects on Ptgs2 and the trans effects.  

Interestingly, the mutant mice possessed differentially expressed genes 

between the lung and spleen, emphasizing a possible organ-specific role for 

lincRNA-Cox2. Indeed, we observe very high levels of lincRNA-Cox2 in the lung 

while the transcript is only induced in the spleen following inflammatory 

stimulation. Further work will be needed to understand mechanistically how 

lincRNA-Cox2 impacts inflammatory responses in the lung and spleen. From our 

LacZ staining within the lung combined with data from the mouse cell atlas, we 

observe cell-type-specific expression patterns for lincRNA-Cox2. In the future it 

will be informative to isolate these specific cells for further mechanistic studies. 

Finally, we wanted to determine if lincRNA-Cox2 can impact gene 

expression in the periphery following LPS challenge in vivo.  We observe an 

increase in Ccl5 and Ip10 (Cxcl10) levels and a decrease in Il5, Il17 and Lif levels 

in the serum of mice following endotoxic shock suggesting that lincRNA-Cox2 can 

function in trans to control various innate immune genes. These data highlight two 

important features of this lincRNA’s function: the in vivo immune regulatory 

activity of lincRNA-Cox2 on immune gene expression and the role of the lincRNA-

Cox2 locus in controlling Ptgs2 (Cox2) levels. Together, these studies further our 

understanding of how lincRNAs can function both in cis and in trans to control 

gene expression, findings that are only evident through the use of multiple 

complimentary genetic perturbations. The drastic influence of non-coding genes on 
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key immune signaling axes, such as the prostaglandin pathway as shown here, has 

broad translational implications as it indicates that protein-centered sequencing 

approaches are likely insufficient to fully understand genetically mediated 

autoimmune and auto-inflammatory conditions. Large-scale functional validations 

of noncoding mutations – facilitated by CRISPR/Cas9 – will provide a promising 

approach to better understand the pathogenesis of inflammatory and non-

inflammatory diseases. CRISPR-Cas9 technology has revolutionized the field of 

genome editing and will be a critical tool moving forward to enable rapid generation 

of animal models to fully characterize any lincRNA locus.   

3.6 Methods 

3.6.1 Cell culture, BMDM differentiation and stimulation 

Cells were cultured in D-MEM with 10% fetal bovine serum (FCS) supplemented 

with penicillin/streptomycin and ciprofloxacin. Primary BMDM were generated by 

cultivating erythrocyte-depleted bone marrow cells in the presence of 20% L929 

supernatant and the cells were used for experiments 6-9 days after differentiation. 

J2Cre virus (Blasi et al., 1989) was used on day 3/4 after isolation of bone marrow 

cells to establish transformed BMDM cell lines. BMDMs were cultivated in the 

presence of J2Cre virus for 48h and L929 was then gradually tapered off over 6-10 

weeks depending on the growth pattern of transformed cells.  

3.6.2 In vitro stimulation of BMDMs 

Bone marrow cells were stimulated with Toll-like receptor (Tlr) ligands for the 

indicated time points using the following concentrations: Lipopolysaccharide 
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(LPS) 100ng/ml (Tlr4), Pam3CSK4 100ng/ml (Tlr1/2), Pam2CSK4 100ng/ml 

(Tlr2/6), Poly(I:C) 25 µg/ml (Tlr3), R848 1µg/ml (Tlr7/8). For RNA and protein 

isolation, 1-2x106 cells were seeded in a 12-well format, for cytokine measurement 

1-2x105 cells were plated in 96-well plates. Normalization of cell number for 

ELISA experiments was performed by CellTitre Glo Analysis. 

3.6.3 Transfection and stable lentiviral overexpression of lincRNA-Cox2 

The sequence of lincRNA-Cox2 (synonym: Ptgs2os2) has been previously 

published (Carpenter et al., 2013; Guttman et al., 2009). Stable lentiviral 

overexpression and trans-rescue was performed with a pMSCVneo retroviral vector 

containing the mature sequence of lincRNA-Cox2 (Carpenter et al., 2013). For 

generation of self-inactivating retroviral particles, HEK 293T cells were transfected 

with packaging vectors VSVg (1µg), Gag-Pol (1µg) and pMSCVneo-lincRNA-

Cox2 (3µg). Genejuice was used as a transfection reagent according to 

manufacturer’s instructions. Transfection media was removed 5h after transfection. 

Viral supernatants were collected 48 and 72 hours after transfection, filtered and 

used for transduction of BMDMs. BMDMs were incubated with viral supernatants 

for 48 hours, and neomycin (100µg/ml) was used for selection of transduced cells. 

For electroporation of primary BMDMs, cells were harvested from the bone 

marrow of WT and lincRNA-Cox2 knockout mice and differentiated using MCSF 

from L929 cells as previously described. On day 4 of differentiation cells were 

transfected with 2ug of lincRNA-Cox2 (pSico-vector) or with a control pSico-vector 
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using the Lonza AD electroporation BMDM kit (VPA1009) as per the 

manufacturer’s description.  

3.6.4 CRISPR/Cas9 mediated deletion of lincRNA-Cox2 in immortalized BMDMs  

The Cas9 construct was constructed from a pSico lentiviral backbone with an EF1a 

promoter expressing T2A flanked genes: blastocidin resistant (blast), Blue 

Fluorescent Protein (BFP), and humanized Streptococcus pyogenes Cas9. The 

single guide RNA (sgRNA) construct was also constructed from a pSico lentiviral 

backbone driven by EF1a promoter expressing T2A flanked genes: puro and cherry.  

sgRNAs were expressed from a mouse U6 promoter.  Cloning of 20nt sgRNA 

spacer forward/reverse oligos were annealed and cloned via the AarI site. 

Immortalized bone marrow derived BMDMs (iMacs) were lentivirally infected 

with the Cas9 construct and was selected using blasticidin (1ug/ml) for 7 days. Cells 

were then lentivirially infected with either nontargeting guide or the guides 

targeting lincRNA-Cox2 and were selected using puromycin (2ug/ml) for 7 days. 

Control and lincRNA-Cox2 targeted cells were cloned out. Knockout of lincRNA-

Cox2 was confirmed by RT-qPCR.  

3.6.5 CRISPRi mediated knockdown of lincRNA-Cox2 and Ptgs2 in immortalized 

BMDMs 

Similar to the Cas9 construct, our dCas9-krab plasmid was constructed from a 

pSico lentiviral backbone with an EF1a promoter expressing T2A flanked genes: 

blastocidin resistant (blast), Blue Fluorescent Protein (BFP), and humanized 

Streptococcus pyogenes dCas9. The single guide RNA (sgRNA) construct was the 
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same as described in the previous section. Immortalized bone marrow derived 

BMDMs (iMacs) were lentivirally infected with the dCas9-krab (described above) 

construct and was selected using blasticidin (1ug/ml) for >2 weeks to obtain dCas9-

krab expressing cells. Cells were then lentivirially infected with either non-

targeting guide or gene targeted guide RNAs and were selected using puromycin 

(2ug/ml) for 7-14 days. Knockdown of lincRNA-Cox2 was confirmed by qRT-

PCR. 

3.6.6 Maintenance of mice 

UMass Medical School, UCSC and the Institutional Animal Care and Use 

Committee maintained mice under specific pathogen-free conditions in the animal 

facilities of University of Massachusetts Medical School and University of 

California Santa Cruz (UCSC) in accordance with the guidelines.  

3.6.7 LincRNA-Cox2 knockout mice 

LincRNA-Cox2 deficient mice were generated as previously published(Sauvageau 

et al., 2013a). Briefly, the entire lincRNA-Cox2 locus was deleted (deletion size 5.9 

kB, targeting vector coordinates in mm9 coordinates: chr1:152006173-152012078) 

using VelociGene technology and replaced with a lacZ reporter cassette, enabling 

reporter gene expression under the endogenous lincRNA-Cox2 promoter. Initially, 

the targeting constructs were electroporated into VGF1 hybrid mouse embryonic 

stem (ES) cells, derived from a 129S6S v/Ev female to a C57BL/6 male. Speed 

congenics were performed at Jackson laboratory to obtain a fully backcrossed 

(99%) C57/BL6 lincRNA-Cox2 line.  
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3.6.8 Ptgs2 (Cox2) f/f VavCre mice 

For the generation of conditional Ptgs2 deficient BMDMs, floxed Ptgs2 mice 

which were generated on a C57/B6 and 129SV chimeric background (D. Wang et 

al., 2009)  were crossed to mice expressing VavCre, thereby generating mice 

lacking Ptgs2 expression in all hematopoietic cells. Successful deletion of exons 

6,7 and 8 of Ptgs2 was confirmed by genomic PCR, Western Blot and RT-qPCR 

using the primers published previously (D. M. Anderson et al., 2015). 

3.6.9 CRISPR/Cas9-mediated generation of LincRNA-Cox2 intron-less mice 

The guide RNA sequences targeting upstream and downstream of the intron of 

lincRNA-Cox2 are tabulated below. Guides were cloned using the same approach 

as described earlier. Once sgRNAs were confirmed by sequencing they were intro 

transcribed by inserting a T7 ahead of the guide sequence and using the 

megashortscript T7 kit from Ambion. The sgRNAs are purified using MEGAclear 

Transcription Clean-Up Kit (ThermoFisher) and eluted in elution buffer, followed 

by an additional ammonium acetate precipitation to concentrate the RNA. The 

concentrated sgRNA is re-suspended in nuclease-free water and prepared at a 

concentration approximate to 2 ug/ul. To prepare Cas9 we obtained the vector from 

Addgene 42229. We used this as a template for a PCR reaction to insert T7 using 

the following primers 

F:TAATACGACTCACTATAGGGAGAATGGACTATAAGGACCACGAC, R: 

GCGAGCTCTAGGAATTCTTAC. The mRNA transcript was generated using 

mMESSAGE mMACHINE T7 ULTRA kit from Life Technologies according to 



 

106 
 

the manufactorers protocol. Cas9 was used at a final concentration of 100ng/ul and 

the guides at 25ng/ul and were injected into the cytoplasm of fertilized oocytes at 

the injection facility at UCSF.  

3.6.10 RNA isolation and cDNA synthesis and RT-qPCR 

Total cellular RNA from BMDM cell lines or tissues was isolated using the Direct-

zol™ RNA MiniPrep Kit (Zymo Research) according to manufacturer’s 

instructions. For tissue, RNA was isolated with the TRIZOL method after tissue 

homogenization. RNA was quantified and controlled for purity with a nanodrop 

spectrometer. (Thermo Fisher). For RT-qPCR, 500-1000 ng were reversely 

transcribed (iScript Reverse Transcription Supermix, Biorad) followed by RT-PCR 

(iQ SYBRgreen Supermix, Biorad) using the cycling conditions as follows: 50°C 

for 2 min, 95°C for 2 min followed by 40 cycles of 95°C for 15 sec, 60°C for 30 

sec and 72°C for 45 sec. The melting curve was graphically analyzed to control for 

nonspecific amplification reactions.  

3.6.11 RNA-Sequencing 

For generation of RNA-Sequencing libraries, RNA was isolated as described above 

and the RNA integrity was tested with a BioAnalyzer (Agilent Technologies) or 

FragmentAnalyzer (Advanced Analytical). For RNA-Sequencing target RIN score 

of input RNA (500-1000ng) usually had a minimum RIN score of 8. RNA-

Sequencing libraries were prepared with TruSeq stranded RNA sample preparation 

kits (Illumina), depletion of ribosomal RNA was performed by positive selection 

of polyA+ RNA. Sequencing was performed on Illumina HighSeq or NextSeq 
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machines. RNA-seq 50bp reads were aligned to the mouse genome (assembly 

GRCm38/mm10) using TopHat. The Gencode M13 gtf was used as the input 

annotation. Differential gene expression specific analyses were conducted with the 

DESeq R package.  Specifically, DESeq was used to normalize gene counts, 

calculate fold change in gene expression, estimate pvalues and adjusted pvalues for 

change in gene expression values, and to perform a variance stabilized 

transformation on read counts to make them amenable to plotting. Data was 

submitted to GEO GSE117379. 

3.6.12 MiSeq 

For the MOLF experiment, 5ul of cDNA from MOLF/WT or MOLF/KO (2 mice 

each) was used to template a PCR reaction using 1uM of primers: 

Ptgs2lastexon_fwd: gaaCCAcctTGTTGGACAGGAGAGAAGGAAATGGC and 

Ptgs2lastexon_rev: CCAGCTTAGCCGCCTTTTGATTAGTACTGTAGGG and 

using the following cycle parameters: 1x (98C for 30 sec), 20x (98C for 15 sec, 

56C for 15 sec, 72C for 30 sec) and 1x (72C for 10 min) using phusion 2X master 

mix (ThermoFisher, F0531). PCR products (MOLF/WT, MOLF/WT, MOLF/KO, 

MOLF/KO) were purified using Macherey-Nagel Gel-extraction columns, were 

digested with BstXI/Blp and were ligated into pU6-sgRNA vector 

(https://benchling.com/s/CXQ8OiQn) (gift from the Weissman Lab, UCSF) using 

standard T4 ligase.  Ligation was transformed, and coverage was determined to be 

>200 colonies for each ligation.  Using 1ul of the ligation reaction, we template a 

second PCR reaction using 1uM of the custom illumina primers (Liu et al., 2016). 
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Using the following cycle parameters: 1x (98C for 30 sec), 20x (98C for 15 sec, 

56C for 15 sec, 72C for 30 sec) and 1x (72C for 10 min).  PCR products were gel 

extracted on a 1% agarose gel and were purified using Macherey-Nagel Gel-

extraction columns.  Amplicons were sequenced on the MiSeq using the custom 

sequencing. For each sample, counts were generated for MOLF or C57/Bl6 Ptgs2 

alleles respectably using sequences: and were normalized to total reads for analysis. 

Data was submitted to GEO GSE117379.  

3.6.13 Measurement of prostaglandins by mass spectrometry 

Prostaglandin E2 production was measured by liquid chromatography/mass 

spectrometry as previously described(Cao et al., 2008). Briefly supernatants were 

collected from Wild Type or Knockout BMDMs following LPS stimulation for 6h. 

Systemic production of PGE2, determined by quantifying the major urinary 

metabolites 7-hydroxy-5, 11-diketotetranorprostane-1, 16-dioic acid (PGEM). 

Results were normalized with creatinine. 

3.6.14 Western Blot Analysis 

For western blotting, BMDMs were scraped, washed and lysed buffer containing 

20mM Tris-HCl (pH 7.4), 1% NP-40 and 5mM EDTA supplemented with Protease 

inhibitor (Promega). Clarified samples were separated by SDS-PAGE and 

transferred to PVDF membranes using the Trans-Blot® Turbo™ Transfer System 

(BioRad). After blocking of the PVDF membrane with PBS containing 5% (w/v) 

skim-milk powder and 0.1% Tween-20, the blots were probed with anti-COX2 
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(Cayman Item #160106) or anti-Actin (Sigma) antibodies. Visualization was 

performed with enhanced chemiluminescence substrate (ECL Pierce). 

3.6.15 LacZ staining 

For detection of reporter gene expression in lincRNA-COX2 deficient mice, 

selected tissue was dissected and fixed in 4% paraformaldehyde (PBS) for 5 hours 

(4°C). Fixed tissues were washed 3x with wash buffer (2mM MgCl2, 0,01%sodium 

deoxycholate, 0,02% NP-40) and subsequently incubated in staining buffer 

(1mg/ml X-Gal, 5mM potassium ferricyanide, 5mM potassium ferrocyanide, 2mM 

MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40) in the dark overnight (room 

temperature). Staining solution was rinsed off with PBS 3x and tissued were frozen 

in OCT on dry ice and sectioned in 10µm sections. 

3.6.16 LPS shock model 

Age- and sex matched wild type and mutant mice (8-12 weeks of age) were injected 

intraperitoneally with 20 mg/kg LPS (E.coli). For gene expression analysis and 

cytokine analysis, mice were euthanized 6 h post injection. Blood was taken 

immediately post mortem by cardiac puncture. Serum was isolated and sent to Eve 

technologies for cytokine analysis. Statistics were performed using graphpad prism.  
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CHAPTER 4: LincRNA-Cox2 functions to regulate 

inflammation in alveolar macrophages during acute lung 

injury. 
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4.1 Abstract 

The respiratory system exists at the interface between our body and the 

surrounding non-sterile environment; therefore, it is critical for a state of 

homeostasis to be maintained through a balance of inflammatory cues. An 

appropriate inflammatory response is vital for combating pathogens, while an 

excessive or uncontrolled response can lead to the development of chronic diseases. 

Recent studies show that actively transcribed noncoding regions of the genome are 

emerging as key regulators of biological processes, including inflammation. 

LincRNA-Cox2 is one such example of an inflammatory inducible long intergenic 

noncoding RNA functioning to fine tune immune gene expression. Here, using bulk 

and single-cell RNA-seq, in addition to fluorescence activated cell sorting, we show 

that lincRNA-Cox2 is most highly expressed in the lung, particularly in alveolar 

macrophages where it functions to regulate immune gene expression following 

acute lung injury. Utilizing multiple mouse models, we show that it can function in 

trans to control genes including Ccl3, Ccl4 and Ccl5, as well as neutrophil 

recruitment in the bronchiolar lavage (BAL) fluid.  Finally, generating lincRNA-

Cox2 transgenic overexpressing mouse and performing bone marrow 

transplantation experiments, we successfully rescue the phenotype of linRNA-

Cox2 in vivo. This work greatly expands our understanding of the role for lincRNA-

Cox2 in host defense and sets in place a new layer of regulation in RNA-immune-

regulation of genes within the lung.  
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4.2 Introduction 

Acute lung injury (ALI) and it's more severe form, known as acute 

respiratory distress syndrome (ARDS), are caused by dysregulated inflammatory 

responses resulting from conditions such as sepsis and trauma (Butt et al., 2016; 

Mokra and Kosutova, 2015; Moldoveanu et al., 2009; Mowery et al., 2020; Y.-C. 

Wang et al., 2019). Fundamentally, the characteristics of ALI include neutrophilic 

alveolitis, dysfunction of barrier properties, microvascular thrombosis, the 

formation of hyaline membrane, alveolar macrophage dysfunction, as well as 

indirect systemic inflammatory responses (Alluri et al., 2017; Fan and Fan, 2018; 

Gouda and Bhandary, 2019; Pittet et al., 1997). Although a variety of anti-

inflammatory pharmacotherapy are available, the morbidity and outcome of 

ALI/ARDS patients remain poor (Deng et al., 2017; Raghavendran et al., 2008; Suo 

et al., 2018; Yin and Bai, 2018). Therefore, obtaining a more complete 

understanding of the molecular mechanisms that drive ALI inflammatory 

dysfunction is of great importance to improving both the diagnosis and treatment 

of the condition.  

Long noncoding RNAs (lncRNAs) are a class of non-coding RNAs that 

include 18,000 in human and nearly 14,000 in the mouse genome (ShuangSang 

Fang et al., 2018; Uszczynska-Ratajczak et al., 2018). Since their discovery, 

lncRNAs have been shown to be key regulators of inflammation both in vitro and 

in vivo (Robinson et al., 2020a; Statello et al., 2021). Moreover, lncRNAs have also 

been characterized to be stable and detectable in body fluids (Quinn and Chang, 
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2016b), and therefore have enormous potential for biomarker discovery in both 

diagnosis and prognosis applications (Aftabi et al., 2021; Ma et al., 2021; Viereck 

and Thum, 2017). Broadly, lncRNAs have been defined to function in cis to 

regulate their neighboring genes, as well as in trans to regulate genes on different 

chromosomes (Robinson et al., 2020a). A number of studies have been carried out 

to better understand the gene regulatory network between lncRNAs and mRNAs 

during ALI to identify novel biomarkers (Teng et al., 2021; Juan Wang et al., 2019). 

In addition to searching for biomarkers for ALI there have been studies performed 

to try and understand the functional mechanisms for lncRNAs during ALI (Chen et 

al., 2021). Lipopolysaccharide (LPS)-induced acute lung injury (ALI) is a 

commonly utilized animal model of ALI as it mimics the inflammatory induction 

and polymorphonuclear (PMN) cell infiltration observed during clinical ALI (Asti 

et al., 2000). One study showed that knocking down MALAT1, a well-studied 

lncRNA, exerts a protective role in the LPS induced ALI rat model and inhibited 

LPS-induced inflammatory response in murine alveolar epithelial cells and murine 

alveolar macrophages cells through sponging miR-146a (Dai et al., 2018). 

Additionally, Xist has been shown to attenuate LPS-induced ALI by functioning as 

a sponge of miR-146a-5p to mediate STAT3 signaling (Li et al., 2021). 

Previous work by ourselves and others identifies long intergenic noncoding 

RNA-Cox2 (lincRNA-Cox2) as a regulator of immune cell signaling in 

macrophages (Carpenter et al., 2013b; Covarrubias et al., 2017b; Hu et al., 2016b, 

2018a; Liao et al., 2020a; Q. Tong et al., 2016b; Xue et al., 2019a). We have 
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previously characterized multiple mouse models to show that lincRNA-Cox2 

functions in vivo to regulate the immune response. We showed that lincRNA-Cox2 

knockout mice (Sauvageau et al., 2013b) have profound defects in the neighboring 

protein coding gene Ptgs2. We went on to show that lincRNA-Cox2 regulates Ptgs2 

in cis through an enhancer RNA mechanism requiring locus specific transcription 

of the lncRNA (Elling et al, 2018). In order to study the function of lincRNA-Cox2 

independently of its role in regulating Ptgs2 in cis we generated a lincRNA-Cox2 

mutant mouse using CRISPR to target the splice sites resulting in significant loss 

of the RNA allowing us to study the role for the RNA in trans. We performed an 

LPS-induced endotoxic shock model and confirmed that lincRNA-Cox2 is an 

important positive and negative regulator of immune genes in trans. Previously we 

showed that lincRNA-Cox2 is most highly expressed at steady-state in the lung. In 

this study, we utilize our mutant model to determine if lincRNA-Cox2 can function 

in trans to regulate gene expression in the lung (Elling et al., 2018b). In addition, 

we characterize a transgenic overexpressing mouse model of lincRNA-Cox2 and 

show that the defects in immune gene expression caused by removal of lincRNA-

Cox2 can be rescued by the transgenic overexpression of lincRNA-Cox2 during an 

LPS-induced ALI or septic shock model. Cellularly, we show that lincRNA-Cox2 

is most highly expressed in alveolar macrophages where it functions to regulate 

inflammatory signaling. Mechanistically, we show through bone marrow chimeric 

studies, that lincRNA-Cox2 function is coming from expression in bone marrow 

derived cells to regulate genes within the lung. Collectively we show that lincRNA-
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Cox2 is a trans-acting lncRNA that functions to regulate immune responses and 

maintain homeostasis within the lung at baseline and upon LPS-induced ALI. 

4.3 Results 

4.3.1 Immune gene expression is altered in the lungs of lincRNA-Cox2 deficient 

mice. 

In order to determine the role for lincRNA-Cox2 in the lung we first 

examined our previously generated RNA-sequencing data to compare PBS treated 

lungs from WT to lincRNA-Cox2 mutant mice, to assess gene expression at steady-

state (Elling et al., 2018b) (Figure 4.1A).  We found 85 genes were down-regulated 

and 41 genes were up-regulated in the lincRNA-Cox2 mutant lungs compared to 

WT (Figure 4.1B). Gene-ontology analysis showed that both the down and up 

regulated genes were associated with the immune system, metabolism, and 

response to stimulus (Figure 4.1C-D), which are similar to pathways that lincRNA-

Cox2 has previously been associated with in bone marrow derived macrophages 

(BMDMs) (Carpenter et al., 2013b). To determine if loss of lincRNA-Cox2 impacts 

protein expression we performed ELISAs on lung homogenates from untreated WT 

and lincRNA-Cox2 deficient mice (Figure 4.1E). While many genes remained 

unchanged at steady-state (PBS) between the WT and lincRNA-Cox2 mutant lungs 

(SFigure 4.2A-H), we did find that Il-12p40, Cxcl10, Ccl3, Ccl4, Cxcl2, Ccl5 and 

Ccl19 are all significantly up-regulated in the mutant lungs at baseline (Figure 4.1F-

L). Interestingly none of these cytokines are up-regulated at the RNA level in our 

whole lung tissue RNA-sequencing suggesting that they might be regulated post-
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transcriptionally or that they are only regulated in a small subset of cells that cannot 

be easily captured from the whole lung lysate RNA-seq data (SFigure 4.2I-P).  

 
Figure 4.1: lincRNA-Cox2 regulates immune signaling within the lung during 
homeostasis. 
(A) Schematic of RNA-seq analysis of WT and Mutant lungs at baseline. (B) 
Volcano plot of differentially expressed genes from WT vs. Mutant lungs. 
Biological process gene ontology of (C) up-regulated genes and (D) down-
regulated genes. (E) Schematic of cytokine analysis of lung homogenates from WT 
and mutant mice. Multiplex cytokine analysis was performed on lung homogenates 
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for (F) Il-12p40 (G) Cxcl10 (H) Ccl3 (I) Ccl4 (J) Cxcl2 (K) Ccl5 and (L) Ccl19. 
(M) Flow cytometry analysis of immune cells in the bronchiolar lavage fluid (BAL) 
at baseline gated off of CD45+ cells. The student’s t-test used to determine the 
significance between WT and mutant mice. Asterisks indicate statistical 
significance (*=> 0.05, **>=.01, ***=> 0.0005). 

Finally, we measured the immune cell repertoire in the bronchiolar lavage 

fluid (BAL) of PBS treated WT and lincRNA-Cox2 deficient mice and found that 

B cells and dendritic cells, while at very low expression levels in both strains, are 

significantly lower in the mutant mice (Figure 4.1M). These findings indicate that 

lincRNA-Cox2 functions as both a positive and negative regulator of immune gene 

expression which can impact the cellular milieu within the lung at steady-state.   

4.3.2 lincRNA-Cox2 regulates the pro-inflammatory response during acute lung 

injury (ALI). 

Our data suggest that lincRNA-Cox2 plays a role in regulating immune gene 

expression at steady-state, therefore we wanted to determine if loss of lincRNA-

Cox2 could impact the immune response during acute lung injury. We employed a 

24h LPS induced acute lung injury (ALI) model, due to the fact that lincRNA-Cox2 

is highly expressed at this timepoint (Figure 4.2A, SFigure 4.3). We assessed the 

immune cell repertoire within the BAL by flow cytometry in WT and lincRNA-

Cox2 mutant mice following LPS challenge and found that the most abundant and 

critical cell type, neutrophils, were significantly reduced when lincRNA-Cox2 

expression is ablated (Figure 4.2B). We also assessed the cytokine and chemokine 

response both in the BAL and serum of LPS treated WT and lincRNA-Cox2 mutant 

mice by ELISA. We found that Il6, Ccl3 and Ccl4 were downregulated in the serum 
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and the BAL of the lincRNA-Cox2 mutant mice (Figure 4.2C-E). In addition, 

several proteins were specifically affected either in the serum or BAL, such as Ccl5 

and Ccl22 which were upregulated in the serum (Figure 4.2F-G), while Ifnb1 was 

upregulated only in the BAL of the mutant mice (Figure 4.2H). Consistent with our 

previous work tnf remains unchanged between WT and lincRNA-Cox2 mutant 

mice (Figure 4.2I). These data suggest that lincRNA-Cox2 exerts different effects 

within the lung compared to the periphery and that lincRNA-Cox2 can impact acute 

inflammation at the protein and cellular levels within the lung. 

 
Figure 4.2: lincRNA-Cox2 positively regulates the pro-inflammatory response 
during acute lung injury (ALI).  
(A) ALI schematic depicting the oropharyngeal route of 3.5mg/kg LPS 
administration in WT and Mutant. Mice were sacrificed after 24 h, followed by 
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harvesting serum and bronchiolar lavage fluid (BAL). (B) Body temperatures were 
measured at 0 h, 6 h, 12 h, and 24 h. (C) BAL cells were analyzed by flow cytometry 
to assess recruitment of immune cells in WT and immune cells gated off CD45+. 
Multiplex cytokine analysis was performed on serum and BAL for (D) Il6, (E) Ccl5, 
(F) Ccl3, (G) Ccl4, (H) Ccl22, (I) Ifnb-1 and (J) Tnf. The student’s t-test used to 
determine the significance between WT and mutant mice. Asterisks indicate 
statistical significance (*=> 0.05, **>=.01, ***=> 0.0005). 

4.3.3 Generation and characterization of transgenic mouse model overexpressing 

lincRNA-Cox2.  

We have determined that lincRNA-Cox2 is critical in regulating 

inflammation at baseline, during a septic shock model (Elling et al., 2018b) and 

here during an acute lung injury model. In order to confirm that lincRNA-Cox2 is 

functioning in trans, we generated a transgenic lincRNA-Cox2 mouse line using 

the TARGATT system, which allows for stable integration of lincRNA-Cox2 into 

the H11 locus (Tasic et al., 2011) (Figure 4.3A). The inserted cassette is carrying a 

CAG promoter, lincRNA-Cox2, and an SV40 polA stop cassette. Mice were bred 

to homozygosity (SFigure 4.4), and lincRNA-Cox2 levels were measured in WT 

and transgenic bone-marrow-derived macrophages (BMDMs) (Figure 4.3B). As 

expected, lincRNA-Cox2 is highly expressed in the transgenic macrophages with 

no difference in expression following LPS stimulation.  

Then we performed a septic shock model of WT and transgenic mice to 

determine if overexpression of lincRNA-Cox2 can impact the immune response 

(Figure 4.3C). As expected lincRNA-Cox2 is highly expressed in the lung tissue of 

the transgenic mice, but interestingly we observe increased levels of Il6 while other 

lincRNA-Cox2 target genes, such as Ccl5 are not affected. This suggests that 
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overexpression of lincRNA-Cox2 can have the reciprocal phenotype to knocking 

down the gene to regulate Il6 within the lung (Figure 4.3D, SFigure 4.5A-C). We 

harvested serum, from the mice during a septic shock model, and found higher 

levels of Csf1 and lower levels of Il10 (Figure 4.3E-F) in the mice overexpressing 

lincRNA-Cox2. Other inflammatory cytokines including Il6, Ccl5, Ccl3 and Ccl4 

were unaltered in lincRNA-Cox2 transgenic mice serum (Figure 4.3G-J, SFigure 

4.5D-G). These data suggests that overexpression of lincRNA-Cox2 does not have 

broad impacts on gene expression during broad acute inflammation. 

 
Figure 4.3: Characterization of lincRNA-Cox2 transgenic mouse in LPS septic 
shock model.  
(A) We have generated a transgenic lincRNA-Cox2 mouse line using the 
TARGATT system. This approach allows for stable integration of lincRNA-Cox2 
into the H11 locus. Our inserted cassette is carrying a CAG promoter, lincRNA-
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Cox2, and an SV40 polA stop cassette. (B) lincRNA-Cox2 levels measured in WT 
and Transgenic bone-marrow-derived macrophages with and without LPS for 6 h, 
normalized to GapDH. (C) Schematic of 20mg/kg LPS septic shock model of WT 
and transgenic mice. (D) lincRNA-Cox2 measured by RT-qPCR in lung tissue. 
Serum was harvested and ELISAs were performed to measure (E) Csf1, (F) Il10, 
(G) Il6, (H) Ccl5, (I) Ccl3 and (J) Ccl4. The student’s t-test used to determine the 
significance between WT and TG mice. Asterisks indicate statistical significance 
(*=> 0.05, **>=.01, ***=> 0.0005). 

Next, we assessed whether over-expression of lincRNA-Cox2 dysregulated 

the inflammatory responses within the lung by utilizing the LPS induced acute lung 

injury model (Figure 4.4A). First, we performed RT-qPCR and confirmed that the 

over-expression of lincRNA-Cox2 did not alter the expression of Ptgs2 in the BAL 

(Figure 4.4B-C). To assess the function of lincRNA-Cox2 in the lung, we measured 

the immune cell repertoire within the BAL by flow cytometry in WT and lincRNA-

Cox2 TG mice following LPS challenge and found that the most abundant and 

critical cell type, neutrophils, were significantly reduced (Figure 4.4D). Finally, 

utilizing both BAL and serum we measured the cytokine and chemokine profiles of 

WT and lincRNA-Cox2 TG mice by ELISA. Interestingly, we found that 

overexpression of lincRNA-Cox2 uniquely down-regulated Timp1 in the BAL 

(Figure 4.4E). In conjunction, we discovered that Csf1 is not dysregulated by 

overexpression of lincRNA-Cox2, but Il10 is still up-regulated in the ALI model 

(Figure 4.4F-G). On the other hand, we found that Il6, Ccl3 and Ccl5 were 

upregulated in the BAL of the lincRNA-Cox2 mutant mice (Figure 4.4H, J, L), 

while Ccl4 is not significant trends upward (Figure 4.4K). Consistent with 

knocking-down lincRNA-Cox2, over-expressing lincRNA-Cox2 does not alter the 
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regulation of Tnf in either the BAL or in the serum. These data suggest a lincRNA-

Cox2 functions in trans to regulate immune genes during acute inflammation.   

 
Figure 4.4: Over-expression of lincRNA-Cox2 heightens inflammation during 
ALI.  
(A) We have generated a transgenic lincRNA-Cox2 mouse line using the 
TARGATT system. This approach allows for stable integration of lincRNA-Cox2 
into the H11 locus. Our inserted cassette is carrying a CAG promoter, lincRNA-
Cox2, and an SV40 polA stop cassette. (B) lincRNA-Cox2 levels measured in WT 
and Transgenic bone-marrow-derived macrophages with and without LPS for 6 h, 
normalized to GapDH. (C) Schematic of 20mg/kg LPS septic shock model of WT 
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and transgenic mice. (D) lincRNA-Cox2 measured by RT-qPCR in lung tissue. 
Serum was harvested and ELISAs were performed to measure (E) Csf1, (F) Il10, 
(G) Il6, (H) Ccl5, (I) Ccl3 and (J) Ccl4. The student’s t-test used to determine the 
significance between WT and TG mice. Asterisks indicate statistical significance 
(*=> 0.05, **>=.01, ***=> 0.0005). 

4.3.4 lincRNA-Cox2 functions in trans to regulate acute inflammation. 

To determine if lincRNA-Cox2 can function in trans to regulate immune 

genes following an in vivo challenge with LPS we crossed the mice deficient in 

lincRNA-Cox2 (Mut) with the transgenic overexpressing mice (TG) generating 

mice labeled throughout as MutxTG (Figure 4.5A, SFigure 4.6A-B).  

 
Figure 4.5: lincRNA-Cox2 functions in trans to regulate the innate immune 
system in a septic shock model.  
(A) Schematic depicting i.p. route of LPS infection in WT, mutant and transgenic 
mice. (C) WT, Mutant and TgxMut mice were challenged with 20mg/kg LPS and 
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body temperatures were measured. Mice were sacrificed after 6h, bronchiolar 
lavage fluid (BAL), lungs and cardiac punctures were performed. BAL and Lungs 
were harvested for gene expression analysis by RT-qPCR for lincRNA-Cox2 (C-
D), Ccl5 (E-F).  BAL and isolated serum were sent for multiplex cytokine analysis 
(G-H). Each dot represents an individual animal. Student’s t-tests were performed 
using Graphpad Prism7. Asterisks indicate statistically significant differences 
between mouse lines (*= >0.05, **= >0.01 and *** = >0.005). One-way ANOVA 
used to determine significance between WT, Mut, and MutxTG mice (#=>0.05). 

We first performed an intraperitoneal (IP) endotoxic shock model to 

determine if we could rescue the lincRNA-Cox2 phenotype identified in our 

previous study (Elling et al., 2018b) (Figure 4.5B). As expected, lincRNA-Cox2 

expression is significantly reduced in the lung tissue and BAL of the deficient mice 

(Mut) mice, and highly expressed in the MutxTG mouse (Figure 4.5C-D). We 

found that Ccl5 and Cxcl10 are expressed at higher levels in the BAL and serum of 

lincRNA-Cox2 mutant mice (Figure 4.5E-H) and the expression levels can be 

rescued by trans expression of lincRNA-Cox2 in the MutxTG mice where the levels 

of the two proteins return to WT levels.   

Next, we wanted to determine if transgenic overexpression of lincRNA-

Cox2 can reverse the phenotype observed in the deficient mice during acute lung 

injury (Figure 4.6A). We assessed immune cell recruitment in both the BAL and 

lung tissue by flow cytometry in WT, mutant and MutxTG mice. Again, we found 

that neutrophils are the only immune cell that is significantly lower in lincRNA-

Cox2 mutant mice, while neutrophil recruitment in MutxTG mice return to WT 

levels (Figure 4.6B-C). Next, we performed ELISAs on harvested lung tissue, BAL 

and serum to measure the protein concentration of cytokines and chemokines. We 

found that Il6, Ccl5, Ccl3, Ccl4, Ccl22 and Ifnb1 are consistently significantly 
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dysregulated in the lincRNA-Cox2 mutant mice and again this phenotype could be 

rescued back to WT levels by the transgenic overexpression of lincRNA-Cox2 

(MutxTG) (Figure 4.6D-I). Interestingly, Il6, Ccl3, Ccl4 and Ifnb1 are all 

significantly different in the BAL, while Ccl5 and Ccl22 are significantly 

dysregulated in the lung tissue only suggesting that lincRNA-Cox2 can impact 

genes in a cell-specific manner.  These cytokines are not significantly altered at the 

transcript level (SFigure 4.7). 

 
Figure 4.6: lincRNA-Cox2 regulates the proinflammatory response in the lung 
in trans.  
(A) Generation of lincRNA-Cox2 MutxTG homozygous mouse. (B) ALI schematic 
depicting the oropharyngeal route of 3.5mg/kg LPS administration in WT, Mutant, 
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and MutxTG. Mice were sacrificed after 24 h, followed by harvesting lung tissue, 
serum, and BAL fluid. (C) Body temperatures were measured at 0 h, 3 h, 6 h, and 
24 h. (D) BAL and (E) Lung cells were analyzed by flow cytometry to assess 
recruitment of immune cells in WT and immune cells gated off CD45+. Multiplex 
cytokine analysis was performed on serum, BAL, and Lung tissue for (F) Il6, (G) 
Ccl5, (H) Ccl3, (I) Ccl4, (J) Ccl22, (K) Ifnb1 and (L) Tnf. Student’s t-test used to 
determine significance between WT and Mut mice (*=> 0.05). One-way ANOVA 
used to determine significance between WT, Mut, and MutxTG mice (#=>0.05).  

We find that Tnf is consistently unaffected between all genotypes (Figure 4.6J). 

From these data we conclude that lincRNA-Cox2 functions in trans to regulate the 

lung immune response during acute inflammation. 

4.3.5 lincRNA-Cox2 positively and negatively regulates immune genes in primary 

alveolar macrophages. 

In order to understand how lincRNA-Cox2 could be regulating acute 

inflammation we first wanted to determine which cell types lincRNA-Cox2 is most 

highly expressed within the lung. First, we utilized publicly available single-cell 

RNA sequencing (scRNA-seq) data from two LPS-induced lung injury studies 

(Mould et al., 2019; Riemondy et al., 2019). Overall, lincRNA-Cox2 was very low 

in these datasets (SFigure 4.8A-E). There was a slight increase in expression in all 

alveolar epithelial type 2 (ATII) cellular populations (SFigure 4.8D-E). Due to the 

expression level limitations of publicly available scRNA-seq datasets, we next 

performed fluorescence activated cell sorting (FACS) to isolate all cell-types of 

interest in the lung at baseline and following LPS-induced lung injury (Elling et al., 

2018b). Using RT-qPCR we found that lincRNA-Cox2 was most highly expressed 

in neutrophils at both baseline and following LPS stimulation when normalized to 

cell count (SFigure 4.9). Interestingly alveolar macrophages (AMs) were identified 
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as the cell type with the highest induction of lincRNA-Cox2, following LPS 

stimulation (Figure 4.7A).  

 
Figure 4.7: lincRNA-Cox2 is inducible and regulates immune genes both 
positively and negatively in primary alveolar macrophages.  
(A) lincRNA-Cox2 was measured in whole lung tissue and several sorted immune 
and epithelial cells from mice treated with PBS and LPS via an oropharyngeal 
route. Expression was normalized to PBS. Performed in biological triplicates and 
student’s t-test was performed between whole lung tissue and each sorted cell. (B) 
The experimental design is depicted. BALs harvested from 40 WT and 40 Mutant 
mice, 10 WT or Mutant mice were pooled per well. Cells were treated with LPS for 
24 h. (C) lincRNA-Cox2 was measured by RT-qPCR in primary alveolar 
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macrophages. Multiplex cytokine analysis was performed supernatant from 
primary alveolar macrophages for (D) Il6, (E) Ccl5, (F) Ccl3, (G) Ccl4, (H) Ccl22, 
(I) Ccl2, (J) Cxcl10 and (K) Cxcl1.  Student’s t-test used to determine significance 
and asterisks indicate statistical significance (*=> 0.05, **>=.01, ***=> 0.0005). 

Since lincRNA-Cox2 is most highly induced in AMs we wanted to 

determine if this was the cell type contributing to the cytokine and chemokine 

changes in lincRNA-Cox2 deficient (Mut) mice following inflammatory challenge. 

To do this, we harvested BAL fluid from WT and lincRNA-Cox2 mutant mice to 

culture primary alveolar macrophages and treated them with LPS for 24 h (Figure 

4.7B). First, lincRNA-Cox2 induction was validated using RT-qPCR with in vitro 

LPS stimulated WT AMs while expression as expected is diminished in the 

lincRNA-Cox2 deficient AMs (Figure 4.7B-C). Finally, we assessed the level of 

cytokine and chemokine expression from primary AMs by ELISA. We confirmed 

significant dysregulation of Il6, Ccl5, Ccl3, Ccl4 and Ccl22 in primary alveolar 

macrophages, which are consistent with the in vivo data (Figure 4.6D-H).  

Interestingly, by performing RT-qPCR on primary AMs we find that these 

cytokines are not significantly dysregulated transcriptionally (SFigure 4.10). 

Additionally, we find novel dysregulation of Cxcl2, Cxcl1, Cxcl10 in alveolar 

macrophages not detected in our ALI model. Again, Tnf remains consistently 

unchanged between WT and mutant in AMs and in vivo studies (Figure 4.7M). 

These data indicate that mechanistically lincRNA-Cox2 is functioning to regulate 

protein expression primarily within primary alveolar macrophages.  
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4.3.6 Peripheral immune cells drive the regulatory role of lincRNA-Cox2 during 

ALI.  

From our in vivo mouse models, we can conclude that lincRNA-Cox2 

functions in trans to regulate immune genes and cellular milieu within the lung 

during ALI. Utilizing previously generated data of sorted resident and recruited 

AMs from ALI treated WT mice (SFigure 4.11A) from Mould et al. we find that 

lincRNA-Cox2 is expressed in both subsets. When comparing the AM subsets, we 

find that lincRNA-Cox2 is significantly more highly expressed in recruited AMs at 

day 3 of ALI (SFigure 4.11B).  

To determine if lincRNA-Cox2 functions through bone-marrow derived 

immune cells, we performed bone marrow (BM) transplantation experiments 

utilizing Ubiquitin C (Ubc)-GFP WT bone marrow to enable us to easily track 

chimerism through measurement of GFP. Ubc-GFP WT BM was transplanted into 

lincRNA-Cox2 mutant mice and WT mice generating WT→WT and WT→Mut 

mice (Figure 4.8A). First, we determined the reconstitution of HSCs by measuring 

donor chimerism (GFP%) in the peripheral blood (PB) for the duration of the 8 

weeks. We find that both the WT→WT and WT→Mut mice have 100% donor 

reconstitution of granulocytes/ myelomonocytes (GMs) and B cells and ~75% 

donor T cells in peripheral blood (Figure 4.8B-D). While there was a small but 

significant decrease in T cell reconstitution in WT→Mut mice, we found there is 

no significant reconstitution difference of GMs or B cells between WT→WT and 

WT→Mut mice.  
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After 8 weeks when the immune system was fully reconstituted, we 

performed the LPS ALI model on the chimera WT→WT and WT→Mut mice. We 

found that the percentage of donor reconstitution within peripheral blood was 100% 

indicating a successful BM transplantation (Figure 4.8B-D, SFigure 4.13) 

(Hashimoto et al., 2013).   

 
Figure 4.8:  WT Bone marrow transplantation in lincRNA-Cox2 mutant mice 
rescues the ALI phenotype.  
(A) WT bone marrow transplantation and ALI experiment schematic. Chimerism 
was assessed in the peripheral blood by gating for GFP% of (B) 
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granulocytes/myelomonocytes (GMs), (C) B cells and (D) T cells. (E) Percentage 
of Ly6G+ neutrophil populations were graphed of WT→WT and WT→Mut mice. 
Multiplex cytokine analysis was performed on BAL for (F) Il6, (G) Ccl3, (H) Ccl4 
and (K) Tnf. Data of non-bone marrow transplant (BMT) mice experiments are 
from Figures 2 and 5. Student’s t-test used to determine significance and asterisks 
indicate statistical significance (*=> 0.05, **>=.01, ***=> 0.0005). 

We found that the decrease in neutrophil recruitment that we identified in the 

lincRNA-Cox2 mutant mice (Figure 4.2B, Figure 4.6B-C, Figure 4.7E, SFigure 

4.12) were rescued in the WT→Mut model back to similar levels to the WT→WT 

mice (Figure 4.8E). Furthermore, the altered expression of Il6, Ccl3, and Ccl4 

found in the lincRNA-Cox2 mutant mice were also returned to WT levels in the 

WT→Mut mice (Figure 4.2C-E, Figure 4.6D-F, Figure4. 8F-J). As expected, Tnf 

acts as a control cytokine showing no difference across genotypes. (Figure 4.8K). 

These data suggest that lincRNA-Cox2 is functioning through an immune cell from 

the bone marrow, most likely alveolar macrophages to regulate acute inflammatory 

responses within the lung.  

4.5 Discussion 

LncRNAs are rapidly emerging as critical regulators of biological responses 

and in recent years there have been several studies showing that these genes play 

key roles in regulating the immune system (Robinson et al., 2020a). However very 

few studies have functionally characterized lncRNAs using mouse models in vivo.  

We and others have studied the role for lincRNA-Cox2 in the context of 

macrophages and shown that it can act as both a positive and negative regulator of 

immune genes (Carpenter et al., 2013b; Covarrubias et al., 2017b; Hu et al., 2016b, 

2018a; Liao et al., 2020a; Q. Tong et al., 2016b; Xue et al., 2019a). We previously 
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characterized two mouse models of lincRNA-Cox2, a knockout (KO) and an 

intronless splicing mutant (Mut). We identified lincRNA-Cox2 as a cis acting 

regulator of its neighboring protein coding gene Ptgs2 using the KO mouse model. 

In order to study the role for lincRNA-Cox2 independent of its cis role regulating 

Ptgs2 we generated the splicing mutant (Mut) mouse model (SFigure 4.1). This 

model enabled us to show that knocking down transcription of lincRNA-Cox2 

impacts a number of immune genes including Il6 and Ccl5 in an LPS induced 

endotoxic shock model. In this current study we make use of the mutant mouse 

model to study the role for lincRNA-Cox2 in regulating immune responses in the 

lung, where lincRNA-Cox2 is most highly expressed, both at steady-state and 

following LPS-induced acute lung injury (ALI). Both neutrophil recruitment and 

chemokine/cytokine induction are hallmarks of acute lung injury (ALI) (Ali et al., 

2020; Allen, 2014; Domscheit et al., 2020) and here we provide in vivo and in vitro 

evidence that lincRNA-Cox2 plays a critical role in these processes. 

We find that loss of lincRNA-Cox2 at baseline results in the up- and down-

regulation of a number of genes that regulate the immune system and metabolism 

(Figure 4.1A-D) indicating that lincRNA-Cox2 is a key transcriptional regulator of 

gene expression within lung tissue. In addition, we measured immune cells and 

found that at baseline dendritic cells and B cells were lower in the lincRNA-Cox2 

mutant mice. Lung DCs serve as a functional signaling/sensing units to maintain 

lung homeostasis by orchestrating host responses to benign and harmful foreign 

substances, while B cells are crucial for antibody production, antigen presentation 
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and cytokine secretion (Menon et al., 2021; Juan Wang et al., 2019). Having fewer 

DC and B cells at steady state could lead to an increased risk of inflammatory 

diseases (Cook and MacDonald, 2016; Seys et al., 2015). This indicates that 

lincRNA-Cox2 plays an important role in maintaining lung homeostasis since gene 

expression and cellular abundance are altered by the loss of lincRNA-Cox2. 

While we identify lincRNA-Cox2 as a crucial element for maintaining lung 

homeostasis, we next performed LPS induced acute lung injury (ALI) to assess the 

importance of lincRNA-Cox2 during active inflammation. Using a 24 h time point, 

which shows the maximum influx of PMNs and cytokine/chemokine expression 

and expression of lincRNA-Cox2 (SFigure 4.3) (Domscheit et al., 2020), we find 

that loss of lincRNA-Cox2 leads a decrease in neutrophil recruitment and altered 

cytokine/chemokine expression in both the BAL and serum (Figure 4.2). In acute 

lung injury, neutrophils are crucial for bacterial clearance during live infection, 

repair and tissue remodeling after ALI (Blázquez-Prieto et al., 2018; Giacalone et 

al., 2020). Our data suggests that lincRNA-Cox2 plays an important role in 

neutrophil recruitment and therefore could also play roles in clearance of live 

bacteria and repair of tissue after resolution of infection. We found that Il6 levels 

are reduced while Ccl5 levels are increased following ALI in the lincRNA-Cox2 

mutant mice. These findings are consistent with our previous in vitro and in vivo 

studies (Carpenter et al., 2013b; Elling et al., 2018b). Newly, we found that Ccl3 

and Ccl4 are positively regulated, while Ccl22 and Ifnb1 are negatively regulated 

by lincRNA-Cox2 in the lung during ALI. Interestingly, Lee et al. and others have 
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reported that the chemokines, CCL3 and CCL4, promote the local influx of 

neutrophils (Bonville et al., 2009; Lee et al., 2000; Metzemaekers et al., 2020; 

Ramos et al., 2005; Rudd et al., 2019). Therefore, the decreased expression of Ccl3 

and Ccl4 in vivo in the lincRNA-Cox2 mutant mice could explain the significant 

decrease of neutrophil recruitment seen in the BAL (Figure 4.2B).  

To date there remains only a small number of lncRNAs that have been 

functionally and mechanistically characterized in vivo. In fact, Pnky, Tug1 and 

Firre are the only other lncRNA studies that show that their phenotype can be 

rescued in trans in vivo (Rebecca E. Andersen et al., 2019; Lewandowski et al., 

2020, 2019). From our previous in vivo studies, we had concluded that lincRNA-

Cox2 functions in cis to regulate Ptgs2 in an eRNA manner while it functions in 

trans to regulate genes such as Il6 and Ccl5 (Elling et al., 2018b). In order to prove 

that indeed lincRNA-Cox2 can function in trans to regulate immune genes we 

generated a transgenic mouse overexpressing lincRNA-Cox2 from the H11 locus 

using the TARGATT system (Tasic et al., 2011) (Figure 4.3A, SFigure 4.1). Simply 

overexpressing lincRNA-Cox2 minimally impacts the immune response following 

an LPS septic shock model, but widely impacts genes utilizing an LPS induced ALI 

model suggesting that lincRNA-Cox2 is an important regulator of immune genes 

within the lung (Figure 4.3-4.4). Using the septic shock model, we do note that Csf1 

and Il10 are lower in serum following endotoxic shock. On the other hand, in the 

ALI model overexpression of lincRNA-Cox2 significantly impacts the expression 

of Il6, Ccl3, Ccl5, Il10 and now down-regulates Timp in the BAL. It has been 
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shown that dysregulation of Timp1 in the lungs is critical to resolution of lung 

injury, as well as evading live pathogen infection (Allen, 2014; Chen et al., 2020; 

Davey et al., 2011; Nolan et al., 2014). This further suggests that over-expression 

of lincRNA-Cox2 in vivo will be an important model for studying lung immune 

regulation.  

Our primary goal for generating the transgenic mouse line overexpressing 

lincRNA-Cox2 was to determine if crossing it to our lincRNA-Cox2 mutant 

(deficient) mouse generating a MutxTG line (Figure 4.5A) would rescue the 

observed phenotypes following LPS challenge using either an intraperitoneal 

delivery or via oropharyngeal delivery.  Interestingly, we find that our MutxTG 

mice do rescue the phenotype found in both the endotoxic shock model (Figure 4.5) 

and LPS induced ALI model (Figure 4.6), showing definitively that lincRNA-Cox2 

regulates gene regulation and cellular recruitment in trans.  

To delve more deeply into exactly how lincRNA-Cox2 is functioning to 

regulate immune genes in the lung we focused on determining which cell type 

lincRNA-Cox2 is most highly expressed in.  Analysis of scRNA-seq indicated that 

lincRNA-Cox2 was highly expressed in naive and injured alveolar epithelial type 

II (AECII) cells (SFigure 4.8), however overall lincRNA-Cox2 was difficult to 

detect in single-cell data probably due to a combination of low expression levels 

and low read depth. Utilizing FACS and qRT-PCR, we measured the expression of 

lincRNA-Cox2 in 8 immune cell populations and 4 epithelial/endothelial cell 

populations and found that lincRNA-Cox2 was most highly expressed in 
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neutrophils (SFigure 4.9).  However, when assessing induction of lincRNA-Cox2 

following LPS and normalizing to PBS controls we found it to be most highly 

expressed in alveolar macrophages with some significant induction also observed 

in monocytes (Figure 4.7A). We know alveolar macrophages are critical effector 

cells in initiating and maintaining pulmonary inflammation, as well as termination 

and resolution of pulmonary inflammation during acute lung injury (ALI) (Beck-

Schimmer et al., 2005; Herold et al., 2011). Therefore, to determine if the altered 

gene expression profiles we observed following ALI in the BAL were due to 

lincRNA-Cox2 expression in alveolar macrophages we cultured primary alveolar 

macrophages from our WT and lincRNA-Cox2 mutant mice and measured cytokine 

and chemokine expression (Machiels et al., 2017; Nayak et al., 2018; Elektra 

Kantzari Robinson et al., 2021a). Excitingly, we found decreased expression of Il6, 

Ccl3 and Ccl4 and increased expression of Ccl5 in the lincRNA-Cox2 mutant 

alveolar macrophages (Figure 4.7D-G). Several other chemokines such as Ccl3, 

Ccl4, Csf3, Cxcl1 and Cxcl2 were significantly lower in the lincRNA-Cox2 

deficient alveolar macrophages and these all are known to play roles in neutrophil 

influx (Kobayashi, 2008; Lee et al., 2000; Metzemaekers et al., 2020). These data 

suggest that lincRNA-Cox2 functions within alveolar macrophages to regulate gene 

expression including key chemokines that can impact neutrophil infiltration during 

acute lung injury.  

During ALI many of the immune cells that infiltrate the lung, including 

some classes of alveolar macrophages, originate from the bone marrow. Analysis 
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of resident and recruited alveolar macrophages during ALI, showed lincRNA-Cox2 

is more highly expressed in recruited (bone marrow derived) alveolar macrophages 

(SFigure 4.11). Therefore, to assess if lincRNA-Cox2 is functioning through bone 

marrow (BM) derived immune cells we performed BM transplantation chimera 

experiments in WT and lincRNA-Cox2 mutant mice (Figure 4.8A). We found that 

WT→Mut BM transplantations completely rescued the neutrophil and 

cytokine/chemokine phenotype in the BAL (Figure 4.8B-K, SFigure 4.12). While 

we aimed to determine if lincRNA-Cox2 functions either through resident 

(SiglecF+) or recruited (Siglec F-) alveolar macrophages, we found that both 

populations were composed of >70% donor BM (SFigure 4.8I-J) indicating that 

radiation obliterated resident SiglecF+ alveolar cells which become repopulated 

with donor cells from the bone marrow (Collins et al., 2020; Gangwar et al., 2020; 

Guilliams et al., 2013; Hashimoto et al., 2013; Misharin et al., 2017). These 

experiments enable us to conclude that lincRNA-Cox2 expression originating from 

the bone marrow can function to control immune responses in the lung, since BM 

derived immune cells transplanted into lincRNA-Cox2 mutant mice are able to 

rescue the phenotype driven by loss of lincRNA-Cox2 in the lung.  

In conclusion, in this study we show, through multiple mouse models, that 

lincRNA-Cox2 is functioning in trans in alveolar macrophages to regulate immune 

responses within the lung. This study provides an additional layer of mechanistic 

understanding highlighting that lncRNAs can contribute to the delicate balance 
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between maintenance of homeostasis and induction of transient inflammation 

within the lung microenvironment.     

4.6 Methods 

4.6.1 Mice 

Wild-type (WT) C57BL/6 mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and bred at the University of California, Santa Cruz (UCSC). All 

mouse strains, including lincRNA-Cox2 mutant (Mut), transgenic (Tg) and 

MutxTg mice, were maintained under specific pathogen-free conditions in the 

animal facilities of UCSC and protocols performed in accordance with the 

guidelines set forth by UCSC and the Institutional Animal Care and Use 

Committee.  

4.6.2 Generation of lincRNA-Cox2 Transgenic (Tg) and MutxTg Mice 

lincRNA-Cox2 transgenic mice were generated by using a site-specific integrase-

mediated approach described previously (Tasic et al., 2011). In brief, TARGATT 

mice in the C57/B6 background contain a CAGG promoter within the Hipp11 

(H11) locus expressing the full length lincRNA-Cox2 (variant 1) as previously 

cloned (Carpenter et al., 2013b) generated at the Gladstone (UCSF). These mice 

were then genotyped using the same TARGATT approach of PCR7/8 

(PR432:GATATCCTTACGGAATACCACTTGCCACCTATCACC, 

SH176:TGGAGGAGGACAAACTGGTCAC, 

SH178:TTCCCTTTCTGCTTCATCTTGC). The lincRNA-Cox2 transgenic mice 

were then crossed with the lincRNA-Cox2 mutant mice and bred to homozygosity 
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to generate MutxTG mice. For genotyping to assess homozygosity of Mutant we 

used the primer sets of MutF: ATGCCCAGAGACAAAAAGGA and MutR: 

GATGGCTGGATTCCTTTGAA, as well as the 3-primer set stated above. 

4.6.3 Acute Lung Injury (ALI) model 

Age- and sex matched WT, lincRNA-Cox2 mutant and lincRNA-Cox2 MutxTG 

mice were treated with 3.5mg/kg using the orophyrangeal intratracheal 

administration technique. The model of LPS insult via oropharyngeal 

administration into the lung was previously described in detail (Allen, 2014; 

Ehrentraut et al., 2019; Nielsen et al., 2018). Briefly, mice were sedated using an 

isoflurane chamber (3% for induction, 1-2% for maintenance), then 60-75ul of 

3.5mg/kg of LPS (from strain O111:B4) or PBS (control) were administered using 

a pipette intratracheally. 24 h after LPS treatment, mice were sacrificed using CO2 

and serum, BALF and lung were harvested for either cellular assessment by flow 

cytometry, RNA expression or sent to EVE technologies for cytokine/chemokine 

protein analysis.  

4.6.4 LPS shock model  

Age- and sex matched wild-type, lincRNA-Cox2 mutant mice, lincRNA-Cox2 TG 

and lincRNA-Cox2 MutxTG (Elling et al., 2018b) (8-12 weeks of age) were 

injected i.p. with 20 mg/kg LPS (O111:B4). For gene expression analysis and 

cytokine analysis, mice were euthanized 6 h post injection. Blood was taken 

immediately postmortem by cardiac puncture. Statistics were performed using 

GraphPad prism.  
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4.6.5 Transplantation reconstitution assays 

Reconstitution assays were performed, as previously stated by Poscablo et al. 

(Poscablo et al., 2021), by transplanting double-sorted HSCs (3 million cells per 

recipient) from Ubc-GFP+ whole BM and transplanting into congenic C57BL/6 

WT and lincRNA-Cox2 deficient mice via retro-orbital intravenous transplant 

generating WT→WT and WT→Mut. Hosts were preconditioned with lethal 

radiation (~1050 rads) using a Faxitron CP160 X-ray instrument (Precision 

Instruments). 

4.6.6 Harvesting Bronchiolar Lavage Fluid (BAL) 

Bronchoalveolar Lavage Fluid (BALF) was harvested as previously stated by 

Cloonan et al. (Cloonan et al., 2016a). 40 mice were euthanized by CO2 narcosis, 

the tracheas cannulated, and the lungs lavaged with 0.5-ml increments of ice-cold 

PBS eight times (4 ml total), samples were combined in 50 ml conical tubes. BALF 

was centrifuged at 500 g for 5 min. 1 ml red blood cell lysis buffer (Sigma-Aldrich) 

was added to the cell pellet and left on ice for 5 min followed by centrifugation at 

500 g for 5 min. The cell pellet was resuspended in 500 μl PBS, and leukocytes 

were counted using a hemocytometer. Specifically, 10 μl was removed for cell 

counting (performed in triplicate) using a hemocytometer. Cells were plated in 

sterile 12 well plates at 5e5/well (total of 8 wells) and use complete DMEM with 

25 ng/ml supGM-CSF.  
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4.6.7 Lung tissue harvesting for cytokine measurement 

Mice were humanely sacrificed, and their lungs were excised. The whole lungs 

were snap frozen and homogenized, and the resulting homogenates were incubated 

on ice for 30 min and then centrifuged at 300 × g for 20 min. The supernatants were 

harvested, passed through a 0.45-μm-pore-size filter, and used immediately or 

stored at −70°C, then sent to EVE for measurements of cytokines/chemokines.  

4.6.8 Cell culture of primary alveolar macrophages (AMs) 

BALF isolation performed on 10 WT and 10 lincRNA-Cox2 mutant mice, cells 

were pooled, counted and plated. 24 h post-BALF isolation, media was removed 

and fresh complete DMEM with 25 ng/ml supGM-CSF is added (Elektra Kantzari 

Robinson et al., 2021a). All cells that adhere to the surface of the plate are 

considered alveolar macrophages (AM) as previously determined by Chen et al. 

(Chen et al., 1988). After new media is added, AMs are stimulated with 200 ng/ml 

LPS (Sigma, L2630-10MG). Harvest supernatant 6 h post-stimulation. Harvested 

supernatant was sent to Eve technologies for cytokine analysis. Experiment was 

performed twice, utilizing a total of 40 mice. Statistics were performed using 

GraphPad prism. 

4.6.9 RNA isolation, cDNA synthesis and RT-qPCR 

Total RNA was purified from cells or tissues using Direct-zol RNA MiniPrep Kit 

(Zymo Research, R2072) and TRIzol reagent (Ambion, T9424) according to the 

manufacturer’s instructions. RNA was quantified and assessed for purity using a 

nanodrop spectrometer (Thermo Fisher). Equal amounts of RNA (500 to 1,000 ng) 
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were reverse transcribed using iScript Reverse Transcription Supermix (Bio-Rad, 

1708841), followed by qPCR using iQ SYBR Green Supermix reagent (Bio-Rad, 

1725122) with the following parameters: 50 °C for 2 min and 95 °C for 2 min, 

followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 45 s, followed 

by melt-curve analysis to control for nonspecific PCR amplifications. Oligos used 

in qPCR analysis were designed using Primer3 Input version 0.4.0 

(https://bioinfo.ut.ee/primer3-0.4.0/).  

Gene expression levels were normalized to Gapdh or Hprt as housekeeping genes. 

Primers Used: 

Gapdh F- CCAATGTGTCCGTCGTGGATC 

Gapdh R - GTTGAAGTCGCAGGAGACAAC 

Hprt F - TGCTCGAGATGTCATGAAGG 

Hprt R - ATGTCCCCCGTTGACTGAT 

lincRNACox2 F - AAGGAAGCTTGGCGTTGTGA 

lincRNACox2 R - GAGAGGTGAGGAGTCTTATG.  

4.6.10 ELISA 

The concentration of Il6 and Ccl5 levels in the serum and BAL of WT, lincRNA-

Cox2 mutant mice, lincRNA-Cox2 Tg and lincRNA-Cox2 MutxTg mice were 

determined using the DuoSet ELISA kits (R&D, DY1829 and DY478) according 

to the manufacturer’s instructions.  
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4.6.11 Lung tissue harvesting for cellular analysis 

Mice were humanely sacrificed, and their lungs were excised. Lung was inflated 

with a digestion solution containing 1.5mg/ml of Collagenase A (Roche) and 

0.4mg/ml DNaseI (Roche) in HBSS plus 5% fetal bovine serum and 10mM 

HEPES. Trachea was tied off with 2.0 sutures. The heart and mediastinal tissues 

were carefully removed, and the lung parenchyma placed in 5ml of digestion 

solution and incubated at 37°C for 30 minutes with gently vortexing every 8–10 

minutes. Upon completion of digestion, 25ml of PBS was added; and the samples 

were vortexed at maximal speed for 30 seconds. The resulting cell suspensions were 

strained through a 70um cell strainer and treated with ACK RBC lysis solution. 

Then the cells were stained using the previously published immune (Yu et al., 2016) 

and epithelial (Nakano et al., 2018) cellular panels. 

4.6.12 Flow cytometry analysis and cell sorting 

After cells were isolated and counted, ~2x10^6 cells per sample were incubated in 

blocking solution containing 5% normal mouse serum, 5% normal rat serum, and 

1% FcBlock (eBiosciences, San Diego, CA) in PBS and then stained with a 

standard panel of immunophenotyping antibodies (See Table 1 for a list of 

antibodies, clones, fluorochromes, and manufacturers) for 30 minutes at room 

temperature (Yu et al., 2016). Data was acquired and compensation was performed 

on the BD Aria II and Attune NxT (Thermo Fisher) flow cytometer at the beginning 

of each experiment. Data was analyzed using Flowjo v10. Cell sorting was 

performed on a BD Aria II. The collected cells were harvested for RNA and RT-
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qPCR was performed to measure lincRNA-Cox2. Analysis was performed using 

FlowJo analysis software (BD Biosciences).  

4.6.13 RNA-sequencing Analysis 

Generation of the RNAseq data (GSE117379 and GSE94749) and analysis of 

differential gene expression has been described previously (Elling et al., 2018b; 

Mould et al., 2017). RNA-seq 50bp or 30bp, respectively, reads were aligned to the 

mouse genome (assembly GRCm38/mm10) using TopHat. The Gencode M13 gtf 

was used as the input annotation. Differential gene expression specific analyses 

were conducted with the DESeq2 R package. Specifically, DESeq2 was used to 

normalize gene counts, calculate fold change in gene expression, estimate p-values 

and adjusted p-values for change in gene expression values, and to perform a 

variance stabilized transformation on read counts to make them amenable to 

plotting. 

4.6.14 single cell RNA-sequencing analysis. 

Generation of the sc-RNAseq data (Gene Expression Omnibus accession number 

GSE120000 and GSE113049) and analysis of gene expression has been described 

previously (Mould et al., 2019; Riemondy et al., 2019). All analysis was performed 

using the Scanpy package (Wolf et al., 2018). Unless specified, default parameters 

were used. 

For GSM3391587: 

Count matrix was processed according to the original study. Briefly, the count 

matrix was normalized to log(10K+1) transcripts, and highly variable genes were 
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selected with the following parameters: minimum dispersion=0.2, minimum 

mean=0.15. Those genes were used to compute principal components, out of 

which the top 6 were selected for clustering and visualization. t-SNE coordinates 

were computed using the top 6 PCs, and louvain clustering was performed based 

on the k-nearest neighbor graph (k=30) derived from the principal components.  

For GSE113049: 

Count matrix was processed as follows: Cells with less than 200 detected genes 

were removed, and genes detected in less than 3 cells were removed. Cells with 

more than 5% of mitochondrial content were further excluded from the analysis. 

Counts were normalized to log(10K+1) transcripts. t-SNE coordinates, and cell 

type labels were obtained from public files made available by the authors of the 

original study.  
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CHAPTER 5: Cigarette smoke exposure alters innate 

immune signaling in macrophages 
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5.1 Abstract 

Cigarette smoke (CS) exposure is a risk factor for many chronic diseases including 

chronic obstructive pulmonary disease (COPD), however the mechanism by which 

smoke exposure can alter homeostasis leading to chronic inflammation is poorly 

understood. In this study, we show that in vivo CS exposure results in dysregulated 

transcription and splicing of inflammatory protein-coding genes in bone marrow-

derived macrophages (BMDMs). Moreover, we identify that CS exposure 

suppresses the expression of 9 long non-coding RNAs (lncRNAs) and upregulates 

3 lncRNAs including lincRNA-Cox2 in BMDMs. Next, using multiple lincRNA-

Cox2 mouse models we identify lincRNA-Cox2 as a positive and negative regulator 

of gene expression within the lung as well as systematically in the serum using a 

CS induced COPD mouse model. Finally, we find that CS exposure downregulates 

genes in response to LPS and that loss of lincRNA-Cox2 heightens the inflammatory 

response in BMDMs from mice exposed to CS. Collectively, this work provides 

insights into how innate immune signaling from gene expression to splicing is 

altered following in vivo exposure to CS. LncRNAs represent an additional layer 

of regulation following smoke exposure and, in particular, we show that lincRNA-

Cox2 can impact signaling in a murine model of COPD.  

5.2 Introduction 

Smokers exhibit a shorter life expectancy compared to non-smokers which 

have been attributed to the detrimental effects of cigarette smoke (CS) exposure 

(Doll et al., 2004). CS is a known risk factor for many chronic inflammatory 
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diseases including cancer, rheumatoid arthritis, and chronic obstructive lung 

disease (COPD) (Chang et al., 2014; Kispert and McHowat, 2017) and it’s a leading 

contributor to cardiovascular disease worldwide (McEvoy et al., 2012). CS driven 

inflammation is well documented in studies reporting an influx of neutrophils and 

mononuclear cells to the lungs in addition to an increase in pro-inflammatory 

cytokine production such as IL1A, IL6, and TNFA as well as chemokines such as 

CCL2 (MCP-1α) and (MCP-1β) (Botelho et al., 2010; An I. D’hulst et al., 2005). 

CS-driven lung inflammation is also linked to tissue injury, susceptibility to 

microbial infections, and poor wound healing (Strzelak et al., 2018; Tura-Ceide et 

al., 2017). Despite the recent attention to CS involvement in driving inflammatory 

diseases, the mechanism by which cigarette smoke contributes to the inflammatory 

exacerbation is not well understood. CS is shown to disrupt immune homeostasis 

and alter the body’s ability to respond to infections (Strzelak et al., 2018), however, 

a mechanistic understanding of the pathways and genes directly involved in the 

dysregulation is not well understood. Moreover, the majority of smokers display 

increased recruitment of macrophages to the lung (Niewoehner et al., 1974) and 

these cells are an essential component of the innate immune response that includes 

tissue-resident and monocyte-derived macrophages. Macrophages specialize in the 

initial response to external signals such as tissue damage or exposure to infectious 

agents. It has been previously reported that CS exposure can modulate macrophage 

phenotype and function, such as exhibiting attenuated responses to infectious 

agents (van Zyl-Smit et al., 2014) and displaying a depressed phagocytic rate 
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(Thomas et al., 1978).  In this study, we are utilizing an in vivo smoke model that 

best represents active smoking (Cloonan et al., 2016b) where mice are exposed to 

CS for 4.5 or 8 weeks,  this is followed by removing bone marrow and studying the 

transcriptional and splicing profiles of macrophages comparing room air to smoke.  

Alternative splicing is a key regulatory component of the inflammatory 

pathway. It has been reported that genes that undergo alternative splicing within the 

lung following inflammation are involved in chemokine signaling and metabolism 

(Janssen et al., 2020a; Elektra K. Robinson et al., 2021). Similarly, smoking has 

been implicated in inducing alternative splicing as well as differential gene 

expression and prompting differential isoform usage (Faiz et al., 2019). However, 

a robust understanding of how CS can alter gene expression and isoform usage 

specifically in bone marrow-derived macrophages (BMDMs) has not been 

investigated.  

While there are many studies examining the role that cigarette smoke can 

play in altering protein expression here we are focusing on the expression changes 

of both coding and noncoding genes thus obtaining a more complete picture of the 

dysregulation that occurs at the transcriptional level following in vivo smoke 

exposure. LncRNAs (non-coding transcripts) have emerged as key regulators of 

gene expression and can modulate immune cell development and function 

(Atianand et al., 2017b; Robinson et al., 2020b). Our lab characterized the function 

of the inflammatory inducible lincRNA-Cox2 using both in vitro and in vivo 

approaches where it has been shown to play a broad regulatory role during 
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inflammation (Elling et al., 2018c). LincRNA-Cox2 can function in cis through an 

enhancer DNA machinery to regulate its neighboring protein Ptgs2 (Cox2), and to 

also function in trans to regulate expression of innate immune genes globally 

(Carpenter et al., 2013c; Q. Tong et al., 2016c; Hu et al., 2016c; Covarrubias et al., 

2017c; Hu et al., 2018b; Xue et al., 2019b; Liao et al., 2020b; Elektra Kantzari 

Robinson et al., 2021b). In this study, we identified lincRNA-Cox2 as one of the 

most upregulated genes in macrophages following in vivo smoke exposure. We 

utilized our lincRNA-Cox2 deficient (mutant, Mut) model, which represents a 

knockdown model of lincRNA-Cox2 where the splice sites have been targeted with 

CRISPR/Cas9 as previously reported (Elling et al., 2018c). This mouse is critical 

in enabling us to study the trans-regulatory role for lincRNA-Cox2 independent of 

its cis effects on its neighboring gene Ptgs2 (Ptgs2 levels are similar in mutant mice 

compared to wild-type control mice). We also make use of the recently generated 

rescue transgenic mouse model that involved crossing the lincRNA-Cox2 transgenic 

overexpressing line with our lincRNA-Cox2 deficient (Mut) line labeled MutxTg 

(Elektra Kantzari Robinson et al., 2021b). Using this model we can study if 

ubiquitous overexpression of lincRNA-Cox2 from a non-native locus can rescue the 

phenotypes we observed in the lincRNA-Cox2 deficient (Mut) mice. 

In this study, we elucidate the sensitivity of the BM niche by thoroughly 

investigating the impact that CS-induced COPD has on the inflammatory response 

of BMDMs. Globally, we identify that protein-coding genes are up-regulated by 

CS, while lncRNAs are largely down-regulated by CS exposure. We also catalog 
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for the first time how CS exposure can dysregulate splicing and primarily induce 

retained intron (RI) events in macrophages. Moreover, we identify that lincRNA-

Cox2 is inducible by CS in BMDMs. Using a multitude of mouse models, our data 

elucidates that lincRNA-Cox2 regulates inflammatory genes globally in trans in 

vivo using CS-exposed mice. Finally, we found lincRNA-Cox2 to be a critical 

component in regulating the acute inflammatory response in macrophages when 

primed with CS exposure. Collectively, our findings confirm lincRNA-Cox2s 

involvement in regulating inflammatory response genes in trans, as it plays a 

significant role in modulating mouse response to CS exposure as well as altering 

macrophage inflammatory responses. 

 
5.3 Results 

5.3.1 In vivo CS exposure alters the expression of genes at the RNA and protein 

levels in BMDMs 

To determine the long-term impact of CS exposure on inflammatory 

pathways, we utilized a well-established CS-induced COPD model, where WT 

mice were subjected to CS long-term (Hautamaki et al., 1997; Vandivier and 

Ghosh, 2017).  Bone marrow from room air (RA) and CS exposed mice was 

collected and differentiated into bone marrow-derived macrophages. RNA 

sequencing (RNA-seq) was performed to investigate the effect of in vivo CS 

exposure on the macrophage transcriptome (Figure 5.1A). Differential expression 

(DESeq2) analysis revealed a significant number of dysregulated protein-coding 
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genes following CS exposure (Figure 5.1B). Interestingly, many of proteins were 

up-regulated (102 genes) while only 22 genes were down-regulated following CS  

 
Figure 5.1: Cigarette smoke COPD activates inflammatory protein-coding 
genes in bone marrow-derived macrophages.  
(A) Schematic of COPD and RNA-sequencing experiment L929 (MCSF). (B) 
Volcano plot of all differentially expressed protein-coding genes when comparing 
BMDMs from room air (RA) to cigarette smoke (CS) mice. (C) All promoters of 
upregulated protein-coding genes were analyzed using i-cisTarget to assess the top 
transcription factors regulating genes, sorted by normalized enrichment score 
(NES) and binding motif. (D) The associated biological process of upregulating 
differentially expressed protein-coding genes from CS exposure using DAVID 
tools. (E) The associated KEGG pathways of upregulated differentially expressed 
protein-coding genes from CS exposure using DAVID tools. The supernatant was 
harvested from RA and CS cultured BMDMs and multiplex cytokine analysis was 
performed for (F) Gcsf, (G) Il16, (H) Il9, (I) Vegf. Each dot represents an individual 
animal. Error bars represent the standard deviation of biological triplicates. 
Student’s t-tests were performed using GraphPad Prism. Asterisks indicate 
statistically significant differences between mouse lines (*p ≥ 0.05, **p ≥ 0.01). 
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exposure. To investigate if there was a common regulatory mechanism controlling 

the up and down-regulated genes, we used “i-cis target” (Herrmann et al., 2012); 

an analysis software that determines enriched transcription factor (TF) motifs 

(Figure 5.1C). The “i-cis target” showed high enrichment scores for inflammatory 

response related TFs, including type I IFN response (STAT 1, 3, and 4) and the NF-

kB pathway (Rela) (Figure 5.1C). Of all the TFs associated with CS exposure, we 

only found that Cebpb and Cepbd are significantly up-regulated at the 

transcriptional level (SFigure 5.1). In order to identify biological processes and 

pathways impacted by CS, we performed gene ontology (Go-term) analysis on up 

and down-regulated proteins.  Go-term analysis of upregulated genes revealed 

enrichment for immune response associated pathways, including  Il1, Ifng, and Tnf 

response biological processes as well as the involvement of NF-kB and JAK-STAT 

in KEGG pathways (Figure 5.1D-E). We also observed enrichment of KEGG 

pathway terms associated with hypoxia as well as inflammatory diseases such as 

rheumatoid arthritis and cancer, both of which are highly associated with CS-

exposure (Figure 5.1D) (Chang et al., 2014; Kispert and McHowat, 2017). Whereas 

go-term analysis of downregulated protein-coding genes yielded no involvement of 

inflammatory pathways and instead was enriched in the regulation of rho protein 

signal transduction (SFigure 5.2), previously reported to be dysregulated by smoke 

exposure (Park and Kim, 2017; Unachukwu et al., 2017). Many inflammatory 

cytokines have been shown to be dysregulated following smoke exposure including 

Il16, Gcsf, Il9 and VEGF (Huang et al., 2017; Volpi et al., 2011; Zou et al., 2018). 
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However there has been some conflicting data on whether IL16 or Gcsf are 

increased or decreased following CS exposure (Andersson et al., 2016, 2004; Elisia 

et al., 2020; Shiels et al., 2014). Differences in study outcomes could be a result of 

differences in cell type and type of exposure (in vivo vs. in vitro). We measured 

cytokine and chemokine protein production changes resulting from CS-exposure in 

BMDMs by ELISA, finding that Il9, Il16, Gcsf, and Vegf are all significantly 

downregulated by CS (Figure 5.1F-I). These results reveal that CS is capable of 

shaping the bone marrow niche; as CS exposure or smoking can skew immune 

homeostasis by impacting newly developed macrophage's ability to produce 

inflammatory cytokines. This altered inflammatory state could have detrimental 

consequences on the macrophage’s ability to fight off infections and could help us 

better understand the impaired inflammatory response exhibited by smokers to 

inflammatory challenges.   

5.3.2 In vivo CS exposure drives alternative splicing events including intron 

retention in BMDMs 

RNA-seq data provides a wealth of information in terms of differential gene 

usage but it can also inform on splicing changes occurring in a cell. It is well 

appreciated that alternative splicing is a key regulatory step associated with many 

genes involved in the inflammatory signaling cascade and impacts protein 

expression (Ivanov and Anderson, 2013a; Boudreault et al., 2016a; Elektra K. 

Robinson et al., 2021). Here we profiled alternative splicing events that occured in 

macrophages comparing those from RA mice to those exposed to CS for 8 weeks 
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using two different splicing tools pipelines, rMATS and JuncBASE+DRIMSeq 

(SFigure 5.3). We chose to use two splicing tools as there can be inconsistencies 

between the various pipelines and therefore to obtain a thorough list of events we 

incorporated information from both toolsets in addition to performing manual 

inspection of reported splice events via sashimi plots (Mehmood et al., 2020). 

Interestingly the majority of genes undergoing alternative splicing following CS 

exposure are not differentially expressed (Figure 5.2A, SFigure 5.4).  

 
Figure 5.2: Cigarette Smoke COPD induces alternative splicing in bone marrow-
derived macrophages.  
(A) Significant event counts from rMATS and JuncBASE+DRIMSeq. Events were 
considered significant if FDR < 0.1, |PSI| > 10. (B) Venn diagram of significant 
retained intron events with shared events determined by Bedtools’ intersect 
function. (C) Sashimi plot of the Mib2 retained intron event. (D) RT-PCR gel 
results of Mib2 at the event site and loading control HPRT in biological triplicates 
and (E) percent spliced in (PSI) as determined by the average relative intensity of 
the inclusion form bands. Error bars represent standard deviation of biological 
triplicates. Asterisk indicates statistically significant differences between 
conditions using Welch’s t-tests (*p < 0.05). 
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This emphasizes how important it is to examine all genes as splicing can result in 

novel isoform usage that could be missed if the focus is solely on differentially 

expressed genes.  In total, rMATS identified 425 splicing events while 

JuncBASE+DRIMSeq identified 47 that occur in macrophages following in vivo 

CS exposure (padj < 0.1 |ΔPSI| > 10) (Figure 5.2A). The dominant alternative 

splicing event we identified using both JuncBASE and rMATS were retained intron 

(RI) events (Figure 5.2B). There was a total of 6 RI events across four genes 

common to both JuncBASE and rMATS analysis (Figure 5.2C). One prominent RI 

event occurred between exons of 11 and 12 (as annotated in Gencode vM18 basic) 

of the protein Mib2, a ubiquitin-protein ligase that mediates ubiquitination of 

proteins in the Notch signaling pathway in the RA condition compared to CS 

(Figure 5.2D, SFigure 5.5). We further validated this event using RT-PCR, 

confirming a significant decrease in the retained intron isoform under CS conditions 

(Figure 5.2D-F, SFigure 5.6). These results reveal the complexity of CS exposure 

impact on the macrophage transcriptome at a level beyond differential gene 

expression. Recent studies  (Xu et al., 2021) reported splicing alterations in 

circulating immune cells from smokers. Our data supports this by showing that 

taking bone marrow from smoked mice and differentiating them into macrophages 

results in cells with a much-altered gene expression and splicing profile compared 

to control room air animals.   
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5.3.3 Long noncoding RNAs (LncRNAs) are differentially expressed in response 

to CS exposure in BMDMs.  

Since CS exposure impacts transcription and splicing of protein-coding 

genes, our next aim was to assess the expression of long noncoding RNAs 

(lncRNAs). Using DESeq2 we identified 47 lncRNAs that were down-regulated, 

and 3 upregulated lncRNAs following in vivo CS exposure (Figure 5.3A).  

 
Figure 5.3: LncRNA regulated by cigarette smoke in bone-marrow-derived 
macrophages harvested from COPD mice.  
(A) Volcano plot of all differentially expressed long non-coding RNA genes when 
comparing BMDMs from room air (RA) to cigarette smoke (CS) mice. (B) Bar-
graph of the number of associated genes per region generated using GREAT. (C) 
The neighboring protein-coding genes of upregulated differentially expressed 
lncRNA genes from CS exposure also determined the associated biological process 
using GREAT analysis. (D) A heat map of only significantly DE protein-coding 
and associated lncRNA genes from GREAT was generated with normalized read 
counts from RNA-seq of BMDMs with and without cigarette smoke (CS). (E) A 
heat map of up-regulated lncRNAs and associated protein-coding genes based on 
normalized read counts. (F) UCSC Genome Browser shot of 7 separate tracks. The 
top track is of M18 gene annotations, including Ptgs2 (black) and lincRNA-Cox2 
(blue). Tracks following 2-4 tracks are stranded RNA-Sequencing reads of BMDM 
from room air (RA) mice. Tracks 5-7 are of stranded RNA-Sequencing reads of 
BMDM from cigarette smoked (CS) mice. Blue reads are positive stranded, and the 
orange reads are negative stranded. 
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LncRNAs can function in cis to regulate their neighboring genes or in trans to 

regulate genes on different chromosomes  (Robinson et al., 2020b). In order to gain 

insight into the mechanism of action of the dysregulated lncRNAs we first 

performed bioinformatic analysis to determine the expression of the proteins 

neighboring the lncRNAs to ascertain if they are co-regulated which can provide 

insights into their mechanism of action (guilt by association) (John L. Rinn and 

Chang, 2012).  We utilized the genomic regions enrichment of annotation tool 

(GREAT) to identify (McLean et al., 2010) the neighboring protein-coding genes 

for all down-regulated lncRNAs based on the genomic location (Figure 5.3B). Gene 

ontology (GO) analysis, of the proximal protein-coding genes, found that the 

biological processes these proteins are associated with include negative regulation 

of ion channel activity, TGFb production, and mRNA splicing regulation (Figure 

5.3C). To further assess the guilt by association model and possibility that these 

lncRNAs mice function to a cis-regulatory mechanisms of these lncRNAs, we 

examined the normalized counts of the neighboring protein-coding genes in our 

RNA-seq data and found that 9 of the protein-coding genes neighboring down-

regulated lncRNAs were significantly differentially expressed. Specifically, 7 of 

the neighboring protein-coding genes were co-regulated while 2 were anti-

correlated in expression (Figure 5.3D). Of the 3 up-regulated lncRNAs all 

neighboring protein-coding genes were co-regulated (Figure 5.3E). Interestingly 

lincRNA-Cox2 was identified as a significantly induced lncRNA following smoke 

exposure similar to its neighboring protein-coding gene Ptgs2 (Cox2), a critical 
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inflammatory response gene (Figure 5.3E-F). These results highlight how cigarette 

smoke exposure can broadly impact the expression of genes including lncRNAs 

that play important roles within the regulatory network that governs the innate 

immune response in macrophages 

5.3.4 Loss of lincRNA-Cox2 results in dysregulated responses to CS exposure in 

vivo. 

We have recently reported lincRNA-Cox2 as a critical regulator of lung 

homeostasis and acute lung inflammation (Elektra Kantzari Robinson et al., 

2021b), but there is no study examining it’s impact of during chronic inflammation. 

Since lincRNA-Cox2 is up-regulated following CS exposure, we utilized an 8-week 

CS-induced COPD model, on WT and lincRNA-Cox2 deficient (Mut), mice to 

assess the potential CS-specific regulatory role for lincRNA-Cox2 (Figure 5.4A). 

We harvested the bronchoalveolar lavage fluid (BALF), lung tissue, and serum to 

measure cytokines and chemokines following 8 weeks of RA or CS exposure. 

These experiments revealed a disruption of cytokine and chemokine expression 

locally in the lung (from BALF and tissue) and globally from the peripheral serum 

(Figure 5.4B-O) in lincRNA-Cox2 deficient mice. Interestingly, Gcsf and Il16, 

known players in COPD (Andersson et al., 2016; Tsantikos et al., 2018),  are 

significantly differentially expressed in the BALF (Figure 5.4B-C), serum (Figure 

5.4F-G), and lung (Figure 5.4J-K) of lincRNA-Cox2 deficient (Mut) mice. 

Moreover, we found that some dysregulated cytokine were localized to either the 

BALF (Figure 5.4D-E), serum (Figure 5.4H-I, SFigure 5.7B-C), or lung tissue  
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Figure 5.4: lincRNA-Cox2 positively and negatively regulates cytokines in a 
cigarette-smoke COPD model.  
(A) Experimental schematic of 8-week cigarette smoke COPD model using WT 
and lincRNA-Cox2 mutant mice. After 8 weeks BALF, serm and lung tissue were 
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harvested for subsequent cytokine analysis. ELISAs were performed on room air 
and cigarette-smoked BALF samples for (B) Gcsf, (C) Il16, (D) Mip2 and (E) 
Fractalkine. Cytokine analysis was performed on serum for (F) Gcsf, (G) Il16, (F) 
Mip2 and (I) Il1a. ELISAs were also performed on normalized lung tissue samples 
for (J) Gcsf, (K) Il16, (L) Mip2, (M) Fractalkine, (N) Il1a and (O) Lix respectively 
from lung samples. (P) Experimental schematic of cigarette smoke COPD 4.5 week 
model for WT, lincRNA-Cox2 mutant and lincRNA-Cox2 MutxTg mice. Lung 
tissue was harvested for cytokine analysis to measure (Q) Mip2, (R) Mip3β, (S) 
Vegf, (T) Gcsf and (U) Il16 respectively.   Each dot represents an individual animal. 
Error bars represent standard deviation of biological replicates. Asterisks indicate 
statistically significant differences between mouse lines using Student’s t-tests (*p 
< 0.05, **p < 0.01, ***p < 0.001). Student’s t tests were performed using GraphPad 
Prism to obtain p values. 

(Figure 5.4L-O, SFigure 5.7D-I). Specifically, we see Mip2 (Cxcl2) is 

downregulated in the lincRNA-Cox2 deficient mice only in BALF after CS 

exposure (Figure 5.4D). Fractalkine is downregulated in BALF (Figure 5.4E) and 

Lung (Figure 5.4M) in lincRNA-Cox2 deficient mice, while Il1a is upregulated in 

the serum (Figure 5.4I) and lung (Figure 5.4N) of lincRNA-Cox2 deficient mice. 

Interestingly we also observe differences in cytokines at baseline in the room air 

mice comparing WT to lincRNA-Cox2 deficient (Mut) mice. We see a decrease in 

il16 levels in serum (Figure 5.4G) of lincRNA-Cox2 deficient mice and increased 

expression of Mip2, Il1a, and Lix in the lungs of lincRNA-Cox2 deficient mice 

compared to WT in the room air controls.  These data emphasize the important role 

lincRNA-Cox2 plays in controlling the immune response both at baseline and 

following chronic activation of inflammation by CS exposure.  

To gain insights into how lincRNA-Cox2 might be functioning 

mechanistically to control these gene expression changes we first wanted to 

determine if it is mediating its effects in trans since many of the affected cytokines 
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are encoded on different chromosomes. To answer this question we utilized our 

newly generated Mutant/Transgenic mouse model (MutxTg), whereby a transgenic 

mouse overexpressing lincRNA-Cox2 ubiquitously in locus H11 was crossed with 

our lincRNA-Cox2 deficient (Mut) mouse model (Elektra Kantzari Robinson et al., 

2021b). The hypothesis is that if lincRNA-Cox2 is functioning in trans to regulate 

gene expression then the differences observed in the lincRNA-Cox2 deficient (Mut) 

mice will be rescued by the overexpression of lincRNA-Cox2 in the 

Mutant/Transgenic mouse model (MutxTg). We performed a 4.5-week CS-

exposure COPD model in lieu of 8 weeks. The reason this time point was utilized 

was due to covid lockdown we were forced to cut our original 8-week time point 

short. However, previous studies have shown that similar effects can be observed 

between these timepoints as both represent chronic CS-exposure (A. I. D’hulst et 

al., 2005; Fricker et al., 2018; Wang et al., 2018).  The 4.5-week CS-exposure 

model was performed on WT, lincRNA-Cox2 Mut and lincRNA-Cox2 MutxTG and 

lung tissue was harvested to measure cytokine and chemokine expression (Figure 

5.4P). Interestingly, we found unique cytokines and chemokines that are 

dysregulated in the lincRNA-Cox2 mutant mouse and rescued in the lincRNA-Cox2 

MutxTg mouse at the 4.5-week COPD timepoint, including Mip2, Mip3b and Vegf 

(Figure 5.4Q-S). Moreover, we found that Gcsf and Il16 are not significantly 

differentially expressed at the 4.5-week timepoint but do trend upwards in the 

lincRNA-Cox2 mutant mice and are unchanged comparing WT and MutxTG 

(Figure 5.4S-T). These data indicate that lincRNA-Cox2 can function to regulate 
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immune genes within the lung following CS exposure and that it is functioning in 

trans to regulate these genes. 

5.3.5 LincRNA-Cox2 regulates the acute inflammatory response in BMDMs pre-

exposed to CS. 

Given the dysregulation of inflammatory inducible genes observed in 

BMDMs from CS exposure for 8 weeks (Figure 5.1), we next aimed to determine 

how macrophage inflammatory response to stimulus could be altered by CS 

exposure. To assess this globally, we isolated and generated BMDMs from CS 

exposed mice and compared control to LPS stimulated cells (Figure 5.5A). Overall, 

we observed a subtle ablated inflammatory response of both protein-coding and 

lncRNA genes following in vivo CS exposure (Figure 5.5B-C). For the 

differentially expressed lncRNAs we did not observe any co-regulation between 

them and their neighboring protein coding genes (Figure 5.5C). We also performed 

ELISAs to measure protein production levels in LPS stimulated BMDMs that were 

exposed to CS in vivo, we found that Il16 and Il12 (p40) are downregulated 

following CS exposure while Mip3b (Ccl19) and Mcp-5 (Ccl12) are upregulated 

(Figure 5.5D-G). These data emphasize the complexity of the signaling pathways 

that are impacted following in vivo chronic exposure to CS.  

LincRNA-Cox2 has been widely studied in macrophages and shown to act 

as both a positive and negative regulator of immune genes following inflammatory 

activation (Carpenter et al., 2013c; Hu et al., 2016c; Q. Tong et al., 2016c; 

Covarrubias et al., 2017c; Hu et al., 2018b; Xue et al., 2019b; Liao et al., 2020b; 
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Elektra Kantzari Robinson et al., 2021b). While it is clear lincRNA-Cox2 provides 

a layer of regulation for inflammation driven by CS exposure in vivo (Figure 5.4),  

 
Figure 5.5: lincRNA-Cox2 regulates the impact of cigarette smoke during acute 
inflammation in bone marrow-derived macrophages.  
(A) RNA-sequencing experimental schematic of BMDM COPD with LPS.  (B) 
Heatmap generated for normalized counts of protein-coding genes from room air 
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and cigarette smoked BMDMs post LPS treatment. (C) Heatmap of lncRNA genes 
and their respective neighboring protein-coding genes normalized counts from 
room air and cigarette smoked BMDMs post LPS treatment. Cytokines measured 
from supernatants of BMDMs using ELISA technique for (D)  Il16, (E) Il12(p40), 
(F) Mip3β and (G) Mcp5. (H) Experimental schematic for LPS treated BMDM 
harvest from WT, lincRNA-Cox2 mutant and lincRNA-Cox2 MutxTg mice 
exposed to room air or cigarette-smoked. Supernatants were harvested and ELISAs 
were performed to measure (I) Gcsf, (J) Il16, (K) Mdc, (L) Il1a, (N) Il11, (O) Ip10 
and (P) Mcsf. Each dot represents an individual animal. Error bars represent 
standard deviation of biological triplicates. Asterisks indicate statistically 
significant differences between mouse lines using Student’s t-tests (*p < 0.05, **p 
< 0.01). Number sign indicate statistically significant differences between mouse 
lines using one-way Anova statistical test (#p<0.05). Student’s t tests and ANOVA 
tests were performed using GraphPad Prism to obtain p values. 

we next aimed to elucidate how lincRNA-Cox2 impacts the acute inflammatory 

response in BMDMs, from mice exposed to CS for 4.5 weeks by measuring 

cytokine and chemokine production using ELISAs (Figure 5.5H). First, we found 

that BMDMs differentiated from 4.5-week CS exposed mice displayed no 

significant changes in cytokine levels between RA and CS, they also displayed no 

significant change in inflammatory cytokines between WT and lincRNA-Cox2 

mutant mice (SFigure 5.8B-J). However, we found lipopolysaccharide (LPS) 

treated BMDMs from lincRNA-Cox2 deficient (Mut) mice exposed to CS for 4.5 

weeks exhibited higher Il16, Gcsf, Il1a, Mdc and Il11 in comparison to WT mice 

(Figure5 I-N). Next, we found that Ip10 (Cxcl10) and Mcsf (Csf1) were 

downregulated in BMDMs from lincRNA-Cox2 deficient (Mut) mice (Figure 5.5 

O-P). Importantly, we found that all of the affected cytokines were rescued in the 

MutxTg mice, indicating that lincRNA-Cox2 regulates these genes in trans through 

a yet unknown mechanism. Overall, our data supports lincRNA-Cox2’s 

involvement in regulating the macrophage response to smoke exposure and its 
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contribution to driving an exacerbated inflammatory response to stimulus in 

macrophages. 

5.4 Discussion 

Cigarette smoking is a major risk factor for COPD which is characterized 

by chronic inflammation in the airways that results in irreversible airway 

obstruction (MacNee, 2005). In this study, we investigated CS impact on the bone 

marrow (BM) niche using an in vivo mouse smoking model that best represents 

active smoking leading to CS-induced experimental COPD (Cloonan et al., 2016b). 

In this model, mice were exposed to smoke for 4.5 or 8 weeks and BMDMs are 

differentiated to investigate the impact CS impact has on the macrophage 

transcriptome and ability to respond to inflammatory stimulation.  We were 

intrigued to find that BMDMs from 8-week CS exposed mice had a significantly 

different transcriptome profile compared to room air (RA) exposed mice (Figure 

5.1 A-E). The in vivo exposure to CS resulted in baseline macrophages exhibiting 

102 proteins with increased expression and 22 proteins with decreased expression 

compared to RA. Many of these overexpressed proteins are regulated by 

transcription factors such as STAT1,3 and 4 as well as Cebpb and Cebpd and NF-

kB. Long term smoke exposure along with the oxidative stress associated with it 

are implicated in the inflammatory activation that occurs in the lung and leads to 

small airway obstruction and tissue injury (Yang et al., 2006). Oxidative stress in 

the lung is thought to activate redox sensitive transcription factors (TFs) such as 

NF-kB leading to inflammatory pathway activation (Yang et al., 2006). In addition 
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to NF-kB, STAT3 and STAT4 are also reported to be activated by smoke exposure 

and STAT3 was shown to impact the inflammatory state post smoke exposure (Di 

Stefano et al., 2004; Geraghty et al., 2013). Therefore, it is not surprising that a 

large number of the protein coding genes activated by cigarette smoke (CS) in 

bmdms belong to pathways that are under the regulation of NF-kB and STATs. Our 

study confirmed the dysregulation in inflammatory cytokine production including  

Il9, Il16, Gcsf, and Vegf (Figure1F-I) all of which have been reported to be 

disrupted in response to CS exposure (Andersson et al., 2016, 2004; Elisia et al., 

2020; Huang et al., 2017; Shiels et al., 2014; Volpi et al., 2011; Zou et al., 2018). 

Trends of dysregulation (up or downregulation) of these cytokines following CS 

exposure are complex and appear in some cases to be cell type specific as well as 

being dependent on the nature and duration of exposure.  

In addition to novel gene expression changes induced by smoke exposure, 

we also showed that smoke is able to modulate the splicing landscape of BMDMs. 

We identified a prevalence of retained intron events in macrophages from smoked 

mice in addition to other events such as exon skipping (cassette exon) (Figure 5.2). 

The complex inflammatory gene expression program in response to smoke is still 

under investigation, however, available data fail to explain the mechanism 

underlying the pathology caused by smoke using transcriptional changes only. Post 

transcriptional and translational changes could hold the key to understanding 

immune response changes induced by smoke. Interestingly many of the proteins 

shown here to undergo alternative splicing are not themselves altered at the 
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transcript level in response to smoke exposure. This is similar to what we 

previously observed for many alternatively spliced proteins following 

inflammatory activation with LPS (lipopolysaccharide) (Elektra K. Robinson et al., 

2021). This highlights the importance of studying splicing of all genes and not just 

those displaying differential expression at the RNA level as the transcript levels 

might be the same, but the isoform of the protein used following inflammatory 

activation or smoke exposure could be different. This can have a big impact on the 

actual amount of protein expressed following CS exposure. Further work will need 

to be carried out in order to study the specific function of the isoforms of proteins 

identified here. 

Recent papers have reported lncRNAs to be dysregulated whether being 

activated or repressed post long-term smoke exposure (H. Zhang et al., 2019). 

Interestingly, we record an overall repression of macrophage lncRNAs and their 

associated protein coding genes in response to 8-week CS exposure. Some 

lncRNAs (only 3/12) (Figure 5.3E) displayed activation upon exposure to CS, one 

example is lincRNA-Cox2 which was transcriptionally induced by CS.  LncRNAs 

are able to serve as regulatory elements, modulating expression of either 

neighboring protein coding genes (in cis) or coding genes on neighboring 

chromosome (in trans) (Kopp and Mendell, 2018b; Robinson et al., 2020b). 

Specifically, we show that induction of lincRNA-Cox2 is accompanied by induction 

of associated protein coding gene Ptgs2 (Cox2), this is in agreement with our 

previous findings indicating that lincRNA-Cox2 regulates Cox2 in cis (Elling et al., 
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2018c). Interestingly a number of the lncRNAs that were induced or reduced in 

expression following CS exposure showed similar patterns of expression compared 

to their neighboring protein coding genes (Figure 5.3D-E). It is possible that the 

lncRNAs and their neighboring proteins are both tightly regulated following CS 

exposure and therefore are co-regulated. This is often referred to as guilt by 

association (John L. Rinn and Chang, 2012). Engreitz et al., recently showed that 

many lncRNAs can function as cis regulators through the recruitment of regulatory 

complexes that promote transcription of both the lncRNA and the neighboring 

proteins (Engreitz et al., 2016c).  For this study we focused our efforts to understand 

how lincRNA-Cox2 is functioning following CS exposure but future work could 

focus on the other 11 lncRNAs, their neighboring protein coding genes and their 

regulatory roles following CS exposure. 

First, we exposed lincRNA-Cox2 deficient (mutant) mice and control mice 

to CS for 8 weeks and compared cytokine production across lung, BALF and serum. 

CS exposure led to a system-wide disruption in cytokine production where 

cytokines like Il16 and Gcsf were dysregulated following CS exposure in the 

mutant mouse at a local (lung, BALF) and systemic (peripheral blood) level (Figure 

5.4). Other cytokines like Mip2, Fractalkine and IL1a displayed dysregulation in 

lung, BALF or serum in the lincRNA-Cox2 mutant mouse following CS exposure 

suggesting that lincRNA-Cox2 can impact some genes in a cell type specific 

manner. Mip2, Mip3 and Vegf were all found to be downregulated within the lungs 

of the lincRNA-Cox2 mutant mice and interestingly they were all rescued back to 
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WT levels in the lincRNA-Cox2 MutxTg cross, indicating that lincRNA-Cox2 is 

able to exert regulation on their production/secretion in trans (Figure 5.4Q-S).  

Our data showed a decrease in Gcsf in serum and lung (Figure 5.4F,J) as 

well as a decrease in  Il16 levels in serum (Figure 5.4G) in WT mice exposed to CS 

compared to RA, which is in contrast to previous studies that found an increase in 

those cytokines post smoke exposure (Andersson et al., 2004; Chen et al., 2019; 

van der Deen et al., 2007). This difference in Il16 and Gcsf production could be 

attributed to the differences in smoke exposure models, such as use of smoke 

extract in vitro, as well as differences in duration in addition to differences in data 

from long term smokers and COPD patients compared to mouse models. However, 

a dysregulation in Gcsf levels in response to CS exposure is not surprising, as it has 

been reported to serve as a link between inflammation and COPD pathogenesis 

(Tsantikos et al., 2018). Our data also shows that lincRNA-Cox2 is able to directly 

regulate Il16 levels in serum in RA and CS conditions (Fig 5.4G); where Il16 levels 

undergo a consistent decrease in the lincRNA-Cox2 mutant under RA and CS. 

Interestingly, we see Gcsf and Il16 showing similar trends in terms of change in the 

lung at 4.5 and 8 weeks (Fig 5.4 J-K and T-U), where they both increase in the 

mutant under CS conditions compared to WT, however the levels don’t reach 

significance by 4.5 weeks. Interestingly, some cytokines that displayed changes at 

4.5 weeks in the lung post CS (Mip3β and Vegf) do not show a significant change 

at 8 weeks. In addition, cytokines that displayed changes at 8 weeks post CS in the 

lung like Fractalkine, IL1α and Lix do not show a significant change at 4.5 weeks. 
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Despite the fact that both time points represent a chronic smoke exposure model, 

we observe differences in cytokines impacted by the exposure pointing to a 

dynamic change in cytokine levels as duration of smoke exposure increases.  

Smoke exposure has been shown to lead to an exacerbated inflammatory 

response when a stimulus is introduced (Gaschler et al., 2009; Hardaker et al., 

2010); where CS-exposed mice displayed increased pulmonary inflammation and 

lung damage as well as increased production of some key inflammatory cytokines. 

Most importantly, macrophage phenotype and function have been shown to be 

impacted by CS exposure; where CS exposure has been shown to alter macrophage 

inflammatory response to stimulus (Yang and Chen, 2018). We observed that 

following 4.5 weeks exposure to CS the baseline levels of cytokines produced from 

the BMDM are similar between all genotypes and the room air treated mice 

(SFigure 5.8). Interestingly 8 weeks of CS exposure impacted the baseline levels of 

cytokines in BMDMs compared to room air suggesting that prolonged exposure to 

CS over time can impact the baseline expression of genes emerging from the bone 

marrow niche (Figure 5.1). Genome wide RNA sequencing in combination with 

cytokine analysis revealed a skewed inflammatory response to LPS within smoke-

exposed macrophages represented by dysregulation in coding genes expression and 

inflammatory cytokine secretion as well as an overall repression of lncRNA genes 

(Figure 5.5). This is especially interesting because it links CS exposure to a 

distorted immune response in which a macrophage has an altered response to a 

challenge, implicating CS in shaping the system’s response to infections. This is 
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supported by mounting evidence that implicates CS exposure in subverting 

immunity where CS results in an attenuated immune response in which the host 

fails to respond effectively to a bacterial or viral challenge (Phaybouth et al., 2006; 

van Zyl-Smit et al., 2014). Interestingly, loss of lincRNA-Cox2 leads to an 

exacerbated inflammatory response in LPS activated CS exposed macrophages, 

indicating that lincRNA-Cox2 is able to shape the macrophage inflammatory 

response in CS exposed cells and alter their function.  

In conclusion our work sheds light on the broad impact of chronic smoking 

and long-term smoke exposure on immune response functions in the lung, serum 

and the bone marrow niche. We uncovered a novel impact of CS on gene expression 

represented by transcriptional activation of immune response genes in BMDMs 

following smoke exposure in addition to a post transcriptional regulatory role 

resulting in alternative splicing of a distinct cohort of genes. In addition, we 

uncovered a novel role for lincRNA-Cox2 in regulating immune responses to 

smoke. We identified altered cytokine level changes in the lung, serum and BALF 

following chronic CS exposure in lincRNA-Cox2 deficient mice that was rescued 

in the lincRNA-Cox2 MutxTg mice suggesting this gene regulates these genes in 

trans.  This research helps us better understand immune modulation in 

macrophages as a result of smoke exposure and the dysregulated downstream 

signaling that leads to chronic inflammation. Since these are critical areas of 

dysregulation in conditions such as COPD it is important for us to broaden our 
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understanding of the mechanism that underlies inflammation if we are to identify 

and develop effective therapeutics in the future. 

5.5 Methods 

5.5.1 Mice 

Wild-type (WT) C57BL/6 mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and bred at the University of California, Santa Cruz (UCSC). All 

mouse strains, including lincRNA-Cox2 mutant (Mut) and MutxTg mice, were 

maintained under specific pathogen-free conditions in the animal facilities of 

UCSC and protocols performed in accordance with the guidelines set forth by 

UCSC and the Institutional Animal Care and Use Committee. 

 
5.5.2 Smoked exposure protocol 

We selected age- and sex-matched mice, starting at 6–12 weeks of age, at random 

and exposed them to total body CS in a stainless-steel chamber using a whole-body 

smoke exposure device (Model TE-10 Teague Enterprises) for 2 hours per day, 5 

days per week for 4 weeks or 4–6 months. Age-matched male and female mice 

were used for all CS exposures. Mice were exposed to CS (mainstream and side 

stream smoke) from 100 3R4F cigarettes (University of Kentucky), which 

correlated to an average total particulate matter (TPM) of 150 mg/m3. For animals 

subjected to cigarette smoke exposure, early death was used as an exclusion 

criterion. At the end of the exposure regimen, we euthanized mice by CO2 narcosis, 

cannulated the tracheas and inflated the lungs with PBS at 25 cm of H2O pressure. 

We tied off the left lung with a suture, dissected it and place into liquid nitrogen. 
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We fixed the right lung in 4% formalin at 4°C overnight. A proximal portion of the 

left lung (4-month exposures only) was fixed for transmission electron microscopy 

(TEM) analysis. 

5.5.3 Cell culture 

BMDMs were generated by culturing erythrocyte-depleted BM cells in DMEM 

supplemented with 10% FCS, 5 mL pen/strep (100×), 500 μL ciprofloxacin (10 

mg/mL), and 10% L929 supernatant for 7 to 14 d, with the replacement of culture 

medium every 2 to 3 d. 

2.5.4 BMDM stimulations 

Cells were stimulated with 200ng/mL LPS for the duration of 6hrs for RNA 

extraction and 18hrs for supernatant collection and secreted cytokine analysis.   

5.5.5 RNA isolations, cDNA synthesis and RT-qPCR 

Total RNA was purified from cells or tissues using Direct-zol RNA MiniPrep Kit 

(Zymo Research, R2072) and TRIzol reagent (Ambion, T9424) according to the 

manufacturer’s instructions. RNA was quantified and assessed for purity using a 

nanodrop spectrometer (Thermo Fisher). Equal amounts of RNA (500 to 1,000 ng) 

were reverse transcribed using iScript Reverse Transcription Supermix (Bio-Rad, 

1708841), followed by qPCR using iQ SYBR Green Supermix reagent (Bio-Rad, 

1725122) with the following parameters: 50 °C for 2 min and 95 °C for 2 min, 

followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 45 s, followed 

by melt-curve analysis to control for nonspecific PCR amplifications. Oligos used 
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in qPCR analysis were designed using Primer3 Input version 0.4.0 

(https://bioinfo.ut.ee/primer3-0.4.0/).  

Gene expression levels were normalized to Gapdh or Hprt as housekeeping genes. 

5.5.6 PCR 

RT-PCR validation was completed using three biological replicates. KAPA HiFi 

HotStart ReadyMix PCR Kit (Kapa Biosystems) and the manufacturer’s suggested 

cycling protocol were used to complete the PCR reaction with the following 

primers: Mse_Mib2_F1: AGGTGGACACCAAGAACCAG, Mse_Mib2_R1: 

GGATGCATGGTGTAGCAGTG. 

Yielding bands at length 548 bps and 452 bps for the inclusion and exclusion forms 

respectively. Band intensities were measured for each band in each condition and 

sample using ImageJ (Schneider et al., 2012). The relative abundance of each 

isoform was calculated using the equation to calculate percent spliced in (PSI)  PSI 

= inclusion counts/(inclusion counts + exclusion counts) in each condition and 

sample to validate the computationally derived delta PSI values. 

5.5.7 Serum Harvest 

Mice were humanely sacrificed, blood was collected immediately postmortem by 

cardiac puncture. Blood was allowed to clot and centrifuged, serum was stored at 

−70°C, then sent to EVE for measurements of cytokines/chemokines. 

5.5.8 Lung tissue harvesting for cytokine measurement 

Mice were humanely sacrificed, and their lungs were excised. The whole lungs 

were snap frozen and homogenized, and the resulting homogenates were incubated 
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on ice for 30 min and then centrifuged at 300 × g for 20 min. The supernatants were 

harvested, passed through a 0.45-μm-pore-size filter, and used immediately or 

stored at −70°C, then sent to EVE for measurements of cytokines/chemokines. 

5.5.9 Harvesting Bronchiolar Lavage Fluid (BALF) 

Bronchoalveolar Lavage Fluid (BALF) was harvested as previously stated by 

Cloonan et al. (Cloonan et al., 2016b). 40 mice were euthanized by CO2 narcosis, 

the tracheas cannulated, and the lungs lavaged with 0.5-ml increments of ice-cold 

PBS eight times (4 ml total), samples were combined in 50 ml conical tubes. BALF 

was centrifuged at 500 g for 5 min. 1 ml red blood cell lysis buffer (Sigma-Aldrich) 

was added to the cell pellet and left on ice for 5 min followed by centrifugation at 

500 g for 5 min. The cell pellet was resuspended in 500 μl PBS, and leukocytes 

were counted using a hemocytometer. Specifically, 10 μl was removed for cell 

counting (performed in triplicate) using a hemocytometer. Cells were plated in 

sterile 12 well plates at 5e5/well (total of 8 wells) and use complete DMEM with 

25 ng/ml supGM-CSF. 

5.5.10 RNA-sequencing libraries 

RNA-Seq was performed in monocytes, MDMs, and MDDCs. The data are 

accessible at the National Center for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GEO) database, accession GSE184571. 

RNA-Seq was performed in biological triplicates in WT RA and CS BMDMs at 0 

and 6 h after LPS treatment (200 ng/mL). RNA-Seq libraries were generated from 

total RNA (1 μg) using the Bioo kit, quality was assessed and samples were read 
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on a High-SEq 4000 as paired-end 150-bp reads. Sequencing reads were aligned to 

the mouse genome (assembly GRCm38/mm10) using STAR. Differential gene-

expression analyses were conducted using DESeq2. GO enrichment analysis was 

performed using PANTHER. Data was submitted to GEO, accession GSE184571. 

5.5.11 Alternative Splicing Analysis 

Aligned reads (BAMs) were analyzed for alternative splicing events with rMATS v4.1.1 

and JuncBASE (from Docker image mgmarin/juncbase:0.9).  A custom GTF file 

combining long and short read sequencing data, and documented previously in Robinson 

et al. (Elektra K. Robinson et al., 2021), was used by the programs as the input 

annotation. Following statistical analysis, the results from both analyses were filtered 

based on FDR, percent splice in (PSI), and number of reads supporting the event. Events 

that passed the following criteria are reported: FDR < 0.1, |PSI| > 10. Common intron 

retention events were identified using the intersect function of Bedtools v2.27.1. The 

Mib2 sashimi plot (Figure 3C) was generated with rmats2sashimiplot v2.0.4. Parameters 

used for identifying common events using Bedtools intersect are: -wa -u -f -r 0.85 -a 

<rmats intron retention events bed> -b <JuncBASE+DRIMSeq intron retention events 

bed>. 

5.5.12 rMATS 

For rMATS analysis both the counting and statistical analysis were performed by the 

rMATS v4.1.1 package (Shen et al., 2014). In addition to filtering by FDR and PSI as 

described above, events were required to have total read support > 10, i.e. at least 10 

reads supporting the inclusion or exclusion event across all samples. The following 
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parameters were used -t paired --readLength 100 --gtf <custom.gtf> --libType fr-

unstranded --allow-clipping. 

5.5.13 JuncBASE. + DRIMSeq 

In this analysis JuncBASE was used for generating event counts and DRIMSeq v1.20 

was used for determining statistically significant events (Brooks et al., 2014; Nowicka 

and Robinson, 2016b). An intron coordinate file (BED format) was downloaded from 

the UCSC Table Browser with Gencode vM18 as for use in JuncBASE. The JuncBASE 

event counts were reformatted for DRIMSeq analysis with an inhouse script. Following 

statistical analysis, the results from both analyses were filtered based on FDR and 

percent splice in (PSI). Parameters used for JuncBASE were -j <intron coordinates from 

Gencode vM18> --jcn_seq_len 188. Parameters used for finding significantly 

differentially spliced events using DRIMSeq were: min_samps_gene_expr = 6, 

min_samps_feature_expr = 3, min_gene_expr = 10, min_feature_expr = 0. 
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CHAPTER 6: Inflammation drives alternative first exon 

usage to regulate immune genes including a novel iron 

regulated isoform of Aim2 
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6.1 Abstract 

Determining the layers of gene regulation within the innate immune response is 

critical to our understanding of the cellular responses to infection and dysregulation 

in disease. We identified a conserved mechanism of gene regulation in human and 

mouse via changes in alternative first exon (AFE) usage following inflammation, 

resulting in changes to the isoforms produced. Of these AFE events, we identified 

95 unannotated transcription start sites (TSS) in mice using a de novo transcriptome 

generated by long-read native RNA sequencing, one of which is in the cytosolic 

receptor for dsDNA and known inflammatory inducible gene, Aim2. We show that 

this unannotated AFE isoform of Aim2 is the predominant isoform expressed during 

inflammation and contains an iron-responsive element in its 5′UTR enabling 

mRNA translation to be regulated by iron levels. This work highlights the 

importance of examining alternative isoform changes and translational regulation 

in the innate immune response and uncovers novel regulatory mechanisms of Aim2.   

6.2 Summary sentence 

Alternative first exon usage was the major splicing event observed in macrophages 

during inflammation, which resulted in the elucidation of a novel isoform and iron 

mediated regulatory mechanism of the protein coding gene, Aim2.   

6.3 Introduction 

Macrophages are critical cells in the innate immune system that combat 

infection by initiating acute inflammatory responses. Acute inflammation is tightly 

coordinated and begins with the detection of pathogen-associated molecular 
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patterns (PAMPs) by pattern recognition receptors (PRRs), which include Toll-

Like Receptors (TLRs) (Medzhitov and Janeway, 1998; Pai et al., 2016b). These 

initial steps are followed by the activation of sequestered transcription factors, such 

as nuclear factor of kappa-B (NF-kB) and interferon regulatory factors (IRFs), 

which orchestrate pro-inflammatory and antiviral response signals involved in 

pathogen clearance (Pai et al., 2016b).  Once pathogens are cleared, macrophages 

express genes involved in the resolution of inflammation to return the host to 

homeostasis (Hamidzadeh et al., 2017). Dysregulation of these pro-inflammatory 

pathways can have devastating consequences, leading to unresolved inflammation 

and chronic inflammatory diseases (Y. Zhou et al., 2016).   

Recently the process of alternative splicing has emerged as another key 

mechanism by which the immune system is regulated. Alternative splicing is a 

regulated process enabling a single gene to produce many isoforms, thus increasing 

the complexity of gene function and the proteome (Boudreault et al., 2016b; Ivanov 

and Anderson, 2013b; Pai et al., 2016b; Wang et al., 2015). Much of this occurs in 

a cell-type-specific and signal-induced manner (Ergun et al., 2013; Wells et al., 

2006). Previous studies have shown that mouse and human macrophages exposed 

to inflammatory stimuli undergo alternative splicing (Beyer et al., 2012; Dev M. 

Bhatt et al., 2012; de Bruin et al., 2016; Haque et al., 2018; Janssen et al., 2020b; 

Lin et al., 2016; H. Liu et al., 2018; O’Connor et al., 2015; Pai et al., 2016b; Pandya-

Jones et al., 2013). Alternative splicing within the immune system can affect the 

type and magnitude of the inflammatory response, such as the production of a 
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soluble form of TLR4 that is expressed upon LPS, which leads to inhibition of 

TNFα and NFκB serving as a negative feedback mechanism (Lynch, 2004; Schaub 

and Glasmacher, 2017). Additionally, this mechanism has been characterized 

within signaling molecules (Blumhagen et al., 2017; Shakola et al., 2015), 

including TBK1 (Deng et al., 2008) and MyD88 (De Arras and Alper, 2013), that 

produce the alternative RNA splice forms, TBK1s and MyD88s respectively, which 

function to limit the extent of the pro-inflammatory response. Alternative splicing 

can also result in the production of inflammatory signaling molecules, such as TRIF 

(Han et al., 2010) and the proteins in the NFκB family (Wells et al., 2006) with 

altered activity or stability. Beyond changing the ORF of an mRNA molecule, 

elongating or shortening the first or last exon can impact post-transcriptional gene 

regulation and are important to consider when elucidating the regulatory 

mechanisms of immune genes (Carpenter et al., 2014b; Ghiasvand et al., 2014; 

Leppek et al., 2018), specifically underlying motifs in 5’UTRs (Kramer et al., 2013; 

Resch et al., 2009) and 3’UTRs (Mariella et al., 2019; Mayr, 2016).     

While inflammation-induced alternative splicing in both human and mouse 

macrophages has been investigated on a genome-wide scale (Beyer et al., 2012; 

Dev M. Bhatt et al., 2012; de Bruin et al., 2016; Haque et al., 2018; Janssen et al., 

2020b; Lin et al., 2016; H. Liu et al., 2018; O’Connor et al., 2015; Pai et al., 2016b; 

Pandya-Jones et al., 2013), to our knowledge, long read RNA-sequencing has not 

been utilized to generate a de novo transcriptome for primary murine macrophages. 

Such an approach is necessary to fully appreciate the extent of alternative transcript 
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isoform usage as we know most transcriptome annotations are incomplete 

(Workman et al., 2019), and isoforms generated are cell-type and treatment specific 

(Sapkota et al., 2019; Jason L. Weirather et al., 2017; Workman et al., 2019; Wu et 

al., 2018).    

Here we used both long and short-read RNA sequencing to uncover novel 

isoforms and classes of alternative splicing events following inflammation in 

human and murine macrophages. Interestingly the dominant conserved class of 

alternative isoform usage observed following inflammation is alternative first exon 

usage (AFE), which involves alternative TSS usage coupled with alternative 

splicing. AFE events can have multi-level effects on protein diversity, regulating 

genes through alterations of the 5′UTR region, and directing the locality of proteins 

through alternative N-termini (Landry et al., 2003). We identified 95 unannotated 

AFE events in mice from native RNA sequencing, one of which is in the cytosolic 

receptor for dsDNA and known inflammatory inducible gene, Aim2. We show that 

this unannotated AFE isoform of Aim2 is the predominant isoform produced during 

inflammation and contains an iron-responsive element in its 5′UTR, enabling 

mRNA translation to be controlled by iron levels. This work reveals that alternative 

transcript isoform usage plays a crucial role in shaping the transient nature of the 

inflammatory response. Isoform expression is an additional layer of regulation 

within the immune response and therefore a possible contributing factor to the 

development of auto-immune and inflammatory diseases.  Understanding the exact 
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isoforms of genes that are expressed during an inflammatory response will enable 

us to design better targets for therapeutic intervention of these diseases.  

6.4 Results 

6.4.1 Global profiling of the cellular alternative splicing landscape in human and 

mouse macrophages post-inflammation. 

To identify alternative splicing events following inflammation, we 

performed whole transcriptome analysis on human monocyte derived macrophages 

(MDMs) and murine bone marrow derived macrophages (BMDMs) with and 

without lipopolysaccharide (LPS) treatment (Figure 6.1A).  We found that ~50% 

of splicing changes (corrected p-value ≤ 0.25 and |ΔPSI| ≥ 10) were classified as 

alternative first exon (AFE) events following LPS activation in both human and 

murine macrophages (Figure 6.1B, SFigure 6.1). A ranking analysis of the 

significant events, from both mouse and human datasets, revealed AFE events 

consistently comprised a large proportion of the top splicing changes (SFigure 6.2-

3). Additionally, analysis of previously published primary human macrophages 

stimulated with either Listeria or Salmonella, using our bioinformatic pipeline and 

with more stringent thresholds than the previous study, also revealed AFE events 

to be amongst the most significant prevalent alternative splicing events (corrected 

p-value ≤ 0.05 or 0.25 and |ΔPSI| ≥ 10) (SFigure 6.4) (Table 6.4-5) (Pai et al., 

2016c).  
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Figure 6.1: Global profiling of the cellular alternative splicing landscape in 
human and mouse macrophages post-inflammatory.  
(A) Diagram of RNA-seq library generation. (B) Categorization of significant 
splicing events in human and mouse macrophage. (C) Categorization of significant 
splicing events found in mouse BMDM +/- 6 hr LPS by using either the Gencode 
annotation or the Gencode + de novo annotation. (D) Venn diagram representing 
unique and common genes with AFE events found in RNA-seq of primary BMDMs 
post-inflammatory stimulation using the Gencode annotation or the Gencode + de 
novo annotation. Volcano plots of all differentially expressed genes from RNA-seq 



 

189 
 

of either human (E) or mouse (F) macrophages. Genes highlighted in red undergo 
significant AFE changes following inflammation. Schematic of AFE inclusion and 
exclusion isoforms, followed by RT-PCR gel results and PSI calculation for 
Argehf7 (G) Denr (H) and Aim2 (I), were performed in biological triplicates, p-
value assessed using student’s t-test.   

We next identified 11 conserved AFE splicing events between human and 

mouse (SFigure 6.5A-B), the largest number of conserved event types amongst all 

alternative splicing event types (SFigure 6.5). We validated the AFE changes upon 

stimulation on the already characterized Ncoa7 (SFigure 6.6A-C) (Singer et al., 

2008; Yu et al., 2015) and Rcan1 (SFigure 6.6D-F) (Pang et al., 2018), as well as a 

previously uncharacterized inflammatory specific isoform of Ampd3 (SFigure 

6.6G-I), in human and mouse primary macrophages using RT-PCR. Taken 

together, these results show the high prevalence and conservation of alternative first 

exon usage following inflammatory activation.   

A caveat to our analysis thus far was the reliance on annotated transcriptome 

assemblies to identify first exons of genes (Brooks et al., 2015). In order to 

determine if there are additional splicing events that are not captured using the 

publicly available GENCODE M18 transcriptome annotation (Garalde et al., 2018; 

Hsieh et al., 2019; Pollard et al., 2018; Workman et al., 2019), we performed native 

RNA sequencing of murine macrophages with and without LPS treatment to build 

a de novo murine macrophage specific transcriptome with an average read-depth of 

1 million. We identified isoforms using Full-Length Alternative Isoform analysis 

of RNA (FLAIR) (Tang et al., 2020; Workman et al., 2019) that also had promoter 

support identified from accessible chromatin (ATAC-seq) (Atianand et al., 2016c; 
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A.-J. Tong et al., 2016b). The FLAIR isoforms were then merged with the 

GENCODE M18 assembly (mm10) (Frankish et al., 2019) as a transcript reference 

to identify and quantify alternative splicing events using short-read sequencing, 

which has increased read depth, denoting this transcriptome as ‘Gencode + de novo’ 

(SFigure 6.7A). Overall, the incorporation of long-read sequencing to generate a 

novel transcriptome, led to the identification of 95 novel and statistically significant 

AFE events that occur following inflammation (Figure 6.1C-D). A comparison of 

significant AS events between splicing events identified by using GENCODE M18 

annotation and de novo FLAIR transcriptome show an overall increase in the 

number of unique events (SFigure 6.7B-H). To gain confidence of the novel AFE 

events, we compared a comprehensive, 339 mouse sample, FANTOM CAGE-seq 

data (The FANTOM Consortium and the RIKEN PMI and CLST (DGT), 2014) or 

annotated and unannotated TSSs as defined by the GENCODE M18 assembly. The 

caveat to this FANTOM dataset, is that there are no inflammatory stimulated 

samples. Even with this caveat, the analysis revealed the similarity of the 

distributions between CAGE scores associated with CAGE peaks overlapping 

known and those overlapping novel TSSs of FLAIR isoforms further supporting 

the validity of the novel TSSs identified (SFigure 6.8A-10B). Additionally, we 

utilized a dataset generated through application of machine learning methods to 

classify CAGE-seq peaks as true or false, where true corresponds to CAGE-seq 

peaks that overlap true TSSs (Kanamori-Katayama et al., 2011). Novel TSSs 

identified with FLAIR showed a 45% overlap with CAGE-seq peaks classified as 
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true, providing us with confidence in the novel AFE events identified (SFigure 

6.8C). Together these approaches provide us with confidence in the novel AFE 

events identified by direct RNA-seq.  

Interestingly, when identifying gene expression changes, we found that 

~50% of genes with AFE usage were not differentially expressed following 

inflammation (Figure 6.1E-F) (Table 6.6-7), highlighting the importance of 

studying isoform usage for control of gene expression. Among the most statistically 

significant novel AFE first exon events were Denr, Arhgef7, and Aim2, which we 

validated using RT-qPCR (Figure 6.1G-I, SFigure 6.9).   

6.4.2 Identification of an unannotated promoter for Aim2. 

To better understand the potential functional consequence of AFE changes, 

we further examined the novel first exon event upregulated upon inflammatory 

activation in Aim2. Aim2 is an interferon-stimulated gene (ISG), localized to the 

cytosol. Aim2 is a dsDNA sensor, that upon recognition induces the formation of 

an inflammasome complex releasing IL1β and IL18 from the cell as a defense 

mechanism to control infection (Wang and Yin, 2017). Chromatin 

Immunoprecipitation (ChIP)-seq for the myeloid pioneering transcription factor 

PU.1 in primary BMDMs (Figure 6.2A-B, top track, in black) (Lam et al., 2013) 

supported the presence of an additional promoter upstream of the canonical isoform 

for Aim2 (NM_001013779.2). Predominant isoforms (>=10% of total gene 

expression in a sample) assembled from native RNA sequencing with FLAIR 
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identified the canonical isoform and five unannotated isoforms that use the 

inflammatory activated promoter, revealing a new longer 5′UTR (Figure 6.2C).  

 
Figure 6.2: Identification of an unannotated promoter in Aim2.  
(A-B) The top track, in black, represents ChIP-seq data for a macrophage-specific 
transcription factor, PU.1. Peaks represent possible promoter regions; two distinct 
peaks of equal height are present at the annotated transcriptional start site for Aim2 
and about 1kb upstream of the transcriptional start site (TSS). The middle track, in 
orange, represents basal transcription in bone marrow-derived macrophages 
(BMDMs), while the bottom track, in purple, represents active transcription in 
BMDMs 6 hr LPS post treatment. (C) Aim2 transcript isoforms identified in 
BMDMs by native RNA long-read sequencing through FLAIR analysis. 
Transcripts are categorized by promoter, denoted by grey, orange or purple. (D) 
The bar-chart represents data from long-read sequencing showing the abundance of 
each transcript isoform from BMDMs +/- 6 hr LPS. (E-H) qRT-PCR was 
performed in biological triplicate, on primary BMDM RNA extracts that had been 
stimulated with LPS for indicated time points.  
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Native RNA sequencing-based quantification provided additional support that the 

unannotated promoter usage is upregulated upon LPS stimulation. At steady-state, 

approximately 20% of reads map to Aim2’s transcript with the canonical promoter 

and 65% of reads map to transcripts with the upstream promoter, while following 

inflammatory activation, 14% of the reads map to transcripts with the canonical 

promoter and 81% of reads map to transcripts with the upstream promoter (Figure 

6.2D). To validate the change in Aim2 AFE usage upon LPS stimulation, RT-qPCR 

was performed using exon spanning primers that were either specific to the 

annotated AFE or the unannotated AFE, in BMDMs (Figure 6.2E). The expression 

profile of the annotated first exon is not induced by LPS stimulation (Figure 6.2F), 

while the unannotated first exon and the CDS of Aim2 are equally induced by LPS 

stimulation (Figure 2G-H). Therefore, these data show that it is the novel isoform 

of Aim2 that is inflammatory-regulated and not the canonical isoform defined in 

GENCODE annotation, nor isoforms from the RefSeq annotation.    

6.4.3 The novel inflammatory promoter of Aim2 is regulated by IRF3 and p65. 

To gain insights into potential regulatory mechanisms controlling the 

expression of the 152 significant AFE events, we assessed changes in chromatin 

accessibility during inflammatory activation in BMDMs. Analysis of ATAC-Seq 

(A.-J. Tong et al., 2016b) revealed differential peaks at the promoter regions for 

25% of genes with significant AFE events suggesting that chromatin remodeling is 

one mechanism driving the expression of the AFE events (Figure 6.3A).  
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Figure 6.3: Novel inflammatory promoter of Aim2 is regulated by IRF3 and p65.  
(A) UpSet plot showing the number of AFE events out of 77 total that have 
differential transcription factor binding and differential chromatin accessibility and 
all combinations of these sets. (B) Pie chart representing the gene ontology of 
transcription factor (TF) motifs identified through analysis motif enrichment 
(AME) tool of all AFE promoter sequences.  (C) Venn diagram of all motifs defined 
using HOMER analysis within the annotated and unannotated promoter regions. 
(D-E) DAVID analysis examining the gene ontology of transcription factors at the 
annotated and unannotated promoters of Aim2.  

This regulation is not what controls isoform usage for Aim2.  The annotated 

promoter is accessible in all cells while the novel Aim2 promoter is specific to 

myeloid progenitors and monocytes (Lara-Astiaso et al., 2014b; A.-J. Tong et al., 

2016b) (SFigure 6.10A). In addition, the accessibility of both the annotated and 

unannotated promoters remain open despite the cell’s inflammatory status (SFigure 

6.10B). Therefore, the expression of the new isoform is not due to chromatin 

remodeling of either promoter region (SFigure 6.10C).   
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Another potential mode of regulation that can drive AFE usage is 

transcription factor (TF) binding. We next analyzed ChIP-seq data of two major 

transcription factors that drive inflammation downstream of LPS, nuclear factor of 

kappa-B (NFkB, p65) and interferon response factor 3 (IRF3) (A.-J. Tong et al., 

2016b). We found that p65 and IRF3 specifically account for another 25% of the 

AFE events, including the novel Aim2 isoform, which we confirmed using multiple 

ChIP-seq data sets (Figure 6.3A, SFigure 6.11).  

Further bioinformatic analysis of promoters associated with all AFEs, using 

HOMER TF motif enrichment, shows that there are 304 potential TFs that bind 

these promoters. By gene ontology analysis, we see that the majority of the TFs are 

associated with metabolism, as well as the immune system (Figure 6.3B) (Table 

6.10). When specifically assessing the two promoter regions driving the annotated 

and unannotated isoforms of Aim2, we identified 106 individual transcription factor 

(TF) motifs within the annotated promoter and 121 motifs within the unannotated 

promoter (Table 6.11). Of these predicted motifs there were 44 motifs unique to the 

unannotated promoter (Figure 6.3C). By gene ontology (Huang et al., 2007) 

analysis of TFs specific to the annotated and unannotated promoter regions of Aim2 

confirms that the unannotated promoter is driven by inflammatory specific 

transcription factors including NF-κB and IRFs (SFigure 6.11L). Use of ATAC-seq 

and ChIP-seq for specific TFs has enabled us to determine the regulatory pathways 

driving 50% of the AFEs in our data. For the remaining 50%, there could be 

additional TFs, RNA binding proteins (Lynch, 2004), or differential RNA stability 
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driving their expression. Further work will be required to fully understand the 

complex regulation of all AFE events.  

6.4.4 Unannotated 5’UTR of Aim2 negatively regulates translation through a single 

iron responsive element. 

The novel inflammatory isoform identified here for Aim2 acquired a longer 

5′ untranslated region (UTR) compared to the canonical isoform, however globally 

there are no difference in AFE size between conditions (Figure 6.4A, SFigure 

6.12A-B). Previous studies have shown that longer 5′UTRs can affect the 

translation of a gene (Kramer et al., 2013; Senanayake and Brian, 1999). Using a 

GFP reporter system, the translational efficiency of the unannotated Aim2 5′UTR 

(767bp) was compared to the annotated 5′UTR (489bp) (Figure 6.4B). The 

unannotated 5′UTR showed significantly lower mean GFP fluorescence units, 

suggestive of lower translational efficiency, as assessed by flow cytometry 72 hr 

post transient transfection in 293T cells (Figure 6.4C-D), while equal mCherry 

fluorescence was observed for all co-transfected control constructs (Figure 6.4E). 

To explore the mechanism of how the unannotated 5′UTR results in decreased 

translational efficiency, we used RegRNA2.0 to predict RNA regulatory motifs in 

the 5′UTRs (T.-H. Chang et al., 2013). We identified a single iron-responsive 

element (IRE) within the unannotated 5′UTR, while Musashi binding elements 

(MBE) motifs were identified in both 5′UTRs (Figure 6.4F) (Table 6.14). Globally, 

we find there are more predicted motifs in inflammatory-regulated first exons 
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(inclusion exons) in comparison to basal exons (excluded exons), but the IRE motif 

is found only in Aim2 (SFigure 6.12C).  

 
Figure 6.4:  Unannotated 5′UTR of Aim2 negatively regulates translation 
through a single iron responsive element.  
(A) Schematic of annotated and unannotated 5′UTR of most prevalent Aim2 
isoforms in mouse macrophages. (B) Diagram of cloning strategy of Aim2’s 5′UTR 
in GFP plasmid. (C) Transfection strategy of 5′UTR-GFP plasmids co-transfected 
with an mCherry control plasmid at a 1 to 1 ratio in 293T cells. (D-E) Flow 
cytometry of 293T cells 72 hr post-transfection with control annotated and 
unannotated 5′UTR of Aim2 to measure GFP and mCherry (Ctl) protein 
fluorescence. (F) Using RegRNA2.0 a single iron-responsive element (IRE) was 
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found in the alternative 5′UTR, in addition to multiple musashi binding elements 
(MBE). (G) Diagram of how an IRE functions in the cytoplasm of a cell within a 
5′UTR. With low or normal levels of iron, Iron Binding Proteins (IRP1 or IRP2) 
bind to IRE elements and block translation. During high levels of iron, within a 
cell, IRP1 is sequestered by iron-sulfur (Fe-S) clusters and IRP2 is degraded, 
therefore allowing translation of the protein. (H-I) Flow cytometry of 293T cells 72 
hr post-transfection of mCherry (Ctl), along with an annotated 5′UTR-GFP 
plasmid, unannotated 5′UTR-GFP plasmid, or a GFP plasmid containing the 
unannotated 5′UTR without the defined iron-responsive element (IRE). (J-K) Flow 
cytometry of 293T cells +/- 100uM ferric ammonium citrate (FAC) 72 hr post-
transfection of mCherry (Ctl), along with an annotated 5′UTR-GFP plasmid or 
unannotated 5′UTR-GFP plasmid. (L) Overview of the polysome profiling protocol 
to analyze translation activity. (M) Cytoplasmic lysates from +/- LPS treated cells 
were fractionated through sucrose gradients. Global RNA polysome profiles 
generated by the density gradient fractionation system are shown. A representative 
plot from stimulated primary BMDM fractionated samples is shown. The 
experiment was performed 3 times. (N-Q) The relative distribution of Gapdh 
mRNA, encoding a housekeeping protein, Neat1 long non-coding RNA (lncRNA), 
annotated and unannotated Aim2 mRNA were measured by RT-qPCR analysis of 
RNA. Each of the gradient fractions are calculated as relative enrichment when 
compared to unfractionated input mRNA, standard deviation represents technical 
triplicate. (R) Protein lysates of time course LPS stimulation of 0 hr, 6 hr, 24 hr, 48 
hr and 72 hr without and with 100uM of Ferric Ammonium Citrate (FAC, iron) 
added to immortalized WT BMDMs. Western blot performed on AIM2 and B-
ACTIN. (S) Western blot quantification performed in FIJI, standard deviation 
represents biological triplicates, p-value assessed using student’s t-test.    

The finding that there are structured motifs in the unannotated 5′UTR of Aim2is 

also supported by the RNAfold Vienna package (Gruber et al., 2008), which 

predicts the hairpin structure of the IRE element in the alternative 5′UTR (SFigure 

6.13). Since the IRE motif is unique to the unannotated 5′UTR of Aim2, we 

hypothesized that this motif is critical in regulating translational efficiency.   

When cells are at homeostasis, Iron Binding Proteins (IRP1/2) bind to IRE 

elements located within the 5’UTR (e.g. ferritin) and can block translation, while 

IRE elements in the 3’UTR (e.g. transferrin receptor) can promote translation 

(Rouault, 2006; Wang et al., 2004). However, iron repletion results in the 
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inactivation of IRP1/2 (Outten, 2017) (Figure 6.4G). To experimentally test if the 

IRE motif within the unannotated 5′UTR acts as a translational repressor, we 

removed the element using site-directed mutagenesis which led to an increase in 

GFP expression by ~20% compared to the annotated 5′UTR (Figure 6.4H-I). Next, 

we exogenously added 100 uM ferric ammonium citrate (FAC) to overload the cells 

with iron and determined if this can rescue the observed decrease in translational 

efficiency from our unannotated 5′UTR. Upon FAC administration, the relative 

GFP expression of the unannotated 5′UTR plasmid increased by ~50%, while 

mCherry control was unchanged, suggesting that the translational efficiency of the 

unannotated 5′UTR can be rescued with iron supplementation (Figure 6.4J-K). 

From these results, we conclude that the predicted IRE motif within the unannotated 

5′UTR of Aim2 functions as an IRE to control translation.   

To test if the IRE motif in the unannotated 5′UTR of Aim2 acts as a 

translational regulator endogenously, we performed polysome profiling followed 

by RT-qPCR on primary BMDMs in the presence and absence of LPS for 18 hr to 

determine the translational competency of the isoforms of Aim2 (Figure 6.4L-M). 

As a negative control, we examined Neat1 (Nakagawa et al., 2014), a long non-

coding RNA (lncRNA) that is not detected in polysomes, nor translated and this is 

not dependent on LPS (Figure 6.4N). The relative distribution of our positive 

control gene, Gapdh, which encodes a highly expressed housekeeping protein, is 

enriched in the high polysome fraction, with or without LPS, as expected (Figure 

6.4O). Using isoform-specific primer sets (Figure 6.2E) for the annotated and 
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unannotated Aim2 isoforms, we find that the annotated isoform is enriched in the 

high polysome fraction with and without LPS treatment (Figure 6.4P), while the 

novel isoform is enriched in the low polysome fraction with and without 

inflammatory stimulation (Figure 6.4Q). Additionally, from our RNA-seq data we 

find that IRP1 and IRP2 are not transcriptionally regulated by inflammation, but 

based on Weiss et al. inflammation can affect the binding affinity of IRPs in 

macrophages (Weiss et al., 1997) (SFigure 6.14A-D). These data show that the 

unannotated Aim2 isoform has a lower translational efficiency compared to the 

canonical form.  

To further validate the effect the post-transcriptional mechanism of the 

unannotated Aim2 isoform, we performed time-course LPS stimulations. In primary 

BMDMs a 72 hr, time-course stimulation with and without the treatment of iron 

(FAC) protein lysates were generated and Aim2 expression was measured by 

western blot (Figure 6.4R-S). Aim2 is expressed basally and significantly decreases 

upon LPS treatment at the 48 hr time point, most likely as a control mechanism to 

return the pathway to homeostasis and limit the inflammatory stimulation.  When 

FAC is added to cells, Aim2 expression does not decrease at the 48 hr time point 

suggesting that it is indeed the IRE element that is driving this decrease in Aim2 

observed in the wild type cells (Figure 6.4R-S). Finally, we utilized the 

CRISPR/Cas9 technology to remove the Aim2 IRE element endogenously (SFigure 

6.15A). In these immortalized BMDMs, RT-qPCR was performed with an LPS 

time-course. The annotated Aim2 isoform shows no induction by LPS (SFigure 
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6.15C), while the unannotated Aim2 isoform and the CDS sequence are induced by 

2-fold (SFigure 6.15D-E). There is no significant difference in transcriptional 

expression at the Aim2 locus between the WT and IRE KO cell lines (SFigure 

6.15D-E). Using these newly characterized WT and IRE KO clonal cell lines we 

performed a 72 hr time-course of LPS stimulation (SFigure 6.15F-G). At the 48 hr 

timepoint there is a significant decrease in expression of Aim2 protein in WT cells, 

but not in the IRE KO cells (SFigure 6.15H), further indicating that endogenous 

Aim2 is regulated through the IRE motif located in the AFE.  

6.5 Discussion 

While we have come a long way in determining the transcriptomes of 

immune genes to better understand signaling pathways, very little work has focused 

on the role that mRNA isoforms play (Akira et al., 2006; Medzhitov and Janeway, 

1998; Pai et al., 2016b). Over 95% of genes have more than one mRNA transcript 

due to alternative splicing but the regulatory importance of these splicing events 

are not fully understood (Carninci et al., 2006; Tian and Manley, 2017; Wang et al., 

2008). On a gene-by-gene approach, alternative splicing has been shown to play a 

role in health and disease by shaping the proteome (Nishiyama et al., 2000; Yang 

et al., 2011; You et al., 2016). Globally, a number of labs have tackled the 

prevalence of alternative splicing in vitro and in vivo showing that alternative 

splicing can affect both the nature and duration of inflammation (Beyer et al., 2012; 

Dev M. Bhatt et al., 2012; Janssen et al., 2020b). To date no one has examined 

conservation of these mechanisms using primary cells or utilized long read 
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sequencing to build the transcriptome de novo to obtain a complete understanding 

of the extent of alternatively expressed isoforms generated following an immune 

response.   

In our study, we demonstrate a conservation of splicing, specifically 

alternative first exon (AFE) events, in both human and murine macrophages. We 

found that there are 11 genes that have AFE in both human and mouse macrophages 

(SFigure 6.5A). Most studies to date have focused on isoform changes linked to 

genes that are differentially expressed following inflammation and interestingly 

these 11 genes would have been previously overlooked because many of them are 

not differentially expressed, emphasizing the importance in studying isoform 

expression in all conditions (Figure 6.1E-F). Of the 11 conserved genes, 7 AFE 

isoforms have been previously studied in some context including: Rps6ka1 (Qin et 

al., 2018), Ncoa7 (Singer et al., 2008; Yu et al., 2015), Rcan1 (Pang et al., 2018), 

Wars (Liu et al., 2004; Miyanokoshi et al., 2013), Arap1 (Kulzer et al., 2014), 

Tsc22d1 (PMID: 21448135) and Sgk1 (Arteaga et al., 2007; Kobayashi et al., 1999; 

Lang et al., 2006). While this validates our technique, it is important to note that 

none of these genes had been connected to inflammation or formally shown to be 

conserved mechanisms of regulation, besides Wars (Liu et al., 2004; Miyanokoshi 

et al., 2013). This also highlights our method’s ability to accurately identify 

inflammatory regulated RNA isoforms, in addition to the uncharacterized AFE 

events of Ampd3, Snx10, Shisa5 and Tspan4. Furthermore, Snx10 is studied outside 

the context of inflammation, has been implicated in chronic inflammatory disease 
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and our study may suggest new insights into how alternative splicing could be 

regulating these genes (You et al., 2016). We further validated Ncoa7, Rcan1 and 

Ampd3 in human and murine macrophages using RT-PCR (SFigure 6.6).  

To overcome the current limitations of any transcriptome build, we used 

direct RNA nanopore technology on primary murine macrophages to build our own 

transcriptome de novo with the aim of identifying novel full length transcriptional 

isoforms that are expressed with and without inflammation (Tang et al., 2020; 

Workman et al., 2019a). The limitation of direct RNA sequencing is read depth and 

our average read depth was about 1 million reads per treatment. In a previous study 

of direct RNA sequencing, we found that increased sequencing depth will result in 

additional isoforms detected (Workman et al., 2019). Therefore, we expect to see 

additional unannotated AFE and other AS events with increased sequencing depth. 

However, even with 1 million reads, we were able to build a transcriptome that led 

to the identification of 154 novel AS events. Following this, we identified hundreds 

of novel isoforms resulting in 95 novel AFE events, supported by CAGE-seq 

(Figure 1, Figure 1-figure supplement 7-8), including an unannotated mRNA 

isoform of the well-studied gene protein absent in melanoma 2 (Aim2).  

Aim2 is characterized as an interferon inducible gene (Johnstone and 

Trapani, 1999), functioning as a cytoplasmic dsDNA sensor leading to the 

formation of an inflammasome and eventual cleavage and release of pro-

inflammatory cytokines of IL1β and IL18 (Bürckstümmer et al., 2009; Fernandes-

Alnemri et al., 2009; Hornung et al., 2009). Our study highlights that it is an 
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alternative mRNA isoform of Aim2 that is inducible, and that this upregulated 

transcript is translated less efficiently compared to the canonical isoform. This 

novel finding goes against the existing assumption that induced gene expression 

results in induced protein expression (Figure 6.1I, Figure 6.2, Figure 6.4, SFigure 

6.15). FLAIR-identified transcripts (Workman et al., 2019) show three clear AFEs 

for Aim2 and only one of those first exons is inflammatory inducible (Figure 6.2C-

D). RT-qPCR further confirms that the annotated TSS of Aim2 is not inducible, 

while the unannotated AFE of Aim2 is LPS inducible (Figure 6.2E-H). This result 

highlights the need for cell-type and treatment specific transcriptome annotations 

if one is to have a complete understanding of the transcriptome and proteome of a 

given cell. 

We further investigated what drove the expression of this novel Aim2 

isoform, as well as what drove the expression of all the AFE genes. Using ATAC-

seq (Lara-Astiaso et al., 2014b; A.-J. Tong et al., 2016b) and ChIP-seq (A.-J. Tong 

et al., 2016b) data sets, we were able to determine that 50% of the AFE events were 

driven partially by chromatin accessibility and inflammatory specific transcription 

factors (Figure 6.3A). Using HOMER, a TF motif enrichment tool, we identified 

that the majority of TFs that regulate the expression of the AFE genes are involved 

in metabolism pathways (Figure 6.3B). Additionally, another mechanism that can 

drive AFE usage is the splicing of internal exons that activate proximal upstream 

promoters (Fiszbein et al., 2019). Further analysis incorporating more transcription 

factors and coupling multiple splicing events will be necessary to determine the 
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definitive regulatory mechanism of all AFEs. Interestingly, the annotated Aim2 

promoter accessibility is constitutively open across all hematopoietic cells, while 

the unannotated Aim2 promoter is only accessible in myeloid progenitors or 

terminally differentiated cells (SFigure 6.10A), meaning that the novel Aim2 

isoform may be specific to myeloid cells. Furthermore, Aim2 annotated and 

unannotated promoter usage is not driven by chromatin accessibility (SFigure 

6.10B-C) but is driven by the activation of inflammatory specific transcription 

factors (Figure 6.3C-E, SFigure 6.11L).    

There is no difference in the open reading frame of the novel isoform of 

Aim2 when compared to the annotated transcript using NCBI ORFfinder, therefore 

we turned our attention to a possible regulatory mechanism within the 5′UTR 

(Mignone et al., 2002). Broadly, UTRs play crucial roles in the post-transcriptional 

regulation of gene expression, including alteration of the mRNA translational 

efficiency (van der Velden and Thomas, 1999), subcellular localization (Jansen, 

2001) and stability (Bashirullah et al., 2001). Post-transcriptional regulatory 

mechanisms of Aim2 have not been previously studied. Using RegRNA2.0 (T.-H. 

Chang et al., 2013) globally we identify that LPS-activated AFEs contain more 

regulatory elements than basal first exons (SFigure 6.12). More importantly, we 

identified an Iron Responsive Element (IRE), a regulatory motif unique to only the 

novel 5′UTR of Aim2 (Figure 6.4F). Utilizing a GFP reporter plasmid, we were able 

to determine that the IRE motif was functional, by recapitulating the same 

experiments used on the protein Ferritin, the first functional IRE motif ever studied 
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(Leedman et al., 1996). Then, we showed the inflammatory specific mechanism 

regulating Aim2 protein expression by performing a western blot on primary 

BMDMs with and without Ferric Ammonium Citrate (FAC) during a 72 hr LPS 

time-course experiment. Aim2 protein is basally expressed and while the transcript 

is inducible, specifically the novel isoform, we do not observe an increase in 

expression of Aim2 protein by western blot. In fact, we find that Aim2 protein 

decreases following inflammation, and this can be reversed by iron 

supplementation. Finally, we confirmed the IRE mechanism by using 

CRISPR/Cas9 to generate an IRE KO clonal cell line. Once our cell line was 

characterized (SFigure 6.15A-E), we performed an LPS time-course stimulation 

and measured Aim2 protein expression. At the 48 hr time-point we see a significant 

rescue of Aim2 protein expression in the IRE KO cell line (SFigure 6.15F-H). This 

could be a critical regulatory step that has evolved to ensure the Aim2 pathway is 

switched off following its formation and activation of the inflammasome.  

These results demonstrate that the inflammatory specific mRNA isoform of 

Aim2 has lower translational efficiency than the canonical form and that protein 

translation can be increased by the addition of iron. Crane et al. (Crane et al., 2014) 

demonstrate that ROS can contribute to activation of Aim2 inflammasome in mouse 

macrophages. Our proposed mechanism of translational regulation of Aim2, is 

through an Iron Responsive Element (IRE), which is known to directly interact with 

IRP proteins (Outten, 2017; Rouault, 2006; Wang et al., 2004). Interestingly, IRP2 

degradation can be driven not only through iron, but also through ROS and RNS 
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(Hanson and Leibold, 1999), further supporting this novel IRE regulatory 

mechanism of Aim2 protein expression. Finally, Cheng et al. has shown that AIM2 

is regulated by oxidative stress and show that over activation of AIM2 

inflammasome can contribute to pancreatic tumorigenesis, all within the 

environment of mitochondrial iron overload (Li et al., 2018). This newly identified 

isoform, with an IRE specific translational mechanism provides mechanistic 

understanding to these recent studies of Aim2 (Crane et al., 2014; Li et al., 2018). 

These findings could have significance for better understanding the mechanisms 

driving pathology in inflammatory disease such as systemic lupus erythematosus 

(SLE) (Corbett, 2018). AIM2 expression levels have been correlated with severity 

of inflammation in SLE patients (Zhang et al., 2013) and it is well known that iron 

is dysregulated in this disease (Vanarsa et al., 2012). It is possible that AIM2 levels 

remain high in SLE patients due to dysregulated iron; therefore, homeostasis in 

macrophages cannot be maintained.   

In summary, signaling within macrophages enables us to fight infection but 

also can contribute to pathological inflammation associated with a wide variety of 

diseases. While there are multiple regulatory checkpoints in place to control 

inflammation, we propose that alternative splicing and translational regulation play 

critical roles in maintaining this type of control. A better understanding of the 

molecular mechanisms that control inflammatory-regulated genes, including Aim2, 

could provide new targets for therapeutic intervention of autoimmune and 

inflammatory diseases.   
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6.6 Methods 

6.6.1 Maintenance of mice 

UCSC and the Institutional Animal Care and Use Committee maintained mice 

under specific pathogen-free conditions in the animal facilities of `University of 

California Santa Cruz (UCSC) in accordance with the guidelines. 

6.6.2 Human PBMC derived macrophage differentiation and in vitro stimulation 

Human peripheral blood mononuclear cells (PBMC) were enriched by density 

gradient centrifugation of peripheral blood from healthy human donors through a 

Ficoll-Paque PLUS (GE Healthcare) gradient. Monocytes were isolated from 

PBMC by negative selection using the EasySep™ Human Monocyte Isolation Kit 

(STEMCELL Technologies) according to the manufacturer's instructions. To 

differentiate monocytes into macrophages, recombinant human M-CSF (50ng/mL) 

was used in RPMI-1640 medium with 10% FBS, 2mM L-glutamine, 10mM 

HEPES, 1mM sodium pyruvate, 100U/ml penicillin, and 100 µg/mL streptomycin. 

The culture medium which contained fresh recombinant human M-CSF was 

replaced every 2 days. 

6.6.3 Cell culture, mouse macrophage differentiation.  

Cells were cultured in D-MEM with 10% fetal bovine serum (FCS) supplemented 

with penicillin/streptomycin or ciprofloxacin. Primary BMDM were generated by 

cultivating erythrocyte-depleted bone marrow cells in the presence of 30% L929 

supernatant and the cells were used for experiments 6-9 days after differentiation. 

J2Cre virus (Blasi et al., 1989) was used on day 3/4 after isolation of bone marrow 
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cells to establish transformed BMDM cell lines. BMDMs were cultivated in the 

presence of J2Cre virus for 48 hr and L929 was then gradually tapered off over 6-

10 weeks depending on the growth pattern of transformed cells. 

6.6.4 In vitro stimulation of macrophages. 

Bone derived macrophage cells were primed with 100uM of Ammonium Ferric 

Citrate (FAC) for 24 hr prior to TLR stimulation. Bone marrow derived 

macrophage cells were stimulated with Toll-like receptor (TLR) ligands for the 

indicated time points using the following concentrations: Lipopolysaccharide 

(LPS) 200ng/ml (TLR4). For RNA and protein isolation, 1-2x106 cells were seeded 

in 12-well format. 

6.6.5 RT-PCR validation 

RT-PCR validation was completed using three biological replicates. KAPA HiFi 

HotStart ReadyMix PCR Kit (Kapa Biosystems) and the manufacturer’s suggested 

cycling protocol was used to complete the PCR reaction with the following primers:  

Mse_Denr_F1: ATCGCGATAAAGGCTCATTG 

Mse_Denr_F2: GCTACCTGTCCTTTTCCCCA 

Mse_Denr_R: AACTTGGCACTGTTCTTCGT 

Mse_Arhgef7_F1: TGTTGTTCTGGGGTTTGTGA 

Mse_Arhgef7_F2: CTGTGTGTTGCAGGTCTACC 

Mse_Arhgef7_R: GTGTCACCAAGGAGCTGAGG 

Mse_Ncoa7_F1: GTGGTGGAGAAGGAAGAGCT 

Mse_Ncoa7_F2: TTCTATTGTGCCAGGCCTGA 
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Mse_Ncoa7_R: GCATGTTTTCCAGGAGTGCA 

Mse_Ampd3_F1: CCCTACTGTAGATGAATCCCCTTA 

Mse_Ampd3_F2: GCTGAGCTTTGTGTCTGTGT 

Mse_Ampd3_R: GGGGACAGTAAACAGGGACA 

Mse_Rcan1_F1: ACTGGAGCTTCATCGACTGC 

Mse_Rcan1_F2: GACTGAGAGAGCGAGTCGTT 

Mse_Rcan1_R: CATCGGCTGCAGATAAGGGG 

Hu_NCOA7_F1: TGTTCAGTGGTCTCCCGATGTCTATGG 

Hu_NCOA7_R: GGGCCGTAGGACAGGCAGCA 

Hu_NCOA7_R2: AGCGTGGCTACAAGTAACTGTGGTGT 

Hu_AMPD3_F1: TATGCAAAACAGAGACCTCC 

Hu_AMPD3_R: CACTTCAGAGATGTTCAGCT 

Hu_AMPD3_F2: CCTGCTTGGTTTTAGAGGAT 

Hu_RCAN1_F1: GACTGGAGCTTCATTGACTG 

Hu_RCAN1_R: ATTCTGACTCGTTTGAAGCT 

Hu_RCAN1_F2: TAGCGCTTTCACTGTAAGAA 

Band intensities were measured for each band in each condition and sample using 

FIJI (Schindelin et al., 2012). The relative abundance of each isoform was 

calculated using the equation to calculate PSI (PSI = inclusion/ (inclusion + 

exclusion)) in each condition and sample to validate the computationally derived 

delta PSI values. A gel extraction was completed for each band using the PCR 
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clean-up Gel extraction kit (Machery-nagel). The PCR product was confirmed 

using Sanger Sequencing. 

6.7.6 RNA isolation, cDNA synthesis and RT-qPCR 

Total cellular RNA from BMDM cell lines or tissues was isolated using the Direct-

zol™ RNA MiniPrep Kit (Zymo Research) according to manufacturer’s 

instructions. RNA was quantified and controlled for purity with a nanodrop 

spectrometer. (Thermo Fisher). For RT-qPCR, 500-1000 ng were reversely 

transcribed (iScript Reverse Transcription Supermix, Biorad) followed by RT-PCR 

(iQ SYBRgreen Supermix, Biorad) using the cycling conditions as follows: 50°C 

for 2 min, 95°C for 2 min followed by 40 cycles of 95°C for 15 sec, 60°C for 30 

sec and 72°C for 45 sec. The melting curve was graphically analyzed to control for 

nonspecific amplification reactions. Quantitative RT-PCR analysis was performed 

with the following primers listed below: 

Mse_Aim2_F_Annotated: CCGCCATGCTTCCTTAACTA 

Mse_Aim2_F_Unannotated: AGGCGGATGGTTTGAACTCT 

Mse_Aim2_R_Exon2: TTGAAGCAACTTCCATCTGC 

Mse_Aim2_CDS_F: AGTACCGGGAAATGCTGTTG 

Mse_Aim2_CDS_R: GAGTGTGCTCCTGGCAATCT 

Mse_Gapdh_F: CCAATGTGTCCGTCGTGGATC 

Mse_Gapdh_R: GTTGAAGTCGCAGGAGACAAC 

Mse_Neat1_F: TTGGGACAGTGGACGTGTGG 

Mse_Neat1_R: TCAAGTGCCAGCAGACAGCA 
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6.7.7 Cloning strategy for 5’UTR GFP plasmid 

The GFP reporter plasmid was CMV-Zeo-t2A-GFP. Zeocin is flanked by NheI and 

AgeI. The sequence of the annotated and unannotated 5’UTR were used as defined 

by the UCSC RefSeq and our sequencing results to be.  Using KAPA HiFi HotStart 

ReadyMix PCR Kit (Kapa Biosystems) the two 5’UTRs were amplified from 

cDNA.  

5’UTR cDNA Sequence 

Annotated TTCCTGTCCTGTCTGCCGCCATGCTTCCTTAACTAGCTGCTAGGTTTT

TTCCTTGTCGTGATGAAATCCACCCTCATGGACCTGTAAGTAAAATG

TAGACTTGCATAGAGTGCTGTAATCTTACGGCCGAGGTTTCTTTTCA

GGCTGATCCTGGGACTGTGAG 

Unannotated TATATCTAAAATACCTCTGGTTGAGACCTCACAGCTGGAGGAGAAAC

TCTGCTGAGGCTTGTAAAAAGGAAACTGAAAACTAGCATTTGCTTGG

GCAGAGCCTTAATATATAATTATTTTGCCCCAGCATCAGGGTTTAGG

ACTCAGCTATAGGGCCAGGACTAGCCAAGCTTCAAAGTGAAAGAAG

ATAGTTGAGAGTACTTTCTGCTTTCTGTCTCCCAAGACCTGATTTTCA

TGATTTTCATGTCCTACTACTCATAGTGAAAATCTTTGTGAGGCGGA

TGGTTTGAACTCTCAGGACATACACCAGTCCCTGAGTTGAGAACTAA

GGCTGCTTTGGAGAGAAGAAAATCCCCTGAGGTAAGTAGACTTGCA

TAGAGTGCTGTAATCTTACGGCCGAGGTTTCTTTTCAGGCTGATCCT
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GGGACTGTGAG 

 

Primers: 

cDNA_F_Annotated: TTCCTGTCCTGTCTGCCG 

cDNA_F_Unannotated: TATATCTAAAATACCTCTGGTTGAGACCTC 

cDNA_R_5'UTR: CTCACAGTCCCAGGATCAGC 

The 5’UTRs were then PCR amplified with primers containing restriction enzyme 

sites for AgeI and NheI.  

NheI_F_Annotated: GGTGCTAGCTTCCTGTCCTGTCTGCC 

NheI_F_Unannotated: 

GGTGGTGCTAGCTATATCTAAAATACCTCTGGTTGAGA 

AgeI_R_5'UTR: GGTACCGGTCTCACAGTCCCAGGATCAGC 

PCR products, as well as the GFP plasmid, were then processed using AgeI and 

NheI restriction enzymes overnight. These samples were run on a 1% agarose gel. 

A gel extraction was completed for each band using the PCR clean-up Gel 

extraction kit (Machery-nagel). The PCR product was confirmed using Sanger 

Sequencing. 

6.7.8 Site directed mutagenesis. 

Set up PCR reaction with 1ul 279 Plasmid, with unannotated Aim2 5’UTR, 5ul 10x 

Phu buffer, 1ul F primer (0.1ug/ul) [Remove_IRE_F - 

CCCTGATGCTGGGGCAAAATAATTATAAATGCTAGTTTTCAGTTTC], 

1ul R primer (0.1ug/ul) [Remove_IRE_R - 
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GAAACTGAAAACTAGCATTTATAATTATTTTGCCCCAGCATCAGGG], 

1ul dNTP (10nM), 1ul Phu polymerase and 40ul dH2O. PCR program: 95℃ 1min, 

18 cycles of 95℃ 30sec, 55℃ 1min, 72℃ 1min, then end PCR with 72℃ 1min 

and 4℃ hold.  Add 0.5ul of Dpn1 (NEB) to 25ul PCR reaction. Incubate at 37℃ 

for 1 hr to digest parental DNA. Transform digested and undigested plasmid into 

DH5α competent cells. Pick ~10-15 colonies and start overnight cultures. Colony 

PCR plasmids using Dpn1_Colony_PCR_F - TTGGCTAGTCCTGGCCCTAT and 

Dpn1_Colony_PCR_R - GCTGGTTTAGTGAACCGTCAG to check for 20bp 

deletion on a 3% Agarose Gel. Grow up colonies that have deletion, miniprep 

plasmids and send to Sequetech for sequence verification. 

6.7.9 Transfection of 5’UTR GFP and mCherry plasmid 

A 1:1 ratio of the GFP vector containing the mature sequence of Aim2 5’UTR 

(annotated or unannotated) or zeocin and a plasmid containing mCherry were 

transfected into 293T cells for 48-72 hr. A 6-well plate of HEK293Ts were plated 

the night before with a concentration of 2x105. HEK293Ts cells were primed with 

100uM of Ammonium Ferric Citrate (FAC) for 24 hr prior to transfection. 

Transfection was performed on HEK293Ts (+/- 100 uM FAC) using lipofectamine 

2000, serum free OPTI-MEM media was used as a transfection reagent according 

to manufacturer’s instructions, and a (1:1) concentration of the 5’UTR GFP reporter 

plasmid and the mCherry control plasmid. HEK293Ts were visualized via flow 

cytometry 48-72 hr post transfection. 
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6.7.10 Polysome profiling. 

Prior to lysis, cells were treated with cycloheximide (100 mg/mL), 10 min at 37°C, 

5% CO2. Cells were washed three times with ice cold PBS and lysed in ice cold 

buffer A (0.5% NP40, 20 mM Tris HCl pH 7.5, 100 mM KCl and 10 mM MgCl2). 

Lysates were passed three times through a 23G needle and incubated on ice for 7 

min. Extracts were then centrifuged at 10K rpm for 7 min at 4°C. The supernatant 

was collected as crude cytosolic extract. Cytosolic extracts were overlaid on 10%–

50% sucrose gradients prepared in 20 mM Tris HCl pH 7.5, 100 mM KCl and 10 

mM MgCl2 buffer (prepared using the Gradient Station, Biocomp Instruments). 

Gradients were then ultracentrifuged at 40K rpm for 1 hr 20 min at 4°C using an 

SW41 in a Beckman ultracentrifuge. Individual polyribosome fractions were 

subsequently purified using a Gradient Station (Biocomp Instruments) and stored 

in (1:3) TRI Reagent.  

6.7.11 IRE KO cell line generation 

The gRNA construct was constructed from a pSico lentiviral backbone driven by 

EF1a promoter expressing T2A flanked genes: puro and cherry.  gRNAs were 

expressed from a mouse U6 promoter.  Cloning of 20nt gRNA spacer 

forward/reverse oligos were annealed and cloned via the AarI site.  

IRE_gRNA1_F: TTGGACTGAAAACTAGCATTTGCT 

IRE_gRNA1_2: AAACAGCAAATGCTAGTTTTCAGT 

IRE_gRNA2_F: TTGGCTGAAAACTAGCATTTGCTT 

IRE_gRNA2_2: AAACAAGCAAATGCTAGTTTTCAG 
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IRE_gRNA3_F: TTGGGGCAAAATAATTATATATTA 

IRE_gRNA3_2: AAACTAATATATAATTATTTTGCC 

3mg of pooled gRNAs were electroporated using the Lonza Amaxa Mouse 

Macrophage Nucleofector kit (VPA-1009). Electroporated cells were then selected 

using puromycin 5ug/ml and grown to 80% confluency. Limited dilution series 

were seeded in 96-well plate, let to grow for 3 weeks. Then the clonal cell lines 

were genotyped using: F:GCAGGAAATAACTTTTGTGGAGT and  

R:TGGGAGACAGAAAGCAGAAAG. Then this PCR product was sequenced, 

and KO efficiency was assessed using ICE Synthego (https://ice.synthego.com/#/). 

Then the hairpin structure was assessed by RNAfold (http://rna.tbi.univie.ac.at/cgi-

bin/RNAWebSuite/RNAfold.cgi).  

6.7.12 Protein lysate and western blot. 

Cell lysates were prepared in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 

1 mM EDTA, 1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS) 

containing protease inhibitor cocktail (Roche) and quantified by the Bicinchoninic 

Acid Assay (BCA) assay (Thermo Fisher). Equivalent masses (20mg) of each 

sample were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride 

(PVDF) membrane and Western blotted with either Aim2 (1:1,000; Cell Signaling 

#63660) and horseradish peroxidase-conjugated b-actin monoclonal antibody 

(1:5,000, Santa Cruz Biotechnology) were used as a loading control. HRP-

conjugated goat anti-rabbit (1:1,500, Biorad) secondary antibodies were used. 

Image J (Schindelin et al., 2012) was used for quantification of Western blots. 
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6.7.13 Alternative splicing quantification (percent spliced in PSI). 

After the identification of each alternative splicing event, JuncBASE counts reads 

supporting the inclusion and exclusion isoform of each event. Isoform abundances 

are then calculated by dividing the read counts for the isoform by the length of the 

isoform. Ψ-values for each splicing event are derived from the isoform abundances: 

PSI Formula: 

PSI = Inclusion Isoform Abundance / (Inclusion Isoform Abundance + Exclusion 

Isoform Abundance) 

6.7.14 Statistical analysis. 

Error bars represent the standard deviation of biological triplicates. Student’s t-tests 

were performed using GraphPad Prism. Asterisks indicate statistically significant 

differences between mouse lines (*p> 0.05, **p> 0.01, ***p>0.005). 

6.7.15 Illumina RNA sequencing (Human). 

RNA-seq libraries were prepared with the Illumina TruSeq RNA Sample 

Preparation kit (Illumina) according to the manufacturer’s protocol. Libraries were 

validated on an Agilent Bioanalyzer 2100. Indexed libraries were equimolarly 

pooled and sequenced on a SE50 (single-end 50 base pair) Illumina HiSeq2500 

lane, which yielded an average of about 30 × 106 reads/sample.  

6.7.16 Illumina RNA sequencing (Mouse). 

For generation of RNA Sequencing libraries, RNA was isolated as described above 

and the RNA integrity was tested with a BioAnalyzer (Agilent Technologies) or 

FragmentAnalyzer (Advanced Analytical). For RNASequencing target RIN score 
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of input RNA (500-1000ng) usually had a minimum RIN score of 8. 

RNASequencing libraries were prepared with TruSeq stranded RNA sample 

preparation kits (Illumina), depletion of ribosomal RNA was performed by positive 

selection of polyA+ RNA. Sequencing was performed on Illumina HighSeq or 

NextSeq machines. RNA-seq 50bp reads were aligned to the mouse genome 

(assembly GRCm38/mm10) using TopHat (Trapnell et al., 2009). The Gencode 

M13 gtf was used as the input annotation. Differential gene expression specific 

analyses were conducted with the DESeq (Anders and Huber, 2010) R package.  

Specifically, DESeq was used to normalize gene counts, calculate fold change in 

gene expression, estimate p-values and adjusted p-values for change in gene 

expression values, and to perform a variance stabilizing transformation on read 

counts to make them amenable to plotting. Data was submitted to GEO 

GSE141754. 

6.7.17 Gene expression analysis. 

DESeq2 v1.22.2 (Love et al., 2014) was used to create counts tables (Table 6-7) 

and complete differential gene expression analysis on RNA-seq data from Human 

monocyte-derived macrophage +/- 18 hr LPS and Mouse BMDM +/- 6 hr LPS 

experiments. The sample conditions used were “control” and “LPS.” Data was 

plotted using ggplot2 v3.1.1 (Wickham, 2009). Significance thresholds were set to 

|log2FC| ≥ 2 and adjusted p-value ≤ 0.05. The list of genes with significant AFE 

events were then highlighted on the appropriate graphs.  
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6.7.18 Nanopore direct RNA sequencing. 

Total RNA extraction: Total RNA was extracted according to Workman et al. 

(Workman et al., 2019). 5 x 107 frozen macrophages were resuspended in three ml 

of TRI-Reagent (Invitrogen AM9738) and vortexed for 5 min.  The mixture was 

incubated at RT for 5 minutes, transferred to 1.5 mL tubes and spun down to remove 

debris. Supernatant was transferred to fresh tubes and chloroform extracted. The 

aqueous portion was mixed with an equal volume of isopropanol, incubated for 15 

min at RT and centrifuged at 12,000 g at 4°C.  Pellet was washed twice with 75% 

ethanol, air dried and resuspended in nuclease free water. 

Poly(A) RNA isolation:  One hundred μg aliquots of total RNA preparation were 

brought to 100 μl in nuclease free water and poly-A selected using NEXTflex 

Poly(A) Beads (BIOO Scientific Cat#NOVA-512980) according to the 

manufacturer’s instructions.  The resulting poly-A RNA solution was stored at -

80°C. 

Library preparation and MinION run: A native RNA sequencing sequencing 

library was prepared following the ONT SQK-RNA001 using Superscript IV 

(Thermo Fisher) for the reverse transcriptase step. Sequencing was performed using 

ONT R9.4 flow cells and the standard MinKNOW protocol. 

Basecalling and sequence alignments: ONT albacore version 2.1.0 was used to 

baseball Nanopore direct RNA raw signal. We used minimap2 (Li, 2016) with 

default parameters to align reads to the mm10 mouse genome reference. Following 
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alignment, we used SAMtools (Li et al., 2009) to filter-out reads with mapping 

quality (MAPQ) less than 30. 

6.7.19 Alignment of paired-end mouse RNA-seq data. 

Total RNA extraction: Total RNA was extracted according to Workman et al. 

(Workman et al., 2019). 5 x 107 frozen macrophages were resuspended in three ml 

of TRI-Reagent (Invitrogen AM9738) and vortexed for 5 min.  The mixture was 

incubated at RT for 5 minutes, transferred to 1.5 mL tubes and spun down to remove 

debris. Supernatant was transferred to fresh tubes and chloroform extracted. The 

aqueous portion was mixed with an equal volume of isopropanol, incubated for 15 

min at RT and centrifuged at 12,000 g at 4°C.  Pellet was washed twice with 75% 

ethanol, air dried and resuspended in nuclease free water. 

Poly(A) RNA isolation:  One hundred μg aliquots of total RNA preparation were 

brought to 100 μl in nuclease free water and poly-A selected using NEXTflex 

Poly(A) Beads (BIOO Scientific Cat#NOVA-512980) according to the 

manufacturer’s instructions.  The resulting poly-A RNA solution was stored at -

80°C. 

Library preparation and MinION run: A native RNA sequencing sequencing 

library was prepared following the ONT SQK-RNA001 using Superscript IV 

(Thermo Fisher) for the reverse transcriptase step. Sequencing was performed using 

ONT R9.4 flow cells and the standard MinKNOW protocol. 

Basecalling and sequence alignments: ONT albacore version 2.1.0 was used to 

baseball Nanopore direct RNA raw signal. We used minimap2 (Li, 2016) with 
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default parameters to align reads to the mm10 mouse genome reference. Following 

alignment, we used SAMtools (Li et al., 2009) to filter-out reads with mapping 

quality (MAPQ) less than 30. 

6.7.20 Identification of splicing events and calculating PSI. 

Human monocyte-derived macrophage +/- LPS and Mouse bone marrow-derived 

macrophage +/- LPS were each run through JuncBASE v1.2 (Angela N. Brooks et 

al., 2011) to calculate percent spliced in (PSI) values and identify splicing events. 

The JuncBASE parameters used for the identification of splicing events and 

calculation of PSI in Human monocyte derived macrophage +/- LPS are: -c 1.0 -j 

[introns from Gencode v24 (hg19 assembly) (Frankish et al., 2019) --jcn_seq_len 

88. The JuncBASE parameters used for the identification of splicing events and 

calculation of PSI in Mouse bone marrow-derived macrophage +/- LPS are: -c 1.0 

-j [introns from Gencode M18 (mm10 assembly)(Frankish et al., 2019) --

jcn_seq_len 88. 

6.7.21 Differential splicing analysis. 

Differential splicing analysis was completed using DRIMSeq v1.10.1 (Nowicka 

and Robinson, 2016c) and the compareSampleSets.py script within JuncBASE. 

CompareSampleSets.py applies the statistical t-test and DRIMSeq applies the 

framework of the Dirichlet-multinomial distribution for differential analysis. Each 

tool was used to apply the respective statistical method in order to determine 

significant differentially spliced events between control (-LPS) and LPS (+LPS) 

conditions. The AS_exclusion_inclusion_counts_lenNorm.txt JuncBASE output 
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table from the identification and quantification analysis of each experiment was 

used as the input table for both compareSampleSets.py and DRIMSeq.  

For all experiments, compareSampleSets.py was run using parameters: --

mt_correction BH --which_test t-test --thresh 10 --delta_thresh 5.0. The following 

parameters were used for the differential splicing analysis of data from Human 

monocyte-derived macrophage +/- LPS with DRIMSeq: min_samps_gene_expr = 

8, min_samps_feature_expr = 4, min_gene_expr = 10, min_feature_expr = 0. The 

following parameters were used for the differential splicing analysis of data from 

Mouse bone marrow-derived macrophage +/- LPS with DRIMSeq: 

min_samps_gene_expr = 6, min_samps_feature_expr = 3, min_gene_expr = 10, 

min_feature_expr = 0. Following differential splicing analysis using each tool, 

genes with significant differential splicing events were filtered for using thresholds 

of a corrected/adjusted p-value ≤ 0.25 and a |Δ PSI| ≥ 10. Within each category of 

event type, the union of genes with significant events identified using 

compareSampleSets.py and DRIMSeq within each experiment was used for further 

comparison. Novel intron retention events, annotated with a “N,” were removed for 

further analyses.  

6.7.22 Ranking analysis. 

Following differential splicing analysis with JuncBASE, events were ordered by p-

value. A subset of the top 5%, 10%, 15%, 20%, and 25% events were quantified by 

event type. Only events having a |Δ PSI| ≥ 10 were considered. The same analysis 

was completed following differential splicing analysis with DRIMSeq2. 



 

223 
 

6.7.23 Analysis of listeria and salmonella datasets following 24 hr stimulation. 

Data for the 24h time point was downloaded from GEO (GSE73502) for control 

and experimental conditions: Listeria and Salmonella (Pai et al., 2016c). JuncBASE 

and differential alternative splicing analysis was run using each pair of control and 

experimental samples and parameters as described above. Following differential 

alternative splicing analysis, alternative splicing events were categorized by event 

type using two significance thresholds:  |Δ PSI| ≥ 10 and adjusted p-value ≤ 0.05 or 

|Δ PSI| ≥ 10 and adjusted p-value ≤ 0.25. Only known (K) events were considered 

for intron retention events. Jcn_only_AD and jcn_only_AA events were not 

considered.  

6.7.24 Identification of high-confidence isoforms from nanopore data. 

FLAIR (full length alternative isoform analysis of RNA) (Tang et al., 2020) was 

used to assemble the high-confidence isoforms from native RNA sequencing of 

Mouse BMDM +/- 6 hr LPS. FLAIR modules align, correct, and collapse were used 

for the assembly. Corresponding short read data was used when running the correct 

module in order to help increase splice-site accuracy. Putative promoter regions 

were obtained using ATAC-seq data from Smale et al. and Atianand et al. 

(Atianand et al., 2016c; A.-J. Tong et al., 2016b) converted to mm10 coordinates 

using liftOver (Hinrichs et al., 2006), and used when running the collapse module.  

6.7.25 Creating merged reference annotation files and incorporating nanopore. 

The isoforms.gtf output file from FLAIR collapse was combined with the Gencode 

M18 (mm10 assembly) basic annotation using cuffmerge from Cufflinks v2.2.1 
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(Trapnell et al., 2010) with parameter: -s GRCm38.p6.genome.fa. Similarly, the 

isoforms.gtf output file was combined with the Gencode M18 (mm10 assembly) 

comprehensive annotation with parameter: -s GRCm38.p6.genome.fa. The 

resulting comprehensive annotation output file was used to generate an intron 

coordinate file for the identification of splicing events and calculating PSI of 

splicing events found in Mouse Bone-marrow derived macrophage +/- 6 hr LPS 

using JuncBASE with parameters: -c 1.0, -j [intron coordinates from merged 

comprehensive annotation], --jcn_seq_len 238. Parameters used for finding 

significantly differentially spliced events using compareSampleSets.py from 

JuncBASE are: --mt_correction BH --which_test t-test --thresh 10 --delta_thresh 

5.0. Parameters used for finding significantly differentially spliced events using 

DRIMSeq are: min_samps_gene_expr = 6, min_samps_feature_expr = 3, 

min_gene_expr = 10, min_feature_expr = 0.  

6.7.26 Creating and comparing gene lists. 

For each experiment, a table with the union of significant events found using 

DRIMSeq and compareSampleSets.py was created. A list of genes with significant 

events was generated for each experiment using this table. BioVenn (Hulsen et al., 

2008) and DrawVenn (Li, 2016) were then used to remove duplicate gene names 

and compare the lists of genes to find unique and common genes between 

experiments. 
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6.7.27 Identification of genes with conserved alternative splicing events. 

Following differential splicing analysis with JuncBASE and DRIMSeq2, gene 

names of significant events (|Δ PSI| ≥ 10 and adjusted p-value ≤ 0.25) were curated 

by event type. Overlaps were determined between Human and Mouse JuncBASE 

and DRIMSeq2 events determined with and without the support of Nanopore-

identified transcripts.  

6.7.28 Comparison of all alternative splicing events identified in mouse using 

Gencode or de novo + Gencode annotations. 

Following differential splicing analysis with JuncBASE and DRIMSeq2, gene 

names of significant events (|Δ PSI| ≥ 10 and adjusted p-value ≤ 0.25) were curated 

by event type. Overlaps were determined between Mouse JuncBASE and 

DRIMSeq2 events determined with and without the support of Nanopore-identified 

transcripts.  

6.7.29 Validation of FLAIR-identified TSS with CAGE data. 

Coordinates corresponding to mouse CAGE peaks 

(mm9.cage_peak_phase1and2combined_coord.bed) were downloaded from the 

FANTOM5 database (The FANTOM Consortium and the RIKEN PMI and CLST 

(DGT), 2014). Coordinates were converted from mm9 to mm10 using 

liftOver.  Transcription start sites (TSS) of FLAIR-identified isoforms were 

extracted using the pull_starts.py script included in the FLAIR software. TSS were 

extracted from the Gencode M18 annotation using a custom script and used as the 

set of known TSS. TSS of FLAIR-identified isoforms were annotated as known if 
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they overlapped with known TSS using bedtools (v 2.25.0) tool intersectBed. TSS 

of FLAIR-identified isoforms were annotated as being novel if they did not overlap 

with any known TSS. These were also identified using bedtools tool intersectBed 

with parameter: -v. CAGE peaks that overlapped with known and novel FLAIR-

identified TSSs were identified using bedtools tool intersectBed and the distribution 

of CAGE scores was plotted for each group.  

Coordinates corresponding to CAGE peaks identified as true TSS by TSS classifier 

(TSS_mouse.bed) were downloaded from the FANTOM 5 database. Coordinates 

were converted from mm9 to mm10 using liftOver. The proportion of true known 

and novel FLAIR-identified TSS sites was identified by determining TSSs that 

overlapped with the CAGE peaks. Bedtools (v 2.25.0) tool intersect was used to 

complete this analysis.  

6.7.30 Differential chromatin accesibility. 

Raw ATAC-seq fastq sequence files were published in Tong et al. (A.-J. Tong et 

al., 2016b) and pulled from the GEO accession number GSE67357. A bowtie2 

(Langmead and Salzberg, 2012) index file was created from the GENCODE mm10 

version M18 genome annotation file and the untreated and LPS treated ATAC-seq 

reads were aligned using the created index file with the default bowtie2 parameters. 

Peaks were then called separately by treatment type on untreated and treated 

samples using the ENCODE published ATAC-seq peak calling pipeline 

(https://github.com/ENCODE-DCC/atac-seq-pipeline) using the aligned reads as 

sequence input. Parameters that were used followed the basic JSON input file 
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template, using an IDR threshold of 0.05. Peaks from both conditions were then 

merged using bedtools merge (Quinlan and Hall, 2010) if the tail ends were less 

than 10bp away from each other, in order to create a set of consensus peaks from 

both conditions. A GFF file was created from the merged peaks, assigning a unique 

ID to each peak. This GFF file was provided to HTSeq-count (Anders et al., 2015) 

along with the aligned reads for each condition in each replicate to count reads 

aligning to the unique peaks. The read count matrix was provided to DESeq2 (Love 

et al., 2014) to call differential peaks. All peaks were considered significant if 

log2FC > 0.8 and p-value < 0.15. 

6.7.31 Differential transcription factor binding. 

ChIP-seq fastq sequencing files for the NF-κB subunit p65 and interferon 

transcription factor Irf3 were downloaded from the GEO accession number 

GSE67357 published by Tong et al. (A.-J. Tong et al., 2016b). ChIP-seq samples 

for input control, untreated, and LPS treatment were aligned using bowtie2 

(Langmead and Salzberg, 2012, p. 2) to the mm10 version M18 mouse genome 

annotation with default parameters. Peaks were separately called between untreated 

and treated conditions using the ENCODE published ChIP-seq peak calling 

pipeline (https://github.com/ENCODE-DCC/chip-seq-pipeline2) from the aligned 

reads. The aligned input control reads were input as genomic background to 

account for noise in ChIP-seq experiments. The basic JSON input template file was 

used, using an IDR threshold of 0.05. Differential peak analysis was done using the 

HOMER suite designed for ChIP-seq data (Heinz et al., 2010b). Consensus peaks 



 

228 
 

from both conditions were merged using mergePeaks within HOMER, reporting 

the direct overlap between peaks. Tag directories were created to count reads for 

each aligned sequence file with TagDirectory. The merged consensus peaks were 

then annotated for raw read counts using the tag directories for each replicate and 

condition with the annotatePeaks.pl tool. Annotated consensus peaks were 

provided to getDiffExpression.pl, normalizing to total read counts. Peaks were 

considered significant if they had a corrected p-value < 0.25 and log2FC > 1. 

6.7.32 Alternative splicing event overlap. 

To identify differential transcription factor binding and chromatin remodeling at 

the promoters of the observed alternative first exon events, the coordinates of the 

alternate first exon were determined from the statistical testing results. Significant 

(p-value < 0.05) alternative first exon events were first filtered out from all results. 

For all significant results, if the inclusion exon had a Δ PSI > 10, the inclusion exon 

coordinates from the JuncBASE table (Tables 1-3) were used as the coordinates for 

that splicing event. If the inclusion exon had a Δ PSI < -10, all other inclusion exons 

for that splicing event from the statistical testing (DRIMSeq or t-test) were 

considered, and any inclusion exon with Δ PSI > 10 was used. Redundant events 

with the same exon coordinates were then filtered out, leading to a final set of exon 

coordinates. The coordinates were then extended to include 10kbp upstream of the 

exon. Overlap of differential chromatin accessibility and different transcription 

factor binding was done using bedtools intersect (Quinlan and Hall, 2010) with the 

significant differential peak coordinates and the alternative first exon 10kbp 
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upstream region, returning the coordinates of the exon that show differential 

chromatin accessibility or transcription factor binding.  

6.7.33 Homer promoter analysis. 

HOMER (Boeva, 2016b) was used to search for sequence motifs in promoter 

regions of LPS-specific AFEs. The start coordinates from the BED file were 

extended to include the 3kb upstream of the exon. These extended regions were 

used as input for HOMER’s findMotifsGenome.pl script, along with the mm10 

reference genome from within HOMER and the size parameter set to ‘given’. 

findMotifsGenome.pl was run initially with the -preparse flag to parse the reference 

genome based on the size of the input sequences and then was ran after without the 

preparse flag in order to generate the motif output file (Table 10-11). 

6.7.34 BedFile generation of inclusion and exclusion AFE events. 

Significant (corrected p-value < 0.25) alternative first exon events were first filtered 

out from all results. For all significant results, if the inclusion exon had a Δ PSI > 

10, the inclusion exon coordinates from the JuncBASE table were used as the 

coordinates for that splicing event. If the inclusion exon had a Δ PSI < -10, all other 

exons for that splicing event from the statistical testing (DRIMSeq or t-test) were 

considered, and any other exon with Δ PSI > 10 was used (Table 12-13). 
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CHAPTER 7: Conclusion and future directions 
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In this thesis, taking a strong myeloid perspective, I have presented 

evidence on how lncRNAs, untranslated regions (UTRs) of mRNAs, and 

alternative splicing regulate inflammation using both in vitro and in vivo methods. 

Here I will describe conclusions that can be drawn from the results contained 

within these chapters, as well as discuss the future direction for advancing our 

knowledge of the regulation of innate immunity through the study of RNA 

biology.   

7.1 Developing a novel GM-CSF secreting cell line for in vitro myeloid cell 

culture 

To better understand the regulatory pathways in the innate immune system, 

it is critical to have in vitro systems to interrogate these questions. Dendritic cells 

(DCs) and macrophages are innate immune cells found in tissues and lymphoid 

organs that play a key role in defense against pathogens (Becher et al., 2016). These 

myeloid cells have been cultured and studied for the last 40 years, leading to many 

advances in culturing protocols. Granulocyte-macrophage colony-stimulating 

factor (GM-CSF), differentiated bone marrow cells are widely used as a model 

system for conventional DC development (Nikolic et al., 2003; Zhang et al., 1998), 

as well as sustaining primary alveolar macrophages (AMs) in culture (Dong et al., 

2016). However, the cost of culturing these cells using commercially available 

granulocyte-macrophage colony-stimulating factor (GM-CSF) puts a restraint on 

experimental design. 
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In Chapter 2, we constructed a HEK-293T cell line that stably expresses and 

secretes murine GM-CSF. We utilized GM-CSF to generate and culture bone 

marrow-derived DCs (BMDCs) and alveolar macrophages (AMs). HEK-293T cells 

have no expression of GM-CSF and the constructed cell lines thus only express the 

transfected gene of GM-CSF. We have found that our line is stable, producing GM-

CSF at ~200ng/ml, even following freeze-thaw cycles of the line. We differentiated 

BMDCs and cultured AMs using our supernatant GM-CSF and compared them to 

commercially available purified GM-CSF and found that our supernatant GM-CSF 

yields a higher number of cells, the purity of DCs is not altered, and have an intact 

immune signaling cascades. This line will provide the research community with a 

more cost-effective alternative to commercially available GM-CSF and enabled 

studies of AMs in subsequent chapters of this thesis.  

 
7.2 Investigating the regulatory role of lincRNA-Cox2 in vivo utilizing acute 

and chronic inflammatory models 

LncRNAs, and their associated promoters, can span large stretches of the 

genome, which can contain important regulatory regions, such as enhancers that 

function independently of the RNA molecule (Goff and Rinn, 2015, Cho et al., 

2018; Lam et al., 2014; Vikram R. Paralkar et al., 2016).  Nevertheless, in vivo 

assessment of lncRNA function has predominantly relied on assessing the 

consequence of deleting entire lncRNA loci (Andrew R. Bassett et al., 2014; 

Sauvageau et al., 2013a). Numerous studies involving deletion of lncRNA loci have 

been unable to rescue the deletion phenotype using a trans-gene approach, making 
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it difficult to attribute the phenotype to the lncRNA product itself (Marahrens et al., 

1997; Ripoche et al., 1997). While deleting the entire lncRNA is a useful first step 

to establish a phenotype, this approach can make it difficult to identify which 

component of the lncRNA is important for the observed phenotype (Andrew R. 

Bassett et al., 2014; Eißmann et al., 2012; Li et al., 2013; Meller and Rattner, 2002; 

Sauvageau et al., 2013a). 

In Chapter 3, we interrogate the complexity of the lincRNA-Cox2 loci 

through the use of multiple genetic manipulation strategies both in vivo and in vitro, 

including, but not limited to, VelociGene technology, CRISPR/Cas9, and CRISPRi. 

From our results, we identified lincRNA-Cox2 as a cis-acting regulator of its 

neighboring protein-coding gene Ptgs2 using the knock-out (KO) mouse model and 

immortalized bone marrow-derived macrophages (BMDM) cell lines where 

CRISPRi or CRISPR were utilized to interrogate the expression of lincRNA-Cox2 

or Ptgs2. However, in order to study the role of lincRNA-Cox2 independent of its 

cis function, we also generated the lincRNA-Cox2 deficient mutant (Mut) mouse 

model. This model enabled us to determine that knocking-down transcription of 

lincRNA-Cox2 impacts a number of immune genes transcriptionally within the 

spleen or lung organs and at the protein level including Il6 and Ccl5 systemically, 

in an LPS induced endotoxic shock model.  

In Chapter 3, we showed that lincRNA-Cox2 is most highly expressed at 

steady-state in the lung. Next, in chapters 4 and 5 of this thesis, we make use of the 

Mut mouse model and a novel lincRNA-Cox2 transgenic (Tg) mouse to study the 
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role of lincRNA-Cox2 in regulating immune responses within the lung at steady-

state and following either LPS-induced acute lung injury (ALI) or cigarette smoke 

(CS) induced chronic obstructive pulmonary disease (COPD). In chapter 4, we 

found that at baseline, loss of lincRNA-Cox2 resulted in both up- and down-

regulation of immune genes transcriptionally, upregulation of key cytokines 

including Ccl3 and Ccl4 at the protein level, and a decrease in B cell and DC 

number, meaning lincRNA-Cox2 was critical for maintenance of lung homeostasis. 

Then when we performed an ALI model on our Mut mice we find that neutrophil 

recruitment was ablated and there were a number of cytokines (Il6, Ccl3, Ccl5, 

Ccl5, Ccl22) that were up or down-regulated either locally in the BAL fluid or 

systemically in the serum. While we find no strong phenotype in our Tg mice, when 

crossing our lincRNA-Cox2 Mut with our Tg mice, we are able to effectively rescue 

the trans phenotype exhibited in either the ALI or the LPS induced septic shock 

model. Next, using multiple approaches we find that lincRNA-Cox2 functions 

within alveolar macrophages to regulate gene expression including key chemokines 

(Ccl3, Ccl4, Csf3, Cxcl1, Cxcl2) that can impact neutrophil infiltration during ALI 

influx (Kobayashi, 2008; Lee et al., 2000; Metzemaekers et al., 2020). In 

juxtaposition to our ALI specific regulatory role of lincRNA-Cox2 in chapter 4, in 

chapter 5 we find that during a chronic inflammatory model lincRNA-Cox2 

systemically upregulates G-CSF and downregulates Il16 during an 8-week COPD 

model. On the other hand, using our lincRNA-Cox2 Mut and MutxTg mice during 

a 4.5-week COPD model, we find lincRNA-Cox2 is a positive regulator for Cxcl2 
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and Vegf and a negative regulator of Ccl19 in trans. From these acute and chronic 

inflammatory models, we observe differences in cytokines impacted by the 

exposure pointing to a dynamic change in cytokine levels lincRNA-Cox2 may 

regulate depending on stimulant and duration of inflammation. 

7.3 Inflammation drives alternative splicing in macrophages  

While we have come a long way in determining the transcriptomes of 

immune genes to better understand signaling pathways, very little work has focused 

on the role that mRNA isoforms play (Akira et al., 2006; Medzhitov and Janeway, 

1998; Pai et al., 2016b). Over 95% of genes have more than one mRNA transcript 

due to alternative splicing, but the regulatory importance of these splicing events 

are not fully understood (Carninci et al., 2006; Tian and Manley, 2017; Wang et 

al., 2008). On a gene-by-gene approach, alternative splicing has been shown to play 

a role in health and disease by shaping the proteome (Nishiyama et al., 2000; Yang 

et al., 2011; You et al., 2016). Globally, a number of labs have tackled the 

prevalence of alternative splicing in vitro and in vivo showing that alternative 

splicing can affect both the nature and duration of inflammation (Beyer et al., 2012; 

Dev M. Bhatt et al., 2012; Janssen et al., 2020). 

In chapter 5, we show that smoke is able to modulate the splicing landscape 

of BMDMs. The complex inflammatory gene expression program in response to 

smoke is still under investigation and available data fail to explain the mechanism 

underlying the pathology caused by smoke using gene expression changes only. 

Using two different alternative splicing analysis tools, we identified a prevalence 
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of intron retention (IR) events (~300 events), in addition to other events, such as 

exon skipping (~75 events), comparing BMDMs from CS or room air (RA) exposed 

mice. Interestingly, we find that rMATS and JuncBASE reveal 6 overlapping IR 

events. One prominent IR event occurred in the protein Mib2, a ubiquitin-protein 

ligase that mediates ubiquitination of proteins in the Notch signaling pathway, 

which was found to lose the intron retention in the CS condition compared to RA, 

and has not previously been implicated in COPD. Important to note, Mib2 gene 

expression is not altered by CS.  These results reveal the complexity of CS exposure 

impact on the macrophage transcriptome at a level beyond differential gene 

expression.   

In our final study, Chapter 6, we demonstrate the conservation of splicing, 

specifically alternative first exon (AFE) events, in both human and murine 

macrophages. In our study, we demonstrate the conservation of splicing, 

specifically alternative first exon (AFE) events, in both human and murine 

macrophages. Following this, we identified hundreds of novel isoforms resulting in 

95 novel AFE events, supported by CAGE-seq, including an unannotated mRNA 

isoform of the well-studied gene protein absent in melanoma 2 (Aim2).  Aim2 is 

characterized as an interferon-inducible gene (Johnstone and Trapani, 1999) 

(PMID: 10454530), functioning as a cytoplasmic dsDNA sensor leading to the 

formation of an inflammasome and eventual cleavage and release of pro-

inflammatory cytokines of IL1β and IL18 (Bürckstümmer et al., 2009; Fernandes-

Alnemri et al., 2009; Hornung et al., 2009). Our study highlights that it is an 
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alternative mRNA isoform of Aim2 that is inducible and that this upregulated 

transcript is translated less efficiently compared to the canonical isoform. This 

novel finding goes against the existing assumption that induced gene expression 

results in induced protein expression. There is no difference in the open reading 

frame of the novel isoform of Aim2 when compared to the annotated transcript 

using NCBI ORFfinder, therefore we turned our attention to a possible regulatory 

mechanism within the 5′UTR (Mignone et al., 2002). Using RegRNA2.0 (T.-H. 

Chang et al., 2013) we identified an Iron Responsive Element (IRE), a regulatory 

motif unique to only the novel 5′UTR of Aim2. Utilizing multiple molecular 

techniques including GFP reporter assays, site-directed mutagenesis, polysome 

profiling, western blot analysis, and CRISPR/Cas9, our results demonstrate that the 

inflammatory specific mRNA isoform of Aim2 has lower translational efficiency 

than the canonical form and that protein translation can be increased by the addition 

of iron. Further work will need to be carried out in order to study the specific 

function of the isoforms of proteins identified here. 

7.4 Future directions 

There are several lines of future investigation that can be explored to further 

our understanding of how ncRNA elements regulate our innate immune system. 

Focusing first on our novel murine GM-CSF secreting cell line (chapter 2), we 

identified that supernatant GM-CSF collected from culturing this cell line could be 

used as a replacement for commercially acquired GM-CSF. Our cell line not only 

could efficiently culture both primary alveolar macrophages (AMs) and bone 
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marrow-derived dendritic cells (BMDCs), but we could also generate more 

BMDCs than with lyophilized murine GM-CSF. I hypothesize that there are 

additional factors in the supernatant acquired from the HEK-293T cell line that 

could be allowing for more efficient BMDC differentiation, but the exact factors 

are still unknown. Additionally, I believe that the method used to generate the 

murine GM-CSF cell line, could be utilized to generate a human GM-CSF and M-

CSF secreting cell line for generating primary human macrophage and dendritic 

cells. 

The next sections of this thesis encompassed an investigation of the role of 

lncRNAs in host immunity, specifically focusing on the seminal immune regulatory 

lncRNA, lincRNA-Cox2 (chapters 3, 4, and 5). My findings definitively show that 

lincRNA-Cox2 functions in trans to regulate cytokines/chemokines and neutrophil 

recruitment in the lung using acute and chronic models. What remains to be 

performed is live pathogen (bacterial or viral) infection models. Since we find that 

lincRNA-Cox2 positively regulates NFκB targeted genes and negatively regulates 

IFN targeted genes, we hypothesize that lincRNA-Cox2 deficient mice would be 

protected during viral infections and more susceptible to bacterial infections. 

Additionally, it would be of interest to understand the mechanism of action of how 

lincRNA-Cox2 could be regulated by live pathogens utilizing both in vivo and in 

vitro methods. Finally, it would be informative to know the exact mechanism of 

action for lincRNA-Cox2 within alveolar macrophages. I would want to perform 

lincRNA-Cox2 pull-down experiments in immortalized alveolar macrophages, to 
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determine either protein, DNA, or RNA binding partners. As well as determine the 

exact structure of lincRNA-Cox2 to further assess how and where 

protein/DNA/RNA partners may bind. These experiments and more would further 

push the field of lncRNA immunobiology further, by not only knowing the in vivo 

role but the molecular mechanism of how lincRNA-Cox2 is able to regulate the 

immune response.    

Chapters 5 and 6 of this thesis touch on how splicing is differentially 

regulated by inflammation in macrophages, either through direct interrogation with 

LPS or indirect effects by in vivo cigarette smoke exposure. From these global 

studies, we find that long-term treatment with CS drives intron retention (IR), while 

acute treatment of LPS drives alternative first exon (AFE) usage. In the latter study, 

using multiple approaches we determine the mechanism of a specific AFE event, 

Aim2. From this study, we now know that Aim2 has an AFE isoform driven by 

inflammation and is regulated through an iron response element (IRE) which 

decreases the translational efficiency of this protein. What is left to be determined 

is if this mechanism observed in vitro is relevant in vivo. Additionally, these 

findings could have significance for better understanding the mechanisms driving 

pathology in inflammatory disease such as systemic lupus erythematosus (SLE) 

(Corbett, 2018). AIM2 expression levels have been correlated with the severity of 

inflammation in SLE patients (Zhang et al., 2013) and it is well known that iron is 

dysregulated in this disease (Vanarsa et al., 2012). Therefore, it would be of utmost 

importance to determine if this mechanism, identified in mouse is conserved in 
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humans utilizing long-read sequencing of primary human macrophages. From here, 

it would be good to determine if this could be used for a potential therapeutic 

design. These experiments and more could be performed to gain a better 

understanding of how RNA regulatory elements and lncRNA genes are critical to 

regulating our innate immune system. Below are additional open questions that 

remain to be explored.   

7.5 Outstanding questions 

• Can all recombinant proteins needed for culturing primary cells be replaced with 

supernatant from HEK-293T cell lines secreting the protein of interest? 

• What is the mechanism of action of lincRNA-Cox2 in alveolar macrophages? Is it 

different to BMDMs? 

• What is the structure of lincRNA-Cox2? 

• How does lincRNA-Cox2 function to regulate infection by live pathogens? 

• Is lincRNA-Cox2 conserved in humans? 

• Are there unique alternative splicing signatures for every inflammatory stimulant 

in human and mouse macrophages? 

• Is the inflammatory regulated murine AFE Aim2 isoform relevant in vivo, using 

either live pathogen infections or a Systemic Lupus Erythematosus murine model? 

• Is the IRE regulatory motif found in the Aim2 gene of murine macrophages, 

conserved in humans? Could this be a therapeutic target for SLE patients? 

• Are IRE motifs as a regulatory mechanism universally utilized by more immune 

genes? 
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APPENDIX 1- Supplemental information to Chapter 2 

 

 
Supplemental Figure 2.1- Validation of cloned murine GM-CSF. 
(A) Image of PspXI and NotI digested PCR product of murine GM-CSF. (B) 
Detailed 266 vector map of mGM-CSF, restriction sites, promoter, antibiotic 
selection and mCherry sequence. (C) Alignment of Sanger sequencing results of 
mGM-CSF and 266 Vector map strategy. (D) Quality of sanger sequencing results 
of murine GM-CSF.  
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Supplemental Figure 2.2- mCherry expression in HEK293T cell line. 
HEK-293T cell line lentiviral integration of GM-CSF was selected using 
puromycin (2ug/ml) over a week. Flow cytometry was used to assess fluorescence 
intensity.  
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Supplemental Figure 2.3- Gating strategy for identifying dendritic cell and 
macrophage populations. 
M-CSF and GM-CSF differentiated cells were both put through the same gating 
strategy. The 5 gating plots are for the (A) M-CSF, (B) pGM-CSF (10ng/ml), (C) 
pGM-CSF (25ng/ml), (D) supGM-CSF (10ng/ml), (E) supGM-CSF (25ng/ml) 
differentiated cells. Non-debris cells were gated for in gate 1, then singlets in gate 
2, followed by CD45+ and live cells were gated for in gate 3, then CD11b+ cells 
were gated in gate 4 finally this population of cells were visualized using F4/80+ 
and CD11c+ markers and gate were put into quadrants.   
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Supplemental Figure 2.4- Expression of MHC II on dendritic cell populations 
differentiated with 10ng/ml pGM-CSF or supGM-CSF. 
(A) Histogram overlay of CD45+ and CD11b+ M-CSF (grey) and pGM-CSF (pink) 
or (B) supGM-CSF (orange) differentiated cells expressing MHC II. (C) Graphical 
representation of MHC II mean fluorescence of M-CSF, pGM-CSF, or supGM-
CSF differentiated cells. Student’s t-tests were performed using GraphPad Prism. 
Asterisks indicate statistically significant differences between mouse lines (∗p ≥ 
0.05, ∗∗p ≥ 0.01, ∗∗∗p ≥ 0.005). 
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Supplemental Table 2.1: Cost of purified murine GM-CSF. 
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APPENDIX 2- Supplemental information to Chapter 3 

 

Supplemental Figure 3.1- lincRNA-Cox2 is highly expressed in the lung. 
(A) Heatmap of log10FPKM+1 expression levels of the lincRNA-Cox2 in a panel of 
adult mouse tissues and cell lines via RNA-Sequencing. (B) 
log(clusterMean_TPM+1) expression of lincRNA-Cox2 and Ptgs2 from single cell 
sequencing of mouse lung tissue. Cell types are separated by immune cells and 
epithelial/endothelial cells. (C) Examining the expression of lincRNA-Cox2 within 
the Lung and Liver. LincRNA-Cox2 heterozygous mice were injected (IP) with LPS 
and sacrificed after 5h. LacZ staining indicates strong lincRNA-Cox2 expression 
within the bronchiolar epithelial cells (upper panels 10X magnification) in the lung 
and no staining in the liver.  
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Supplemental Figure 3.2- Ptgs2 levels are reduced in brain and lungs of 
lincRNA-Cox2 knockout mice.  
(A-B) Cis-region plots. The x axis shows gene start distance (in megabases) from 
the lncRNA transcriptional start site. Here we show a truncated region spanning 
only a 1-Mb window on either side of the lncRNA. The y-axis shows the test 
statistic (Cuffdiff2 comparing KO to WT). Red color indicates significant 
differential expression between WT and KO. (C-D) lincRNA-Cox2 KO mice were 
injected (IP) with LPS or PBS for 6hrs. Spleens and lungs were harvested, followed 
by RNA isolation and RNA-Sequencing. The reads of LacZ were normalized 
against size Factors for each library and this number was then plotted on a dot plot 
graph. 
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Supplemental Figure 3.3: lincRNA-Cox2 is localized to both the Cytoplasmic and 
Nuclear Compartment in BMDMs 
(A) BMDMs derived from WT mice were stimulated with LPS for 6hrs. Using the 
NE-PER Nuclear and Cytoplasmic Extraction kit the BMDM cells were 
fractionated. lincRNA-Cox2 localization was assessed using qRT-PCR. 
Cytoplasmic (Actin) and nuclear (Neat1) controls were used to assure proper 
cellular fractionation. Error bars represent biological triplicates of the experiment. 
(B) LincRNA-Cox2 over-expressing (OE) BMDMs were generated using a 
lentiviral vector expressing full length lincRNA-Cox2. These cells were then treated 
with LPS for 6hrs and treated the same as figure A. Data represents 3 combined 
biological replicates, representative of 3 individual experiments. 
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Supplemental Figure 3.4: Enhancer marks are present within the promoter of 
lincRNA-Cox2  
(A) Diagram, reading from left to right, depicts the process of hematopoiesis. This 
is the process of how all blood cells are differentiated from a single hematopoietic 
stem cell. (B-E) Below we have UCSC browser tracks indicating histone marks, 
(B) H3K4me1 (enhancer), (C) H3K4me2 (active enhancer and transcription factor 
binding site), (D) H3K4me3 (active transcript) and (E) H3K27Ac (active and 
poised enhancer), peaks were measured using ChIP from all hematopoietic blood 
cells depicted in (A). The color scheme from (A) corresponds to the different cell 
types. This data was generated by Lara-Astiaso et al using FACs followed by ChIP-
Seq (Lara-Astiaso et al., 2014).  
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Supplemental Figure 3.5: lincRNA-Cox2 CRISPRi KD in a BMDM clonal cell 
line. 
(A) Schematic of where dCas9-Krab will sit at the transcriptional start site of 
lincRNA-Cox2. (B) UCSC Genome Browser shot of four separate tracks. Top track 
is the location of where the two sgRNAs target. The second track is the lincRNA-
Cox2 transcript. The third and fourth track are of stranded RNA-Sequencing reads 
of wild-type BMDM LPS stimulated cell. Schematic (C-D) RT-qPCR was used to 
measure lincRNA-Cox2 and Ptgs2 levels were measured in 6hr LPS stimulated 
BMDMs following knockdown of lincRNA-Cox2 using CRISPRi in clonal cell line 
number 2. Data represents 3 combined biological replicates, representative of 3 
individual experiments. Student’s t-tests were performed using Graphpad Prism7. 
Asterisks indicate statistically significant differences between mouse lines (*= 
>0.05, **= >0.01 and *** = >0.005). 
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Supplemental Figure 3.6: Ptgs2 CRISPRi KD in BMDM clonal cell lines. 
(A) Schematic of where dCas9-Krab will sit at the transcriptional start site of Ptgs2. 
(B) UCSC Genome Browser shot of four separate tracks. Top track is the location 
of where the two sgRNAs target. The second track is the Ptgs2 transcript. The third 
and fourth track are of stranded RNA-Sequencing reads of wild type BMDM LPS 
stimulated cell. Schematic (C-F) RT-qPCR was used to measure Ptgs2 and 
lincRNA-Cox2 levels were measured in 6hr LPS stimulated BMDMs following 
knockdown of lincRNA-Cox2 using CRISPRi. Two separate CRISPRi clonal cell 
lines were used,1 and 2. Data represents 3 combined biological replicates, 
representative of 3 individual experiments. Student’s t-tests were performed using 
Graphpad Prism7. Asterisks indicate statistically significant differences between 
mouse lines (*= >0.05, **= >0.01 and *** = >0.005).  
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Supplemental Figure 3.7: Differentially expressed genes from LPS challenged 
Mutant Mice. 
(A-B) Using DAVID analysis on the mutant Spleen or mutant Lung specific DE 

genes show the pathways differentially expressed in the tissues. (C) Heat-map of 

the 6 DE genes, shared by both the spleen and lung of mutant mice, generated by 

Morpheus (Broad Institute). 
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Supplemental Table 3.1- Basal Lungs WT vs. KO DE Genes 
Gene ID log2Fold p-value 
Lincrna-cox2 -1.7354077 2.39E-95 
Tnn 0.7089744 8.42E-27 
3110007F17Rik 0.731994 1.57E-25 
Rgs2 -0.6293702 5.86E-23 
Nxpe3 0.5983345 9.96E-17 
Atp13a4 0.6776593 2.03E-16 
Csf3r 0.538864 4.36E-15 
Ptgs2 -0.4993949 4.52E-14 
Ddx59 0.5385587 3.78E-13 
Cxcr2 0.6009384 4.29E-13 
Chil1 -0.5935243 7.66E-13 
S100a9 0.550046 1.51E-12 
Fabp5 0.5246264 1.35E-11 
9530082P21Rik -0.4866971 6.38E-11 
Abca17 -0.5386321 1.77E-10 
Ighg 0.525746 1.99E-10 
Pqlc1 -0.4841707 2.09E-10 
Sfxn2 0.4316216 2.53E-10 
Klhl4 -0.5343062 2.83E-10 
Tnfaip8 0.4058303 3.17E-10 
AK205379 -0.503557 1.44E-09 
9530082P21Rik -0.5044233 1.53E-09 
Morn4 -0.4703481 5.36E-09 
Cttnbp2nl -0.3053555 9.51E-09 
abParts 0.4629206 1.15E-08 
Cd200 -0.4454337 1.37E-08 
Phlda3 -0.3731554 0.00000002 
Nr5a2 -0.3772788 2.46E-08 
Zbtb16 -0.4578004 2.67E-08 
Trove2 0.2700063 3.53E-08 
Slfn4 0.456071 3.56E-08 
S100a8 0.4370353 5.39E-08 
Pim3 -0.3437566 5.48E-08 
Retnlg 0.4293419 6.85E-08 
Clec4d 0.4480921 7.01E-08 
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Rspo1 0.4505842 8.06E-08 
Sik1 -0.4241643 0.000000135 
Gm1966 0.357654 0.000000241 
Hes1 -0.3663266 0.000000245 
Clec16a 0.3258599 0.000000246 
Tbc1d23 0.3497438 0.000000294 
Atp6v0c -0.3366274 0.000000415 
Hsd3b2 0.4266714 0.000000439 
Plk2 -0.3745345 0.000000479 
Gas5 -0.3340544 0.000000523 
Rbp4 -0.3476312 0.000000526 
5330426P16Rik -0.3599691 0.000000642 
Cyp2e1 -0.4199914 0.000000706 
Fbln2 -0.3776575 0.000000792 
abParts 0.3873455 0.0000011 
Camsap2 0.250697 0.00000122 
Hist2h2be -0.3736736 0.00000128 
Igh 0.3163125 0.00000157 
Lcn2 0.2846813 0.00000172 
Slc16a1 0.3907191 0.00000174 
Ptp4a1 -0.2761817 0.00000203 
Nlrp12 0.3970623 0.0000026 
Eps8l1 -0.3207519 0.00000315 
Gpam 0.2117663 0.00000392 
Mmp8 0.36886 0.00000411 
Stfa2l1 0.3531902 0.0000046 
Vash1 -0.2965363 0.00000598 
Ciita 0.2738509 0.00000617 
Nfia -0.3245377 0.00000635 
Ctgf -0.267199 0.00000688 
Slc35a5 -0.3141941 0.00000754 
1810011O10Rik -0.3163852 0.00000772 
Slc40a1 0.3204362 0.00000828 
Rnf41 0.2912573 0.00000836 
H2-M2 0.3426587 0.00000865 
Iars2 0.2330475 0.00000919 
Apln -0.3041366 0.00000985 
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Nr4a1 -0.2828688 0.0000111 
Stxbp1 -0.2476951 0.0000118 
Fam46a 0.2846395 0.0000133 
Lad1 0.3346245 0.0000153 
Pyroxd2 -0.3633576 0.0000175 
Cd84 0.2655332 0.0000189 
Zfp711 0.3622932 0.000019 
Adora1 0.3340975 0.0000203 
Zfp185 0.3354147 0.0000223 
Il18rap 0.343827 0.0000244 
Cxcl2 -0.3088133 0.0000247 
F630028O10Rik 0.3549826 0.0000261 
Rab27b 0.2496435 0.0000262 
Gm4951 0.2754079 0.0000269 
Asah2 0.2986953 0.0000357 
Nfkbiz -0.3336508 0.0000378 
Prss41 -0.2455218 0.0000379 
Zfp36 -0.3291107 0.0000397 
Irf2bp2 -0.2704431 0.0000424 
Pla2g7 0.291901 0.000044 
Malat1 -0.2664177 0.0000447 
Cd74 0.2188291 0.0000477 
Zfp87 0.2935572 0.0000484 
Kcnrg 0.3288762 0.0000521 
Tmem252 -0.312203 0.0000533 
Ildr2 0.3252942 0.0000546 
Stc1 -0.2905469 0.0000548 
Dhrs9 0.3226817 0.0000592 
4933403O08Rik 0.2441187 0.0000594 
Adamts1 -0.2722769 0.0000676 
3110056K07Rik 0.3137768 0.0000679 
Clec5a 0.3286559 0.0000679 
Gtpbp2 -0.1988563 0.0000728 
B4galt4 -0.2895681 0.0000742 
Fbxw4 -0.2563912 0.0000756 
Lmod1 -0.329491 0.0000817 
Zfp281 0.2218164 0.0000831 
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Fpr1 0.3309385 0.0000851 
Mb21d2 0.2902853 0.0000876 
Zfp945 -0.2818637 0.0000884 
Dusp2 -0.3299371 0.0000948 
Flywch1 -0.2436421 0.000106 
Smad7 -0.2958419 0.000108 
Rnps1 0.2851735 0.000109 
Chia1 0.2425273 0.000109 
Rhob -0.2464558 0.000118 
Slc6a20a 0.3175925 0.000124 
Rgs18 0.3240034 0.000124 
Bpnt1 0.2256349 0.000127 
Arl4d -0.3203723 0.000128 
Cd33 0.275372 0.000131 
Colgalt2 -0.2745584 0.000137 
Spink5 0.1334163 0.000147 
Tbc1d24 0.2776322 0.000148 
C1qtnf2 -0.2613982 0.000149 
Muc16 0.2226193 0.000161 
Amica1 0.3168005 0.000161 
Gda 0.2405918 0.000161 
Kif5c 0.3166365 0.000164 
Rsad2 0.3192441 0.000164 
Il1rn 0.2916614 0.000165 
Crb2 0.1735109 0.000171 
AK192194 -0.2525601 0.000172 
Hist2h2bb 0.2363827 0.000177 
Itga5 -0.2076023 0.000181 
Apold1 -0.2214238 0.000184 
Lgals2 0.2806646 0.000192 
H2-Ab1 0.2123768 0.000195 
Nova2 -0.2842696 0.000198 
Il1f9 0.3151292 0.000199 
Mir143hg -0.3127432 0.00021 
Kcnq1ot1 -0.2934474 0.000213 
F830016B08Rik 0.1647235 0.000213 
Chm 0.2198265 0.000217 
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AK076605 0.3024174 0.000248 
Zfp597 0.2354376 0.000252 
Fibin -0.2625227 0.000259 
Scn7a 0.2030104 0.000268 
Igsf6 0.2970572 0.000271 
Fmo2 0.1688864 0.000274 
Ros1 0.3050538 0.000279 
Gas1 0.3026858 0.000301 
Got1 -0.2499543 0.000318 
Zfp747 0.2678521 0.000319 
3110052M02Rik -0.2777682 0.000331 
Ptpn4 0.2892793 0.000335 
Slc11a2 0.2213383 0.000337 
Cd47 0.1601302 0.000337 
Srp54b 0.2265359 0.000356 
Foxf1 -0.2400145 0.000358 
Mir17hg 0.3019105 0.000365 
Zcchc3 0.2794577 0.000369 
Nos3 -0.2493529 0.000369 
Nmnat2 -0.2836894 0.000378 
Shank3 -0.2727754 0.000383 
C2cd4b -0.2758237 0.000395 
Atf3 -0.1705393 0.000413 
Serpine1 -0.2660146 0.000423 
Efemp1 0.2406261 0.000447 
Lgr6 -0.2888314 0.000448 
Xlr3a 0.1951874 0.000451 
Thbs1 -0.290251 0.000452 
Dynlt1a -0.2773233 0.000463 
Srp54a 0.2369409 0.000466 
Slc13a4 -0.2944352 0.000467 
Gramd1a -0.2087242 0.00048 
AB335951 -0.2211362 0.000481 
Gpr4 -0.2787223 0.000482 
Myo9a 0.2040848 0.000492 
Abhd10 -0.2688858 0.000504 
Igj 0.2463604 0.000504 
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Egr1 -0.2336862 0.000505 
LOC100038947 0.2509624 0.000559 
Bhlhe40 -0.2604929 0.000564 
1700047I17Rik2 0.2468336 0.000577 
Ift57 0.2324073 0.000584 
Ppp1r15a -0.2882282 0.000597 
Rsph3a 0.2456001 0.000598 
Prg2 0.1859429 0.000603 
BC030470 0.2848118 0.000605 
Ubc -0.2208558 0.00062 
Nebl 0.2124836 0.000622 
Hlx -0.2756275 0.000623 
Dennd4a 0.1741688 0.000627 
Clp1 0.2570525 0.000628 
Plcb1 -0.2104707 0.000637 
Wbp1l -0.1656286 0.000643 
Xlr4b 0.2814547 0.000647 
Atrx 0.2456235 0.000648 
Igfbp6 0.2098487 0.000652 
Nfil3 -0.2831982 0.000667 
Kcna3 0.2877084 0.000682 
Trib1 -0.2586527 0.000683 
Ppp1r12b 0.276333 0.000683 
Csrnp1 -0.2687844 0.000694 
Igfbp4 -0.1985851 0.000706 
H2-Eb1 0.1994318 0.000708 
Srp54b 0.1944685 0.000711 
Safb2 -0.1869357 0.000715 
Fam213a 0.2701337 0.00072 
Arl5b 0.2313442 0.000724 
Sacs 0.2585832 0.00073 
Rev3l 0.20006 0.00073 
Armcx1 -0.2348785 0.000744 
Prps2 0.1960618 0.000785 
Spsb3 0.258967 0.000826 
Mcf2l -0.2249107 0.000841 
Decr2 0.2552757 0.000843 



 

260 
 

Atp6v0c 0.2396619 0.000844 
Fermt1 0.2797747 0.00086 
Fam180a 0.1918081 0.000861 
Gabre -0.2726824 0.000866 
Tor3a -0.1875576 0.000867 
H2-Aa 0.1957261 0.000877 
Tmod4 0.2712647 0.000887 
Amigo2 -0.2754293 0.000893 
Alox5ap 0.1927987 0.000924 
Epm2aip1 0.177496 0.000924 
Pmvk -0.2014269 0.000942 
Zbtb37 0.2782567 0.000967 
Rnls -0.2784179 0.000967 
Neurl1a -0.270922 0.000974 
Trpm2 0.2686722 0.000989 
Cd38 -0.2464051 0.001 
Gp49a 0.2594689 0.001 
Mefv 0.2737791 0.00101 
Kazald1 0.2532408 0.00102 
Bmpr1b 0.2488426 0.00102 
N4bp3 -0.2006031 0.00103 
Rpp25 0.1543694 0.00103 
Fscn1 -0.2350864 0.00104 
Slurp1 0.1628733 0.00104 
Cxcl13 0.2743645 0.00108 
Chuk 0.1843557 0.00108 
Zfp944 0.2589401 0.00108 
Gm12992 -0.1726486 0.00108 
Rabgap1l 0.2052386 0.0011 
AB351656 -0.2162835 0.00112 
Klf4 -0.2426549 0.00114 
BC019819 -0.2751356 0.00116 
Pirb 0.2103699 0.00117 
Chst15 -0.1829514 0.00119 
Fgfr1op 0.2104045 0.00121 
Pim1 -0.2507093 0.00122 
Rbm33 -0.1807159 0.00125 
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Arpc5 -0.1709515 0.00126 
BC026600 -0.2543419 0.00128 
Fnip1 0.1787093 0.00128 
Ly75 0.2424999 0.00129 
Rab3gap2 -0.2136032 0.0013 
Tpm3 -0.2449211 0.0013 
Hspg2 -0.2512595 0.00131 
D10Bwg1379e 0.267837 0.00131 
AK051008 0.2584938 0.00132 
Rora 0.1776218 0.00133 
Cd177 0.2171372 0.00136 
Ccr3 0.259107 0.00136 
Sox13 -0.2073365 0.00136 
Hsd17b4 0.1485435 0.00137 
abParts 0.2511559 0.00138 
Ranbp6 0.1932006 0.00138 
AK052594 0.1884441 0.0014 
AK087617 0.2412754 0.00141 
Sec16b -0.2698192 0.00142 
Bcan 0.2672361 0.00143 
Paqr4 0.2323953 0.00144 
Rims2 -0.242336 0.00144 
Fam13b 0.1816761 0.00144 
Lmbrd2 0.2655562 0.00145 
Hn1l 0.1892837 0.00146 
Lrrc8a -0.2399754 0.00147 
Gcnt1 0.2528463 0.00147 
Rasd1 -0.1832495 0.00148 
Zfp40 0.2457929 0.0015 
Gprin3 0.2640025 0.00155 
Ahdc1 -0.2237475 0.00155 
Zfp579 -0.2329242 0.00156 
Rasgef1b -0.1861684 0.00159 
Tle1 -0.162839 0.0016 
Mterfd2 -0.1895262 0.00162 
Plekhg5 -0.1826371 0.00167 
Ehf 0.1910373 0.00168 
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BC134356 -0.248881 0.00169 
BC005561 0.2650615 0.00171 
Gm13251 0.264192 0.00172 
Mgst2 -0.2651041 0.00173 
Ccr1 0.238552 0.00173 
Emid1 -0.2356166 0.00174 
Arhgef38 0.263 0.00180769 
Clec4e 0.263 0.00181597 
Cers6 0.226 0.00184371 
Col15a1 -0.261 0.00190505 
Gm5483 0.223 0.00190879 
A630007B06Rik 0.227 0.00194694 
Fmo4 0.261 0.00196315 
Cxcr6 0.258 0.00198859 
Brwd3 0.258 0.00198895 
D3Ertd254e 0.226 0.00201684 
Eme2 0.227 0.00203405 
Camk2b -0.256 0.00205486 
Disp2 -0.257 0.002066 
Zfp758 0.248 0.00208127 
Hdhd2 0.216 0.00211382 
Sox7 -0.237 0.00221784 
Gprc6a -0.257 0.00223642 
Cxcl1 -0.219 0.00226692 
AK213636 -0.232 0.00236779 
Xrcc6bp1 -0.255 0.00237018 
Cdkl5 0.242 0.00237043 
Ptprv 0.232 0.00242967 
Ttyh3 -0.203 0.00243021 
Tlr8 0.229 0.00247844 
Btg2 -0.232 0.00250598 
9930111J21Rik2 0.256 0.00251116 
Socs3 -0.208 0.00252613 
Dusp1 -0.233 0.00253375 
C3ar1 0.253 0.00254601 
Havcr2 0.216 0.00262165 
Fan1 0.219 0.00265339 
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Lnpep 0.232 0.00268716 
Cd163l1 0.232 0.00285699 
Plcxd3 0.226 0.00291746 
Sbk1 -0.204 0.00305521 
Ccdc154 -0.25 0.00307443 
Fos -0.205 0.00309276 
Plekhg2 -0.209 0.00309399 
Pigr 0.236 0.00310748 
Gpr39 0.25 0.00312971 
Mtss1l -0.206 0.00330846 
Sptssb 0.247 0.00335077 
Cd300ld 0.236 0.00335881 
Lilrb4 0.217 0.00337485 
Ptar1 0.248 0.00338494 
Nav1 -0.223 0.00340658 
Dnm3os 0.225 0.00344727 
Kbtbd8 0.245 0.00351978 
Il5ra 0.217 0.0035336 
Lyplal1 -0.243 0.00362537 
Xrn1 0.218 0.00365271 
Cyr61 -0.245 0.00365494 
1700071M16Rik 0.243 0.00375872 
Ndrg4 -0.244 0.00378161 
Fcamr 0.23 0.00379875 
Tnpo1 0.2 0.00386817 
D830031N03Rik 0.228 0.00389429 
Trip11 0.215 0.00392103 
Pon3 0.209 0.00399594 
Ddit4 -0.224 0.00404056 
Milr1 0.243 0.00406793 
1700084C01Rik 0.242 0.00412459 
Zfp764 0.201 0.00413219 
Itih4 -0.205 0.00417186 
Npm3-ps1 -0.234 0.00417455 
Xpo4 0.213 0.00423175 
Aqp9 0.238 0.00426537 
Mtcp1 0.229 0.00430082 
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Ntn3 0.241 0.00446318 
Ackr3 -0.218 0.00450063 
Nbeal1 0.227 0.00455335 
Selp -0.227 0.00460658 
Tlr7 0.22 0.00463335 
Maff -0.222 0.0046368 
Jun -0.237 0.00464081 
Klhl11 0.224 0.00464855 
Mcm6 -0.228 0.00485188 
Nxn -0.205 0.00485365 
Nfkbid -0.238 0.00490789 
Tinag 0.204 0.00491756 
Lypd1 0.238 0.00494807 
Tox2 -0.226 0.00510386 
Tcp11l1 0.233 0.00515801 
Fam101a -0.237 0.00518403 
Ngfr -0.213 0.00524174 
T2 -0.233 0.00525805 
Gm7694 -0.214 0.00533806 
AK020087 0.235 0.00542506 
Mybph 0.209 0.0054993 
Gapt 0.231 0.00553045 
Nap1l5 -0.224 0.00570118 
Bcl6b -0.2 0.00575778 
Ier2 -0.204 0.0057616 
Dclk1 0.221 0.00585565 
Sfrp2 0.233 0.00585701 
Zfp943 0.21 0.00590515 
C77370 0.216 0.00597616 
Map4k1 -0.212 0.00600012 
Lox -0.226 0.0060767 
Gltscr1 -0.206 0.00615085 
Wnt10b 0.218 0.00616151 
Col28a1 0.225 0.00625318 
Slfn8 0.218 0.00625985 
Pmaip1 -0.213 0.00631995 
Cd86 0.218 0.00643226 
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Rgs4 0.218 0.00657119 
Lrriq1 0.23 0.0065816 
Rorc -0.219 0.00679483 
Mettl20 -0.215 0.00688032 
Ccr2 0.218 0.00690376 
Socs4 0.208 0.00705151 
Gata3 -0.203 0.00709684 
Faim3 -0.217 0.00713568 
Amdhd2 0.208 0.00716321 
Polr3g 0.221 0.0071925 
Cidec -0.215 0.00761032 
Bnc2 0.224 0.00770399 
Bmp2 -0.207 0.007907 
Rarres2 0.209 0.0080667 
Cd1d2 -0.218 0.00822165 
Zbtb7c 0.221 0.00823248 
Cftr 0.213 0.00828487 
Trim30b 0.222 0.00834166 
Cybrd1 -0.215 0.00837461 
Dll1 -0.2 0.00858213 
Thbs2 -0.222 0.00861585 
Eda2r 0.222 0.0086606 
Eppk1 -0.216 0.00888971 
Ifit1 -0.21 0.00933338 
Fndc7 0.216 0.00944623 
Sox11 -0.203 0.00962002 
Serpina3m 0.219 0.00979229 
Tcrg-C3 0.21 0.00980698 
Foxc1 -0.218 0.00994936 
Kcnj2 0.204 0.01027225 
Atl1 0.209 0.01035182 
Pkmyt1 0.216 0.01037687 
Gabra3 0.21 0.01046292 
Gpr68 0.214 0.01065254 
Itgad 0.215 0.01067181 
Zfp709 0.202 0.01077164 
Ly6c2 0.202 0.01079774 
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D630041G03Rik -0.212 0.01080725 
Hmga2-ps1 0.216 0.01089739 
Tmem151a 0.213 0.01114943 
Wfdc17 0.214 0.01126193 
Nkain4 0.213 0.01131797 
Atp8b4 0.206 0.01134926 
P2ry13 0.206 0.01157673 
AK014660 -0.204 0.01169354 
Alox15 0.209 0.01208321 
Cd101 0.212 0.01208952 
Glb1l3 -0.212 0.01222255 
Dnajb14 0.2 0.01223194 
Cdr2l -0.203 0.01263254 
4632428C04Rik -0.203 0.01293444 
Klhl28 0.208 0.01333207 
Fcer1g 0.201 0.01347342 
Prdm8 -0.208 0.01380602 
Zfp78 0.208 0.01386717 
Epha3 0.205 0.0139291 
AK205396 -0.208 0.01407756 
Siglece 0.206 0.01416957 
Zfp72 0.204 0.01418057 
Mafb -0.206 0.01432498 
Plch1 0.201 0.01455158 
Pvt1 0.204 0.01469264 
5730559C18Rik -0.204 0.01480896 
Marco 0.205 0.01521858 
Lcor 0.203 0.01551039 
Hif3a -0.204 0.01563287 
Syngap1 -0.202 0.01574443 
Bdkrb2 -0.2 0.01607633 
AK085201 -0.202 0.01724635 
Dusp23 -0.2 0.0178231 
Gm13152 0.2 0.01841227 
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APPENDIX 3- Supplemental information to Chapter 4 

 
Supplemental Figure 4.1: Chart of defining all lincRNA-Cox2 mice models.  
To understand the different mouse models the chart includes: how the mice were 
designed, the technology used to generate the mice, the expression of lincRNA-
Cox2 and Ptgs2, as well as the mechanism. 
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Supplemental Figure 4.2: Characterization of immune pathways in lincRNA-
Cox2 mutant at baseline.  
(A) Schematic of cytokine analysis of lung homogenates from WT and mutant 
mice. Multiplex cytokine analysis was performed on lung homogenates for (B) Il16, 
(C) Timp1, (D) Ccl22, (E) Ccl11, (F) Vegf, (G) Ifnb1 and (H) Ccl12. (I) Schematic 
of RNA-seq analysis of WT and Mutant lungs at baseline. Normalized counts for 
(J) Il12p40, (K) Cxcl10, (L) Ccl3, (M) Ccl4, (N) Cxcl2, (O) Ccl5 and (P) Ccl19. 
Student’s t-test used to determine significance and asterisks indicate statistical 
significance (*=> 0.05, **>=.01, ***=> 0.0005). 
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Supplemental Figure 4.3: lincRNA-Cox2 is still expressed at 24h post an LPS 
induced ALI model.   
6 WT mice were treated with either PBS or 3.5mg/kg of LPS via the oropharyngeal 
route. After 6h and 24h, BALs were harvested, and RNA was isolated. lincRNA-
Cox2 was measured by RT-qPCR in pooled BAL cells. 
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Supplemental Figure 4.4: PCR strategy of transgenic lincRNA-Cox2 mouse 
using the TARGATT system.   
Generation of transgenic mouse with the Targatt system. This process allowed 
recombination at the H11 locus.  Specific primer sets were used to confirm correct 
integration of lincRNA-Cox2. The strategy used to generate the lincRNA-Cox2 
transgenic mice was adapted from Tasica et al, PNAS 2011 and genotyping (A-D) 
strategy was utilized to confirm homozygosity. 
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Supplemental Figure 4.5: Overexpression of lincRNA-Cox2 in vivo does not 
regulate acute inflammation.  
(A) Schematic of WT and Transgenic septic shock model. RNA was isolated from 
lung tissue to measure mRNA expression of (B) Il6 and (C) Ccl5, normalized to 
GapDH. Serum was harvested to measure (D) Cxcl10, (E) Il12p40, (F) Ifnb1 and 
(G) Tnf by ELISA. Student’s t-test used to determine significance and asterisks 
indicate statistical significance (*=> 0.05, **>=.01, ***=> 0.0005). 
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Supplemental Figure 4.6: Genotyping strategy for MutxTG lincRNA-Cox2 
mouse.  
(A) PCR7/8 TARGATT primers were utilized to check for homozygosity. (B) 
lincRNA-Cox2 specific primers were utilized to assess homozygosity of mutant 
mouse allele. 
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Supplemental Figure 4.7: lincRNA-Cox2 transcriptional regulation is muted in 
BAL cells.  
RNA isolations were performed on BAL cells harvested from ALI treated WT, 
lincRNA-Cox2 Mutant and lincRNA-Cox2 MutxTg mice to measure mRNA 
expression of (A) Il6, (B) Ccl5, (C) Ccl3 and (D) Ccl4. 
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Supplemental Figure 4.8: scRNA-seq does not significantly identify cell-type 
specific lincRNA-Cox2 expression in the lung during acute inflammation.  
Mould et al. generated scRNA-seq of alveolar macrophages from WT mice pre- 
and post- LPS induced acute lung injury. (A) tSNE plots were generated indicating 
5 distinct populations. Then tSNE plots were utilized to examine (B) day of LPS 
stimulation and (C) lincRNA-Cox2 (ptgs2os2) expression. Riemondy et al. 
generated scRNA-seq of all CD45- cells from WT mice pre- and post- LPS induced 
acute lung injury. (D) tSNE plots were generated and clusters were colored based 
on cell type and (E) lincRNA-Cox2 (ptgs2os2) expression.  
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Supplemental Figure 4.9: lincRNA-Cox2 expression in sorted cells from PBS or 
LPS treated mice.  
lincRNA-Cox2 was measured in whole lung tissue and a number of sorted immune 
and epithelial cells from mice treated with (A) PBS and (B) LPS via an 
oropharyngeal route. Performed in biological triplicates and student’s t-test was 
performed between whole lung tissue and each sorted cell. 
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Supplemental Figure 4.10: lincRNA-Cox2 does not regulate immune genes 
transcriptionally.  
Primary alveolar macrophages were harvested, treated ex vivo with LPS for 0, 6h, 
and 24h. RNA was harvested, and RT-qPCR was used to measure mRNA 
expression of (A) Il6, (B) Ccl5, (C) Ccl3 and (D) Ccl4. 
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Supplemental Figure 4.11: lincRNA-Cox2 is in recruited and resident alveolar 
macrophages during ALI. 
(A) Mould et al. generated bulk RNA-sequencing data of sorted resident and 
recruited alveolar macrophages. (B) lincRNA-Cox2 was measured by normalized 
reads per kilobase of transcript (RPKM) in sorted recruited (pink) and resident 
(orange) alveolar macrophages. 
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Supplemental Figure 4.12: Neutrophil recruitment is regulated through 
lincRNA-Cox2 expression in vivo.  
Flow cytometry was utilized to assess raw cell counts of neutrophils from BAL 
cells of harvested from WT and lincRNA-Cox2 mutant mice, as well as BMT 
WT→WT and WT→Mut during LPS induced ALI. 
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Supplemental Figure 4.13: Reconstitution of donor BM in the BAL of WT and 
Mutant mice.  
Donor (green) and recipient (grey) percentage were assessed for (A) Neutrophils, 
(B) NK cells, (C) Eosinophils, (D) Dendritic cells, (E) Monocytes, (F) Eosinophils, 
(G) Interstitial macrophages, (H) Alveolar macrophages, (I) Recruited alveolar 
macrophages and (J) Resident Alveolar macrophages.  
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Supplemental Table 4.1 
Antibodies used for non-chimeric flow cytometry experiments. 
 

 
Supplemental Table 4.2 
Antibodies used for chimeric flow cytometry experiments. 
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APPENDIX 4- Supplemental information to Chapter 5 

 
Supplementary Figure 5.1: Cigarette smoke COPD does not globally regulate 
the transcriptional expression of inflammatory transcription factors.  
(A) Bar plot of Log2FcMAP determined by DESeq2 analysis of BMDMs from 
room air vs. cigarette smoked mice.  Asterisks indicate statistically significant 
differences between mouse lines using DESeq2 (*p < 0.05).  
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Supplementary Figure 5.2: Gene ontology analysis of CS down-regulated 
protein-coding genes in BMDMs.  
(A) The associated biological process of down-regulated differentially expressed 
protein-coding genes from CS exposure using DAVID tools.  
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Supplementary Figure 5.3: Computational pipeline and comparison of t-test 
and DRIMSeq alternative splicing events. 
(A) Bioinformatic pipeline for human and mouse RNA-seq data. Alternative 
splicing event-type classification of significant differential splicing events (|ΔPSI| 
> 10 and adjusted p-value < 0.1) in mouse macrophages ± cigarette smoke (CS) 
exposure.  
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Supplementary Figure 5.4:  Cigarette Smoke induces alternative splicing in 
long non-coding RNA bone marrow-derived macrophages.  
(A) Volcano plot of all differentially expressed long non-coding RNA when 
comparing BMDMs from room air (RA) to cigarette smoke (CS) mice with 
significantly differentially spliced genes (FDR < 0.1, |ΔPSI| > 10) across at least 
one event type marked.  
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Supplementary Figure 5.5: Mib2 is not differentially expressed in bone 
marrow-derived macrophages from cigarette smoke exposed mice.  
(A) The normalized counts and DESeq2 analysis of Mib2. 
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Supplementary Figure 5.6: Full PCR gel image of Mib2 retained intron event 
across samples 
(A) PCR gel results of Mib2 at the RI event site and loading control HPRT in 
biological triplicates. Lanes 1 and 14 are 100 bp ladder. Lanes 2 through 4 are RA 
samples 1,2,3 and lanes 5 through 7 are CS samples 1,2,3 showing PCR 
amplification of the Mib2 RI event. When the intron is retained a band of size 548 
bps is expected, otherwise a band of size 452 bps. Lanes 8 through 13 are RA 
samples 1,2,3 followed by CS samples 1,2,3 showing amplification of the 
housekeeping gene Hprt. 
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Supplementary Figure 5.7:  Changes in inflammatory cytokine levels between 
WT and lincRNA-Cox2 mutant mice under RA and CS treatments for 8 weeks. 
ELISAs were performed on serum for (B) Epo and (C) Fractalkine. ELISAs were 
performed on normalized lung tissue homogenates on (D) Mip3b, (E) Vegf, (F) 
Ip10, (G) Kc, (H) Mcp1 and (I) Timp1. Each dot represents an individual animal. 
Error bars represent standard deviation of biological replicates. Asterisks indicate 
statistically significant differences between mouse lines using Student’s t-tests (*p 
< 0.05, **p < 0.01, ***p < 0.001). Student’s t tests were performed using GraphPad 
Prism to obtain p values. 
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Supplementary Figure 5.8: lincRNA-Cox2 does not regulate cytokines in 
BMDMs from cigarette smoked mice.  
(A) Experimental schematic for BMDM harvested from WT, lincRNA-Cox2 
mutant and lincRNA-Cox2 MutxTg mice exposed to room air or cigarette-smoked. 
Supernatants were harvested and ELISAs were performed to measure (B) Gcsf, (C) 
Il16, (D) IL1a, (E) Il11, (F) IP10, (G) Fractalkine, (H) MCSF, (I) MDC and (J) 
MIP-2. Each dot represents an individual animal. Error bars represent standard 
deviation of biological triplicates. Asterisks indicate statistically significant 
differences between mouse lines using Student’s t-tests (*p < 0.05, **p < 0.01). 
Student’s t tests were performed using GraphPad Prism to obtain p values. 
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APPENDIX 5- Supplemental information to Chapter 6 

 
Supplemental Figure 6.1: Computational pipeline and comparison of t-test and 
DRIMSeq alternative splicing events.  
(A) Bioinformatic pipeline for Human and Mouse RNA-seq data. Alternative 
splicing event type classification of significant differential splicing events 
(|ΔPSI|>10 and corrected p-value <0.25) in Human and Mouse macrophages +/- 
LPS as identified and quantified using the (B) t-test with JuncBASE or (C) the 
Dirichlet-multinomial framework applied by DRIMSeq. Venn Diagrams 
representing the unique and overlapping AFE events from (D) Human or (E) Mouse 
macrophage alternative splicing analysis. 
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Supplemental Figure 6.2: AFE events remain prevalent amongst ranked 
alternative ranked alternative splicing events in human macrophages.  
(A-B) Ranking of the top 5%, (C-D) 10%, (E-F) 15%, (G-H) 20%, (I-J) 25% of 
alternative splicing events based on p-value of events as classified by JuncBASE 
and DRIMSeq in human macrophage cells following LPS stimulation. 
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Supplemental Figure 6.3: AFE events remain prevalent amongst ranked 
alternative splicing events in mouse macrophages.  
(A-B) Ranking of the top 5%, (C-D) 10%, (E-F) 15%, (G-H) 20%, (I-J) 25% of 
alternative splicing events based on p-value of events as classified by JuncBASE 
and DRIMSeq in mouse macrophage cells following LPS stimulation. 
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Supplemental Figure 6.4: Alternative first exon usage is the top splicing event 
when using JuncBASE to identify and quantify alternative splicing events from 
primary human macrophages stimulated with Listeria and Salmonella for 24 hrs.  
Significant alternative splicing events identified and categorized by event type 
using an adjusted p-value cutoff <0.05 (A) and a cutoff of <0.25 (B) following 
Listeria infection. Significant alternative splicing events identified and categorized 
by event type using an adjusted p-value cutoff of <0.05 (C) and a cutoff of <0.25 
(D) following Salmonella infection. Data acquired from GSE73502. 
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Supplemental Figure 6.5: Conserved genes identified through alternative 
splicing events between human and mouse using gencode transcriptome.  
(A) Schematic depicting how gene lists were generated from exon events. Venn 
diagrams denoting unique and overlapping genes with significant splicing events in 
human (orange) and mouse (grey) for (B) alternative first exon, (C) alternative 
acceptor, (D) alternative donor, (E) alternative last exon, (F) cassette, (G) 
coordinated cassette, (H) intron retention and (I) mutually exclusive show that only 
alternative first exon events have conserved splicing events when analyzing LPS 
stimulated primary macrophage. 
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Supplemental Figure 6.6: Validation of mouse and human alternative first exon 
events.  
(A) mRNA transcript diagram of the exclusion and inclusion isoform of Ncoa7 for 
mouse and human. RT-PCR of Human (B) and mouse (C), Rcan1 (D-E) and 
Ampd3 (G-I) with PSI calculation. 
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Supplemental Figure 6.7: Comparison of alternative splicing events identified 
using the gencode transcriptome or the gencode+de novo transciptome.  
(A) Schematic describing the steps taken to analyze alternative splicing using either 
the publicly available gencode.gtf or our gencode+de novo.gtf. Venn diagrams 
show unique and common genes when mapping RNA-sequencing libraries using 
the publicly available gencode gtf file and the de novo transcriptome file using 
nanopore sequencing for alternative splicing events including: (B) alternative 
acceptor, (C) alternative donor, (D) alternative last exon, (E) cassette, (F) 
coordinated cassette, (F) intron retention and (H) mutually exclusive. 
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Supplemental Figure 6.8: CAGE scores support validity of novel TSS identified 
by nanopore sequencing.  
CAGE scores of CAGE peaks overlapping the 5’UTR region of (A) annotated and 
(B) novel transcript isoforms. (C) Bar graph of TSS peaks overlapping and not 
overlapping with CAGE data. 
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Supplemental Figure 6.9: Validated unannotated alternative first exon isoforms.  
Sashimi plots showing AFE usage in (A) Denr, (B) Arhgef7, and (C) Aim2 
involving novel isoforms identified using nanopore sequencing. 
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Supplemental Figure 6.10: Chromatin remodeling not a mechanism driving 
novel Aim2 isoform.  
(A) mm9 genome browser show between chr1:175,348,283-175,351,422 indicating 
ATAC-seq of cells from hematopoietic tree. (B) mm9 genome browser shot 
between chr1:175,348,283-175,351,422 indicating ATAC-seq of BMDMs +/- lipid 
A for 2hrs. (C) Schematic summarizing promoter accessibility of nocel Aim2 
isoforms, red=accessible and black=not accessible. 
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Supplemental Figure 6.11: Genome browser images of ChIP-seq and ATAC-seq 
for both the promoters of CTL and LPS specific AFE isoforms.  
The normalized counts and DESeq2 analysis of Ncoa7 (A), Rcan1 (B), Ampd3 (C), 
Arghef7 (D), Denr (E), and Aim2 (F) are represented in a bar graph in triplicate. 
Genome browser images are taken for the CTL and LPS promoters highlighted in 
yellow of Ncoa7 (G), Rcan1 (H), Ampd3 (I), Arhgef7 (J), Denr (K), and Aim2 (L). 
All tracks are NGS data from BMDMs. The top 2 tracks (black) is ChIP-seq data 
of PU.1 from +/- LPS cells (GSE109965). The next two tracks (orange) are of 
ATAC-seq data from +/- LPS cells (GSE74191). The next 5 tracks (dark blue) are 
p65 ChIP-seq fata from the unput, 0min KLA, 15min KLA, 30min KLA, 60min 
KLA or 120min KLA stimulation (GSE67343). Finally, the last 5 tracks (light blue) 
are IRF3 ChIP-seq data from the input, 0min KLA, 15min KLA, 30min KLA, 
60min KLA or 120min KLA stimulation (GSE67343). 
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Supplemental Figure 6.12: Global characterization of AFE.  
(A) Length distribution of first exon from exclusion (CTL) exon and inclusion 
(LPS) exon. (B) Graph of the length difference between the exclusion and inclusion 
exons, also known as ΔAFE. (C) All potential UTR motifs were identified using 
RegRNA2.0 for either exclusion (CTL) or inclusion (LPS) specific first exons. 
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Supplemental Figure 6.13: Aim2 IRE hairpin structure predicted.  
Using the Vienna RNAFold package, the IRE motif is folded into a hairpin, with 
strong base-pairing. 
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Supplemental Figure 6.14: IRP1 and IRP2 are not differentially expressed by 
LPS in bone marrow derived macrophages.  
Genome browser tracks showing the transcript of either (A) IRP1 or (B) IRP2, 
followed by two RNA-sequencing tracks from primary BMDMs +/- LPS for 6hrs. 
The normalized counts and DESeq2 analysis of IRP1 (C) and IRP2 (D) are 
represented in a bar graph in triplicate. 
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Supplemental Figure 6.15: CRISPR/Cas9 knock-out of IRE in Aim2 5’UTR 
leads to an increase of protein expression in mouse macrophages during 
inflammation.  
(A) Genome browser shot. Top track indicates chromosome position. Second track 
shows the location of the Aim2 IRE, highlighted in light blue. The third track shows 
all the possible gRNAs found using the CRISPR/Cas9 -NGG target track and the 
chosen gRNAs indicated in red. The last track shows the specific edits in the IRE 
KO BMDM clonal line using the BLAT tool. (C-E) qRT-PCR was performed in 
biological triplicate, on WT or IRE KO immortalized CRISPR/Cas9 BMDM RNA 
extracs that had been stimulated with LPS for indicated time points. (F) WT or (G) 
IRE KO protein lysates of time course LPS stimulation of 0hr, 24hr, 48hr and 72hr. 
Western blot performed on AIM2 and B-ACTIN. (H) Western blot quantification 
performed in FIJI, standard deviation represents biological triplicates, p-value 
assessed using student’s t-test. 
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Supplemental Figure 6.16: Uncropped western blot images from figure 6.4 S.  
Triplicate western blots for Aim2 and Actin. 
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Supplemental Figure 6.17: Uncropped western blot images for supplemental 
figure 6.15F.  
Triplicate western blots for Aim2 and Actin. 
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Supplemental Figure 6.18: Uncropped western blot images for supplemental 
figure 6.15G.  
Triplicate western blots for Aim2 and Actin. 
 
Supplemental Table 6.1 
Numerical source data from human macrophages +/- TLR4 RNAseq analyzed by 
JuncBASE using GENCODE transcriptome for Figure 1B. 
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Supplemental Table 6.2  
Numerical source data from mouse macrophages +/- TLR4 RNAseq analyzed by 
JuncBASE using GENCODE transcriptome for Figure 1B and Figure 1C. 
 
Supplemental Table 6.3 
Numerical source data from mouse macrophages +/- TLR4 RNAseq analyzed by 
JuncBASE using GENCODE+denovo transcriptome for Figure 1C. 
 
Supplemental Table 6.4 
Numerical source data from human macrophages +/- Listeria RNAseq analyzed by 
JuncBASE using GENCODE transcriptome for Supplemental Figure 4. 
 
Supplemental Table 6.5 
Numerical source data from human macrophages +/- Salmonella RNAseq analyzed 
by JuncBASE using GENCODE transcriptome for Supplemental Figure 4. 
 
Supplemental Table 6.6 
Numerical source data from human macrophages +/- TLR4 RNAseq analyzed by 
DESeq2 using GENCODE transcriptome for Figure 1E. 
 
Supplemental Table 6.7 
Numerical source data from mouse macrophages +/- TLR4 RNAseq analyzed by 
DESeq2 using GENCODE transcriptome for Figure 1F. 
 
Supplemental Table 6.8 
Numerical source data from mouse macrophages +/- TLR4 ATACseq analyzed 
using a peak calling pipeline for Figure 3A. 
 
Supplemental Table 6.9 
Numerical source data from mouse macrophages +/- TLR4 p65 and IRF3 ChIPseq 
analyzed using a peak calling pipeline for Figure 3A. 
 
Supplemental Table 6.10 
Numerical source data from all AFE promoters analyzed by HOMER for Figure 
3B. 
 
Supplemental Table 6.11 
Numerical source data from unannotated and annotated Aim2 promoter analyzed 
by HOMER for Figure 3C. 
 
Supplemental Table 6.12 
Numerical source data of inclusion AFE coordinates for Supplemental Figure 12A. 
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Supplemental Table 6.13 
Numerical source data of exclusion AFE coordinates for Supplemental Figure 12A. 
 
Supplemental Table 6.14 
Numerical source data of unannoated and annotated Aim2 5’UTR analyzed by 
RegRNA2.0 for Figure 4F. 
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