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ABSTRACT

Inflammation occurs as a result of insult or infection within the body. Individual cells respond to
inflammation by upregulating genes that help mediate the immune response, such as ADARI.
ADARI helps regulate the immune response but also catalyzes a process called RNA editing.
RNA editing alters the sequence of select mRNAs to alter the encoded proteins. The result is
altered function of the encoded protein, which is often beneficial for the cell. Our goal was to
determine how inflammation affects the function of ADARI. Since we know that the effects of
inflammation vary between different organs and sexes, we examined ADARI1 function in heart,
brain, and muscle in male and female mice after the introduction of LPS, an inflammation-
inducing agent. We found that editing in the heart and brain was unaffected. However, RNA
editing of FLNB in skeletal muscle was increased by LPS in males but was unaffected in
females. Another RNA editing target, FLNA was unaffected by the treatment of LPS, but
showed a sex-dependent difference in editing. These results show that the effects of
inflammation may selectively affect the function of FLNB in muscle. Furthermore, expression of
inflammatory factors ADARI1, TNFa, and MDAS was induced by LPS, as expected, but TNFa
and MDAS expression was induced more in females. Our work suggests that the impact of sex
on inflammatory factors may also indirectly affect the rate of RNA editing of select transcripts in
select tissues.

KEYWORDS: RNA editing, ADAR, FLNA, FLNB, MDAS, TNFa, sex-specific, tissue-
specific, acute inflammation
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LITERATURE REVIEW

Innate Immunity

Innate immunity is the first line of defense in all multicellular organisms against potential
pathogens to avoid infection. It is responsible for the rapid, non-specific response towards
foreign bodies. The innate immune system is comprised of both physical barriers, such as skin,
mucus membranes, and stomach acid, as well as internal defenses such as inflammation,
phagocytic cells, and natural killer (NK) cells. This type of defense begins minutes to hours after
the invasion of potential pathogens (Aristizdbal and Gonzéalez 2013). Double stranded RNA
(dsRNA) is a trigger for the innate immune response. Non-self dsSRNA in the cytoplasm is
detected by dsRNA sensors retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-
associated protein 5 (MDAS), which leads to the activation of cytokines, chemokines, and
interferon (IFN) gene expression leading to systemic inflammation (Hur 2019). Interferons
induce the transcription of genes that are both pro- and anti-inflammatory in order to maintain
and control the innate immune response. Hundreds of interferon stimulated genes (ISGs) have
been identified and include all type I, II, and III IFNs. While the method of action for many of
these ISGs has yet to be discovered, it is known that ISGs help activate the immune response and

suppress infections at all stages (Schoggins 2019).

Sex Differences in Innate Immunity
Males and females have differences in the innate immune response to foreign and self-
antigens. These differences are attributed to the differential regulation of the immune response

due to sex chromosome genes and sex hormones, such as progesterone, androgen, and estrogen.



The differing immune responses seen between males and females result in differential
susceptibility to autoimmune diseases, infections, and vaccination outcomes. For example,
females make up 80% of the population that is affected by autoimmune diseases, have at least
twice as strong of an immune response to seasonal influenza vaccines, and HIV infected females
have 40% less HIV viral RNA in their blood (Klein and Flanagan 2016). Transcriptional
analyses have revealed sex differences in the induction of the type I IFN response, where females
generally mount a stronger innate immune response compared to males. The expression of TLR-
pathway and pro-inflammatory genes such as toll-like receptor-7 (TLR7), myeloid differentiation
factor 88 (MyD88), retinoic acid-inducible gene I (RIG-I), interferon regulatory factor 7 (IRF7),

interferon beta (IFN-B), Janus kinase 2 (JAK?2), signal transducer and activator of transcription 3

(STAT?3), nuclear factor-«B (NF-xB), interferon gamma (IFN-y), and tumor necrosis factor
(TNF) have been shown to be higher in females following both virus challenge in adult rats and
vaccination in adult humans (Hannah et al. 2008; Klein et al. 2010). Furthermore, cells
associated with the innate immune system differ in activity and number between the sexes.
Natural killer (NK) cell frequencies are higher in males than in females (Abdullah et al. 2012).
Females have exhibited higher neutrophil and macrophage phagocytic activity, and their antigen-
presenting cells are more efficient (Spitzer 1999; Weinstein and Segal 1984). One inflammatory
pathway associated with the innate immune system that has not been investigated for sex

differences is the MDAS/MAVS pathway.

MDAS
RIG-I and MDAS are key protein sensors of the pathogen-associated molecular patterns

(PAMPs) responsible for activating innate immunity. RIG-I and MDAS specifically sense



dsRNA to induce the expression of type-I interferons (INF1) and other pro-inflammatory
cytokines during initial stages of infection. MDAS is comprised of two N terminal caspase
activation and recruitment domains (CARDS), a central helicase domain, and a C terminal
domain (CTD). The helicase and CTD are involved in RNA binding. Multiple molecules of
MDAS bind along the length of dsSRNA, clustering multiple CARDS domains and allowing the
activated RIG-I and MDAS to interact with the mitochondrial antiviral signaling proteins
(MAYVYS). The activation of MAVS triggers a signaling cascade that leads to the transcriptional
induction of the IFN1 genes (Junior et al. 2019). These IFN1 genes then stimulate the production
of select anti-inflammatory genes that downregulate the signaling cascade and help regulate the

immune system, decreasing unnecessary inflammation.

ADARI is Anti-Inflammatory

ADARLUI is an anti-inflammatory gene that regulates MDAS activity. Studies have shown
that the lack of ADARI results in the inappropriate activation of MDAS, leading to death. The
interferon inducible isoform of ADARI1, ADARI p150, has a primary physiological function to
disrupt the structure of endogenous dsRNA to prevent MDAS from sensing it as non-self and
activating the innate immune system superfluously (Liddicoat et al. 2015).

ADARI p150 binds to the dsSRNA and destabilizes the double stranded structure by
catalyzing adenine-to-inosine (A-to-I) editing within the dsSRNA structure. In A-to-I RNA
editing, the C6 amine group on adenosine is deaminated, changing it to inosine (Fig. 1). The base
pairing structure of inosine is similar to guanosine, therefore editing adenosines within the
dsRNA structure disrupts base pairing. This acts to prevent recognition of this molecule as a
dsRNA by MDAS and RIG-I, downregulating the inflammation cascade and IFN production,

thus decreasing the amount of inflammation from the innate immune response (George et al.



2016; Fig. 2). This regulation of inflammation is necessary to prevent unnecessary activation of
the innate immune pathway. When ADARI1 p150 function or expression are decreased,
autoimmune diseases such as Aicardi-Goutieres syndrome (AGS) can result. When ADAR1
p150 or ADARI are completely disrupted, the organism does not survive. However, when
MDAS is also eliminated, organisms are born healthy, suggesting that ADAR1 p150 is an
essential negative regulator of the MDAS/MAVS RNA sensing pathway and is a key mechanism
to prevent autoreactivity (Pestal 2015).

ADARI1 p150’s role in downregulating MDAS and immune activation is important to
human health. In the autoimmune disease, psoriasis, lesions are formed due to the activation of
adaptive and innate immunity. In psoriatic lesions, A-to-I RNA editing is reduced. This reduced
editing also reduces inactivation of MDAS, leading to hyperactive immune activation that
eventually leads to lesions (Shallev et al. 2018). While this research was unable to differentiate
between which ADAR1 isoform had decreased expression, since MDAS was not downregulated,
it might indicate that the ADARI1 p150 was responsible for deregulation. MDAS has also been
implicated in autoimmune and autoinflammatory diseases such as type 1 diabetes (T1D) and
systemic lupus erythematosus (SLE). Regulation of MDAS5 by ADARI1 p150 likely plays a role
in preventing the occurrence of each of these disorders.

The majority of RNA editing and inflammation research has been conducted on global
editing levels, however, dysregulated editing of coding RNA has been linked to SLE. Systemic
lupus erythematosus is an autoimmune disorder that is characterized by multisystem
microvascular inflammation (Cojocaru et al. 2011). In patients that were affected by SLE, 95%
of the recoding events that were sequenced experienced higher levels of A-to-I editing than the

control samples. Another study aimed to determine the expression of ADARI isoforms and



subsequent effects on A-to-I editing of recoding events in the brain in response to viral infection.
While this study did determine an increase in ADAR1 p150 there were no significant changes in
site-specific A-to-I editing events (Hood et al. 2014). Further investigation into other tissues as

well as potential sex differences is needed.

ADARSs (Adenosine Deaminase Acting on RNA)

A-to-I RNA editing is a natural process catalyzed by adenosine deaminase acting on
RNA (ADAR) (Bass 2002). There are three ADAR genes in mammals: ADAR1, ADAR2, and
ADAR3. The ADARs have a common domain organization that includes two or three copies of a
double stranded RNA binding domain (dsRBD) in their N-terminal region followed by a C-
terminal adenosine deaminase catalytic domain. The catalytic domain of ADAR3 is inactive,
while ADARI and ADAR?2 encode active deaminases. The dsRBD primary function is to bind to
dsRNAs (Banerjee 2014), allowing ADARSs to recognize their targets and act on adenosines that
occur in and around dsRNA strands (Fig. 3).

ADAR?2 protein is expressed in many different tissues but has been found to be most
strongly expressed in the nervous system (Tan et al. 2017). ADAR2 contains two dsRBDs and a
nuclear localization signal in the N-terminus, thus allowing ADAR?2 to localize to the nucleus,
where it performs its editing co-transcriptionally (Desterro et al. 2003; Fig. 3). ADAR?2 edits
many mRNAs, including itself and GluA2, affecting both cellular and organismic physiology
(Higuchi et al. 2000; Li et al. 2009). Interestingly, ADAR?2 self-editing deactivates ADAR2 by
producing an alternative 3’ splice site, Al (Al is recognized as AG by the spliceosome), that
leads to the inclusion of an extra exonic sequence and a frameshift. This leads to a premature

stop codon and complete inactivation of the product (Feng et al. 2006).



ADARS3 is catalytically inactive, even though the arrangement and sequence of the
deaminase and dsRBDs are similar to ADAR2. The presence of a lysine (R-domain) and arginine
rich N-terminal extension distinguishes ADAR3 from ADAR2. The presence of two dsRBDs
allows ADAR3 to bind to dsRNA, like ADAR2 and ADARI1. Unlike ADAR1 and ADAR2,
ADARS3 also contains a single stranded RNA (ssRNA) binding domain in the R-domain of its N-
terminus (Fig. 3). The affinity for dsSRNA appears lower in ADAR3 than in ADAR1 and ADAR2
but it does appear to interact with RNA substrates in a unique way due to containing both the
double stranded and single stranded RNA binding domains (Chen et al. 2000). Thus, ADAR3
can compete with ADAR1 and ADAR?2 for RNA binding of substrates, inhibiting their RNA
editing activities when co-expressed. This was observed when ADAR3 suppressed effective

editing of the 5-HT>c receptor by 70-80% (Chen et al. 2000).

Isoforms of ADARI1

The ADARI1 gene produces two isoforms, p110 and p150, from alternative promoters
(George et al. 2005). ADARI p110 is a 110 kilodalton protein that is constitutively expressed
while ADARI1 p150 is a larger, 150 kilodalton protein, that is produced from an interferon
inducible promoter (George and Samuel 1999; George et al. 2005). The IFN-stimulated response
element (ISRE), found in the promoter region of the ADAR1 p150 isoform is responsible for the
IFN induced expression. This ISRE, when stimulated with IFN, leads to the production of an
alternative promoter upstream of the ADAR1 p110 promoter leading to the transcription of an
mRNA with an AUG start codon upstream, but in frame with, the start codon of the ADARI

p110 isoform (George and Samuel 1999).



The p150 isoform of ADARI has an extended N-terminus, resulting in two copies of a Z-
DNA binding domain (ZDBD), whereas ADAR1 p110 contains one (Patterson and Samuel
1995). The ZDBD allows ADARI1 to recognize the left-handed helical variant of DNA but the
role in A-to-I editing has not been clearly defined (Fig. 3). One possible function could be to
direct ADARI1 to actively transcribing genes since localizing ADARI1 to the site of transcription
would allow it to edit the RNA prior to splicing (Barraud and Allain 2012). It has also been
shown that the binding of ADARI to Z-DNA restricts it from adopting another conformation
(Berger et al. 1998). This restriction of conformation could play a role in gene expression since
the binding around a promoter results in increased levels of transcription (Oh et al. 2002). A
recent study has found that the ZDBD, Za that is unique to the p150 isoform, allows ADAR1
p150 to bind to Z-RNA in the cytoplasm. This binding is necessary for editing cytoplasmic
dsRNA and preventing dysregulation of the immune system (Chiang et al. 2020).

ADARI p110 is primarily located in the nucleus where its’ primary job is to edit RNA
co-transcriptionally. The extended N-terminus of ADAR1 p150 contains a nuclear export signal
which allows it to shuttle between the nucleus and cytoplasm (Fig. 3). ADARI p150 accumulates

in the cytoplasm, where it plays its role in regulating innate immunity (Fritz et al. 2009).

ADAR Targets

There are millions of A-to-I RNA editing sites in humans, but most of these sites are in
non-coding regions of the transcriptome (Li et al. 2009). The vast majority of these editing sites
occur in Alu repeat elements that are transcribed as inverted repeats, making long dsRNA.
ADARs target double stranded RNA, therefore all RNA editing sites occur in and around regions
of dsRNA. Editing with Alu sites is generally high in abundance and indiscriminate, known as

hyper-editing (Bass 2002). The deamination of select adenosines within coding regions occurs



within short, imperfect dSRNA. The specific RNA editing that alters coding regions often occurs
due to dsRNA structure in the pre-mRNA. Intronic cis elements called editing site
complimentary sequences (ECSs) are complimentary and base pair with exonic sequences that
contain the targeted adenosine(s). Structural imperfections within the dsRNA, such as
mismatches, bulges, and/or loops, are thought to be responsible for indicating the specific
adenosine to target for editing. /n vitro studies have shown that ADARs will preferentially target
adenosines next to a 5’ uridine but an adenosine next to a 5’ guanosine is rarely targeted (Polson
and Bass 1994). Furthermore, when compared to other adenosines, those that are found in
mismatches with cytosines are edited more (Wong et al. 2001).

Selective RNA editing is not a mutation or an accident, but an intentional process that
provides the cell and the organism with more diverse protein isoforms. For example, the GluA2
subunit of a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors is altered
by specific RNA editing to produce a protein isoform that is essential for life. AMPA receptors
(AMPARs) are tetrameric, cation permeable ionotropic glutamate receptors expressed
throughout the brain. AMPARSs are made up of four subunits, GluA1, GluA2, GluA3, and GluA4
(Chater and Goda 2014). The GluA2 subunit is responsible for determining the ability of calcium
to enter the cell through the AMPAR. The presence of this subunit is also important for the
stability and trafficking of AMPARs within the synapse (Sans et al. 2003). The GluA2 subunit is
subjected to editing by ADAR2 which converts a codon for glutamine (CAA) into a codon for
arginine (CGA). This amino acid change allows the AMPAR to go from calcium permeable to
calcium impermeable. So, the ability of the GluA2 subunit to regulate calcium permeability of
AMPAR depends on RNA editing. The GluA2 subunit is edited at nearly 100% in the brain. In

fact, presence of the GluA2 from the unedited RNA contributes to excitotoxic cell loss. This



indicates that the RNA editing of this subunit is necessary for normal brain function (Kawahara
et al. 2003). Furthermore, it has been suggested that calcium permeable AMPARSs that are a
result of downregulated GluA2 RNA editing occur in ischemia, epilepsy, and other various
neurological diseases (Gorter et al. 1997), suggesting that maintenance of RNA editing is critical
to proper brain function.

A-to-I editing occurs at five distinct positions within the mRNA encoding the serotonin
receptor 5-HTxc, altering three amino acids in the second intracellular loop (Niswender et al.
2001). The A-to-I editing events of these sites can lead to thirty-two mRNA variants giving way
to twenty-four different protein isoforms with distinct functions (Fitzgerald et al. 1999). The 5-
HTc receptor is a G protein-coupled receptor (GPCR) that plays a key role in appetite, mood,
endocrine secretions, and motor behavior. The 5-HT>c receptor is the only known member of the
superfamily of seven transmembrane domain receptors (7TMRs) to be edited due to it possessing
an imperfect inverted repeat at the end of exon 5 and the ECS (Exon Complementary Sequence)
in the beginning of intron 5 allowing the formation of dsSRNA (Burns et al. 1997; Werry et al.
2008). Editing frequency of the serotonin receptor varies between brain regions, resulting in
different amounts of each protein isoform to be expressed in these regions. (Wang et al. 2000).

Filamin A (FLNA) and Filamin B (FLNB) are also mammalian editing targets (Tariq and
Jantsch 2012). FLNA and FLNB share a common role in stabilizing the actin cytoskeleton of
cells and are both ADAR?2 targets for editing. The mRNAs encoding FLNA and FLNB undergo
RNA editing that leads to a highly conserved glutamine (CAA) to arginine (CGA) change at
identical positions (Czermak et al. 2018). FLNA editing has been shown to be conserved among
vertebrates and studies have shown that the substantial amount of editing in human and mouse

cardiovascular tissue has FLNA as the prominent substrate (Jain et al. 2018). The highest editing



levels of FLNB have been found in skeletal muscles, cartilage, and bones where the function of

FLNB seems to be the most important (Czermak et al. 2018).
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Figure 1. Conversion of Adenosine to Inosine.
The chemical structures of adenosine and inosine are shown. The amine group on adenosine

(red) gets converted to oxygen (red) on inosine through hydrolytic deamination (Song et al.
2016).
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Figure 2. ADAR1 mediated editing of dsRNA.

Double stranded RNA in the cytoplasm is recognized by MDAS (left), which triggers MAVS
activation and then phosphorylation of IRF7. IRF7-P then serves as a transcription factor for
activation of IFN inducible genes, including ADAR1 p150. ADARI edits cytoplasmic dSRNA
preventing recognition by MDAS and the induction of inflammation. ADARI also edited
endogenous dsRNA in the nucleus, often co-transcriptionally (Yu et al. 2015).
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Figure 3. ADAR protein structure.

Three ADAR genes, ADARI1, ADAR2, and ADAR3, can be found in mammals. ADARI has
two isoforms, the 150 kilodalton (ADART p150) and 110 kilodalton (ADAR1 p110) proteins.
All ADARs contain a deaminase domain (catalytic, red), however, ADAR3 is catalytically
inactive (black). All ADARs contain double-stranded RNA-binding domains (dsRBDs, light
blue) in varying numbers. Both isoforms of ADAR1 contain Z-DNA binding domains (ZDB,
green). ADAR1 and ADAR?2 contain a nuclear localization signal (NLS, green) and the ADAR1
p150 isoform also contains a nuclear exportation signal (NES, purple). ADAR3 contains an
RNA-binding domain (RBD) (Vesely and Jantsch 2021).
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Research Goal

Previous research conducted by Claire Nichols aimed to determine if inflammation alters
RNA editing in a tissue specific and/or sex-specific manner by investigating RNA levels in the
heart, brain, and skeletal muscle during induced inflammation. The editing targets that were
investigated included the ADAR2 targets, FLNA and FLNB, and the ADARI1 target CAPSI.
Editing was investigated in the heart, brain, and skeletal muscle of both LPS and saline treated
mice. The data collected did not show a significant sex-specific difference in the editing of these
targets in the heart or brain. However, preliminary data on FLNA in skeletal muscle has shown
that editing of this target is reduced by inflammation and that editing in female mice was reduced
(in both LPS and saline), compared to males. This data indicates that editing of FLNA in skeletal
muscle is sex-dependent, though more data from additional mice is required to validate these
findings.

The goal of this thesis research is to confirm this significance and further investigate the
sex-dependent differences of inflammation in skeletal muscle. To do this, RNA editing levels of
at least 3 targets in inflamed and non-inflamed skeletal muscle tissue will be determined.
Inflammation was induced through LPS injections, while control mice were injected with only
saline. The tissues were dissected 4 hours after injection. The frozen tissues were stored at -80°C
until RNA isolation. The RNA was then subjected to RT-PCR to amplify the region around the
editing site and then sequenced by Sanger sequencing or next-generation sequencing (NGS).
Claire has isolated RNA and analyzed FLNA editing from three animals in each group. The
editing of FLNA from additional animals will be determined, for a final N of at least five
(including five LPS-treated males, five LPS-treated females, five saline-treated males, and five

saline-treated females). Furthermore, RNA editing levels of FLNB in skeletal muscle of these

12



same five animals will be quantified to determine if this editing target is also sex-dependent and
if inflammation affects editing levels.

ADARI has been shown to negatively regulate ADAR2’s editing activity (Anantharaman
et al. 2017). Due to this competitive inhibition, the editing of ADAR?2 targets, along with
ADARI targets, is likely to be affected by the upregulation of ADAR1 when induced by
inflammation. FLNA and FLNB are both ADAR?2 targets. To determine if ADARI editing is
sex-specific and/or affected by inflammation in skeletal muscle an ADARI target will be
investigated. While Claire’s work included analysis of the ADARI target CAPS1 in heart and
brain, this target is not expressed in skeletal muscle. IGFBP7, BLCAP, and RPA1 are all edited
by ADAR1 (Hood et al. 2014; George et al. 2016) and are expressed in skeletal muscle as
confirmed using the Mouse Genome Informatics database, thus representing potential RNA for
investigation in this study. RNA editing from at least one of these targets will be analyzed from
LPS and saline treated skeletal muscle. RT-PCR primers flanking the RNA editing site in the
mRNA will be developed using primerBLAST and the primers will be tested on cDNA derived
from skeletal muscle. The presence of a robust product, with little background or genomic DNA
amplification will indicate an optimal primer set. The PCR product from successful primer sets
will be purified and subjected to NGS or Sanger sequencing. For Sanger sequencing, the
electropherogram trace must be clear, with minimal background for accurate editing detection.
For NGS, there are limits on the size and location of the editing site that may interfere with
sequence analysis. Therefore, the target(s) with products (from successful primer sets) and
successful sequencing analysis will be chosen for analysis in this thesis.

While Claire’s study indicates that inflammation induced changes to RNA editing in

skeletal muscle, this tissue has not been analyzed for the amount of ADAR1 p150 induction.
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Similarly, the extent of inflammation in this tissue compared to the heart or brain has not been
investigated. While LPS is expected to induce systemic inflammation, no differences in editing
in the heart and brain may indicate reduced levels of inflammation or ADARI1 induction,
compared to the skeletal muscle. Conversely, it is possible that ADAR1 p150 induction is
similar, despite the tissue, but that its RNA binding activity (competitive inhibition) and/or RNA
editing activity is regulated differently in the muscle. Therefore, the second aim of this research
will be to monitor innate immune activation by quantifying ADAR1 p150 levels, as well as a
cytokine like TNFa or IL-6 levels in skeletal muscle.

MDAS levels are known to be higher in females, compared to males (Koeing et al. 2014).
Females are also more likely to develop autoimmune diseases. Since ADAR1 pl150is a
necessary inhibitor of the MDAS inflammation pathway, differences seen between sexes and/or
tissues could give more insight into the development of autoimmune diseases and the sex-
specific difference seen there. To further explore sex-specific and/or tissue specific differences
in inflammation, MDAS levels will be determined by qRT-PCR in heart and skeletal muscle of
male and female mice, treated with LPS and saline. ADAR1 p150 levels in heart and skeletal
muscle will be compared to these MDAS levels. If MDAS levels are sex-dependent, but ADARI
p150 levels are not, this may suggest that females are more susceptible to autoimmune disease

due to reduced control of innate immunity.
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METHODS

Injections, Dissections, and RNA Isolation

All mouse manipulation was done by previous graduate students. No live animals were
used in this work therefore IACUC approval was not necessary. IBC approval was obtained from
Missouri State University (Protocol 2022-04.6 IBC approved 4/28/2022 — 4/27/2024; Appendix
A). All necessary CITI certification trainings were completed (Appendix B). Previously, co-
housed pairs of mice underwent intraperitoneal injections of either saline (control) or
lipopolysaccharide (experimental) once they were between 8 and 13 weeks of age. The
lipopolysaccharide (LPS) injections were used to induce acute inflammation in the mice. Four
hours after injections the mice were euthanized and then dissected to obtain the brain, right eye,
pituitary gland, heart, left kidney, pancreas, and skeletal muscle from the upper left abdominal
wall. These tissues were cryopreserved in liquid nitrogen and stored in -80 °C until they were
homogenized, and the RNA was isolated. The injections and dissections were performed by
former graduate student Christian Rivas. The tissue homogenization and RNA isolation was

performed by former graduate student Claire Nichols.

RNA Quantification

To quantify the amount of RNA that was isolated the IMPLEN NanoPhotometer NP80
was used. The RNA was allowed to thaw completely at room temperature. After thawing it was
thoroughly vortexed to ensure the RNA was fully resuspended. One microliter of the diethyl
pyrocarbonate (DepC) treated water that was used to resuspend the RNA was pipetted onto the
nanophotometer and used as the blank. The absorbance was measured in ng/puL and, if accurately

blanked, the concentration would read as 0 ng/uL. If the blank was not accurate the process was
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redone with the same water until the concentration read 0 ng/uL. The RNA was vortexed again
and 1 pL of the RNA sample would be pipetted onto the nanophotometer, and the absorbance
was read. The concentration, Aseo, and Azeo/A2so were recorded. After quantification the RNA

samples were either stored at -80 °C or immediately reverse transcribed into cDNA.

Reverse Transcription

The RNA isolated from the homogenized tissues were reverse trasncribed into cDNA. A
20 pL reverse transciption reaction was created using the Applied Biosystems High Capacity
cDNA Reverse Transcription Kit (catalog #4368814) with 1 pg of RNA added. Two master
mixes were created with the reverse transcription kit. Both master mixes contained the buffer,
deoxynucleoside triphosphates (ANTPs), random primers, and water. One master mix contained
reverse transcriptase (RT) and the other had water instead of the RT. The master mixes were then
aliquoted into PCR tubes. The concentrations of each component of the PCR reactions were 1 X
buffer, 0.5 X dNTPs, 1 X random primers, and 1 pL of RT or water. The samples were run in the
BIO-RAD T100™ Thermal Cycler under the HC RT protocol cycling conditions (Table 1). The

cDNA made was either stored at 4 °C or immediately used in subsequent experiments.

PCR

Polymerase chain reaction (PCR) was performed on the cDNA to amplify the edited
region of the desired target. A master mix containing the forward and reverse primers (Tables
2,3,4), water, and the ThermoScientific 2 X DreamTaq polymerase master mix (catalog #K1081)
that contains buffer, AINTPs and Taq polymerase was made. Forty-five microliters of the master
mix was aliquoted into PCR tubes. Each PCR reaction contained 400 ng forward primer, 400 ng

reverse primer, 25 pL of the DreamTaq green polymerase master mix, and 16 uL of water. Five
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microliters of the cDNA was pipetted into the PCR tubes with the master mix to create a 50 uL
reaction. Every RT-PCR contained two negative controls, one that contained the no RT cDNA
for every sample and one that contained water instead of cDNA. The PCR reactions were then
placed in the BIO-RAD T100™ Thermal Cycler and the protocol ran varied based on the proper

melting temperature for the intended target.

Agarose Gel Electrophoresis

To verify that the intended target was amplified during PCR, gel electrophroesis was
utilized. A 1 %, 1.5 %, or 2 % agarose in 1 X sodium borate (SB) buffer solution was melted in a
microwave until the solution was clear throughout. Once this was achieved, 8 x 10 mg/mL of
ethidium bromide was added to the melted gel solution. This was mixed together and then
poured into a gel molding tray. The comb was inserted into the melted gel and the solution was
allowed to solidify. After solidification, the comb was removed and the electrophoresis chamber
was filled with 1 X SB so that it was covering the solid gel. Five microliters of each PCR product
was loaded into each well and 3 pL of the 0.1 pg/uL ThermoScienctific GeneRuler 1kb Plus
DNA Ladder (catalog #SM1331) was added to at least one well. The samples were
electrophoresed at 250 volts for 20 to 30 minutes. Upon completion of the run the gel was
visualized under a UV light on a BioRad GelDoc Go Imaging System (model Ver. A 12012149).
The verification of the intended target was determined by the presence of a band at the desired
size (Tables 2,3,4) when compared to the ladder in the positive RT samples and no or negligible

band in the negative controls.

Purification
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After the PCR products were verified, the DNA was gel purified. The remaining PCR
product that was not electrophoresed for verification (45 uL) was loaded into one well of an
agarose gel. The gel was electrophoresed in the same manner as the verification. Upon
completion the gel was viewed using a short wave transilluminator. The bands were cut from the
gel using a razor blade. The cut gel slice was carefully placed in a 1.5 mL tube and then weighed.
The gel was purified using the Promega Wizard SV Gel and PCR Purification kit (catalog
#A9282). An equal amount of the membrane solution as the weight of the band was added to
each gel slice (0.430 g =430 pL of membrane binding solution). The tubes were vortexed and
then placed in a 65 °C heating block until the gel was completely melted. The tubes were
vortexed and 750 pL of the melted gel was added to a labeled spin column. The spin column was
centrifuged at 13,000 x g for 1 minute. The remaining melted gel was added to the spin column,
and it was centrifuged at 13,000 x g for 1 minute. The flow through was discarded. Seven
hundred microliters of the membrane wash solution were added to the spin column and
centrifuged again at 13,000 x g for 1 minute. The flow through was discarded. Then, 500 pL of
the membrane wash solution was added to the spin column and centrifuged at 13,000 x g for 1
minute. The flow through was discarded. The spin column was centrifuged again for 5 minutes.
The spin column was moved to a new 1.5 mL tube and 30 puL of heated nuclease free water was
added and incubated at room temperature for 1 minute. The tubes were then centrifuged at
13,000 x g for 1 minute. A nanophotometer was used to quantify the DNA and the samples were

stored at -20 °C.

Sequencing
To determine the amount of editing for each target, purified amplicons were sent to

GeneWiz (Azenta Life Sciences) for next generation sequencing (NGS) or Sanger sequencing
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depending on the target. The FLNA and ADARI target samples underwent Sanger sequencing
while the FLNB target samples underwent NGS. For the FLNA and ADARI1 target samples 1
ng/uL of DNA was sent with a total mass of 10 ng. The specific primers for FLNA and ADAR1
targets (Table 2) were diluted to 5 uM and 5 pLL was added to make 15 puL reaction. For the
FLNB target between 100 — 500 ng of DNA was sent for Amplicon EZ sequencing. The
reactions were multiplexed to increase the throughput for NGS. The primers were labelled with 1
of 6 unique 5 nucleotide barcodes. After PCR was performed, 6 samples were pooled together
and purified. Each sample used a different barcoded primer (Table 5).

Sanger Sequencing Analysis. The chromatograms obtained from Sanger sequencing
were analyzed with ImageJ to measure the area under the adenosine (A) and guanine (G) peaks
at the edited site. After the areas of the peaks were determined the equation: percent G =
(G/(G+A)) x 100 was used to calculate the percent of G nucleotides, which is equivalent to the
percent of editing at that site.

NGS Analysis. The NGS FASTQ files that were received after the completion of NGS
were shared with bioinformaticians at the Bioinformatic and Analysis Core of the University of
Missouri for analysis. The bioinformaticians ran the FASTQ files through a computational code
that sorts the sequences based on the barcodes present on the sense primers. After sorting by
barcodes, the sequences that match the reference sequence from the barcode to the editing site
were counted to determine the number of sequences that have either an A or G nucleotide in the
editing site. The percent of sequences that have G in the editing site is equal to the percent

editing for that sequence.
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Change in Editing Analysis. To determine the change in editing the percent editing of
the LPS treated mouse was subtracted from the percent editing of its corresponding saline treated

co-housed littermate pair.

qRT-PCR

gRT-PCR was utilized to quantify expression of inflammation-induced genes. All
equipment was sanitized by UV light at least 15 minutes prior to assembling reactions. The
cDNA was diluted to 1:10. A master mix that contained iTaq Universal SYBR Green Supermix
(Bio-Rad), forward and reverse primers, and water was created. The forward and reverse primers
used were specific to GAPDH, TNFa, or MDAS. These primers were created using
primerBLAST. The sequence of these primers are listed in Table 4. Eight micoliters of the
master mix was aliquoted into qPCR tubes. Each qPCR reaction contained 5 pL of iTaq
Supermix, 10 ng of forward primer, and 10 ng of reverse primer. Two microliters of the 1:10
cDNA dilution was pipetted into the qPCR tubes with the master mix to create a 10 puL reaction.
A negative transcription control (NTC) that contained 2 pL of water instead of cDNA was also
created. Each sample was done in duplicate. The reactions were placed in a Bio-Rad CFX
Connect Real-Time System thermocycler with the cycling conditions outlined in Table 6.

qPCR Analysis. Each cDNA sample with RT (unknown) was compared to the
corresponding no RT cDNA sample (NRT) to ensure that the NRT had a cycle threshold (CT)
value of at least 5 greater than the unknown samples and/or that the peak of the NRT melt curves

were distinctly different than the unknown samples.

Primer Efficiency
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Cloning. In order to determine the primer efficiency of each primer pair, each target was
amplified by standard PCR using DreamTaq (Thermo). The gel purified PCR products for each
target were cloned into vectors using the pGEM-T Easy Vectors Systems from Promega. The
ligation reactions contains T4 DNA ligase in a standard reaction (PCR product + pGemT),
positive control (control insert DNA alone), and background control (pGemT alone). The
contents of these reactions are listed in Table 7. These reactions were incubated for 48 hours at 4
°C. The reactions were then transformed into chemically competent (treated to promote
attachment of the plasmid DNA) DH5a cells. The DH5a cells were thawed on ice for 30
minutes. One hundred microliters of the thawed cells were aliquoted into 1.5 mL tubes. Five
microliters of each ligation reaction were added to the thawed cells. A negative transformation
control was created that contained no DNA and a positive transformation control was created
using pBluescript (pBS). The tubes were incubated on ice for 20 minutes. They were then heat
shocked in a 42 °C water bath for 37 seconds and then placed on ice. Seven hundred microliters
of room temperature NZY+ media was added to each tube over a flame to maintain a sterile
enviroment. The tubes were then incubated at 37 °C in a shaking incubator for 1 hour. Three
hundred and fifty microliters of each reaction were plated on lysogeny broth (LB) plates with a 1
X concentration of ampicillin. The plates were then incubated at 37 °C overnight. After
incubation, 5 mL cultures were created from the colonies that were grown on the standard
ligation reaction plate. Four cultures of 1 X ampicillin in LB broth were inoculated with a single
colony picked with a sterile pipette tip. The cultures were incubate at 37 °C overnight.

Miniprep. Bacterial cultures were centrifuged at 10,000 x g for 5 minutes. The
supernatant was poured off and the inverted tubes were blotted on a paper towel to dry. To each

tube, 250 pL of the cell resuspension solution was added. The tubes were vortexed until the cells
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were fully resuspended. Once resuspension was achieved the solution was transferred to 1.5 mL
tubes. To the 1.5 mL tubes, 250 uL of the cell lysis solution was added. The tubes were inverted
to mix and then incubated for 5 minutes at room temperature. Ten microliters of the alkaline
protease solution was added, the tubes were inverted to mix, and then incubated for 5 minutes at
room temperature. After the incubation period, 350 uL of the neutralization solution was added.
Again, the tubes were inverted to mix and then centrifuged at 10,000 x g for 10 minutes. The
cleared lysate was transferred to prepared spin columns inserted into 2 mL collection tubes. The
collection tubes with the spin columns inserted were then centrifuged at 10,000 x g for 1 minute.
The spin columns were then removed and the flow through in the collection tubes were
discarded. The spin columns were inserted back into the collection tubes and 750 pL of the
column wash was added. The spin columns and collection tubes were centrifuged for 1 minute at
10,000 x g. The spin columns were again removed and the flow through was discarded. The spin
columns were placed back onto the collection tubes and 250 pL of the column wash was added.
The tubes were centrifuged for 2 minutes and the collection tubes with the flow through were
discarded. The spin columns were then inserted into new 1.5 mL tubes. One hundred microliters
of nuclease free water was added to the spin column and then centrifuged for 1 minute at 10,000
x g. The spin columns were then discarded and the 1.5 mL tubes with the flow through were
stored in -20 °C for further use.

Serial Dilution. The concentration of the minipreps that were prepared previously were
assayed using the IMPLEN NanoPhotometer NP80 using the nuclease free water as a blank. A
serial dilution was created with the highest concentration miniprep. The dilution range for the
serial dilution was from stock to 1/1,000,000. qPCR was then performed on this serial dilution

using the primers corresponding to the target. Each reaction was done in duplicate.
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Prime Efficiency Analysis. The cycle threshold (CT) averages from the duplicate
reactions were used in the determination of the primer efficiency. The averages and the log of the
serial dilutions were used to create a scatter plot and the trendline was added. The R? value and
slope of the trendline were determined. The slope of the final trendline was used to determine the
efficiency using the equation E = -1 + 10A¢1/slope),

Gene Ratio Analysis. To determine the gene ratio, the E value obtained for each target
was used to determine the Ep value using the equation: Ep = E + 1. The fold change was
determined by the equation: fold change = (Ep)®!““T where the deltaCT was calculated by
taking the average of each target CT and subtracting that from the average of all saline samples
for that target. This was done for GAPDH, TNFa, and MDAS. The gene expression ratio for
TNFa and MDAS was then calculated by dividing the fold change for TNFo or MDAS by the
GAPDH fold change. The normalized gene expression ratio for TNFa and MDAS was then
determined by finding the average of all saline gene expression ratios for the specific target and

then dividing each sample’s gene expression ratio by the average saline gene expression ratio.

Statistics

JASP, the open-source program supported by the University of Amsterdam, was used for
all statistical analyses.

ANOVA. A classical one-way ANOVA was used to analyze the statistics for the
expression of TNFa, MDAS, and ADARI p150 as well as the editing rate of FLNA and FLNB.
The Levene’s Test for Equality of Variances was used for the assumption check. If a
homogeneity correction was needed, the Welch homogeneity test was utilized. Dunn’s Post Hoc
Comparisons was used to determine the p value and significant comparisons. An outlier test was

performed using boxplots and the outliers were removed for the final statistical analysis.
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T-Test. Independent Samples T-Tests were used to analyze the statistics of the change in

editing for FLNA and FLNB. The Shapiro-Wilk Test of Normality was used for the assumption

check. An outlier test was performed using boxplots and the outliers were removed for the final

statistical analysis.

Table 1. Cycle conditions for HC-RT protocol

Step Temperature Time
1. 24°C 10:00
2. 37°C 1:00:00
3. 85°C 10:00
4. 4°C Infinite Hold
Table 2. PCR Primers
Target Sense (S) or  oRU #! Sequence Product
Antisense Length
(AS) (bp)
ADARI p110 S 33 AGAGACTACGCGTTGGGACTAGCC 448
ADARI p150 S 34 CCGGCACTATGTCTCAAGGGTTC 406
AS 35 CCGGAAGTGTGAGCAAAGCCCGT
S 101 CTGATAGCCCCTTCGTGGTG
FLNA 249
AS 102 AGATGCCATTCTCTCGTGGG
S 116 GAGTTCAGCATCTGGACCCG
FLNB 330
AS 84 CCCTTTCGCACCATTCAACC

L' 0RU refers to labels given to primers in the Ulbricht lab primer database
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Table 3. Primers for potential ADARI editing targets

Target Sense (S) or oRU # Sequence Product
Antisense Length
(AS) (bp)
S 141B CTCTTCCTCCTCTTCGGATGC
IGFBP7 582
AS 142 AATGGCCAGATTTTCCCGGT
S 143 GGCATGGAGTGCGTGAAGAG
IGFBP7 561
AS 144 ATGGAGGGCATCAACCACTG
S 145 CAGGTATCGTGGCGTCG
BLCAP
AS 146 ACATCACAGGCCAAAAGGCT 605
AS 147 AAGGTTTCCGTTCCAGGAGG 332
S 148 GCTCGCAGGTATCGTG
BLCAP 567
AS 149 GGACTGCGGGATTTGAAACT
S 150 CTCAGAGGGCTGTGTGTGAA
RPAI 214
AS 151 AGACAAAAAGGTGCCACCAC
Table 4. Primers for gPCR targets
Target Sense (S) or oRU # Sequence Product
Antisense Length
(AS) (bp)
S 93 ATCCTGGCCATCAAGGGCAATC
TNFa 161
AS 94 TCCCTGGGCCTCATTAGCATATCA
S 109 CCCAGCTTAGGTTCATCAGG
GAPDH 225
AS 113 GCCGTTGAATTTGCCGTGAG
S 134 GACAGAGGCCTGGAACGTAG
MDAS 255
AS 135 CAAATGGAAGTGGCCCAACC
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Table 5. PCR primer sequences for NGS

Target oRU # Barcode Primer Sequence with barcode

| FLNB 120 GAGAG GAGAGGAGTTCAGCATCTGGACCCG
FLNB 121 TTCTT TTCTTGAGTTCAGCATCTGGACCCG
FLNB 122 CCTCC CCTCCGAGTTCAGCATCTGGACCCG
FLNB 123 ACGCA ACGCAGAGTTCAGCATCTGGACCCG
FLNB 124 CGTGC CGTGCGAGTTCAGCATCTGGACCCG
FLNB 125 TACAT TACATGAGTTCAGCATCTGGACCCG
FLNB 128 GAGAG GAGAGCTCTCCCCTTTCGCACCATTCAACC
FLNB 129 TTCTT TTCTTCTCTCCCCTTTCGCACCATTCAACC
FLNB 130 CCTCC CCTCCCTCTCCCCTTTCGCACCATTCAACC
FLNB 131 ACGCA ACGCACTCTCCCCTTTCGCACCATTCAACC
FLNB 132 CGTGC CGTGCCTCTCCCCTTTCGCACCATTCAACC
FLNB 133 TACAT TACATCTCTCCCCTTTCGCACCATTCAACC

Table 6. qPCR cycling conditions

Step Temperature Time
1. 95.0°C 3:00
2. 95.0°C 0:10
3. 57.0°C 0:30

Plate Read

GOTO Step 2, 45x

65.0°C to 95.0°C, increment 0:05

0.5°C

Plate Read
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END

Table 7. Ligation reaction contents

Reagents Standard Ligation Positive Control Background Control
Reaction
2X Rapid Ligation 5uL 5uL 5uL

Buffer, T4 DNA

Ligase
PGEM-T Easy 0.5 uL 0.5 uL 0.5 uL
Vector (50 ng)
PCR Product 3.5uL - -
Control Insert DNA - 2 uL -
T4 DNA Ligase 1 uL 1 uL 1 uL
Water - 1.5 uL 3.5uL
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RESULTS

The goal of this research was to determine if induced acute inflammation caused sex
dependent effects on innate immunity and, consequently, ADAR-dependent RNA editing with
specific interest in the innate immune pathway in skeletal muscle of mice. An acute
inflammation reaction was stimulated by injecting mice with a relatively high dose of LPS and
isolating tissues only 4 hours after injection. The RNA isolated from these tissues was then

analyzed for gene expression and RNA editing.

Analysis of Inflammation Induction

To determine if inflammation was induced within the LPS injected mice, the relative
expression levels of the pro-inflammatory cytokine TNFo were measured using qRT-PCR (Fig.
4). First, the primer efficiency of the primers used to amplify TNFa and the control, GAPDH, in
qRT-PCR was analyzed (Fig. 5). The slope of the lines generated in Figure 5A and Figure 5C
were used to calculate the primer efficiencies for both TNFo and GAPDH, respectively. The
primer efficiency values, 1.16 for TNFa and 1.26 for GAPDH, were then used to determine the
relative expression (Pfaffl 2001).

It is expected that TNFa levels would be significantly higher in the LPS injected mice
compared to those that received an injection of saline. The average relative expression of TNFa
in males treated with LPS was 1.13 +0.119, significantly higher than the average in the saline
group that was 0.22 + 0.059 (p = 0.019, Fig. 4). TNFa in the female LPS-treated group was also
significantly higher than the saline treated females, 2.43 + 0.389 and 0.83 + 0.183, respectively
(p =0.019, Fig. 4). This confirmed inflammation was induced by LPS in both sexes. Statistical

analysis of TNFa in males and females treated with LPS did not show any sex-dependent

28



significance, even though the female animals treated with LPS (standard deviation = 0.77) do
have more than twice the amount of TNFa than the male animals treated with LPS (standard

deviation = 0.24).

Analysis of ADAR1 p150 Induction

To determine the level of ADARI1 p150 induction in this research model for acute
inflammation in the skeletal muscle, semi-quantitative PCR was conducted. With this method,
the expression of the p150 isoform of ADARI relative to the constitutively expressed p110
isoform was determined by densitometry analysis from an agarose gel image of RT-PCR
products (Fig. 6). Since ADARI p150 is IFN inducible, it was expected that the mice that were
injected with LPS would have higher levels of ADAR1 p150 compared to those that received the
saline injection. The average induction of ADAR1 p150 in skeletal muscle from mice in the
saline groups were 10.49 + 2.55 and 12.26 + 1.98 for males and females, respectively. In the LPS
treated muscle, ADAR1 p150 levels were 22.07 £ 4.47, and 33.87 + 6.68, for males and females,
respectively, showing ADARI1 p150 levels more than double in skeletal muscle from LPS treated
mice (Fig. 7). Statistical analysis verifies that ADAR1 p150 expression is induced by LPS in
both male and female mice (p = 0.009 and 0.006, males and females, respectively) (Fig. 7).
There was not a significant difference between the sexes, however there is a significant amount
of variation in the ADAR1 p150 levels in the LPS-treated females (standard deviation = 14.94)

compared to the LPS-treated males (standard deviation = 8.93).

Analysis of MDAS Expression
Next, the amount of MDAS was quantified in both male and female mice. MDAS activity

is directly regulated by the RNA editing activity of ADARI1 p150. Based on previous literature,
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female mice have higher levels of MDAS in inflamed heart tissue (Koeing et al. 2014). MDAS
levels in the heart of the LPS treated mice were investigated (Fig. 8), as well as other tissues,
including skeletal muscle using qRT-PCR (Fig. 9). It was expected that the relative expression of
MDAS5 would be higher in LPS-treated females, compared to LPS-treated males. First, the
primer efficiency of the primers used to amplify MDAS and the control, GAPDH, in qRT-PCR
were analyzed (Fig. 5B,C respectively). The slope of the lines generated in Figure 5B and Figure
5C were used to calculate the primer efficiencies for both MDAS and GAPDH, respectively. The
primer efficiency values, 0.83 for MDAS and 1.26 for GAPDH, were then used to determine the
relative expression (Pfaffl 2001).

The average relative expression of MDAS in heart tissue from mice in the male saline
group was 1.55 + 0.61 and in the male LPS group was 10.78 + 6.92, an increase of nearly 6 times
in the inflamed mice (Fig. 8). In the females, the MDAS levels in LPS treated mice were over 5
times the amount in the control (relative expression in saline group was 1.66 + 0.83, and 9.46 +
3.85 in the LPS group; Fig. 8). Statistical analyses indicated that there were no significant
differences between the sexes or treatments in the heart tissue for this research model.

The average relative expression of MDAS in skeletal muscle from mice in the male saline
group was 0.14 + 0.07, and in the male LPS group was 0.46 + 0.04, an increase of over 3 times
in the inflamed mice (Fig. 9). In the females, the MDAS levels in LPS treated skeletal muscle of
mice were over 10 times the amount in the control (relative expression in saline group was 0.20
+ 0.02, and 2.04 + 0.65 in the LPS group; Fig. 9). These results indicate that MDAS is induced
by LPS in the skeletal muscle of both sexes (p = 0.049 and 0.003, for males and females,
respectively). There were no statistically significant sex dependent differences for MDAS levels

in skeletal muscle, but it is interesting to point out that, similar to TNFa and ADAR1 p150, the
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variation in the females is more pronounced (standard deviation = 0.65), compared to the males

(standard deviation = 0.04).

Analysis of RNA Editing

Next, the average editing rate and the change in editing of ADAR targets in skeletal
muscle of both male and female LPS and saline treated mice was quantified. FLNA and FLNB
mRNA are both edited in the heart and muscle. They are primarily thought to be targeted by
ADAR?2 in mice. While previous studies showed that inflammation in these mice did not affect
levels of RNA editing in the brain or heart, it is clear that regulation of ADAR and RNA editing
is tissue specific (Adetula et al. 2021; Gabay et al. 2022). Therefore, RNA editing in the skeletal
muscle was analyzed as well. The average percent editing of FLNA from mice in the male saline
group was 43.19% + 1.31, and in the male LPS group was 41.35% + 2.14 (Fig. 10A). The
change in editing was calculated by analyzing the difference in FLNA editing rate between
matched pairs of mice that were co-housed littermates, injected in parallel. The average change
in editing for FLNA in male mice was 1.84% = 2.39 (Fig. 10B), indicating little to no influence
on FLNA editing in male mice. In female mice, editing of FLNA from control mice was 37.87%
+2.79, and 37.53% + 2.85 in the LPS treated group (Fig. 10A). The change in editing between
paired mice was 2.54% + 1.78 (Fig. 10B), once again indicating that acute inflammation does not
significantly affect FLNA RNA editing. Interestingly, FLNA RNA editing is sex dependent in
skeletal muscle (p = 0.028 and 0.021, for saline and LPS, respectively).

FLNB RNA editing rates in skeletal muscle are known to be higher than the rates in other
organs. We found that the average editing percentage of FLNB editing in skeletal muscle from
control mice was 72.26% = 0.71 and 69.48% + 2.70, in males and females, respectively (Fig.

11A). These values are higher than editing levels from the heart (65.7% and 65.5% for males and
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females, respectively), but not significantly different from each other. LPS treatment had no
effect on FLNB editing rate in females (69.31% + 5.09 in LPS group compared to 69.48% + 2.70
in saline), however, editing in the male group increased to 77.38% + 1.87 (p = 0.034, Fig. 11A).
When compared within individual pairs of mice, the average change in editing for FLNB in male
mice was 5.12% + 1.66 and for females was -0.022% + 3.84 (Fig. 11B). Note that the individual
values for the change editing in females vary widely, showing almost a bimodal distribution

(standard deviation = 8.59; Fig. 11B).

Analysis of ADAR1 Targets

While the role of FLNA and FLNB RNA editing in heart and muscle has been
established, these are both primarily targeted by ADAR2. A protocol for analysis of FLNA and
FLNB RNA editing was also established in previous theses. The editing rate of an ADARI target
in skeletal muscle of both male and female LPS and saline treated mice was a point of interest
for this research. Previously used ADARI target, CAPS1, has no detectible expression in
muscle, so available databases were combed to find mRNAs that are targeted for RNA editing by
ADARI, but also expressed in the skeletal muscle. IGFBP7, BLCAP, and RPA1 mRNAs were
selected to design and optimize RT-PCR analysis of RNA editing.

The first step in RNA editing analysis is to use RT-PCR to amplify the region that
contained the edited nucleotide. Primers were designed to flank the edited nucleotide in the
cDNA. Next, the conditions of the PCR were optimized. A melting temperature (Tm) gradient
was utilized to determine the highest Tm that produced an amplicon at the expected size with
minimal background for each target. The first primer set tested, oORU 141B and 142, targeted
IGFBP7. The expected product size was 582 base pairs. The second set of primers tested that

target IGFBP7 was oRU 143 and 144. The expected product size was 561 base pairs. After
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conducting the Tm gradient and visualizing the results with agarose gel electrophoresis for both
pairs of primers it was determined that the optimal Tm for both pairs of primers was 60 °C. RT-
PCR was then conducted on skeletal muscle samples using 60 °C as the annealing temperature.

The next step of RNA editing analysis is to sequence the RT-PCR amplicon in skeletal
muscle samples. Amplicons from IGFBP7 were sequenced with Sanger using one of the PCR
primers (o0RU 141B, 142, 143, or 144) to determine which primer would result in clean
chromatograms. After analyzing the results of the chromatograms of all the primers, it was
determined that oRU 141B and 142 both produced clean chromatograms, however, the editing
site identified in previous literature appeared to be 100% edited in samples with either primer
(Figure 12A,B respectively).

The next sets of primers analyzed were oRU 145 and 146, 145 and 147, and 148 and 149.
These primer sets all targeted BLCAP. A Tm gradient was again utilized to determine the
optimal Tm for each set of primers. Primer set oRU 145 and 146 as well as set oRU 148 and 149
were unable to produce clean bands when visualized using agarose gel electrophoresis. oRU set
145 and 147 created an optimal band at the expected target size, 330 base pairs, with a Tm of 60
°C. RT-PCR was conducted on skeletal muscle samples using 60 °C as the annealing
temperature. These amplicons were then prepared with either oRU 145 or 147 and sent for
Sanger sequencing. After analyzing the results of the chromatograms, it was decided that oRU
145 produced cleaner chromatograms, however, the edited site identified in previous literature
appeared to not be edited in any samples (Fig. 12C).

The next set of primers tested was oRU 150 and 151. This primer set targeted RPAT.
Again, a Tm gradient was used to determine the optimal Tm for each set of primers. A Tm of

63.8 °C produced a clean band at the expected size of 214 base pairs. RT-PCR was then
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conducted with an annealing temperature of 63.8 °C on skeletal muscle samples. The amplicons
were then prepared for sequencing with either oRU 150 or 151 and sent for Sanger sequencing.
After analyzing the results of the chromatograms, it was determined that oRU 151 produced
clean chromatograms with the edited nucleotide present (Fig. 12D). The editing rate for RPA1 is
approximately 75%, a rate that is detectible, yet not saturated. RPA1 was determined to be a

satisfactory target for further analysis in future studies.
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Figure 4. TNFa expression in skeletal muscle of males and females.

Relative expression was determined by qRT-PCR of TNFa from skeletal muscle, using GADPH
as a standard. Each qPCR was performed in duplicate. The Pfaffl method was used to determine
the relative expression. Male (maroon) and female (gray) mice from saline (solid) and LPS
(hatched) treated groups were tested. ANOVA. * p <0.05, *** p <0.001. Error bars equal the
standard error of the mean (SEM). N = 3 (males) or 4 (females).

3

.



A.
30 5 30 1
25 25 .
=1 = ] -
S-0d e . S0 ] ..
- - gzo ] »
o e S ’
< o Sis 4 .
= o < ]
giuo4 0 - 210 .
e v =-2.9839x + 3.8596 = 1 ¥=-3.7955x +2297
5 e R?=0.9724 5 ;.-- R*=0.9993
>
0 +——r—————r—————————————————— 03
0 1 2 3 4 5 6 7 0 1 2 3 -4 5 % 7
DNA Dilution (10~X) DNA Dilution (10°X)
C.
30 5
25 7 -
£ e
goy -
Cis S
= 1 e L
2104 e
< o y =-2.8218x + 7.0918
C 57 R*=0,992
0 +————r———rr——————————
0 1 2 3 -4 5 6 7

DNA Dilution (10"X)

Figure 5. Primer efficiency.

Serial dilutions of cloned PCR products were prepared (from 107 to stock). qPCR was
performed in duplicate. The mean Ct was used to prepare the standard curves. The correlation
coefficient (R-squared values) and equations of the trendline are present on each respective
graph. (A) Standard curve for TNFa qPCR. (B) Standard curve for MDAS. (C) Standard curve

for GAPDH.
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Figure 6. ADARI1 p150 agarose gel.
Representative agarose gel electrophoresis used to quantify ADAR1 p150 expression levels

relative to ADAR1 p110 expression levels. The ADAR1 p110 band is indicated with a maroon
arrow and the ADARI p150 band is indicated with a black arrow. The lane labelled “L”
contained the 1kb ladder. Lanes labelled 1-5 amplified from cDNA and lanes 6-10 contain

products of -RT controls.
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Figure 7. ADARI1 p150 expression in skeletal muscle of males and females.

Relative expression was determined by semi-quantitative PCR of ADARI p150 from skeletal
muscle, using ADAR1 p110 as a standard. Male (maroon) and female (gray) mice from saline
(solid) and LPS (hatched) treated groups were tested. ANOVA. ** p <0.01. Error bars = SEM. n
males, saline = 6; n males, LPS = 4; N females = 5.
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Figure 8. MDAS expression in heart of males and females.

Relative expression was determined by qRT-PCR of MDAS from heart, using GADPH as a

standard. Each qPCR was performed in duplicate. The Pfaffl method was used to determine the
relative expression. Male (maroon) and female (gray) mice from saline (solid) and LPS (hatched)

treated groups were tested. ANOVA. (n.s.). Error bars = SEM. N = 3 (males) or 4 (females).
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Figure 9. MDAS expression in skeletal muscle of males and females.

Relative expression was determined by qRT-PCR of MDAS from skeletal muscle, using
GADPH as a standard. Each qPCR was performed in duplicate. The Pfaffl method was used to
determine the relative expression. Male (maroon) and female (gray) mice from saline (solid) and
LPS (hatched) treated groups were tested. ANOVA. * p <0.05, ** p <0.01. Error bars = SEM. N
=4 (males and females).
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Figure 10. RNA Editing of FLNA in the skeletal muscle of male and female mice.
(A) Average percent editing of FLNA in the skeletal muscle of males (maroon) and females
(gray) in both saline (solid) and LPS (hatched) treated groups. ANOVA, * p > 0.05. (B) The
change in editing of FLNA in the skeletal muscle between LPS and saline treated co-housed
littermate pairs in female (gray) and male (maroon) animals. 7-test, p > 0.05 (n.s.). Error bars =
SEM. N =7 (males) or 5 (females); technical replicates > 2.
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Figure 11. RNA Editing of FLNB in the skeletal muscle of male and female mice.

(A) Average percent editing of FLNB in the skeletal muscle of males (maroon) and females
(gray) in both saline (solid) and LPS (hatched) treated groups. ANOVA, * p > 0.05, ** p > 0.01.
(B) The change in editing of FLNB in the skeletal muscle between LPS and saline treated co-
housed littermate pairs in female (gray) and male (maroon) animals. 7-test, p > 0.05 (n.s.). Error
bars = SEM. N =7 (males) or 6 (females); technical replicates > 2.
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Figure 12. Representative chromatograms for ADARI1 editing targets.

Representative chromatograms from Sanger sequencing for the editing region of (A) IGFBP7
with oRU 141B, (B) IGFBP7 with oRU 142, (C) BLCAP, and (D) RPAL1. The edited nucleotide
is highlighted with a red box for all targets. G = Black, A = green, T =red, C = blue.

41



DISCUSSION

The goal of this research was to induce acute inflammation and examine the innate
immune reaction as well as ADAR-dependent RNA editing in mice. An acute inflammation
reaction was stimulated through an injection of a relatively high dose of LPS. Tissues were
isolated just 4 hours after injection and the RNA isolated, with the intention of capturing the
molecular signature of extremely acute inflammation. Inflammation was confirmed through the
significant increase of TNFa seen in both male and female mice that were injected with LPS
compared to their co-housed littermates that were injected with saline (control group) (Fig. 4).
The expression of the interferon-inducible p150 isoform of ADAR1 was determined through
semi-quantitative PCR. The results indicated a significant increase in the expression for both
male and female mice injected with LPS when compared to the control (Fig. 7). MDAS gene
expression in the heart tissue showed no significant differences between the LPS and control
groups of either males or females (Fig. 8). In the skeletal muscle there was a significant increase
in MDAS gene expression between the LPS and control groups for both sexes (Fig. 9). However,
there was no statistically significant difference between the sexes. The editing of FLNA, FLNB,
RPA1, BLCAP, and IGFBP7 were analyzed through Sanger sequencing or NGS. For FLNA,
there was a significant difference in percent editing between the males and females for both the
LPS and saline treated mice (Fig. 10A). However, there was no treatment difference for either
sex as well as no significant difference in the change in editing between males and females (Fig.
10A,B respectively). The editing rate for FLNB also indicated a significant difference between
the sexes for the LPS treated mice (Fig. 11A). There was also a significant difference of editing
rate in treatment groups for the males, but not for the females (Fig. 11A). Like FLNA, there was

no difference in the change in editing between pairs of males and females for FLNB (Fig. 11B).
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IGFBP7, BLCAP, and RPA1 were all analyzed to determine which target would provide
optimal conditions for analysis of RNA editing of an ADARI1 target (Fig. 12). IGFBP7
demonstrated 100% editing regardless of the conditions (LPS vs. saline or males vs. females)
making the effects of inflammation on RNA editing of this target impossible to determine for
this model. BLCAP demonstrated 0% editing regardless of the conditions, also making the
effects of inflammation on RNA editing of this target impossible to determine for this model.
RPAT1 is an ADARI1 target, demonstrated a variable editing rate, and is likely to be useful for

further analysis (Fig. 11).

Induction of Immune Related Genes

The confirmation of induced inflammation in skeletal muscle was determined by
quantifying the induction of interferon stimulated genes like TNFa, ADARI p150, and MDAS.
qRT-PCR was used to quantify the relative gene expression of TNFa, a pro-inflammatory
cytokine. All LPS treated mice had increased gene expression of TNFa in the skeletal muscle, as
expected. The female LPS treated mice did show over double the amount of TNFa when
compared to the male LPS treated mice, however, this difference was not statistically significant.
This could be due to the larger variance seen with the female mice when compared to the male
mice (Fig. 4).

The induction of ADARI p150 was investigated using semi-quantitative PCR,
normalizing to the constitutive p110 isoform of ADARI. It is important to note that the
expression of the constitutively active isoform ADAR1 p110 was assumed to not change.
Confirmation of these assumptions should be done by qRT-PCR of the p110 isoform in future
experiments. For all mice, the expression of ADARI p150 was higher in the LPS treated group

(Fig. 7). Since the p150 isoform of ADARI is interferon inducible these results were expected
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after confirmation of inflammation was determined. Like TNFa the female mice exhibited over
double the amount of ADAR1 p150 expression, however no significant differences were found
between the sexes. This is most likely also due to the females having a larger variance compared
to the males.

MDAS is a dsRNA sensor that, when triggered, leads to the induction of inflammation.
The function of MDAS is downregulated by ADART1 p150, in a negative feedback loop, to
prevent dysregulation of the immune system and chronic induction of inflammation. Co-
regulation of the levels of ADAR1p150 and MDAS help keep innate immunity in check,
preventing activation by endogenous dsRNA. Previous literature has shown a significant increase
of MDAS in inflamed heart tissue of females compared to males (Koenig et al. 2014). This
research aimed to confirm those findings in the heart in this acute inflammation model, as well as
investigate if there is a similar pattern of differential MDAS expression in the skeletal muscle.
The acute inflammation model investigated in this research did not imitate the previous
significant differences seen in inflamed heart tissues of female when compared to males (Fig. 8).
The sample size for this research is relatively low for MDAS from the heart (male n = 3).
Analysis of additional samples may reduce the variability and provide a more accurate picture of
MDAS in the heart. However, the extremely acute inflammation model (4 hours) used for this
research is much different than the 3-day acute inflammation model found in previous research.
To determine if the inflammation induced in this research leads to significantly higher levels of
MDAS in the heart tissue of females and supports the previous findings an extended time of
inflammation could be tested in future research. The acute inflammation model here did,
however, induce a significant increase in MDAS expression in the skeletal muscle of both males

and females (Fig. 9). While there was not a statistically significant difference between the sexes
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it appears that the differences are approaching significance. Again, the female LPS group
showed over double the amount of MDAS expression when compared to the male LPS group,
and the variability follows the trend of the other ISGs investigated, with females exhibiting
higher variance. The sex-dependent differences of MDAS induction have not been previously
investigated in tissues other than the heart. To determine if this model is in fact approaching
significance in the skeletal muscle more samples should be tested in an attempt to decrease the
amount of variance. Furthermore, testing longer periods of inflammation could also provide
more insight on the sex-dependent differences of induction.

The results of the induction of immune related genes in skeletal muscle of mice that were
investigated in this research all indicate a significant increase following LPS injections,
indicating that the timing and dose of LPS successfully induced immune activation. Interestingly,
they all also follow the same trend of the expression being over double the amount in females
when compared to males, but none indicating any statistically significant difference between the
sexes. Since the females displayed larger variance for each target studied it may be worthwhile to
increase the number of mice used to decrease the variance to portray the significant difference
between the sexes. It would also be worth investigating longer periods of inflammation since it is
possible that 4 hours was not enough time to induce a large enough difference between males
and females in the expression of the immune related genes, as mentioned above. Alternatively,
protein expression for all targets could also be quantified by western blot with antibodies specific
to the target proteins to determine if the mRNA expression correlates with the protein
expression. RNA was isolated from tissues using Tri-Reagent, a phenol-based solution that
separates RNA in the aqueous fraction from an organic fraction, containing proteins. Protein can

be isolated from this stored organic fraction using dialysis. Total protein can be separated by
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SDS-polyacrylamide gel electrophoresis and blotted to nitrocellulose. Primary antibodies
recognizing each target should be thoroughly analyzed to ensure they are specific and sensitive
enough to detect the intended targets. Secondary antibodies labeled with an infrared dye can be
used to visualize protein levels. Once that has been accomplished, the software ImagelJ could be
used to quantify the protein levels. If the protein levels are not induced to the same levels as the
mRNA, then it could be that the 4-hour time point was not sufficient time for the production of
the protein and again, an extended inflammation period should be studied to further determine if

the sex differences are significant.

RNA Editing in Skeletal Muscle

Previous research conducted by gradute student Claire Nichols aimed to investigate the
effects of inflammation on RNA editing and determine if the effects are tissue and/or sex-
specific in the heart, brain, and skeletal muscle of saline and LPS treated mice. The editing
targets that were examined included FLNA, FLNB, and CAPS1. The data collected did not show
a significant difference in editing between the LPS and saline treated mice, nor a sex-specific
difference, for any of the targets in the heart and brain tissue. Preliminary data on FLNA in
skeletal muscle, however, did show that editing was reduced by inflammation and that editing in
female mice was reduced for both saline and LPS treated groups when compared to males. This
research aimed to confirm these results as well as investigate other targets in skeletal muscle.

This thesis research expaned the previous project and provided additional samples for
FLNA editing in LPS and saline treated skeletal muscle of male and female mice, showing a
slight reduction but no statistcally significant difference between the treatment groups. However,
this research did support the preliminary data that indicated a significant decrease of about 5% in

the editing of FLNA in skeletal muscle of female mice for both the saline and LPS treated groups
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when compared to males (Fig. 10A). The change in editing between age-matched, co-housed
littermates that were injected with LPS or saline, in parallel for males and females however was
not significantly different (Fig. 10B). This indicates that for FLNA, the effects of inflammation
on editing percent are tissue dependent but not sex-dependent, meaning the regulators of FLNA
editing, such as transcription rate, splicing rate, or RNA binding proteins might vary between
tissues.

FLNB editing levels have been shown to be the highest in skeletal muscles, cartilage, and
bones where the function of FLNB seems to be the most important (Czermak et al. 2018). Given
this information, determining how/if inflammation affects RNA editing of FLNB in the skeletal
muscle even though there were no significant differences found in the heart and brain was
deemed important. The data collected from this research did not show a significant difference in
the change in editing between age-matched, co-housed littermates that were injected with LPS or
saline, in parallel (Fig. 11B). However, LPS led to a statistically significant difference in the
editing percentage of FLNB in male mice. The male mice displayed a significant increase in
editing in the samples that were treated with LPS compared to the control male mice and the
LPS-treated female mice. The females did not show a treatment difference, and the FLNB
editing in all female mice was very similar to the control male mice (Fig. 11A).

The FLNB editing rate was higher in the male LPS treated mice than all other groups
(Fig. 11A). This is interesting when coupled with the data collected from the induction of
immune related gene expression. As stated above, for each immune related gene target, the
females that were treated with LPS exhibited more than double the expression when compared to
males, however the editing of FLNB in females did not show any significant difference after the

treatment of LPS while the males displayed higher editing in the LPS group. This indicates that
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regardless of the cellular conditions, FLNB editing is maintained at a steady level in female
mice. The slight variability in the males indicates that more of the FLNB protein produced in the
LPS treated males would contain arginine instead of glutamate at amino acid 2341 (Levanon et
al. 2005). The editing-dependent change in amino acid for FLNA affects smooth muscle
constriction in cardiovascular tissue, where the majority of editing has been found for FLNA.
Under-editing of FLNA has been found in cardiovascular tissue from humans and mice with
cardiovascular diseases. When the editing of FLNA was impaired in mice, there was more
contractility of the smooth muscle that leads to diastolic hypertension (Jain et al. 2018). The
majority of FLNB editing has also been found in skeletal muscle. Editing of FLNB, which
affects the same amino acid at the same position as FLNA, may similarly affect contractility of
skeletal muscle (Czermak et al. 2018). We expect a temporary change in editing to minimally
affect the tissue, and therefore be well tolerated by the animal. However, if more sustained
inflammation causes sustained increases in FLNB editing in males, it is possible that the
alternative FLNB isoform could reduce contractility and affect the overall function of the
musculoskeltal sytem.

It is important to note that FLNA and FLNB are primarily ADAR2 targets. ADAR1 will
competitively inhibit ADAR2-specific RNA editing. Since ADARI1 p150 levels increased for
both sexes in the LPS treated tissue it was expected that if ADARI p150 induction affected the
editing of ADAR?2 targets, the editing would decrease. After the quantification of ADARI1 p150
showed that the induction in females was double the amount of males, it was thought that the
editing of FLNB in females injected with LPS may be reduced compared to females injected
with saline as well as the males since the increased amount of ADAR1 p150 could lead to

increased competitive inhibition of ADAR2. The data collected did not meet this expectation. In
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fact, editing of FLNB was actually increased in conditions where ADAR1 was higher in the
skeletal muscle of males only, suggesting that FLNB may indeed be edited by ADARI.
Alternatively, perhaps the conditions that stimulate ADAR1 p150 also stimulate a change in
other factors that contribute to FLNB RNA editing in male skeletal muscle. One factor that could
influence the level of FLNB RNA edting is its transcription rate. Higher levels of transcription
are associated with lower levels of RNA editing (Saldi et al. 2021). Therefore, it could be
beneficial to quantify the amount of FLNB with qRT-PCR in skeletal muscle of LPS and saline
treated male and female mice to determine if the inflammation is stimulating the transcription of
FLNB in males, thereby influencing it’s editing rate, indirectly. Furthermore, quantification of
ADAR?2 expression by qRT-PCR between males and females in inflammed skeletal muscle
should also be performed to determine if levels of ADAR2 could be affected, influencing the
editing rate of FLNB. The protein levels of each immune related gene should also be quantified.
If the protein levels do not correlate with the increased mRNA levels this could help explain the
diconnect between the expected and observed results.

This work intended to measure RNA editing of ADARI- and ADAR2-targeted
transcripts. We continued previous thesis research and investigated the effects of inflammation
on the ADAR?2 targets FLNA and FLNB. However, Claire Nichols also investigated the ADAR1
target CAPS1. CAPS1 RNA editing was not affected by sex or LPS treatment in the heart or
brain. CAPS1 is not expressed in skeletal muscle so this research aimed to determine an ADAR1
editing target that was expressed in skeletal muscle to determine how inflammation effects
ADARI editing activity. After looking through previous literature to find ADARI targets, many
trials of primer optimization, and Sanger sequencing test runs it was determined that RPA1 could

prove to be a viable target for determining the effects of inflammation on ADARI1 editing
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activity. The results for this target are not complete. Based on the results of the ADAR1 editing
activity that were seen in Claire’s research it is assumed that there will not be a significant
difference in the editing percentage, but it will still be worthwhile to confirm these assumptions
and compare the results to the editing activity of ADAR2 that was seen in inflammed skeletal
muscle. If there are no differences seen in the editing rate of an ADARI target it can be assumed
that the editing performed by ADAR1 and ADAR?2 are differentially affected by inflammation.

The previous editing targets that have been mentioned are all well known and well
regulated recoding events. It would also be important to look at how inflammation affects hyper-
editing rates. Hyper-editing is much more common than recoding editing events and are the
primary type of editing that controls the innate immune reaction (Tossberg et al. 2020). Sex
differences in the innate immune system may be more likely to be affected by or affect hyper-
editing levels. Hyper-editing levels can be assessed through RNAseq or by surveying overall
cellular levels of inosine (Knutson et al. 2021).

The results of this research, combined with those of previous and future research, helps to
highlight the complexity of RNA editing and the effects that inflammation has on the molecular
events within the cell that regulate the health and function of organ systems. This work shows
that each organ, each target and each sex may be regulated uniquely, making the results of
disturbing the satus quo increasingly unpredictible. The therapeutic potential of RNA editing is
currently being realized by targeting endogenous ADARs to disease-causing locations (Booth et
al. 2023). This targeted recoding has the potential to reduce the harm caused by genomic
mutations, but carry far less risk than genome editing strategies. However, in the discussion of
using ADAR-directed RNA editing as a therapeutic treatment, it is important to consider that

ADAR activity is sex-, tissue-, target-, and treatment-dependent. This research is the first to
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investigate and demonstrate the sex-dependent nature of RNA editing and further establishes the
need to involve both males and females in research, including trials for pharmeceuticals related

to RNA editing-based therapeutics.
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used as a reference when completing this MU (see bttpe/foba.od.nih.gov/rdna/nih guidelines oba htmi).
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Researcher Name:  Dr. Randi Ulbricht
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