Post-transcriptional Regulation of Gene Expression in Innate
Immunity

Author:
Lai, Hui-Chi

Publication Date:
2021

DOI:
https://doi.org/10.26190/unsworks/2048

License:
https://creativecommons.org/licenses/by/4.0/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/100138 in https://
unsworks.unsw.edu.au on 2024-04-20


http://dx.doi.org/https://doi.org/10.26190/unsworks/2048
https://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/1959.4/100138
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

UNSW

SYDNEY

Post-transcriptional Regulation of Gene
Expression in Innate Immunity

Tess Hui-Chi Lai

A thesis in fulfilment of the requirements for the degree of

Doctor of Philosophy

SWS Clinical School

Faculty of Medicine

August 2021



Abstract

LAl

Surname/Family-Name+ @

Given-Mame/s+ :+ HUI-CHI»

Abbreviation-for degree-as give in-the University-calendare  :» PhD-degrees

Faculty< @ Medicines

Schoole ¢ SWS-Clinical-Schoole

Thesis Titles :+  Post-transcriptional Regulation-of-Gene-Expression-in‘Innate Immunity+
+

Abstract-350-words-maximum: {PLEASE-TYPE}~
)

Gene expression can be regulated fromtranscriptionalinitiation to-RNA processing-and turnover time and post-translational-
modification-of-a-protein.- The -majority-of-studies-of-gene-expression-have-focussed-on-transcription.-However -it-is-also-
important-to-understand-how-post-transcriptional pathways-are regulated-in-response to-inflammatory-stimuli.- Chapter-1-
introduces-background-to-gene-expression-during-post-transcriptional regulation-and-its regulation-related to-inflammatory -
diseases.- The-innate-immune-response-to- LPS-is- highly- dynamic- yet-tightly- regulated. - RNA- decay- pathways-include-
nonsense-mediated-decay, the- RNA-decay-exosome, - P-body-localised deadenylation, - decapping-and-degradation-and-
AU-rich-element targeted-decay-mediated-by-tristetraprolin.- Chapter-2 -we-examined-theregulation-of- RNA-degradation-
pathways-during-the lipopolysaccharide response-in-macrophages-and-these results-have-been-published. -+

+

Alternative- splicing-has-been-identified-as-a-key-process-in-post-transcriptional- requlation- of-gene-expression-in- higher-
eukaryotes. Inthe immune system, -alternative splicing provides-a-major-role-in-regulating gene expression-and-generating-
the-diverse-mRNA transcripts-and-protein-isoforms, therefore-giving-rise to-protein-diversity_-Intron-retention-(IR) is-a-form-
of-alternative- splicing-where-an-intron-is-not- removed-during- transcription- coupled- splicing- and- is- considered- a-widely-
regulated- process- during- gene- expression.- Chapter- 3- we- examined- its- regulation- during- inflammation. - Also, - gene-
expression- can-be-regulated- via- nonsense-mediated- decay,- which-can- precisely- control-the-timing- and- level- of-gene-
expression-as-well-as-eliminating-unstable-or-toxic-protein-production.-SMG1is-a-member-of the -PIKK-(phosphainisitide-3-
kinase-related-kinases)-family-and -plays-an-important-role-in-NMD. -‘For-Chapter-4-we-investigated-the role-of- SMG1-in-the-
regulating-in-response to-inflammatory-stimuli. We-generated-a-novel-animal-model-of total- SMG1 -loss in-macrophages to-
address-this-question. -For-Chapter-5,-we-showed-how-to-analyse-RNA-seq.-of- BMM-from- Lys\M+/CreSmg 1fl/fl-(Cre)-and-
Smg 11l (wild-type)-mice-treated - with-LPS-treatment- at- dedicated- time- points-by -gene-ontology-tools-to-discover-gene-
enriched- clusters-during- an- LPS-treatment- between- Lysl{+/CreSmq1fi/fl- (Cre)-and- Smg 1/ (wild-type)-mice.- A-final-
discussion-and-future-directions for this-field-of study-are-provided-in-Chapter 6.«
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Chapter 1- Literature Review

In this chapter I will review the literature related to major focusses of this thesis. Firstly |
will describe RNA metabolism in the context of post-transcriptional regulation during
RNA splicing, alternative splicing, nonsense-mediated decay pathway, RNA degradation
as well as m6A modification. Subsequently, 1 will introduce post-transcriptional
regulation in inflammation and TLR4 signalling. In the end of this chapter, | will give

outline and summary of the thesis.

1.1 RNA splicing discovery: Intron, Exon and Spliceosome

Most genes in higher eukaryotes are transcribed as pre-mRNAs that contain intervening
sequences (introns), as well as expressed sequences (exons). Discovered in the late 1970s,
introns are removed during the process of pre-mRNA splicing, which joins exons together
to produce mature mRNASs [1, 2]. The mechanism of pre-mRNA splicing is a complex
process and requires the small nuclear ribonucleoproteins, splicing factors and RNA-
processing factors [3]. The spliceosome is primarily responsible for recognising the
intron/exon boundaries and also performing cut-and-paste reactions in order to excise the
introns and join the exons. The spliceosome is made up of five small nuclear
ribonucleoproteins (ShnRNPs): U1, U2, U4, U5,and U6. These proteins form a complex
during splicing. Each snRNP is composed of a single uridine-rich small nuclear RNA
(snRNA) and multiple proteins. The splicing reaction itself is mediated via a sequence of
carefully controlled interactions between the snRNPs, proteins and the pre-mRNA
transcript [2, 4]. Firstly, U1 snRNP is recruited to the the 5'-splice site, while U2 binds to
the intron’s branch point. A triple snRNP complex consisting of U4, U5 and U6 is then

recruited to form the spliceosome. Then U4 leaves the complex which allows U6 to
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replace U1 at the 5'-splice site. U6 then interacts with U2 to bring the branch point into
close proximity with the 5'-splice site. At this point a transesterification reaction cleaves
the 5'-end of the intron from the upstream exon and attaches it to the branch point, thus
forming a lariat structure. Further interactions mediated by U5 then bring the 3'-end of
the upstream exon and the 5'-end of the downstream exon into close proximity with each
other. This allows a second transesterification reaction to cleave the remaining 3'-end of

the intron and join the two exons together (Figure 1-1).
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Figure 1-1: Spliceosome function in RNA splicing.

Splicing is carried out by the spliceosome, which contains five small nuclear ribonucleoproteins
that are assembled onto the intron. The Early (E) complex contains the U1 snRNP bound to the
5' splice site. Each element of the 3' splice site is bound by a specific protein: the branch point by
SF1, the polypyrimidine tract by U2AF 65, and the AG dinucleotide by U2AF 35. The A complex
forms when U2 engages the branch point via RNA/RNA base—pairing. This complex is joined by
the U4/5/6 Tri-snRNPs to form the B complex. The B complex is then extensively rearranged to
form the catalytic C complex. During this rearrangement the interaction of the U1 and U4 snRNPs
are lost and the U6 snRNP is brought into contact with the 5' splice site. The C complex catalyses

excision of intron as lariat and ligation of the exon sequences.



Splicing defects and dysregulation of pre-mRNA processing can lead to inflammatory
related disorders and cancer. Dysregulation of splicing or spliceosomal mutations are a
common feature of many human diseases including chronic lymphocytic leukaemia (CLL)
and myelodysplasia (MDS) [5]. The core components of the U2 snRNP, such as the
splicing factors 3B subunit 1 (SF3B1) and U2 auxiliary factor 35 (U2AF35), are
commonly mutated in these diseases [6, 7], with U2AF1 mutations detected in 9% of
MDS patients and SF3B1 mutations in 10% of CLL cases [8]. Further, the most frequent
aberrant splicing event was a mutation in the 3' promoter region of NOTCHL1 that led to
MRNA splicing errors and was associated with more aggressive CLL [9]. Aberrant
splicing is common in genes associated with susceptibility and progression of cancer [10].
Moreover, heritable mutations in splicing genes may cause several rare diseases including
spinal muscular atrophy, retinitis pigmentosa, Nager syndrome, mandibulofacial

dysostosis and oesophageal atresia [11-23].

1.2 RNA splicing regulation: Intron, Exon and Spliceosome

Regulation of the splicing process is carried out by the serine/arginine rich (SR) protein
family together with the heterogeneous nuclear ribonucleoparticle (hnnRNP) proteins. The
SR proteins are a large superfamily of RNA binding proteins and they share common
RNA binding motifs with the hnRNP proteins [24-26]. Heterogeneous nuclear
ribonucleoproteins (hnRNPs) belong to an RNA-binding protein (RBP) family and have
multiple functions in regulating alternative splicing, mRNA stabilisation, and
transcriptional and translational regulation. The SR proteins recognise the enhancer
elements: exonic splicing enhancers (ESEs) and intronic splicing enhancers (ISEs)
thereby acting as splicing activators. On the other hand, the hnRNP protein family
recognises the silencer elements: exonic splicing silencers (ESSs) and intronic splicing
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silencers (ISSs) and thus repress splicing. As a result, the SR proteins can bind to the
splicing enhancer spliceosome assembly at weak splice site while the hnRNPs bind to the

silencer during the regulation of alternative splicing [27].

Moreover, the kinetics of pre-mRNA splicing may regulate gene expression during innate
immune responses. Transcriptome analysis of pro-inflammatory gene regulation in
activated macrophages showed an accumulation of full-length transcripts but these were
incompletely spliced in the chromatin fraction, suggesting that splicing often occurs after
transcription has been completed, with transcripts retained on the chromatin until fully
spliced [28]. PCR-based methodology also indicated the splicing rate was different in
tumour necrosis factor alpha (TNFa) activated mouse fibroblasts and primary
macrophages. Intermediate and late transcripts showed longer half-life compared to early

gene pre-mRNAs for splicing [28, 29].

1.3 Models of alternative splicing (AS) events

Alternative splicing (AS) is involved in regulating the normal function and responses of
the immune system. Alternative splicing alterations in non-coding regions of the mature
mRNA transcript can impact on translational enhancers and mRNA stability. Several
types of alternative splicing events have been reported, ranging from common events such
as exon skipping, intron retention and alternative use of 5" and 3 splice sites, to more rare

events including the use of mutually exclusive exons (Figure 1-2).
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Figure 1-2: Examples of patterns of alternative splicing in NMD.
(A) Intron retaining (B) 5'UTR-containg uORF (C) 3'UTR-containing intron (D) NMD sensitive
long 3'UTR (E) Alternative exon with PTC. Exons are represented grey and yellow blocks and

introns as line in between.

1.4 Alternative splicing regulates gene expression in immune system

The first example of alternative splicing in eukaryotes was identified in the mRNA of
IgM, a member of the immunoglobulin superfamily [30]. Following this, several
alternatively spliced genes with functional roles in the immune system have been
identified (Table 1-1). For example, alternative splicing can regulate T cell activation and
function [31]. CD44 is crucial for T cell homing and function, and alternative splicing of
CD44 can generate ten variable exons and six distinct protein isoforms. Nave T cells
mainly express the smallest CD44 isoform that lacks all variable exons, whereas activated
T cells express multiple CD44 isoforms [32]. Quantitative microarray analysis has also
been used to analyse changes in alternative splicing events during activation of the Jurkat
T cell line, which showed 10-15% of alternative exons undergo a >10% change in

inclusion level during activation. Furthermore, results from quantitative PCR showed that



over half of the microarray-predicted alternative spliced events saw a significant change
when primary CD4" or CD8" human T cells were stimulated [33]. In human dendritic
cells, around 20% of the genes undergo alternative splicing events and most of these genes
have been reported to be involved in regulating cellular functions and defence against
antimicrobial invasion [34]. In summary, alternative splicing can regulate and fine tune
gene expression in different cell types during development; intruigingly these can also
differ between species and may explain nuances in immune regulation that are not

conserved across species barriers [35-37].



Table 1-1: Known alternatively spliced genes with changed function in immune

responses.
Gene Description in Functional change Refs
immune system

SLAT | SLAT functionsto | A spliced isoform of SLAT(SWAP-70-like adapter | [38]
regulate CD4* T of T cells), called SLAT2, which lacks the region
cell inflammatory | encoded by exons 2 to 7 of the Def6 gene and was
responses by selectively expressed in differentiated Th2 cells
controlling after in vitro stimulation, but not in differentiated
Ca?*/NFAT Th1, Th17, or regulatory T (Treg) cells.
signalling.

AKT AKT is a serine Akt2 can regulate CD4 T cell responses. Akt2 [39]
threonine kinase knockout Th17 cells suppress cholesterol
that is required for | biosynthesis and IL-6 production by microarray
T cell development. | analysis.

IL-6 IL-6 promotes IL-6Aexon has been identified as a competitor [40]
differentiation of with native IL-6 for binding to IL-6R, but it is
CD4+ Tto Th2 unlikely to mediate IL-6Rp signalling pathway in
cells. primary human lung specimens and cultured

fibroblasts.

IL-32 IL-32 can induce IL-32y and IL-32f can induce caspase-8- [41]
several cytokines dependent cell death. Overexpression of IL-32f3 or
such as TNFa and | IL-32y isoforms enhance the expression of the
Interleukins. It is survival cytokine 1L-8.
activated via NF-«f
and p38 MAPK
pathways.




IL-15 IL-15 is a cytokine. | IL-15AE7 is an alternatively spliced IL-15 mRNA | [42]
isoform that dampens an inflammatory response to
external stimulation in memory deficient
keratinocytes.

IL-4 IL-4 is a cytokine Human IL-4Aexon2 isoform enhances pulmonary | [43]
and can be detected | cytokine production and reduces eosinophil
in purified CD3+ T | counts/activities in mouse, with similar pulmonary

cells. infiltration of T and B cells as I1L-4 stimulated.
y-chain | yc is a cytokine One yc spliced isoform, called syc, is an [44]
(yc) receptor subunit immunomodulator and can inhibit the regulation of

and it is required cytokine pathway by directly binding to IL-2R[3
for development of | and IL-7Ra on T cells. Additionally, syc

T cells. suppressed IL-7 signalling to impair naive T cell
survival during homeostasis and exacerbated
Th17-cell-mediated inflammation by inhibiting IL-
2 signalling upon T cell activation.

1.5 Post-translational gene expression regulation by Nonsense Mediated
Decay

Nonsense-mediated decay (NMD) is the major RNA decay pathway which recognises
and degrades MRNA with premature termination codon (PTCs), to prevent the production
of non-functional or truncated proteins. Generally, there are two well-established
pathways that can trigger NMD activation — 1) PTC recognition which depends on the
exon-junction complex (EJC) and 2) a mechanism based on the distance between a PTC

and the poly (A) tail of an mRNA (Figure 1-3).
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Figure 1-3: NMD mechanism in eukaryotic cells. (A) Activation of NMD by EJCs. Premature
termination codon (PTC) recognition relies on the protein complex called the exon-junction
complex (EJCs) during the initial round of translation. During translation termination, the mMRNA
surveillance complex-SURF, composed of SMGs (SMG-1/SMG-8/SMG-9 complex), UPF1 and
eRF, detects the downstream EJC and forms the decay-inducing complex (DECID), which
induces SMG1-mediated UPF1 phosphorylation. The SMG-5/SMG-7 complex binds to phospho-
S1096 of UPF1 to dissociate the ribosome and release factor from UPF1. SMG-6 binds to
phospho-T28 of UPF1 to induce UPF1 dissociation from the mMRNA. (B) Aberrant 3'UTR-EJC
independent NMD. EJCs are not always required for NMD. In the presence of aberrant 3'UTR,
translation termination is induced by UPF1 dissociation from the mRNA. This allows for
assembly of UPF proteins and recruitment of SMGs independently of an EJC. (C) mMRNA decay
by NMD mRNA degradation is initiated by deadenylation and SMG-6 mediated endonucleolytic
cleavage, cap hydrolysis and finally XRN1 (5' to 3') and exosome (3' to 5") degradation from both

ends of the mRNA fragment.
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1.5.1 Activation of NMD by EJCs

The EJC is a multiprotein complex that can link splicing and NMD [45, 46]. During
splicing the EJC is deposited at each splice junction. In the initial round of translation, an
EJC downstream of a stop codon marks the stop codon as premature and can trigger NMD
by recruiting and activating UPF1 on the mRNA. If the stop codon is downstream or
within 50 nucleotides (nt) of the final EJC, then the transcript is translated normally.
However when a PTC is located greater than 50-55nt from the EJCs, it is recognised by
the mRNA surveillance complex called “SURF” (SMG1/Upfl/eRF1/eRF3) on the

transcript [47-49] and the transcript is targeted to nonsense mediated decay.

SMG1 is a member of the PIKK (phosphoinisitide 3-kinase related kinases) family and
plays an important role in NMD. Its kinase activity is suppressed by SMG8 in the absence
of PTC. UPF1 is an ATP-dependent RNA helicase crucial for mRNA degradation. UPF1
is recuited to the PTC by binding to the translation release factors, eRF1 and eRF3, via
its N-terminal cysteine-histidine rich domain. Upon PTC recognition and association, the
SURF complex interacts with the downstream EJC via UPF2 and UPF3 to form the
decay-inducing complex (DECID). This triggers SMG1-mediated UPF1 phosphorylation
at multiple sites [57-60] and this process is the rate limiting step in NMD [46-49].
Additionally, SMG1 can activate p53 in response to DNA double-strand breaks

independently only under oxidative stress [50].

In particular, SMG1-mediated phosphorylation of UPF1 at threonine 28 triggers
downstream phosphorylation and specific recruitment of SMG6 to the N-terminal
conserved region of UPF1 [47] resulting in UPF1 dissociation from the mRNA. The
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SMG6 PIN domain (homologues of the pil T N-terminal domain) contains ribonuclease
properties for endonucleolytic mRNA degradation [51, 52]. In addition, SMG1
phosphorylates UPF1 at serine 1096, which recruits the SMG5/SMG7 heterodimer
complex to the C-terminal SQ-rich region of UPF1 [47], leading to dissociation of eRF1
and eRF3 from the DECID complex [61] as well as ribosome dissociation from the
MRNA transcript. Furthermore, SMG5/7 recruits decapping and deadenylation
machinery leading to exonucleolytic decay of mMRNA (see Section on mRNA decay
machinery below 1.11) (Figure 1-3) [62, 63]. Subsequently, SMG5, SMG6 and SMG7
bind to phosphorylated UPF1 via 14-3-3 domains and recruit protein phosphatase 2A
(PP2A) to promote UPF1 degradation [53-57]. Although SMG5 and SMG6 both have the
broad C-terminal PIN domain [58], only SMG6 has the key catalytic residues, which

means SMG6 can mediate endonucleolytic cleavage in human NMD [59].

1.5.2 3'UTR EJC-independent NMD

EJCs are not always required for NMD. EJC-independent NMD is triggered by the
distance of 3'UTR from the termination codon and the efficiency of ribosome release from
the termination codon. The poly (A) tail is coated by PABPs (PABPC1, PABPC4 and
PABPNL) that recruit release factors, eRF1 and eRF3, to the ribosome for efficient
translation termination. UPF1 preferentially associates with transcripts containing
3'UTRs and allows for the assembly of UPF proteins and recruitment of SMG1/8/9
independent of an EJC. Phosphorylated UPF1 can recruit SMG5/6/7 for mRNA
degradation. Cytoplasmic poly (A)-binding protein 1 (PABPC1) has been identified as a
human NMD antagonising factor, which inhibits the binding of UPF1 to the translation
release factors eRF1 and eRF3 [60, 61]. PABPCL1 can inhibit NMD when it is brought
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into close proximity to the PTC, regardless of cleavage or polyadenylation. The role of
PABPC1 in NMD must go beyond that of providing positional information for PTC
definition, because its depletion suppresses NMD under conditions in which translation
efficiency is not affected [62]. These findings highlight that the length of 3'UTR can also
can contribute to mMRNA quality control. Longer 3'UTRs can result from a PTR, but may

also exist to regulate gene expression

Smg1l deficient mouse models have highlighted the importance of NMD in development
and cancer. Smgl deficient mice are embryonic lethal by E8.5 and murine embryonic
fibroblasts derived from the homozygous knocked out embryos did not have an intact
NMD pathway, indicating that Smg1 is vital for NMD and mouse development [63, 64].
Furthermore, Smgl heterozygous mice showed enhanced pro-inflammatory cytokine
production and tumour formation, though these animals did not have significant defects
in basal NMD [64]. Therefore, SMG1 may have other roles apart from NMD in regulating

gene expression and inflammation.

1.6 Premature termination codon (PTC)-associated NMD in genetic
diseases

PTC can arise from mutations including nonsense, frameshift and splice site mutations.
Approximately one-third of genetic disorders [65] and cancer-associated mutations
produce PTCs. These PTC-mRNAs can encode aberrant truncated proteins that can
display loss-of-function, gain-of-function or dominant-negative effects [65, 66]. In some
cases, NMD limits the severity of the diseases by degrading truncated proteins with
dominant-negative effect such as in B-thalassemia and osteogenesis imperfecta. In other
cases where patients have truncated proteins that still retain normal or partial function,
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NMD may cause more severe phenotypes by degrading the partially functional transcript
thus resulting in no functional protein expression. This occurs in diseases including
Duchenne muscular dystrophy (DMD) and Ullrich’s disease [67] (Table 1-2).
Additionally, mutations in the SRY-related HMG-box 10 (SOX10) can cause distinct
neurological phenotypes depending where the truncating mutation occurs. SOX10 is a
transcription factor that is required for the development of neural crest including the
maintenance of Schwann cells and melanocytes. Interestingly when the mutation is
located in the first half of the SOX10 gene, it causes a milder phenotype called
Waardenburg—-Shahsyndrome due to haploinsufficiency as the mutated transcript is
degraded; whereas truncating mutations in the last half of the gene give rise to transcripts
resistant to NMD and leads to a more severe neurological mechanism because of a
dominant negative effect of the truncated protein [68]. Therefore, NMD can prevent or

exacerbate nonsense mutation/PTC-mediated congenital and spontaneous diseases.

Several studies have also demonstrated the importance of NMD during viral infection
[69-72]. Garcia et al. showed NMD-mediated control of gene expression from turnip
crinkle virus and potato virus X via NMD recognition of transcripts with long 3'UTRs
[72]. Interestingly both viruses displayed mechanisms aiming to counteract NMD during
infection. Further, Gloggnitzer et al. demonstrated reduced NMD efficacy during
bacterial infection [70]. TIR-domain containing, nucleotide binding, leucine-rich repeat
(TNL) proteins (plant pathogen recognition receptors related to the TLR family) are
targets of NMD. Knockdown of NMD components in HelLa cells also affected viral
infection allowing for increased Semliki Forest virus replication [71] and depletion of

Upfl resulted in increased presence of viral derived dsRNA.
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Table 1-2: The relationship between PTC-caused diseases and Nonsense-mediated

decay.
Disease or | Gene PTC- NMD role Refs
Syndrome | affected | mutation
Ullrich Collagen | Frameshift | Suppressing SMG-8 effectively [67, 73]
disease type mutation ameliorates NMD-exacerbated mutant
Va2 types.
gene
Leukoence | HtrA PTC- Knockdown of SMG-8 produces an [67]
phalopathy | serine containing | effect for restoring defective mRNA
peptidase | mutation and protein levels without affecting
cell growth, cell-cycle progression or
endoplasmic reticulum stress.
Townes— SALL1 Frame-shift | This mutation caused a much milder [74]
Brocks mutation phenotype including a higher
syndrome susceptibility to NMD.
Limb GLI3 Frame-shift | In patients’ derived fibroblast found [74]
Malformati mutation that all three mutant alleles were
on susceptible to NMD.
syndromes
B- B-globin | nonsense Patients with mutation in exon 111 B121 | [75]
thalassemi | gene mutation (G-T) and B127 (C-T) with the clinical
a phenotype of thalassemia and be
related to the lack of mRNA instability.
Spinal SMN1 point In-vivo splicing assays demonstrated [76]
Muscular mutation that SMN1 mutations in exon 3
Atrophy (c.469C>T) and a substitution in
(SMA) intron 4 (c.628-140A>G) render
SMN1 transcripts susceptible to
NMD.
Hereditary | CDH1 Germline Results from mutant and wild-type [77]
Diffuse mutations CDHL1 alleles by allele-specific
Gastric expression (ASE) indicate that NMD
Cancer may be detrimental for patients
(HDGC) harbouring CDHL1 alleles with PTCs.
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Ataxia- Ataxia- Frameshift | A-T patients with truncating mutation | [78]
Telangiecta | Telangiec | and near the 3'PTC showed a shorter

sia (A-T) tasia nonsense survival, however 5'PTC saw a mild
syndrome | mutations | mutations form of ataxia syndrome.

gene
(ATM)

1.7 AU-rich elements regulate RNA stability in inflammation

Post-transcriptional gene expression regulation involves RNA stability, translation,
modification, localisation as well as already discussed alternative splicing of the mRNA
[79]. These systems are regulated by various RNA binding proteins that control gene
expression by binding to RNA sequences or secondary structures via different RNA
binding motifs. Among these, the most common motifs are AU-rich elements (ARES).
AREs are conserved sequences with frequent adenine and uridine bases in the mRNA the
3'UTR which target the mRNA for rapid degradation [80-82]. The first evidence came in
1986, conserved AU-rich sequences were found in the 3'UTR of the genes that encode
TNFao and granulocyte—-macrophage colony-stimulating factor (GM-CSF; which is
encoded by CSF2) [83]. Insertion of the CSF2 AU-rich sequence into the 3'UTR of a -
globin mRNA reporter construct induced B-globin mRNA transcript degradation.
Conserved AREs are found in the 3'UTRs of inflammatory mRNAs that encode for 1L-6,
IL-8, TNF, IL-2, IL-1pB, cyclooxygenase 2 (COX2), IFN-y, GM-CSF, inducible nitric
oxide synthase (iNOS; also known as NOS2), transforming growth factor-p (TGFp) and

IL-10 [79, 84, 85].

AREs are recognised by ARE-binding proteins. Among them, tristetraprolin (TTP),
ZFP36L1 (also known as BRF1), ZFP36L2 (also known as BRF2), and AUF1 (AU-rich

element RNA-binding protein 1; also known as HNRNPD) and KHSRP (KH-type
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splicing regulatory protein) promote deadenylation and degradation of target mMRNAs [84,
85], while HuR (human antigen R) stabilises target mRNAs by competing with
destabilising factors to inhibit ARE-mediated RNA degradation [86]. In the last decade,
increasing numbers of studies have focussed on ARE-mediated post-transcriptional
control of inflammation. Pro-inflammatory mRNA transcripts such as TNFa, IL-1p and
IL-6 are relatively short-lived and unstable due to the presence of AREs in their 3' UTRs
that cause rapid transcript degradation [87]. HUR stabilises short-lived ARE-containing
MRNAs in mammalian cells [88] and mediates TNFa and IL-1p mRNA stability upon
LPS stimulation. However, ARE-mediated mMRNA regulation can differ between genes.
This is presumably due to different ARE-binding proteins interacting with the ARE-
containing mMRNA. When TTP is dephosphorylated by protein phosphatase 2A, TTP
displaces HuR binding to the TNFa ARE with high affinity but not IL-1f bound HuR.
Therefore, upon LPS stimulation, TNFa has rapid response because its mRNA is
degraded at a faster rate compared to IL-1p [89]. TTP-deficient mice develop
inflammatory syndromes such as arthritis, dermatitis and cachexia [90, 91], as well as
severe inflammatory diseases [92] such as LPS-induced shock [93, 94] which results from
excessive TNFa and IL-1p production. These findings support the concept that ARE-

mediated mRNA regulation controls inflammatory responses.

Moreover, ARE-binding protein association with ARE-containing transcripts can also be
modified by intracellular signalling molecules during an immune response. For example,
p38-MAPK/MK2 kinase can stabilise ARE-containing TNFa mRNA transcript by
inhibiting TTP-mediated mMRNA degradation, which leads to rapid TNFa expression upon
LPS stimulation in macrophages [95]. Therefore, AREs can regulate pro-inflammatory
MRNA transcripts after LPS stimulation. The regulation of ARE-containing transcripts is
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a dynamic process after the coordination among ARE-binding proteins during immune

cellular activation.

1.8 m6A is the most common mRNA modification

N6-methyladenosine (m6A) is the most abundant mRNA modification which influences
almost every step of RNA metabolism including mRNA export from nucleus to the
cytoplasm, mRNA translation, mRNA decay, the biogenesis of long-non-coding RNA
(IncRNA) and microRNA (miRNA). Previous studies have found that the abundance of
m6A is 0.1-0.4% of adenosine residues in total isolated RNA, suggesting that m6A is a
widespread modification throughout the transcriptome [96-98]. The distribution of m6A
has been demonstrated to be highly enriched near the stop codons and in the 3'UTRs,
particularly in precursor mRNAs [99]. Additionally, around 30% of genes containing
microRNA binding sites in their 3'UTRs have m6A residues indicating a relationship
between microRNA-binding sites and m6A modification [99, 100]. The mechanism of
m6A modification includes three important regulators which are called “writers”,
“erasers” and “readers” that can add, remove or preferentially bind to the m6A site.
Several proteins have been identified as ‘m6A writers’;’m6A erasers’;’m6A readers’.
These include the catalytic subunit METTL3 and cofactors: METTL14 and WTAP [101-
103]; ALKBH5 and FTO [104-106]; and the cytoplasmic YTH-domain family 1

(YTHDF1), YTHDF2 and YTHDF3 [107].

The m6A RNA modification is catalysed by the RNA methyltransferase complex or
‘m6A writers’. Methyltransferase-like 3 (METTL3) was identified as the first S-
adenosylmethionine (SAM)-binding subunit of the RNA methyltransferase complex
which drives m6A RNA methylation [108]. High levels of SAM enzyme activity can
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drive methylation while low levels of SAM can stimulate demethylation [109]. METTL3
and methyltransferase-like 14 (METTL14) [102] co-localise in nuclear speckles and form
a stable complex. METTL3 binds to SAM while METTL14 plays a structural role critical
for substrate recognition. Wilms tumour 1-associated protein (WTAP) [110] and
KIAA1429 (also known as VIRMA) [111] are adaptor proteins which interact with the
METTL3-METTL14 heterodimer and recruit other factors to the methyltransferase
complex. Other adaptor proteins such as RNA-binding motif protein 15 (RBM15) and its
paralogue RBM15B can also interact with METTL3 complex and depletion of these
adaptors decreased intracellular m6A level [112]. A newly discovered m6A
methyltransferase, METTL16, has a major function in 3'UTR methylation as METTL16
deletion leads to ~20% decrease in 3'UTR methylation [113]. The two m6A erasers, AlkB
homolog 5 (ALKBH5) and Fat mass and obesity-associated (FTO), can remove m6A
modification from the mRNA transcripts by catalysing the oxidative demethylation of
thymidine and uracil as well as using ferrous iron and a-ketoglutarate as substrates to

demethylate the m6A site [104, 106].

The m6A effect is mediated through the recognition of the m6A site by “readers” directly
or indirectly. Direct reader refers to selective binding of m6A “readers” to the m6A site
of RNAs. The YTH (YT521-B homology) family proteins YTHDF1-3 and nuclear
member YTHDC1 are direct readers that bind to m6A sites on the RNA [107, 114].
Indirect reading means that the m6A modification alters the RNA secondary structures
and thereby renders accessibility of the RNAs to RNA-binding proteins. Heterogeneous
nuclear ribonucleoprotein Al1/B1 (HNRNPA2B1) and heterogeneous nuclear
ribonucleoprotein C (HNRNPC) are two abundant nuclear RNA-binding proteins
responsible for pre-mRNA processing [115]. The m6A site of pre-mRNA indirectly alters
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the binding of HNRNPC to its U-tract motifs. HNRNPA2B1 directly binds to m6A site
of RNA and was identified to be a regulator in microRNA processing [115]. Eukaryotic
initiation factor 3 (ELF3) was identified as a direct m6A-binding protein to promote cap-
independent translation [114]. Therefore, m6A modification is a complex yet tightly

regulated process for fine-tuning post-transcriptional mRNA levels.

1.9 m6A modification machinery affects viral infection and host immune
responses

Regulation of inflammation includes controlling cytokine and chemokine production as
well as recruitment and activation of innate and adaptive immune cells [116]. Recent
studies have indicated that the depletion of m6A modification machinery leads to
dysregulated methylation of diverse viruses, therefore impacting virus reproduction and
host immune responses [117, 118]. Deletion of the m6A ‘writer” METTL3 or ‘reader’
YTHDF2 following viral infection led to an increase in the induction of IFNf and
downstream interferon-stimulated genes (ISGs). The IFNBf mRNA was modified by m6A
and was stabilised following viral infection and depletion of METTL3 or YTHDF2 [117].
In a separate study, the host m6A modification machinery regulated IFNf production in
response to human cytomegalovirus (HCMV) infection or dsDNA transfection to activate
the cytosolic DNA detection pathway via cGAS/STING pathway, leading to trigger of
inflammatory genes expression [119, 120]. The depletion of METTL14 led to reduced
viral protein reproduction and IFN mRNA accumulation following the dsDNA treatment
or HMCV infection. However, deletion of the m6A eraser ALKBH5 showed the opposite
effect [118]. Moreover, IFNB1 mRNA was m6A-modified in both the coding sequence
and the 3'UTR, suggesting that m6A modification enzymes can regulate cellular
responses to dsDNA sensing thus shaping host immunity [118]. These findings have
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highlighted that m6A can act as a negative regulator of the interferon response by
dictating the fast turnover of interferon mRNAs and facilitating viral propagation.
Therefore, m6A RNA modification machinery affects both viral infection and the host

immune response.

1.10 mRNA decay machinery

Pathways controlling RNA decay include the RNA decay exosome, deadenylation,
decapping and degradation, NMD, and AU-rich element targeted decay mediated by
tristetraprolin (TTP). In eukaryotes, most MRNAs undergo decay by the deadenylation-
dependent pathway. The majority of mammalian cytoplasmic mMRNA decay starts with
shortening of the poly(A) tail followed by 5'-cap hydrolysis and degradation of the
remaining MRNA by XRN1-mediated 5>3' or exosome-mediated 3>5'degradation and
cap hydrolysis. The 5'-cap and 3'-poly(A) tail protect the mRNA transcript from the attack
of exonucleases and interact with elFAE and the poly(A)-binding protein (PABP) to
enhance translation initiation. Initially, poly(A) tail shortening occurs via the PAN2/PAN3
complex and subsequently degradation occurs via the CCR4/NOT complex [121]. The
CCR4/NOT complex consists of 10 subunits (CNOT1, CNOT2, CNO3, CNOT4, CNOTS,
CNOT6L, CNOT7, CNOT8, CONT9/Caf40/Rcdl, CNOT10/Caf130) and CCR4 is
mainly responsible for deadenylation [122]. Next, the 5'-cap is removed by decapping via
the DCP1-DCP2 complex [123, 124]. Then the RNA is degraded by the XRN1
exonuclease. Alternatively, the exosome complex degrades mRNA in the 3'>5' direction.
RNA decay can occur co-translationally or in cytoplasmic foci called processing bodies
(P-bodies). P-bodies are sites where mRNAs are targeted to decay factors and are either
degraded or shuttled to other cytoplasmic foci called stress granules where some
transcripts are stored for later translation [125].
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Decapping is a critical step in mMRNA decay and occurs by poly(A) shortening, and
oligoadenylated mRNAs (but not polyadenylated mRNAS) in the 5'>3' decay pathway.
There are several factors involving in controlling this step, including the poly(A) binding
protein and decapping activators: LSM1-7/Patl. Evidence in the yeast system indicates
that PABP can inhibit the decapping of polyadenylated mRNAS in vivo [123, 126-128].
On the other side, the LSM1-7/Patl complexes activate the decapping to the P-bodies in
the cytoplasm and followed by 5'>3'degradation [124, 129]. Also, LSM1-7/Patl
complexes can inhibit exosome attachment by preferentially binding the 3'-end of

oligoadenylated mRNA [130].

1.11 Overview of post-transcriptional gene regulation in innate
immunity

Gene expression can be regulated from transcriptional initiation to RNA processing

and post-translational modification of proteins. Alternative splicing has been identified
as a key process in post-transcriptional regulation of gene expression in higher eukaryotes,
thus allowing a single gene to code for multiple mRNA transcripts and protein isoforms,
therefore giving rise to protein diversity. More than 90% of the human genes undergo
alternative splicing and around 50% of disease-causing genetic mutations can lead to
splicing defects, thereby affecting cellular functions or contributing to pathological

effects [131, 132].

Alternative splicing modulates the transcriptomic variability in different tissues. There is
an increasing number of studies investigating aberrant alternative splicing events in
inflammation related diseases such as osteoarthritis [133], atherosclerotic plague

progression [134], multiple sclerosis [135], systemic lupus erythematosus [136],
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Crohn's disease [137], and type 1 diabetes [138]. In the immune system, alternative
splicing provides a major role in regulating gene expression and generating the diverse
repertoire of antigen receptors expressed by B and T cells [139, 140]. Also, gene
expression can be regulated via nonsense-mediated decay (detailed above section 1.5),
which can precisely control the timing and level of gene expression as well as eliminating
unstable or toxic truncated protein production. Understanding the regulation of gene
expression, at the level of RNA biology, will be helpful in the development of a new
generation of drugs to treat inflammation associated diseases including cancer,

autoimmune disorders and infectious diseases.

1.12 Interactions of innate and adaptive immunity

The mammalian immune system can be broadly divided into innate immunity and
adaptive immunity. The innate and adaptive immune systems have to cooperate to
recognise and respond to infective microorganisms. During the first few hours after
infection, innate immunity is essential to provide a first line of defence against pathogens.
It consists of complement proteins and intracellular effectors including granulocytes,
mast cells, macrophages, dendritic cells (DCs) and natural killer (NK) cells. When
pathogens invade the body, the innate immune system is activated first and participates
in the initial attack against the pathogens. Among the cells involved in innate immunity,
dendritic cells act as antigen-presenting cells and migrate from the infected tissue to the
regional lymph nodes where they present the antigens to T cells. Subsequently, the
adaptive immune system is activated, and antibody production and cytotoxic T cells are
induced. The resulting antibodies and cytotoxic T cells specifically attack the pathogens.
The adaptive immune response does not immediately react but requires signals from the
host exposure to pathogens. Natural killer T cells and yd T cells are additional cytotoxic
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lymphocytes which function at the interface of innate and adaptive immunity [141].
Innate immune responses make crucial contributions to the activation of adaptive
immunity. For example, macrophages of the innate immune system are required for the
control of defence against bacterial and viral infections and sculpt the adaptive immune
response via production of M1 vs M2 cytokine profiles (please find more details as below
1.12.1). The initial innate immune response is essential to control the first phase of
infection while the adaptive immune response takes at least 5-7 days after antigen

exposure to develop [142, 143].

1.12.1 Macrophage polarisation and its role in inflammation

Macrophages are members of the mononuclear phagocyte system (MPS). This includes
bone marrow progenitors, circulating monocytes, tissue macrophages and DCs [144,
145]. Precursors in the bone marrow give rise to monoblasts, which then differentiate into
blood monocytes. Monocytes circulate in the blood before migrating via the blood vessel
walls to become tissue macrophages. Alternatively, some populations of tissue
macrophages are established early in development and undergo self-renewal. Terminal
differentiation of monocytes gives rise to a wide range of cells that are all members of the
MPS. These cells include osteoclasts in the bone, microglia in the brain and Kupffer cells
in the liver [145]. Elie Metchnikoff [146] first identified macrophages as large phagocytic
mononuclear cells which play a major role in immunity. Macrophage polarisation into
different phenotypes seems to shape macrophage responses depending on stimulants such
as microenvironmental stimuli and the amounts of cytokines produced. This polarisation
has been at its simplest separated into two programs, M1 (classically activated
macrophages) and M2 (alternatively activated macrophages) [147]. M1 macrophages
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show a proinflammatory phenotype [148], whereas M2 are considered anti-inflammatory

for macrophages [149].

M1 macrophages emerge as the first line of defence against pathogen invasion and
promote the Thl polarisation of CD4" T cells [150]. In vitro M1 macrophages can be
differentiated by IFNy treatment that results in release of pro-inflammatory cytokines
including IL-1, IL-12 and TNF-a [151]. However, the main role of M2 macrophages is
to inhibit inflammation and they can be induced by Th2 cells with IL-4. The main M2
macrophage products are arginase-l, 1L-10 and TGF-B and other anti-inflammatory
cytokines which lead to decreasing inflammation and contribute to tumour growth and
immunosuppressive functions [152, 153]. Interleukin 10 (IL-10) has been reported as
potential inhibitory effect on the production of several inflammatory cytokines including
TNF-alpha in alveolar macrophages and peripheral blood monocyte [154]. Both of M1
and M2 participate in the arginine metabolic pathway [155-157]. M1 macrophages induce
inducible NO synthase (iNOS) via arginine metabolism, which leads to the production of
large amounts of NO and citrulline. This can help downstream toxic metabolites that work
together for M1 mediated killing. Rapid killing is important during the first phase of
immune responses [158] to prevent rapid pathogen proliferation prior to development of

adaptive responses [159].
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Table 1-3: List of functions and relative cytokine productions of M1 and M2

macrophages.
Types | Functions cytokines Refs.
M1 -Produces proinflammatory cytokines | IL-1p, IL-6, IL-12, IL-18 IL- | [160-
and chemokines 23, TNF-a, and type I IFN, 165]
- Induces Th1 response activation CXCL1, CXCL3, CXCLS5,
-Mediated phagocytosis CXCL8, CXCL9, CXCL10,
-Participates in type | inflammation CXCL11, CXCL13,
CXCL16; CCL2, CCL3, CCLA4,
CCL5, CCLS8, CCL15, CCL11,
CCL19, CCL20,CX3CL1
M2 -Regulates cell functions during IL-13, CCL1, CCL2, CCL13, [163,
parasitic, helminthic, and fungal CCL14, CCL17, CCL18, 166-
infections CCL22, CCL23, CCL24, 168]
-Participates in anti-inflammatory CCL26, IL-1R, IL-8, MCP-
cytokine production 1(monocyte chemo-attractant
protein-1), IP-10, MIP-1p
(macrophages inflammatory
protein-1p)

1.13 Pathogen associated molecular patterns and their receptors

The innate immune system relies on families of germ line-encoded receptors to recognise
conserved microbial components that are absent in the host. These molecules are called
pathogen-associated molecular patterns (PAMPS). PAMPs are essential structures for
pathogen survival and therefore cannot be easily mutated to avoid the immune response.
Various types of PAMPs are able to induce inflammatory responses and phagocytosis by
cells such as macrophages and dendritic cells. Examples of PAMPs include bacterial cell
wall components such as lipopolysaccharide (LPS), lipopeptide, and peptidoglycan, as
well as other structural components including flagellin and nucleic acids such as double-
stranded RNA. PAMPs are detected by pattern recognition receptors (PRRs) [169].

Examples of PRRs in mammals include Toll-like receptors (TLRs), RIG-I-like receptors
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(RLRs), Nod-like receptors (NLRs), AIM2-like receptors (ALRs), C-type lectin receptors
(CLRs), as well as intracellular DNA sensors such as cGAS [170, 171]. The recognition
of PAMPs by PRRs leads to production of inflammatory cytokines, including type |
interferon (IFN) and chemokines and later these processes can trigger activation of

antigen-presenting cells and adaptive immune responses.

1.14 Toll-like receptor induced signalling pathways

The toll-like receptor family includes 10 members (TLR1-TLR10) in human and 12
(TLR1-TLR9, TLR11-TLR13) in mouse [169]. TLRs are type | integral transmembrane
proteins with 19-25 leucine rich repeat (LRR) domains in their N-terminus which mediate
PAMP recognition [172], and a conserved Toll/IL-1 receptor (TIR) domain in the C-
terminus that is required for downstream signalling initiation [173]. TLRs localised to the
cell surface include TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10. Other TLRs are
localised to the endosome such as TLR3, TLR7, TLR8, TLRY, TLR11, TLR12 and
TLR13 [174, 175]. Cell surface TLRs mainly recognise microbial surface PAMPSs such
as lipids, lipoproteins, and proteins. TLR4 recognises bacterial lipopolysaccharide (LPS)
on the cell surface. TLR2 recognises lipoproteins derived from bacteria, viruses, fungi
and parasites by forming a heterodimer either TLR1 or TLR6 [176]. TLR5 recognises
bacterial flagellin [177]. Intracellular TLRs recognise nucleic acids derived from bacteria
and viruses, and also recognise endogenous nucleic acid in pathogenic progress such as
autoimmunity [178]. TLR3 recognises viral double-stranded RNA (dsRNA) [179],
TLR7/TLR8 heterodimeric complex detects single-stranded RNA (ssRNA) [180, 181],
TLR9 recognises unmethylated DNA with CpG motifs[182], TLR11 recognises the
parasite protein profiling [183], TLR12 recognises T.gondii profiling (TgPRF)
[184], TLR13 recognises bacterial 23S rRNA [185].
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TLRs are expressed by hematopoietic cells include dendritic cells, macrophages, and
granulocytes and non-hematopoietic cells such as endothelial cells [186] and cardiac
myocytes [187]. Upon binding of a pathogen ligand, TLRs trigger a cascade of signalling
pathways. In mammalian cells, this recognition not only can lead to the induction of pro-
inflammatory cytokines, but also promote antigen presentation capacity in dendritic cells
and macrophages. Therefore, TLRs stimulation can act as bridge between innate and

adaptive immune responses.

TLR adaptors play an important role to TLRs by binding directly to the TIR domains of
the receptor and triggering downstream signalling cascades [188]. The canonical adaptors
are myeloid differentiation primary response 88 (MyD88), TIR-domain containing
adaptor-inducing interferon-p (TRIF, also known as TICAM1), TRIF-related adaptor
molecule (TRAM, also known as TICAM2) and MyD88 adaptor-like (MAL or TIRAP).
Another group of TLR adaptors are called ‘regulatory adaptors’, which are recruited to
provide a scaffold downstream kinase or act as negative regulators of TLR signalling.
These include sterile a- and armadillo motif (SARM, also known as SARM1), B-cell
adaptor for phosphoinositide 3-kinase (PI3K) (BCAP, also known as PIK3AP1) and

SLP65/76 and Csk-interacting membrane protein (SCIMP) [189].

1.15 TLR4 signalling pathway

We will focus on TLR4 signalling and stimulation. TLR4 is activated by LPS, which in
turn triggers both MyD88-dependent and MyD88-independent (TRIF-dependent)
pathways (Figure 1-4). Signalling through the MyD88-dependent pathway is responsible
for early phase nuclear factor (NF)-kB and mitogen-activated protein kinase (MAPK)
activation that facilitates the induction of pro-inflammatory cytokines. The TRIF-
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dependent pathway activates IRF3, which culminates in the induction of IFN-f and IFN-

inducible genes.

TLR4 requires MD2 (myeloid differentiation 2), LPS-binding protein (LBP) and CD14
for LPS recognition and ligand-induced activation [190, 191]. After LPS binding, two
TLR4/MD2 complexes homodimerise and induce the recruitment of adaptor proteins and
trigger downstream signalling cascades and cytokine production [192]. MyD88-
dependent signalling [169, 193, 194] occurs mainly at the plasma membrane and recruits
MyD88 and MAL proteins followed by the recruitment and activation of IRAKs: IRAK-
1, IRAK-2, and IRAK-4 (phosphorylation of IL-1R-associated kinases), and TRAF-6
(TNF-receptor-associated factor 6) which induce TAK-1 (transforming growth factor -
activated kinase 1) activation. TAK-1 activity is mediated by two adaptor proteins: TAB-
2 (TAK-1-binding protein 2) and TAB-3 (TAK1-binding protein 3). TAK-1, in turn, leads
to the activation of the MAPKs (mitogen-activated protein kinases): JNK (JUN N-
terminal kinase), p38 (extracellular signal-regulated kinases (ERK1/2)), and the IxB
kinase complex (IKK). As a result, these interactions activate NF-kB (nuclear factor-kB)
and AP-1 (activator protein-1) and lead to production of proinflammatory cytokines

[192].

Instigation of the MyD88-independent pathway signalling [195-197] occurs in the
endosomal compartment after internalisation of the TLR4-MD2 complex and involves
the recruitment of adaptor proteins TRIF and TRAM. Engagement of these adaptor
proteins activate TNF receptor-associated factor 3 (TRAF-3) and leads to the induction
of IFN regulatory factor 3 nuclear transcription factor (IRF-3) which is mediated by TBK-
1 (Tank-binding kinase 1) and IKKe. The IRF-3 transcription factor induces the
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production of type I IFNs and IFN-responsive genes. MyD88-deficient mice lack the
ability to produce cytokines but still partially respond to LPS, including the induction of
interferon-inducible genes and the maturation of dendritic cells [198, 199]. MAL (also
called TIRAP) is another adaptor protein which is recruited to TLR4 and participates in
LPS signalling [200]. MAL-deficient mice lack cytokine production and activation of

nuclear factor NF-xB as well as MAP kinases in response to LPS treatment [199].
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Figure 1-4: The Toll-like receptor 4 signalling pathway. Both of MyD88-dependent and MyD88-
independent pathways are induced by stimulation of lipopolysaccharides (LPS) and binds to
TLR4 on the cell membrane with CD14 and MD-2. The MyD88-dependent pathway signals
through activation of IKK complex kinase and mitogen activated protein kinase (MAPK)
pathways, which in turn leads to activation of NF-xB and activator protein 1 (AP1), respectively.
The MyD88-independent pathway is mediated by the TIR domain-containing adaptor inducing

interferon B (TRIF), which activates interferon regulatory 3 (IRF3) and induces the expression of

IFNP and IFN-responsive genes.

31



1.16 Molecular and cellular regulation of TLR4 signalling activated by
LPS

TLR4 induces strong pro-inflammatory responses that are tempered by many negative
feedback loops. Loss of balance in this system may lead to severe inflammatory responses
e.g. sepsis, autoinflammatory and autoimmune disorders. TLR4 can regulate cellular
control mechanisms from biosynthesis and trafficking to signal transduction and
degradation[201] as well as mediate inflammation activated by exogenous or endogenous
ligands. Animal models lacking TLR4 (naturally mutated in C3H/HeJ mice [202] or
TLR4 knockout mice [202, 203]) showed an increased susceptibility to sepsis from gram-
negative bacterial infections such as Salmonella typhimurium and Neisseria meningitides
[202, 204, 205]. These findings support that TLR4 may be a possible drug target to protect

from endotoxin shock induced by E. coli infection [206, 207].

1.17 Alternative splicing regulation in TLRs signalling

Alternative splicing events not only affect immune cells upon stimulation, but regulate
signalling pathways during immune responses. Uncontrolled TLR activation may induce
potentially harmful inflammatory responses, or even contribute to diseases such as septic
shock. Members of the TLR family are highly alternatively spliced, with 256 variant
transcripts identified in mouse primary macrophages [208]. These different transcripts
result in numerous novel proteins with potential to functionally alter the inflammatory

outcomes in response to TLR ligands.

Each TLR gene has alternatively spliced variants that can inhibit or induce regulation of
downstream signalling pathways. A TLR4 splice variant that contains an additional exon
with a premature stop codon can upregulate the total TLR4 transcript pool in human
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monocytes in the presence of LPS stimulation. Induction of this variant following LPS
stimulation correlated with significantly more tumour TNFa in monocytes from cystic
fibrosis patients compared to healthy controls [209]. In another example, an isoform of
mouse TLR4 mRNA contains an additional exon with an in-frame stop codon that
generates a protein known as soluble mTLR4 (smTLR4), which lacks the transmembrane
and intracellular domains. This smTLR4 significantly inhibited LPS-mediated TLR
signalling, NF-xB activation and the production of TNFa [210]. Similarly, a soluble
isoform of TLR2 inhibits IL-8 and TNF production upon TLR2 ligand stimulation [211].
These findings suggest that alternatively spliced TLR transcripts can provide negative

feedback to limit transcript expression and excessive inflammation.

MyD88 is the most ubiquitously utilised adaptor protein (all TLRs except TLR3 require
the presence of MyD88 as well as interleukin 1 receptor (IL-1R)) [174, 212]. MyD88 is
encoded by an mRNA with five exons (long form or MyD88L) that activates innate
immunity by transducing Toll-like receptor (TLR) signals; However, a short form
(MyD88s), whose mRNA is missing the 135 base pair second exon, inhibits downstream
responses [213]. MyD88s levels are regulated by the SF3A and SF3B mRNA splicing
complexes in the response to inflammatory cytokine production in murine macrophages
[214]. During TLR or IL-1R activation, MyD88 is required for IRAK-4—induced IRAK-
1 phosphorylation. However, in the presence of MyD88s, IRAK-1 is not phosphorylated
and recruitment of IRAK-4 is blocked [213, 215]. These results implicated that an

alternatively spliced form can act as a negative regulator of downstream trigger signals.

1.18 Negative regulation of TLR signalling
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Given the strong inflammatory response elicited by TLR4 there are tight regulatory
controls to ensure that the response to proportional to the challenge [216-218]. As one
regulatory mechanism TLR4 can be transported from the plasma membrane to the
endosome for ubiquitination and subsequent degradation. Ligand recognition leads to
internalisation of the surface receptor complex into lysosomes, and causes termination of
the LPS response. Further, Ras related in brain (Rab) proteins are small guanosine
triphosphatases (GTPases) which function in the regulating of vesicular formation,
movement, and fusion process [219, 220] as well as in the regulation of membrane
trafficking [221]. Ras7b negatively regulates TLR4 signalling in macrophages by
promoting the translocation of TLR4 into lysosomes for degradation [222]. Rabl0,
another small GTPase can regulate the TLR4 pathway by continually replenishing TLR4
onto the plasma membrane. Consequently, altered Rab10 expression increased disease

severity in a LPS-induced acute lung injury animal model [223].

In summary, a better understanding of the regulation of TLR4 expression, homeostasis of
the surface levels of the TLR4 receptor complex and the promotion of TLR4 degradation
is essential for the development of new possible therapeutic treatments of inflammatory
diseases. Therefore, it is imperative for researchers to find out new regulators and

understand currently identified regulators (Table 1-4) of TLR4 signalling pathways.
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Table 1-4: Intracellular negative regulators of Toll-like receptor 4 induced signalling.

E3C

Regulator | Full-name Possible mechanism Refs.

MyD88s Myeloid differentiation Suppresses the ability of IRAKA4 to [224]
primary response protein phosphorylate IRAK1

ST2825 ST2825 Inhibits MyD88 dimerisation [225]

NRDP-1 Neuregul-ln Recep'for Promotes Myd88 degradation by [226]
Degradation Protein-1 polyubiquitinating MyD88 and TBK1

SARM Sterile alpha- and Armadillo- Inhibits MAPK activation [227]
motif-containing protein

STLR4 Soluble decoy TLR4 Blocks interaction of TLR4 and MD2 | [210]

IRAKM Interleukin-1 receptor- Inhibits formation of IRAK1-TRAF6 | [228]
associated kinase complex

SOCs1 Suppressor of cytokine Suppresses IRAK1 and directly [229,
signalling 1 inhibits the LPS signalling cascade 230]

TAG TRAM adaptor with GOLD Inhibits IFR3 activation [231]
domain

PIN1 Peptidyl-prolyl isomerase Inhibits IRF3 activation [232].

ATF3 Activating transcription Suppresses NF-kB activation [233]
factor 3

PI3K Phosphatidylinositol 3 Inhibits p38, JINK, and NF-xB [234]
kinase function

DUBA Deubiquitinating enzyme A | Deubiquitinates TRAF3 [235]

TOLLIP Toll-interacting protein Autophosphorylates IRAK1 [236-

238]

PDLIM2 | PDZ And LIM Domain Promotes p65 polyubiquitination [239]
Protein 2

RAUL Ubiquitin Protein Ligase Inhibits IRF3 activation [240]
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A20 TNF-induced zinc finger Suppresses TNF-mediated NF-xB [241]
protein activation by de-ubiquitylation
TRAF6
USP4 Ubiquitin-specific protease 4 | Deubiquitinates TRAF6
[242]
TRIAD3A | Ring finger E3 ligase protein | Promotes ubiquitylation and [243]
degradation of TLR4
CYLD Cylindromatosis Deubiquitinates TRAF6 [244]
ST2L Fill in Sequesters MyD88 and MAL [245]
SIGIRR Single immunoglobulin Interacts with TLR4,TRAF6 and [246,
interleukin-1 related receptor | IRAK 247]
TRAILR | Tumour-necrosis factor- Inhibits TLR effects by Stabilizing [248]
related apoptosis-inducing IxBa.
ligand receptor
TANK TRAF Family Member- Inhibits TRAF6 ubiquitination [249]
associated NF-kB Activator
TRIM38 | tripartite motif (TRIM) 38 Promotes proteasomal degradation of [250]
TRAF6
SHP Small heterodimer partner Suppresses NF-kB activation
[251]
Nurrl Nuclear receptor related 1 Suppresses NF-kB activation [252]

1.19 Thesis Outline

Inflammation is vital to protect the host against foreign organism invasion and cellular
damage. It requires tight and concise gene expression for regulation of pro- and anti-
inflammatory genes in the immune cells. The mechanisms underlying post-transcriptional
gene expression regulation include mMRNA splicing, mMRNA export, mMRNA localisation,
mMRNA stability, RNA/Protein interaction and post-translational events such as protein
stability and modification. The majority of studies to date have focused on transcriptional

control pathways. However post-transcriptional regulation of mRNA in eukaryotes is
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equally important and related information is lacking. This is the area investigated in this

thesis.

Aims and hypotheses:

Hypothesis 1: That RNA degradation pathways will be regulated during the response to
LPS (chapter 2).

Aim: To characterise the regulation of RNA decay pathways during the
lipopolysaccharide response in macrophages.

Hypothesis 2: That intron retention may play a role in regulation of toll-like receptor
responses (chapter 3).

Aim 1: To analyse patterns of intron retention during LPS responses.

Hypothesis 3: SMG1 regulates toll-like receptor induced signalling pathways (chapters
4 and 5).

Aim: To identify mechanisms by which SMG1 regulates TLR-induced signalling.

Summary of each chapter’s findings:

For chapter 2, we treated bone marrow derived macrophages (BMMs) with LPS over a
time course of 0, 2, 6 and 24 hours and analysed the transcriptional profiles by RNA
sequencing. Our data shows that components of RNA degradation pathways are regulated
during an LPS response. We examined components of RNA degradation pathways,
including the RNA decay exosome, P-body localised deadenylation, decapping and
degradation, and AU-rich element targeted decay mediated by tristetraprolin (TTP). This
chapter provides a clear overview the regulation of RNA degradation pathways during
the lipopolysaccharide response in macrophages. This work has been published in Journal
of Leukocyte Biology [130].
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Intron retention (IR) is considered a widely regulated process during gene expression,
however its regulation during innate immune responses had not been examined. Intron
retention (IR) is a form of alternative splicing where an intron is not removed during
transcription coupled splicing. This can occur in a co-ordinated manner to control broad
cellular processes such as differentiation or response to external stimuli either leading to
NMD or detained introns may be blocked in the nuclei. For chapter 3, we further analysed
RNA sequencing data from chapter 2 for the presence of IR events by using ‘IRFinder’
software. Our data shows that at 2h there is a significant increase in intron-retention over
the other timepoints. Genes identified as having significantly increased intron retention
were enriched for interferon inducible genes and those involved in pattern recognition
pathways for example caspase-1 and IRF8. We validated intron retention in a subset of
these genes by quantitative PCR. These experiments confirmed that introns being retained
included those that were not incorporated into known protein isoforms suggesting that
they are playing a regulatory role in this context. In summary, this chapter highlights that

intron retention is an additional layer of regulation in innate immune responses.

In chapter 4, we focus on the role of the NMD key kinase SMG1 in response to
inflammatory stimuli. NMD is the major RNA decay pathway which recognises and
degrades mRNA with premature termination codon (PTCs), to prevent the production of
non-functional or truncated proteins. Previously, Smgl-mice were demonstrated to have
increased basal inflammation. To understand the role of SMG1 in TLR mediated
responses, we generated a novel model of SMGL1 loss in macrophages to address this
question. Results showed that BMMs from LysM*"¢Smg1™"M (Cre) male mice showed
less induction of the pro-inflammatory cytokines IL-1p, IFNB, and TNFa, while increased
pro-inflammatory cytokines production can be observed in BMMs from
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LysM*Cresmg1™M (Cre) female mice compared with BMM from wildtype littermates.
This data suggests that SMG1 can regulate TLR4 induced inflammatory responses in a
sex dependent manner. Interestingly, loss of SMG1 may be implicated X chromosome
inactivation. In summary, loss of SMG1 may involve in the regulation of innate immunity
with potential sex differences affecting pro-inflammatory cytokine production in

response to LPS treatment.

For chapter 5, we report RNA-sequencing data from BMM from LysM*/¢¢Smg1™ (Cre)
and Smg1™ mice (wild-type) treated with LPS by using initial expression analysis, gene
ontology analysis aimed at identifying differences between LysM*/¢Smg1™" (Cre) and
Smg1™ mice(wild-type). However, our LysM*¢®Smg1™M (Cre) mice showed an altered
phenotype in different housing environments therefore, we have concluded that the results
from this experiment are flawed and could not be validated in independent cohorts in new

housing conditions.

Finally I discuss my conclusions and future directions for the field in chapter 6.
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Chapter 2- Regulation of RNA degradation
pathways during the lipopolysaccharide
response in macrophages

2.1 Link to thesis

For this Chapter, we investigated the regulation in the innate immune response to LPS.
This chapter provides a clear overview the regulation of RNA degradation pathways
during the lipopolysaccharide response in macrophages. This work has been published in
Journal of Leukocyte Biology [130] and supplementary data and other figures is available

on-line and also can find as an appendix in the end of thesis.

2.2 Introduction

Signalling through the toll-like receptors (TLRs) is a well-known pathway in the
recognition of pathogen associated molecular patterns (PAMPS); specific molecular
patterns that are present in microbial components. The TLR family consists of 11
members [216] which respond to a range of PAMPs to induce pro-inflammatory cytokine
production, up-regulation of co-stimulatory molecules and sculpting of the adaptive

immune response [216, 253].

In this study, we focused on TLR4 signalling. TLR4 is activated by lipopolysaccharide
(LPS) and can recruit adaptor proteins MyD88 and TRIF. MyD88 binds to the
cytoplasmic portion of TLRs through interaction between individual toll-interleukin 1
receptor (TIR) domains. Upon stimulation, MyD88 downstream signalling leads to
activation of Mitogen activated protein (MAP) kinases and NF-«xB, and induction of the

transcription of cytokines and immune regulatory genes [216]. In addition to MyD88-
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dependent signalling, TLR4 also activates the MyD88-independent pathway (TRIF-
dependent) that leads to activation of IRF3 via TBK1 and IKKo/IKKf and induces IFN-

B and IFN-inducible genes [253].

Gene expression is controlled at multiple steps including transcription, splicing, mMRNA
export, RNA stability and rate of translation [254]. Compared to induction of gene
expression [255], there is less known about how post-transcriptional pathways are
regulated in response to inflammatory stimuli. Alternative splicing results in the
generation of alternative protein isoforms and incorporation of additional regulatory
elements and is important for innate immune regulation [35, 208]. Regulatory elements
can control the stability of the mRNA transcript, in innate immunity particularly
adenylate/uridylate-rich (AU-rich) elements that control mRNA stability of many
cytokines including TNFa, IL-6 and IL-1p [256]. Other elements such as the constitutive
decay element in TNFa have also been described [257]. miRNA can also regulate RNA
degradation and translation rates in inflammatory responses in macrophages [258].
Regulation of RNA decay pathways more broadly has not been described in response to
TLR signalling with most studies describing how these pathways may target viral
transcripts. RNA decay also plays an essential role in post-transcriptional regulation of
gene expression. The rate of RNA degradation of specific transcripts compared to new
transcription is important for overall expression. Pathways controlling RNA decay
include the RNA decay exosome, P-body localised deadenylation, decapping and
degradation, quality control systems including nonsense-mediated decay, and AU-rich
element targeted decay mediated by tristetraprolin (TTP) (Table 2-1). In eukaryotes, 5'-
cap and 3'-poly (A) tails are considered features which protect from the attack of
exonucleases and these two structures can interact with the cytoplasmic proteins elF4E
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and the poly (A)-binding protein (PABP), respectively. As a result, mRNA transcripts are
protected from exonucleases leading to enhanced translation. The process of RNA decay
frequently starts with deprotection of the mRNA transcript i.e. — decapping and
deadenylation. MRNA may subsequently be degraded by the XRN1 exonuclease or
alternatively, the exosome complex degrades mMRNA in the 3' to 5' direction. RNA decay
can occur co-translationally or in cytoplasmic foci called P-bodies which are sites where
MRNAs are targeted to decay factors and are either degraded or shuttled to other
cytoplasmic foci called stress granules where some transcripts are stored for later
translation [125]. Sequence-specific RNA decay pathways or quality control pathways
direct mRNAs to these sites of degradation. Here we have examined the regulation of key
RNA decay pathways during the timecourse of the LPS response in macrophages. These
results highlight targeted regulation of these pathways during innate immunity as an

additional layer of control on inflammatory processes.

2.3 Results

2.3.1 RNA degradation pathways are regulated during an LPS response.
We performed RNA sequencing to analyse gene expression changes during the LPS
response [259]. Quadruplicate samples from BMM treated with LPS for 0, 2, 6 and 24h
were analysed (schematic of the experimental process is shown in Figure 2-1A). We
examined differentially expressed genes across the timecourse including performing gene
ontology analysis via the GOrilla platform [260, 261], example output for the 2h
timepoint is shown in Figure S1. This demonstrated the expected increase in pathways
associated with innate immune responses and regulation of cytokine production (among
multiple immune related pathways). We also validated the regulation of key cytokines
involved in LPS responses, as seen in RNA sequencing data (Figure S2A), by realtime
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PCR (Figure S2AB) which indicated that macrophages were responding to LPS as
expected within this dataset. In addition to immune related genes we were interested to
note that the RNA metabolism gene ontology classes were also significantly regulated
(Figure S1 and S2C). Within these gene lists we noticed a large number of RNA decay
genes. To examine this further we utilised the stemformatics platform to examine
specifically genes annotated as associated with RNA decay. A heat map showing changes
in expression of RNA decay related genes was generated from this data (Figure 2-1B).
This demonstrated that there were significant alterations of the expression of genes related
to RNA decay during an LPS response with 56/60 of the annotated RNA decay genes
either up- or down-regulated. The number of genes significantly regulated for each of the
RNA decay related pathways is shown in Figure 2-1C. These pathways include multiple
stages of the RNA decay process deadenylation, core exosome, exosome-associated
factors, decapping, P-bodies and stress granules, RNA degradosome and nonsense
mediated decay (NMD). Specific genes shown to be regulated in the heat map (Figure 2-
1B) have been consolidated in Table 2-1. Figure S2D shows how these genes are
regulated on volcano plots. Similar to the single gene profiles at 2h there is less regulation
with some significantly up and down regulated genes, this is more dramatic at 6h, with a

broader trend towards decreased expression than at 2h.
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Figure 2-1: RNA sequencing analysis of the LPS response in macrophages. A: Schematic of the
sample production for RNA sequencing. B: Heat-map was generated from RNA sequencing data
and shows RNA decay related genes with regulated over the time-course of the LPS treatment (0,
2, 6, 24 hours). Colours indicate the range of each gene’s expression in response to LPS treatment,
see key on right hand side. C: Graph indicating the number of genes regulated for each of the

major RNA decay pathways.

Table 2-1 Genes regulated by LPS and related to RNA decay pathways

Regulation by RNA decay pathways

Deadenylation (Ccrd-NOT
Complex)(17)

Core Exosome (9)
Exosome-Associated Factors(8)
Element/sequence specific(2)
Decapping (16)

P-bodies and stress granules(3)
RNA degradosome (3)
Nonsense-mediated decay(8)
Other(4)

Genes

Cnot1, Cnot2, Cnot3, Cnot4, Cnoté, Cnot7, Cnot8, Rqed1(Cnot?), Cnot 10, Pam, Cnotél, Pan2 (Ampd3), Pan3,
Tob1,Tob2, Btgl, Btg2

Dis3, Exosc1, Exosc2, Exosc3, Exosc4, Exosc5, Exosc?, ExoscB, Exosc9

C1d, Mphosphé, Exosc10, Pabpcl, Skiv212, Papd7, Skiv2l, Zcche7

Dhx36, Pabpcl

Xrn1, Xrn2, Dcpla, Dcp2, Ede3, Deplb, Deps, Wdré1(Ski8), Tte37, Lsm1, Lsm2, Lsm3, Lsm4, Lsm5, Lsmé, Edcd
Xrn1, Ddxé, Pat1

Enol, Eno2, Eno3

Upf1, Upf2, Upf3a, Upf3b, Smg1, Smg5, Smgs, Smg7

Hspd 1, Naa38, Hspa9, Wdré1

Bold, up-regulated > 1.5-fold by IFN. Italics, down-regulated > 1.5-fold by IFN (according to interferome database, www.interferome.org).
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2.3.2 Validation of gene expression changes by quantitative PCR.

A subset of regulated core RNA decay genes were chosen for validation by quantitative
PCR. The single gene profiles were generated using the stemformatics platform [259,
262] and compared to data from gPCR (Figure 2-2 and supplementary Figure 3). The
gPCR results confirmed that mRNA for the key catalytic subunit of the nuclear exosome
(Dis3) was downregulated but rate limiting components of the decapping pathway Dcpl
and Dcp2a, and 5' exonuclease XRN1 are induced (Figure 2-2A (RNA sequencing data)
and 2B (validation data)). In contrast, components of the exosome (Exosc5 and 7) and a
member of the deadenylation complex (Cnot7) did not show significant regulation in
validation samples (Figure S3A (RNA seq data) and S3B (validation data)). As a positive
control we also validated two RNA regulatory proteins known to play an important role
in innate immune responses with well-established induction in response to LPS.
Tristetraprolin (TTP encoded by Zfp36) is key in regulation via AU-rich elements [263]
and Regnase 1 (encoded by Zc3h12a) is a ribonuclease and key negative regulator of TLR
responses [264]. The mRNA for both of these was strongly induced in response to LPS

(Figure S4A (RNA sequencing data) and S4B (validation data)).

We also examined whether the changes seen at the mRNA level led to protein level
changes for a subset of regulated genes. Western blotting was performed on protein
extracts from BMM over a timecourse in response to LPS treatment (0, 2, 6, 16, 24, 48h).
These results indicated that 5'exonuclease XRN1 and major decapping enzyme DCP1A
are induced during an LPS treatment from 6h onwards. This was expected as mMRNA was
strongly induced by this timepoint. In contrast to the mRNA data, there were no major
changes in Dis3 protein expression during LPS treatment 0-48h (Figure 2-3). This was
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surprising as the mMRNA level was clearly decreased at 6 and 24h. This indicates that there
may be additional layers of regulation of Dis3 expression during the LPS response or that

the Dis3 protein is quite stable.

We also compared our validated genes to data available in the online Macrophage

Comparative Expression Gateway (http://macgate.qfab.org/index.htm and [265]) as this

data was performed at the same timepoints as our analysis but by microarray. Where
available the online BMM data matched with our data and the profiles across the
timecourse in BMM did not differ significantly from human macrophages (example data
and p-values for timecourse where available in Figure S5A-B). It should be noted that for
individual timepoints for some genes showed a significant difference between mouse and
human macrophages but the overall profile was similar. This data indicates that the
regulation of RNA decay genes is largely conserved between mouse and human

macrophages.
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Figure 2-2: Validation of regulation of core RNA decay pathway components in response to LPS.

A: Single gene profiles were generated with the stemformatics platform for genes to be validated.

Each graph shows the level of gene expression in a log scale on the y-axis the timecourse of LPS

treatment at 0, 2, 6 and 24 hours across the x-axis. For each data group the white line shows the

average expression, the white dots the individual data points for each replicate sample and the

error bars the full range of the independent samples. B: The expression pattern of a subset of

genes was validated by quantitative PCR. The level of each gene was compared to the control

gene (rpl13a) in 3-4 samples from independent mice at 0, 2, 6, 24 hours after LPS treatment.

Graphs show the individual values as the symbols and the error bar show the standard deviation.

*Pp<0.05, **p<0.01, ***p<0.001.
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Figure 2-3: Members of the RNA decay pathways are also regulated at the protein level. A:
Representative images of western blots for Xrn1, DcplA, Dis3 and B-actin as a loading control.
B: Protein levels were quantified using a Licor Odyssey. The protein level was normalised to -
actin and graphs show data combined from 3 independent animals. Statistical significance was
assessed using a t-test in GraphPad Prism. Bars indicate the mean and error bars the standard error

of the mean. *p<0.05, **p<0.01, ***p<0.001.

2.3.3 Regulation of nonsense-mediated decay pathways following LPS
treatment

We next went on to validate regulation of one of the targeted RNA decay pathways.
Nonsense-mediated decay (NMD) is a mechanism that protects cells from the
accumulation of aberrant mMRNAs with premature termination codons (PTCs) which may
encode for truncated proteins. NMD has also been implicated in regulation of non-PTC
containing transcripts (up to 10% of the transcriptome) [266]. We chose to examine this

pathway as it has been implicated in anti-viral responses and is essential for
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haematopoiesis [70-72,267, 268] but regulation of NMD during innate immune responses
is poorly understood. Briefly, SMG1 phosphorylates UPF1 and phosphorylated-UPF1
recruits SMG-5/SMG-7 and the SMG-6 endonuclease to initiate RNA decay [269]. Single
gene Stemformatics profiles (Figure 2-4A) were compared to the gPCR validation data
(Figure 2-4B). We validated the changes in expression for key NMD members. The gPCR
data confirmed that Upfl and Smg7 mRNA were strongly induced at 24h and 6h post-
LPS respectively. While Smgl mRNA trended towards an increase at 6 and 24h post-LPS
it did not reach statistical significance (Figure 2-4B). Upf3b appeared to be strongly
downregulated at 2 and 6h post-LPS in the RNA sequencing data. The gPCR results
indicate that this down-regulation, while statistically significant, is of a smaller magnitude
than in the sequencing analysis (Figure 2-4B). We also examined the protein levels of
SMG1, UPF1 and SMG6. We found that SMG1 is induced at 16 hours after LPS treatment
along with strongly increased UPF1 protein level expression at 16h onwards (Figure 2-
5A and 2-5B). Interestingly UPF1 protein levels appeared to be decreased at 2h post-LPS.
Smgb6 levels were increased from 6-48h post-LPS. This indicates that NMD components

are strongly regulated during an LPS response.
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Figure 2-4: The regulation in the mediated by Nonsense-mediated decay (NMD) pathway during
an LPS treatment. A: Single gene profiles were generated with the stemformatics platform for
genes to be validated. Each graph shows the level of gene expression in a log scale on the y-axis
the timecourse of LPS treatment at 0, 2, 6 and 24 hours across the x-axis. For each data group the
white line shows the average expression, the white dots the individual data points for each

replicate sample and the error bars the full range of the independent samples. B: The expression
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pattern of a subset of genes was validated by quantitative PCR. The level of each gene was
compared to the control gene (rpl13a) in 3-4 samples from independent mice at 0, 2, 6, 24 hours
after LPS treatment. Graphs show the individual values as the symbols and the error bar show the

standard deviation. *p<0.05, **p<0.01, ***p<0.001.
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Figure 2-5: Protein level analysis by western blotting for key components of the NMD pathway
and quantification. A: Representative images of western blots for SMG1, UPF1, SMG6 and f-
actin as a loading control. B: Protein levels were quantified using a licor odyssey. The protein
level was normalised to B-actin and graphs show data combined from 3 independent animals.
Statistical significance was assessed using a t-test in GraphPad Prism. Bars indicate the mean and

error bars the standard error of the mean. *p<0.05, **p<0.01, ***p<0.001.

SMGL1 is a member of the phosphoinositide 3 kinase-like kinase (PIKK) family of
proteins [64], which, unlike classical PI3 kinases, phosphorylates proteins at
serine/threonine followed by glutamine [(S/T)Q sites]. PIKKs are very large (250-480kDa)
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and as such short-term regulation is often by control of their kinase activity rather than
control of protein level (as based on average rates transcription and translation of new
protein would take over 1 hour) [270, 271]. UPFL1 is the key substrate for SMG1 in NMD
and SMG1 kinase activity can be measured by the levels of UPF1 phosphorylation [125].
Therefore, we immunopreciptated UPF1 from the human monocyte cell line THP-1 at 0,
2 and 6h post-LPS treatment, samples were then analysed by western blotting for
phosphorylated (S/T)Q sites indicating SMG1 mediated phosphorylation of UPFL.
Human cells were used here as the available antibodies for UPF1 are substantially more
effective on the human proteins. Figure 2-6A (representative image) and B (quantification)
shows that UPF1 phosphorylation was increased at 2h post-LPS but returned to
approximate baseline levels by 6h post-LPS. This suggests that during the early response
to LPS SMG1 kinase activity is increased and consequently NMD efficiency is likely also
increased. We therefore measured NMD efficiency in response to LPS. GAS5 is a well-
established NMD target and as such its levels decrease when NMD activity increases [64].
GASS levels were decreased at all timpoints post-LPS (2-24h, Figure 2-6C) which fits
with increased activity of SMG1 and consequent increased UPF1 phosphorylation at early
timepoints and increased expression of both SMG1 and UPFL1 at later timepoints. This
was also the case for the splice variants of ALKBH3 and LUC7I that are NMD targets in
BMMs [64] (Figure 2-6D). We also examined Gas5 levels in SMGL1 heterozygous mice.
Complete loss of SMG1 causes early embryonic lethality but SMG1 heterozygous mice
are viable with a 50-80% reduction in SMGL1 protein level [64]. Basal NMD levels are
normal in these animals as described previously [64], and at the Oh timepoint, there is no
difference in gasb levels (Figure 2-6C). However, the decrease in gas5 in response to LPS
was not observed in BMM from SMGL1 heterozygous animals (Figure 2-6C) indicating
that SMGL1 levels are limiting when there is increased NMD occurring during the LPS
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response. In THP-1 cells we saw a decrease in GAS5 expression post-LPS treatment as
well but for other known targets of NMD in THP-1 (ATF4, TBL2 and TGM2) we saw an
initial increase at 2h post-LPS followed by decreased levels (Figure S5C-E). In response
to sSiRNA knockdown of SMG1, rather than the decrease in GAS5 observed levels were
increased (Figure S5D). We next treated THP-1 cells with an inhibitor of NMD which
acts to disrupt the interaction between UPF1l and SMG7 [272] as an independent
mechanism of blocking NMD. THP-1 were treated overnight with inhibitor or DMSO
alone prior to treatment with LPS. In DMSO treated samples GASS5 levels decreased
compared to and this was blunted by the addition of NMD inhibitor but did not reach
statisitical significance (Figure S5E). Combined these experiments indicate that targets
of NMD are decreased in both mouse and human macrophages and that this effect is
limited by blocking NMD either by decreasing SMG1 expression or to a lesser degree by

chemical inhibition of NMD.
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Figure 2-6: Nonsense medicated decay is regulated during an LPS response. A: UPF1 was

immunoprecipitated from THP1 lysates at the indicated time and westerns probed with anti-
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(S/T)Q antibody to detect SMG1 mediated phosphorylation. UPF1 phosphorylation was increased
at 2h post-LPS but returned to baseline at 6h post-LPS. B: Quantification of the ratio of
phosphorylated UPF1 to total UPF1 in two independent samples. C: The level of NMD target
MRNA, GAS5, was measured by qPCR in BMM from wildtype and SMG1 deficient mice at
indicated times after LPS treatment (n=3) ***p<0.0001. D: The level of splice variants of
ALKBH3 and LUC7I which are known NMD targets. Splice variants were amplified by gPCR,
separated by polyacrylamide electrophoresis and quantified using a Licor Odyssey system (n=3).

Data shown as mean = SEM. *p<0.05.

2.4 Discussion

Our data shows that components of multiple RNA degradation pathways are regulated
during the LPS response at indicated timepoints (summarised in Figure S3). General RNA
decay requires deadenylation and decapping. From RNA sequencing data, multiple
members of the deadenylation pathway and the exosome were up- or down-regulated at
the mRNA level in macrophages after LPS treatment (Figure 2-1B and Table 2-1) though
this regulation was not confirmed in independent samples (Figure S3). However, two key
proteins in the decapping complex, the enzyme Dcp2 and its regulatory subunit Dcpla
were significantly up-regulated in response to LPS as was the endonuclease Xrnl.
Regulation of these factors was validated in independent animals and at the protein level
for Dcpla and Xrnl (Figure 2-2 and 2-3). These are rate limiting factors in RNA decay.
Regulation of Dcpla in response to interleukin-1a (IL-1a) has been described previously
[273]. In response to IL-1a Dcpla is post-translationally modified (phosphorylation and
ubiquitylation), and this alters P-body formation and composition, and the stability of a
set of pro-inflammatory mRNAs. This post-translational modification occurs early during
the IL-1a response (1h post-treatment) [273]. Here we show that Dcpla and Dcp2 are
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also induced in response to LPS with mRNA and protein induced from 2h post-LPS
(Figure 2-3) but most dramatically from 6h post-LPS. Therefore, this later induction may

result in reassembly of P-bodies and increased decapping at later timepoints.

Multiple RNA decay pathways will feed transcripts to P-bodies and the associated
decapping complex. AU-rich elements and their role in regulating inflammatory mRNA
have been well studied and reviewed [1, 254]. Tristetraprolin (TTP) is induced by LPS
([263]and Figure S4) and it controls multiple feedback pathways in response to LPS. In
general TTP binds to AU-rich elements and targets these mMRNAs for decay. However,
this function of TTP is also temporally controlled by transient phosphorylation post-LPS.
Early in the LPS response TTP is phosphorylated downstream of p38 MAPK and
degradation of targeted transcripts is limited. At later timepoints the phosphorylation is
removed and transcripts are targeted to P-bodies. The known increase in TTP expression
in response to LPS was also observed in our data (Figure S4). The timing of TTP
induction is similar to that for Dcpla and Dcp2 suggesting this may be a co-ordinated
response to re-induce RNA decay after initial limiting of decay pathways during early

inflammatory responses.

Nonsense mediated decay (NMD) is a quality control pathway; as originally described it
recognises the presence of premature termination codons (PTC) in the mRNA and directs
these transcripts to be degraded thus preventing the production of truncated proteins. A
PTC isrecognised as premature if it is located at least 55 nucleotides upstream of an exon-
exon junction complex EJC [274]. Detection of a PTC causes the EJC to recruit UPF2
associated with the SURF surveillance complex (SMG-1/Upfl/eRF1/3RF3) leading to
SMG1 induced phosphorylation of UPF1. This in turn recruits SMG-5/7, leads to UPF1
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dephosphorylation and finally mRNA degradation including endonucleolytic cleavage by
SMG6. NMD also regulates transcripts without PTCs; transcriptomics studies suggest
that greater than 10% of all transcripts are regulated by NMD [275, 276] and that NMD
Is particularly important for regulating selenoprotein mRNA and alternative splicing

[275]. How NMD regulates non-PTC transcripts is not fully understood.

A recent set of articles has implicated NMD in controlling infection [69-72]. NMD
controlled the expression of genes from potato virus X and turnip crinkle virus [72].
Further turnip mosaic virus and potato virus X have developed strategies to evade NMD
targeting during infection suggesting the NMD targeting adversely affects viral
replication and transmission. In a second article Gloggnitzer et al. showed that bacterial
infection reduced NMD efficiency and that plant pathogen recognition receptor
expression is controlled by NMD [70]. In a third study knockdown of key NMD proteins
resulted in increased Semliki Forest virus production in HeLa cells [71]. Depletion of
SMG1 substrate Upfl also resulted in greater accumulation of double-stranded RNA in
infected cells. Here we add to these findings by demonstrating that NMD is regulated at
multiple levels by TLR4 signalling in mammalian cells. We found that key proteins in
NMD were induced at the RNA and protein levels (SMG1, Upfl, Smg7, Smg6 and Upf2)
(Figures 2-4 and 2-5). We further demonstrated increased phosphorylation of Upfl at 2
hour post-LPS treatment (Figure 2-6A-B). These changes led to increased NMD
efficiency as demonstrated by decreased expression of the NMD targets (Figure 2-6C-D
and Figure S5C-E). The decrease in gas5 expression was clearly dependent on NMD as
it was lost in cells from SMG1 heterozygous mice, indicating that SMG1 kinase activity
in NMD is rate limiting during an inflammatory response. Further sSiRNA knockdown of
SMG1 or chemical inhibition of NMD blunted the decrease in Gas5 expression in THP-
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1 in response to LPS. These findings demonstrate NMD activity is initially regulated by
post-transcriptional modification and then later by alteration of proteins levels in response
to LPS. This process is similar to regulation of decapping and TTP as discussed above
and emerges as a pattern of regulation for RNA decay pathways in our data. Given the
varied regulation of transcripts in the RNA degradation pathways across the timecourse
feedback mechanisms may be important. One of the most obvious of these is type |
interferon; however, only 14 transcripts were up- (bold) or down- (italics) regulated
(Table 2-1) according to the interferome database [277] indicating that type | interferon
may contribute to regulation of RNA decay pathways but is not solely responsible.
Further work will be required to determine the role/s of other feedback mechanisms in

the timing of the regulation of RNA decay pathways.

Given that NMD has the potential to regulate up to 10% of all transcripts including those
without PTCs it may have a significant role in sculpting the response to LPS. However,
it should be noted that a recent paper has described a separate role for Upfl (and to a more
limited extent SMG1) in regulation of response to LPS and other TLR ligands. UPF1
interacts directly with Regnase-1 to allow direction of a subset of pro-inflammatory
MRNAs to degradation [278]. This appears to be only partially dependent on SMG1
phosphorylation of UPF1 at only one of sites required for NMD activity so this is likely
to represent a role additional to NMD. This pathway was predominantly described in
fibroblasts and cell lines, with limited data from myeloid cells included, but it did suggest
that this pathway was not as active in either macrophages or dendritic cells but further

work will be required to confirm this.
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In summary, while separate descriptions of RNA decay regulation in response to
inflammation, especially via sequence specific elements, have been described in the
literature here we examined broader RNA decay pathways including decapping and
deadenylation which form the base of multiple decay pathways. Further this is the first
description of the regulation of NMD efficiency during an LPS response. Overall our
findings indicate that multiple RNA decay pathways are regulated during the response to
LPS in macrophages (Figure S6, Table S3) and that each of these acts on different aspects
of the response to fine tune RNA levels and subsequent protein expression. As such
regulation of RNA decay is an important regulated mechanism during the LPS response
in macrophages though future work will be required to establish mechanistic links
between individual RNA decay pathways and their impact on the inflammatory response
to LPS. Further work will be required to determine if regulation of RNA decay pathways

also occurs in other LPS responsive cell types.
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2.5 Conclusion
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Chapter 3- Co-ordinated intron retention
In the regulation of innate Immunity

3.1 Introduction

Detained introns are a subset of retained introns which received their name due to the fact
they were spliced more slowly than other introns in the same transcripts. There are a few
possible outcomes from IR in the mature poly-adenylated mRNA transcript [279]: 1) the
retained intron is translated and generates an alternative protein isoform; 2) the retained
intron introduces new regulatory elements which can alter the rate of translation and/or
the stability of the mMRNA, these introns are frequently retained in the 3' or 5' untranslated
regions (UTRs) of the mRNA,; 3) the retained intron introduces a premature stop codon
and the mRNA is targeted to the nonsense mediated decay pathway and 4) the intron is a
‘detained intron’ which while remaining in the mRNA prevents transport from nucleus to
the cytoplasm. In mammals, IR predominantly acts to decrease subsequent protein
expression from the intron containing transcript [280, 281]. IR events can retain
premature termination codons (PTC) which are recognised by NMD. A study across
metazoan species demonstrated that IR events occurred in approximately 75% of multi-

exon genes [282].

Detained introns were first described, as a broad class, in stem cells. These introns remain
in the otherwise mature RNA and are not exported from the nucleus. As a result,
transcripts with detained introns are either directed to nuclear RNA decay or the intron is
spliced out and the transcript is exported and translated as the normal transcript [283]. In
response to different types of cellular stress including DNA damage and hypoxia, key

splicing factors are regulated to increase or decrease detained intron splicing [284]. In
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neurons detained introns are used to stockpile mMRNA transcripts for rapid splicing and
expression in response to neuronal stimulation [285]. Intron retention underlies normal

differentiation and cellular functions in haematopoiesis [286].

IR is highly regulated during differentiation and development. Differential IR plays a role
in haematopoietic cells including granulocytes [286], erythroblasts and megakaryocyte
progenitors [280]. In order to understand the role of IR in the regulation of myeloid
differentiation, Wong et al. [286] isolated murine promyelocytes, and granulocytes by
fluorescence activated cell sorting (FACS) and performed mRNA sequencing (MRNA-
seq) to identify intron-retained transcripts during myeloid differentiation. They also
successfully developed the computational platform called IRFinder to identify IR events
and measure the ratio of retained introns to correctly spliced introns with great accuracy
[281]. Their results indicated that 121 introns were retained from 86 genes with
significant differences between promyelocytes and granulocytes, which included 30
alternative IR events in multiple introns of these 86 genes. qPCR validation showed 20
of these IR transcripts were poly-adenylated and mainly presented in the cytoplasm,
suggesting they are fully processed and exported mRNA rather than splicing
intermediates. A follow-up study has compared IR events in primary erythroid and
megakaryocyte (MK) cells versus their progenitors (MEPS) and found an overwhelming
loss of IR in erythroid and MK cells compared to MEPs [44]. A similar pattern was also
seen in human erythroid differentiation [44]. These findings have highlighted the
importance of alternative splicing in fine-tuning gene expression during immune cell
differentiation/maturation.

As further analysis on the RNA sequencing dataset is described in chapter 5, we analysed
intron retention patterns in LPS treated BMM as there was little data examining the role
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of intron retention in innate immunity. In our BMMs intron retention was dramatically
increased at 2 hours post-LPS but decreased at 6 hours. In this chapter, we will address
the mechanism and outcomes of co-ordinated IR in response to LPS treatment and this is
also the first study to provide evidences that co-ordinated IR is a novel mechanism which

controls inflammatory responses.

3.2 Results

3.2.1 Intron retention profile analysis by IRFinder platform

With the same data set described in chapter 2, we examined differentially expressed genes
across the timecourse via the IRFinder platform [281] and identified differentially
retained introns in individual genes at each time point of LPS treatment (Figure 3-1A).
Genes demonstrating the presence of retained introns were clustered based on the profile
of intron retention over timecourse of LPS treatment (Figure 3-1B). Firstly, we used k-
means clustering to group introns with similar retention profiles and a cumulative IR
ratio> 0.1. The IR ratio is the ratio between gene transcripts retaining an intron and the
sum of all the transcripts of the same genes. Major clusters were examined and it was
clear that a group (C1) had significantly retained introns at 2h post-LPS and that this
pattern of IR returned to baseline by the 6h timepoint (Figure 4-1C). Others clusters (C2-
to-C6) also demonstrated increased IR events but there were not significant differences

between timepoints.
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Figure 3-1: IR events increased after 2hrs-LPS treatment. (A) kmeans clustered IR profiles in
time-courses (0, 2, 6, and 24 hours) after LPS treatment (k=6 clusters). Shown are only those
introns that have a cumulative IR ratio > 0.1 and splice exact > 50 at each time point. Labels on
top indicate the total number of IR events at each time point and the cumulative IR ratio in
parenthesis. (B) Intron retention profiles as line graphs over the time-courses of the LPS treatment
(0, 2, 6, and 24 hours). Red box indicates cluster (n=537 introns) which shows co-ordinated intron
retention at 2h post-LPS which is largely resolved by 6h post-LPS. These figure panels were

generated by Dr UIf Schmitz.
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3.2.2 IR events increased after 2h post-LPS treatment

In order to investigate functional association of intron-retaining transcripts between IR
and spliced transcript expression, we further examined genes in the 2h IR cluster via gene
ontology analysis [281]. Unsurprisingly genes were enriched for ‘defense responses to
other organism” and ‘response to virus’ (Figure 3-2). Specifically the set was enriched for
genes encoding proteins involved in other pathogen recognition pathways (e.g. — caspases
1 and 4, and gasdermin for inflammasome responses; ZBP1 and HIN200 members for
detection of nucleic acids and viral infection) [287, 288] and also enriched were genes

involved in negative regulation of innate immune responses (Table 3-1).
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3e-06
negative regulation of multi-organism process @® 2e-06
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0050 0075 0100 0125 0150 0.175
GeneRatio

Figure 3-2: Gene ontology was performed to examine genes in the 2h IR clusters.
Gene enriched in the regulating of ‘defense response to other organism’ and ‘response to virus’

post-2h LPS treatment. This figure was generated by Dr UIf Schmitz.
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Table 3-1: Genes list of 2h IR clusters by gene ontology analysis.

Gene Protein GO-Biological process
Ikbke Inhibitor of nuclear factor kappa- | -Response to type | interferon
B kinase subunit epsilon -Response to virus
Stat2 Signal transducer and activator -Cytokine-mediated signalling pathway
of transcription 2 -Defence response to virus
Irgm2 Immunity-related GTPase family | -Defence response
M member 2 -Innate immune response
Trim25 E3 ubiquitin/ISG15 ligase -Defence response to virus
TRIM25 -Viral process
Dhx58 Probable ATP-dependent RNA -Defence response to virus
helicase DHX58 -Viral process
Rsad?2 Radical S-adenosyl methionine -Defence response to virus
domain-containing protein 2 -Type | interferon signalling pathway
Apobec3 | DNA dC->dU-editing enzyme -Defence response to virus
APOBEC-3 -Regulation of viral life cycle
Mx1 Interferon-induced GTP-binding | -Defence response to virus
protein Mx1 -Response to type | interferon
Eif2ak2 Interferon-induced, double- -Response to virus
stranded RNA-activated protein | -Innate immune response
kinase
Zbpl Insulin-like growth factor 2 -mRNA transport
MRNA-binding protein 1 -Negative regulation of translation
Adar Double-stranded RNA-specific -Defence response to virus
adenosine deaminase -RNA processing
Qasl2 2'-5'-oligoadenylate synthase- -Defence response to virus
like protein 2 -Innate immune response
Oas2 2'-5'-oligoadenylate synthase 2 -Defence response to virus
-Type | interferon signalling pathway
Oasla 2'-5'-oligoadenylate synthase 1A | -Defence response to virus
-Innate immune response
Irf7 Interferon regulatory factor 7 -Defence response to virus
-Type | interferon signalling pathway
Ddx60 Probable ATP-dependent RNA -Defence response to virus
helicase DDX60 -Innate immune response
Pml Protein PML -Defence response to virus
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-Response to cytokines

H2-T23 | H-2 class | histocompatibility -Regulation of natural killer cell mediated
antigen, D-37 alpha chain immunity
-Adaptive immune response
Gsdmd Gasdermin-D -Inflammatory response
-Innate immune response
Notch2 Neurogenic locus notch homolog | -Defence response to bacterium
protein 2 -Inflammatory  response to antigenic
stimulus
Tnfrsf14 | Tumour necrosis factor receptor | -Adaptive immune response
superfamily member 14 -Cell surface receptor signalling pathway
Parp10 Protein mono-ADP- -Negative regulation of gene expression
ribosyltransferase PARP10 -Regulation of chromatin assembly
Trim26 Tripartite motif-containing -Interferon-gamma-mediated signalling
protein 26 pathway
-Innate immune response
Trim14 Tripartite motif-containing -Innate immune response
protein 14 -Negative regulation of viral transcription
NIrc5 Protein NLRC5 -Regulation of kinase activity
-Defence response to virus
Caspl Caspase-1 -Regulation of inflammatory response
-Cellular response to cytokine stimulus
Casp4 Caspase-4 -Regulation of inflammatory response
-Innate immune response
Tapl Antigen peptide transporter 1 -Adaptive immune response
-Defence response
Trafdl TRAF-type zinc finger domain- | -Negative regulation of innate immune
containing protein 1 response
IL-18 Interleukin-18 receptor accessory | -Immune response
protein -Inflammatory response
Fcgr2b Low affinity immunoglobulin -Regulation of immune response
gamma Fc region receptor 1l-b -Response to bacterium
Rnf31 E3 ubiquitin-protein ligase -T cell receptor signalling pathway
RNF31
Ptprj Receptor-type tyrosine-protein -B cell differentiation

phosphatase eta

-T cell receptor signalling pathway

66



Cd274 Programmed cell death 1 ligand | -Response to cytokine
1 -Immune response

Themis2 | Protein THEMIS2 -Inflammatory response
-T cell receptor signalling pathway

Pilrbl Paired immunoglobulin-like type | -Myeloid dendritic cell activation
2 receptor beta

Ifi203 Interferon-activable protein 203 | -Activation of innate immune response
Pnptl Polyribonucleotide -Mitochondrial RNA processing
nucleotidyltransferase 1, -RNA polyadenylation

mitochondrial

Xafl XIAP-associated factor 1 -Type | interferon signalling pathway

Psmb9 Proteasome subunit beta type-9 -Regulation of mRNA stability
-T cell receptor signalling pathway

H2-Q4 Histocompatibility 2, Q region -T cell receptor binding

locus 4
H2-T24 | Histocompatibility 2, T region -Positive regulation of T cell mediated
locus 24 cytotoxicity
Otud5 OTU domain-containing protein | -Negative regulation of type | interferon
5 production
-Protein deubiquitination
Ligl1 Lethal(2) giant larvae protein -Regulation of protein secretion
homolog 1

3.2.3 Validated a set of intron retention event after 2 hours of LPS
treatment by qPCR

We next validated a subset of retained introns; each retained intron’s data was examined
on the IGV platform to confirm levels of individual intron retention (examples in Figure
3-3 right-hand side) [281]. Introns with both strong and moderate levels of retention were

chosen for validation (CD274, Herc6, Pnptl and Uba7).

CD274, better known as PD-L1, is associated with immune avoidance in cancer. CD274

gene amplification in cancers leads to upregulation of PD-L1 mRNA and protein

67



expression, while methylation of the gene promoter suppresses its transcription [289].
Herc6 (HECT and RLD Domain Containing E3 Ubiquitin Protein Ligase Family Member
6), is a SG15 E3 ligase and provides conjugation in mouse cells which is required for
antiviral activity [290]. Pnptl (polynucleotide phosphorylase) is a 3'-5' exoribonuclease
and has been documented in the regulation of maintenance of mitochondrial homeostasis,
mtRNA import and aging-associated inflammation [291]. Human polynucleotide
phosphorylase (hPNPaseold-35) is encoded by the PNPT1 gene which is located at
chromosome 2p15-2p16.1. It is also a type | IFN inducible early response gene [292,
293]. Uba7 (ubiquitin-like modifier activating enzyme) can mediate ISGylation which
favours the development of an anti-tumour microenvironment by clustering of

transcription factors and activating anti-tumour gene expression in breast cancer [294].

Introns known to be transcribed as alternative exons were excluded. Primers to detect the
fully spliced transcript and the intron containing transcript were designed and quantitative
PCR using oligo dT primed cDNA was performed as described previously [286]. The
intron containing version of the transcript was compared to the total transcript level (by
measuring exon-exon splicing) and ratio of IR compared to Oh is displayed (Figure 3-3
left-hand side). Results from gPCR showed that the intron-containing variants of CD274,

Herc6, Pnptl and Uba7 were significantly increased after 2 hours of LPS treatment.
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Figure 3-3: Validation for selected genes in response to LPS treatment. Left panel- IGV plots
with blue rectangles (exons) and tall grey peaks indicating mapped reads to these exons and in
between the reads mapping to the intron. Right panel-qgPCR validating the increase in IR ratio at
2h post-LPS. Results from qPCR showed that the intron-containing variants of CD274, Herc6,
Pnptl and Uba7 were significantly increased after 2 hours of LPS treatment. Graphs show the
individual values as the symbols and the error bar show the standard deviation. *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001.
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3.2.4 NMD loss via SMG1 KO has a limited effect in IR in BMMSs in
response to LPS treatment.

Given that genes enriched in the ‘2h IR cluster’ could be seen as secondary responses to
LPS (i.e. heightened awareness for other pathogens and negative regulation of the
immune response) we predicted that the co-ordinated IR was acting as an additional layer
of regulation for these transcripts. As described above targeting to either NMD or function
as a detained intron are the main possible outcomes for this type of co-ordinated IR.
Consequently, we examined whether these transcripts were targeted to the NMD
pathway. SMGL is the key kinase required for NMD and loss of SMG1 blocks NMD
function [64]. We have a unique animal model of SMG1 loss in macrophages (Please see
chapter 4). Smg1™"™ mice have LoxP sites flanking exons 2 to 4 of Smg1 gene. The gene
stays intact unless Cre recombinase (Cre) is expressed in the same cell. Smg1™"™ mice
were crossed to mice expressing Cre controlled by the LysM promoter, which is active in
myeloid lineage cells and tissue macrophages. SMG1, as a key NMD component may be
regulated in response to LPS in BMMs from LysM*cSmg1" mice, we examined
whether LPS treatment affected NMD efficiency (Figure 3-4A). We also analysed RNA
sequencing data from SMG1 KO macrophages to compared IR events in in the presence
and absence of functional NMD (Please see Chapter 5). There were limited differences
between wildtype and KO BMMs with IR clustering in KO also displaying a group of
~500 with a peak at 2h post-LPS (Figure 3-4B). This was also validated by realtime PCR
and results showed no significant difference in intron retention between BMMs from
LysM*/€reSmg1™M and control group mice. These findings indicated that the transcripts
with a retained intron are likely not targeted to NMD. Consequently, these transcripts

may contain detained introns.
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Figure 3-4: NMD loss via SMG1 KO has a limited effect on IR in BMMs in response to LPS.
(A)Levels of NMD target RNA in BMMs from wildtype and LysM*/¢®Smg1" (Cre) animals at
indicated time after LPS treatment. (B)Left panel — IR clustering for KO BMMSs shows a group
of 500 events with a peak at 2h post- LPS. Right panel- Bean plot showing back-to-back changes
in IR density highlighting the similarity between WT and KO. This panel was generated by Dr
UIf Schmitz. (C)IR ratio in CD274, Herc6, Pnptl, Uba7 have no significant difference after 2h
post- LPS treatment by gPCR. Graphs show the individual values as the symbols and the error

bar show the standard deviation. *p<0.05, **p<0.01, ***p<0.001.
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3.2.5 Intron retained transcripts localise in the nucleus at 2h post-LPS.

Retention of introns can cause the transcript to be stored in the nucleus until subsequent
further splicing occurs; this allows for earlier gene expression and a delay to protein
expression. This type of retained intron is referred to as detained introns [279]. Therefore,
we determined whether intron containing transcripts are held in the nucleus at 2h post-
LPS. RNA was isolated from nuclear and cytoplasmic extracts and tested for the presence
of CD274, Herc6, Pnptl, and Uba7 IR transcripts by realtime PCR. Effectiveness of
nuclear separation was confirmed by western blotting for nuclear marker Histone H3
(Figure 3-5 A&B). Neatl transcript detection was also used to demonstrate nuclear
fractionation [285]. Our data showed that the intron-containing variants of CD274, Herc6,
Pnptl, and Uba7 were strongly concentrated in the nucleus with only limited detection in
the cytoplasmic fraction (Figure 3-5C). These data supported that these transcripts stayed
in the nucleus, and not transported to the cytoplasm, indicating that the retained introns

identified are acting as detained introns.
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Figure 3-5: Intron retained transcripts are strongly concentrated in the nuclear extracts 2h post-
LPS treatment. RNA was isolated from nuclear and cytoplasmic extracts from BMMs at 0 and 2h
post-LPS. (A) Neatl (nuclear) and HPRT used to identify and determine purity of nuclear and
cytoplasmic extracts by PCR. (B) Western blotting showed Histone H3 and GAPDH are nuclear
and cytoplasmic extracts marker, respectively. (C) The intron retained variant of CD274, Herc®6,
Pnptl and Uba7 were measured by realtime PCR. Data showed that the intron-containing variants
of CD274 and Pnptl were strongly concentrated in the nucleus with only limited detection in the
cytoplasmic fraction. Graphs show the individual values as the symbols and the error bar show

the standard deviation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3.3 Discussion

Intron retention (IR) is a regulated process during gene expression, however its regulation
during inflammation had not been examined at the start of this project. Intron retention
(IR) modulates gene expression levels by altering RNA localisation and efficiency of

translation or alters expression of different protein isoforms. Our data showed that at 2h
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post-LPS there was a significant increase in intron-retention over the other timepoints.
Genes identified as having significantly increased intron retention were enriched for
interferon inducible genes (ISGs). We validated intron retention in a subset of these genes
by quantitative PCR. These experiments indicated that they appear to be predominantly
retained in the nucleus therefore were likely regulatory via acting as detained introns.
IFNs are secreted cytokines that activate a signal transduction cascade leading to the
induction of hundreds of interferon-stimulated genes (ISGs)[295]. From our results, we

demonstrated that detained intron transcripts included 1ISG genes Herc6, Pnptl and Uba7.

The type | IFNs are produced by LPS-activated macrophages [4]. The murine genome
contains 14 highly related IFN genes and single versions of the more distantly related
IFN-B, -&, and -k genes [296, 297] . The research of the ability of LPS to induce IFN
production and the induction of NF-«kB activation of pro-inflammatory gene expression
by TLR agonists is well established [298]. However, the role of type I IFNs, particularly
IFN, in the induction of macrophage gene expression is not as well defined. In this
Chapter, we identified a set of genes enriched in the regulating of ‘defense responses to
other organism’ and ‘response to virus’ (Figure 3-2) in the 2h IR events after LPS
treatment via gene ontology analysis and we also made a list of genes which regulate of
innate immune responses (Table 3-1). Some of them are related to IFNs. These findings
may indicate the importance of endogenous IFN expression in the induction of ISG

expression by LPS in macrophages, but we need to further investigate the links.

Detained introns act an additional layer of regulation which can allow for rapid induction
of transcript but a later expression of protein. There is likely a need for a second signal to
induce splicing of the detained intron that can assist with whether the proteins are
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expressed or not as well so can allow fine tuning of initial response after later signals. To
update, polyadenylated-RNA deep sequencing mechanism showed release transcripts
within minutes of neuronal stimulation [285]. They found that polyadenylated transcripts
retain select introns and are stably accumulated in the cell nucleus in the mouse neocortex.
In the future work, we may use this new method to examine more rapid release or
increased response to secondary signals during an LPS treatment in bone-marrow derived

macrophages.

In the last section of this chapter, we found that intron-containing transcripts were
significantly retained in the nucleus not in the cytoplasm, and that loss of SMG1 leading
to NMD deficiency did not affect the IR profile at 2h post-LPS. Recent insights
demonstrated the role of IR during both monocyte-to-macrophage differentiation and
macrophage activation [299]. They found that monocytes and macrophages co-ordinated
IR along with nuclear detention, to regulate the expression of pro-inflammatory genes
including ID2, IRF7, ENG and LAT. This study supported that macrophage development

and activation co-ordinated with IR during innate immunity [299].

We can use the same strategy to investigate whether IR patterns are conserved across
species as a regulatory mechanism during inflammation. We can purify monocytes from
PBMCs from patients who receiving treatments before and after and analyses gene
expression undergoing IR event in human monocyte and macrophages. Also, we can
assess the sub-nuclear localisation of introns containing mRNASs during inflammation.
Detained introns are stored in nuclear speckles prior to further processing or decay [283].

To assess the sub-nuclear localisation of these transcripts we could perform fluorescent
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in situ hybridization of intron containing transcripts. This in return may contribute to

potential treatments for controlling inflammation.

3.4 Conclusion

In summary, our study highlights that intron retention is an additional layer of regulation
in innate immune responses. Additionally, this study characterised novel pathways
controlling innate immune responses. Further we may investigate in the mechanisms
undergoing of inflammation related diseases characterised by activated macrophages

coupled with IR events during progression.
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Chapter 4- The role of SMG1 In
regulating innate immunity

4.1 Introduction

SMG1 is a large (3,657 amino acid) member of the phosphatidylinositol 3-kinase-related
kinase (PIKK) family that localises to both the nucleus and cytoplasm of mammalian
cells. Other family members include ATM, ATR, mTOR and DNA-PK, which are known
regulators of DNA damage and cellular stress responses [300, 301]. ATM (Ataxia-
Telangiectasia mutated), ATR (Ataxia-Telangiectasia mutated RAD3-related), DNA-PK
(DNA-dependent protein kinase catalytic subunit) [302], residue at the apex of the
mammalian DDR and phosphorylate an overlapping spectrum of substrates. mTOR
(Mechanistic_target of rapamycin) is another member of PIKK family with two

multiprotein complexes, mMTORC1 and mTORC2 [303].

SMGT1’s globular C-terminal region contains the catalytic site while the elongated N-
terminal region consists of a-helical HEAT repeats. SMG1 kinase is required for NMD,
a process that ensures rapid degradation of mRNA containing Premature Termination
Codons (PTC), to prevent aberrant and potentially deleterious truncated protein
production [64]. When a PTC is detected a complex, containing SMGL1 and its substrate
UPF1, is recruited to the mRNA transcripts and SMG1 phosphorylates UPF1. This
interaction results in recruitment of other SMG1 proteins. NMD regulates the level of
around 10% of all transcripts in the cells [56, 66]. NMD also controls transcript
abundance by regulating alternative splicing (AS) that introduce PTCs; this process is
called AS-coupled NMD [63]. SMG1 activity can be regulated by NMD factors UPF2

and UPF3 and also inhibited by SMG8 and SMG9 [304, 305]. In more detail, the kinase
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activity of SMGL1 is regulated by SMG8 (991 amino acids) and SMG9 (520 amino acids)
[304, 305] and they can interact with the SMG1-specific C-terminal insertion as resulting
in promoting to bind to UPF1 [306]. SMGL1 has also been implicated in the DNA damage
response [274, 307], telomere stability [308, 309], resistance to oxidative stress [310],
regulation of hypoxic responses [311], transcription regulation [63], membrane dynamics
[63], metabolism [63] and apoptosis [312]. SMG1 expression was correlated with
promoter hypermethylation in acute myeloid leukaemia and head and neck cancer
patients [313, 314]. SMG1 was identified as a significantly mutated gene in human lung
adenocarcinoma and familial melanoma [315, 316]. The human protein atlas group
analysed malignant lymphoma samples and found that the expression of SMG1 was low
or not detectable [317]. Mcllwain et al.[63] demonstrated that SMG1 deficient mice died
pre-birth and that murine embryonic fibroblasts derived from KO embryos regulated AS-
NMD based on RNA sequencing data. Loss of SMG1 led to a significant disruption of
AS-coupled NMD in transcripts from a small subset of expressed genes. These transcripts
encoded splicing factors and a variety of proteins involved in membrane

dynamics/signalling, cell death/DNA repair, regulation of transcription.

In a separate SMG1 mouse model our group found that SMG1 knockout is embryonic
lethal from E6.5 and SMG1 heterozygotes (Smg1*9") show signs of haploinsufficiency
including [64] increased rates of cancer development (particularly lymphoma and lung
adenocarcinoma) as well as altered pro-inflammatory cytokine production (IL-6, CSF-1
and IL-1pB) in tissues and serum prior to onset of disease [64]. This was not due to an
alteration in the number of monocytes, granulocytes, neutrophils, B or T cells as these
were equivalent to wildtype animals [64]. These were the first data indicating that SMG1
may be involved in regulation of inflammatory responses. Further NMD impairment in
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Arabiodopsis showed dependently triggered deregulation of single TNL gene, RPS6 via
TIR domain-containing, nucleotide-binding, leucine-rich repeat (TNL) pathways. Also
NMD activity is inhibited when bacterial infection of plant and caused stabilisation of
NMD-regulated TNL transcripts. This new discovery support NMD can control gene
expression in innate immunity of plants via immune-related signalling pathways [318].
However how NMD activity is regulated in response to external stimuli is poorly

understood.

In order to address how SMGL1 regulates inflammatory responses and may be involved in
multiple post-transcriptional regulatory pathways, we have developed a novel model of
total SMGL1 loss to study the role of SMG1 in TLR mediated responses. This chapter will
discuss how SMG1 acts to regulate innate immunity during initial signalling and at post-
transcriptional and post-translational levels as well as different regulation between

females and males mice.

4.2 Results
4.2.1 Generation of LysM*¢"*Smg1 "™ mice

The LysM promoter is active in myeloid lineage cells and tissue macrophages and this
promoter is frequently used to generate myeloid specific knockouts [319].
Characterisation of LysMCre mice showed knockout of the target gene in 90% of mature
macrophages and close to 100% of granulocytes [320]. We generated LysM*/¢r¢Smg i/
(Cre) mice only knocking out SMG1 in myeloid lineage cells under LysM promoter.
Smg1™M mice have LoxP sites flanking exons 2 to 4 of the Smg1 gene (Figure 4-1A). PCR
results showed that a DNA fragment size of wt 155 bp; fl 189bp is expected. Our SMG1
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is conditional knockout mice which displays only loss of SMG1 function in macrophages,
thus genomic DNA extracts from BMMs are two bands, and other genomic DNA from
tail only can detect one band (Figure 4-1B left-hand side). We also determined Cre
efficiency by measuring the levels of each PCR product in BMM and tail DNA, Cre
efficiency ranged from 43% to 80% in total of 9 mice (Figure 4-1B right-hand side) and
there was no significant difference between male and female mice. In fact, the number of
litters is lower than predicted. This is not surprising because our complete SMG1
knockout mice were early lethal and SMG1 heterozygous mice showed a decreased
growth rate of cells [64]. Therefore, we have only smaller proportion of overall pool
analysed. gPCR (Figure 4-1C) and western blotting (Figure 4-1D) showed that Smgl
mRNA expression and protein level is lower in LysM*€¢Smg1 " (Cre) mice as compared
to Smg1™" (WT) mice. Results indicated SMG1 function loss in BMMs as compared with
wild-type mice, indicating that our LysM*¢®Smg1 " (Cre) mice therefore can provide

cells totally knocking out SMG1 knocked out only in myeloid lineage.
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Figure 4-1: Diagram of making the mouse (LysM*°"Smg ™ mice). (A) Making mouse diagram-
introducing of LysM*“"*Smg1" (Cre) mice. (B) Genotyping showing Smgl only knockout in
myeloid cells (genomic DNA from tail and BMM) and Cre efficiency% between males and
females LysM*¢*Smg™ (Cre) and Smg1" (WT) mice. (C) Smgl mRNA expression and (D)
protein levels in BMMs between LysM*“"*Smg1"" (Cre) and Smg1™™ (WT) (w: wild-type mice; c:
cre mice). All the mice ages were 8-10 weeks old. Graphs show the individual values as the

symbols and the error bar show the standard deviation. *p<0.05, **p<0.01, ***p<0.001.
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4.2.2 Smgl deficiency alters toll-like receptor induced inflammatory
gene expression

In preliminary data gathered while the group was based at QIMR Berghofer, the LPS
response in BMM from Smg1*/% and wildtype mice was compared. BMMSs from Smg1+/¢
showed less induction of the pro-inflammatory cytokines IL-6, IL-1p3 and IFN mRNA
at early timepoints (Figure 4-2A) compared to BMM from wildtype littermates. However,
IFNB mRNA levels were slightly elevated at later timepoints. These data were confirmed
using BMMs from LysM*c®Smg1 ¥ (Cre) mice and showed lower pro-inflammatory
cytokine mRNA levels at early timepoints (Figure 4-2B). However, when the colony of
mice was moved to the Ingham Institute in 2015 this phenotype was less apparent — They
are relatively less stressed in the new environment and have longer lifespan, as well as
take more time to produce cytokines after LPS treatment. This has resulted in an altered

phenotype.

IFN-y is a cytokine which is elevated in humans and other animals with bacterial
infection, leading to LPS-induced production of antibacterial mediators, including nitrite
oxide (NO), by macrophages [321]. Next, we examined whether IFN-y primes
macrophages stimulated by LPS treatment to produce the antibacterial mediator NO.
Later, we also tested nitric oxide production via nitrite assay in BMMs from
LysM*creSmg1 "M (Cre) and Smg1 "™ (WT) mice. In detail, the IFNs have been reported to
augment many macrophage-specific effector functions among the LPS-stimulated
cytokines [322]. Our results showed that BMMs from LysM*cSmg1™ (Cre) mice
produced more nitric oxide in a dose-dependent manner with LPS-stimulated BMMs

prior to IFNy (500ng/ml) induction as compared with wild-type littermates (Figure 4-2C).
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Figure 4-2: Loss of Smgl alters responses to TLR4/LPS activation. (A) Cytokine mRNA was

measured by qPCR and/or cytokine bead assay in Smg1*®and control litters (Data was generated
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at QIMR) (B) Pro-inflammatory cytokine mRNAs were measured by qPCR in BMMs from
LysM*€Smg1 "M (Cre) and Smg1"' (WT) mice. (Data was generated at QIMR) (C) Nitrite assay
as a measure of nitric oxide production in a dose-dependent in BMMs treated with LPS treatment
after 24 hours from LysM*“"*Smg1™ (Cre) mice and wildtype littermates prior to IFNy (500ng/ml)
induction. All the mice ages were 8-10 weeks old. Graphs show the individual values as the

symbols and the error bar show the standard deviation. *p<0.05, **p<0.01, ***p<0.001.

4.2.3 Sex difference affect pro-inflammatory cytokine production in
response to LPS treatment in SML mice

While investigating the phenotype of the Ingham Institute colony we discovered that male
and female mice showed a different phenotype after SMG1 loss. BMMs from
LysM*CeSmg1™ (Cre) male mice showed less induction of the pro-inflammatory
cytokines TNFa, IFN and IL-6 during an LPS treatment, however; TNFa, IFNf and IL-
6 pro-inflammatory cytokine production were up-regulated in BMMs from
LysM*CeSmg1 " (Cre) female mice 2h post-LPS treatment (Figure 4-3A). From the
literature, females display better response to innate and adaptive immune responses than
males and are less susceptible to many infectious diseases [323, 324]. Next, we tested
whether Cre efficiency may affect pro-inflammatory cytokine production between
females and males. BMMs from LysMCreSmg1™" (Cre) male mice (1D: 3336, 3333,
3286, 3285 with different cre efficiency ranging from 50% to 80%) showed that Cre
efficieny did not affect pro-inflammatory cytokine production (TNFa, IFN and IL-6)
individually. In males BMMs, less than a half of Smgl function did not mediate pro-
inflammatory cytokine production (Figure 4-3B) and not stable in response to LPS
treatment (IL-6). These data indicate that Cre efficiency did not affect pro-inflammatory
cytokine production in males and less than 50% of Smg1 knockout in macrophages did
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not significantly alter response to LPS treatment.

Regarding to BMMs from

LysMCreSmg1™" female mice (ID: 3898, 4021, 4028 with different cre efficiency ranging

from 50% to 70%), results showed that pro-inflammatory cytokine did not depend on cre

efficiency in females and consistently stable responses were induced during an LPS

treatment (Figure 4-3C). In summary, BMMs from LysM*“"®Smg1 ¥ (Cre) female mice

consistently produced cytokines in response to LPS treatment and did not depend on how

much of percentage of Cre efficiency individually. Additionally, there is not a difference

in overall Cre efficiency between male and female mice.
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Figure 4-3: Cre efficiency affects pro-inflammatory cytokine production in macrophages from
LysM*C®Smg1 " (Cre) females and males mice during a LPS treatment. (A) Cytokine mRNA
was measured by gqPCR (TNFa, IFNB, IL-6 and IL-1p) in LysM*Smg1 "™ (Cre) and Smg1""
(WT) female and male mice. (B) Pro-inflammatory cytokine production (TNFa, IFNB and IL-6)
in BMMs from LysM*“"*Smg1 " (Cre) male (B) and female (C) mice during an LPS treatment.
All the mice ages were 8-10 weeks old. Graphs show the individual values as the symbols and the

error bar show the standard deviation. *p<0.05, **p<0.01, ***p<0.001.

4.2.4 Loss of Smgl may affect X-linked genes regulation in innate
immunity

Several genes located on the X chromosome are involved in the regulating innate immune
responses [323, 325]. This is may be the link to sex differences in the LPS response
between male and female mice lacking SMGL1. Next, we tested whether Smg1 loss alters
X-chromosome encoded immune gene expression. We selected genes which are involved
in the process of macrophage differentiation from the haematopoietic stem cell (i.e.,
IL3RA) [326, 327], macrophage polarisation (i.e., IL13RA1) [328], genes required for
the activation of the intracellular oxidative burst in phagocytes (i.e., CYBB) [329, 330],
and genes involved in TLR/IL-1R signalling pathways (i.e., IRAK1) [331], as well as
regulation of adaptive immunity (i.e., IL2RG) [332]. Results showed that IL3RA and

IL13RA1 genes were regulated after LPS treatment of BMMs from LysM*c®Smg1 VM
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(Cre) female mice. However, others X-linked genes did not have altered gene regulation

during LPS treatment (Figure 4-4A).

We also examined whether loss of SMG1 may be implicated X chromosome inactivation
[323, 333]. In humans, each cell of the female contains two X chromosomes (XX) and
heterologous in males (XY). Therefore a double dose of all X-linked genes when
compared to XY males, who carry a single X chromosome. For genes on the X
chromosome, X-inactivation is required to ensure only a single copy functions in each
sex and one copy has to be silent, which is called dosage-compensation. Inactivation is
initially under the control by the X-inactive specific transcript (Xist) gene [323, 333].
gPCR was performed to examine genes-related to X chromosome inactivation (Xist, Eif1,
Rasal, and Upfl) in BMMs from LysM*¢*Smg1 "M (Cre) female mice and Smg1™
(control). Eifl, Rasal and Upfl are required for upregulation of Xist mRNA during

embryonic stem cells (ES) differentiation [333].

We found that loss of SMG1 affects pro-inflammatory cytokine production by up-
regulating of Xist regulation post-2 hours LPS treatment (Eifl and Rasal), but not involve
in MRNA degradation (Upfl). In summary, loss of Smgl may be involved in the
regulation of innate immunity with potential sex differences affecting pro-inflammatory
cytokine production in response to LPS treatment. However, these results require further

experiments to confirm and provide a clear link to mechanism.
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Figure 4-4: Loss of Smgl altered toll-like receptor induced Xist regulation and X chromosome
inactivation, but does not affect X-linked gene expression with potential sex differences during
an LPS treatment. (A) mRNA expression was measured by gPCR (IL3RA, IL13RA1, CYBB,

IRAK1 and IL2RG) in BMMs from LysM*“"*Smg1 ™" (Cre) female mice.(B) Xist gene expression
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and (C) its downstream (Eif1, Rasal, and Upf1) gene expression in BMMs from LysM*“**Smg1
W (Cre) female mice were tested by qPCR. Graphs show the individual values as the symbols

and the error bar show the standard deviation. *p<0.05, **p<0.01, ***p<0.001.

4.2.5 Loss of Smgl induced inflammatory gene expression in female
mice due to change of Toll-like receptor 4 level after LPS treatment at
early time point (2 hours)

We next tested TLR4 mRNA expression and protein level in BMMs from LysM*“"®Smg1
il (Cre) and Smg1™ (WT) female and male mice. Results from qPCR (Figure 4-5A)
showed increased TLR4 mRNA expression among BMMs from females in contrast Cre
males at 2 hours post-LPS treatment had decreased TLR4 mRNA. For protein levels
(Figure 4-5B), BMMs from LysM*c®Smg1 "M (Cre) female mice showed an increased
TLR4 protein level after 2h-LPS treatment but not as significantly as mRNA levels and
in BMM from male mice there was not significant difference between Cre and WT
expression of TLR4 protein. As the difference in TLR4 protein expression is small in
female mice this may explain some of the increased cytokine production but is unlikely

to explain all of the difference between Cre and WT mice.
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Figure 4-5: Loss of SMGL1 alters TLR4 receptor in female SML mice. (A)TLR4 mRNA
expression and (B) protein level were measured by gPCR and western blotting in BMMs from
LysM*CSmg1 " (Cre) and Smg1™ (WT) mice between females and males during an LPS
treatment (BMMs from 3 individual mice). All the mice ages were 8-10 weeks old. Graphs show
the individual values as the symbols and the error bar show the standard deviation. *p<0.05,

**p<0.01.

4.3 Discussion

We have identified the protein kinase SMG1 as a regulator of TLR responses and we
commenced examining the mechanism by which this may be occurring. To do this we
generated mice lacking SMG1 in myeloid cells (LysM*¢"Smg1 "™ and control littermates
(Smg1™™). We treated BMM from Smg1 deficient mice and wild-type mice with LPS and
measured their pro-inflammatory cytokine responses. BMMs from LysM*¢¢Smg "M (Cre)
male mice showed less induction of the pro-inflammatory cytokines IL-1p, IFNp, and

TNFa (Figure 4-2B) (Figure 4-1A). This is because LysM*¢"®Smg1 "M (Cre) mice having
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an altered phenotype in different animal housing environment after the shift from QIMR

to the Ingham Institute.

Reproducibility and replicability are crucial in all fields of experimental research and
altered phenotyping of rodents’ based on their environment is a significant concern [334].
There are several potential possibilities need to be considered when determining the
impact of environment on a set genetic background: housing condition, NHz and
CO:z levels, light (intensity, wavelength, photoperiod and flicker frequency), sounds, age
size and structure/enrichment, diets, water treatment, presence/absence of pathogens and
human presence/interaction, general stress levels [335-337]. Additionally, human
interaction and physical environmental factors are regards as part of the stimuli to
laboratory animals, and may affect behaviour and physiology or even alter phenotypes in
different animal houses. This difference might induce stress responses when the animals
are unable to maintain its homeostasis in the presence of stimuli, particularly in animal

models that are susceptible to stress and external stimuli such as SMG1 and ATM mice.

Specifically related to our finding that housing impacts the phenotype of Smgl mice;
mice lacking another PIKK family member, ATM, also show housing impacts on
phenotype. Ataxia-telangiectasia is an autosomal recessive disorder associated with a
high incidence of lymphoid malignancies, neurological degeneration, immunodeficiency,
radiation sensitivity, and genetic instability [338]. Ataxia-telangiectasia is caused by
biallelic mutations in the ATM gene [338, 339]. Loss of ATM leads to chromosomal
breakage and rearrangements as well as increased radiation sensitivity [340, 341]. ATM
knockout mice (Atm™) phenotype and lifespan can differ significantly between different
laboratories. One lab developed ATM deficient mice with early lymphomas and lifespans
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that were short (2-5 months) [342], however others showed delayed phenotypes and half
of mice can be alive after 7 to 12 months [343, 344]. These differences can be observed
even with mice with identical genetic backgrounds from the same original strains. These
results suggest other factors besides genetic diversity are contributing to disease
penetrance. Environmental factors such as housing conditions and diet maybe another
factors [345]. Of particular relevance to ATM is the mouse microbiome [346]. The
authors performed 16s rRNA high-throughput sequence analysis to identify mucosa-
associated bacterial from ATM deficient strains from 2 UCLA mouse colonies in SPF
conditions with either sterile (SPF-S) or nonsterile (SPF-N) food, water, and bedding.
They found these 2 colonies harbour distinct microbial communities. Lactobacillus
johnsonii was higher and more cancer-resistant mouse colony of ATM deficient mice
from SPF-N, indicating housing condition can impact of microbiome on cancer

development via its ability to reduce systemic inflammation and genotoxicity.

Immunodeficiency and autoinflammatory associated animal models such as ATM and
SMG1 deficient mice are more susceptible and sensitive to any slight of environmental
changes. Momoko Otaki et al. [347] found that macrophage phenotype in wild-type mice
was altered after changing to an enriched environment (EE) (double-size of cage, and
enrichment with novel physical exercise objects and accessories). There were
significantly greater percentages of enriched environment macrophages phagocytosing S.
aureus and apoptotic neutrophils as compared to macrophages from mice housed in a
standard environment. Also after co-culture with S. aureus, enriched environmental
macrophages can produce more chemokines such as MIP-2, KC and MCP-1. Another
recent studies have shown EE is able to elicit anti-inflammatory and neuromodulatory
effects in central nervous system via interaction with various immune components and
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glial cells [348]. These interactions also affect immune response pathways including
secretion muscle fibers released interleukin (IL)-6, reduced monocytes and macrophages
expression of Toll-like receptors, modulation of hippocampal T cells, priming of
microglia, and upregulation of mitogen-activated protein kinase phosphatase-1. These
findings indicating that EE is one of potential factors for cytokine production and further

modulate brain function.

The QIMR Berghofer animal house is a very large facility holding tens of thousands of
mice, it is relatively noisy and there are many different people moving throughout the
facility for long hours each day. In contrast the Ingham facility is smaller housing only
hundreds of mice at a time and has a smaller staff and more separated procedure rooms
keeping the holding areas quieter. Overall the Ingham environment is likely to be
significantly less ‘stressful” for mice and this may in turn result in an altered immune
phenotype. However, we did still detect a subtler phenotype in SMG1 deficient mice that

intriguingly differed between the sexes.

BMMs from LysM*¢"*Smg1™" (Cre) male mice showed less induction of the pro-
inflammatory cytokines IL-1B, IFNB, and TNFa, while increased pro-inflammatory
cytokines production only was observed in BMMs from LysM*¢"Smg1 ¥ (Cre) female
mice compared with controls. This data indicates Smg1 deficiency alters toll-like receptor
induced inflammatory gene expression in a sex-specific manner. These were the first data
indicating that SMG1 may be involved in regulation of inflammatory responses

differently between females and males.

Sex differences have been documented with the variation in the incidence of autoimmune
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diseases and malignancies, susceptibility to infectious disease and responses to
vaccination. Females develop stronger innate and adaptive immune responses than males
[323, 324] and also respond better to various type of vaccination as well as being less
susceptible to bacterial or viral infections [349, 350]. Males have a two-fold higher
mortality rate to various infection diseases and malignant cancers according to
epidemiological studies [351], whereas females are more susceptible to autoimmune
diseases, making up 80% of total patients. There has been debate on whether this
phenomenon in humans is related to sex alone, behavioural gender norms or a

combination of both.

To examine the role of base sex biology there are increasing studies examining sex
differences in immune responses. Several factors are also considered for the sex-based
disparity in immune responses such as genetics (surrounding XX vs XY chromosomes)
and hormonal mediators [323, 349]. X-linked genetic polymorphisms can modulate sex-
based differences in innate immunity [352]. Several genes on the X chromosome regulate
innate immune responses and these genes encode proteins including PRRs (i.e, TLR7 or
TLR8), cytokine receptors and macrophage polarisation (eg. IL2RG and IL13RAL1),
TLR/IL-1R signalling pathways (eg., IRAK1), activation of phagocytes (eg., CYBB), and
adaptive immunity (eg., IL2RG, FOXP3, and CD40L). We tested whether Smg1 loss may
alter X-linked genes regulation in innate immunity between females and males mice as
compared to wild-type groups. Results showed that BMMs from LysM*¢®Smg1 "M (Cre)
female mice indicated that the regulation of the bulk of these genes (IL3RA, IL13RA1)
were up-regulated of BMMs from Cre mice during an LPS treatment, but CYBB, IRAK1

and IL2RG genes did not differ between Cre and WT BMMs (Figure 4-4A).
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Also, SMG1 loss may be implicated in broader X chromosome inactivation [323, 333].
To date, acute inflammation responses is attenuated by Xist in female murine
macrophages cell line J774A.1 and human AML193 monocytes by colocalising with the
p65 subunit. This interaction led to reducing nuclear migration of NF-«B [353]. gPCR
was performed to examine genes-related to X chromosome inactivation (Xist, Eifl, Rasal,
and Upfl). Loss of SMG1 resulted in upregulation of Xist, Eifl and Rasal at 2h post-
LPS treatment. This indicates that there may be alterations to X inactivation in response

to LPS treatment but only when SMGL1 levels are limiting (Figure 4-4C).

In the end of this Chapter, results from gPCR and western blots showed slightly increased
TLR4 mRNA expression and protein level among BMMs from female but not male
LysM*CreSmg1™ (Cre) mice at 2 hours post-LPS treatment (Figure 4-5). Put it together,
Smgl is involved in sex-specific regulation of innate immunity and potentially in Xist
regulation of post-transcriptional level, not translation and further affecting pro-

inflammatory cytokine production in response to LPS treatment.

4.4 Conclusion

In summary, this chapter provides the regulation during immune responses between
female and male mice when loss of SMGL1 function in bone marrow derived macrophages.
This is also the first data indicating that Smg1l is involved in sex-specific regulation of
innate immunity. For future studies, we can perform macrophages transcriptome to
analysis the different regulation of male and females BMMs during an LPS treatment and
its related mechanism. Additionally, we also can investigate the points where SMG1

regulates TLRs induced signalling cascades between male and females. This can answer
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Smgl may specifically alter immune response via TLR4 signalling or is also involved in

different TLRs and further regulates other immune responses during inflammation.
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Chapter 5- Understanding the role of
SMG1 in inflammation following LPS
treatment by RNA-sequencing analysis

5.1 Introduction

In this chapter, I report additional experiments aimed at addressing the role of SMGL1 in
inflammation during LPS treatment. RNA sequencing (RNA-seq) is a transcriptomic
technique commonly used to compare gene expression between different conditions such
as drug treatment versus non-treated samples or between timepoints and demonstrates
which genes are up- or down-regulated. This technology not only accurately provides
measurements of the levels of transcripts in samples [354], it can also identify alternative
splicing [35], allele specific expression [355] and RNA editing [356] depending on the
experimental design. Indeed, RNA-seq has been commonly used in clinical studies to
identify relationships between clinical features and changes in gene expression which can

explain the mechanism of disease progression [357-359].

As described in the previous chapter of this thesis, Smg1™" mice have LoxP sites flanking
exons 2 to 4 of the Smgl gene. The gene stays intact unless Cre recombinase (Cre) is
expressed in the same cell. Smg1™ mice were crossed to mice expressing Cre under
control of the LysM promoter. Preliminary data showed that BMMs from
LysM*€eSmg1™"M (Cre) mice had altered toll-like receptor induced inflammatory gene
expression, including less induction of IL-6, IL-1B, and IFNB mRNA expression at early
timepoints after LPS exposure as compared to wildtype littermates (see figure 4-2).
However, our LysM*¢eSmg1 ¥ (Cre) mice had an altered phenotype following relocation

from QIMR to the Ingham Institute.
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This chapter describes a side experiment from chapter 4: The role of SMG1 in the
regulation of immunity. Chapter 5 aimed to use RNA sequencing to analyse gene
expression which is regulated by SMG1 in innate immunity after LPS stimulated TLR4
signalling. BMMs from LysM*<"Smg1 "M (Cre) and Smg1 " (WT) male mice were treated
with LPS treatment for 0, 2, 6 and 24h as described previously and RNA extracted.
Library preparation and sequencing was performed at the Western Sydney University
Next Generation Sequencing Facility (please see chapter 2 and 6 material and methods
for more details). Quality Control, normalisation, mapping and initial expression level
analysis were performed by our collaborators at The University of Melbourne. (Professor
Christine Wells and her groups) [259, 262]. Data was loaded onto the Stemformatics

platform for visualisation (https://www.stemformatics.org). Data available on the

Stemformatics platform reference S4AM-7004. Next, we utilised online gene ontology
tools to identify characteristics of sets of genes. PANTHER [360] and GORILLA [260]
are the two common used online resources for gene function classification and genome-
wide data analysis such as gene function, ontology, pathways and statistical analysis tools
that enable biologists to analyse large-scale, genome-wide data from sequencing (for

more information, please see 5-2 as below).

We next performed validation experiments on candidates. However, our results showed
that the majority of the differences between BMMs from LysM*cSmg1 " (Cre) and
Smg1 " (WT) male mice in response to LPS treatment from the RNA sequencing data set
did not validate in independent samples. As discussed later we hypothesise that the point
at which these experiments were performed (very shortly after change of housing facility)
meant that the new phenotype described in chapter 4 had not yet stabilised and as such
limited insight can be obtained from the RNA sequencing data from the LysM*“"Smg1
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M mice with respect to innate immune responses.

5.2 Bio-informatics methods

5.2.1 Gene Ontology (GO) enrichment profiling

Gene Ontology profiling was used to identify statistically significantly over-represented
GO terms in our datasets based on RNA seq. Biological and functional gene enriched
pathways were identify by the two common online resources- PANTHER

(http://www.pantherdb.org/) and GORILLA (http://cbl-gorilla.cs.technion.ac.il/) [261,

360].

5.2.1.1 GO enrichment analysis- GORILLA

GORILLA is a website-based program that identifies enriched GO terms in a target list
of genes compared to a background list of genes. It can also identify enriched GO terms
in ranked list genes, without requiring the user to provide explicit target and background
sets. GORILLA employs a flexible threshold statistical approach to discover GO terms
that are significantly enriched at the top of a ranked gene list as compared to background
list. Additionally, the output of the enrichment analysis is visible as a hierarchical
structure which can provide the user with a clear picture of the relationships between
enriched GO terms in each condition. Moreover, three hierarchically structured
ontologies are used that show candidate genes in terms of their associated biological
processes, cellular components and molecular functions. In terms of statistics, GO terms
enrichment analysis provides an enrichment score and p-value for the over/under
representation of a particular term in a given gene list.
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5.2.1.2 GO enrichment analysis- PANTHER

The PANTHER (Protein ANnotation Through Evolutionary Relationship) classification
system is an online platform that combines gene function, ontology, pathways and
statistical analysis tools. This enables users to analyse data from gene expression [361,
362], genome-wide association studies [363, 364], and proteomics [365, 366]. Therefore,
users can easily perform analysis at a genome-wide level. The novelty of PANTHER is
that it combines both phylogenetic and functional data to annotate subfamilies of shared

function and sequences of related genes [367].

The PANTHER system is composed of three functional units. Firstly, the core module is
the PANTHER protein library, which contains all protein-coding genes from 82 complete
genomes organised into PANTHER defined families and subfamilies. Each family or
subfamily is represented by a statistical model annotated with Gene ontology (GO) terms,
a phylogenetic tree and a MSA (multiple sequence alignment). The second PANTHER
pathway module contains 176 expert-curated pathways. All pathways are linked to
phylogenetic information and statistical models through the protein library. The third
section is the website-based tools which allow the experimental analysis to be visualised

(please find more details in chapter 2).

5.3 Results

As described in previous chapters, BMMs from Smg1 deficient and wild-type mice were
cultured and treated with LPS at different time points (0, 2, 6 and 24 hr) and analysed by
RNA sequencing (all details are published and in chapter 2). Over 500 genes showed
expression changes stimulated by LPS, ranging from GTPase activity, cell-matrix
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adhesion, defence response, immune system process, cytokine production and
intracellular signal transduction. Expected changes in response to LPS were examined

and described in chapter 2.

Gene Ontology profiling was used to identify statistically over-represented GO terms in
our datasets. Biological and functional gene enriched pathways were identify by the two

common online resources- PANTHER (http://www.pantherdb.org/) and GORILLA

(http://cbl-gorilla.cs.technion.ac.il/) platforms. GORILLA analysis was performed using

a single ranked gene list based on the calculated differential gene expression p-value for
paired samples. For analysis (Figure 5-1), the cut-off for GORILLA and PANTHER gene
ontology term inclusion was set at 10 for initial inclusion and FDR g-values were

calculated to account for multiple testing. Heat maps were generated via the

Stemformatics platform (https://www.stemformatics.org/) using Pearsons correlation

(Figure 5-2). Data available on the Stemformatics platform reference S4M-7004.

RNA seq.
(517 genes)

Gorilla PANTHER

(http://cbl-gorilla.cs.technion.ac.il/) (http://www.pantherdb.org/)

v

Single gene profile

Biological and functional enrichment pathways
of candidate genes (https.//www.stemformatics.org)

v

Validation of selected targets
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Figure 5-1: Flowchart of the methodology for data analysis.
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Figure 5-2: Heat-map generated from RNA seq. Heat-map was generated from RNA sequencing
data and shows immune-related genes with regulated over the time-course of the LPS treatment
(0, 2, 6, 24 hours). All the mice ages are between 8-10 weeks old. Colours indicate the range of

each gene’s expression in response to LPS treatment, see key on right hand side.

5.3.1 GO terms RNA seq. analysis at 0 hour basal level background.

Firstly, we analysed gene enriched processing pathways using the GORILLA website
comparing LysM*ceSmg1™M (Cre) and Smg1™" (WT) mice at baseline with a p-value cut-
off of 0.0001. GORILLA analysis revealed that gene clusters involved in biological
processing with positive regulation of GTPase activity (Arhgap27, Ect2, Uspénl,
Thcl1d16), lymph vessel morphogenesis (Pkd1, Vegfa), cell-matrix adhesion (Cd34, Itgal,
Itga8, Itgh3) and osteoclast fusion (Cd109) were upregulated in Smgl deficient BMMs
compared to control (Figure 5-3 and Table 5-1). In terms of functional processing GTPase
regulator activity (Arhgap27, Ect2, Usp6nl, Tbcld16), nucleoside-triphosphatase
regulator activity (Arhgap27, Ect2, Usp6nl) enzyme regulator activity and molecular
function regulator (Sh3bp5, Arhgap27, Oazl, Dmpk, Usp6énl, Ect2, Thc1d16, Cd109),

vascular endothelial growth factor receptor (Itgh3) and extracellular matrix binding
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(Tgfbi, Itgh3), SH3 domain binding (Sh3bp5, Adam10) pathways were upregulated in
Smgl deficient BMMs compared to control, while a gene cluster related to SH3 domain
binding is upregulated (Figure 5-4 and Table 5-2). We also used the PANTHER
classification system to identify proteins/genes regulated at the basal level between
LysM*CreSmg1™ (Cre) and Smg1™" (WT) mice and predicted candidate genes with
enrichment analysis with a p-value cut-off of 0.0001. However, we could not find any

enriched pathways with same p-value cut off via the PANTHER platform.

Later, we combined the results of gene enriched pathways from GO analysis and
examined the single gene profiles using the stemformatics platform to confirm the gene
expression analysis. Results confirmed that 14 up-regulated genes (Dmpk, Uspénl,
Ugtlal0, Ibtk, Furin, Fgd2, Whbscrl6, Cx3crl, Cd34, Itga8, 1d1, Ang, Pkd212, Cd109)
and 11 down-regulated genes (Arhgap6, Arhgap25, Rab4a, Faf2, Vegfa, Tubb2b, Cpe,
I111ral, Pdefa, Dcstamp, Prkci) were significantly altered at the basal level between
LysM*CreSmg1™ (Cre) and Smg ¥ (WT) mice BMMs (Table 5-3). Interestingly, a small
number of proinflammatory cytokine genes were regulated in Smgl deficient BMMs at
basal level as compared to wild-type group. For example, IL17ral, IL2rg, Dock4 are up-
regulated, while Cx3crl, IL11ral are down-regulated in Smgl BMMs as compared to

control.
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Figure 5-3: Gene ontology process enrichment analysis by GORILLA. Figure depicts pathways
which are enriched for changed gene expression at basal level by cut-off 0.0001. Colours of the
boxes indicate the significance of the enrichment. The yellow colour boxes are more significant

the enrichment of genes in these pathways.
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Table 5-1: The process enrichment analysis list generated by GORILLA at basal level

background between LysM*¢Smg1™ (Cre) and Smg1™ (WT) mice with -10* cut-off.

Enriched pathways P-value Genes

Positive regulation of GTPase activity 4.88E-05 Arhgap27, Arhgap6, Ect2,
Uspé6nl, Rasal, Thcl1d16, Picalm,
Rgs16

Lymph vessel morphogenesis 6.75E-05 Pkdl, Vegfa

Regulation of GTPase activity 6.84E-05 Rasgrp3, Arhgap27, Arhgapé,
Ect2, Usp6nl, Rasal, Thcld16,
Picalm, Rgs16

Cell-matrix adhesion 5.01E-04 Cd34, Itgal, Itga8, Itgh3

Osteoclast fusion 9.90E-04 Dcstamp, Cd109
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pathways which are enriched for changed gene expression at basal level by cut-off 0.0001.
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Table 5-2: The functional enrichment analysis generated by GORILLA at basal level

background between LysM*¢Smg1™ (Cre) and Smg1™ (WT) mice with -10* cut-off.

Enriched pathways P-value Genes

GTPase activator activity 3.07E-06 | Rasgrp3, Arhgap27, Arhgap6, Ect2,
Usp6nl, Rasal, Thcld16, Rasal,
Thcld16, Arhgap25, Acapl, Rgsl16

GTPase regulator activity 5.59E-06 | Rasgrp3, Arhgap27, Arhgap6 ,Ect2,
Usp6nl, Rasal, Thcld16, Arhgap25,
Acapl, Rgs16

Nucleoside-triphosphatase 1.83E-05 | Rasgrp3, Arhgap27, Arhgap6, Ect2,

regulator activity Usp6nl, Rasal, Thcld16, Arhgap25,
Acapl, Rgs16

Enzyme regulator activity 3.15E-05 | Sh3bp5, Arhgap27, Rpl23, Oazl,
Arhgap25, Acapl, Dmpk, Ercc6,
Rasgrp3, Arhgap6, Usp6nl, Ect2,
Rasal, Thc1d16, Cd109, Rgsl6

Enzyme activator activity 7.82E-05 | Rasgrp3, Arhgap27, Arhgap6, Ect2,
Usp6nl, Rasal, Thcld16, Arhgap25,
Acapl, Rgs16, Ercc6

SH3 domain binding 8.48E-04 | Sh3bp5, Arhgap27, Arhgap6, Evl,
Picalm, Adam10

Molecular function regulator 2.26E-04 | Sh3bp5, Rpl23, Arhgap27, Oazl,
Vegfa, Arhgap25, Acapl, Dmpk,
Ercc6, Rasgrp3, Arhgap6, Rasal,
Uspénl, Ect2, Thcld16, Cd109, Rgsl6

Vascular endothelial growth factor | 6.64E-04 | Vegfa, ltgh3

receptor

Extracellular matrix binding 8.75E-04 | Tgfbi, Vegfa, Itgh3
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Table 5-3: Single gene profiles of candidate targets genes were analysed and confirmed

up- or down-regulated expression in response to LPS treatment at basal level between

LysM*CreSmg1™ (Cre) and Smg1™ (WT) mice is indicated.

Genes Functions (up- or down-)
Diff(0) | Arhap6 |[Rho GTPase activating protein 6 positive regulation of GTPase activity
Arhgap25 |Rho GTPase activating protein 25 (GTPase activator activity
Dmpk  [Dystrophia myotonica protein kinase intracellular polyamine levels
Uspénl ~ [usp6 n-terminal like positive regulation of GTPase activity
Ugtlal0 |UDP-glucuronosyltransferase morosaccharide mefabolic process
Rabda  |rab4a,member ras oncogene family enzyme regulator activity
Iotk  Jinhibitor of bruton agammaglobulinemia tyrosine kinase ~|enzyme regulator activity
Faf2  |fas associated factor family member 2 enzyme regulator activity
Vegfa  [vascular endothelial growth factor a Lymph vessel morphogenesis
Tubb2b  |tublin,beta 2b class iib nervous system development
Furin  |furin(paired basic amino acid cleaving enzyme) peptide hormone processing
Cpe  |carboxypeptidase e peptide hormone processing
illlral |interleukin 11 receptor,alpha chain 1 growth factor
Fod2  |fyve rhogef and ph domain containing 2 growth factor
Whserl6 |william-beuren syndrome chromosome region 16 growth factor
Pdefa  |platelet derived growth factor,alpha chemotaxis
Cx3crl  |chemokine(c-x3-c) receptor 1 chemotaxis
(D34  |Cd34 antigen cell-matrix adhesion
Itga8  |interorin alpha 8 cell-matrix adhesion
ldl  |inhibitor of DNA binding 1 system development
Ang  |angiogenin tibonuclease system development
Pkd212 |polycystic kidney disease2-like 2 detection of mechanical stimulus
(D109 |Cd109 antigen Osteoclast fusion
Destamp  [dentrocyte expressed seven trans membrane protein cell-matrix adhesion
Prkei  [protein kinase cjofa establishment of monopolar cell polarity

5.3.2 Baseline up-regulated genes in SMG1 deficient mice include
nonsense mediated decay targets.

As discussed previously, SMG1 kinase activity is required for NMD activity [64]. Loss
of NMD activity can lead to increased expression of NMD targets. We examined whether
genes identified as up-regulated at baseline were likely targets of NMD. Unsurprisingly

a number of the genes (Ugtlal0, IBTK, Furin, Fgd2, Whbscr6, CD34, Itga8, Eif4a2,
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Gtf2a2) are predicted to be targeted to NMD, indicating that loss of SMG1 mediated

NMD activity at basal level background (Table 5-4). This data indicates that NMD is

decreased in SMG1 deficient cells and that this is captured in the RNA sequencing data.

Table 5-4: Predicted or known NMD targets transcripts at basal line in Smg1l deficient

mice

Gene NMD target Reference
identified

Ugtlal0 | Predicted NMD https://www.ncbi.nlm.nih.gov/IEB/Research/Acembl
targeted transcripts ylav.cgi?db=human&qg=UGT1A

DMPK One known NMD https://asia.ensembl.org/Mus_musculus/Gene/Summa
targeted transcript ry?db=core;g=ENSMUSG00000035941;r=9:856873
+ 60-85749334
Possible target CUG +
repeats in 3’UTR EG. https://www.pnas.org/content/105/7/2646

IBTK Known NMD targeted | https://asia.ensembl.org/Mus_musculus/Gene/Summa
transcripts ry?db=core;g=ENSMUSG00000035941;r=9:856873

60-85749334
furin Known NMD targeted | https://jcp.bmj.com/content/early/2020/07/12/jclinpat

transcripts

h-2020-206788

and
http://m.ensembl.org/Mus_musculus/Transcript/Sum
mary?g=ENSMUSG00000030530;r=7:80396310-

80399469;t=ENSMUST00000153446
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Fgd2 Predicted NMD https://asia.ensembl.org/Mus_musculus/Gene/Summa
targeted transcripts ry?db=core;g=ENSMUSG00000024013;r=17:29360
and multiple IR 914-29379661
transcripts
Whscr6 2 NMD target https://asia.ensembl.org/Mus_musculus_C57BL_6NJ
transcripts /Gene/Summary?db=core;g=MGP_C57BL6NJ_G003
0586;r=5:143839075-143921864
CD34 1 NMD targeted https://asia.ensembl.org/Mus_musculus/Gene/Summa
transcript ry?db=core;g=ENSMUSG00000016494;r=1:194938
819-194961279
Itga8 1 NMD targeted https://asia.ensembl.org/Mus_musculus/Gene/Summa
transcript ry?db=core;g=ENSMUSG00000026768;r=2:121066
32-12301922
Eif4a2 Known NMD targeted | Gene regulated by Smgl-dependent AS-NMD [63]
transcripts
Gtf2a2 Known NMD targeted | Gene regulated by Smgl-dependent AS-NMD [63]
transcripts

5.3.3 GO terms RNA seq. analysis at 2 hour after LPS treatment.

At 2hrs post-LPS treatment, our GORILLA analysis showed 39 enriched pathways
between LysM*¢eSmg1™ (Cre) and Smg™ (WT) mice BMMs. The majority of gene
clusters were involved in defense responses (Itgax, Gm4321, Zbpl, Latl, Irf8, Tnfsf4,
Zc3havl, Batf2, Igtp, Ifitm3, 1l1rn, Fcgrl, Irgml, Arid5a), response to interferon-beta

(Ifnb1, Ifit3, Ifi47, Ifitm3), innate immune response (Ifnbl, Mb21d1), response to
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external biotic stimulus (Ifnbl, Itgax, Zbp1l, Irf8, Tnfsf4, Batf2, Ifit3, Ifitm3, Arid5a) are
downregulated after 2h-post of LPS treatment in Smgl deficient BMMs compared to
control (Supplementary Figure 1 and Table 5-5). In terms of functional enrichment, 2’-
5’-oligoadenylate synthetase activity (Oasl2) was downregulated in Smgl deficient
BMMs as compared to control at 2h post-LPS (Figure 5-5 and Table 5-6). For
comparison, we analysed the same dataset via PANTHER. We did not observed any
enrichment using p<0.0001 cutoff. We also performed single gene profiling using the
stemformatics platform, which confirmed two up-regulated genes (Hmgb2, Cd244) and
9 down-regulation genes (Gm543i, Itgax, 1rf8, Arid5a, Degs2, F3, Mull, Slamf8, Gnal5)
differed at 2hr post-LPS treatment in LysM*<®Smg1 " (Cre) BMMs compared to Smg1

il (WT) BMMs (Table 5-7).

Table 5-5: The top 10 of process enrichment analysis generated by GORILLA at 2 hours

after LPS treatment between LysM*¢¢Smg1™"" (Cre) and Smg1™ (WT) mice-10 cut-off.

Enriched pathways P-value | Genes

Defense response 2.13E-9 | Itgax, Gm5431, IFnbl, Zbpl,
Lat, Irf8, Tnfsf4, Zc3havl, Ifit3,
Batf2, Ifi47, Igtp, Ifitm3, ll1rn,
Fcgrl, Irgml, Oasl2, Mb21d1,
Hmgb2, Lyz2, Arid5a

Response to other organism 1.42E-7 | Ifnbl, Itgax, Zbpl, Irf8, Tnfsf4,
Oasta, Zc3havl, Batf2, Ifit3,
Ifitm3, Fcgrl, Oasl2, Mb21d1,
Hmgb2, Lyz2

Response to interferon-beta 1.54E-7 | Ifnb1, Ifi47, Gm543i, Igtp,
Ifitm3, Irgm1, Ifit3

Defense response to other organism 4.08E-7 | Ifnb1, Itgax, Zbpl, Irf8,
Zc3havl, Batf2, Ifit3, Ifitm3,
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Fcgri, Oasl2, Mb21d1, Hmgb2,
Lyz2

Immune response

1.03E-6

Ifnb1, Zbp1l, Lat, Irf8, Tnfsf4,
Zc3havl, Cd274, Ifit3, ll1rn,
Ifitm3, Irgm1, Fcgrl, Oasl2,
Mb21d1, Hmgb2, Nrros, Arid5a

Cellular response to interferon-beta

1.11E-6

Ifnb1, Ifi47, Gm543i, Igtp,
Irgm1, Ifit3

Innate immune response

1.14E-6

Ifnb1, Zbpl, Tnfs4, Zc3havl,
Ifit3, Ifitm3, Fcgrl, Irgml,
Oasl2, Mb21d1, Hmgb2, Nrros,
Arid5a

Response to virus

1.99E-6

Itgax, Ifnbl, Zbpl, Ifitm3, Oasl2,
Mb21d1, Tnfsf4, Oasta,
Zc3havl, Ifit3

Response to external biotic stimulus

3.07E-6

Ifnb1, Itgax, Zbpl, Irf8, Tnfsf4,
Oasta, Zc3havl, Batf2, Ifit3,
Ifitm3, Fcgrl, Oasl2, Mb21d1,
Hmgb2, Lyz2, Arid5a

Response to biotic stimulus

5.14E-6

Ifnb1, Itgax, Zbpl, Irf8, Tnfsf4,
Oasta, Zc3havl, Batf2, Ifit3,
Ifitm3, Fcgrl, Oasl2, Mb21d1,
Hmgb2, Lyz2, Arid5a
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Figure 5-5: Gene ontology functional enrichment analysis using the GORILLA after 2h post-LPS

P<10% ————————— P<10*®

treatment. Figure depicts pathways which are enriched for changed gene expression at 2h post-
LPS compared to Oh time point by cut-off 0.0001. Colours of the boxes indicate the significance
of the enrichment. The yellow colour boxes are more significant the enrichment of genes in these

pathways.
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Table 5-6: The functional enrichment analysis generated by GORILLA at 2 hours after

LPS treatment between LysM*¢®Smg1 " (Cre) and Smg1™ (WT) mice-10* cutoff.

Enriched pathways P-value Genes

2’-5’-oligoadenylate synthetase activity 8E-6 Oasl2, Oasig, Oasta

Table 5-7: Single gene profile of validated Candidate targets gene expression are up- or
down- regulated in response to LPS treatment at 2 hours between LysM*¢"Smg1 " (Cre)

and Smg1 " (WT) mice.

Genes Functions (up- or down-)
Diff(2) | Gm3431 |predicted gene 3431 Response to interferon-beta

lgx  |infegrin alphax Defense response

If§  |interferon regulatory factor 8 Defense response
Hmgh2  [high mobility group box 2 Defense response
Arid5a [t rich interactive domain 52 Defense response
Degs)  |degenerative spematocyte homolog? Sphinganine mefabolic process

F3  |coagulation factor ii Regulation of multicellular organismal process
Mull  |mitochondrial ubiquitin ligase activator of ufbl Cellular response to dsRNA
Slamf8  |SLAM family member 8 intracellular sinal transduction
Cd244  |natural killer cell receptor 2B4 intracellular signal transduction
Gnals  |guanine nucleotide-binding protein subunit elpha-15  |intracellular signal transduction

5.3.4 GO terms RNA seq. analysis at 6 hour after LPS treatment

At 6 hours after LPS treatment, the serine family amino acid metabolic process (Psatl,
Txnrdl, Srr) and negative regulation of mitochondrial membrane permeability involved
in apoptotic process pathways (Bnip3, Acaa2) were identified using GORILLA
(p<0.0001) (Figure 5-6 and Table 5-8). Txnrd1, Srr and Bnip3 gene expression are up-

regulated in Smgl deficient BMMs compared to control while Acaa2 and Srr gene
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expression are down-regulated. However, we could not find any functional pathways

enriched.

Using PANTHER with p<0.0001 cut-off, we identified five gene clusters enriched for
biological process pathways, these were chromatin organisation (Suds3, H2afy, Prmt10,
Bahdl, Usp22, Chbx4), organelle organisation ( Stk4, Slamf8, Cd244, Gnal5, Ccl12,
Wsb2, Nikirasl, Rapgef2, Scr, Gab2, Rrdl, Gnal3, 1123a, Mapk14, Pi4kb, Statl, Cdk17,
Map2k1, Stk4, Rap2c, Sgkl), nucleobase-containing compound metabolic and primary
metabolic process (Thcld13, Suds3, RIf, Tsrl, Tcf4, H2afy, Zfp212, Sbnol, Prmt10,
Atadl, 1gf2bp3, Rasa2, Phf6, Bahdl, Rragc, Hist3h2a, StatSh, St18, Ampd3, Prpf4,
Clock, Pphinl, Cnot7, Thcel, Dgka, Igf2bp3) were upregulated in response to LPS
treatment in Smgl BMMs as compared to control (Supplementary Figure 2 and Table 5-
9). Additionally, we examined each gene from the GO analysis above via single gene
profile. We found that there were nine up-regulated genes (Gclc, Wdr75, Tsrl, Tspyl2,
Txnrdl, Rasa2, St18, Ampd3, B3galnt2, Thcel, Usp53) and 12 down-regulated genes
(Psatl, Prmt10, Bahdl, Cbx4, Igf2bp3, Statsb, Prpf4, Prnp, Ggtgl, Dgka, Slc25a36, Chst)
between LysM*¢®Smg1 "M (Cre) and Smg1™" (WT) BMMs at 6hrs after LPS treatment

(Table 5-10).
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Figure 5-6: Gene ontology process enrichment analysis by GORILLA after 6h post-LPS

P<103

treatment. Figure depicts pathways which are enriched for changed gene expression at 2h post-
LPS compared to Oh time point by cut-off 0.0001. Colours of the boxes indicate the significance

of the enrichment, with the darker the colour indicating greater significance.
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Table 5-8: The process enrichment analysis generated by GORILLA at 6 hours after LPS

treatment between LysM*<"eSmg1"" (Cre) and Smg1™ (WT) mice with -10** cutoff.

Enriched pathways

P-value Genes

Serine family amino acid metabolic process

4 59E-4 Psatl,Txnrd1,Srr,Gclc

Negative regulation of mitochondrial membrane

permeability involved in apoptotic process

7.71E-4 Bnip3,Acaa2

Table 5-9: The biological process enrichment analysis generated by PANITHER at 6

hours after LPS treatment between LysM*¢"Smg1™"M (Cre) and Smg1™ (WT) mice with

-10" of cutoff.

Enriched pathways

P-value

Genes

Chromatin organisation

3.31E-02

Suds3, H2afy, Tspyl2, Prmt10, Bahdl,
Hist3h2a, Usp22, Wdr75, Chx4

Organelle organisation

4.10E-02

Stk4, Slamf8, Cd244, Gnalb, Ccl12,
Wsh2, Nkirasl, Rapgef2, Src, Gab2,
Dmpk, Rnd1, Gnal3, Nek®6, 11233,
Gsg2, Rps6ka2, Nbn, Fgfl3, Rrad,
Mapk14, Ifnbl, Pi4kb, Statl, Cdk17,
Map2k1, Rasal3, STK4, Rap2c, Sgkl

Nucleobase-containing compound

metabolic process

4.64E-02

Tbc1d13, Suds3, RIf, Tsrl, Tcf4,
H2afy, Tspyl2, Mta3, Zfp212, Shnol,
Prmt10, Atadl, Igf2bp3, Rasa2, Phf6,
Phf2, Bahdl, Rragc, His3h2a, Zzz3,
Rad51, Stat5b, St18, Ampd3, Prpf4,
Clock, Pphinl, Wdr75, Cnot7

Primary metabolic process

1.13E-03

Thcld13, Suds3, RIf, Ak4, Tsrl, Prnp,
Cdyl, Tcf4, Dtx2, Gelc, Txnrdl, H2afy,
Tspl2, B3galnt2, Mta3, Ggtal, Wars,
Zfp212, Sbnol, Prmt10, Atadl, Dgka,
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Slc25a36, Usp53

Igf2bp3, Rasa2, Dtx4, Thcel, Phf6,

Metabolic process 1.83E-02

Tbcld13, Chst14, Suds3, Rif, Ak4,
Tsrl, Prnp, Cdyl, Tcf4, Dtx2, Gcelc,
Txnrdl, H2afy, Tspyl2, B3galnt2,
Mta3, Ggtal, Wars, Zfp212, Shnol,
Acaa2, Prmt10, Atadl, Dgka, Igf2bp3,
Rasa2, Dtx4, Thcel, Phf6, Slc25a36

Table 5-10: Confirmed candidate targets gene expression are up- or down- regulated in

response to

LPS treatment at 6 hours between LysM*¢®Smg1" (Cre) and Smg1™! (WT)

mice.
Genes Functions (up- or down-)
Diff(6) | Psatl  [phosphoserine aminotransferase 1 Serine family amino acid metabolic process
Gele  |alutamine-cysteine lipanse catalytic submit Serine family amino zcid metabolic process
Prmntl0  |putative protein arginine N-methyltranferase Chromatin organization
Bahdl  Joromo adjacent homology domain-containing 1 protein  |Chromatin organization
Wdt75  |WD repeat-containing protein 75 Chromatin organization
Cbxd  |E3 sumo-protein ligase CBX4 Chromatin organization
Tsrl  |pre-mRNA processing protein TSR1 homolog Nucleobase-containing compound metabolic process
Ief2bp3  |insulin-like growth factor 2 mRNA binding protein Nucleobase-confaining compound metabolic process
Rasal  |ras protein activator like 2 Nucleobase-containing compound metabolic process
Stat3b  |signal transducer and activator of transcription 5B Nucleobase-confaining compound metabolic process
§t18  [suppression of tumorignicity 18 Nucleobase-confaining compound metabolic process
Ampd3  |AMP deaminase 3 Nucleobase-containing compound metabolic process
Prpf4  [U4/U6 small miclear ribomucleoprotein Nucleobase-confaining compound metabolic process
Prip  |major prior protein primary mefabolic process
B3galnt2 |UDP-GaLNA beta-1,3-N-acetylealatosaminyltransferase |primary metabolic process
Gotel  [N-acetyllatosaminide alpha-1.3-galacatosyltransferase  [primary metabolic process
Dgka  |diacylglycerol kinase alpha mRNA-binding protein primary metabolic process
Theel  |fublin-specific chaperone cofactor E-like protein primary metabolic process
81c25236 |solute carrier family 25 member 36 primary metabolic process
Usp33  |inactive ubiqutin carboxylterminal hdrolase 53 primary metabolic process
Chst  [carbohydrate sulfotransferase metabolic process
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5.3.5 GO terms RNA seq. analysis at 24 hour after LPS treatment

At 24 hours post LPS treatment, our GO analysis showed that negative regulation of
multicellular organismal process (Jak2, Ism1, Adam17, Gprl8, Argl, Col4a2, Cd38,
Arg2, Trom4, Ufd1l, Pde5a, Cx3cel, Adora2b, Dcn, 1120rb, Inhba, Cd24a, Pilrbl, Met,
Ifrd1, IL6) signal transduction and regulation of system process (Jak2, 1113ral, Bcl2al,
Bcl2alb, 111r1, 111f6, Cd38, Gent2, Pdeba, Spata, 111r12, Den, Sla,1120rb, Gprl41, Niacrl,
Notch4, Pilrb2, Clec4d, Pilrbl, Pdel0Oa, Gprl8, Trpm4, Cx4crl, 111f9, OIfr99, Adora2b,
Ift57, Ccr7, Gipr, Inhba, Afp, Inpp5b, Met, Sema3c, IL6), cellular modified amino acid
metabolic process (ERO1l, Aldhlll, P4hb, EgIn3, Gchl, Plod2, Ggh, Gstt4, Gstt2,
Mthfs), negative regulation of collateral spouting (Fgfl13, Ulk1l, Spg20), regulation of
immune system process and lymphocyte proliferation (Ccr7, Jak3, 1120rb, Ticam1, Argl,
Cd38, Arg2, Pdeba, Bmil, Samsnl, Clec4d, Pspcl) were enriched pathways in
LysM*CreSmg1™M:Smg1™ BMMs identified by GORILLA analysis (p<0.0001)
(Supplementary Figure 3 and Table 5-11). The functionally enriched pathways identified
genes involved in transmembrane transporter activity and signalling receptor activity
(SIc29a3, Slc35b1, Bcel2ald, Surfl, Agp9, Bcl2alb, Sic6al2, Slcla2, Kcna3, Abcc4,
Slc7a2, Tmem38b, Prelid2, Ccr7, 1113ral, Gprl8, Cd302, 1120rb, 111r1, Gprl41, Niacrl,
Cx3crl, 111r12, OIfr99, Adora2b, Met) and intramolecular oxidoredutase activity (Ddt,
Pdiab6, Ecil, P4hb, Ecil, Qsox1) were upregulated in Smgl deficient BMMs compared to
control (Figure 5-7 and Table 5-12). Additionally, PANTHER analysis (p<0.0001)
revealed gene clusters involved in pteridine-containing compound metabolic process
(Ggh, Mthfd1, Mthfs, Gchl) and metabolic process (Rbpms, Alg8, Acpp, Zfp819, Srsfl0,
Inhba, Plod2, Rhotl, Spsbl, Denr, Magohb, Ttc19, Rhog, Rab32, Cnot7, Pdk1, Naal6,
Dgat2, Myst2, Frdl, Smurf2, Dna2, Rasa2, Bdpl, Acsbgl, Lox, Mtmr7, Pign, Pola2,
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Tra2a) were upregulated in Smg1l deficient BMMs as compared to control. On the top of
that, genes involved in the RNA splicing (Rbpms, Gm12355, Magohb, Tra2a) were
upregulated at 24 hours post LPS treatment in Smgl deficient BMMs (Table 5-13). We
further analysed the single gene profile of each candidate geneconfirming 10 up-regulated
genes (Afp, Ticaml, Mavs, Gstt2, Gstt3, EgIn3, IL-6, Fanca, Ulk1, Gprl8) and 8 down-
regulated genes (F11r, Srgap2, Mfge8, Syngrl, Tle6, Aldhll1l, Plod2, Dock5) that were

significantly altered in BMMs 24hrs post LPS treatment (Table 5-14).

Table 5-11: The top ten of process enrichment analysis generated by GORILLA at 24
hours after LPS treatment between LysM*®Smg1 " (Cre) and Smg1™ (WT) mice with

-10"* cutoff

Enrichment pathways P-value | Genes

Negative regulation of multicellular 6.34E-7 | Jak2, Ism1, Jak3, Srgap2, Aatk,
organismal process Adaml7, Gprl8, Argl, Col4a2, Ulk1,
Cd38, Anpep, Arg2, Prkach, Trpm4,
Ufd1l, Pdeba, Evl, Cx3crl, Nrpl,
Calcrl, Dock5, Adora2b, Prosl,
Gpnmb, Cd63, Xdh, Dcn, Clqc,
1120rb, Zfp36, Rab11fip5, Mef2c,
Gas6, Inhba, Fgfl3, Tgfbr2, Cd24a,
Pilrbl, Gnas, Met, Spg20, Ifrd1, IL6,
Hdac5

Signal transduction 1.37E-6 | Jak2, Nfatc2, Jak3, Srgap2, Aatk,
1113ral, Bcl2ald, Eril, Bel2alb, 111r1,
11116, UIK1, Spsb2, Aes, Cd38, Gent2,
Prkacb, Rftn2, Pdeb5a, Kras, Fam13b,
Spatal3, Nrpl, 111rl2, Calcrl, Dockb,
Gpnmb, Ccny, Dcn, Sla, Gngl0,
Maltl, 1120rb, Lrrc4, Zfp36, Gprl4l,
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Niacrl, Pdk2, Pdkl, Gas6, Notch4,
Pilrb2, Clec4d, Cd24a, Pilrb1,
Pdel0a, Gnas, Map2k6, Ptpladl,
Mavs, Rhoq, Srgap3, Itga4, Adam17,
Gprl8, Ticaml, Arhgef3, Coll4a2,
Arhgap19, Anpep, PIxnb3, Trpm4,
Ralgps4, Baiap2, Arhgef10l, Cx3crl,
Hipl, 1119, OIfr99, Adora2b, Ift57,
Ccendl, Jmjd6, Arhgap39, Fbhxw4,
Ccr7, Thra, Rasa2, Sh3bpl, Unc5b,
Mef2c, Srsf3, Tmem231, Gipr, Inhba,
Afp, Rhou, Fgfl3, Tgfbr2, Inpp5b,
Met, Rxra, Sema3c, IL6

Regulation of system process

2.87E-6

Jak2, Thra, Rab11fip5, Mef2c,
Niacrl, Cd38, Anpep, Acpp, Arg2,
Gasb, Inhba, Trpm4, Pde5a, Gnas,
Calcrl, Dockb, Gehl, Adora2b, Sp4,
Scnib, IL6

Cellular modified amino acid

metabolic process

3.37E-6

Ethel, Eroll, Aldhll1, P4hb, Mthfd1il,
Gstt3, Ahcyl2, EgIn3, Gehl, Plod2,
Ggh, Gstt4, Mthfs, Gstt2

Regulation of multicellular organismal

process

3.77E-6

Jak2, Jak3, Srgap2, Aatk, F11r, 111r1,
Argl, 11116, Ulk1, Cd38, Arg2, Fanca,
Gent2, Prkach, Ufd1l, Pde5a, Timp2,
Nrpl, Eif4g2, 111rl2, Calcrl, Tle6,
Dock5, Gehl, Gpnmb, Xdh, Cd63,
Ppib, Dcn, Malt1, 1120rb, Rab11fip5,
Zfp36, Niacrl, Por, Gas6, Notch4,
Ddt, Cd24a, Pilrb1, Pdlim7, Gnas,
Scnlb, Sp4, Mavs, Ism1, Adam17,
Gprl8, Ticaml, Col4a2, Atxnll,
Smurf2, Anpep, Plxnb3, Trpm4,
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Baiap2, Evl, Cx3crl, 1119, Adora2b,
Myrf, Pros1, Ccndl, Bmil, Ccr7,
Thra, Sh3bpl, Clgc, Panx1, Mef2c,
Acpp, Clec5a, Inhba, Fgfl3, Tgfbr2,
Met, Spa20, Ifrd1, Rxra, Sema3c, IL6,
Hdac5

Cell surface receptor signalling

pathway

5.46E-6

Jak2, Jak3, Nfatc2, 1113ral, Bc12ald,
Bcl2alb, I11r1, 11116, Aes, Cd38,
Gent2, Rftn2, Kras, Nrpl, Calcerl,
Ccny, Dcn, Sla, Maltl, Lrrc4, PdKk1,
Pdk2, Gas6, Notch4, Pilrb2, Cd24a,
Clec4d, Pilrbl, Rhoq, Adam17, Itga4,
Ticaml, Col4a2, PIxnb3, Baiap2,
Cx3crl, 11119, Adora2b, Ift57, Ccndl,
Jmjd6, Fbxw4, Sh3bpl, Srsf3, Mef2c,
Tmem231, Gipr, Inhba, Tgfbr2, Met,
Sema3c, IL6

Negative regulation of collateral

spouting

1.42E-5

Fgf13, Ulk1, Spg20, Ifrdl

Regulation of immune system process

1.8E-5

Nfatc2, Jak3, Bcl2ald, Adam17,
Itgad, Gprl8, Ticam1, Smpd13b,
Argl, 111r1, Atxnll, Samsnl, Cd38,
Fanca, Arg2, H2-Ob, Trpm4, Ufd1l,
Rfn2, Pdeb5a, 111r12, Adora2, Bmil,
Gpnmb, Ccr7, H2-Abl, Slc7a2, Clqc,
Maltl, 1120rb, Zfp36, Mef2c, Clqa,
Niacrl, C1gb, Gas6, Inhba, Ddt,
Tgfbr2, Clec4d, Cd24a, Pilrbl, Gnas,
Mavs, Matr3, Cnot7, IL6, Pspcl

Regulation of lymphocyte proliferation

3.47E-5

Ccr7, Jak3, Nfatc2, H2-
ADb1,1120rb, Ticam1,Argl,Mef2c,Cd38
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Figure 5-7: Gene ontology functional enrichment analysis using by GORILLA after 24h post-

P<10%

LPS treatment. Figure depicts pathways which are enriched for changed gene expression at 2h
post-LPS compared to Oh time point by cut-off 0.0001. Colours of the boxes indicate the

significance of the enrichment, with the darker the colour indicating greater significance.
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Table 5-12: The functional enrichment analysis generated by GORILLA at 24 hours after

LPS treatment between LysM*¢®Smg1 "™ (Cre) and Smg1™ (WT) mice with -10* cutoff.

Enriched pathways

P-value

Genes

Transmembrane transporter activity

2.47E-5

Slc29a3, SIc35b1, Bel2ald, Surfi,
Agp9, Bcl2alb, Slc30al, Slc6al2,
Slc25a45, Sicla2, Trpmd4, Trpm?7,
Slc44al, Abcdl, Slc25a51, Kcna3,
Kcnk13, Abcc4, Sic45a4, Slc9a9,
Slc7a2, Ttyh2, Gas6, Slc30a9,
Abcb9, Tmem38hb, Slc7a6, Scnlb,
Slc25a53, Slc35a3

Transporter activity

8.15E-5

Slc35b1, Slc29a3, Bel2ald, Surfl,
Agp9, Bcl2alb, Slc30al, Slc6al2,
Slc6ala2, Slc25a45, Trpm4,
Trpm7, Aplbl, Calcrl, Slc44al,
Stard5, Abcblb, Slc25a51, Kcna3,
Kcnk13, Abcc4, Sic45a4, Slc9a9,
Slc7a2, Prelid2, Panxl, Ttyh2,
Gas6, Atp8b4, Slc30a9, Abch9,
Tmem38b, Slc7a6, Scnlb,
Slc25a53, Slc35a3

Transmembrane receptor activity

3.63E-4

Cecr7, 1113ral, Gprl8, Cd302,
1120rb, Unc5b, 111r1, Gpri4l,
Niacrl, PIxnb3, Tgfbr2, Nrp1,
Cx3crl, Calcrl, 111rl12, OIfr99,
Adora2b, Met

Transmembrane signalling receptor

activity

3.63E-4

Ccr7, 1113ral, Gprl8, Cd302,
1120rb, Unc5b, 1111r1, Gprl41,
Niacrl, Gipr, PIxnb3, Tgfbr2,
Nrpl, Cx3crl, Calcrl, 111rl2,
OIfr99, Adora2b, Met
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Signalling receptor activity

4.21E-4

Ccr7, Thra, 1113ral, Gprl8, Cd302,
1120rb, Unc5b, 111r1, Gprl4l,
Niacrl, Gipr, PIxnb3, Tgfbr2,
Nrpl, Calcrl, 111rl2, OIfr99,
Adora2b, Met, Rxra

Positive transmembrane transporter

activity

5.6E-4

Ttyh2, Gas6, Trpm4, Trpm7,
Bcl2ald, Agp9, Bel2alb,
Tmem38b, Panx1, Scnlb, Kcna3,
Kcnk13

Channel activity

5.6E-4

Ttyh2, Gas6, Trpm4, Trpm7,
Bcl2ald, Agp9, Bel2alb,
Tmem38b, Panx1, Scnlb, Kcna3,
Kcnk13

Molecular transducer activity

8.05E-4

1113ral, Cd302, Gprl8, Il1rl,
PIxnb3, Prkacb, Nrpl, Cx3crl,
Calcrl, 111rl2, OIfr99, Adora2b,
Ccnd1, Ccr7, Thra, 1120rb, Unc5b,
Gprl41, Niacrl, Gipr, Notch4,
Tgfbr2, Cd5l, Met, Rxra

Intramolecular oxidoreductase activity

8.46E-4

Ddt, Pdia6, Ecil, P4hb, Eroll,
Qsox1

Receptor activity

9.94E-4

Ccr7, Thra, 1113ral, Gprl8, Cd302,
1120rb, Unc5b, 111r1, Gprl4l,
Niacrl, Gipr, PIxnb3, Notch4,
Tgfbr2, Nrp1, Cx3crl, Cd5l,
Calcrl, 111r12, OIfr99, Adora2b,
Met, Rxra
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Table 5-13: The biological process enrichment analysis generated by PANITHER at 24

hours after LPS treatment between LysM*¢®Smg1" (Cre) and Smg1™ (WT) mice-10*

of cutoff.

Enriched pathways

P-value

Genes

Pteridine-containing compound

metabolic process

1.16E-04

Ggh, Mthfd1l, Mthfs, Gechl

Metabolic process

3.61E-04

Rbpms, Nfatc2, Atp8b4, Rxra, Algs,
Gm98, Acpp, Zfp819, Srsf10, Inhba,
Naprtl, Arhgapl9, Ggh, Plod2, Rhotl,
Xdh, Spsb1, Pdk2, Dpp8, Etv3, Abch9,
Denr, Gm12355, Arhgef10l, Magohb,
Thra, Rcbtb2, Ttc19, Naa25, Rhoq,
Rab32, Sh3bpl, Pspcl, Lipa, Pdkl,
Pigf, Slc29a3, Surfl, Dennd4a, Ecil,
PIxnb3, Adarbl, Uchll, Oxctl, Zfp654,
Ckb, Gnas, Expi, Mef2c, Zfp36, Argl,
Acsl5, Naal6, Dgat2, Myst2, Hipl,
Nudt4, Cnot7, Baiasp2, Zdhc2, Ifrd1,
Smurf2, Dna2, Pdk1, Rasa2, Bdpl,
Slc35a3, Mettl2, Cct3, Evi5l, Slcla2,
Manlcl, Chst14, Swi5, Ethel, Timp2,
Rhou, Degs2, Pdf, Ahnak2, Spsh2,
Tmem?208, Abcc4, Argl, Atpl0d,
Ahcyl2, Acsbgl, Lox, Ctsa, Mthfd1l,
Inpp5b, Srsf3, Dpy1914, Mtmr7, Cd68,
Cyp4v3, Srsf7, Wasl, Sp4, Foxw4,
Pdxk, Thgll, Cars2, Zfp558, Sephsl,
Mthfs, Slc45a4, Hsd3b7, Arg2, Ak4,
Gchl, Pign, Pigz, Pola2, Tra2a

Coenzyme metabolic process

2.12E-05

Naprtl, Ggh, Oxctl, Ahcyl2, Mthfd1l,
Pdxk, Mthfs, Gchl
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RNA splicing

1.04E-03

Rbpms, Srsf10, Gm12355, Magohb,
Pspcl, Ahnak2, Srsf3, Srsf7, Tra2a

Primary metabolic process

4.60E-05

Rbpms, Atp8b4, Rxra, Alg8, Gm98,
Acpp, Zfp819, Srsf10, Inhba, Naprtl,
Ggh, Plod2, Rhotl, Xdh, Spsb1, Pdk2,
Dpp8, Abch9, Denr, Gm12355,
Arhgef10l, Magohb, Rcbth2, Ttc19,
Naa25, Rhog, Rab32, Pspcl, Lipa, Pigf

Cellular amino acid metabolic

process

3.16E-04

Ggh, Pdk2, Argl, Pdkl, Slcla2, Ethel,
Ahcyl2, Mthfd1l, Cars2, Sephsl, Mthfs,
Arg?2

Response to stimulus

4.05E-04

Nfatc2, Itgh8, H2-Ob, Inhba,
Arhgapl9, Rhotl, Clec4d, Thra, Met,
Rhoq, Rab32, Pdk1, Bcl2alb, 1113ral,
PIxnb3, Adarb1, Sla, Gnas, Bcl2ald,
Map2k6, Smurf2, P4hb, Rasa2, H2-
Abl, OIfr99, Swi5, Timp2, Rhou,
Cd63, Sema3c

Sensory perception

1.12E-03

Hpcall, Pde5a, Inpp5b
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Table 5-14: Selected candidate targets gene expression are up- or down- regulated in

response to LPS treatment at 24 hours between LysM*¢®Smg1"M (Cre) and Smg1™ (WT)

mice.
Genes Functions (up- or down-)
Diff(24)| F1ir |fll receptor Regulation of multicellular organismal process
Afp |alpha fetoprotein Signal fransduction
Ticam! |toll-like receptor adaptor molecular 1 Cell surface receptor signaling pathway
Stgap? |slit-robo tho gipase activating protein2 Signal fransduction
Mfge8 |milk fat globule-egf factor 8 protein Regulation of multicellular organismal process
Syngr] |synaptogyrin Regulation of multicellular organismal process
Tle6 | transducin-like enhancer of split 6.homolog of drosophila |Regulation of multicellular organismal process
Mavs |mitochondrial antiviral signaling protein Regulation of immune system process
Aldn1ll |aldehyde dehydrogenases Cellular modified amino acid metabolic process
Gstt3 |elutathinone s-transferase,theta 3 Cellular modified amino acid metabolic process
Gstt2 | glutathinone s-transferase,theta 2 Cellular modified amino acid metabolic process
Plod2 |procollagen lysine,2-oxoglutarate-5-dioxygenase 2 Cellular modified amino acid metabolic process
Egin3 [egl nine homolog 3 Cellular modified amino acid metabolic process
IL6 |interleukinG Regulation of immune system process
Fanca |fanconi anemia,complementation group a Regulation of multicellular organismal process
Dock3 |dedicator of cytokinesis 5 Signal transduction
Ulkl  [unc-51 like kinase 1 negative regulation of multicellular organismal process
Gprl8 |g protein-coupled receptor 18 negative regulation of multicellular organismal process

5.3.6 Validation of gene expression changes by quantitative PCR

Next, we attempted validation of our RNA-seq data by quantitative real time PCR (gPCR).
(Table 5-15). In summary, gene oncology analysis illustrated that gene clusters altered
between genotypes at basal level were GTPase regulation activity and nucleoside-
triphosphatase regulator activity, defense response, at 2hr post-LPS - response to
interferon-beta and at 6 hour post-LPS treatment- immune and defense response.
Therefore we selected candidates which could be divided into three groups where gene
function is related to immune and defense responses (Figure 5-8), GTPase regulator
activity (Figure 5-9) and others (Figure 5-10). Also we made a conclusion figure to
summarise the outcome of validation experiments for the selected genes (Table 5-16).
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Table 5-15: Selected targets from dataset analysis and related information

transcription factor
activity

Gene Enriched pathways | Functions
G protein-coupled | - Receptor for the CX3C chemokine fractalkine | [368]
Cxerl receptor (CX3CLY)
activity and chemok | -Binds to CX3CL1 and mediates both its
ine receptor adhesive and migratory functions.
activity -Acts as coreceptor with CD4 for HIV-1 virus
envelope protein (in vitro).
IL11ral Obsolete signal -Receptor for interleukin-11. [369]
transducer -Utilises IL6ST for initiating signal
activity and cytokin | transmission.
e receptor activity | -May be involved in the control of proliferation
and/or differentiation of skeletogenic progenitor
or other mesenchymal cells.
-Essential for the normal development of
craniofacial bones and teeth.
IL6 Signalling receptor | -Involves in the regulation of immune [370]
binding and growth | response,hematopoiesis,platelet production,acute
factor activity phase reaction and bone resorption
(susceptibility factor for osteopenia)
-Plays a role in the aggressiveness of non
hodgkin lymphoma by stimulating MMP2 and
MMP9
IRF8 DNA-binding -Specifically binds to the upstream regulatory [371]

region of type I IFN and IFN-inducible MHC
class | genes (the interferon consensus sequence
(1CS)).

-Plays a negative regulatory role in cells of the
immune system.

-Involves in CD8(+) dendritic cell
differentiation by forming a complex with the
BATF-JUNB heterodimer in immune cells,
leading to recognition of AICE sequence (5'-
TGANTCA/GAAA-3"), an immune-specific
regulatory element, followed by cooperative
binding of BATF and IRF8 and activation of
genes (By similarity).
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-Positively regulates macroautophagy in
dendritic cells

Cd244

Innate lymphoid
cell differentiation
pathways

-Heterophilic receptor of the signalling
lymphocytic activation molecule (SLAM)
family; its ligand is CDA48.

-Involves in the regulation and interconnection
of both innate and adaptive immune response.
-Acts as activating natural killer (NK) cell
receptor.

-Activating function implicates association with
SH2D1A and FYN.

-Downstreaming signalling involves
predominantly VAV, and, to a lesser degree,
INPP5D/SHIP1 and CBL.

-Stimulates NK cell cytotoxicity, production of
IFN-gamma and granule exocytosis.

-Acts as costimulator in NK activation by
enhancing signals by other NK receptors such as
NCR3 and NCRL1.

-Involves in the regulation of CD8 (+) T-cell
proliferation.

-Inhibits inflammatory responses in dendritic
cells (DCs).

[372]

Slamf8

Leukocyte
chemotaxis
involved in
inflammatory
response

-A member of the CD2 family of cell surface
proteins involved in lymphocyte activation.
-May play a role in B-lineage commitment
and/or modulation of signalling through the B-
cell receptor.

[373]

Itgax

Defense response

-A receptor for fibrinogen.

-Recognises the sequence G-P-R in fibrinogen.
-Mediates cell-cell interaction during
inflammatory responses.

-Plays an important role of monocyte adhesion

and chemotaxis.

[374]
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Uspénl GTPase activator -Acts as a GTPase-activating protein for [375]
activity and Rab RAB5A and RAB43.
GTPase binding -Involves in receptor trafficking.
-In complex with EPS8 inhibits internalisation
of EGFR.
-Involved in retrograde transport from the
endocytic pathway to the Golgi apparatus.
-Involved in the transport of Shiga toxin from
early and recycling endosomes to the trans-
Golgi network.
-Required for structural integrity of the Golgi
complex.
Tubb2b GTP -Major constituent of microtubules. [376]
binding and structu | -Binds two moles of GTP, one at an
ral constituent of exchangeable site on the beta chain and one at a
cytoskeleton non-exchangeable site on the alpha chain.
-Plays a critical role in proper axon guidance in
both central and peripheral axon tracts.
-Implicates in neuronal migration
Srgap2 Protein -Binds and deforms membranes, and regulates [377]
homodimerisation | actin dynamics to regulate cell migration and
activity and Rac differentiation.
GTPase binding -Plays an important role in different aspects of
neuronal morphogenesis and migration mainly
during development of the cerebral cortex.
Arhgap25 | GTPase activator -Involves in actin remodelling, cell polarity, and | [378]
activity cell migration
Gnalbs GTP -Heterotrimeric G proteins are membrane bound | [379]
binding and obsolet | GTPases that are linked to 7-TM receptors.
e signal transducer | -Each G protein contains an alpha-, beta- and
activity gamma-subunit and is bound to GDP in the 'off'
state.
-Ligand binding causes a receptor
conformational change, detaching the G protein
and switching it ‘on'.
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F3 Phospholipid -encodes coagulation factor I11 which is a cell [380]
binding and cytokin | surface glycoprotein.

e receptor activity | -This factor enables cells to initiate the blood
coagulation cascades, and it functions as the
high-affinity receptor for the coagulation factor
VIL.

F11r PDZ domain -Plays a role in epithelial tight junction [381]
binding formation.
-Plays a role in regulating monocyte
transmigration involved in integrity of epithelial
barrier.
-Ligand for integrin alpha-L/beta-2 involved in
memory T-cell and neutrophil transmigration.
-Involves in platelet activation
Ulkl Transferase -Involves in autophagy in response to starvation. | [382]
activity, -Acts upstream of phosphatidylinositol 3-kinase
transferring PIK3C3 to regulate the formation of

phosphorus- autophagophores, the precursors of

containing autophagosomes.

groups and protein | -Part of regulatory feedback loops in autophagy.

tyrosine kinase -Acts both as a downstream effector and

activity negative regulator of mammalian target of
rapamycin complex 1 (mTORC1) via interaction
with RPTOR.

-Activated via phosphorylation by AMPK,
leading to negatively regulate AMPK activity.
Ttyh2 Chloride channel -Probable large-conductance Ca?*-activated [383]
activity chloride channel.
-May play a role in Ca?* signal transduction.
-May be involved in cell proliferation and cell
aggregation.
Bahdl Chromatin -Acts as a transcription repressor and has the [384]
binding and transcr | ability to promote the formation of large

iption regulatory heterochromatic domains.

region sequence- -May act by recruiting heterochromatin proteins

specific DNA such as CBX5 (HP1 alpha), HDACS5 and

binding MBDL1.
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-Represses IGF2 expression by binding to its
CpG-rich P3 promoter and recruiting
heterochromatin proteins.

Furin Serine-type -Ubiquitous endoprotease within constitutive [385]
endopeptidase secretory pathways capable of cleavage at the
activity and serine- | RX (K/R)R consensus motif.

type endopeptidase | -Mediates processing of TGFB1, an essential

inhibitor activity step in TGF-beta-1 activation.

5.3.6.1 Validation of Genes which are enriched pathways in the regulating in
immune and defence responses when loss of Smgl during an LPS treatment.

Previously, increased basal cytokine levels (IL6, CSF1, IL-1p), oxidative damage to
tissues and chronic inflammation were observed in Smg1 heterozygous mice possibly due
to the dysregulation of immune responses and stress signalling [5]. Therefore, we chose
Cx3crl, IL11ral, IRF8, CD244 and Slamf8 that are involved in the regulation of immune

responses and cytokine production for validation.

RNA seq. data showed Cx3crl gene expression is higher in KO BMMs, but down-
regulated during LPS treatment. As compared to gPCR, our results found that a higher
Cx3crl mRNA expression can be observed in KO BMMs mice as compared to WT
BMMs during an LPS treatment. For ILL1IRA1L, gene expression was expected to be lower
in KO BMMs, and overall trend being down-regulation during LPS treatment. As
validated by gPCR, IL11ral mRNA expression is down-regulated in KO BMMs as
compare with control group during LPS treatment. Regarding to CD244, gene expression
is higher in KO BMMs and overall trend in response to LPS treatment is down-regulated.
As compared to gPCR, validated at baseline, but did not show at 2 and 6- post LPS.
Validation results showed that initially CD244 mRNA expression is higher basal

expression in BMMs from LysM*¢"¢Smg1™" (Cre) mice as compared to control group,
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and the expression pattern is different to Smg1™" (WT) mice, which means that there is
an imbalance regulation of CD244 between LysM*cSmg1™ (Cre) and Smg1 " (WT)
mice. In contrast, IRF8, and Slamf8 did not show significant regulation in validation

samples from RNA seq. data and validation data.
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Figure 5-8: Single gene profiles (left hand side) and gPCR results (right hand side) of selected
gene in the regulation of expected defence and immune responses in response to LPS between
LysM*¢Smg1 " (Cre) and Smg1" (WT) BMMs. Single gene profiles were generated with the
stemformatics platform for genes to be validated. Each graph shows the level of gene expression
in a log scale on the y-axis the timecourse of LPS treatment at 0, 2 and 6 hours across the x-axis.
For each data group the white line shows the average expression, the white dots the individual
data points for each replicate sample and the error bars the full range of the independent samples.
The expression pattern of a subset of genes was validated by quantitative PCR. The level of each
gene was compared to the control gene (rpl13a) in 2-4 samples from mice at 0, 2, 6 hours after
LPS treatment. Bars indicate the mean and error bars the standard error of the mean. *p<0.05,

**p<0.01, ***p<0.001.
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5.3.6.2 Validation of Genes which are enriched pathways as GTPase regulators

when loss of Smg1 during an LPS treatment.

Secondly, a subset of genes with regulated GTP activity included Usp6nl, Arhgap25,

Tubb2b, Srgap2, Gnal5 were selected for the following validation. Briefly, the gPCR

results did not validate a change in expression for any of the genes examined (Figure 5-

9).

THM RPKM (Log2)

TMM RPKM (Log2)

™M

Uspénl

=
T

e
o [
sy B

=
:

==

[l smotmn unt
Wl smotnmips 20

. Smgt Ul LPS 6h

. Smg1fMLPS 24n -

LysM Cre Smgififi 5
unt

LysM Cre Smg1fifi
. LLSEh °

. LysM Cre Smgtn

LysM Cre Smgififi -
.LE'SQAh o

Wl smotn unt

- Smg1 fiffi LPS 2h

Wl smoi inLPs on

W smot vnipszan

LysM Cre Smgififl
unt

O l[‘égstﬁre Smgifif

B -5t cre smaitin
LPS 6h

LysM Cre Smgififl <
- oFaban =me

.Smgw.u unt

W smormnips2n

[l smor i LPs en

Wl smormnips2en

LysM Cre Smgifil
unt

(] H,ssuzﬁre smgi1fim

[ Lzt Cre smginm
LPsen

0 2 6 24 0 2 24 (hr)
Tubb2b
as
0
—
% T o ?
s

[ 2 6 24 0 2 6 24 (hn)
Srgap2
os
. = =
° .
.
. + &= e
s
25
s

() 6 22 0 2 6 24 (h)

LysM Cre Smgifim -
LPs'24n

- Wr

= KO

— KO

T
3

0.0010
0.0008
0.0008
0.0004

0.0002

Uspénl/Rpl13a ratio

0.0000
-0.0002

Tubb2b/Rpl13a ratio

- Smg1 fl/fi(wt)
-8~ LysMCre Smg1 fiffl(cre)

T T
0 2
LPS treatment (hr)

- Smg1 fifi(wt)
-e- LysMCre Smg1 fiffi(cre)

0.004:

0.003

0.002

Srgap2/Rpl3a ratio

0.001

0.000.

T T T
0 2 [
LPS treatment (hr)

- Smg1 fi/fi(wt)
-e- LysMCre Smg1 fi/fi(cre)

T T T
0 2 6

LPS treatment (hr)

138



Arhgap25

os %: . Smg1fifi unt
. Smg1 Al LPS 2h 0.10
-~ Smg1 fIi/fl unt

. Smg1 Ul LPS 6h 0.08 -6~ LysMGCre Smg1 fliifl

% % . SmglAiLPS 24n  J

THIM RPKM (Log2)

LysM Cre Smgififl o
unt

20 I [ st Cre smginm
==
. I LPS 2n L ko
2

Arhgap25/Rpl13a ratio

2 6

. LysM Cre smgifiufl - LPS treatment (hr)
LPS 24h

. LysM Cre Smg 1l 0.0
LPS 6h

o

6 24 (hr)

- . Smg1nA unt
- 0.015
-sVu_L,w Ul LPS 2h -s- Smg1 fiffl(wt)

===
= Wt -o- LysMCre Smg1 fiffl(cre)
Il smot i LPS B

f T % : % .Smg'\ nmLps24an  J

LysM Cre Smgifil -
e

0.010

0.005

TMM RPKM (Log2

Gna15/Rpl13a ratio

B Lysh Gre Smgtfi
LPs 2n L ko

LysM Cre Smg1fi T T T
O Fsen 0 2 6

LysM Cre Smgiil - LPS treatment (hr)
LPS 24h

-0.005

0 2 & 24 0 2 & 24 (hr)

Figure 5-9: Single gene profiles (left hand side) and gPCR results (right hand side) of selected
gene in the regulation of GTPase regulation activity in response to LPS between LysM*¢Smg1™™
(Cre) and Smg1" (WT) BMMs. Single gene profiles were generated with the stemformatics
platform for genes to be validated. Each graph shows the level of gene expression in a log scale
on the y-axis the timecourse of LPS treatment at 0, 2 and 6 hours across the x-axis. For each data
group the white line shows the average expression, the white dots the individual data points for
each replicate sample and the error bars the full range of the independent samples. The expression
pattern of a subset of genes was validated by quantitative PCR. The level of each gene was
compared to the control gene (rpl13a) in 2-4 samples from independent mice at 0, 2, 6 hours after

LPS treatment.

5.3.6.3 Validation of Other Genes which are enriched with loss of Smgl during an
LPS treatment
Last group of targets, we selected Furin, Bahdl, Ulk1, Ttyh2 and F11r. Of these only

furin expression validated, this is unsurprising as discussed above Furin is a known NMD
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target. Furin, is the pro-protein convertase enzyme, which knocked out of the function
only in macrophages showed an elevated IL-1B levels and reduced numbers of

splenocytes [385].
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Figure 5-10: Single gene profiles (left hand side) and gPCR results (right hand side) of selected
gene in the regulation of cell-cell interaction and adhesion, monocyte transmigration, Ca?* signal
transduction, and to autophagy in response to LPS between LysM*¢Smg1"™ (Cre) and Smg1 "
(WT) BMMs. Single gene profiles were generated with the stemformatics platform for genes to
be validated. Each graph shows the level of gene expression in a log scale on the y-axis the
timecourse of LPS treatment at 0, 2 and 6 hours across the x-axis. For each data group the white
line shows the average expression, the white dots the individual data points for each replicate
sample and the error bars the full range of the independent samples. The expression pattern of a
subset of genes was validated by quantitative PCR. The level of each gene was compared to the
control gene (rpl13a) in 2-4 samples from independent mice at 0, 2, 6 hours after LPS treatment.
Bars indicate the mean and error bars the standard error of the mean. *p<0.05, **p<0.01,

***n<0.001.
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Table 5-16: Summary the validation outcomes of selected genes

Gene Expected Did or
did not
validate

Gene expression is expected to be higher in KO BMMs, but overall | v

Cxerl trend is down-regulated during an LPS treatment.

IL11ral | Gene expression is expected to be lower in KO BMMs, and overall | v

trend is down-regulated during an LPS treatment.

IRF8 Gene expression is expected to be lower in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Cd244 Gene expression is expected to be higher in KO BMMs, and overall | X(2,6h)

trend is down-regulated during an LPS treatment. v(0h)

Slamf8 Gene expression is expected to be lower in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Uspénl Gene expression is expected to be higher in KO BMMs, and overall | x

trend is down-regulated during an LPS treatment.

Tubb2b Gene expression is expected to be lower in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Srgap?2 Gene expression is expected to be lower in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Arhgap25 | Gene expression is expected to be lower in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Gnalbs Gene expression is expected to be lower in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

F11ir Gene expression is expected to be higher in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Ulk1 Gene expression is expected to be higher in KO BMMs, and overall | x

trend is down-regulated during an LPS treatment.

Ttyh2 Gene expression is expected to be lower in KO BMMs, and overall | x

trend is down-regulated during an LPS treatment.

Bahdl Gene expression is expected to be higher in KO BMMs, and overall | x

trend is up-regulated during an LPS treatment.

Furin Gene expression is expected to be lower in KO BMMs, and overall | v

trend is up-regulated during an LPS treatment.
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5.4 Discussion

In summary, the bulk of the genes that appeared different between Smgl deficient and
wildtype BMM did not validate and we decided not to do further studies are related to
those genes or this set of data generally. As described in chapter 4, after shifting our Smg1
deficient mice from QMIR to Ingham Institute, we found that while initial data were
comparable with previous results over time the phenotype of the mice changed with a
decreased impact of SMG1 loss and sex-specific differences. The samples for analysis by
RNA sequencing were generated from mice bred in the 3-6 months after the mice were
established at the Ingham Institute, with hindsight we realise that at this point it is unlikely
the mice showed the phenotype of either the QIMR colony or the Ingham colony as
described in chapter 4. Therefore this transitional phenotype at the timepoint examined
may explain why much of the RNA sequencing findings did not validate via g°PCR on

independent samples.

However, a small number of genes did validate as different between SMG1 deficient and
wildtype BMM, including targets of NMD (ie, Furin) and particularly those that differed
at baseline (ie. Cx3crl, IL11RAL, CD244). Furin is a modulator of the T-cell dependent
adaptive immunity. Furin is up-regulated upon cellular activation via IL-12/STAT4
pathway in T helper type | cells [386, 387] and Th1/Th2 balance. Loss of Furin function
in T cells showed aberrant polarisation of T helper cells due to insufficient protective cell-
mediated host-defence. This led to the spontaneous development of autoimmunity in old
mice [388, 389]. Loss of Furin function in myeloid cells in vivo results in a reduced
number of splenocytes and increased IL-1 production. After LPS treatment, results
showed increased serum pro-inflammatory cytokine production and accelerated mortality
in macrophages [385]. This study concluded that Furin attenuates inflammation. As Furin
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is a target of NMD it is unsurprising that it is upregulated upon loss of SMG1. As noted
above we found several genes predicted to be NMD targets (Ugtlal0, IBTK, Furin, Fgd2,
Whbscr6, CD34, Itga8, Eif4a2, Gtf2a2) upregulated at baseline. These data supports that

NMD is decreased in Smgl KO cells.

Cx3crl is a chemokine receptor that is present on most early myeloid lineage cell [390,
391] and has been identified as a key regulator of macrophage function at sites of
inflammation [392, 393]. Cx3crl and its receptor which is named Fractalkine, plays an
important role in osteoclast maturation and Cx3crl knockout mice showed a slight
increase in trabecular and cortical bone thickness by increasing osteoid formation rate
[394]. Fractalkine/ Cx3crl can induce adhesion and migration of leukocytes [395].
IL11ral, a member cytokine in the IL-6 family, and can exhibit pleotropic functions such
as bone development, tissue repair, tumour regulation and haematopoiesis [396, 397].
CD244 (SLAMF44 or 2B4), is natural killer cell receptor of SLAMF family, has been
documented to participated in the modulating of myeloid cell and lymphocyte

development, and T and B cell responses to microbes and parasites [373].

5.5 Conclusion

For this Chapter, we showed how to analyse RNA-seq. data of BMM from
LysM*CeSmg1"M and Smg1™ mice (wild-type) treated with LPS treatment at dedicated
time points by gene ontology tools to find out gene enriched clusters during an LPS
treatment between SMG1 deficient and wildtype BMM. However, LysM*cSmg1/
mice had an altered phenotype in different housing and environment after shift from
QIMR to Ingham Institute. Therefore, we could not repeat the data same as from QIMR
after we validated targets which are regulating of innate immunity and GTPase activity.
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In summary, a few of genes did validate as different between SMG1 deficient and
wildtype BMM, including targets of NMD (ie, Furin) and particularly those that differed

at baseline (ie. Cx3crl, IL11RAL, CD244).

These findings support that loss of Smgl regulates innate immunity. In the future, we
may examine Cx3crl and IL11RAL function in SMG1 KO macrophages and investigate
the related pathways which may be involved and further modulate down-stream

signalling pathways.
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Chapter 6- Final discussion

While the effect of LPS on the immune system and toll-like receptor activation has been
studied for over 20 years mechanisms involved in moderation of inflammatory responses
are still relatively poorly understood compared to mechanisms activating inflammation.
For my thesis, we have addressed post-transcriptional gene expression regulation in

response to LPS, below are a summary of key findings of the thesis.

1. Multiple components of different RNA decay pathways are regulated in response to
LPS treatment.

2. Co-ordinated intron retention and the use of detained introns is an additional level of
regulation of LPS responses.

3. Loss of SMGL1 altered LPS responses in a sex-specific manner.

4. Mouse housing has a significant impact on the phenotype of SMG1 deficient mice.

The final discussion reviews the broad findings and discusses major challenges remaining

in this field and approaches to further investigation.

6.1 The role of RBPs proteins in the regulating of gene expression

beyond their specific target mMRNA

Messenger RNAs (MRNAS) are produced in the nucleus of a cell and then exported into
cytoplasm to produce proteins. Once this process has finished, the template is destroyed.
The rate at which the messenger RNA is made depends on the balance between its

production (transcription) and its degradation (MRNA decay). Recent studies have shown
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that the rate at which each mRNA is degraded is specific for every gene, but little is
known about how this is regulated including in inflammation. In our work as described
in chapter 2, a number of key regulators of RNA decay pathways were identified as
regulated at their gene expression and protein level in macrophages during LPS treatment.
RNA decay pathways include nonsense-mediated decay, the RNA decay exosome, P-
body localised deadenylation, decapping and degradation, and AU-rich element targeted
decay mediated by tristetraprolin. Our results showed that a set of RNA binding proteins
(RBPs) that participate in RNA decay pathways including nonsense-mediated decay,
the RNA decay exosome, P-body localised deadenylation, decapping and degradation,
and AU-rich element targeted decay mediated by tristetraprolin (TTP), are co-ordinately

regulated in response to inflammatory stimuli.

There are interesting implications that RNA decay rates may alter more than just the
mMRNA specifically being degraded at that point in time. Recent evidence suggests that
the speed at which mRNA is destroyed in the cytoplasm can influence how much of it is
made in the nucleus, i.e., different kinds of virus infections can affect the rate at which
RNAs are destroyed, and further stop protein production. For example, many viruses
including alpha and gamma herpesviruses, influenza A virus, and SARS coronavirus
could accelerate host mRNA degradation through the use of viral proteins that trigger
endonucleolytic cleavage of mRNAs in the cytoplasm speeding up the destruction of
messenger RNA to gain control over the host cell [398]. Messenger RNAs are coated with
proteins, which are released when the RNA is destroyed. Gilbertson et al.[399] found that
many RNA-binding proteins indeed return to the nucleus when RNA is destroyed.
However, the mechanism is still unknown. This new link between messenger RNA
destruction and production may provide new light on how cells use different signals to
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control the production of their own genes while restricting pathogens from taking over.
The implication of our findings in regard to broader transcriptional regulation would be

a significant new area of study.

While mRNA decay is often considered the terminal stage of gene expression, the
different steps of MRNA decay (deadenylation, decapping, and exonuclease degradation)
take place with transcript-specific rates, and thus contribute to determining the overall
decay rate. As noted above this work demonstrated significant regulation of RBPs. An
attractive hypothesis is that one or more RNA binding proteins (RBPs) could
differentially regulate each step of mMRNA decay and traffick between the cytoplasm and
the nucleus. These findings can provide a new sight that RBPs proteins may play a key
role in transmitting the signal between the cytoplasm and the nucleus to control the

production messenger RNA.

6.2 How is m6A RNA modification regulated in macrophages after LPS
treatment?

The m6A process is a key regulator of RNA modification due to mediation of mMRNA
turnover and translation. The m6A RNA modification is deposited by the METTL3/14
complex in the nucleus. This modification may be erased by demethylases FTO and
ALKBH5. Subsequently, m6A-containing mRNAs are recognised by YTHDF1-3,
thereby controlling their translation and decay. These modifications have been reported
to regulate RNA transcript processing, and inflammatory, antitumour immune responses

and antiviral immunity [400].

As discussed in Chapter 2, we identified key regulators of RNA decay pathways in
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macrophages during LPS treatment. However, the role of m6A methylation in regulating
mRNA fate and function of innate and adaptive immunity and their impact on
inflammatory responses is poorly understood. Therefore, we could investigate the
members of m6 A modification regulators to be regulated in activation of TLR4 signalling.
We could use molecular and cellular biology approaches to knockdown or mutant single
mMG6A regulator in macrophages and identify cluster genes that display change the level of
gene expression during an LPS treatments by transcriptome. We could also examine the
MRNA expression and protein level of each m6A regulators in bone marrow derived
macrophages in response to LPS treatment. Also, RNA m6A methylation has been
reparted as a regulator to participate in cancer growth and metastasis in macrophges.
Therefore, we could also generate animal model to address the role of m6A modification
in the regulating in response to LPS treatment. Then we could extend understanding how

is gene expression regulated by m6A modification during inflammation.

Generally, the role of RNA modifications such as m6A are poorly udnerstood.
Cataloguing the range of modifications that occur and determining the roles they play in
regulating RNA metabolism is a major challenge for the field of RNA biology in years to

come.

6.3 The phosphorylation of splicing factors related to IR in the LPS
response

Intron retention (IR) is a new insight into post-transcriptional gene regulation in
vertebrates. It has been challenging to detect IR events that are targeted to NMD as this
leads to rapid degradation of the transcripts with introns. IR regulation during
inflammation had not been previously examined, which we addressed in chapter 3. Genes

149



identified as having significantly increased intron retention were enriched for interferon
inducible genes and those involved in pattern recognition receptor pathways for example
caspase-1 and IRF8. We validated intron retention in a subset of these genes by
quantitative PCR. These experiments confirmed that introns being retained included those
that were not incorporated into known protein isoforms suggesting that they are playing

a regulatory role in this context.

To date, our knowledge of regulation of alternative splicing including intron retention
indicates it is largely controlled by components of the spliceosome, associated RNA
binding proteins and the kinases and phosphatases that modulate their activity [409].
Splicing can either occur concurrently with transcription or post-transcriptionally. The
serine-arginine rich splicing factors (SRSF) are RNA binding proteins important in
splicing regulation and their phosphorylation state alters splicing efficiency. They have
also been implicated in regulating intron retention [281]. The phosphorylation state of
SRSF proteins is balanced by the action of kinases and phosphatases. Kinases which
phosphorylate SRSF proteins predominantly come from 3 families (SR, CLK, DYRK
families) and dephosphorylation is controlled by the phosphatases PP1 and PP2A. Future
works should include identification of splicing factors whose regulation contributes to the
increased intron retention at 2h post-LPS and also the splicing factors involved in

resolution of IR by 6h — i.e. those that may be involved in removing detained introns.

Detained introns are stored in nuclear speckles prior to further processing or decay [283].
Nuclear speckles or splicing speckles (also called interchromatin granule clusters) are
dynamic subnuclear structures for splicing factor storage and modification [410]. In
nuclear speckles additional splicing to remove the retained intron is coupled to nuclear
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export and translation. Mislocalisation of transcripts leads to degradation by nuclear DNA
decay pathways. For further work, we can examine whether intron retained transcripts
localise to nuclear speckles as described for other detained introns. Additionally, future
work should determine the timecourse of localisation of regulatory splicing and nuclear
export factors to sites of intron-retaining transcripts and the timeline in which activation
of spliceosomes occurs to remove the retained/detained introns. These combined future
experiments will describe the mechanisms by which inflammation induced IR events are

coordinated by the activity of the cellular splicing and RNA metabolism machinery.

6.4 The importance role of NMD in the regulating of gene expression
upon inflammatory responses

Nonsense-mediated mMRNA decay (NMD) is a RNA surveillance pathway to reduce errors
in gene expression by degrading transcripts with premature termination codons (PTCs)
and prevents non-functional or toxic protein production. Recognition of PTCs during
NMD requires UPF1 phosphorylation via SMG1. To understand the role of SMG1 in
regulating of LPS responses, we investigated whether SMG1 regulates toll-like receptor
induced signalling pathways (Chapter 4) and examined how SMG1 controls RNA
metabolism during inflammation (Chapter 5) by using molecular and cellular biology

approaches and RNA sequencing.

For chapter 4 results, we found that BMMs from LysM*/¢"Smg1™" (Cre) male mice
showed less induction of the pro-inflammatory cytokines IL-1p, IFNp, and TNFa, while
increased pro-inflammatory cytokine production was observed in BMMs from
LysM*/CreSmg1M female mice as compared with control. Also post-LPS treatment there
was slightly lower TLR4 protein level in Smgl deficient male mice BMMs compared to
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female mice. Thus, Smg1 deficiency alters toll-like receptor induced inflammatory gene
expression in a sex-dependent manner. For future work, we could investigate whether
SMG1 loss alters cytokine production as induced by other TLRs. This work should also
include analysis of signalling pathways downstream of TLR4 in macrophages from male
vs female mice to try and determine the mechanistic interaction of SMG1 with these

pathways.

There are known difference in broad immune response capability between males and
females. Innate detection of nucleic acids by PRRs differs between females and males.
The TLR7 gene, encoded on the X chromosome, may escape X inactivation resulting in
higher expression levels of TLR7 in females than males [401]. Peripheral blood
mononuclear cells (PBMC) from human females displayed higher production of IFNa
after stimulation with TLR7 ligands [402]. More IL-10 production [403] and higher levels
of IFN regulatory factor 5 (IRF5) were detected in plasmacytoid dendritic cells (pDCs)
from female humans compared to males [404]. In contrast, PBMCs from human males
produced more TNFa after LPS stimulation [405, 406]. In mice, there is a greater rate of
phagocytosis and higher levels of TLR2, TLR3, and TLR4 in peritoneal macrophages
from female mice [407]. However, macrophages from male mice had greater pro-
inflammatory cytokine production than macrophages from female mice. In contrast, a
different study suggested that peritoneal macrophages from male mice were had higher
levels of TLR4 and produced more CXC-chemokine ligand 10 (CXCL10) after LPS
stimulation [408]. As these few studies show results have been inconsistent, with mouse
work exact housing conditions are rarely described and not standardised across institutes.
Greater investigation of the impacts of housing on inflammatory phenotypes is going to
be essential for validating many studies involving inflammatory phenotypes including
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infections, autoimmunity and neurodegeneration. This will require significant co-
operation between research groups/institutions and acknowledgement of the limitations
of mouse models. For our ongoing work, we could investigate the response to TLR4 in
male and female mice from peritoneal and bone marrow sources to determine the impact
of culture methods and microenvironment on sex differences. This would allow us to
understand what distinct regulation with potential sex differences occurs in the two
reservoirs of macrophages and further address if there what mechanism involved in the

process.

BMMs from LysM*/ceSmg1™M (Cre) mice, either male or female mice, showed altered
pro-inflammatory cytokine IL-1B, IFNB, and TNFa production in response to LPS
treatment compared to control mice indicating that SMG1 may affect both MyD88- and
TRIF-dependent pathways as well as potentially post-transcriptional and feedback
pathways. We expect that SMG1 will at least act to control NF-xB activation and
translation via regulation of NMD but other points of regulation may also exist. Therefore,
we could compare protein levels and activation status of NF-xB pathway components by
western blot to address the role of SMGL1 in the regulating of innate immunity between
males and females. Based on a relatively limited literature to examine sex-specific
immune responses in either animal models or in human, what the impact of this is and at

a high level how this should be addressed in the future.

6.5 Conclusion

For my thesis, we have identified the regulation of the components of RNA decay
pathways during LPS treatment. Subsequently, we demonstrated that co-ordinated intron
retention and the use of detained introns may be an additional level of regulation in LPS
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responses. These findings can open up new areas of research on post-transcriptional
regulation of innate immunity and how these pathways are regulated and can be
manipulated. Also, post-transcriptional gene expression can be regulated via nonsense-
mediated decay, which can precisely control the timing and level of gene expression as
well as eliminating unstable or toxic protein production. We used animal models to
address the role of SMG1 in response to inflammatory stimuli. Loss of SMG1 may alter
regulation of innate immunity with potential sex differences affecting pro-inflammatory
cytokine production in response to LPS treatment. In summary, my projects aimed to
address post-transcriptional gene expression regulation in response to inflammatory
stimuli. Understanding post-transcriptional gene expression at the level of RNA biology,
will be helpful in the development of a new generation of drugs to treat cancer,

autoimmune disorders and infectious diseases.
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Chapter 7-Materials and Methods

7.1 Materials

7.1.1 Cell lines

7.1.1.1 THP-1(ATCC TIB-202)

THP-1 is a human monocytic cell line derived from an acute monocytic leukemia patient
and is commonly used as a model for human monocytes. This cell line is known to
produce lysozyme and can phagocytose latex beads and lacks surface and cytoplasmic
immunoglobulin. THP-1 cells can be differentiated into a macrophage-like cell by
treatment with phorbol-12-myristate-13 acetate (PMA) [411]. THP-1 was purchased from

the ATCC (Manassas, VA).

7.1.1.2 RAW264.7 (ATCC TIB-71)

The murine macrophage-like cell line RAW?264.7 was established from the tumour cells
of a mouse infected with Abelson leukaemia virus [412] and is a good model for murine
macrophages as they display many macrophage characteristics such as the ability to
respond to a range of microbial products (LPS, bacterial DNA and peptidoglycan) (Sigma
Aldrich, Castle Hill, NSW) as well as to murine cytokines [413, 414]. This cell line was

purchased from the ATCC (Manassas, VA).
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7.1.2 Primary Cells

7.1.2.1 Mouse models background and utilised

The LysM promoter is active in myeloid lineage cells and tissue macrophages and we
used cre-recombination to flank exons 2 to 4 of the Smgl gene. Therefore, these
LysM*€resmg1 (Cre) mice can provide cells with SMG1 knocked out only in myeloid
lineage. In this thesis we describe the isolation of macrophages from Smg1™" mice with
(SMG1 knockout) or without (SMG1 wild-type) Cre expression to dissect SMG1

regulated inflammatory responses [64].

7.1.2.2 Mouse background

SMG1- mice in which a genetrap cassette has been inserted between exons 4 and 5 of the
SMG1 gene preventing expression of the SMG1 gene-on mixed 129/C57 background
[64].

SMB- SMG1 mice backcrossed for over 20 generations to a C57BL/6J (Jax labs)
background

SCC- In which exons 2-4 of the Smgl gene are flanked by LoxP sites with no loss of
gene expression until crossed to a Cre recombinase expressing line or cells are isolated
and exposed to Cre recombinase ex vivo.

SML-(SCC x LysM Cre)-Smg™™ mice are crossed to mice heterozygous for Cre

expression driven by LysM promoter to generate myeloid specific knockout animals.
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7.1.2.3 Bone Marrow Derived Macrophages (BMMs)

Bone marrow derived macrophages were derived from the femur and tibia bone marrow
cells of adult mice (8-10 weeks old). Cells were flushed from the femoral cavity using a
27 G needle with RPMI1640 medium (Thermo Fisher Scientific, Waltham, MA).
Subsequently, cells were cultured on bacteriological plastic (Millipore, Castle Hill,
NSW), 10% FBS for 7-10 days in the presence of 10000 U/ml recombinant hCSF-1
(PEPROTECH, Rocky Hill, USA), which induces differentiation into macrophages
[415]. Later we treated with LPS (Sigma Aldrich, Castle Hill, NSW) on BMMs with

RPMI1640, 10%FBS and hCSF-1 and performed experiments.

7.1.2.4 Animal husbandry

Mice were bred in- house and 8-10 week old mice were used to isolate bone marrow cells.
All mice were housed in a perpetual 12 hour light/dark cycle and fed ad libidum under
specific pathogen-free (SPF) conditions. All animal experiments were approved by the
animal ethics committees of Western Sydney University or The University of Queensland
and were conducted in accordance with the ‘Australian Code for the Care and Use of

Animals for Scientific Purposes (2013)’.

7.2 Methods
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7.2.1 Cell Culture

7.2.1.1 Culture conditions

For routine culture RAW264.7 and THP-1 were grown in RPMI (Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (Gibco, North
Ryde, NSW), 100 U/mL penicillin and 100 ug/mL streptomycin (Gibco, North Ryde
NSW) , 10mM Hepes (Gibco, North Ryde, NSW), 1mM Sodium Pyruvate (Gibco, North
Ryde, NSW), 0.05mM B-mercaptoethanol (Sigma Aldrich, Castle Hill, NSW) in a
humidified incubator at 37°C and 5% CO,. BMMs were cultured in RPMI (Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (Gibco, North
Ryde, NSW) 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco, North Ryde,
NSW) and plus hCSF-1 (PEPROTECH, Rocky Hill, USA) which induces differentiation
into macrophages. FBS was batch tested for low immunogenicity or inhibition of
inflammatory responses, and ability to support BMM differentiation. A single batch was

used for all experiments described in this thesis.

7.2.2 DNA isolation from ear clip

7.2.2.1 Genotyping was achieved via PCR and analysed by agarose gel

Electrophoresis (Labpro Scientific, Narangba QLD). In general, PCR reactions were
performed in a T100 Thermal Cycler (BioRad, Gladesville NSW). The reaction mixes
(Thermo Fisher Scientific, Waltham, MA) comprised of 1x PCR buffer, 2.5mM MgCla,
0.25mM dNTPs (Invitrogen, Cincinnati, USA), 1uM of each primer and 0.5U Tag DNA
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polymerase (Thermo Fisher Scientific, Waltham, MA), 1ul of DNA extraction and sterile
water up to 20uL. PCR conditions for each strain are shown below. PCR reactions were
analysed by agarose gel electrophoresis (7.2.1.2.2) where 18ul of PCR products in 2ul

10x loading dye and run 80V for 40 mins.

Strain Primer sequences PCR conditions
SML 06F- ccactgagggttacactcacat 95°C10 mins
85R- ctgggctggtgataaaaccta 95°C45sec
87R- gtttgtcttaagggcttttcca 57°C45sec 35cycles
72°C1lmin
72°C10min
SMG1 3066-cccagaaatgccagattacg 95C 10 mins
3067-cttgggctgccagaatttcte 95C 30sec
3068-ttacagtcggccaggctgac 62C 1min 35cycles
72C 1min
72C 7min
SMB Lac Z up- gtcacactacgtctgaacgt 95°C10 mins
Lac Z down- ctgcaccattcgcgttacg 95°C30sec
55°C30sec 35cycles
72°C1lmin
72°C10min

7.2.2.2 Agarose Gel electrophoresis

1% and 2% (w/v) agarose (Astral Scientific, Australia) in 1x TAE and 0.5pg/mL ethidium
bromide gels were routinely run at 80V for 40 mins. The apparent sizes of DNA samples
were compared with 1Kb Plus ladder size standard (Invitrogen, Cincinnati, USA). The

bands were visualised under UV using Gel Doc-1t™ Imaging System.
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7.2.3 Harvesting cells

RAW?264.7 and BMMs cells are harvested from bacteriological plastic by squirting with
a syringe and 18G needle in medium or PBS. THP-1 were removed from tissue culture
flasks, followed by PBS washing and collected. For RAW264.7, we only used passages

before 12.

7.3 Assays

7.3.1 Quantification of DNA & RNA

DNA and RNA concentrations were measured spectrophotometrically using the
NanoDrop 2000 Spectrophotometer. The absorbance of 1.5ul of undiluted sample was
measured at A260 and A280. An A260 = 1.0 was taken to be equivalent to a DNA
concentration of 50ng/uL. and RNA concentration of 40ng/uL. A sample with an

A260/A280 ratio between 1.8- 2.0 was considered to be pure.

7.3.2 RNA isolation

Dayl: Cell were treated with LPS (5ng/ml) (Sigma Aldrich, Castle Hill, NSW) for 0, 2,
6 and 24 hours and harvested cell lysates following by two times 1ml PBS wash. The
cells were suspended in 1 mL of TRIzol reagent (Thermo Fisher Scientific, Waltham,
USA) in a 1.5ml tube. The tubes were incubated at room temperature for 10 minutes
before 200uL of chloroform was added and the tubes were shaken vigorously for 15
seconds and incubated at room temperature for an additional 10 minutes followed by
centrifugation at 13,500 rpm for 30 minutes at 4°C. The upper aqueous phase was retained

160



in a new 1.5 mL microfuge tube and 500uL of isopropanol was added and vortexed. The
tubes were incubated at 4°C in the cold room overnight. Day2: The tubes were centrifuged
at 13,500 rpm, 4°C, for 30 minutes. The supernatant was decanted and the pellet was
resuspended in ice cold 75% ethanol and centrifuged at 13,500 rpm, for 1 minutes
followed by 100% ethanol and centrifugation. The supernatant was removed, and the
pellets were dried in a laminar flow hood for 20 minutes with the tubes inverted. The
pellets were then resuspended in RNAase-free water (Life Technologies, North Ryde,

NSW) and absorbance measurements made on a spectrophotometer (section 7.3.1)

7.3.3 gPCR analysis

RNA was isolated from cells using Tri-reagent (see 7.3.2). RNA was then treated to
remove contaminating DNA. 2ug of RNA was incubated with 2ul DNase buffer and 1ul
DNase (Ambion, Austin, USA) at 37°C for 30 mins. Subsequently, EDTA was added to
a final concentration of 5mM and heat inactivated at 75°C for 10 mins. Reverse
transcriptase (RT) reactions were performed in 20ul including 2ul RNA, 500ng of oligo-
dT, 0.5mM dNTPs, 0.01 M DTT, buffer and superscript 111 (Gibco, North Ryde, NSW).
Initially, RNA and oligo dT were denatured at 70°C for 10 mins, cooled in ice and the
remainder of the reagents added. Reactions were incubated at 50°C for 50 mins and 70°C
for 10 mins. PCR reactions were performed in 20ul. Each reaction contained 0.4 uM of
each forward and reverse primers, 0.4mM dNTPs, buffer and 1.25U Taq polymerase
(Invitrogen, Carisbad, USA). Standard cycling conditions for PCR were 94°C 3mins, 35
cycles of 94°C 15 secs, 55°C 30 secs, 72°C 1 min followed by 72°C 10 mins. PCR was
analysed by using an Applied Biosystems QuantStudio (Thermo Fisher Scientific,
Waltham, MA). Primers list used for PCR reactions are shown as Table 7.2.
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7.3.4 Quantitative real-time PCR (gPCR)

For confirmation of RNA-seq data, selected genes were analysed by qPCR analysis.
mMRNA expression was quantified by real-time PCR using the SYBR green detection
system (Invitrogen, Cincinnati, USA) and was performed using the Quantstudio 12k Flex
(Life technology) real-time PCR machine and software. Real time PCR was performed in
a 20ul reaction including SYBR Green master mix (Applied Biosystems, Foster City
USA), 4uM primers (Sigma Aldrich, Castle Hill, NSW) and cDNA (200 ng RNA each
sample). PCR conditions were as follows 50°C for 2 mins, 90°C for 10 mins and then 40
cycles of 95°C 15 secs, 60°C 1 mins. Gene expression was normalised with either N(HPRT
or mRpall3a. Depending on where were the samples from, either from patients or mice.
Housekeeping genes for LPS treatment were optimised and selected for stable expression
during inflammatory responses by the laboratory prior to the start of this PhD project. T
The difference in cycle threshold (VCt) between the target gene and housekeeping gene
was determined. The conversion to expression values is =2-YCt 35 each cycle represented
doubling of the template copy number. Standard deviations (sd) in the expression values
were calculated by the following equations. Sdgene>+ Sdrpai13a?=V.YVV+ VCt=X. maximum

error= 2. Sd of expression value= 2°¥¢t — 2,

Table 7-1: Sequences of primers used for g°PCR (Rpl13a and IFN primers are sourced

from indicated references, others are mainly designed for this thesis).

Target Forward Primer 5'-3' Reverse Primer 5'-3' Ref

Gene

Rpl13a GAGGTCGGGTGGAAGTACC | TGCATCTTGGCCTTTTCCTT [416]
A

IFNB CCACAGCCCTCTCCATCAAC | TGAAGTCCGCCCTGTAGGTG [417]
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TNFa AGCCCCCAGTCTGTATCCTT | CTCCCTTTGCAGAACTCAGG

Upf2 ACTGAGCCGGAGAAGAAAC | CTGGTGGCTTATCTGGCATT
A

Smg7 GCTCCAAGGCAGAACTGAA | TCCCAATGGGTCCAAAATTA
C

Upf3b AGGAAACCGGAAAAAGGAG | ATCATGCGCTCCTGATCTCT
A

Upfl AACAGAAGGCGCTAGTGGA | TGCTGCGGTCATAGACAGAC
A

Dcpla CCAGCTGAAGCTCCTACCAC | CTGTGGGGTCAACCTGAGTT

Lsml ACCAGACTGGAGGCAGAGA | TGGCATCCATGAAAGAATGA
A

TTP CCCTCTGCAACTCTGGTCTC | TGGCTTTGGCTATTTGCTTT

Dis3 GCAAGAGCAGGGAGAGAAT | ACACGTGAAGGCTGGTATCC
G

Cnot7 GTTGGGCTTGTAACCTGGA GTTGACGTTCCTGGAGGGTA

Staul GCACAGAGATGCCAAGAAC | GGCCCACTGGAGTTATCAGA
A

Xrnl CCACTTCAGACTAACAAGCC | GGGAGGCAGTTTCAACATGAG
A

Dcp2 GACCAGCTTGCTCGCTTGTA | TTGGACTTGGGAGTCATGTCA

Zc3hl2a ACGAAGCCTGTCCAAGAATC | TAGGGGCCTCTTTAGCCACA
C

Exosc5 CGTGCAGACGCCAATTTACT | GACAGCAGGTTTTGCTCACA
C

Exosc7 CTACATCGTTCATGGAGTGC | GCAGACCCACTGGTGTTAGAC
AG

Smgl GACGAGCCTACAATCCATCC | CAAACTCTGCAACCACCCA
T

IRAK1 GCTGTGGACACCGATACCTT | GCTACACCCACCCACAGAGT

IL-17 GGA GAA AGCGGATAC CAA | TGT GAG GAC TAC CGA GCC

Flir GTTCCCATTGGAGTTGCTGT | GGGAGAGGAGAAGCCAGAGT

ATF3 CTAGAATCCCAGCAGCCAA GGCCAGCTAGGTCATCTGAG
G

METTL3 ggctgtggcagaaaagaaag gacttcttagccggctcctt

Virma cctttattcgggttctgcaa agggatagagcacaggagca

Wtap

gcaagagtgcaccactcaaa

cattttgggcttgttccagt
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Alkbh5 ggaacctgtgctttctctge tgctcagggattttgtttcc

YTHDC1 cggtaccacatgaagcaaga ggtctctgtcccgatcacat

YTHDF1 ttggtggcacagttgttgat accattgccagaaaggacac

YTHDF2 tgcaagcagtgttccaaaag gatcctgcaatgccattctt

Hnrnpa2bl tggaggtagccctggttatg tccteecatgttectgetac

Hnrnpc agtctgaggcaggtgcagat cccacaaacgcctaggtaaa

Caspl_E415 | ATCCTTCAGAGgtgctgtgc cctcagggttcttcagcttg

Caspl E4E5 | CCCTTTAGAAAAAGCCCAGA | GATCCTCCAGCAGCAACTTC
A

CD274_E1l | CTGCAGgtaagggagcatct gacccagctacctacccaca

1

CD274 AAATCGTGGTCCCCAAGC GAACTATCTGCAGGCGAGGA

E1E2

Uba7 E1E2 CCAGGCAGCTGTATGTACTG | GCAGGCCACATAGCAAGACT
G

Uba7_E1I1 CCAGGCAGCTgtaagtctca ggaccaaaggtctggaagc

Pnptl E1IE2 | TGTAGACCTGGGACACAGA | CATCAGCAAATCTTGCCAGT
AAA

Pnptl_E111 | CACAGgtgagaaacggtgtg gatttgacttctggggctga

Herc6 E1IE2 | TTCAGCAACCACAGGGTGTA | CTCACCAGGTCAACATGCAG

Herc6_E111 | AGAGTACCGAAAGGCCAGgt | aacagggttccagcttctga

7.3.5 RNA-sequencing (RNA-seq)

RNA was isolated using Qiagen RNeasy kits according to the manufacturer’s instructions.
RNA samples were run on the labchip to determine contaminations and then proceeded
with DNAse treatment (Turbo DNase, Invitrogen, Cincinnati, USA). RNA integrity
number (RIN value) was checked with a Bioanalyser (Agilent, Santa Clara — USA) to
decide the fragmentation time for each sample. Concentration of samples were
determined with Quant-iT RiboGreen assay (ThermoFisher Scientific) and normalised to
the same total concentration of 250ng before proceeding to library preparation. Next,

RNA was depleted, fragmented, 1st and 2nd strand synthesised, adenylated, ligated and
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then enriched following Illumina Truseq Stranded RNA Library prep (Gold) kit protocol
(Illumina, USA). The DNA fragment was enriched using the following PCR conditions
—98°C for 30 sec, (98°C for 10sec, 60°C for 30 sec, 72°C for 30 sec) x 10 cycles, 72°C
for 5 min. The final library was cleaned using AMPure XP beads (Beckman Coulter,
USA) and checked on the 4200 TapeStation (Agilent, USA) to determine fragment size
and concentration. Libraries were normalised to the same concentration (2nM), pooled
together and sequenced at 12pM on the lllumina HiSeq2500 platform at Western Sydney

University-NGS facility (Hawkesbury, Australia).

Reads were aligned using the standard Stemformatics RNA-Seq data processing pipeline

(https://www.stemformatics.org/Stemformatics_data_methods.pdf) [259, 262]

Summarised count data was counts per million (CPM) normalised and log transformed
prior to differential expression analysis using the limma and voom packages
(https://f1000research.com/articles/5-1408/v2). Multiple pairwise contrasts between
samples were performed and top tables of significant differential expression probes by
empirical Bayes moderated t-test were produced. Gene Ontology profiling was used to
identify statistically over-represented GO terms in our datasets based on RNA seq.
Biological and functional gene enriched pathways were identify by the two common
online resources-Panther  (http://www.pantherdb.org/) and GOrilla (http://cbl-
gorilla.cs.technion.ac.il/) platforms [261, 360]. Gorilla analysis was performed using a
single ranked gene list based on the calculated differential gene expression p-value for
paired samples. The cut-off for GOrilla gene ontology term inclusion was set at 10 for
initial inclusion and FDR g-values were calculated to account for multiple testing (see

GOrilla website [260, 261]) Heat maps were generated via the Stemformatics platform
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using Pearsons correlation. Dataset available on the Stemformatics platform reference

S4M-7004. All analysis results were shown as Chapter 5.

7.3.6 Polysome Profile Analysis

BMMs were stimulated with 5 ng/ml LPS (E. coli LPS) (Sigma Aldrich, Castle Hill,
NSW) for 2h and before harvesting cells, 10 ug/ml of cycloheximide (Sigma Aldrich,
Castle Hill, NSW) was added for 10 mins. Cells were washed twice with PBS media and
lysed in Polysome lysis buffer (0.5% (v/v) NP40, 10mM HEPES, pH 7.6, 10mM NacCl,
3mM CaClz, 5mM MgCl,, ImM DTT, 100Mm KCI, complete protease inhibitors(Roche,
Millers Point, NSW). Nuclei were removed by centrifugation (9300xg, 4°C, 10 mins) and
then the cytoplasmic lysate was loaded onto a 10-50% continuous sucrose gradient
(10mM NaCl, 20mM Tris-HCI, pH 7.5, 5mM MgCl,) and centrifuged at 55,000xg, 75
mins using a SW55i rotor (Invitrogen, Cincinnati, USA). The base of the centrifuge tube
was punctured with an 18G needle and fractions of approximately 400ul were collected
in RNase-free eppendorfs starting from the bottom of the gradient, and UV absorbance
was monitored at 260nm to identify fractions containing monosomes and polysomes.
Samples of total RNA were extracted with TRIzol reagent (see section 7.3.2) (Thermo
Fisher Scientific, Waltham, USA) from each fraction and the analysis the relative amount
of intron retention genes and HPRT mRNAs was measured by real time-PCR (see section

7.3.4).
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7.3.7 Western Blotting

7.3.7.1 Whole cell extracts for Western Blotting

Cells were lysed in 50mM Tris-Cl pH7.5, 150mM NaCl, 0.5% Triton X-100, 2mM
EDTA, 2mM EGTA 25mM NaF, 10% glycerol, 1mM sodium pyrophosphate, 10mM
sodium fluoride, 1mM sodium molybdate and 1x protease inhibiters (Roche, Millers

Point, NSW) for 30 minutes on ice followed by clearing at 13200rpm at 4°C.

7.3.7.2 Protein Assay

The concentrations of western extracts were determined using the BCA Protein Assay Kit
(Pierce, Rockford USA) according to manufacture’s instructions. Briefly, assay reagents
A and B were mixed at 50:1 ratio. 10ul of diluted western extract, lysis buffer and bovine
serum albumin standards were incubated with 200ul of mixed reagent S with 5ul of
diluted protein samples and then add 200l reagent B at 37°C for 30 mins on the bench.
Absorbance at 750nm was determined using a bio-strategy SpectraMax M2° plate reader

(Molecular Devices, California USA).

7.3.8 Immunoblotting

Proteins were separated by SDS-PAGE using 4-12% polyacrylamide gels (Invitrogen,
Cincinnati, USA). The gels were transferred to PVDF membranes in 25mM Tris, 150mM
Glycine and 20% methanol at 75V for 90 minutes at 4°C. The membrane was blocked in
TBS-Tween with 5% skim milk for 1 hour at room temperature followed by incubation
with primary antibody in 1% skim milk powder (w/v) in TBS-Tween overnight 4°C .
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Membranes were then washed in TBS-Tween buffer 3 times with agitation for 10
minutes, followed by incubation with secondary antibody (see below) in 1% skim milk
powder (w/v) in TBS-Tween for 1 hour at room temperature. Membranes were then
washed with TBS-Tween 3 times for 5, 10, and 20 mins and then incubated with ECL
Reagent (Amersham, Buckinghamshire UK) for 1 mins, drained and imaged using the

Odyssey Fc Imaging System (Millennium Science NSW).

Antibody conditions were as bellow: the primary antibodies and dilutions used were
rabbit anti-DCPla (Abcam) 1:1000 (#ab183709), mouse-anti-DIS3 (Abcam) 1:1000
(#ab214083), rabbit anti-Xrn1 (Abcam) 1:1000 (#ab70259), rabbit anti-EST1A (Abcam)
1:1000 (#ab87539), rabbit anti-Staufenl (Abcam) 1:1000 (#ab73478), rabbit anti-UPF1
(MBL) 1:1000 (#MBRN108PW), rabbit phospho (S/T)Q (cell signalling Technologies)
1:1000 (#2851), rabbit anti-Phospho-NF-xB p65 (cell signalling) 1:1000 (#93H1), rabbit
anti-NF-xkB p65 (cell signalling) 1:1000 (#3034), mouse-anti-f-actin (cell signalling)
1:2500 (#3700S), mouse anti-TLR4 (Abcam) 1:1000 (#ab22048), rabbit anti-P-TBK1
(cell signalling) 1:1000 (#5483S), rabbit anti-TBK1 (cell signalling) 1:1000 (#3504P),
and mouse anti-p-actin (Cell Signaling Technologies) 1:5000 (#3700). The anti-SMG1
antibodies were generated in house and have been described previously [125]. Anti-
Rabbit (#7074) and anti-mouse (#7076) horse radish peroxidase tagged secondary

antibodies were sourced from cell signalling Technologies.

7.3.9 Immunoprecipitation

10 million cells were lysed in 0.1% Triton (v/v), 1M Tris-HCI pH7.4, 1M NaCl with
phosphatase and protease inhibitors (Roche, Millers Point, NSW) and incubated on ice
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for 30 mins. Samples were then homogenised with a 21G needle and incubated for a
further 15 mins. Samples were centrifuged at 14,000g for 10 mins and the supernatant
was collected. 1mg of protein lysate was incubated with antibody (1:1000) overnight at
4°C . Protein G agarose (40ul of beads/mg protein) (Merck Millipore, Germany) was

added and incubation continued for 30 mins.

7.3.10 Nuclear and Cytoplasmic RNA extraction

Cells (4x107) were pelleted in a cold room centrifuge at 2500rpm for 5 mins followed by
washing twice with 0.7ml PBS. The cell pellet was resuspended in200ul HWB (1ml
HWB+10ul DALC+ 10ul PMSF+5ul vanadate+ 20ul 50 P1 (500ul/sample)). 200ul LB
(Iml HWB+ 10pl DALC+ 10ul PMSF+ 5ul vanadate+ 20ul 50 PI (500pul/sample+10pl
10% NP40) was added and left on ice for 5 mins. Cell lysis was confirmed by microscopic
observation on an haemacytometer. The lysate was centrifuged at 2500rpm and
supernatant was transferred to a new tube referred to as the cytoplasmic extract. The
nuclear pellet was washed by resuspension in 800ul HWB and centrifuged at 2500rpm
for 5mins. The pellet was resuspended in 150ul NEB (Iml NWB+ 10ul DALC+ 10ul
PMSF+ 5ul vanadate+ 20ul 50 P1 (500ul /sample) and left 10mins on ice following by
full speed (14000 rpm) to remove nuclei and corrected nuclear extract to new tube. RNA
was extracted from each cytoplasmic and nuclei supernatant using 1ml of TRIzol reagent

(Thermo Fisher Scientific, Waltham, USA) (see section 7.2.2.2).
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7.3.11 Nitrite assay

Nitrite is measured as an estimate of the amount of NO production during an immune
responses. Dayl: 4x10° BMMs/well were plated in 96-well plates in 200pul of culture
medium overnight. Day2: Cell were pre-treated with 500 ng/ml IFNy (Sigma Aldrich,
Castle Hill, NSW) for 2 hours prior to 5ng/ml LPS (Sigma Aldrich, Castle Hill, NSW)
treatment overnight. Supernatant was collected and analysed by additional of an equal
volume of Griess Reagent(1% sulphanilamide (p-aminobenzenesulfonamide)(w/v)+
0.1% N-(1-napthyl) ethylenediamine diHCI(w/v)+2.1% phosphoric acid(v/v)) (Sigma
Aldrich, Castle Hill, NSW). The reaction was incubated at room temperature for 5mins
and then the absorbance measured at 540nm. This method of detection of nitric oxide has

been described previously [418].

7.3.12 Statistical Analysis

Graphing and statistical evaluation was performed using GraphPad Prism 8 (GraphPad
Software, USA). Data are presented as mean + standard error of the mean from at least
three independent experiments by an unpaired two-tailed student T tests. Differences

were considered to be significant if p<0.05.

7.3.13 Solutions

PBS- 137mM NacCl, 2.7 mM KCI, 10 Mm buffered phosphate solution pH7.4

TE- 10mM Tris-HCI pH8 + 1ImM EDTA
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Phosphatase Inhibitors- 1mM sodium vanadate, 1mM sodium pyrophosphate, 10 mM
sodium fluoride, 1mM sodium molybdate

MOPS- 0.02M MOPS, 5mM Sodium Acetate, 1mM Disodium EDTA

DNA loading Dye- 0.125% bromophenol blue(w/v), TE Buffer, 50% glycerol(v/v)
HWB- 1.19g 10mM HEPES pH7.4+ 0.75ml 1.5mM MgCl, +0.373g 10mM KClI

NEB- 0.477g 20mM HEPES pH7.8+ 2.454g 0.42M NaCl+ 20% glycerol+ 40pl 0.2mM
EDTA+ 150ul 1.5mM MgCl,

200 Mm Vanadate- 7.36g Sodium Ortho vanadate to 200ml water

50x TAE buffer- 242 g Tris base+ 57.1 ml glacial acetic acid+ 100 ml of 500 mM EDTA

(pH 8.0) solution, and up to 1 litre of final volume.
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I this stuely, we foamsed on TLRA dgnaling. TLRA i activated by
PS5 and can recruit adaptor probeing MyDEE and TRIF. MyDEE binds
o the cytoplasmic portionof TLRS through inter action between indi-
vidual TodHIL 1 receplor (TIR] domainse Upon stimulation, MyDES
dowirmtream dignaling leads to sctivation of MAPK: and NFx B, and
induction of the transcription of cytokines and immune regulatory
genesl In addition to MyDEE-dependent sgnaling TLRA akeo acti-
wales the MyDBE—independent pal hway | TRIF-dependent] that leads
o activation of IRF3 via TEK 1 and IKKa'IKK§ and induces type | IFN
production

Gene expresionis controlled at multiple steps including transordip-
tian, licing mRNA export, RNA dtability, and rate of tamlation
Compared to induction of mmsﬁm\.“'ﬂnu i e known
about how past-tr anscriptional pat hways are regulatedin responie to
inflarmmatory stimull Albemative splicing resulis in the generation of
different protein Boforms and incorporat ion of add tional regulatory
edements and B important Tor innabe immune regul ation.>* Regulatory
elements can control the stability of the mRMA tranderdpl, in innate
irrvrrasity par teular by ade my Labe fur idylat e-rich | AL -rich) eements that
contra mRINA stability of many cytokines including TNFa IL-6, and IL-
157 Other laments such a8 the constitutive decayelement in TNFa
e also besn deseribed® miR MA can abo regulate RNA degradation
ane trarslation sates in inflammater y re pormes in Mg ¥ Resulation o
RMA decay pathweays mare broadly has not been described in responss
to TL Raignafing with most shudies dedaor ibing how these pathwarys may
target viral transeripts. RNA decay ablo plays an essential rode in post-
trameriptional regul ation of gene expression The rrte of BNA degra-
dation of specific transcripts compared to new transcription i s i mpor-
tant for overall expresion. Pathways controlling RMA decay include
the RHA deday exosnme Pbody keealized desdemation, decagping
and degr adation_ quality contral systems includi
decay, and All<ich slement targeted decay medisted by tistetrapro-
lin (TTF) [Table 1). Ineubaryotes, 5-cap and 3’ -poly (A tailare consid-
erer featured that protect from the attack of exomuiclesed and thess
2 st ructures can interact with the cytoplasmic probeins e IF4E and the
poly (A)-Hinding protein (PABP) respectively. As a result, mRMA tran-
airiphs are proteded from exonucleres leading to enhanced trandla-
tion. The process of RMA decay frequently starts with deprotection
of the mRMA trandcript, that is decapging and deadenylation. mRNA
may subeegquently be degraded by the XRN1 exonuclease or allema-
tively, the [: e dls dest rRMA in the 3 to 5 drec-
tion. RNA decay can ocour co-translationally or in cytaplasmic foci
called proceisng bodies [P-bodies]. P-bodies ane tes wherne mRMAs
aretageted to decay fachors and are either degraded or shuttled to
other cyboplamic fodi called stres pranuled where soome transeripts
are stored for later translation ™ Sequence-specific RNA decay pativ
warys orguali ty control g thways direct mRNAS Lo thede 4tes of degra-
datisn. RMNA decay in i ity has gredaminantly been studied in
relation to infection with RNA vines 332 Here we have sxamined
the regulation of key RMNA decay pathways during the time course of
the miponse to the bacterial component LPS in Mg, These results
highlight targeted repulation of these pathways during innat e immas
niity 25 an additional layer of control an inflammatory proceses.

vl el

2 | MATERIALS AND METHODS

2.1 | Isolation and cult ure bone marrow-der ived Mgs

CSTBL/E] mice wene bred in house and S-B-wesk-old mice wens
used to Bolste bone mamow cell. SMG1 heterarypous mice have
besn desribed previoush® All mice were howsd in 3 perpetual
12 h light/dark cycle and fed ad libitum under specific pathogen-fres
{SPF conditions. All animal iments were amoved by the ani-
rmial ethics eommittess of Western Sydney Universty or The Univer-
sity of Queensland and were conducted in accordance with the “Aus-
tralian Code for the Care and Use of Animak for Stentific Purpotes
120131 " Bone rmar row derived M s | BMMa) wer e isolated a5 desoribed
previoud vl with miner modifications. Briefly bone mamow call wers
flushed from mouse tibise and femurs with media. The csllwers then
plated in 10-cm dishes with 10 milof RPMI suppiemented with 10%
FIBS, 100 Ul penieillin, and 100 wgiml o reptomyein, and culturedin
humiidified incubator at 37°C and 5% C 0y inthe presence of 10 ngimi
M-C5F |Peprotech] At day 5, ool wers warshed and fresh media su-
plied After T dianys differentistion. BMMawere i mulated withLPS(E
£oli LPS, Sigma) 5 nednl for 0. 2 &, and 24 h to genarate quadruplicate
(n=4] samples for each timepoint.

22 | Cell culture for THP-1 human myeloid cells

THP-1 (ATCC TIB-202) were grown in RPMI (Thenme Figher Seien-
tific, Walt am MA] supgl emented with 10% FBS. 100 Wnil penicillin,
and 100 pgfmil sreptomycin,d 10 mM Hepes, 1 mb Sodium Pynu-
vabe 005 mM f-rer captosthana |Simal in a humidified incua tor
a1 37°C and 5% C0;. 4iRNA knockdown was perfomed a5 described
previously?® NMDI 14 (Sigma-Akdrich) was dsobed in DMS0 and
incubated over rightwith THP-1 at indicated concentr ations.

2.3 | RNA-sequencing [RMA-seq)

RMA wis solated using Qiagen RMeay Kits acconding to the man-
ufacturers intructions. RNA samples were run on the lab-chip to
determine contaminations and then procssded with DRAde treat-
et {Turbo DiMage, | trogen). RN A integ rity nurmber| RIN value) was
checked witha Bioanalyser (Agilent, Santa (ara - USA] to decide the
fragmentation time for eadh sample. Concentration for samples wens
determined with Quant-iT RiboGresn sy | ThermoFisher Scientific]
and normalized tothe same total concentrationof 250 ng before pro-
ceeding to library preparation Next, RNA was depleted, fragmented,
first and second srand synthedived ademdated hgated and then
enriched following lllumina Truseq Stranded RNA Library prep iGad)
kit protocel {Illeming, USAL The DMA fragment was enriched using
the following PCR conditions - $8°C for 30 =, (¥8°C for 101, &60°C
for 305, 72°C for 30 5 x 10 eyeles, 72°C for 5 min. The final library
wias cleaned wing AMPure NP beads (Bediman Coulter, USA] and
checked on the 4200 TapeStation (Agilent, USA] to determine frag-
et dise and concentration. Librafes were mormalized to the Same
comoentration (2 nh)_ poal ed together, and sequenced at 12 pM anthe
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TABLE1 Genesregulated by LPS and relat et o RNAdecay pat bways
Regulation by RMA decay pathways ~ Genes

Cnotl, Cnot2, Cnotd, Cnotd, Cnoté, Cnot?, Cnotl, Rgod1iCnot®)L Cnot10, Pam, Cnotél, Pan 2 (dmpd 3], Pand,

¥m 1. Mrn2, Dopla, Dap2 Eded, Dopllh, Dops, Wdrd1 (8 kill), Te37, lsmi, Lsm2, Lsmd, Lsmd, LsmS, Lsmé, Eded

| Dreascenylartion §C ond-MOP

Complex){17) Tob 1, TohZ, Btgl. Btg2

CoreExmame{f Diisd, Exosc], Exosc?, Exoscd, Exoscd, Exasch, Exascl, ExoscB, Exosc?
[Exosomee-Aas ocixted Factors| 8] Cld Mphosphs, Exosc10, Pebpcl, Skiv2I2, Papd 7, Skiv2], Zaohd
Bementhequence secficll) D, Pabpel

Diecapping| 14]

Py s and s tres granule={) M1, D, Pt

RN degradosame| J) Enal, EnoZ Enod

Nonsense-me diated decay i8) Upf1, Upf2, Upfa, Upf3b, Smg1, Smg 5. Smg, Smg?

Oherid) Hspdl, Haadi Hspa®, Wdrdl

Baold, up-reguiated » 1.5-fold by IFML. Halics, dowsr-regulated » 1 5-fold by IFN{@mor ding to inte rferome d atabas e wass_inte rferomeong).

Ihemiina HiSeq 2500 platform ot Wistemn Sydney U niversit y-NGS fadl-
ity (Hawheshury, Australial.

Reads wers sligned using the standard Stembormatics RRA-
Seq data processing  pipeline  |htssweescstemformaticsong/
Stemformatics data_methods pdf) 37 Summarized count data wers
CPM jeounts per million) normalized and log trandermed prior to
differential expresion anahsis usng the limma and voom packages
{hibtped 1000 e arch comyar ticdes/S-1A0EAZ). Multiple  pai rwise
contrats between samples were performed and top tables of signif-
icant differential expression probes by emginicsl Bayes moderated
et were produced. Gene Ontology profiling was wsed to identity
statistically over-repremented GO terms in our datasets based on RMA
187 Bialagical and funetional gens enviched pathwans were identify by
the 2 comimeon anfine relources-Panther fhitpyhweespantherdboor g
and GOrilla fhitpticbl-gor lacs technion.ac il platforms. 137 Godilla
analysis was performed using a single ranked gene list based on the
caleulated differentisl gene sxpresion pvalus for pained samples.
Cut-off for GOrilla gene ontaogy term indusion was set at 104
for initial inclusion and FOR g-values wers cakoulated to scoount for
vt e testing fse G Orilla website 1990] Heatmams were generated
wia the Stemformatics. platform using Pearsomns comelation Datast
availatile on the Stemformatics platform reference SAM-T004.

2.4 | Quantitative PCR

RMA wes Bolated wing TriReagent (Sgma) according to the man-
ulacturers instructions. with mine modifications = descoribed
previoudy®! Real time PCR reactions were perforined 2 dedribed
previoudy'® and analyzed using an Apglied Biosystems QuantStudio
| ThenmeFisher). Primes sequences are listed in Table 52

2.5 | Statistical analysis

Graphing and statistical evalwmtion wai performed wing GraphPad
Prigm B |GraphPad Software USA] Data are presented & mean
+ SEM fram at lextd indeperdent experdments by an unmired 2-
tailed Student’s T-best. Differences were condidensd tobe significant if
p= 005

2.6 | Western blotting and immunoprecipitation

Weest e i Bloting wiadk perforied o described grevieush ™ The pd-
rriary Als and dilutions uted were rabbit anti-DOP 1a (Abeam] 1-1000
{Fab1E3TOVL mowe-ant-DIS3 (Abcam] 1:1000 (Fab2 14083 rabibit
anti-¥rnd (Abcam) 11000 ([FabTOZ59] rabbit anti-BST1A [Abcam]
1-1000/| FabB7SEY), rabbit anti-Staufen 1| Abeam) 1:1000 {Bab7347E),
rabbit anti-UPF1 (MBL] 1-1000 (FMBRNIOEPWL rabbit phospho
{5/TIQCell Signalling Technolagies] 1:1000 | #2851, and mousse anti-
f-actin |Cell Sigraling Technalogies] 1-5000 |#3700]. The anti-SMG1
Aiw e ganerated in howe and have been dedoribed previoush®
Anti-Rabbit (#7074) and anti-mowse |I7076] HRP tagged secondary
Als were sourced from Cell Signalling Technalogies. Immunopoe-
cipitations were performed a3 dederibed previsdh ! Ai-UPFL
(PMBRNICEPW, nobe: not all lots of this Ab work for immuno-
precigitation] and protein G beads were purchased from MBL and
Millipore, respectieby.

3 | RESULTS

31 | RMAdegradation pathways are regu lated during
an LPS response

We performed RNA sequending to analyre gene exprestion changes
during the LPS response ¥37 Quadmglicate samples fram BMM
treated with LPS for 0, 2 & and 24 h were analyvped Bchematic of
the ex permental proceis. i shown in Fig 1AL We examined differ-
entially egresed gene scros the tirwe course incheling peomming
pene ontology analyss via the GOvilla platform P2 eample output
for the 2 h timepoint & shown in Supglementary Fig. 51. This demon-
atrated the expected increase in mthways sSsodated with innate
imimune repondes and regulation of ctakine production |among mud-
tiple immune related pathwaysl We abo validated the regulation of
key cytakines involved in LPS resp . a4 smen in RNA squenc-
ing data Supplement ary Fig S2AL by real-time POR {Supplementarny
Fig. S2A and B] that indicated that M ¢ were responding to LPS as
expected within this dataset In addition to immune related genes,
wee wiere interested bo note that the RMNA metabolism gene ontology
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FIGURE1l RMA sequencing analysisof the LPS response in Mgs. [A] Schematic of the sample production for RMAssquencing. |B] Heaat-map
was generated from RNAssquencing data and showes RNA decay related penes with regulated over the time-course of the LPS treatment (0.2, 6,
24 h] Colors indicate the range of each gene's expression in response to LPS treatment. see key on right hand side |0 Graph indicating the number

of geres regulated for each of Lhe major RNA decay pathways

clatas were also Sgnificantly regulated Supplementany Fig- 51 and
C] Within t hese gene fits we noliced a lange number of RNA decay
gened Toexamine this further we uted | he Stemformatios platformto
ecamine speci fically genes annotated a5 asocisbed with RMNA decay. A
heat map showing changss in expression of RMA decay related genes
wad generated from this data [Fig. 1B). This demonstrated that there
waere dgrificant alerations of the expretsion of genes relabed to RMA
decay during an LPS response with 56080 of the amotated RNA decay
pered either up- or down-regulated. The number of genes regul abed
far anch of the RMA decay related pathways i shownin Fig 1C These
jma thwarys i nclude multiple stages of the RNA decay procsss deadeny-
ki e, e exoaare, exodonme-aaociat ed factor s decapping, P-bodies
Rh A ] d rveaclia bl ey
INMDOL Specific genes <hown to be regulated inthe heat map [Fig- 18]
have besn contolidated in Table 1. Supglement ary Fig. 520 shows how
these ganes are regulated on volcana plots. Similar to the dngle gens
profile ot 3 h there idled regul alion wit hsome significantly ug- and
dowrn-regulated genes. this is mone dramatic at & h, with a broader
trend toward deonea sed e pregdon thanat2 he

32 | Validation of gene expression changes by
guiant it ative PCR

A sibviet RNA decay genes were chiten for validation by quantita-
tive POR a4 they represent key regulators of the pathwans. The dngle
gee profiles were generated wing the Stemformatics plathorm 37
and compared to data from gPCR (Fg 2 and Supplementary Fig 531

The gPCR rewlts mafirmed that mRNA for the key catalytic sib-
unit of the nuclear exosome |Dis3) wa downregulated but rate lim-
iting components of the decagping pathweay Depd and Depls, and 5
exgnuclease XRM1 are induced {Fig 2A [RMNA sequencing data] and B
[validation data])_ In cont rast. comp = of the (ExoscS and
7] and a member of the deadenylation comple (Cnot 7) did not shos
significant regulation in validation samples [Supplementary Fig 53R
[RMA seq data] and B [validation datal). fs a positive cont rol we ako
walidated 2 RMA regulabor y ar obeing known te play animpertant rmlein
irmabe imimune responted with well-eta bished induction in redponse
toLPS Tristetraprofin [TTP encoded by Zfip36] iskey in regulation via
Al-richelement =™ and Regnae 1|encoded by Fe3hlZa) i aribonu-
cleass and key negative repulater of TLR responses. ™ The mRNA for
bothof t hese wos strongly induced inresponas toLPS (Supplemeantary
Fig. 544 [RMNA sequencing data] and 548 fvalidation data]l

W abioescamined whe ther the changes seen at the mRMNA levellead
e prevdsin level changes Tor 2 sulneted repulaled genes Wester n blel-
ting wers performed on protein edracts from B over a time course
inr o LPS treat t§0, 2, 6, 16, 24, 48h). These resulls indi-
eated that 5 Jozie KRN and major de enmyee DOPLA
are induced during an LPS treatment from & h omward. This was
expected a5 mRNA W strongly inducsd by this timepoint. In contrast
tothe mRMA data, there were nomajor changes in D3 probein e pres-
i during LPS treatment O-48 h [Fig 31 This wes surprisng o the
mRMA level wor chearly decresied at & and 24 he This indicates that
there may be additional layers of regulation of Dis3 expression during
the LPS responde or that the Di<3 protein B quite stable.
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FIGURE2 Validationof regulation of core RNAdecay pathway companents inresponse to LPS (&) Single gene profils we re generated with
e stemifor maticd. pl atform for gened bo be validated . Each graph shows the level of pene expredsion ina log scale onthe y-ais the time course of
LPStreatmentat 0,26, and 24 hacross the x-ads. For each data groug, the white line shows the average expreis an, the whibe dots the individual
dlat apoints for each replicate sample, and the eror bars the full range of the independent sampled {B] The exprets on mtternof a subset of pereds
wiars walidated by quantit ative PIOR_The level of each gene wiad oommpga red to the control gene irg 13a) in 3-4 samples. from independent mie at0, 2,
&, and 24 hafter LPS treatrment. Graphs show the individual values 23 the symibols and the ermor bar show the 500" p <0005, p < 001" p < 0001
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FIGURE3 Mambersof the RNA decay pathways are also regulated at the protein kevel. (A] Representa thve images of weitern blots for Xrnd,
Depla, D3 and factinas a loading control (B Prote nlevels were quantified using a Licor Odysasy. The protein leved wias mommalized to f-actin
and graphs show data combined from 3 inde pendent animals. Stat istical significance wias sisesed using a t-best in GrapghPad Prism Bars indicate
the mean and e bars the se_"p <005, p <001, " p <0001

We abo compared our validated genss to data available
Gatewary

the online Macrophtage Comparative Expression
(httpoimacg ate qfaboorgfindes hbm and ref 25) & these data were
g foor ] ot e Same timepaints 28 oar anabai but by microarray.

‘Wihere available, the online BMM data matched with our diata and the
profiles aoroas the timecourse in BMM did not differ significantly from
hurrarn M (example data and p-values for timedourse are Jvailable
in Supplementary Fg 554 and B). It thould be mobed that individual
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timepoints for ome e showeed a im differenes bebwesn
reuse and himan Mg but he everall profile we similar. These data
indieate that the regulation of RNA decay genes is Langely eonmerved
[beetwresn mowse and human b @e

3.3 | Regulation of nonsense-mediated decay
pathways during an LPS treatment

Wi nesct weent on to validate regul ation of ane of the targsted RNA
decay pathways Nondeme-medisted decay (NMD] i a mechanism
that protects el from e acoumulation of aberr ant mRRAS wit h pre-
rriature termination codon (PTC] that may encode for truncated gro-
tedims. WMD has abo been implicated in regulation of non-PTC oon-
taining transeripts (up to 106 of the transeriptome] = We chae to
excaming this pathway as it has been implicated in antiviral repones
and i essent ial for hematopoieds? 31 but regulation of NMD during
innabe immune reponis B poorly understood. Brisfly, SMG1 phos-
phorylates UPFL and phosphondated-UPF 1 recruits SMG-5/5MG-7
and the SMG-6 endonuclease to intisle RMA decay™ Single gene
stemiformatics profiles (Fig. 44) wers compared to the gPCR valida-
tion data (Fig 48] We validated the changes in sxpresdon for key
MO memiters. The gPCR data confirmed that Upf1 and Smg? mRMA
e e strongly induced at 249 and &h post-LPS respective by Wils Smgl
mRHA trended toward an incresse at & and 24 h post-LPS_ it &d not
reach statistical significance (Fig 44 and B] Upf3b appeared to be
strongly down-regulated at 2and & hpast-LPSin the RN A ssquencing
data The qPCR reswils indicate that this down-regulation while ita-
tistically significant, & of 2 smaller magnituce than in the sequencing
analyss (Fig-95). We abo examined the protsin levelof SMGLUPFL
and SMGS. W found that SMG1isinducedat 15 hafter LPS treatment
along with strongly increaiad UPF 1 protein level sxgresdion al 16 h
omwand (Fig. 54 and B] Interestingly Upf1 protein levels appeared to
be decremed at 2 h post-LPS Smgs levels were induced from &-48 h
post-LPS This indicates that NMD components ane strongly regul abed
during an LPS reganme.

SAG1 i a member of the phosphoinodtide 3 Kinabelike knase
PIKK] family of proteins 1% which, unfike clmsical PI3Ks, ghosshary-
Labe probsing al derinadthreoning Bllowsd by ghit S/ THY stes]
PIKHK= are very largs | 250-480k Da) and 2 such short-ter m regulation
i often by contral of theirkinase activity ratherthancontrd of protein
leved (o bsed on average rates tramseriplion and translation of new
proteinwould take over 1h) T4 Upf i thekey subitrats for SMGLin
MO and SG1 kinase activity can be mesured by the levelof Upfl
phosgharylation 1 Themefare we immunopredptated Ughl from the
hauman monocyte odl ine THP-1at 0, 2, and & h post-1 PS, sampleswers
e analyzed bywestem blotting for phosphonyla ted |5/ TH0 sitesi ndi-
cating SMG1 medated phaiphorylation of Upfl Human cells were
used hers a5 the available Abs for Upfd are sulstantially mone effec-
tive on the human protein. Figare &4 lrepresentative image) and B
fquantification) shows that UPF 1 phosghorylation was increated a1 2 h
post-LPS but returned to approsimate esline level by & h pot-
LPS. This suggests that during the eary responie ol PSSMG 1 knase
activity i incrased and consequent ly NMD effidency i likely ako

ineresed. W thersfons me s sd NMDeficency inresponss to LPS.
Gt 5isa wellertabl dhed NMD target and a3 suchitslevel decneas
wihen MMD activity increzes 17 GuS level were decreased at all
tirmepa nts post-LPS | 2-24 h. Fig. 60 that fits with increased activityof
SMGL and consequent increased Ul phasphonylation at early time-
peints and increased expressionof both SMG1 and Upfl ot later timea-
points Thiswasalso the casefor the splice variants of Alkbh3 and LueT
thatareNMDtargets in BMMs 13| Fig 0] Wea ko sxamined Gas 5 bev-
ek iin SMG1 heterarypous mice. Complete lass of SMGI caides sary
embryonic lethality but SMG 1 hete rmrygous mice ane viable with a50-
B0% reduction in MG protein level ™ Basl NMD levelsare nomal
in thess animals 2 described previousdy1? and at the O h timepoint,
thene & no dferencs in Gass levek (Fig. 501 Howews, the decras
inGaS5 in mgponme to LPS was not obsserved in BMM from SMG1
heterarygows animabs |Fg &0) indicating that SMG1 levels are limit-
img when there B inoreased NMD oocurring durding the LPS redponse.
I THP-1 cells, we o 3 decrams in GuS sqpredan pot-LPS treat-
ment o well but for obher known targets of NMD in THP-1 (Atf4,
ThIZ, and Tgmd] we aw an inilial increxse at 2 h post-LPS followed
by decramed levels Supplemantary Fig. S50-E] |n responas tasiRMA
knockdown of SWMG1 rather than t he decrase in GaSoluerved level
wereincreased (Supplementary Fig 5500, however it should be noted
thatknackdown of SMG 1in THP-1significantly decre s il growth
a5 we have desribed for other calls previowshy ¥ We nesd treated
THP-1 cells with an inhibiter of NMD that acts to disrupt the interac-
tion between Upf Land Smg7 = aan inde pendent mechaniumof block -
g MWD, THP-1 v trasted aver nightwith inhibitar ar DMSD alone
prior to treatment with LPS in DMSO treated samples GuS levels
decreased and this wes blunted by the sddition of NMD inhibitor but
did not reach satistical significance [Supplementary Fig 55E). Com-
bined hess o perimantsindicate that targets of NMD are decrassd
inboth mouse and human Mgs and that this effect i limited by block-
g NMD sither by decreming SMG 1 espresion o to a leser degres
by chemical inhibition of NMD.

4 | DISCUSSION

Owur data show that components of multiple RMNA degradation path-
ways are regulated during the LPS response (summarized in Sup-
plementary Fig 531 General RWA decay requires deadenydation and
il iftge. From RBA, dirtg ol L rraih e e fribbers of the dead-
enylation pathwayand theexoomewere up-or down-regulated atthe
miRMA leved (Fig. 18 and Talde 1) though this regulation was not con-
firrmed fin find dert samples |Supol tary Fig 53] However, 2
key proteing in the decapging comple:, the enryme Dep? and its reg-
ullatory subunit Dopla were significant y up-regulated in response to
LF5 s was the endonucleste Mrnl. Regulation of these factors was val-
ickabed in independent animals and at the protein lkevel for Depla and
¥m i [Fige 2 and 3] These are rate §imiting factors in RMA decay. Reg-
ulation of Depla in reiponse to IL-1e has been deseribed previowsty >
In responde tolL-1a Dopla & post-trand ationally madified | phosgho-
rylation and ubiquit ylat jon)_ and this alters P-body forma tion and com-
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The regulation in the mediated by nomene-medisted decay |MMD] pathwry during an LPS treatment (4] Single gene profiles

wiere pener sted with the stemformatics platform for genes to be validated. Each graph shows the level of gene expresdion in a log scale on the

jeonbinued on the next page)
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podition, and the stability of a 2ot of pro-inflammatory mBENAL. This
o thra nsla tiona | modi fication oocurs eady during the IL- L responde
{1 h D-Llﬂ.-‘l-“l.l’Eﬂ".n‘lEliJ.!' Here, we show that Depla and Depd are abla
indicad in rpands ta LPS with mBMNA and protein inducsd from 2 h
poat-1P 5 {Fig 3] bat mest dramatically fram & h post-1PS. Therefons,
thiis later induction may result inressembly of P-bodies and inerested
decapping at laber timepaints.

Multiple RMNA decay pathweny s will feed ransaripts o P-bodies. and
the associsted decapging oomples. AU-rich slements and their rolein
regulati ng inflammatory mRMNA has been well sudied and reviewsd
recently 3F Tristetraprolin (TTP) & inducsd by LPS jref 23 and Sug-
plementary Fig 5] and it control multiple feedback pathways in
responge to LP5. In general TTP binds to Allrich element s and tar-
pets these miRM A for decay However, this hunction of TTP s alo tem-
porally matrolled by tramient phosphorylation poat-LPS_ Early in the
LP5 responde TTP i plodghorylated downstream of p38 MAPK and
dhegr acation of tangeted tranteripts & limited. A Lxber timepaints, the
phosphany ation B removed and tramoripls ane targeted to P-badies
The known increas in TTP expredion in retponds to LPS wai ako
oltser v finour data {Suppdeme ntary Fig. 54). The timing of TTP induc-
tion is similar to that for Depla and Depd suggesting this may be a

o-grdinated responde to re-induce RMA decay after init ial limiting of
deday g theays during early inflammabory responses,

Nomende medisted deay (NMD)] & a guality control pat baiany; x5
o ginally deteribed it recognise the predences of prematune bermi-
nation codams (FTC) in the mRENA and directs thess trandcripls to
bt clesger ] thaus, preventing the production of truncated protein. A
PTC & recognired 2 premature if it & located at least 55 nucleotides
upet reamad an e son-eaon junction oomple EJC* Detection of a PTC
canss the EIC bo recmuit Ul 2 sSdociated with the SURF surwillance
oormples (SMG-1'Upl 1/eR F1/3RF3) leading to SMGL induced phos-
pharyation of Upfl ThiE in turn reoiils SMG-5/7. leadk 1o Upfl
de phosphorylation and finally mRMNA degradation indluding endaonu-
deohtic deavage by MG NMD abko regulates transoripts with-
out PTCs; transcrplomics studies sugpest that greater than 10%
of all transeriphs are regulsted by NMDPE and that NMD is par-
ticulardy impartant for regulating selenoprotein mRMA and alberna-
L :.-prr_"lug.gg' Haowe MMD regulates non-PTC transoripts is not fully
uinaherstaad.

A recent det of articles had implicated NMD in oontralling
infedion®™ ¥4 NMD contral led the sxpresion of genes from polabo
wirus X and turnip arinkde virus ™ Further turmip mosaic winus and polalo

Y-S the tirme cowrse of ILPS treatment at 0, 2, 6, and 24 h scrods the c-acis. For each data group the whibe line shows the sverage expression, the
white dots t he individual data paints for each reglicate sample, and the amor s the full range of the inde pendent sampls_ {B] The expredsan
pttem of a subset of genes was validated by guantitati ve PCR. The level of each gene was compared to the contral gene (mpll3a) in3-4 samples
fromm independent mice at 0 2, 6, and 24 h after LPS treatment Graphs show the individeal valees a4 the symbok and the emor bar show the

standard deviation.“p <005, “p <001, p < 0001
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wirus X harve devel aped str ategies to evade NMD tar geting during infec-
Hia Saigp et ting the NMD targeting adveriely affects viral replication
and trammigson. In a second article, Gloggnitrer et al showed that
bacterial infection reduced NMD efficiency and that plant gathagen
recognition receptor expresmion i controlled by NMD* In a third
Study knockdown of key NMD proteing redulbed in incresed Semiliki
Forest vinus production in Hela cells ™ Depletion of SMG 1 subst rate
Upfl abko resulted in greater acowmul ation of doubde-stranded RMNA
in infected calls Here, we add to these finding by demanshrating that
MMDis regulabed b multiple levels by TLRA signaling in mammalian
cell. We found that key proteing in NMD were induced at the RNA
and prodein levels (SMGL, UpfL Smg 7, Smgs and Upf2) (Figs. 4and 5.
We further demoniirated increased phosphoryation of Ugfl ot 2 h
post4 PS treatment (Fg SA and B). These changes led to incresied
MM De ficiency 25 demonst rated by decreased expresgon of t he NMD
targets (Fig. &C and Dy Supplementary Fig. S5C-E). The decresxe in
g5 epresion was dearly dependent on NMD 2 it waslstinels
fram SWG1 heterorygous mice, indcating that SMG 1 Kinase activ-
ity in NMD & rate limiting during an inflammatory responde. Further
RMA knockdown of SMG1 or chemical inhibition of NMD blunted
the decrexse in G5 e pression in THP-1in responde bo LPA These
findings demanst rate NMD activity i3 initially regulated by postt ran-
seriplional modification and then later by aleration of prodeing level
in respame to LPS This process is =milar to regulation of decapping
and TTP s discuised above and emenge 52 pattem of regulation for
RMA decay pathwaysinour data Given the vared regulation of tran-
acriphs in the RN A deg radation pathwerys across the time oourse feed-

back mechanisms may be important One of the most obvious of these
& type | IFM; however, anly 14 transeripts were up- (bold] or down-
fitalics] regulated [Table 1] according to the interferome databawe’?
indli cating that type | 1AM may contribute to regulation of BNA decxy
paathwanys but i not solely respondibde. Further work will be requined
to determine the roled of other feedback mechanims in the timing of
the regulation of RMAdecay pathways.

Given that NMD has the potential to regulate ugte 10%of all tran-
seripts including those withouwt PTC it may have a significant role
in seulpling the respanse to LPS However, it should be noted that a
recent paper has desoribed a separate role for Upfl fand to a more
limited extent SMG 1) in regulation of reponse to LPS and other TLR
ligands. Ughl inter acts directly with Regnade-1 to allow direction of
3 mubset of prosinflammatory mRNAS to degradation®® This appears
to be only partially dependent on SMGL phodpghorylation of Upfl at
oty 1of Stes required for NMD activi ty 5o this is ikely to represent a
rode additional to NMD. This pathway was predominantly deseribedin
fibroblasts and cell lines, with limited data from myedoid cellsincluded,
bat it didsugpest that this pathway was not 28 activein either Mds or
dendiritic cad ks but further work will be required toconfirmthis

In Surmmary, while separate desoriptions of RWNA decay regulation
inresponie toinflammation, especially via sequence specific dements,
harve been desceribed in the literature here we examined broader RMA
decay pathwas including decapping and deadenylation that foom the
base of multiple decay pathways Further this & the first descrip-
tion of the regulstion of NMD efficiency during an LPS responie.
Ohverall our findings indicate that multiple RMA decay pathwerys are
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regulsted during the responde to LPS in Mgs (Supplementary Fig. 56
and Tabde 53] and that each of these acts on different aspects of the
responie to fine tune RNA level and subsequent protein expresion
Assuch regulation of RMA decay i animportant regulsted mechanism
during the LPS respanse in Mgs though future work will be required
toestablish mechanistic links betwesnindividual RNA decay mathwarys
afd their impact on the iflammatony responie to LPS Further work
wil | e requiired to determiine if regul ation of RMNA decay pat wins alio
odrurs in other LPS responsive ool ltypes.
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Figure S1: Example of gene ontology analysis using the GOrilla platform. Figure depicts
pathways which are enriched for changed gene expression at 2h post-LPS compared to Oh time
point. Colours of the boxes indicate the significance of the enrichment, with the brighter the colour

indicating greater significance (see key in bottom left hand corner).

Please download this figure from https://doi.org/10.1002/JLB.2AB0420-151RR and then
you can enlarge this image from PDF to get the best image resolution.
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Figure S2
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Figure S2: Validation of regulation of expected proinflammatory cytokines in response to LPS.
A: Single gene profiles were generated with the stemformatics platform for genes to be validated.
Each graph shows the level of gene expression in a log scale on the y-axis the timecourse of LPS
treatment at 0, 2 and 6 hours across the x-axis. For each data group the white line shows the
average expression, the white dots the individual data points for each replicate sample and the
error bars the full range of the independent samples. B: The expression pattern of a subset of
genes was validated by quantitative PCR. The level of each gene was compared to the control
gene (rpl13a) in 4 samples from independent mice at 0, 2, 6 hours after LPS treatment. Bars show
the mean and the error bars show the standard error of the mean. **p<0.01, ***p<0.001,
****n<0.0001. C: Statistical results for RNA metabolism pathways as indicated in Figure S1. D:
Volcano plots of 0 vs 2h samples (left-hand panel) and 2 vs 6h samples (right-hand panel). RNA

decay related genes are indicated in green dots.
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Figure S3
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Figure S3: Regulation of components of the exosome (Exosch and 7) and a member of the

deadenylation complex (Cnot7) did not validate by qPCR. A: Single gene profiles were generated

with the Stemformatics platform for genes to be validated. Each graph shows the level of gene

expression in a log scale on the y-axis the timecourse of LPS treatment at 0, 2, 6 and 24 hours

across the x-axis. For each data group the white line shows the average expression, the white dots

the individual data points for each replicate sample and the error bars the full range of the

independent samples. B: The expression pattern of a subset of genes was validated by quantitative

PCR. The level of each gene was compared to the control gene (rpl13a) in 3-4 samples from

independent mice at 0, 2, 6, 24 hours after LPS treatment. Graphs show the individual values as

the symbols and the error bar show the standard deviation.
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Figure S4
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Figure S4: Tristetraprolin (TTP encoded by Zfp36) and Regnase 1 (encoded by Zc3h12a) are
regulated during the LPS response. A: Single gene profiles were generated with the
Stemformatics platform for genes to be validated. Each graph shows the level of gene expression
in a log scale on the y-axis the timecourse of LPS treatment at 0, 2, 6 and 24 hours across the x-
axis. For each data group the white line shows the average expression, the white dots the
individual data points for each replicate sample and the error bars the full range of the independent
samples. B: The expression pattern of a subset of genes was validated by quantitative PCR. The
level of each gene was compared to the control gene (rpl13a) in 3-4 samples from independent
mice at 0, 2, 6, 24 hours after LPS treatment. Graphs show the individual values as the symbols

and the error bar show the standard deviation.
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Figure S5
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Figure S5: Analysis of RNA decay genes in human samples. A-B: We utilised the MacGate

dataset (http://macgate.gfab.org/index.htm) to look at conservation between human and mouse
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macrophages. Panel A shows example data for Dcpla and Dis3l showing the conservation in gene
expression profiles between BMM, human monocyte deribed macrophages (HMDM) and
thioglycolate elicited peritoneal macrophages (TEPM). The P-values comparing the HMDM to
BMM for available genes are shown in panel B. C: The response of NMD targets to LPS treatment
were measured in THP-1 cells by quantitative PCR. The level of each gene was compared to the
control gene (hprt) in 3 independent samples at 0, 2, 6, 24 hours after LPS treatment. D: THP-1
cells were treated with control or anti-SMG1 siRNA for 72h prior to LPS treatment and the impact
on Gas5 expression measured by gPCR. Data points show the mean and error bars the range from
n=2 samples. E: THP-1 cells were treated with NMDI 14 (NMDi) or vehicle control (DMSO)
overnight prior to treatment with LPS and the impact on Gas5 expression levels measured by

gPCR. Bars show the mean (n=3) and the error bars show the standard error of the mean.
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Table S1: Gene list generated from Heat-map and related functions.

Gene Accession number Function
Cid ENSMUSGO0000000581 | Nuclear exosome cofactor
Lsm5 EMSMUSG00000091625 | Member of oytoplasmic Lsm1-7 complex
Lsm3 EMNSMUSGO0000020846 | Member of both Lsm complexes
Lsm2 ENSMUSGE00000007050 | Member of both Lsm complexes
Dis3 ENSMUSGO0000033166 | Onky  catalytic  component of the core
exosome; 3 ydrohytic exonuclease and
endonuclease activity
Exosch EMNSMUSGO0000027752 | Member of core exosome complex
Lsmé ENSMUSGO0000031683 | Member of both Lsm complexes
Dicps ENSMUSGE00000032040 | Decapping SCaAVENgSr enzyme,miGpppX
diphosphatase following the degradation of
mRNAs by the 3'-»5' exosome-mediated mRNA
decay pathway
Wdrg1 EMSMUSGE00000061559 | A subunit of the human PAF and 5Kl complexes,
[Skis] which function in transcriptional regulation and
are involved in events downstream of RMWA
synthesis, such as RNA surveillance
Hspa% EMNSMUSG00000024359 | Member of the heat shock protein 70 gene family
and its function in the regulating of cell
proliferation, stress response and maintenance of
the mitocchondria
MNaa3g ENSMUSGE00000044155 | Auxillary component of the  M-terminal
acetyltransferase C  (MWatC) complex which
catalyzes acetylation of MN-terminal methionine
residues
Exoscd ENSMUSGO0000027714 | Member of core exosome complex
Hspdl EMSMUSG00000025280 | Member of the chaperonin family and is essential
for the folding and assembly of newly imported
proteins in the mitochondria.
ExosclO ENSMUSGD0000017264 | Nuclear-specific exosome component; 3 hydrohytic
exonuclease
Cnoth EMNSMUSG00000020362 | Member of Ccrd-NOT oytoplasmic deadenylation
complex
Mphosphé | ENSMUSGO0000031843 | A RMA-binding protein that associates with the
RMNA exosome complex
Lsm4 EMNSMUSGO0000031848 | Member of both Lsm complexes
Tec37 EMSMUSG00000033991 | A Protein Coding gene and may mediate protein-
protein interactions and chaperone activity
Dhx3s EMNSMUSG00000027770 | A member of the DEAH-box family of RMNA-
dependent NTFPases and enhance the
deadenylation and decay of mRNAs with 3-UTR
AU-rich elements [ARE-mRMA)
Cnotl EMNSMUSG00000036550 | Member of Cord-NOT oytoplasmic deadenylation
complex
Pan3 ENSMUSGO0000029647 | A poly(a) specific ribonuclease subunit and its
related pathways are gene expression  and
deadenylation-dependent mRMA decay
Skiv2I2 ENSMUSGO0000016018 | Helicase, TRAMP complex component has TRAMP-
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independent functions

Exoscl EMSMUSE00000034321 | Member of core exosome complex
Exosc EMSMUSE00000039356 | Member of core exosome complex
Exoscs EMSMUSGE00000061286 | Member of core exosome complex
Panl EMSMUSGD0000005686 | A poly(a) specific ribonuclease subunit and its
related pathways are gene expression and
deadenylation-dependent mRNA decay
Cnotl0 EMSMUSGE00000056167 | Member of Cord-NOT oytoplasmic deadenylation
complex
Exosc? EMNSMUSG00000025785 | Member of core exosome complex
Rgcdl EMSMUSGD0000026174 | Member of the highly conserved RCD1 protein
(Cnot3) family;a transcriptional cofactor and a core
protein of the CCR4-NOT complex
Emao3d EMNSMUSE00000060600 | lsoenzyme and found in skeletal muscle cells in
the adult where it may play a role in muscle
development and regeneration
Tobl EMNSMUSG000000537573 | Anti-proliferative protein; the function is
mediated by association with deadenylase
subunits of the CCRA-NOT complex
Pam EMSMUSE00000022685 | Peptidyl-glycine alpha-amidating monooxygenase
that catalyzes 2 sequential steps in C-terminal
alpha-amidation of peptides
Cnotél EMSMUSE00000034724 | Member of Cord-NOT oytoplasmic deadenylation
complex
Pabpcl EMSMUSGD0000022283 | Polyadenylate-binding protein; its required for
poly(a) shortening which is the first step in mRNA
decay
Cnot? EMSMUSGE00000031601 | Member of Ccrd-NOT oytoplasmic deadenylation
complex
Btg2 EMSMUSG00000020423 | Member of the BTG/Tob family; the function is
invoheed in the regulation of the G1/5 transition of
the cell cycle
Xrn2 EMSMUSG00000027433 | 5-3' exonuclease that promotes transcription
termination at cotranscriptional cleavage sites
¥rnl EMSMUSGE000000532410 | Cytoplasmic 5'exonuclease
Cnotd EMSMUSG00000038784 | Member of Cocrd-NOT oytoplasmic deadenylation
complex
Dopla EMSMUSE00000021962 | Member of decapping complex with Dop2
Dcp2 EMSMUSG00000024472 | Catalytic pyrophosphatase subunit of decapping
complex
Papd? EMSMUSGD0000034575 | Catalytic subunit of a TRAMP-like complex which
has a polylA) RNA polymerase activity and is
involved in a post-transcriptional guality control
mechanism
Eno2 EMSMUSG0000004267 | Isoenzyme and found in skeletal muscle cells in
the adult where it may play a role in muscle
development and regeneration
Btgl EMSMUSG00000036478 | Member of the BTG/ Tob family; the function is
invoheed in the regulation of the G1/5 transition of
the cell cycle
Patl EMSMUSG00000046139 | DNA  topoisomerase  2-associated  protein;
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can recruit the hepta-heterodimer Lsml-lsm7

complex to P-bodies

Edicd ENSMUSGE00000036270 | Enhancer of mRNA-decapping protein 4

Crot2 EMSMUSGO0000020166 | Member of Ccrd-NOT oytoplasmic deadenylation
complex

DdxE ENSMUSGO0000032097 | RMNA helicase; the function is in P-bodies and
stress granules, and functions in translation
suppression and mRNA degradation

Lsm1 EMSMUSGO0000037226 | One of member of oytoplasmic Lsml-7{ring-
shaped RMA chaperone) complex

Cnotd EMSMUSGO0000020515 | Member of Ccrd-NOT oytoplasmic deadenylation
complex

Exoscd EMNSMUSGO0000034259 | Member of core exosome complex

Deplb EMSMUSGE00000041477 | core component of the mRMA decapping complex;
function in removing the 5' cap from mRMNAs,
which is a step in regulated mRNA decay

Pabpcll EMSMUSGO0000054582 | Polyadenylate-binding protein; its required for
poly{A) shortening which is the first step in mRNA
decay

Cnot3 EMSMUSGO0000035632 | Member of Cord-NOT oytoplasmic deadenylation
complex

Enocl EMNSMUSGO0000063524 | Isoenzyme and found in skeletal musde cells in
the adult where it may play a role in muscle
development and regeneration

Exoscd EMNSMUSG00000028322 | Member of core exosome complex

SkivZ| EMSMUSGO0000040356 | RMA Helicase; Component of the 5KI complex
which is thought to be involved in exosome-
mediated RMA decay and assocdates with
transcriptionally active genes in @ manner
dependent on PAFL complex (PAFLC)

Edc3 EMSMUSGO0000038957 | Component of a decapping complex that
promates efficient removal of the
monomethylguanosine (m7G) cap from mRNAs, as
part of the 5' to 3' mRNA decay pathway

Tob2 EMSMUSGO0000048546 | Anti-proliferative  protein; the function s
mediated by association with deadenylase
subunits of the CCR4-NOT complex

Zeche? ENSMUSGO0000035649 | TRAMP-like complex RNA-binding factor; the

function is related to deadenylation-dependent
mRENA
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Table S2: Primer sequences are listed below.

* primers designed and validated for this study.

Target Gene | Forward Primer 5°-3" Reverse Primer 5°-3" Ref

Rpli3a GAGGTCGEGETEEAAGTACCA TGCATCTTGGCCTTTTCCTT Mogal et al, 2006
IFME CCACAGCCCTCTCCATCAAC TEAAGTCOGCCCTGTAGGTG Roberts et al, 2009
THFa AGCCCCCAGTCTGTATCCTT CTCCCTTITGCAGAACTCAGS *

Upf2 ACTGAGLCGGAGAAGAAACA CTGGETGECTTATCTGGCATT *

Smg7 GCTCCAAGGCAGAACTGAAL TCCCAATGGGTCCAAAATTA *

Upfib AGGARACCGGAAARAAGGAGA | ATCATGCGCTCCTGATCTCT *

Upfl AACAGAAGGLGCTAGTGGAA TECTGCGETCATAGACAGAC *

Dcpla CCAGCTGAAGCTCCTACCAC CTETGEEGTCAACCTGAGTT *

Lsm1l ACCAGACTGGAGGCAGAGAA | TGGCATCCATGAAAGAATGA *

TTF CCCTCTGCAACTCTGGETCTC TGGCTTITGGCTATTTGCTTT *

Dis3 GCAAGAGCAGGGAGAGAATGE | ACACGTGAAGGCTGGTATCC *

Cnot? GTTGGGCTTGTAACCTGGA GTTGACGTTCCTGGAGEGETA *

Staul GCACAGAGATGCCAAGAACA GGECCCACTGGAGTTATCAGA *

xrnl CCACTTCAGACTAACAAGCCA GEGAGGCAGTTTCAACATEAS | *

Dcp2 GACCAGCTTGCTCGCTTGTA TTGGACTTGEGAGTCATGTCA | *

Zc3h1la ACGAAGCCTGTCCAAGAATCC TAGGGGCCTCTTITAGCCACA *

Exosch CGTGCAGACGCCAATTTACTC GACAGCAGGTTTTGCTCACA *

Exosc? CTACATCGTTCATGGAGTGCAG | GCAGACCCACTEGTGTTAGAC | *

Smgl GACGAGCCTACAATCCATCCT CAAACTCTGCAACCACCCA Roberts et al, 2013
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Table S3: Summary of RNA decay pathway components and regulation by LPS.
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