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Abstract

MRNA capping of is essential for the efficient translation and processing of
transcripts generated by RNA polymerase Il (RNAPII) in eukaryotes. Cap
methyltransferase 1 (CMTR1) is responsible for the generation of the mature Cap-1
structure (m7G(5’)ppp(5’)Nm, by the addition of a methyl group at the 2’-O-ribose
position of the first transcribed nucleotide. This modification acts as a means for
the innate immune system to differentiate “self” and “non-self” RNA species and
appears to regulate the expression of specific genes implicated in proliferation,
ribosomal biogenesis and histone synthesis. In murine models of liver cancer,
where oncogenes Ctnnb1 and MYC were dysregulated, conditional knock out of
CMTR1 accelerated tumorigenesis. To enrich understanding of the role of CMTR1 in
Hepatocellular carcinoma (HCC), characterisation of CMTR1 and relevant binding
partners was undertaken in mouse models and Huh-7 cell lines. Following this, the
CMTR1 interactome was analysed in wild type (WT) and Ctnnb18x3/WT; R26L5L-Myc
mouse liver to determine if CMTR1 interacting proteins influence the role of this
capping enzyme in liver cancer. Of the proteins identified as potential interacting
partners of CMTR1, Argininosuccinate synthetase (ASS1) and PGAM family member
5, mitochondrial serine/threonine protein phosphatase (PGAM5) were selected for
validation. This has laid initial foundations for further investigation into the
biological ramifications of these interactions, particularly in regard to

hepatocellular carcinoma.

CMTR1 is phosphorylated at 15 sites within the N-terminus of the protein, which
promotes binding between CMTR1 and RNAPII to enhance capping activity. CMTR1
has been previously identified as an interferon stimulated gene (ISG) and promotes
expression of fellow ISGs, in part by preventing Interferon induced proteins with
tetratricopeptide repeats (IFIT) mediated translational inhibition. To determine
the role of CMTR1 phosphorylation in the innate immune response mouse
embryonic fibroblasts (MEFs) expressing WT CMTR1 and a phosphodeficient mutant
were treated with immunostimulatory agents, followed by analysis of I1SG
expression. In the absence of CMTR1 phosphorylation expression of various ISGs
was attenuated, particularly at earlier stages of the interferon response. Despite
this, follow up experiments involving infection of MEF cells with Influenza A virus

(IAV) uncovered that CMTR1 phosphorylation promotes IAV infection.
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Chapter 1: Introduction
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This thesis focuses on the role and status of Cap methyltransferase 1 (CMTR1) in
both the initiation of liver cancer and innate immune responses. Characterisation
of CMTR1 within wild type (WT) liver and liver where oncogenes Ctnnb1 and MYC
were dysregulated was undertaken. This resulted in the discovery of novel CMTR1
interacting proteins, Argininosuccinate synthetase (ASS1) and PGAM Family Member
5, Mitochondrial Serine/Threonine Protein Phosphatase (PGAMS5), as described in
chapter 3 and 4. Previous work conducted in the Cowling lab uncovered a cluster
of phosphorylation sites within CMTR1 which promote CMTR1-dependent gene
expression. The data presented in chapter 5 of this thesis is based on following up
these initial findings to uncover the biological relevance of CMTR1 phosphorylation
in the induction of interferon stimulated genes (ISG) and Influenza A virus (IAV)

infection.
This introduction subsequently covers:

e The process of mMRNA capping

e Eukaryotic gene expression and the function of mRNA capping

e Regulation of mMRNA capping

e Specific functions and structure of CMTR1

e Description of putative interacting proteins of CMTR1

e Aetiologies, molecular drivers, and treatment of Hepatocellular
Carcinoma (HCC)

e The innate immune response to viral RNA

e Viral capping mechanisms

e QOverall aims
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1.1 mRNA capping

MRNA capping is a co-transcriptional modification that occurs on RNA species
transcribed by RNA Polymerase Il (RNAPII) (Ramanathan et al., 2016). The process
of mRNA capping is mediated by the RNA triphosphatase and guanylyltransferase
activity of RNA guanylyltransferase and 5'-phosphatase (RNGTT, also referred to as
capping enzyme/CE). RNGTT cleaves the terminal phosphate of the triphosphate
bridge adjacent to the first transcribed nucleotide, adding an inverted guanosine
monophosphate moiety in its place, by utilising guanosine triphosphate (GTP) as a
substrate. This forms the intermediate cap structure (G(5’)ppp(5’)N), resulting in

the release of pyrophosphate (Shatkin, 1976).

RNA guanine-7 methyltransferase (RNMT) in conjugation with an activating subunit
RNMT-activating miniprotein (RAM), directs methyltransferase activity towards the
N7 position of the inverted cap guanosine, yielding the Cap-0 structure
(m7G(5’)ppp(5’)N, also referred to as m7G) (Gonatopoulos-Pournatzis et al.,
2011). Additional modification occurs at the 2’-O-ribose of the first transcribed
nucleotide via methylation at this position by Cap methyltransferase 1 (CMTR1),
forming the Cap-1 structure (m7G(5’)ppp(5’)Nm) (Furuichi et al., 1975, Bélanger
et al., 2010). These methyltransferase reactions use S-adenosylmethionine (SAM)
as a methyl-donor substrate, resulting in the release of S-adenosylhomocysteine
(SAH) as a by-product (Sun et al., 2021, Perveen et al., 2024).

2’-0-ribose methylation of the first transcribed nucleotide was previously
characterised as a universal feature to all RNA transcribed by RNAPII (Smietanski et
al., 2014). However, emerging data has suggested a degree of variation in the
extent of this modification amongst cell lines (Culjkovic-Kraljacic et al., 2020,
Kruse et al., 2011, Wang et al., 2019).

Methylation of the second transcribed nucleotide at the 2’-O-ribose generates the
Cap-2 structure (m7G(5’)ppp(5’)NmNm) and is enabled by the activity of an
additional methyltransferase enzyme, cap methyltransferase 2 (CMTR2) (Werner et
al., 2011). The N6 position of the first nucleotide is also subject to methylation,
providing this nucleotide is adenosine (Fan et al., 2003). Methylation at this site
yields m7G(5")ppp(5)m6Am and is undertaken by cap-specific adenosine

methyltransferase (CAPAM, also known as PCIF1) (Fan et al., 2003, Akichicka et
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al., 2019). The proportion of cap-2 methylation present within the transcriptome
differs amongst mammalian cell lines, with only 25% of mouse embryonic stem cell
transcripts possessing this modification compared to 56% of MCF-7 cells transcripts
(a human breast cancer cell line) (Despic and Jaffrey, 2023). Methylation at the N6
position of the first transcribed adenosine nucleotide is noted to occur in 20-30% of
mMRNA transcripts within HelLa cells (Wei et al., 1975) (Figure 1.1)

CMTR1 CMTR2

NN 7

| AP0~ /o /o Capl
332 Ezfﬁ% @Q ﬁ( <Im
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RNGTT RNMT-RAM methyladenosme\

CAPAM

Figure 1.1-The Structure of the mRNA cap.

Addition of the N7-methylguanosine (Cap-0) structure is mediated by the triphosphatase and
guanylyltransferase activity of RNGTT, which forms an intermediary cap structure (G(5’)ppp(5’)N).
The mature Cap-0 structure (m7G(5’)ppp(5’)N) is formed by the addition of a methyl group to the
N7 position of guanosine via methyltransferase RNMT. Cap-1 (m7G(5’)ppp(5’) Nm) and Cap-2
structures (m7G(5’)ppp(5’) Nm Nm) are produced on the 2’-O-ribose of the first and second
transcribed nucleotide by the activity of methyl transferase enzymes CMTR1 and CMTR2,
respectively. Methylation of adenosine on the N-6 position (providing adenosine is the first
transcribed nucleotide) to form m7G(5)ppp(5)m6Am, is achieved by the activity of an additional
methyltransferase, CAPAM. Figure made in BioRender. RNGTT (RNA Guanylyltransferase and 5'-
Phosphatase), RNMT (RNA Guanine-7 Methyltransferase) CMTR1 (Cap Methyltransferase 1), CMTR2
(Cap Methyltransferase 2), CAPAM (Cap-specific Adenosine Methyltransferase).
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Capping enzymes exert their activity via recruitment to the 5’ end of nascent
mMRNA, concurrent with transcription. In the case of RNGTT, CMTR1 and CAPAM
(McCraken et al., 1997, Inesta-Vaquera et al., 2018, Fan et al., 2003) this is
enabled by interaction with the C-terminal domain (CTD) of RNAPII. This
interaction is further enhanced when RNAPII is phosphorylated on serine 5 (S5P) at
YSPTSPS heptad repeats by cyclin-dependent kinase 7 (CDK7) (Ho et al., 1998).
The sequence of events necessary to generate mature cap structures is yet to be
fully elucidated. However, as m7G methylation requires the presence of an
inverted guanosine monophosphate within its RNA target (Shuman et al., 1995), it
is logical to assume RNMT exerts methyltransferase activity after RNGTT.
Furthermore, it has been demonstrated that the presence of m7G is dispensable
for human CMTR1 enzymatic activity in-vitro, suggesting that 2’-O-ribose
methylation of the first nucleotide may occur prior to methylation by RNMT
(Bélanger et al., 2010, Werner et al., 2011). CMTR2 can recognise both Cap-0 and
Cap-1 structures, with a slight preference for binding to the latter. This suggests
methylation of nucleotides may occur sequentially (Werner et al., 2011). Addition
of m6Am on mRNA via CAPAM enzymatic activity in-vitro requires recognition of
the m7G cap structure, with CAPAM displaying further preference for binding to
mMRNA which already possess a Cap-1 structure (Akichika et al., 2019). This permits
for the conclusion to be drawn that CAPAM mediated methylation likely occurs
subsequent to the activity of RNMT and CMTR1.
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1.2 Eukaryotic gene expression

1.2.1 mRNA Transcription

MRNA transcription refers to the initial stage of protein coding gene expression, by
which DNA is transcribed into mRNA via RNAPII. This process is initiated at a
defined transcription start site (TSS), within the 5’ end of the gene. Present within
the TSS is the promoter sequence, which encompasses a short base pair sequence
and serves as a locale for the binding of transcriptional machinery (Haberle and
Stark, 2018).

Transcription begins with the formation of the pre-initiation complex (PIC) at the
promoter, mediated by a variety of general transcription factors (GTF) including,
Transcription factor lIA (TFlIA), TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. Initially, TFIID
recognises the TATA box or other core elements within promoter sequences,
permitting for subsequent association with TFIIA and TFIIB (Kim et al., 1993). The
resultant TFIID-TFIIA-TFIIB complex recruits TFIIF in conjugation with RNAPII,
alongside TFIIE (Imbalzano et al., 1994, Hampsey et al., 1998). TFIIH exerts
helicase activity in the presence of adenosine triphosphate (ATP) to unwind DNA
adjacent to the TSS (Schaeffer et al., 1993), opening this site for subsequent
transcriptional activity. To then proceed downstream of the gene for transcription
elongation, RNAPII must disassociate from GTFs in a process termed “promoter
escape.” Promoter escape requires phosphorylation of the C-terminal domain
(CTD) of RNAPII at serine 5 and 7 via TFIIH in association with Cyclin-dependent
kinase 7 (CDK7) (Spangler et al., 2001). RNAPII then proceeds to synthesise a small
section of mRNA 30-50 base pairs in length, prior to transcriptional pausing. RNAPII
pausing is mediated by DRB sensitivity-inducing factor (DSIF) and negative
elongation factor (NELF) (Yamaguchi et al., 1999). RNAPII pausing provides an
opportunity for early-stage mRNA processing, including capping, whilst sustaining
accessibility of upstream promoter elements to transcription factors (Shopland et
al., 1995, Moteki and Price, 2002).

RNGTT, CMTR1 and CAPAM all bind directly to the CTD of RNAPII, with enhanced
specificity for the CTD when the latter is phosphorylated at S5P (Ho and Shuman,
1999, Inesta-Vaquera et al., 2018, Hirose et al., 2008). Phosphorylation of the S5P

site within the CTD of RNAPII occurs during the early stages of transcription to
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enable transcription initiation and promoter escape, coupling mRNA capping to the
transcriptional process. The checkpoint model of mRNA capping states that
recruitment of capping enzymes to RNAPII occurs during transcriptional pausing
(Rasmussen and Lis, 1993, Mandal et al., 2004). Despite this, other structural and
biochemical studies have indicated that mRNA capping may occur during early

elongation stages, during active transcription (Kim et al., 2004, Garg et al., 2023).

Localisation of RNGTT to the CTD of RNAPII is enabled via interaction with multiple
S5P RNAPII CTD heptads, which stimulates activity of the guanylyltransferase
domain (GTase) via an allosteric mechanism (Bage et al., 2021) This interaction
permits RNGTT to dock to the RNAPII stalk and position its triphosphatase domain
adjacent to the RNA exit pocket. Upon completion of the triphosphatase reaction
catalysis of guanylyltransferase activity takes place, as the pre-mRNA substrate
reaches a length of at least 22 nucleotides and encounters the active site of
theGTase domain (Garg et al., 2023). This process is potentially aided via
displacement of the triphosphatase domain by the GTase domain in a manner
which likely involves DSIF (Garg et al., 2023). CMTR1 and CAPAM interact with the
CTD of RNAPII via their WW domains, which recognises the phosphorylated
serine/threonine-proline in RNAPII heptapeptide repeats (Gavva et al., 1997). G-
patch domains, such as the one identified in CMTR1 typically function as an RNA
binding motif, leading to the proposal that the WW and G-patch regions may
function in tandem to bridge CMTR1 to RNAPII and nascent mRNA (Haline-Vaz et
al., 2008). This would then leave the methyltransferase domains accessible to
conduct subsequent capping activity (Haline-Vaz et al., 2008). As is the case with
RNGTT, CMTR1 docks to the stalk of RNAPII and exiting pre-mRNA, displacing
RNGTT in the process (Garg et al., 2023). As the pre-mRNA substrate reaches a
length of at least 29 nucleotides, methylation of the first transcribed nucleotide by
CMTR1 takes place (Garg et al., 2023). Interaction between RNMT and RNAPII has
not been directly demonstrated and hence the mechanism by which RNMT is
recruited to promoter elements for capping remains unknown. It is postulated this
may be due to the transiency of binding between RNAPII and RNMT or facilitated
by interaction between RNMT and RNA (Aregger and Cowling, 2013) (Figure 1.2).
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Cap 0 formation

Cap 1 formation

Figure 1.2-mRNA capping occurs via interaction between capping enzymes and RNAPII
during proximal promoter pausing or early elongation stages.

Promoter escape requires phosphorylation of the CTD at serine 5 and 7 by CDK7 in association with
TFIIH. After an initial round of transcription, transcriptional pausing is induced via the activity of
DSIF and NELF. Upon or just after transcriptional pausing, RNGTT binds to multiple S5P sites within
RNAPII CTD heptads, permitting RNGTT to dock at the stalk structure of RNAPII adjacent to the RNA
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exit pocket. RNGTT initially exerts triphosphatase activity towards the nascent pre-mRNA as it
escapes from the RNA exit pocket. Pre-mRNA then encounters the GTase domain of RNGTT to form
the immature Cap-0 structure. RNMT in conjugation with activating subunit RAM catalyses
formation of the mature Cap-0 structure through an unknown mechanism, as direct interaction
between RNAPII and RNMT-RAM has not been demonstrated. CMTR1 binds to S5P sites via its WW
domain and docks to the RNAPII stalk structure in a similar manner to RNGTT. This is followed by
displacement of RNGTT by CMTR1 in a manner which likely involves cooperation with the SPT5
subunit of DSIF. Methylation of the first transcribed nucleotide takes place via the activity of
CMTR1 to form the Cap-1 structure. Figure made in BioRender. CTD (C-terminal domain), CDK7
(Cyclin dependent kinase 7), TFIIH (Transcription factor Il H), DSIF (DRB sensitivity-inducing factor),
NELF (negative elongation factor), RNGTT (RNA Guanylyltransferase and 5'-Phosphatase), RNPII
(RNA Polymerase Il), GTase (Guanylyltransferase), RNMT (RNA Guanine-7 Methyltransferase), RAM
(RNMT Activating Miniprotein), CMTR1 (Cap Methyltransferase 1), SPT5 (Transcription elongation
factor SPT5)

For pause-release to occur and meaningful continuation of the elongation process,
cyclin dependent kinase 9 (CDK9) a subunit of positive transcription elongation
factor B (P-TEFB), phosphorylates DSIF and NEFL alongside RNAPII at the serine 2
position of the CTD (S2P). These modifications promote dissociation of NEFL
alongside DSIF, permitting for the continuation of the transcriptional process
(Cheng and Price, 2007, Marshall et al., 1996). Initial transcription of the
subsequent kilobase tends to be inefficient until optimum phosphorylation of
RNAPII at S2P, which additionally functions as a marker of termination (Buratowski
2009). As transcription and 3’ end mRNA processing are also coupled, cleavage and
polyadenylation of transcripts at the 3’ end occurs concurrently during pausing and
elongation (Ahn et al., 2004). Polyadenylation permits recruitment of both human
cleavage and polyadenylation specificity factor (CPSF) and cleavage stimulatory
factor (CstF) to the elongation complex and CTD, respectively. CPSF and CstF work
in tandem to stall RNAPII and cleave nascent transcripts at the Poly A site,
permitting for release of RNAPII from the DNA template (Schul et al., 1996, Hirose
and Manley 1998).

1.2.2 Translation initiation

The presence of the m7G cap (Cap-0) in mRNA structures is indispensable for
canonical cap-dependent translation of mRNA to protein in eukaryotic cells
(Muthukrishnan et al., 1975). Translation initiation is facilitated by formation of

two complexes in parallel, the 43S pre-initiation complex (43S) and the 48S pre-
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initiation complex (48S). The 43S complex consists of proteins eukaryotic
translation initiation factor 1 (elF1), elF1A, elF3, and elF5, alongside a tertiary
complex composed of elF2 bound to GTP and methionine initiator transfer RNA
(tRNA) (Merrick and Pavitt, 2018). In conjunction with formation of the 43S
complex, interaction between the 5’ cap structure and cap binding protein elF4E
occurs; the latter of which is one component of the larger elF4F complex,
comprised of RNA helicase elF4A and scaffold protein elF4G (Kumar et al., 2016).
Upon binding of the elF4F complex to the 5’ cap, recruitment of the 43S complex
occurs to generate the complete 48S complex. Once formed, the 48S complex then
scans the 5’ untranslated region (UTR) of the transcript until it encounters the
start codon for methionine, which is enabled by unwinding of secondary RNA
structures via the ATPase helicase activity of elF4A (Brito Querido et al., 2024).
Upon recognition of the start codon, the majority of elF components dissociate
from the complex, this enables interaction between the complex and the 60s large
ribosomal subunit via elF5b catalytic activity. This step marks the end of
translation initiation and the beginning of the elongation phase of protein synthesis
(Brito Querido et al., 2024, Hinnebusch and Lorsch, 2012).

In the context of translation initiation, the m7G cap functions as a binding site to
bridge interactions between mRNA and initiation factors (Tahara et al., 1981),
enabling downstream recognition of codons by tRNAs. The importance of the m7G
cap in enabling translation has been well established, with experiments conducted
in the 1970s initially reporting abrogation of translation upon removal of the Cap
structure within mRNA transcripts (Muthukrishnan et al., 1975). Work conducted
subsequently reported significant increases in translational efficiency upon m7G
capping in Xenopus oocytes (Drummond et al., 1985, Gillian-Daniel et al., 1998).
Since then, it has been established that cKO of RNMT and reductions in Cap-0
formation negatively impacts T-cell activation, with these cells failing to express
terminal polypyrimidine tract (TOP) mRNAs, which are required to promote
ribosome biogenesis and facilitate metabolic reprogramming (Galloway et al.,
2021). Furthermore, depletion of the RNMT activating subunit RAM in mammalian
systems resulted in poorer incorporation of labelled amino acids into proteins and

loss of actively translating polysomes (Gonatopoulos-Pournatzis et al., 2011).
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1.2.3 Splicing

The nuclear cap binding complex (CBC), composed of nuclear cap binding protein
subunit 1 and 2 (CBP80 and CBP20 respectively) , enables assembly of mRNA and
small nuclear riboproteins (SnRNPs) for formation of the spliceosome complex
(Izaurralde et al., 1994, Wilkinson et al., 2020). Splicing is a crucial step within
MRNA processing which involves the excision of introns and ligation of exons for
complete maturation of mRNA. The splicing process introduces diversity within the
transcriptome by producing alternative transcripts. This is achieved via intron
retention, exon splicing and the utilisation of alternate splice sites, the result of
which is the generation of varied proteins for differential function (Wang et al.,
2015).

Spliceosome assembly to pre-mRNA involves recognition of intronic 5’ and 3’ splice
sites by U1 and U2 snRNPs, followed by recruitment of U4, U5 and U6 snRNPs.
Subsequent to this, displacement of U1 occurs in a manner which forms an intronic
“lariat” and permits ligation of 5’ and 3’ exons via nucleophilic attack (Wilkinson
et al., 2020, Wang et al., 2015). U1, U2, U4, U5 and U6 snRNP proteins have been
found to co-purify with the CBC on mRNA. Upon depletion of the CBC, association
of snRNPs with intronic sites is negatively impacted without alteration of total
snRNP levels (Pabis et al., 2013). The biological impact of this is inhibition of
cellular proliferation, a phenomenon attributed to the resultant defects in splicing
(Narita et al., 2007, Pabis et al., 2013).

1.2.4 Nuclear export

Nuclear export of mRNA into the cytoplasm regulates translation by impacting the
availability of mRNA for ribosome binding. The CBC, via synergistic binding of two
component subunits (CBP80 and CBP20), recognises the m7G cap of nascent mRNA
(Izaurralde et al., 1994, Nojima et al., 2007) permitting CBP80 to act as a platform
for assembly of the transcription export (TREX) complex. The TREX complex
consists of UAP56, Aly/Ref proteins and a multimeric THO complex (Cheng et al.,
2006). Assembly of the TREX complex results in the processing of mRNA into export
competent messenger ribonucleoprotein (mRNP), mRNP is then targeted to the
nuclear pore complex (NPC) via the export receptor, permitting for movement
through the NPC (Xie and Ren, 2019, Kohler and Hurt, 2007). Once mRNP has
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entered the cytoplasm, binding of various protein factors occurs to promote
dissociation and remodelling (Tran et al., 2007, Lund and Guthrie, 2005). One key
component of mMRNP remodelling at this stage is the replacement of the CBC with

elF4E to promote ribosome binding and subsequent translation (Daneholt, 2001).

Whilst being predominantly associated with promotion of translation initiation,
elF4E, a cap binding factor, has been demonstrated to increase export of specific
transcripts. Most notably those of capping enzymes RNMT, RNGTT, and RAM when
elF4E is localised to the nucleus (Culjkovic-Kraljacic et al., 2020). Overexpression
of elF4E increased nuclear export of RNMT, RNGTT, RAM alongside oncogenes MYC
and CCND1 by a factor of 2-fold, subsequently leading to enhancements in RNMT
and RNGTT translation (Culjkovic-Kraljacic et al., 2020). This involves a pathway
of export distinct from the bulk pathway described above, with specificity of elF4E
for export of m7G capped transcripts being dependent on the presence of elF4E

sensitivity elements within the RNA structure (Culjkovic et al., 2005).

Inhibition of interactions between cap binding proteins and the m7G cap have been
shown to interfere with nuclear export and splicing in eukaryotic systems. Pre-
injection of anti-CBP20 antibodies in xenopus oocytes followed by microinjection
of U snRNA both impacted splicing and prevented export of select U snRNAs from
the nucleus (lzaurralde et al., 1995). Whilst heterozygous KO of cap-binding
protein elF4E in U20S cell lines negatively impacts protein expression of targets for

nuclear export (Culjkovic-Kraljacic et al., 2020).

1.2.5 Polyadenylation

The poly(A) tail adjacent to the 3’ UTR of mRNA, contributes to nuclear export,
stability, and translation. Hence, deadenylated transcripts are prone to repression
to limit expression of their respective genes (Brawerman, 1981, Saguez et al.,
2008). A role has been highlighted for the 5’ cap in mediating both adenylation and
deadenylation of transcripts. The presence of the cap structure promotes efficient
cleavage and polyadenylation at downstream 3’UTR sites (Hart et al., 1985), with
this being mediated via physical interaction between the CBC and polyadenylation
factors at the extreme ends of the transcript (Flaherty et al., 1997). Conversely,
binding between the cap structure and deadenylating nuclease (DAN) has been
noted to occur to promote shortening of the poly(A) tail, with decreases in binding
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between DAN and the cap via elF4E, or elements in the 5’UTR inhibiting the

deadenylation processes (Gao et al., 2000).

1.2.6 mRNA turnover
A crucial component of gene expression regulation involves turnover of RNA

transcripts, which is enabled by mRNA decay pathways (Adijibade and Mazroui,
2014). In general, degradation of mRNA in eukaryotes begins with deadenylation
and subsequent shortening of the 3’ poly(A tail) (Chen and Shyu, 2011). The main
cytoplasmic deadenylase complexes which enables this to occur consist of the
Pan2-Pan3 complex and the Ccr4-Not complex (Uchida et al., 2004, Lau et al.,
2009). Following deadenylation, mRNA may be degraded in the 3’ to 5’ direction
within exosomes; alternatively, deadenylated transcripts can be subjected to
decapping (elaborated on in section 1.3.1), permitting for degradation to occur in
the 5’ to 3’ direction via the activity of Xrn1 alongside other exonucleases (Chen
and Shyu, 2011, Adijibade and Mazroui, 2014). Preference for the direction of
degradation is determined by motifs within the transcript sequence, alongside the
profile of RNA-binding proteins interacting with the sequence being targeted for
degradation (Stoecklin et al., 2006, Grochowski et al., 2024, Adijibade and
Mazroui, 2014).

Nonsense mediated decay (NMD) allows for the degradation of mRNA containing
premature stop codons (PTC), preventing translation of truncated proteins. PTC
are detected during by ribosomes during the scanning process at the start of
translation, as the presence of PTC leads to ribosome stalling and a failure to
remove downstream exon-exon junction complexes (EJC) (Le Hir et al., 2001,
Nickless et al., 2017). Following this event, up-frameshift protein 1 (UPF1)
associates with the EJC via UPF2 and UPF3 to trigger NMD. Subsequent mRNA decay
requires phosphorylation of UPF1 at ST/Q motifs within the C-terminus by
Serine/threonine protein kinase (SMG1) (Kashima et al., 2006), enabling
phosphospecific interactions with fellow nonsense mediated decay factors SMG5,
SMG6 and SMG7 (Okada-Katsuhata et al., 2012). SMG5 and SMG7 aid in the
degradation process by promoting the recruitment of decapping and deadenylation
proteins including mRNA decapping enzyme 2 (DCP2) and Poly(A) ribonuclease
(POP2), generating unprotected RNA ends which are accessible to exonucleases

(Loh et al., 2013, Cho et al., 2013). SMG6 meanwhile contributes to mRNA decay
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by displaying endonuclease activity, resulting in cleavage of mRNA transcripts
internally, adjacent to the PTC (Eberle et al., 2009, Huntzinger et al., 2008).
Despite, the process of decapping itself being crucial for end stage mRNA
degradation within the NMD pathway, the cap itself may contribute indirectly to
NMD via recruitment of CBP80. CBP80 interacts with UPF1 as demonstrated via Co-
IP, with disruption of this interaction significantly enhancing expression of LacZ
MRNA containing PTC. Mechanistically, this observation can be attributed in part
to the role of CBP80 in ensuring interaction of SMG1 and UPF1 to the EJC,

alongside its role in PTC recognition during initiation of NMD (Hwang et al., 2011).

Processing-bodies (P bodies) are discrete cytoplasmic granules comprised of mRNA
alongside proteins enriched for molecular functions relating to 5’ to 3’ mRNA
decay and translational repression (Luo et al., 2018). P bodies are primarily
believed to act as a site of mMRNA decay, although others postulate that they may
also function as a storage site for repressed transcripts and inactive decay enzymes
(Hubstenberger et al., 2017, Standart and Weil, 2018). One piece of evidence
which implicates a role for P bodies in RNA degradation comes from the
observation that depletion of exonuclease XRN1 results in an increase in the
number of P-body foci, suggesting accumulation of decay intermediates at this site
(Teixiera et al., 2005, Cougot et al., 2004, Sheth and Parker 2003). Additionally,
various exonucleases, decapping enzymes and factors, alongside components of
the NMD pathway (e.g. UPF proteins and SMG7) are found to localise within P-body
granules (Ingelfinger et al., 2002, Sheth and Parker 2003, Van Dijk et al., 2002,

Unterholzner and Izaurralde, 2004).

Overall, efficient degradation of mRNA (at least in the 5’ to 3’ direction) is
dependent on the removal of the 5’ cap structure, as this permit accessibility to
exonucleases (Adijibade and Mazroui, 2014). Conversely, binding of CBP80 to the
5’ cap of mRNA transcripts appears to play a role in ensuring NMD, by facilitating
interaction between NMD factors and the EJC downstream of the PTC (Hwang et
al., 2011). These observations thus indicate a role for mRNA capping in conferring
both mRNA stability and ensuring decay (albeit indirectly in the case of the latter),

which further ensures appropriate regulation of gene expression.

28



Cytoplasm

Protection against
exonuclease cleavage

¢ Qs 53
Nucleus
mRNA s B i

Capping Nuclear Export

S =)
azﬁi#@gﬁ Prevention of PRR

binding to "self" RNA

Promotion of
spliceosome Q
assembly i

@2
elF4E binding

for translation
initiation

Figure 1.3-The role of the mRNA cap.

The presence of N7-methylguanosine structure allows for interaction between mRNA and
interacting proteins such as the CBC and elF4E, this being crucial for canonical cap-dependent
translation of most cellular mRNAs. Beyond this, binding between the cap and CBC within the
nucleus allows for the initiation of splicing via interaction with snRNPs, cumulating in the formation
of the mature spliceosome. Nuclear export of mRNAs is permitted by interaction of the CBC to the
cap alongside various nuclear export factors. The presence of an mRNA cap offers protection
against exonuclease cleavage and degradation, owing to the specificity of exonucleases towards
unmethylated mRNA species. The Cap-1 structure meanwhile, has been primarily recognised for its
role in allowing the innate immune system to differentiate between host and foreign mRNA species.
This is achieved by preventing binding between host transcripts and pattern recognition receptors
(PRR), such as MDA5 and RIG-I. Figure made in BioRender. CBC (Cap binding complex), elF4E
(eukaryotic translation initiation factor 4E), snRNPs (small nuclear riboproteins), MDA5 (Melanoma

differentiation associated protein 5), RIG-1 (Retinoic acid inducible gene-1).
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1.3 Regulation of mRNA capping

Given that gene expression is a highly regulated process to permit for adaption in
response to stimuli and stressors, it stands to reason that capping too is subject to
external regulation. Process such as decapping, expression of external capping
enzyme interactors, the presence of inhibitory by-products, and post translational
modifications (PTM) have all been demonstrated to regulate capping activity.

These are elaborated on below.

1.3.1 Decapping and recapping

Once capped, mRNA transcripts are subject to decapping as a quality control and
regulatory mechanism, marking transcripts for degradation via exonuclease
cleavage at the end of their lifecycle (Muhlrad et al., 1994, Badis et al., 2004).
The decapping process removes the m7G moiety to generate transcripts with 5’
monophosphate ends, which permits the necessary conformational changes to
occur for binding within the active site of cytoplasmic exonucleases (Jinek et al.,
2011). A substantial number of decapping reactions within the cell are catalysed by
MRNA decapping enzyme 2 (DCP2) (Wurm and Sprangers, 2019). To prevent global
deficits in transcript capping, DCP2 displays low basal activity and is dependent on
accessory factors to stimulate hydrolytic catalytic activity (Piccirillo et al., 2003,
Beelman et al., 1996, He and Jacobson, 2015, Tharun et al., 2000). The most
important of these accessory factors, is the cofactor DCP1, which generates the
decapping holoenzyme when in complex with DCP2 (Beelman et al., 1996). The
mechanism by which DCP2 recognises and cleaves m7G structures is yet to be
elucidated. However, it is known that DCP2 is capable of targeting transcripts for
decapping regardless of 2’-O-ribose methylation status. The presence of
methylation at the m6A site however, via the enzymatic activity of CAPAM,
negatively regulates decapping by DCP2 and promotes mRNA stability (Mauer et
al., 2017). The enzyme decapping exoribonuclease (DXO) possesses
pyrophosphohydrolase, decapping and exoribonuclease activity, with specificity for
improperly capped mRNA, as it is unable to bind transcripts methylated at the 2’-
O-ribose position of the first nucleotide. This suggests a putative role for the Cap-1
structure as a marker of transcript quality and may aid in the expression of specific

genes (Picard-Jean et al., 2018).
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Recapping refers to the process of re-adding cap structures to transcripts localised
in the cytoplasm, particularly upon decapping or internal endonuclease cleavage
(Mercer et al., 2010, Grudzien-Nogalska and Kiledjian 2017). This process is
enabled by the presence of capping enzymes RNMT, RAM and RNGTT in the
cytoplasm (Mukherjee et al., 2012). As previously mentioned, the decapping
process when mediated by DCP2, generates 5’ monophosphate ends on transcripts,
which are incompatible for catalysis of guanylyltransferase reactions by RNGTT
(Jinek et al., 2011). A yet unidentified kinase has been found to exist in complex
with RNGTT within the cytoplasm and enables conversion of 5’monophosphate to
5’diphosphate. This provides RNGTT with a suitable substrate for recapping
(Otsuka et al., 2009). This data demonstrates molecular distinction between
nuclear capping and cytoplasmic recapping, representing additional regulatory

layers for modulation of gene expression via this mechanism.

1.3.2 c-Myc

c-Myc is a potent regulator of gene expression within cell lines, contributing to its
status as a proto-oncogene (Menssen and Hermeking, 2002). In addition to directly
promoting gene expression as a transcription factor, c-Myc positively regulates
formation of the m7G cap. Positive regulation of capping by c-Myc occurs by
facilitating increases in RNAPII phosphorylation alongside conversion of SAH, an
inhibitory byproduct of methyltransferase reactions. Myc stimulates RNAPII
phosphorylation by increased recruitment of TFIIH to the TSS, leading to
enhancements in cap formation (Cowling and Cole, 2007, Posternak et al., 2017).
Most methyltransferase reactions utilise SAM as a methyl donor and produce SAH as
a by-product, SAH consequently competes against SAM for binding in the active site
of methyltransferases as part of a negative feedback loop (Cantoni and Chiang,
1980, Fukumoto et al., 2022). This negative feedback loop can be interrupted by
the activity of S-adenosyl homocysteine hydrolase (SAHH), which converts
inhibitory SAH to homocysteine and adenosine. SAHH is a target gene of c-Myc and
can be transcriptionally upregulated via binding of c-Myc at its gene promoter
(Fernandez-Sanchez et al., 2009), further augmenting the pro-capping function of

c-Myc alongside increases in RNAPII phosphorylation.
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It has been demonstrated that whilst overexpression of c-Myc results in modest
increases in m7G capping across the transcriptome, a more substantial enrichment
of cap formation occurs within c-Myc target genes (Cole and Cowling, 2009).
Increased capping of Wnt signalling pathway genes has also been observed upon c-
Myc overexpression. This can be attributed to c-Myc dependent recruitment of
RNMT to Wnt component gene promoters, alongside induction of CDK7 kinase
activity (Posternak et al., 2017).

1.3.3 DHX15 (DEAH-Box Helicase 15)

DHX15, is a DEAH (Asp-Glu-Ala-His) box RNA helicase primarily characterised by its
role in unwinding complex RNA structures to facilitate splicing and maturation of
mMRNA (Semlow et al., 2016). Beyond functions in general RNA processing, a role
for DHX15 has been highlighted in the activation of NF-kB and mitogen activated
protein kinase (MAPK) pathways in response to RNA virus infection, via binding to
mitochondrial anti-viral signalling protein (MAVS) (Mosallanejad et al., 2014).
CMTR1 has been demonstrated to directly interact with DHX15, with this occurring
specifically between the G-patch of CMTR1 and the
oligonucleotide/oligosaccharide-binding (OB) domain of DHX15 (Inesta-Vaquera et
al., 2018, Toczydlowska-Socha et al., 2018). The functional consequence of this
interaction is inhibition of CMTR1 methyltransferase activity and repressed
translation of CMTR1-dependent genes. Furthermore, interactions between CMTR1,
RNAPII and DHX15 are mutually exclusive, suggesting DHX15 may prevent
recruitment of CMTR1 to mRNA targets for capping (Inesta-Vaquera et al., 2018).

1.3.4 Post translational modifications

As is the case with many proteins, post translational modifications (PTM) in
capping enzymes can occur to modulate function (Mann and Jensen, 2003, Aregger
et al., 2016, Lukoszek et al., 2024). Phosphorylation sites have been identified in
both RNMT and CMTR1 methyltransferase capping enzymes, the biological

relevance of which is discussed below.

Phosphorylation of RNMT at the T77 position by CDK-1-cyclin B1 occurs during the
G2/M phase of the cell cycle, resulting in enhanced capping at the G1 phase to
enable a “transcriptional burst”, which occurs after the completion of mitosis.

Phosphorylation at T77 promotes RNMT activity by interfering with interactions
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between RNMT and Importin a-1 (KPNA2), an inhibitor of RNMT-RAM
methyltransferase activity. Additionally, phosphorylation of the T77 site likely
alters RNMT conformation in a manner which promotes accessibility of the SAM
binding domain. Abrogation of RNMT phosphorylation via conversion of threonine
to alanine results in proliferative defects in transformed mammary epithelial cells,
due to disruption in gene expression (Aregger et al., 2016). Phosphorylation of
CMTR1 occurs at 15 sites within the N-terminal domain, denoted as the
Phosphorylation-patch (P-patch). These sites are targeted for phosphorylation by
casein kinase 2 (CK2) (Lukoszek et al., 2024), a pleiotropic kinase with
fundamental roles in cell survival, metabolism, proliferation, inflammation and
DNA repair (Pinna and Meggio, 1997, Kato et al., 2003, Gibson et al., 2017, Loizou
et al., 2004). Whilst phosphorylation of the P-patch does not lead to a direct
enhancement of methyltransferase activity, it does promote interaction between
RNAPII CTD and CMTR1. Upon mutation of phosphorylated residues within the P-
patch to alanine, significant decreases in mature Cap-1 structures across the
transcriptome are noted, leading to suppression of CMTR1 dependent gene

expression (Lukoszek et al., 2024).

1.3.5 Conclusion

Overall, the m7G cap is able to influence a multitude of processes to permit and
promote gene expression for cell function and survival. Unfortunately, it is hard to
dissect which specific process fundamentally governs this role, as many previous
studies regarding the necessity of cap binding proteins and hence the cap itself are
based on depletion of proteins with multifactorial roles in gene expression. For
example, the CBC and elF4E. It is also of import to note that both CBC and elF4E
are capable of efficiently binding to the cap structure in the absence of 2’-0O-
ribose methylation, suggesting CMTR1 activity is dispensable in these processes.
This leaves an open question as to the exact relevance of the Cap-1 structure and
other modifications in regulation of mMRNA processes and gene expression. Current
evidence suggests that CMTR1 does not have global influences in modulating gene
expression, at least not to the same extent as RNMT. Rather, CMTR1 functions to
ensure expression of specific genes, particularly those implicated in metabolism,
mMRNA processing and innate immunity (Williams et al., 2020, Liang et al., 2022,

Dohnalkova et al, 2023, Inesta-Vaquera et al., 2018, Lee et al., 2020).
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1.4 CMTR1 function

1.4.1 Roles for the Cap-1 structure/CMTR1 in innate immunity.

The Cap-1 structure is well-characterised as a means by which the innate immune
system differentiates between RNA of self and non-self-origin. Various pattern
recognition receptors (PRRs), including MDA5 (gene name: IFIH1) and RIG-I (gene
name: DDX58)) recognise viral RNA species due to the absence of 2’-O-ribose
methylation at the first transcribed nucleotide (Zust et al., 2011, Schuberth-
Wagner et al., 2015). Furthermore, effectors of the Interferon (IFN) response
downstream to PRRs such as Interferon induced proteins with tetratricopeptide
repeats (IFITS) , selectively bind to transcripts lacking Cap-1 structures.

Sequestering these from translation initiation factors (Habjan et al., 2013).

Knockdown (KD) of CMTR1 in both monocyte and liver cell lines results in a
significant reduction of IFN stimulated gene 15 (ISG15), Mx dynamin like GTPase 1
(MX1) and Interferon induced transmembrane protein 1 (IFITM1) expression upon
IFN treatment. However, this is not attributable to transcriptional deficits and is
restored upon depletion of translational repressor protein IFIT1 (Williams et al.,
2020). CMTR1-dependent interferon stimulated genes (ISGs) contain elements in
their 5’UTR which predispose them for IFIT mediated repression in the absence of
the complete cap structure (Williams et al., 2020). These translational deficits
which are induced upon depletion of CMTR1 are thought to contribute to an
observed increase in the infectivity of Dengue, Zika and Vesicular stomatitis (VSV)
viruses, highlighting a role for CMTR1 as an anti-viral factor (Williams et al., 2020).
These findings have been replicated in mouse embryonic fibroblasts (MEF), where
suppression of ISGs in response to IFN is observed upon expression of a
phosphodeficient CMTR1 mutant or depletion of WT CMTR1 (Lukoszek et al., 2024).
In contrast to the findings of Williams et al., suppression of ISG expression in these
MEF models was noted to occur transcriptionally and translationally (Lukoszek et
al., 2024), suggesting CMTR1 promotes IFN responses through mechanisms other
than IFIT evasion in the MEF model.

Given that 2’-O-ribose methylation serves to prevent PRR recognition, an immune
response to self RNA may be expected to occur upon CMTR1 depletion. However,

several studies have generated contradictory findings in this regard and suggest
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variation in responses to improperly capped host transcripts amongst tissues.
Conditional KO (cKO) of CMTR1 within the liver of adult mice resulted in significant
upregulation of ISG transcript expression in the absence of additional stimuli, when
measured 6- and 22-days post induction of cre-recombinase (Dohnalkova et al.,
2023). Moreover, unpublished observations from the Sansom lab have noted that
cKO CMTR1 mice develop chronic fibrosis of the liver within the first year of life,
subsequent to chronic hepatitis (Sansom lab, personal communication). Despite
these findings it should be stated that a link between differential CMTR1 function
and hepatitis in human patients has yet to be uncovered. Primary human
fibroblasts and A549 (lung adenocarcinoma) cells display upregulation of IFN-B in
response to CMTR1 KD, which is attenuated upon inhibition of PRRs (Schuberth-
Wagner et al., 2015). Contrastingly, induction of either IFN or ISG expression was
not noted upon CMTR1 depletion in Huh-7 (hepatoma) cell lines (Williams et al.,
2020), however, this may be due to maintenance of low-level methyltransferase
activity or oncogenic factors. Additionally, CMTR1 KD in neurones results in no
detectable alterations in expression for type | IFN signalling genes, implicating
other factors in the detection of improperly capped RNA in the brain (Lee et al.,
2020).

1.4.2 CMTR1 in Transcription and Translation of mRNA

Unlike fellow methyltransferase RNMT, CMTR1 activity is dispensable for ensuring
canonical translation in cells, as the cap binding proteins essential for enabling
translation are capable of recognising m7G moieties alone (Tahara et al., 1981).
Despite this, CMTR1 has been described to enhance translation in Xenopus oocyte
models (Kuge et al., 1998). Furthermore, whilst Cap-1 formation on select
nucleotides only modestly promoted protein expression in 3T3-L1 or HelLa cell
lines, it dramatically increased expression of transcripts starting with adenosine,
cytosine, or uracil nucleotides in JAWS Il cells (a murine dendritic cell line). Cap-1
formation specifically enhanced translation of mRNAs where adenosine was the
first transcribed nucleotide in the JAWS Il model, as additional methylation at the
N6 site via CAPAM provided a synergistic effect (Sikorski et al., 2020). Together,
these data highlight that CMTR1 may further enhance translation of genes in

conjunction with RNMT and even CAPAM methyltransferase activity. However, the
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mechanism behind this remains elusive and cannot be attributed to differences in

affinity for translation initiation factors between Cap-0 and Cap-1 structures.

Specific expression of genes implicated in metabolism, cell cycle progression and
development have been found to be regulated by CMTR1 in a variety of works.
Inhibition of binding between CMTR1 and negative regulator DHX15 resulted in
significant enrichment of 59 transcripts within polysomes, most of which were
associated with cell cycle and metabolic processes. The consequence of this being
increased growth in mammary epithelial tumours (Inesta-Vaquera et al., 2018).
Work conducted in embryonic stem cells (ESC) demonstrated upregulation of
CMTR1 during neural differentiation, with CMTR1 KD in ESC resulting in a failure to
proliferate and widespread apoptosis upon differentiation. These observations
were tied to a dependency on CMTR1 for expression of histones and ribosomal
proteins. Chromatin immunoprecipitation-DNA sequencing (ChIP) analysis
conducted on ESCs showed RNAPII recruitment to the TSS of histone and ribosomal
genes was regulated by CMTR1, with CMTR1 KD repressing binding of RNAPII at
these sites (Liang et al., 2022).

Recent work from the literature has shown that mutations in the G-patch of CMTR1
rescues general anaesthetic sensitivity abnormal 1 (gas-1) mutant nematode
models from hyperoxia and mitochondrial stress (Meisel et al., 2024).
NADH:ubiquinone oxidoreductase core subunit S2 (Ndufs2), the human homologue
of gas-1is a component of mitochondrial complex 1 required for oxidation of
nicotinamide-adenine dinucleotide (NADH) (Pujo et al., 2013), complete loss of
which results in mitochondrial complex | deficiency in human patients (Scheffler,
2015, Loeffen et al., 2001). Rescue of gas-1 mutant phenotypes was enabled by
ectopic localisation of CMTR1 to P-bodies, resulting in translation of nduf-2.2, a
gas- 1 paralogue normally restricted to expression in dopaminergic neurones (Meisel
et al., 2024).

1.4.3 CMTR1 in development and mRNA processing.

In mice deletion of CMTR1 results in arrested development by embryonic day 7.5
alongside lethality, in the absence of IFN induction due to the presence of
improperly capped transcripts. However, this phenomenon has not yet been
described in human patients. Analysis into the transcriptome of this model found
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specific downregulation of small nucleolar RNA (snoRNA) host genes, required for
ribosomal and small nuclear RNA (snRNA) modification, although no deficits were
noted in the intronic splicing of snoRNA host genes (Dohnalkova et al., 2023). One
paper currently available in preprint has described reduced transcription of
snoRNA host genes, ribosomal proteins and 5’TOP-RNAs in CMTR1 KO HEK293T cell
lines. Whilst CMTR1 KO did not mediate global alterations in either splicing or
transcript stability in this study, transcription of ribosomal proteins was
specifically affected (Wolter et al., 2023, preprint). The protein NVL2 is a crucial
ribosome biogenesis factor, responsible for maturation of the 60S ribosomal
subunit (Nagahama et al., 2004). Upon depletion of CMTR1, protein expression of
NVL2 was abrogated due to alterations in splicing which favour excision of exon 8.
This resulted in expression of the NVL2-A8 transcript possessing a premature stop
codon which was subjected to nonsense mediated decay, impacting downstream

ribosome maturation (Wolter et al., 2023, preprint).

Knock-down (KD) of CMTR1 in neurones resulted in reductions of dendritic length
and number, suggesting CMTR1 may regulate developmental processes in the brain.
Neurones possess an intact innate immune response and express components of
RNA sensing pathways; however, no immune response was induced in this model
upon CMTR1 KD (Lee et al., 2020). Knock out of CMTR1 in neurones was found to
reduce transcript levels of calcium/calmodulin-dependent protein kinase (Camk2a)
(Lee et al., 2020), a kinase responsible for long term potentiation at synapses
(Miller et al., 2002). Implying that CMTR1 contributes to brain development by

ensuring expression of specific neural factors.

37



1.5 CMTR1 structure

The characterised regions of the CMTR1 protein include a nuclear localisation
signal (NLS), phosphorylation patch (P-patch), G-patch, Rossman-fold
methyltransferase domain, guanylyltransferase like domain and WW protein
binding domain, in order of the N to C terminus (Lukoszek et al., 2024, Smietanski
et al., 2014) (Figure 1.4).

The P-patch at the N-terminal domain of CMTR1 contains a cluster of serine and
threonine residues to facilitate phosphorylation across this region, mediated by the
activity of CK2 (Lukoszek et al., 2024). Phosphorylation within the P-patch occurs
on at least 15 confirmed residues including: S26, S28, T30, S31, S46, S49, S51, S53,
S55, T57, S63, S64, S66, S75 and S89. The presence of phosphoryl groups at these
sites does not impact methyltransferase activity nor interaction with negative
regulator DHX15 but promotes binding between CMTR1 and the CTD of RNAPII. It is
thought that the disordered P-patch may be capable of interacting with positively
charged regions in the WW domain, in a manner which stimulates RNAPII binding

via intramolecular interaction (Lukoszek et al., 2024).

The G-patch of CMTR1 is a glycine rich region comprised of approximately 50
amino acids with the following consensus motif hhxxxGaxxGxGhGxxxxG (where
G=glycine, h= hydrophobic residues, a= aromatic residues), associated with
functions in RNA processing and binding (Aravind and Koonin 1999, Bohnsack et al.,
2021). The G-patch of CMTR1 contains hydrophobic leucine at residues 94, 106 and
128, a feature which it shares with other DHX15 interacting proteins. Mutation of
leucine specifically at residues L94 and L106 are sufficient to eliminate interaction
between CMTR1 and DHX15. The functional consequence of G-patch mediated
interaction with DHX15 is inhibition of methyltransferase activity and suppression
of CMTR1 regulated genes (Inesta-Vaquera et al., 2018). Thus far, DHX15 is the
only known interactor of the CMTR1 G patch (to the authors knowledge), which is
mediated by the OB domain. Given that OB domains are a specific feature of
DEAH/RHA helicases (He et al., 2010, Ozgur et al., 2015, Silverman et al., 2004,
Walbott et al., 2010) it is possible that CMTR1 exerts additional gene regulatory

functions via interaction with other members of this protein family.
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The catalytic activity of CMTR1 is confined to amino acid residues 126-550,
comprising the Rossmann fold methyltransferase (RFM) domain (Smietanski et al.,
2014). The RFM domain consists of a seven stranded B-sheet surrounded by six a-
helices (Bujnicki 1999, Byszewska et al., 2014). Catalysis of methyltransferase
reactions requires the methyl donor SAM, which binds at a pocket between strands
2, 3 and 4 of the B-sheet (Anantharaman et al., 2002). Upon interaction with
CMTR1, the RNA phosphodiester backbone binds and curves around the protein,
with the 15t nucleotide being located at the periphery of the RNA curve, adjacent
to SAM. The m7G Cap-0 structure can be accommodated in a binding pocket, which
is mediated by interaction with the side chain K203 and the 2’-OH on the ribose of
the m7G cap, alongside side chain E373 and the m7G aromatic ring (Smietanski et
al., 2014). Although human CMTR1 can accommodate the m7G cap it has not
shown to be necessary for enabling CMTR1 methyltransferase activity (Belanger et
al., 2010). It is of interest to note that viral analogues of CMTR1 share a great
degree of conservation in terms of positioning for methyl donor and substrate
targets (Benarroch et al., 2004, Egloff et al., 2002, Krafcikova et al., 2020) but
differ in regard to how they accommodate m7G structures (Hodel et al., 1998,
Bollati et al., 2009), suggesting a unique dependency for Cap-0 formation prior to

methylation of the first nucleotide in certain viral species.

The guanylyltransferase like (GT-like) domain of CMTR1 is catalytically inactive
and the exact purpose served by this region is unclear. Despite this, it has been
demonstrated that the GT-like sequence promotes CMTR1 methyltransferase
activity in a non-essential manner (Smietanski et al., 2014). Furthermore,
structural work conducted by Garg et al indicates that the GT-like domain
facilitates binding between CMTR1 and the OB fold within the RPB7 subunit of
RNAPII, enhancing recruitment of CMTR1 to nascent RNA (Garg et al., 2023).

WW domains are primarily characterised by their function in facilitation of protein-
protein interactions, these typically consist of 35-40 amino acids which fold into a
three stranded anti-parallel B-sheet, forming binding groves for ligand interaction
(Bork and Sudol, 1994, Macias et al., 1996, Verdecia et al., 2000). This domain
displays preference for binding with motifs rich in proline residues alongside

phosphorylated serine/threonine/proline sites (Chen and Sudol, 1995, Lu et al.,
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1999), the latter of which is found within the CTD of RNAPII upon initiation of
eukaryotic transcription (Komarnitsky et al., 2000, Haline-Vaz et al., 2008).

CK2

l Phosphorylates
14-19  26-89  89-113 170-150 550-731 755-790
RFM GT-like
domain domain

Confers methyltransferase activity

NLS WW-
domain G-Patch Domain
Facilitates interaction Facilitates interaction l

RNAPII
Figure 1.4-The Domain Structure of Human CMTR1.

A diagram depicting individual characterised domains of human CMTR1, and corresponding nhumber
of amino acids found within each domain. The P-Patch is phosphorylated via the activity of kinase
CK2, the G-patch domain facilitates interaction between CMTR1 and protein DHX15, whilst the WW
domain facilitates interaction between CMTR1 and RNPIl. The RFM domain confers
methyltransferase catalytic activity. NLS (Nuclear localisation signal), P-Patch (Phosphorylation
Patch), G-Patch(Glycine Rich Patch), RFM (Rossmann Fold Methyltransferase), GT-like
(guanylyltransferase-like), WW (protein binding domain, contains 2 conserved tryptophans (W), CK2
(Casein Kinase Il), DHX15 (DExH-Box helicase 15), RNAPII (RNA Polymerase Il).

Figure made in BioRender and Microsoft PowerPoint. Figure adapted from Lukoszek et al., 2024.
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1.6 Putative CMTR1 interacting proteins

The interactome of CMTR1 is relatively poorly characterised, thus far only RNAPII
and DHX15 have been extensively validated as CMTR1 binding proteins (Haline-Vaz
et al., 2008, Inesta-Vaquera et al., 2018). Study into the CMTR1 interactome of
HEK293 cells has identified putative binding partners of CMTR1 with implicated
functions in modulating gene expression and mRNA processing. (Simabuco et al.,
2018). Argininosuccinate synthetase (ASS1) and PGAM Family Member 5,
Mitochondrial Serine/Threonine Protein Phosphatase (PGAM5) were identified as
CMTR1 interactors in murine liver, the data for which is presented further on in
this body of work (Chapter 4).

1.6.1 ASS1

Argininosuccinate synthetase (ASS1) is a key component of the urea cycle, which
involves 5 separate enzymatic reactions to convert toxic ammonia to urea
(Matsumoto et al., 2019). Deficiency or impairment of ASS1 function results in
citrullinemia type 1, a potentially life-threatening metabolic disorder
characterised by hyperammonaemia (Beaudet et al., 1986). The reaction catalysed
by ASS1 is the conversion of citrulline and aspartate to argininosuccinate via ATP
hydrolysis, which is a rate limiting step in arginine biosynthesis (Ghose and
Raushel, 1985).

Human ASS1 is composed of a nucleotide-binding, synthetase and C-terminal helix
domain (Figure 1.5) and is assembled into a functional homotetramer composed of
two identical dimer units (Karlberg et al., 2008). The nucleotide binding domain
permits for ATP binding, a co-substrate for the reaction mediated by the catalytic
synthetase domain (Goto et al., 2003). Simultaneously, the C-terminal helix
enables oligomerisation of the protein structure to ensure the required
conformation for enzymatic activity (Karlberg et al., 2008). Interestingly,
interaction between ASS1 and another methyltransferase, protein arginine
methyltransferase 7 (PRMT7) has been demonstrated and occurs at a site between

the synthetase domain and C-terminal helix of ASS1 (Verma et al., 2017).

Although the urea cycle involves the activity of mitochondrial proteins (Matsumoto
et al., 2019), ASS1 is localised to the cytosol with expression of this protein being

highest in periportal hepatocytes (Halpern et al., 2017). Despite initial
41



characterisation as a metabolic enzyme recent work has contributed to a growing
appreciation for a role of ASS1 in modulating immune responses (Mao et al., 2022,
Tarasenko et al., 2015). Expression of ASS1 is found to be dysregulated in a variety
of tumours, where it may play either tumour suppressor or pro-oncogenic roles
(Kim et al., 2021, Tao et al., 2019, Keshet et al., 2020).

In cell lines derived from hepatocellular carcinoma (HCC) patients, high
expression of ASS1 correlates positively with survival. This is attributed to ASS1
mediated activation of the PERK/elF2a/ATF4/CHOP pathway, cumulating in ER-
stress related apoptosis of tumour cells (Kim et al., 2021). Furthermore,
overexpression of ASS1 was found to inhibit phosphorylation of proto-oncogenic
transcription factor signal transducer and activator of transcription 3 (STAT3) in
HCC cell lines (Tao et al., 2019). Complementing the above findings further are
molecular studies which show p53 positively regulates ASS1 to destabilise
chromatin remodelling, in a manner which halts gene transcription following DNA
damaging (Lim et al., 2024). Contrastingly, ASS1 expression is found to be
upregulated in mammalian breast, colorectal and lung carcinoma cell lines,
particularly following glucose deprivation. In these models, ASS1 was found to
promote purine synthesis, inhibition of which promoted anti-tumour T-cell

responses upon anti-PD-1 therapy (Keshet et al., 2020).

1.6.2 PGAMS

PGAM Family Member 5, Mitochondrial Serine/Threonine Protein Phosphatase
(PGAMb), is a mitochondrial Ser/Thr/His phosphatase and member of the
phosphoglycerate mutase family. Phosphoglycerate mutase proteins catalyse
conversion of 3-phosphoglycate to 2-phosphoglycate to facilitate glycolysis and
gluconeogenesis (Fothergill-Gilmore and Watson, 1989). However, unlike fellow
family members PGAM5 lacks mutase activity due to poor conservation of a
phospho-histidine signature motif in the PGAM domain (Lo and Hannink, 2006).
PGAM5 has numerous functions in regulating mitochondrial dynamics and has been
implicated to play roles in mitochondrial biogenesis, fission, motility, mitophagy,
and cell death processes (Sugo et al., 2018, Bernkopf et al., 2018, Xu et al., 2015,
O’Mealey et al., 2017, Sekine et al., 2012, Lu et al., 2016).
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PGAM5 exists in human cell lines as two distinct isoforms, PGAM5-L and PGAM5-S,
which arise due to alternative splicing at the 3’ end of the mRNA transcript. Both
isoforms share the initial 239 amino acid sequence, with the longer isoform
(PGAM5-L) possessing an additional 50 amino acids after the conserved sequence,
whilst the short isoform (PGAM5-S) contains 16 hydrophobic amino acids
subsequent to the conserved sequence (Lo and Hannink, 2006). The C-terminal tail
of the protein, which is altered in the PGAM-S isoform is crucial for dimeric
assembly of PGAM5 monomers (Chaikuad et al., 2017). The characterised domains
of PGAM5 include a transmembrane domain (Sekine et al., 2012), a neo-IAP binding
motif (Zhuang et al., 2013), a WDXNWD motif (Wilkins et al., 2014), a NXESGE
motif (Lo and Hannink, 2006), a PGAM domain (Takeda et al., 2009) and a C-
terminal tail (Chaikuad et al., 2017) (Figure 1.5).

Cleavage of the transmembrane domain of PGAM5 via presenilin-associated
rhomboid-like protein (PARL) occurs upon loss of mitochondrial potential or
rupture of the outer mitochondrial membrane, enabling greater motility of PGAM5
to coordinate cellular responses to mitochondrial stress (Sekine et al., 2012,
Bernkopf et al., 2018, Yamaguchi et al., 2019, Baba et al., 2021). Upon cleavage
and subsequent release into the cytosol, PGAM5 dephosphorylates Axin, a scaffold
protein of the B-catenin destruction complex, to mediate upregulation of Wnt
signalling and facilitate mitochondrial biogenesis (Bernkopf et al., 2018).
Additionally, cleavage of PGAM5 has also been demonstrated to promote
localisation into the nucleus, where dephosphorylation of serine/arginine rich

proteins with roles in mRNA processing occurs (Baba et al., 2021).

The neo-lAP binding motif, which is accessible upon cleavage, permits PGAM5 to
interact with inhibitors of apoptosis protein (IAP) and regulate cell death processes
(Zhuang et al., 2013). The WDXNWD domain is required for multimeric assembly of
PGAM5 by mediating protein-protein interaction and serves to promote
phosphatase activity via allosteric activation of the adjacent monomer’s PGAM
domain within the dimer complex (Wilkins et al., 2014). The NXESGE motif of
PGAM5 enables binding to the Kelch domain of Keap1, a protein sensor of oxidative
stress which facilitates metabolic rewiring (Lo and Hannink, 2006). The PGAM

domain enables removal of phospho-groups from substrates and is the centre of
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PGAMS5 catalytic activity. Upon binding, phosphate molecules interact with the
catalytic centre held together by a B-sheet core structure aligned with a charged
cluster of amino acids. These positively charged amino acids include two histidine
(H105 and H230) and two arginine residues (R104 and R152), which adopt the 2H-
phosphatase arrangement necessary for catalytic activity upon phosphate binding
(Chaikuad et al., 2017). PGAM5 displays a preference for dephosphorylating
negatively charged substrates containing phosphorylated serine/threonine residues
and fails to exert enzymatic activity upon tyrosine phospho-peptides (Taked et al.,
2009, Wilkins et al., 2014).

Considering the role of PGAM5 in regulating mitochondrial dynamics and cell death
programmes it is unsurprising that this protein has been implicated in
tumorigenesis. Significantly higher expression of PGAM5 has been noted in HCC
tumour tissues compared to non-tumour matched controls and correlated with
poorer patient survival. These observations were attributed to binding between
PGAM5 and anti-apoptotic protein B-cell lymphoma-extra large (Bcl-xL), which
conferred protection of the latter against proteasomal degradation, inhibiting
apoptosis (Cheng et al., 2018). Additional work has also demonstrated KO of
PGAM5 attenuated liver tumour cell growth via downregulation of fatty Acid
Binding Protein 1 (FABP1) expression, a protein implicated in long chain fatty acid
uptake and the promotion of HCC angiogenesis (Muthusamy et al., 2023).
Conversely, in the context of colorectal cancer (CRC), ratios of kelch-like ECH-
associated protein 1 (Keap1) and PGAM5 expression are dysregulated in a manner
which favours degradation of PGAM5, with this predicting CRC tumour metastasis
(Chang et al., 2017).
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Figure 1.5-Human domain structures of putative CMTR1 binding proteins, ASS1 and
PGAM5.

A diagram depicting individual characterised domains of human ASS1, PGAM5-L (long isoform) and
PGAMS5-S (short isoform), alongside the corresponding number of amino acids found within each
domain. Figure made in BioRender and Microsoft PowerPoint. ASS1 (argininosuccinate synthetase),
PGAM5 (PGAM family member 5, mitochondrial serine/threonine protein phosphatase), TM
(transmembrane domain), PGAM (phosphoglycerate mutase), IAP (inhibitor of apoptosis proteins),

PARL (presenilin-associated rhomboid-like protein).
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1.7 Roles of CMTR1 in disease and pathology

1.7.1- CMTR1 in cancer

Preliminary experiments conducted in the Sansom lab have implicated CMTR1 in
liver cancer oncogenesis. Conditional knock-out (cKO) of CMTR1 in murine models
resulted in chronic inflammation and fibrosis of the liver within the first year of
life. When cKO of CMTR1 is induced in conjunction with dysregulation of oncogenes
B-catenin and c-Myc, tumorigenesis is accelerated compared to WT controls. This
suggests CMTR1 possesses a tumour suppressive role in the preliminary stages of

liver cancer initiation (Sansom lab, personal communication).

Analysis conducted on datasets from the cancer genome atlas (TCGA) indicates
significant increases in CMTR1 expression occur in CRC tumour tissue compared to
normal matched controls. Knock down of CMTR1 in CRC cell lines coincides with
reduced expression of cell cycle genes CDK6 and CCND1 (You et al., 2023), which
are implicated in promoting cancer cell proliferation (Obaya et al., 2002).
Furthermore, CMTR1 KD cell lines displayed a lower extent of oncogenic STAT3
expression and phosphorylation, mediated by inhibition of RNAPII recruitment to
the TSS of the STAT3 promoter by CMTR1 (You et al., 2023). Rearrangement and
generation of fusion proteins containing anaplastic lymphoma kinase protein (ALK)
occurs in around 0.8% of cancer cases (Ross et al., 2017). The majority of ALK
fusion events in non-small cell lung carcinoma (NSCLC) involve the generation of
EML4-ALK fusion proteins (Takeuchi et al., 2009), however, a CMTR1-ALK fusion
has been reported in a single case of NSCLC in a 75-year-old male patient. The
authors of this case report identified that the CMTR1-ALK gene consisted of the
first two exons of CMTR1 fused to exon 20-29 of ALK, inducing a frameshift
mutation which prevented ALK translation and conferred resistance to ALK
inhibitor therapy (Du et al., 2018). Additionally, a multi-omics study currently in
preprint has identified that mRNA, protein, and phosphoprotein levels of CMTR1
are significantly higher in multiple cancers when compared to normal adjacent
tissues, with mRNA expression of CMTR1 being enriched in liver cancer patients

(Campeanu et al., 2024, preprint).
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1.7.2- CMTR1 in inflammatory diseases and viral infection

Genome wide association studies analysing occurrence of asthma exacerbation in
patients taking inhaled corticosteroids identified the SNP rs2395672 in CMTR1 as a
risk factor for asthma-related hospitalisation. Further experimentation determined
that CMTR1 was over-expressed in nasal lavage samples of patients during
picornavirus induced asthma exacerbation. Although the authors of this study did
not perform mechanistic follow up experiments, they postulated that CMTR1s role
in regulating viral immune responses was likely to influence asthma pathogenesis
(Dahlin et al., 2015).

As alluded to above, CMTR1’s role in innate immunity permits it to function as an
anti-viral factor in the context of Dengue, ZIKA and VSV infection. Depletion of
CMTR1 resulted in increased expression of viral RNA relative to cellular
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) alongside immunostaining of
viral proteins; a phenotype which was maintained upon depletion of STAT1 in
isolation, suggesting anti-viral activity is facilitated by CMTR1 mediated regulation
of ISGs (Williams et al., 2020). Contrasting these findings is the observation that
CMTR1 functions as a pro-viral factor in the context of influenza A virus (IAV) and
influenza B virus (IBV) infection (Li et al., 2020, Tsukamoto et al., 2023), which
may be attributed to dependency on CMTR1 to conduct cap-snatching. Cap-
snatching refers to a process by which viruses cleave the mature Cap-1 structure
from host mRNAs and utilise these to prime viral mRNA synthesis (Decroly and
Canard, 2017). Genome-wide CRISPR/Cas9 screening initially identified WDR7,
CCDC115, TMEM 199 and CMTR1 as IAV host factors. Depletion of CMTR1 in both
A549 and normal human lung fibroblasts conferred strong protection against IAV
infection, reflected by decreased staining of viral hemagglutinin protein within
these cell lines. Viral RNA luciferase constructs exhibit decreased activity upon
CMTR1 KO, with these cells simultaneously displaying reductions in capped viral
RNAs (Li et al., 2020). Additional study demonstrates IAV and IBV replication is
inhibited in CMTR1 KO A549 cells, with specific defects occurring in IAV cap
snatching from U2 spliceosomal snRNA. Curiously, replication of other
orthomyxoviruses and bunyaviruses which also perform cap-snatching were not
altered upon CMTR1 KO (Tsukamoto et al., 2023).
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1.8 Hepatocellular carcinoma

Primary liver cancer, of which hepatocellular carcinoma (HCC) is the most common
type, is the 4% leading cause of cancer-related death worldwide (Villanueva,
2019). The 5-year survival rate proceeding diagnosis in Europe stands at only 12%
(Lepage et al., 2015), highlighting the need to enhance current understanding of
HCC pathology and pioneer new treatment regimes. A figure summarising
aetiology, molecular drivers and typical progression of HCC can be found below
(Figure 1.6).

Hepatocellular carcinoma is typically proceeded by liver diseases with an
underlying inflammatory component, progressing from hepatitis to cirrhosis and
the eventual development of HCC (Yu et al., 2018). The incidence of HCC is
highest in East Asia, Sub-Saharan Africa and Northern Africa, which is in part
attributed to the burden of hepatitis B virus (HBV) infection in these regions
(Rumgay et al., 2022). Despite this, a recent epidemiological shift has been noted,
with rates of HCC increasing in Western countries alongside incidence of non-
alcoholic fatty liver (NAFLD) and alcohol-related liver disease (Singal et al., 2023,
Estes et al., 2018, Huang et al., 2022). The remainder of HCC cases which cannot
be attributed to viral infection, obesity, or alcohol abuse can stem from
autoimmune and genetic disorders (Valean et al.,2019), with aflatoxin exposure
contributing further to the epidemiology of HCC in less developed regions (Liu and
Wu, 2010).

1.8.1 Molecular drivers HCC

The most common molecular drivers of HCC oncogenesis involve mutations and
alterations in TERT, TP53, CTNNB1, MYC and ARID1A genes (Ally et al., 2017.
Totoki et al., 2014, Schulze et al., 2015, Nault et al., 2013). The TERT gene
encodes for telomerase reverse transcriptase, an enzyme which catalyses telomere
lengthening to enable unrestrained proliferative capacity and self-renewal in
cancerous cells (Shay and Wright, 2019). TERT mutations in liver cancer are often
centred within promoter sequences, inducing formation of atypical ETS/TCF
binding motifs which drive TERT expression (Nault and Zucman-Rossi, 2015, Huang
et al., 2013). Mutations in TERT are found in preneoplastic macro nodules within
cirrhotic liver, prior to development of full-fledged HCC, suggesting TERT
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mutations are a key component of HCC tumour initiation (Nault et al., 2013).
Interplay is thought to exist between TERT and fellow oncogene CTNNBT1 in a
manner which promotes oncogenesis. TERT mutations co-occur with those in
CTNNB1 and other WNT signalling genes to a significant extent (Totoki et al.,
2014). Furthermore, B-catenin binds to the TERT promoters, with expression of
stable B-catenin enhancing expression of TERT in human carcinoma cells
(Hoffmeyer et al., 2012).

The CTNNB1 gene encodes the transcription factor B-catenin and is found to be
mutated in a number of cancers (Zehir et al., 2017, Gao et al., 2017). Mutations in
CTNNBT1 are often associated with HCC arising from excessive alcohol and tobacco
use (Schulze et al., 2015). Mechanistically, phosphorylation of B-catenin by
members of the destruction complex permit for ubiquitination and degradation of
the protein in the absence of appropriate signalling ligands (Stamos and Weis,
2013). Tumour promoting mutations in B-catenin tend to be concentrated within or
nearby phosphorylation sites at exon 3, preventing degradation of B-catenin and
enabling continuous oncogenic Wnt signalling (Provost et al., 2003, He and Tang,
2020). Interestingly, expression of a stable B-catenin mutant alone is not sufficient
to induce liver tumorigenesis in mouse models (Harada et al., 2002, Tripathy et
al., 2018).

Overexpression of c-Myc via focal amplification is abundant in HCC tumours of both
viral and alcohol related aetiologies (Schlaeger et al., 2008, Schaub et al., 2018,
Lin et al., 2010). Amplification of MYC in isolation is not sufficient to induce HCC,
as is the case with stable B-catenin mutant expression (Molina-Sanchez et al.,
2020, Beer et al., 2004, Harada et al., 2002). Myc functions as a transcription
factor with activating and repressor functions, dysregulation of which contributes
to unconstrained proliferation and growth in cancers (Daksis et al., 1994, Van
Riggelen et al., 2010). The Hepatitis B viral protein HBx is noted to promote
stability of c-Myc by blocking ubiquitin mediated degradation in hepatoma cell
lines (Kalra and Kumar, 2006). Additionally, B-catenin has been identified to bind
to elements in the MYC promoter, further enhancing overexpression (He et al.,
1998), these finding highlight the role of cooperation between these two

oncogenes in HCC carcinogenesis.
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Progression to HCC from healthy liver is typically preceded by chronic inflammation of the liver

(hepatitis) and cirrhosis. Causative factors and common molecular drivers of HCC are highlighted

above. Figure made in BioRender. HCC (hepatocellular carcinoma), HBV (Hepatitis B virus), HCV

(Hepatitis C virus), NASH (Non-alcoholic steatohepatitis).

1.8.2 Outcome, Prevention, and Treatment

Outcomes for HCC tend to be poor, with 5-year relative survival rates reaching

only 12% for primary liver cancer in a European study (Lepage et al., 2015). The

most successful prevention strategy for reducing HCC incidence thus far has been

the implementation of HBV vaccination programs. Analysis of HCC rates in

Taiwanese children between 1981 and 1994 demonstrated a significant and potent

reduction in HCC incidence upon vaccination (Chang et al., 1997), indicating

efficacy. Treatment of underlying viral aetiologies after infection has also been

demonstrated to reduce HCC incidence, particularly if administered prior to liver

cirrhosis (Kanwal et al., 2017).

Resection, ablation, and transplantation of the liver can be curative but are

typically dependent on diagnosis at an early stage of disease progression. Sorafenib

is a pleiotropic protein kinase inhibitor and constitutes the first line of treatment

in cases of advanced HCC (Llovet et al., 2008). Inhibition of Raf-1 and vascular

endothelial growth factor receptors permit sorafenib to exert an anti-angiogenic
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effect and promote tumour cell-apoptosis in mouse xenograft models (Liu et al.,
2006). Administration of Sorafenib in a cohort of East-Asian patients improved
overall median survival to 6.5 months, compared to 4.2 months in the placebo
control group (Cheng et al., 2009). Recombinant IFN therapy is used in cases of
HCC relating to Hepatitis C virus (HCV) infection. Treatment with IFN prior to
development of HCC in HCV patients reduces subsequent incidence and may
decrease rates of reoccurrence in HCC patients who have undergone surgical
resection (Hsu et al., 2015, Ishikawa 2008, Kubo et al., 2001). Additionally, mouse
xenograft models treated with type | IFN display reductions in cancer proliferation
and angiogenesis, alongside increases in tumour cell apoptosis. The anti-cancer
effect of type | IFN is further enhanced when sorafenib is co-administered
(Enomoto et al., 2017). Checkpoint immune inhibitors (Cll) offer an alternative
avenue for HCC treatment, particularly in those with advanced disease who are
resistant to sorafenib (Huang et al., 2020). These inhibitors specifically target
programmed cell death protein 1 ligand and its coghate receptor (PDL1), activation
of which attenuates anti-tumour T-cell responses (Wang et al., 2019). A phase 1b
clinical study analysing the efficacy of Cll pembrolizumab in conjunction with
kinase inhibitor Lenvatinib demonstrated efficacy of this treatment in exerting

anti-tumour activity (Kudo et al., 2023).
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1.9 Innate immune responses to uncapped RNA

Unlike DNA, host RNA is localised to both cytoplasm and nucleus under normal
physiological conditions, meaning detection of specific motifs is required to
differentiate between endogenous and non-self RNA. Prominent nucleic acid
sensors of DNA or RNA include endosomal Toll-like receptors (TLR), cyclic GMP-AMP
synthase (cGAS) and retinoic acid-inducible gene 1-like receptors (RLRs)
(Alexopoulou et al., 2001, Wu et al., 2013, Yoneyama et al., 2004, Yoneyama et
al., 2005). Retinoic acid-inducible gene 1 (RIG-1, gene name: DDX58), melanoma
differentiation-associated protein 5 (MDA5, gene name: IFIH1) and laboratory of
genetics and physiology 2 (LGP2, gene name: DHX58) make up the 3 members of
the RLR protein family, which mediate RNA sensing within the cytosol (Rehwinkel
and Gack, 2020). These RLR proteins (particularly MDA5) predominantly mediate
sensing of dsRNA species (Wu et al., 2013, Kato et al., 2008) which can be derived
from both viruses which possess dsRNA genomes and as an intermediary of ssSRNA
virus replication (Triantafilou et al., 2012). Additionally, RLR proteins have been
specifically demonstrated to respond to mRNA lacking methylation at the 2’-O-
ribose position of the first nucleotide (Schuberth-Wagner et al., 2015, Devarkar et
al., 2016, Zust et al., 2011).This Implicates the cap-1 structure as a means by

which the innate immune system differentiates “self” and “non-self”.

1.9.1 RLRs

Structurally, RIG-1 consist of two caspase activation and recruitment domains
(CARDS) at the N-terminus, flanked by a central DExD/H-Box RNA helicase core,
followed by a regulatory Zn?* domain at the C-terminal end of the protein. This
general domain structure is shared with fellow RLR family member MDA5 and to an
extent LGP2 (Yoneyama et al., 2005, Luo et al., 2011). RIG-I sensing of viral RNAs
is dependent on possession of unique biochemical features which are not expected
to occur naturally in host RNAs. RNAs containing blunt 5’triphosphate ends,
uncapped 5’ diphosphate groups, and those which lack methylation at the 2’-O-
ribose position are prone to detection via RIG-I (Schlee et al., 2009, Goubau et al.,
2014, Schuberth-Wagner et al., 2015). The Cap-1 structure of mRNA prevents
recognition by RIG-I via steric hindrance, dependent on a specific histidine residue

at the 830 amino acid position of RIG-I. The presence of the m7G cap alone on RNA
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is not sufficient to negatively impact RIG-I stimulation (Schuberth-Wagner et al.,
2015).

In the absence of an appropriate ligand the N-terminal CARD domains of RIG-I are
folded back, mediating interaction between these regions and the central helicase
domain which sequesters RIG-1 from immune response adaptor proteins (Kowalinski
et al., 2011, Luo et al., 2011, Saito et al., 2007). Upon ligand binding, the helicase
domain wraps around viral RNA in a ringlike structure. This mediates the
conformational changes required in conjunction with ATP to open CARD domains
for downstream signalling (Jiang et al., 2011, Rehwinkel and Gack, 2020). The
freeing of these CARD domains upon ligand binding permits for oligomerisation of
RLRs and is thought to be required to further facilitate downstream signalling.
Exactly how this oligomerisation occurs in highly debated, proposed mechanisms of
RIG-I oligomerisation include non-destructive polyubiquitination (Jiang et al.,
2012), and ATP driven translocation (Peisley et al., 2013), with some researchers
suggesting functionality for RLRs as monomers (Louber et al., 2014). Upon
activation, RIG-| interacts with a single CARD domain in the mitochondrial anti-
viral signalling protein (MAVS), which is tethered to the outer mitochondrial
membrane (Seth et al., 2005). This interaction facilitates filament formation and
MAVS aggregation, which is indispensable for recruitment of TNF receptor
associated factor (TRAF) proteins, dimerization of Interferon regulatory factor 3
(IRF3) and activation IkB kinase (IKK) complexes (Hou et al., 2011). Following
activation of these immune factors, NF-kB is freed from its inhibitory complex and
is able to induce expression of pro-inflammatory cytokines via translocation into
the nucleus, simultaneously, entry of dimerised IRF3 into the nucleus induces
expression of type | IFNs (Seth et al., 2005). Type | IFNs are then able to act on
their cognate receptor, inducing downstream formation of the transcription factor
complex Interferon-stimulated gene factor 3 (ISGF3), which results in the induction
of numerous interferon stimulated genes (ISGs) (Kessler et al., 1988, Levy et al.,
1989). Expression of these ISGs results in the cell entering an anti-viral state, as
these factors are able to directly interfere with viral function and further augment

pathogen sensing (Schneider et al., 2014).
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Given the high degree of similarity in structure, it is believed that MDA5 adopts
similar mechanisms of innate immune activation upon binding with nucleic acid as
RIG-I (Rehwinkel and Gack, 2020). Where RIG-l1 and MDAS5 are believed to differ
functionally is primarily on their choice of activating ligand. Both RLRs are able to
respond to double stranded RNA (dsRNA) species lacking 2’-0O-ribose methylation of
the first nucleotide but favour RNA ligands of differing lengths, with MDA5
preferentially binding to polyinosinic-polycytidylic acid (Poly 1:C) over 2Kbp (Kato
et al., 2008). This is reflected in the utility of these two proteins within the
context of infection with specific RNA viruses, as RIG-I is critical for IFN production
in response to paramyxovirus species whereas expression of MDA5 is essential for
detection of long dsRNA replicative intermediates of picornaviruses (Kato et al.,
2006, Feng et al., 2012). AU elements within viral RNA are also thought to factor
into ligand binding of RLR family members, with MDA5 appearing to favour binding
to AU rich RNA species, as opposed to those enriched for GC elements (Runge et
al., 2014). The exact biochemical mechanism of how the Cap-1 structure is able to
abrogate MDAD5 signalling is yet to be elucidated. Despite this it has been shown
that RNA from recombinant mouse hepatitis virus (MHV) lacking 2’-O-methylation
activity is prone to activating MDA5 mediated IFN-B production, which is rescued
upon restoration of MHV capping enzyme activity (Zust et al., 2011). Unlike RIG-I,
MDAD5 is unable to form extensive intra-molecular interactions and hence adopts an
open conformation even in the absence of an appropriate ligand. Once bound to
ligand, multiple MDA5 monomers form filaments on dsRNA via cooperative binding
between helicase and CTD ring like structures, these are then able to promote

aggregation of MAVS for downstream signalling (Zheng et al., 2015).

LGP2 is the third and most poorly characterised member of the RLR family,
appearing to exert both positive and negative regulatory roles on innate immune
responses to viral RNA (Rodriguez et al., 2014). LGP2 contains a central helicase
similar to that of RIG-I and MDA5 and is able to bind to dsRNA with greater affinity
than fellow RLRs but lacks CARD domains required for inducing aggregation of
MAVS (Murali et al., 2008, Rothenfusser et al., 2005, Rodriguez et al., 2014).
Overexpression models of LGP2 display reductions in IFN signalling mediated by
RIG-I in response to Sendai and Newcastle disease viral infection, potentially due
to LGP2 “mopping up” excess dsRNA as part of a negative feedback mechanism
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(Rothenfusser et al., 2005). Aggregation of MAVS via RLR CARD domains is
necessary for recruitment of IKKi (an inducible form of IKK) to then mediate
phosphorylation of IRF3. LGP2 has been demonstrated to interact with MAVS and
compete with IKKi for binding, thus diminishing activation of IRF3 to negatively
regulate IFN signalling (Komuro and Horvath, 2006). Conversely, depletion of LGP2
in mice was shown to result in susceptibility to encephalomyocarditis virus
infection, dependent on abrogation of LGP2’s ATPase activity. The authors of the
study postulate this may be attributable to LGP2 facilitating the unwinding and
mis-localisation of viral RNAs, improving ease of detection by RIG-I and MDA5
(Satoh et al., 2010).

1.9.2 RNA sensing and IFN signalling.

In response to RNA sensing by PRRs such as the RLR family members, aggregation
of MAVS is achieved. This facilitates maturation of the MAVS signalosome for
recruitment of TRAF proteins and phosphorylation of downstream factors (Seth et
al., 2005, Hou et al., 2011). As previously mentioned, the N-terminal CARD domain
enables activation via binding of RIG-I and MDA5 oligomer structures (Kowalinski et
al., 2011). Additionally, MAVS possesses a C-terminal transmembrane domain
which maintains localisation to the outer mitochondrial membrane and contains a
central proline-rich domain (PRD) (Hou et al., 2011). MAVS is able to interact with
TNF receptor associated factor proteins 2, 3, 5 or 6 (TRAF2/3/5/6), which then
proceed to promote activation of both TANK binding kinase 1 (TBK1) and IkB kinase
(IKK) complexes through mechanisms involving E3 ligase activity (Liu et al., 2013,
Fang et al., 2017). Activation of TBK1 is mediated by both autophosphorylation and
the extrinsic kinase activity of IKKB (Clark et al., 2011), enabling downstream
phosphorylation of Interferon regulatory factors 3 and 7 (IRF3 and IRF7).
Phosphorylation of IRF induces dimerization of these proteins, resulting in
translocation to the nucleus and binding to inflammatory gene promoters with IRF-
binding elements, including those of IFNa and IFNB (Hiscott et al., 1999, Fitzgerald
et al., 2003). The activated IKK complex consists of two kinase subunits, IKKa and
IKKB (Mercurio et al., 1997) alongside noncatalytic protein NEMO, which then
proceed to phosphorylate inhibitory IkB subunits within the NF-kB complex to
promote ubiquitin degradation (Karin, 1999). Once liberated from this complex,

canonical NF-kB protein family members are free to translocate to the nucleus and
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modulate expression of pro-inflammatory factors (Beinke and Ley, 2004) (Figure
1.7).

Once expressed, all type | Interferons bind to a heterodimeric transmembrane
receptor consisting of subunit chains IFNAR1 and IFNAR2. Type | IFNs can be
expressed by the majority of cells within the human body, in contrast, type Il IFN
(consisting of IFN-y only) is exclusively produced by leukocytes (McNab et al.,
2015). Within humans type | IFN can be divided into IFN-a (which can further be
divided into 13 subtypes), IFN-B, IFN-g, IFN-k and IFN-w, although the former two
subtypes are the most well characterised (Platanias et al., 2005). Despite sharing a
cognate receptor, expression of distinct type | IFNs is believed to result in
differential outcomes during infection by specific pathogens, perhaps due to
differences in the potency of the induced immune responses (Foster et al., 2009,
Fox et al., 2020 ), which may be owed to variance in affinity for the type | IFN
receptor (Lavoie et al., 2011, Moraga et al., 2008).

Interaction between type | IFNs and the type | IFN receptor permits for closer
association between the two chains and cross-phosphorylation of tyrosine kinase 2
(TYK2) bound to INFAR1, and Janus kinase 1 (JAK1) bound to INFAR2. Cross-
phosphorylation of TYK2 and JAK1 enables these proteins to act as a platform for
subsequent phosphorylation of multiple STAT family protein members, including
key drivers of the IFN response STAT1 and STAT2 (Piehler et al., 2012, Schindler et
al., 2007). These actions generate the formation of ISGF3, composed of STAT1,
STAT2 and IRF9, which is then able to promote expression of IFN stimulated genes
(ISG) (Fu et al., 1990, Schindler et al., 2007). Expression of ISGs occur on the basis
of IFN-stimulated regulatory elements (ISRE) within gene promoters, canonically
consisting of a TTTCNNTTTC motif (where N= any nucleotide) (Leviyang, 2021,
Shemesh et al., 2021).
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Figure 1.7-The Immune response to uncapped RNA.

RIG-1 and MDA5 serve as PRRs for detection of viral RNA. Both RIG-I1 and MDA5 bind to mRNA lacking
methylation at the 2’-0 ribose position (Cap-1 structure). Interaction between RNA and these PRRs
results in binding to adaptor protein MAVS, which triggers oligomerisation to form the MAVS
signalosome. TRAF proteins are then recruited, which initiate downstream phosphorylation of IRF3
and 7 transcription factors, for IFN and ISG production. TRAF proteins are also capable of activating
NF-kB via activation of IKK (composed of IKKB/IKKa and NEMO) which phosphorylate inhibitor kB,
leading to the ubiquitination and degradation of the latter. This enables NF-kB to carry out its
function as a transcription factor for production of various pro-inflammatory mediators. Figure
made in BioRender. PRR (Pattern recognition receptor) RIG-I (Retinoic acid inducible gene-1), MDA5
(Melanoma differentiation associated protein 5), MAVS (Mitochondrial antiviral signalling protein),
TRAF (TNF receptor associated factors), TBK1 (TANK binding kinase 1), IKK (Inhibitor of nuclear
factor-kB kinase), NEMO (NF-kB essential modulator) IRF (IFN regulatory factor), NF-kB (Nuclear
factor kappa-light-chain-enhancer of activated B cells), IFN (Interferon), ISG (Interferon stimulated

gene).
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1.9.3 ISGs (with specific focus on IFIT proteins, CMTR1 and ISG15)

The end result of IFN signalling is the induction of ISG expression to mediate anti-
viral responses and further potentiate the IFN response (Schoggins and Rice, 2011,
Schneider et al., 2014). The exact number and profile of ISGs induced by IFN varies
amongst organism and cell type, with around 200-500 ISGs being expressed by most

non-haematopoietic cells (De Veer et al., 2001, Schoggins et al., 2011).

Multiple ISGs exert anti-viral activity by directly interfering with the viral lifecycle.
For example, MX1 has been found to disrupt interaction between IAV viral
polymerase basic protein 2 (PB2) and nucleoprotein (NP), resulting in a decrease in
viral polymerase activity and thus viral transcription (Verhelst et al., 2012).
Another ISG, cholesterol-25-hydoxylase (CH25H) converts cholesterol into 25-
hydroxycholesterol, a product which induces biochemical changes in the host
cellular membrane changes to impair viral membrane fusion, effectively
preventing enveloped viral entry (Liu et al., 2013). Beyond direct anti-viral
effectors, many ISGs function to sustain and intensify IFN responses. For example,
PRRS including RIG-I, MDA5 and IRF1/7 mediate viral RNA sensing upstream of I1SG
transcription and are further upregulated upon IFN induction as ISGs in a positive
feedback loop (Pine, 1992, Honda et al., 2005, Kang et al., 2002, Yoneyama et al.,
2004). Other ISGs function to sustain the IFN response by augmenting the function
of PRRs and other IFN signalling pathway factors, DDX60 for example promotes the
binding of dsRNA to RIG-I, enhancing activation of RLR signalling pathways
upstream of ISG induction (Miyashita et al., 2011). In turn, as chronic activation of
IFN signalling is detrimental to human host cells, there are also ISGs which function
as negative regulators of the IFN response, such as ubiquitin specific peptidase 18
(USP18). USP18 specifically binds to the INFAR2 subunit of the type | IFN receptor
and prevents this from phosphorylating JAK1, inhibiting further inflammatory
signalling (Honke et al., 2016).

Interferon-induced proteins with tetratricopeptide repeats (IFITs) are a class of
anti-viral proteins induced by expression of IFN. Humans possess 5 IFIT genes:
IFIT1, IFIT1B, IFIT2, IFIT3 and IFIT5, whilst mice possess 6: Ifit1, Ifit1b, Ifitic,
Ifit2, Ifit3, Ifit3b (Daugherty et al., 2016). IFIT1 selectively binds to the 5’UTR of

RNA species lacking the Cap-1 structure and inhibit these from interacting with
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translation initiation factors to halt viral protein production (Daffis et al., 2010,
Hui et al., 2003). Interestingly, one recently published study has implicated that
methylation at the N6 position of adenosine mediated by CAPAM may also be of
importance in conferring protection for host mRNAs against IFIT repression (Geng
et al., 2024). IFITs have been implicated in ensuring robust immune responses
towards a variety of viral species, including HCV, IAV and VSV (Raychoudhuri et al.,
2011, Pichlmair et al., 2011). IFIT2 and IFIT3 promote IFIT1 mediated inhibition of
viral protein translation by stabilising binding between IFIT1 and viral RNA (Fleith
et al., 2018).

The methyltransferase CMTR1 responsible for formation of the mature Cap-1
structure is induced by IFN, giving rise to its alternative moniker, interferon
stimulated gene 95 (ISG95) (Haline-Vaz et al., 2008, Su et al., 2002, Guerra et al.,
2003). Exactly how CMTR1 exerts anti-viral functions are still in the process of
being elucidated. However, Williams et al., uncovered a role for CMTR1 in ensuring
expression of fellow ISGs including ISG15, MX1, and IFITM1 by negatively regulating
IFIT mediated translational inhibition (Williams et al., 2020). Findings by Lukoszek
et al., which make up a component of Chapter 5 in this work, uncovered that
abrogation of CMTR1 phosphorylation results in significantly reduced expression of
a number of ISGs on both the protein and transcript level. Combined with the
observation that phosphorylation of CMTR1 promotes interaction with RNAPII, it
may be proposed that CMTR1 functions as an ISG by ensuring protein expression of
fellow ISGs via capping activity. This activity is likely to be of particular
importance when the cell enters an anti-viral state, as IFIT and other protein
factors display an enhanced capacity to inhibit improperly capped host mRNA
(Figure 1.8) (Lukoszek et al., 2024, Daffis et al., 2010, Zust et al., 2011).

ISG15 is another example of a protein produced in response to IFN, with recent
data suggesting expression of this protein is regulated by CMTR1 activity (Williams
et al., 2020, Lukoszek et al., 2024). This protein is a member of the ubiquitin-like
protein family and exerts activity once conjugated to target proteins via a process
termed ISGylation, which involves the participation of E3 ligases. (Loeb and Haas,
1992, Fan et al., 2015). The functional consequences of ISGylation on host proteins

is not well characterised but it appears to negatively regulate turnover of
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ubiquitylated proteins upon the formation of mixed chains (Fan et al., 2015).
Targeting of viral proteins for ISGylation has been documented, with this
contributing to restriction of Ebola and Influenza virus infection (Lai et al., 2009,
Okumura et al., 2008, Lenschow et al., 2007). Furthermore, free ISG15 displays
cytokine like properties by stimulating lymphocyte proliferation (D’Cunha et al.,
1996) and interacts with other IFN pathway components to regulate innate immune
responses (Du et al., 2017, Shi et al., 2010).
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Figure 1.8- A proposed role for CMTR1 phosphorylation in the innate immune
response. CMTR1 is phosphorylated at 15 sites within the N-terminal domain of the protein, via
the activity of CK2. Phosphorylation of CMTR1 enables enhanced interaction with RNAPII at 5SP,
increasing overall capping efficiency. 5’PPP RNA, dsRNA, and RNA which lacks 2’-O-ribose
methylation are capable of being recognised by innate immune PRRs (e.g. RIG-1 and MDA5).
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Recognition of “non-self” RNA by PRR’s cumulates in activation of pro-inflammatory transcription
factors IRF3/7 and NF-kB, inducing expression of ISGs. Various ISGs, such as IFIT proteins and MDA5
bind to RNA species which lack 2’-0-ribose methylation (Cap-1 structure) and inhibit their
translation. Thus, in a pro-inflammatory state, the cell possesses a lower tolerance for improperly
capped transcripts. For this reason, there is a greater need for the cell to ensure host transcripts
encoding ISGs are properly capped by CMTR1 to sustain the immune response. Figure made in
BioRender. CMTR1 (Cap Methyltransferase 1), CK2 (Casein Kinase 2), RNAPII (RNA Polymerase Il),
dsRNA (Double stranded RNA), PRR (Pattern recognition receptor), RIG-I (Retinoic acid inducible
gene-1), MDA5 (Differentiation-associated protein 5), IRF (Interferon regulatory factor), NF-kB
(Nuclear factor kappa-light-chain-enhancer of activated B cells), IFIT (Interferon-induced proteins

with tetratricopeptide repeats), ISG (IFN stimulated gene).

1.9.4 Viral mechanisms of capping

Viruses have evolved a diverse range of mechanisms to prevent sensing of viral RNA
by PRRs. These primarily consist of utilisation of host capping machinery,
production of their own viral capping machinery, or cap-snatching from host
mRNAs. Capping of viral mRNA that occurs via the same process employed by
eukaryotes are classified as “conventional capping mechanisms” (Decroly et al.,
2012). Examples of viruses which possess these conventional capping mechanisms
include RNA viruses such as Human immunodeficiency virus (HIV) and rotavirus
family members, alongside DNA viruses such as HBV and Vaccinia (Chiu et al.,
2001, Reinisch et al., 2000, Urushibara et al., 1975).

Manipulation of host capping machinery by HIV is enabled by production of viral
Tat protein. HIV does not encode its own polymerase and instead employs host
RNAPII for transcription, hence capping enzymes are recruited as they would be
under normal physiological conditions. To ensure preferential capping of viral
transcripts the viral protein Tat promotes phosphorylation of RNAPII at S5P and
directly stimulates host capping enzyme activity (Chiu et al., 2001, Zhou et al.,
2003). Vaccinia virus meanwhile encodes a single enzyme termed D1, which exerts
the same enzymatic activity as RNGTT and RNMT to facilitate production of the
m7G cap (De la Pena et al., 2007). Maturation of the cap structure on vaccinia RNA
is then enabled by viral protein 39, which displays 2’-O-ribose methyltransferase

activity and stimulates formation of a poly(A) tail (Schnierle et al., 1992).

Unconventional viral capping mechanisms include cap snatching (a feature of

Orthomyxoviridae viral RNA transcription) (Figure 1.9), incomplete formation of
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the cap structure as performed by alphaviruses (Figure 1.10), and the

Mononegavirales RNA capping pathway (Decroly et al., 2011).

In the case of IAV infection, cap snatching involves the intrinsic endonuclease and
polymerase activity of the IAV polymerase complex, consisting of three subunits
including the polymerase acidic subunit (PA) and two separate polymerase basic
subunits (PB1 and PB2). The IAV polymerase complex enables both transcription
and replication of the viral genome. IAV possesses a negative single strand RNA (-
ssRNA) genome, composed of 8 segmented genes associated with the IAV
polymerase complex (Dadonaite et al., 2019). The PB2 subunit of the IAV
polymerase has been demonstrated to bind with high affinity to the m7G structure
present on pre-mRNA (Xie et al., 2016, Guilligay et al., 2008), with it being
postulated via structural modelling that Cap-1 methylation further increases this
affinity, by establishing additional interactions with hydrophobic amino acids in
the alpha helix of PB2 (Tsukamoto et al., 2023). Interaction between the PB2
subunit and the cap is believed to be followed by rotation of PB2 in a manner
which directs the transcript towards the active site of the PA subunit (Reich et al.,
2014). The PA subunit is then able to carry out endonuclease activity and cut host
mMRNA 10-13 nucleotides downstream of the cap structure. Cleavage at these sites
allows the host mRNA nucleotides to be fed into IAV polymerase PB1 subunit,
which then uses these additional nucleotides for priming of viral mRNA synthesis
from the -ssRNA genomic template (Reich et al., 2014). This process results in
transcription of viral mRNA containing mature cap structures, which can bind to
cap binding proteins for facilitation of canonical translation whilst avoiding
detection by the innate immune system (Tsukamoto et al., 2023). Additionally, this
mechanism may act as another means by which influenza induces host-
translational shutoff, as decapped host mRNA is targeted for degradation (Hopkins
et al., 2015). The majority of biochemical and structural studies demonstrate cap
snatching mechanisms occurring on free capped primers. However, it is postulated
that cap snatching In-vivo is directed towards pre-mRNA during early stages of
active transcription initiation by RNPII, likely in the immediate aftermath of mRNA
capping. This assumption is based on the observation that the IAV polymerase co-
purifies with the S5P CTD of RNAPII but not the S2P CTD (Martinez-Alonso et al.,
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2016), the latter of which indicates entry into the elongation and termination steps

of transcription (Buratowski 2009) after capping has occurred.

In contrast to IAV, SINV is a positive single stranded RNA (+ssRNA) virus which
possesses a genome containing 2 open reading frames and encodes its own m7G
capping machinery but lacks the ability to carry out 2’-O-ribose methylation,
yielding immature caps (Ahola and Kaariainen, 1995) (Figure 5.9). Capping of SINV
RNA occurs on the genomic and subgenomic VRNA strands co-transcriptionally, with
SINV encoding its own RNA-dependent RNA polymerase (NSP4) (LaPointe et al.,
2018, Rubach et al., 2009). Four non-structural viral proteins (NSP1, NSP2, NSP3
and NSP4) form the replicative enzyme complex in conjugation with host factors to
enable replication of both the viral genome and transcription of the subgenomic
RNA from a negative sense intermediate (Singer et al., 2021). The viral NSP1
protein, encoded by the genomic VRNA; possesses both methyltransferase and
guanylyltransferase activity (Mi and Stollar, 1991). This results in conversion of
GTP to m7GMP, by use of S-adenosyl methionine as a substrate. Followed by
addition of m7GMP to viral RNA (VRNA); subsequent to cleavage of the terminal
phosphate located at the 5’ end of the RNA structure, enabled by the
triphosphatase activity of viral NSP2 (Vasiljeva et al., 2000, Ahola and Kaariainen,
1995). The end product of this series of reaction is viral RNA with a cap-0 structure
(m7G(5’)ppp(5°)n). This structure permits for binding of translation initiation
factors (LaPointe et al., 2018) but is still in theory subject to identification by
PRRs (Zust et al., 2015, Devarkar et al., 2016). Rather than undertaking ribose
methylation of the first transcribed nucleotide to obfuscate viral RNA from PRRs,
SINV is dependent on host transcriptional shut off via RNAPII degradation to
prevent induction of the IFN response. This is achieved through binding between
the Rpb1 subunit of RNAPII and NSP2 resulting in Rpb1 ubiquitination and
degradation (Akhrymuk et al., 2018, Akhrymuk et al., 2012). The mechanism of
NSP2 mediated degradation of Rpb1 has not yet been fully characterised and it is
unknown whether conformational changes are induced which promote

ubiquitination or if NSP2 allows for direct binding of ubiquitin ligases.
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Figure 1.9-Cap snatching and Immune evasion strategies of IAV

IAV possesses a -ssRNA genome, consisting of 8 segmented genes, each of which is associated with the IAV polymerase complex (1). The IAV polymerase
complex's PB2 subunit binds to capped host mRNA (m7G(5’)ppp(5’)nm), with cleavage occurring 10-13 nucleotides downstream of the cap, via the
endonuclease activity of the viral PA subunit (2). After successful cleavage of host mRNA, the remaining nucleotides are used to prime viral mRNA
synthesis. (3). This gives rise to the formation of mature viral mRNA with a Cap-1 structure. Due to the Cap-1 structure, this mature viral mRNA is able to
evade PRR’s and hijack cap-dependent translation machinery (4). The result of this being viral propagation, alongside repression of the FN response (5).

Figure made in BioRender. vRNA (viral RNA), -ssRNA (negative single stranded RNA),PB1/2 (polymerase basic subunit), PA (polymerase acidic subunit).
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Figure 1.10- Capping and Immune evasion strategies of SINV

A m7G(5’)ppp(5’)n structure is added co-transcriptionally to alphavirus RNA. The MT and GT domain of NSP1 generates m7Gp. This is achieved via a series
of reactions involving SAM as a substrate, alongside release of SAH and pyrophosphate (1,2). An additional viral protein NSP2, removes the terminal
phosphate from the 5’ end of VRNA (3). This enables NSP1 to exert GT activity, resulting in formation of the Cap-0 structure (m7G(5’)ppp(5’)n) (4). Due to
the absence of Cap-1, SINV mRNA can still be detected by PRR’s (5). Despite this being the case, the IFN response fails to be mounted against SINV due to
NSP2 mediated degradation of RNAPII RBP1 subunit (6). Figure made in BioRender. SINV (Sindbis virus), MT (methyltransferase), GT (guanylyltransferase),
NSP1/2 (non-structural protein 1), SAM (S-Adenosyl methionine), SAH (S-Adenosyl homocysteine), VRNA (viral RNA), RBP1 (RNA polymerase Il subunit

RPB1).
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1.10 Aims

Formation of the Cap-1 structure is dispensable for canonical translation and mRNA
processing, which is mediated by interaction between the m7G/Cap-0 structure
and cap binding factors. Despite this, a growing appreciation has emerged of a role
for CMTR1 in facilitating recognition of host mRNA as self and regulating expression
of specific genes implicated in immunity, metabolism, and growth. Work
conducted several years ago in the Cowling lab identified that expression of
certain pro-growth genes was dependent on CMTR1 activity and that this
contributed to proliferation in cancer cell lines (Inesta-Vaquera et al., 2018).
Contrastingly, data from the Sansom lab found cKO of CMTR1 results in unchecked
inflammation and fibrosis of the liver, fostering subsequent tumour formation,
especially when combined with dysregulation of B-catenin and c-Myc (Sansom Lab,
personal communication). This suggests a putative but differential role for CMTR1

in specific stages of liver oncogenesis which warrants further investigation.

Phosphorylation of CMTR1 at 15 residues within the N-terminus promotes capping
activity via interaction with RNAPII, enabling CMTR1 to regulate expression of
specific genes (Lukoszek et al., 2024). Whilst CMTR1 is a noted interferon
stimulated gene (Haline-Vaz et al., 2008), relatively little is known about its
participation in innate immunity. Previous literature has demonstrated that CMTR1
is needed to sustain protein expression of select ISGs and exerts anti-viral activity
against Dengue and Zika viruses (Williams et al., 2020). This leads to the question
as to what the exact biological consequences of CMTR1 phosphorylation are and if
this has any impact on anti-viral immunity. This being the case, the main aims of

this thesis are as follows:

e Characterisation of CMTR1 and established protein interactors in mouse
models of HCC (Chapter 3)

e Identification and validation of novel hepatic CMTR1 protein interactors
(Chapter 4)

e Determination of the impact of CMTR1 phosphorylation on ISG expression
(Chapter 5)

e Investigation into how CMTR1 phosphorylation influences outcomes of viral

infection (Chapter 5)
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Chapter 2: Materials and Methods
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2.1 Cell culture, maintenance, and treatment

2.1.1 Cell line culture

Cell lines were incubated at 37°C, in the presence of 5% CO;. Culturing of cell lines
was carried out in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) media
supplemented with 10% foetal calf serum (FCS) (Gibco), 2 mM L-Glutamine (Gibco),
100 U/ml Penicillin, and 0.1 mg/ml Streptomycin (Pen-Strep) (Gibco). A549 and
mouse embryonic fibroblast (MEF) cell lines expressing exogenous vectors for WT-
HA-CMTR1, 15A-HA-CMTR1, or an empty vector control were cultured with the
addition of 0.5 mg/ml G418 (Formedium) to maintain selection pressure. Mouse
embryonic fibroblasts were extracted from pregnant female mice floxed at exon 3
of Cmtr1, who had been crossed with male mice of the same genetic background
and subsequently immortalised by serial passage (Cmtr1fl/fl MEFs). Extraction of
MEFs was undertaken by Dr Radoslaw Lukoszek. Passaging of adherent cells was
carried out by washing with phosphate-buffered saline (PBS) prior to addition of
dissociation agent 0.05% trypsin-EDTA phenol red (Thermo-Fisher Scientific).
Trypsin was neutralised and cells resuspended with DMEM media prior to re-

plating.

2.1.2 Cryopreservation and recovery of cell lines

Cells were cultured in a 10 cm dish until 80-90% confluency was achieved, washed,
and dissociated as previously mentioned. Freezing media was made up with FCS
supplemented with 10% Dimethyl sulfoxide (DMSO) (Sigma-Aldrich) by volume.
After dissociation, cells were resuspended in DMEM, pelleted by centrifugation at
300 x g for 5 mins, and resuspended in freezing media. 1 ml of cell suspension was
transferred into a 2 ml cryovial which was subsequently placed into a Mr. Frosty™
Freezing Container (Thermo-Fisher Scientific), to achieve a cooling rate of 1°C per
minute in a -80°C freezer. 24 hrs post freezing, cryovials were transferred to liquid
nitrogen. Cells were recovered from liquid nitrogen by warming cryovials in a 37°C
incubator, followed by pelleting, removal of freezing media and addition of fresh
DMEM.
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2.1.3 DNA vector transduction

Generation of retroviral vectors was achieved by transfection of Phoenix-Ampho
packaging cells with a customised pBMN-I-GFP (Addgene, #1736) based vector
(cloning and invitro mutagenesis was conducted by the division of signal
transduction therapy, University of Dundee and the Cowling lab) expressing HA-WT
CMTR1, HA-15A CMTR1, or an empty vector control (EV), using Lipofectamine 2000
(Thermo Fisher Scientific). 48 hrs post transfection, supernatant was extracted
from packaging cells and passed through a 0.45 pym filter. The resulting filtrate was
transferred to cells in the presence of 5 pg/ml of polybrene (Sigma-Aldrich). 4 days
after exposure to lentivirus, fresh DMEM culture media supplemented with 0.5
mg/ml G418 was added to cells to provide selection pressure. Transduction of MEF
cells were carried out by Dr Radoslaw Lukoszek, transduction of A549 cells was

conducted by the author of this work.

2.1.4 DNA vector transfection

MEFs were transfected with 7 ug (per 15 cm dish) of a custom DNA vector where an
expression cassette derived from a pBS598 EF1alpha-EGFPcre plasmid (Addgene,
#11923) was subcloned into a pBABE-Puro (Addgene, #1764) vector backbone
(vector designed and cloned by Dr Radoslaw Lukoszek), using 21ul (per 15 cm dish)
of GenJet™ In Vitro DNA Transfection Reagent for MEFs (SignaGen Laboratories).
Nucleic acid-lipid complexes were prepared with DMEM media in the absence of
FCS and left to incubate at room temperature for 15 mins prior to addition to cells.
Once nucleic acid-lipid complexes were added to cells, these were left to incubate
for 20 mins at 37°C prior to plating. Selection pressure was induced by the

addition of 2 pg/mL of puromycin 24 hrs post transfection for a period of 48 hrs.

2.1.5 Poly (I:C) transfection

High molecular weight polyinosinic-polycytidycil acid (HMW poly(l:C)) (Invivogen)
was transfected into MEF cell lines plated in a 10 cm dish at a concentration of 5
pg/ml using 40 pl (per 10 cm dish) of Lipofectamine™ 2000 (Invitrogen). Nucleic

acid-lipid complexes were prepared with DMEM media containing no FCS and left
to incubate at room temperature for 5 mins prior to addition to cells. A negative

control consisting of cells treated with lipofectamine™ 2000 only was also
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generated. Cells were harvested for either protein or nucleic acid 17 or 24 hrs post

transfection.

2.1.6 Drug treatments

MEF or A549 cell lines plated within a 10 cm dish were treated with 400 U/ml IFN
(Universal Type | IFN) (PBL Assay Science), diluted in DMEM. IFN treated cells were
harvested for protein or nucleic acid at multiple intervals over a maximum period
of 24 hrs, as stated in figure legends. A 0 hr untreated control was generated
where cells were exposed to DMEM only and harvested immediately upon
commencement of the time course. MEF cell lines were pre-treated with 10 uM of
selective CK2-inhibitor quinalizarin (QZ) diluted in DMSO (Sigma-Aldrich) for 0.5-3
hrs. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (Abcam), a
mitochondrial oxidative phosphorylation uncoupler diluted in DMSO, was applied to
Huh-7 and A549 cell lines to induce PGAM5 cleavage. FCCP was used at a
concentration of 5-10 yM for a maximum of 4 hrs. Negative controls were

generated for QZ and FCCP treated cells, where cells were exposed to DMSO only.

2.1.7 MitoSpy staining

Mitochondrial labelling was carried out using MitoSpy Green FM and MitoSpy Red
CMXRos (BioLegend). Cells were treated with 25 nM MitoSpy Green FM and MitoSpy
Red CMXRos diluted in DMSO for 30 mins, prior to processing and downstream

analysis by Flow cytometry.
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2.2 Protein analysis

2.2.1 Whole cell lysis

To perform lysis, culture media was aspirated from a 10 cm dish, and cells washed
with cold PBS, on ice. Cells were scraped into Radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCL pH 8, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% Sodium
Deoxycholate) supplemented with Aprotinin (1% by volume) (Sigma-Aldrich),
Leupeptin (10 pm) (Sigma-Aldrich), Pepstatin (1 pm) (Sigma-Aldrich), Phosphatase
inhibitor cocktail 2 (P12) (1% by volume) (Sigma- Aldrich), and Phosphatase
inhibitor cocktail 3 (P13) (1% by volume) (Sigma-Aldrich). After which, lysate was
centrifuged at 16,000 x g for 10 mins at 4°C to pellet the insoluble fraction. The
soluble fraction was then transferred to a fresh microcentrifuge tube. Protein
concentration was determined using the Pierce bicinchoninic acid assay (BCA)
Protein Assay Kit (Thermo Scientific). Absorbance was measured using a Sunrise

plate reader (Tecan).

2.2.2 Organ lysis

A small section of whole frozen organ was extracted using metal forceps and a
scalpel, after transfer of the whole organ into a 10 cm dish containing PBS on ice.
This organ section was placed into a tissue homogenizing kit tube (Precellys)
containing ceramic beads with 1ml of RIPA buffer. This tube was transferred to a
Precellys Evolution Touch Homogeniser (Precellys) and spun at 2516 x g for 20
seconds, followed by a 20 second pause for 6 cycles. Lysate was left to rest on ice
for 10 mins and centrifuged at 16,000 x g for 10 mins at 4°C to pellet the insoluble
fraction. This was followed by transfer of the soluble fraction into a fresh

Eppendorf. Protein concentration determined via BCA as previously described.

2.2.3 Immunoprecipitation (IP)

Protein lysate extracted from cells plated in a 10 or 15 cm dish was made up to the
appropriate concentration (2 mg unless stated otherwise in figure legend) in RIPA
buffer, to a total volume of 500 pl. Protein lysate was pre-cleared using 20 pl of
protein G agarose beads (Division of signal transduction therapy, University of
Dundee/DSTT) and left to incubate for 1 hr on a spinning rotator to eliminate non-

specific interactions. 20 pl of pre-washed protein G Dynabeads (ThermoFisher
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Scientific), alongside 2-3 pg of antibody (IgG) were added to pre-cleared lysate and
incubated at 4°C overnight.

The post IP-input was then generated by taking 20 ul of the IP and flow-through,
alongside 10 pl of 4x NUPAGE™ Lithium dodecyl sulphate sample buffer (LB)
(Invitrogen) and 25 mM Dithiothreitol (DTT) (Thermo Scientific). Flow-through
samples were prepared in the same manner as the post IP-input, after isolation
from the bead-antibody complex using a magnetic strip. Both input and flow-
through samples were boiled at 100°C for 5 mins prior to loading for sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). After this, beads
were washed 3 times with RIPA buffer for at least 5 minutes. Once the final wash
was complete, the IP was transferred to a fresh Eppendorf tube. The IP was eluted
using 2x LB and 25 mM DTT, then boiled at 100°C for 5 mins.

2.2.4 SDS-PAGE western blotting

Prior to SDS-PAGE, protein lysate was diluted to a concentration of 10-30 ug in LB
supplemented with 25 mM DTT. Samples were then boiled at 100°C for 5 mins and
centrifuged at 16,000 x g for 30 seconds to ensure denaturation of tertiary and
secondary protein structures. Electrophoresis was carried out using either home-
made gels in Mini-PROTEAN™ tetra cells (Bio-Rad) or a pre-cast NUPAGE™ 4-12% Bis-
Tris Protein Gel in a XCell SureLock™ mini cell. Homemade gels were run in 1x Tris-
Glycine running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS), whilst pre-cast gels
were run in NUPAGE™ MOPS SDS Running Buffer (Life Technologies).

SDS-PAGE gels, Immobilon®-FL polyvinylidene difluoride (PVDF, Merk Millipore)
membrane, and Whatman blotting paper (Fisher Scientific) were equilibrated in
transfer buffer (20% methanol, 25 mM Tris-HCL, 192 mM glycine), prior to assembly
of the transfer stack. Transfer was carried out in a Mini Trans-Blot® Cell (Bio-Rad),

either at 70 V for 90 mins on ice, or at 10 V overnight.

Once transfer was complete the PVDF membrane was dried and reactivated with
100% methanol, after which blocking was performed using either 10% fish gelatine
(Biotium) or 5% BSA made up in tris buffer saline (TBS), for a minimum of 30 mins.
The membrane was left to incubate in the presence of primary antibody either
overnight at 4°C or at room temperature for 2 hrs. After primary antibody

incubation was complete the membrane was washed with TBS-0.1% Tween-20
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(TBST) 3 times for at least 5 mins, prior to addition of IRDye® 680RD or 800CW (Li-
Cor) (Infrared conjugated) secondary antibody (diluted 1:10,000 in TBS). After
secondary antibody incubation, a final set of 3 washes were performed with TBST.
Imaging of membranes took place using Odyssey CLx imaging system (Li-cor).
Analysis of western blot images and quantification of protein signal was conducted
using Image Studio Lite™. A list of antibodies used for western blotting and/or
immunoprecipitation, catalogue number, dilution/amount used, and species of

origin can be found below.
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Target Source Catalogue Amount Stock Conc | Species
Protein/target number/Bleed | (IP) or
Dilution
(WB)
Actin Santa-Cruz sc-47778 1:2000 0.2mg/ml | Mouse
ASS1 Proteintech 16210-1-AP 1:1000 0.6mg/ml | Rabbit
CMTR1 DSTT 3rd and 4t 1:500 0.33mg/ml | Sheep
(WB), 3pg
(IP)
CMTR1 Sigma-Aldrich | HPA029954 1:500- 0.5mg/ml | Rabbit
1:250
CMTR1 Proteintech 27707-1-AP 3pg (IP) |0.8mg/ml | Rabbit
CMTR1 Invitrogen PA5-56316 3 g (IP) |0.2mg/ml | Rabbit
Phospho- DSTT 3rd 1:300 0.5mg/ml | Sheep
CMTR1
DHX15 Abcam ab254591 1:1000 0.08mg/ml | Rabbit
IFIT1 Abcam ab229083 1:1000 0.08mg/ml | Rabbit
IFIT3 Santa-Cruz sc-393512 1:500 0.2mg/ml | Mouse
ISG15 Santa-Cruz sc-166712 1:500 0.2 mg/ml | Mouse
PGAM5 Proteintech 28445-1-AP 1:1000 0.5 mg/ml | Rabbit
RFP Proteintech 5f8 1:1000 1mg/ml Rat
Rpb1 (RNA PIl) | Cell Signalling | #14958 1:1000 0.1mg/ml | Rabbit
RNA PII S5P ChromoTek 3E8 1:250 0.2mg/ml | Rat
RNA PII S2P ChromoTek 3E10 1:250 0.2mg/ml | Rat
RNMT DSTT 37 bleed 1:500 0.5mg/ml | Sheep
SINV Capsid Kindly N/A 1:5000 N/A Rabbit
protein provided by
Dr Alfredo
Castello
TOM20 Proteintech 66777-1-1g 1:1000 1mg/ml Mouse
IRDye® 680RD | LI-COR 926-68072 1:10000 1mg/ml Donkey
Anti-Mouse Biotechnology
IgG
IRDye® 680RD | LI-COR 926-68073 1:10000 1mg/ml Donkey
Anti-Rabbit Biotechnology
IgG
IRDye® LI-COR 926-32213 1:10000 1mg/ml Donkey
800CW Anti- Biotechnology
Rabbit IgG
IRDye® 680RD | LI-COR 926-68076 1:10000 1mg/ml Donkey
Goat anti-Rat | Biotechnology
IgG
IRDye® LI-COR 926-68074 1:10000 1mg/ml Donkey
680RD Anti- Biotechnology
Goat 1gG
(cross reacts
with sheep)
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Table 2.1-List of antibodies used in western blotting and immunoprecipitation

A table listing antibodies used in western blotting, target proteins, source, bleed/catalogue
number, dilution used, stock concentration, and species of origin. IRDye® 680RD Anti-Goat IgG
cross reacts with sheep. DSTT (University of Dundee, Division of signal and transduction therapy), IP

(immunoprecipitation), WB (western blot).

2.2.5 Mass spectrometry and data analysis

IP for downstream mass spectrometry analysis was carried out using 2 mg of liver
lysate, 3 pg of sheep IgG anti-CMTR1 antibody (from a stock concentration of 0.33
mg/ml), and 20 pl of protein G dynabeads per sample. IP was carried out overnight
at 4°C. Washing was carried out using RIPA buffer supplemented with proteinase
and phosphatase inhibitors. Upon the final wash, IP samples were eluted in storage
buffer (2 M Urea, 100 Mm Ammonium Bicarbonate), then handed over to the CRUK

Scotland Institute Proteomics facility for downstream processing and analysis.

On-bead digest was performed by adding 2 M urea in 100 mM ammonium
bicarbonate supplemented with 1 mM DTT and 155 ng EndoLysC to the beads, for a
30-minute incubation period at room temperature. This was followed by a second
pre-digest step with 155 ng of trypsin under the same conditions. An alkylation
step was performed by incubating samples with 5 mM iodoacetamide made up in 2
M urea in 100 mM ammonium bicarbonate for 5 mins at room temperature. A final
digest was carried out overnight at 35°C with 150 ng trypsin in 100 mM ammonium
bicarbonate and 1 M urea. A stage-tip clean up step was then performed using a
C18 empore disk (3M) to remove contaminants. Peptides were run through an
Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) coupled to an EASY-
nLC Il 1200 chromatography system (Thermo Scientific). Peptides were
electrosprayed into the mass spectrometry using a nanoelectrospray ion source
(Thermo Scientific). Data was acquired with Xcalibur software (Thermo Scientific)
in positive ion detection mode using data dependent acquisition. A full scan mass
(MS1) at a range of 350-1550 m/z was undertaken, with the top 10 most intense
ions being subject to higher energy collisional dissociation fragmentation for MS2
analysis. lons that were already selected for MS2 were then dynamically excluded
for 30 sec for detection of less abundant peptides.
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Raw data was processed using MAXQuant™ version 1.6.3.3 (Cox and Mann, 2008)
software and searched against the Uniprot Mus Musculus database (Swiss-Prot, 17,
219 entries) using the Andromeda search engine (Cox et al., 2011). Minimum
peptide length was set to 7 amino acids and trypsin cleavage was selected to allow
for up to 2 missed cleavage sites. False discovery rate was set to 1%. Further
processing of the MAXQuant output (e.g. principal component and clustering
analysis) was completed using Perseus software version 1.6.15.0. (Tyanova et al.,
2016)

2.2.6 BS3 cross linking

Bissulfosuccinimidyl suberate (BS3) (Thermo Fisher) cross linking agent was used to
cross link 1gG antibody to Protein G dynabeads for immunoprecipitation. Dynabeads
were rinsed 2 times in ice-cold PBS prior to incubation with Anti-CMTR1 IgG
antibody for 1 hr at room temperature. After this incubation period had elapsed,
IgG-coupled dynabeads were washed twice in conjugation buffer (20 mM Sodium
phosphate, 0.15 M NaCl (pH 7-9)). 5-0.5 mM of BS3 prepared from a 100 mM stock
solution was added to the coupled dynabeads for 30 mins at room temperature.
Quenching was carried out by exposing IgG-coupled dynabeads to quenching buffer
(1M Tris HCL (pH 7.5)) for 15 mins at room temperature. Beads were then washed a

final 3 times with RIPA buffer prior to continuation of IP.

2.2.7 Immunofluorescence

Cells were seeded onto a p-Slide 8-well chambered coverslip (Ibidi) and left to
proliferate for 48 hrs. Fixation was achieved by addition of ice cold 4%
Formaldehyde (FA) (Santa-Cruz) diluted in PBS for 20 mins at room temperature,
whilst permeabilization was achieved by the addition of 0.5% Triton X-100 (Sigma-
Aldrich) diluted in PBS for 5 mins. Blocking was performed by exposing samples to
5% Donkey serum (VWR) diluted in 0.05% PBS-Tween 20 (PBS-T) for 1 hr. Primary
antibody was diluted in the same solution used for blocking, and samples
incubated overnight at 4°C. After primary antibody incubation 3 washes were
performed with PBST for at least 5 mins, followed by a final wash in blocking
buffer. Secondary antibodies conjugated to a fluorescent dye were diluted in
blocking buffer by a factor of 1:1000 and incubated with the sample for 2 hrs at

room temperature. After which, samples were washed 4 times for 5 mins with
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PBST and another 3 times with PBS alone. Finally, samples were exposed to

Fluoroshield mounting medium with 4',6-diamidino-2-phenylindol (DAPI) (Abcam),

to mount and counterstain for DNA as a nuclear marker. Imaging was conducted on

a Nikon A1R confocal microscope and processed using the OMERO desktop app. Co-

localisation analysis was carried out using the BIOP JACOP (just another co-

localization) plugin on ImageJ. Regions of interest were manually selected, and

Li’s auto-thresholding applied to calculate Mander’s and Pearson’s correlation

coefficient.

Target Source Bleed/Catalogue | Dilution | Stock Conc | Species
number
CMTR1 DSTT 31 bleed 1:100 0.33mg/ml | Sheep
CMTR1 Sigma- HPA029954 1:100 0.5mg/ml | Rabbit
Aldrich

PGAM5 Proteintech | 28445-1-AP 1:1000 0.5mg/ml | Rabbit
RNMT DSTT 37 bleed 1:500 0.5mg/ml | Sheep
Anti- Invitrogen | A-21206 1:1000 2mg/ml Donkey
rabbit(Alexa
488)
Anti-rabbit Invitrogen | A-21207 1:1000 2mg/ml Donkey
(Alexa 594
Anti-sheep Invitrogen | A-11016 1:1000 2mg/ml Donkey
(Alexa 594)

Table 2.2- List of antibodies used in Immunofluorescence

A table listing antibodies used in Immunofluorescence, target proteins, source, bleed/catalogue

number, dilution used and species of origin. DSTT= University of Dundee, Division of signal and

transduction therapy.
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2.3 RNA analysis

2.3.1 RNA extraction

RNA was extracted from cell lines using the GeneJET RNA Purification Kit (Thermo
Scientific). For RNA extraction, cells were lysed in buffer supplied in the kit, which
was supplemented with 2 M DTT/ml. After addition of 100% ethanol, lysate was
transferred to a GenelJet purification column and spun for 1 min at 1200 x g. Wash
buffers provided in the kit were then added to the column, with centrifugation
being performed at 1200 x g for 1-2 mins between each wash-step. Elution of RNA
was achieved using 100 pl of nuclease-free water. Concentration and purity of
eluted RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo

Scientific). Long term storage of extracted RNA occurred at -80°C.

2.3.2 cDNA synthesis

750 ng of RNA was added to 4 pl of 5x iScript Reaction mix (containing oligo(dT)
and random hexamer primers) (BioRad), and 1 pl of iScript Reverse Transcriptase
(BioRad), which was made up to a total volume of 20 ul with nuclease-free water.
The reaction mix was then incubated in a DNA Engine Dyad PTC0220 Peltier
Thermal Cycler (Bio-Rad). The resultant cDNA samples were diluted threefold with

nuclease-free water prior to use, or stored at -20°C.

2.3.3 gPCR

For each individual sample analysed by qPCR, 2 pl of a forward and reverse primer
mix (10 yM) (Invitrogen) were added to wells, alongside 1 ul of cDNA and 3 pl of
SsoFast EvaGreen Supermix (Bio-Rad)). The PCR reaction was performed on a
CFX384 Touch Real-Time PCR Detection System (Bio-Rad). Once the reaction was
complete, data was exported as cycle threshold (CT) values using CFX manager
(Bio-Rad). From the resultant CT values, the relative RNA level of the transcript of
interest to the housekeeping gene GAPDH was calculated for normalisation. A list
of primer sequences used for gqPCR and the target transcripts can be found below.
All gPCR experiments within this body of work were performed with cDNA of

mouse origin.

78



Target gene

Forward Primer Sequence

Reverse Primer Sequence

(Mus

musculus)

IFIT1 GCTACCACCTTTACAGCAACC GAGGTTGTGCATCCCCAATG
IFIT3 GCAGCACAGAAACAGATCACC TGGTTGCACACCCTGTCTTC
IFIH1 CTGAGACTGCCCATGACGAG TACACCTGACTCATTCCCGC
ISG15 ACTCCTTAATTCCAGGGGACCTA | AGTTAGTCACGGACACCAGGA
DHX58 CAAGGTGGTGGTACTGGTCAA AGAGCTGTTGAGTGCCAACT

Table 2.3- List of primers used in qPCR analysis

A table listing primers used in gPCR analysis, the target gene and forward/reverse sequence of the

primers.
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2.4 Viral infection and Flow cytometry

2.4.1 Infection

MEF cells were infected with A/Puerto Rico/8/34 (PR8-H1N1) Influenza A virus
(IAV) expressing a mCherry reporter gene fused to the viral NS1 gene. mCherry-PR8
IAV colorflu (Fukuyama et al., 2015) was kindly provided by Dr Edward Hutchinson.
Cells were seeded the day prior to infection in a 24-well dish, to ensure formation
of a confluent monolayer the following day. On the day of infection, a spare well
was washed and trypsinised to provide a cell count. This was done to calculate the
appropriate volume of virus stock needed to infect cells at a multiplicity of
Infection (MOI) of 1. Supplemented DMEM media was removed from cells, followed
by washing with PBS. PBS was removed and replaced with serum free DMEM
inoculum to prevent FCS mediated inhibition of IAV entry. Cells were incubated for
1 hr at 37°C in the presence of 5% CO2, after which the inoculum was removed and
replaced with supplemented DMEM. Cells were returned to the incubator until 24

hrs had elapsed, then processed for downstream analysis by flow cytometry.

Infection of MEFs with Sindbis virus was conducted using pT7-SvmCherry (SINV-
mCherry), kindly provided by Dr Alfredo Castello. pT7-SvmCherry expresses
mCherry via insertion of the tag adjacent to a subgenomic promoter in the viral
genome. As described above, spare wells were set aside for counting to ensure
cells were infected at a multiplicity of infection (MOI) of 0.1, with virus inoculum
being prepared in serum free DMEM. Supplemented DMEM was aspirated from cells
and replaced with inoculum, with plates being left to incubate for 1hr before
removal of the inoculum and re-addition of supplemented DMEM. Cells were then

lysed for protein 17 hrs post infection for downstream analysis.

2.4.2 Flow cytometry

Prior to flow cytometry analysis, cells were washed, trypsinised and spun down to
create a cell suspension. Cells were resuspended in PBS supplemented with 0.5%
w/v BSA and 2 mM EDTA (MACS buffer) containing DAPI (Biolegend) at a
concentration of 1 pg/mL. The suspension was filtered through a 70 pm strainer to
prevent clumping. Relevant single stained and unstained controls for compensation
were also processed. A compensation control for DAPI staining was generated by

fixing cells with 4% FA prior to resuspension in PBS supplemented with 1 pg/ml of
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DAPI. Once processing was complete, the cell suspension was transferred to either
a microcentrifuge tube or a round-bottom polystyrene test tube. Flow cytometry
was performed using either a BD LSRFortessa cell analyser (BD Biosciences) or
Attune NxT flow cytometer (Invitrogen), the same analyser was used for

experimental repeats. FlowJo v 10.9 was used to analyse flow cytometry data.
2.5 Statistical analysis

2.5.1 Statistical analysis

Statistical significance was determined by Student’s T-test and statistical testing
conducted on GraphPad Prism 10 (Graph Pad Software). Exact P-values are given,

where P<0.05 indicates significance and P>0.05 indicates non-significance.

2.5.2 Generation of Kaplan-Meier curves

Clinical data was obtained from the genomic data commons (GDC) data portal,
using the cancer genome atlas liver hepatocellular carcinoma (TCGA-LIHC) dataset,
comprised of 371 HCC patients. RNA sequencing data counts were extracted, and
variance stabilising transformation conducted. The dataset was bifurcated by the
median count value to classify patients into those with high or low expression of

the protein of interest. Survival curves were compared using a log-rank test.
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Chapter 3: Characterisation of CMTR1 in liver
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3.1- Introduction

Dysregulation of the inflammatory response, particularly in the context of chronic
inflammation has come to the forefront as a driver of tumorigenesis (Correa, 1995,
Diao et al., 2001, Ekbom Anders et al., 1990, Coussens & Werb, 2002).
Hepatocellular carcinoma (HCC) is no exception to this, with the majority of HCC
cases being preceded by chronic hepatitis (Akinyemiju et al., 2017, Wong et al.,
2011, Yu et al., 2018). Regulation and plasticity of gene expression via mRNA
translation is a fundamental biological process that underpins survival in all living
cells. However, in terms of cancer progression, this is often exploited to promote
continuous proliferative and anti-apoptotic signalling (Sager, 1997). Studies
conducted in HCC murine models where expression of oncogenes Myc (protein
name: c-Myc) and Ctnnb1 (protein name: B-catenin) are dysregulated found that
hastening of tumorigenesis occurred upon CMTR1 knock-out (KO) within the liver
(Sansom lab, personal communication). Although the underlying mechanism of
these observations have yet to be dissected, it can be speculated that the role of
CMTR1 in regulation of the innate immune response (Schuberth-Wagner et al.,
2015, Habjan et al., 2013, Williams et al., 2020) and gene expression (Liang et al.,

2022, Dohnalkova et al., 2023) are of relevance.

To improve understanding of how CMTR1 may influence tumorigenesis, CMTR1 was
characterised in models of hepatocyte transformation and liver cancer. This was
achieved by determining the expression level of CMTR1 and binding partners,
followed by investigation into interactions and phosphorylation status. These
experiments were conducted in both organs derived from mouse models of HCC
initiation and a human liver cancer cell line (Huh-7). Due to challenges associated
with immunoprecipitating CMTR1 from liver extracts, extensive optimisation was

performed to produce robust data for downstream mass spectrometry analysis.
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3.2- Results

3.2.1 Expression of capping enzymes CMTR1 and RNMT increases when B-catenin

and c-Myc are dysregulated in the murine liver

Mutations impacting WNT/B-catenin signalling pathways are found to occur in 54%
of HCC cases (Schulze et al., 2015), whilst aberrant activation of c-Myc is observed
in 30-60% of primary HCC patients (Schlaeger et al., 2008). HCC associated
mutations in WNT/B-catenin signalling typically permit for accumulation of B-
catenin in the cytoplasm, followed by translocation into the nucleus where the
transcription of target genes can occur (Aoki et al., 1999). Target genes of B-
catenin include c-Jun (Mann et al., 1999), MYC (Gekas et al., 2016) and CCND1
(Cyclin D1) (Shtutman et al., 1999), which encode for oncogenic factors to
promote excess proliferation. Over-expression of c-Myc is associated with
upregulation of growth signalling pathways alongside inhibition of negative cell
cycle regulators, permitting for further contribution towards oncogenic
transformation (Dhanasekaran et al., 2022). Genetic aberrations in Myc and Ctnnb1
in isolation are not sufficient to induce HCC without further pro-oncogenic insults
but do so over time when dysregulated in tandem (Harada et al., 2002, Tripathy et
al., 2018, Molina-Sanchez et al., 2020, Beer et al., 2004).

Samples were obtained from mice of WT, Ctnnb193/WT (B), R26--L-Mv¢ (M), and
Ctnnb 193/WT, R26-SL-Mye (B/M) genetic background (kindly provided by the Sansom
lab), 4 and 10 days after induction of cre recombinase expression via an adeno-
associated virus vector. Ctnnb193/WT mice possess loxP sites flanking exon 3 of
Ctnnb1, to allow for excision of sequences which permit for protein
phosphorylation and mediate B-catenin degradation (Parker and Neufeld, 2020).
R26-LSL-Myc mice over-express human MYC cDNA. Overexpression of human MYC in
this model is driven by an endogenous Gt(Rosa)26sor promoter and facilitated by
removal of a floxed STOP-cassette. These mouse models were selected as they are
well-established and possess similar underlying mechanisms of tumour
development to human HCC patients (Bisso et al., 2020, Villar et al., 2023, Muller
et al., 2022, Preprint).

Western blotting was conducted on WT, Ctnnb183/WT, R26-5SL-Mvc and Ctnnb 183/WT,

R26-5L-Mye liver lysate 10 days post cre induction with antibodies targeting CMTR1
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and RNMT, alongside DHX15 (a negative regulator of CMTR1 (Inesta-Vaquera et al.,
2018)). Data obtained from western blotting (Figure 3.1 a) showed that expression
of CMTR1 (Figure 3.1 b) and RNMT (Figure 3.1 c) were significantly higher in

Ctnnb 193/WT: R26-5SL-Mve liver lysate compared to WT matched controls. RNMT
expression was also significantly higher in R26-5-M¢ liver. Expression of DHX15
meanwhile was not found to be significantly altered between genotypes (Figure 3.1
d). Although this may be attributed to extensive variation within replicates of the

same genotype.

3.2.2 Dysregulation of c-Myc in the liver results in elevated expression and

phosphorylation of RNA Pol Il.

CMTR1 exerts methyltransferase activity via interaction between its WW domain
and the C-terminal domain (CTD) of RNA polymerase Il (RNAPII), providing the
latter is phosphorylated at YSPTSPS heptad repeats on Serine-5 (S5P) (Inesta-
Vaquera et al., 2018). Phosphorylation of S5 occurs during transcription initiation,
resulting in recruitment of certain capping enzymes. In most cases, levels of S5P
gradually decrease as RNAPII reaches the 3’ end of the transcribed gene (Cho et
al., 1997). Phosphorylation on Serine 2 (S2P) meanwhile typically occurs during the
elongation phase of transcription and is specifically enriched during transcription
termination (Cho et al., 2001). Levels of RNAPII expression and phosphorylation
status were hence examined in mouse models where MYC and CTNNB1 expression
is dysregulated, as these may be indicative of alterations in the extent of CMTR1-

RNAPII binding and subsequent capping activity.

Western blotting was conducted on liver protein lysate using antibodies targeting
the largest RNAPII subunit Rpb1 (total RNAPII), RNAPII S5P (S5P) and RNAPII S2P
(52P) (Figure 3.2 a). Average expression values for total and phospho-RNAPII at
both S5P and S2P sites were approximately 1.5-2-fold higher in R26-S-M¢ liver
lysate where c-Myc alone was dysregulated compared to the WT control.
Meanwhile, in Ctnnb193/WT average expression values of total RNAPII and S5P
phosphorylation were comparable to the WT control. The average fold change of
signal for S2P phosphorylation in Ctnnb193/WT; R26-5SL-Myc liver extract was roughly
half the value of the WT control (Figure 3.2 b, ¢, d). However, none of these

differences were found to be statistically significant. To confirm if any trends in
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terms of alterations between RNAPII expression and phosphorylation are significant

between genotypes, additional replicates may be beneficial.

3.2.3 The Interaction between DHX15 and CMTR1 is preserved in WT and

Ctnnb1e3/WT: R26-LSL-Myc mouse liver

DHX15 is a DEAH box helicase and negative regulator of CMTR1, a function which it
carries out by inhibiting methyltransferase activity (Inesta-Vaquera et al., 2018).
Interaction between CMTR1 and DHX15 is mediated by binding of DHX15’s OB fold
domain to the G-patch of CMTR1. The biological impact of this interaction has
been demonstrated through experiments where G-patch mutations resulted in
enhanced translation of CMTR1-dependent genes, particularly those associated
with metabolic and cell cycle processes. CMTR1 binding to DHX15 has been
demonstrated to occur in HelLa, HCC1806, MCF7 and HEK293 cell lines, but not in
cells of liver origin (to the author’s knowledge) (Inesta-Vaquera et al., 2018,
Toczydlowska-Socha et al., 2018). Although DHX15 expression was not significantly
altered in Ctnnb1e3/WT; R26-S-My¢ liver compared to the WT when determined by
western blot (Figure 3.1 a, d), it could not be discounted that the extent of
CMTR1-DHX15 interaction was unaltered upon dysregulation of MYC or CTNBB1.

To determine if this was the case, DHX15 was co-immunoprecipitated (Co-1P’d)
from CMTR1 in liver lysate, taken 4 and 10 days after induction of MYC and Ctnnb1
dysregulation via cre recombinase (Figure 3.3 a). These data demonstrated that
interaction between CMTR1-DHX15 is preserved in the liver. When this experiment
was conducted in biological triplicate using lysate taken 10 days post-induction
only, there was no substantial change in the amount of DHX15 being purified with
CMTR1 between genotypes, even when accounting for differences in CMTR1

antigen retrieval amongst replicates (Figure 3.3 b).

86



Day 10

WT B | M B+M
1. 2 3 1 2 3 1 2 3

| 3
2 A Eps > o > -
o S —————
a— H
100kDa—  + h ﬁ 4 i ' - - . . ‘ B ohxis
-

55kDa— W W b---;----‘ RNMT

b c d
CMTR1 RNMT DHX15
2.5- 0.0380 3m 0.0207 41
| 0.0325 |
S  20- . 1 s
o S 7 °
g g 1.5 o } 2
£< D N
) E 24
% 1.0
w £ 19
(<] 1
&= 0.5
0.0- . 0- 0-
WT B M B/M WT B M B/M WT B-Cat Myc B/M
Genotype Genotype Genotype

Figure 3.1-Expression of capping enzymes CMTR1 and RNMT is significantly increased

in B/M liver compared to WT controls.

Western blotting was conducted using 20 ug of liver lysate obtained from WT , B, M, and B/M mice,
10 days post induction of oncogenes via AAV-Cre, in triplicate. Western blotting analysis was
carried out using antibodies for capping enzymes, RNMT and CMTR1 and CMTR1 binding partner
DHX15, as indicated on the right side of the panel. Molecular weight is indicated on the left side of
the panel. Actin was used as a loading control (a). Quantification of signal for each sample and
protein of interest was normalised in comparison to the average WT signal (b, c, d). Students t-test
was performed to determine significance between genotypes regarding protein expression.
Quantification was carried out using Image Studio™ Lite (Li-Cor). N=3. Bars show the mean value,
with error bars depicting the SEM, each point represents an individual replicate. WT (Wild type), B
(Ctnnb1(ex3)), M (R26-LSL-Myc), B/M (Ctnnb1(ex3)/R26-LSL-Myc), AAV-Cre (Adeno-associated virus
cre), RNMT (RNA Guanine-7 Methyltransferase), CMTR1 (Cap Methyltransferase 1), DHX15 (DExH-Box
helicase 15), SEM (Standard error mean)

87



WT
1 2

.l
+
250kDa SOP
WE = -
250kDa : ! | g Total

RNAPII
250kDa S5P
RNAPI
250kDa S2P
35kDa _“‘. | ,’ Actin
' ';
b C d
Total RNAPII RNAPII S5P RNAPII S2P
2.5+ 3 2.5
. L ]
S  2.0- 2.0 °
o ©
g’§ 1.5 & 15
%E hd o ° . >
T 1.0 ° 1.0 i
2 E L .
& 0.5+ 0.5
0.0- 0- 0.0-
WT B M BIM WT B M BM WT B M BM
Genotype Genotype Genotype

Figure 3.2-Expression and phosphorylation of RNAPII is on average high in liver extract

where MYC alone is dysregulated.

Western blotting was conducted using 20 pg of liver lysate obtained from WT, B, M, and B/M mice,
10 days post induction of oncogenes via AAV-Cre in triplicate. Western blotting analysis was carried
out using antibodies for total and phosphorylated RNAPII, as indicated on the right side of the
panel. Total and S5P RNAPII were visualised on the same blot using separate channels through use
of Li-Cor secondary antibodies conjugated to near-infrared fluorescent dyes of different
wavelengths. Primary RPB-1 (total RNAPII) antibody was targeted for detection by IRDye® 800CW
donkey anti-Rabbit I1gG secondary antibody and visualised in green when overlayed, primary 55P
antibody was targeted for detection by IRDye® 680RD goat anti-Rat IgG secondary antibody and
visualised in red when overlayed (a). Molecular weight is indicated on the left side of the panel.
Actin was used as a loading control (a). Quantification of signal for each sample and protein of

interest was normalised in comparison to the average WT signal (b, ¢, d). Students t-test was
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performed to determine significance between genotypes regarding protein expression.
Quantification was carried out using Image Studio™ Lite (Li-Cor). N=3. Bars show the mean value,
with error bars depicting the SEM, each point represents an individual replicate. WT (wild type), B
(Ctnnb1(ex3)), M (R26-LSL-Myc), B/M (Ctnnb1(ex3)/R26-LSL-Myc), AAV-Cre (adeno-associated
virus), RNAPII (RNA Polymerase Il), SEM (standard error mean)
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Figure 3.3-The interaction between DHX15 and CMTR1 is preserved in WT and B/M

liver.

[IP was carried out using 2 mg of liver lysate and 2 pg of sheep IgG anti-CMTR1 antibody, an isotype
and species matched non-specific antibody was used as a control to confirm specificity of the
interaction. Liver lysate was obtained from WT, B, M, and B/M mice, both 4- and 10-days (a, b)
post induction of oncogenes via AAV-Cre. Post-IP input samples of 10 ug were loaded alongside the
IP, with % of the IP being loaded per sample. Western blotting was then conducted for CMTR1 and
DHX15. CMTR1 and DHX15 were visualised on the same blot using separate channels through use of

Li-Cor secondary antibodies conjugated to near-infrared fluorescent dyes of different wavelengths.
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Primary CMTR1 antibody was targeted for detection by IRDye® 680RD donkey anti-rabbit IgG
secondary antibody and visualised in red when overlayed, primary DHX15 antibody was targeted for
detection by IRDye® 800CW donkey anti-Rabbit IgG secondary antibody and visualised in green
when overlayed (a). For Figure 3.3 b, the same secondary antibody (IRDye® 680RD donkey anti-
rabbit 1gG) was used to visualise DHX15 and CMTR1 (b). Molecular weight is indicated on the left
side of the panel. For Figure 3.2 a N=1, for Figure 3.2 b N=3. IP (Immunoprecipitation), CMTR1 (Cap
Methyltransferase 1), WT (Wild type), B (Ctnnb183/%WT) M (R265-MW<) B/M (Ctnnb 193/WT; R26-54
Myc)  AAV-Cre (Adeno-associated virus cre), DHX15 (DEAH-Box Helicase 15)

3.2.4 Phospho-CMTR1 cannot be detected in murine liver lysate.

Phosphorylation of CMTR1 (P-CMTR1) is mediated by Casein kinase 2 activity (CK2)
and occurs at 15 sites within the N-terminal domain of CMTR1, termed the P-
Patch. Binding between CMTR1 and the CTD of RNAPII is enhanced by P-CMTR1,
with expression of a phosphodeficient mutant accompanying reductions in CMTR1-

dependent gene expression (Lukoszek et al., 2024).

Given the relevance of P-CMTR1 in gene expression, the phosphorylation status of
CMTR1 in WT and Ctnnb 78x3/WT: R26-LSL-Myc [iver was determined. This was
conducted by performing CMTR1-IP, followed by blotting with antibody raised
against the 528, T30 and S31 phospho-sites of P-CMTR1. As this antibody had
successfully detected P-CMTR1 in HelLa cells previously, these were used as a

positive control.
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Figure 3.4-Phospho-CMTR1 cannot be detected in murine liver extract

Immunoprecipitation was carried out using 5 mg of liver lysate and 2 ug of sheep IgG anti-CMTR1
antibody, Liver lysate was obtained from WT and B/M mice 10-days post induction of oncogenes via
AAV-Cre. 0.25 and 1 mg of lysate from HelLa cell lines was also used in to produce a comparative
signal for CMTR1. Western blotting was then conducted for CMTR1 and P-CMTR1, molecular weight
is indicated on the left side of the panel. N=2. IP (Immunoprecipitation), WT (Wild type), B/M
(Ctnnb183/WT: R26-L54-Mye) " CMTR1 (Cap Methyltransferase 1), AAV-cre (Adeno-associated virus-cre),
P-CMTR1 (Phospho-CMTR1)

P-CMTR1 was found to be below the limit of detection when Immunoprecipitation
followed by western blotting (IP/WB) of CMTR1 was performed, using 5mg of WT or
Ctnnb1x3/WT; R26-SL-My¢ liver lysate. This was despite a distinct band appearing
when IP/WB was performed using HelLa cell extract (Figure 3.4). Mass spectrometry
performed downstream of CMTR1-IP (IP/MS) also failed to detect any CMTR1
phosphorylation sites consistently (data not shown). Together these data suggest

that phosphorylation of CMTR1 is either low or absent in liver.
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3.2.5 CMTR1 expression is predominantly nuclear in Huh-7, an HCC derived cell

line.

CMTRT1 is generally characterised as a nuclear protein, which is unsurprising given
that 2’-O-ribose methylation occurs during interaction with RNAPII (Smietanski et
al., 2014). Immunostaining conducted on HelLa and embryonic stem (ES) cells
demonstrated that CMTR1 is localised to the nucleus, with no signal being detected
in cytoplasmic compartments (Dr Joana Silvia, PhD thesis, Liang et al., 2022).
Immunostaining performed on cortical mice neurons conducted by Lee et al.
meanwhile shows that whilst CMTR1 is predominantly localised in the nucleus, a

limited degree of cytoplasmic staining can also be noted (Lee et al., 2020).

To ascertain if previous findings on CMTR1 localisation were applicable to liver
cells, immunostaining was conducted on Huh-7 (Hepatoma derived) cell lines. Two
separate CMTR1 antibodies were used for staining, one purchased from Sigma-
Aldrich and one generated by the Division of Signalling Transduction therapy at the
University of Dundee (DSTT). Both CMTR1 antibodies display similar patterns of
staining, giving confidence to the validity of the results. In accordance with
previous findings in mice neurones, CMTR1 displays predominantly nuclear staining
in HCC cells, with weak cytoplasmic signal present (Figure 3.5). The data obtained
disagrees with findings in HeLa and ES cells, potentially suggesting a distinct

biological role for CMTR1 in the cytoplasm of specific cell lines.

3.2.6 CMTR1 antibodies purified from different sheep bleeds bind to CMTR1

equivalently in liver lysate.

Once initial exploration of CMTR1 protein expression and interactions had been
conducted, further characterisation of the CMTR1 liver interactome was attempted
via mass spectrometry. To meet this goal, optimisation of CMTR1
immunoprecipitation (CMTR1-IP) was implemented. The first step of this
optimisation process involved determining the optimal antibody to use for CMTR1-
IP, specifically by taking the bleed and affinity ligand used for purification into

account.

Production of polyclonal antibodies involves immunizing the chosen host species
with the target antigen, followed by bleeding of the animal to obtain antibody.

Multiple bleeds are usually taken from the individual animal over time to achieve
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peak antibody titre and tend to vary in terms of concentration and specificity
(Leenaars & Hendriksen 2005). Purification of antibodies from these bleeds is
typically conducted by a process termed antigen-specific affinity purification,
where immobilised antigen is used as an affinity ligand attached to a solid matrix
(Huse et al., 2002). It should be emphasised that the affinity ligand used for
purification is not required to be the same antigen used during the immunization
process. In this case, whilst recombinant human full length CMTR1 was used for
immunisation, sheep bleeds were purified against both human and mouse
recombinant CMTR1.

To determine if antibody bleed and antigen used for purification impacted CMTR1
retrieval in mouse liver, IP/WB was performed. A commercial antibody purchased
from Proteintech (PT) was also tested simultaneously. All antibodies, excluding the
PT antibody were able to successfully IP CMTR1 from WT mouse liver, and did so to
a similar extent. Visually, the antibody obtained from the 3™ bleed which was
purified against human CMTR1 antigen (anti-human CMTR1 antibody) produced the
strongest signal (Figure 3.6). For this reason, all follow-up CMTR1-IP experiments

were carried out using 3™ bleed anti-human CMTR1 antibody.

3.2.7 Use of BS3 cross-linking agent substantially reduces CMTR1 retrieval from

murine Liver

Two key issues intrinsic to IP/MS involve contamination of elution fractions with
antibody chains and nonspecific protein interaction with the isolation matrix
(Jensen et al., 2021). Bissulfosuccinimidyl suberate (BS3) is a crosslinking agent
which covalently links the Fc region of Immunoglobulin G (IgG) to protein G beads,
by reacting with amines from lysine side chains and protein N-termini (Belsom and
Rappsilber 2021). To negate potential issues during data analysis that may arise
from antibody contamination, crosslinking of antibody-bead conjugates was
attempted with 5 mM of BS3 (the concentration recommended by the
manufacturer). This was followed by IP/WB to visualise antigen retrieval.
Additionally, another commercial antibody raised against CMTR1 and purchased

from Invitrogen (V) was tested for use in CMTR1-IP concurrently.
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Figure 3.5-CMTR1 expression is predominantly nuclear in Huh-7 cancer cell lines

Huh-7 Cell lines were fixed in 4% FA before subsequently being permeabilised with 0.1% Triton X-
100 and stained with antibodies targeting CMTR1 or RNMT as indicated (both shown in red or
monochrome). Two separate CMTR1 antibodies, one raised in sheep (DSTT), and another raised in
rabbit (Sigma-Aldrich) were used to validate staining specificity. anti-RNMT antibody (DSTT) (IgG,
raised in sheep) was used to stain for RNMT. As this RNMT antibody had been extensively used for IF
staining previously in the lab, it was used as a positive control. Samples were also DAPI (shown in
blue) stained to visualise the nuclear compartment. A secondary only control was generated by
treating Huh-7 cells with only anti-sheep and anti-rabbit Alexa 594 secondary antibody. Imaging was
performed on the Nikon A1R and analysed with Omero. Scale bars represent a 20pm distance.
Images taken on 20 x objective. For CMTR1 DSTT staining N=3. FA (Formaldehyde), CMTR1 (Cap
Methyltransferase), RNMT (RNA Guanine-7 Methyltransferase), DSTT (Division of signal transduction
therapy, University of Dundee), IF (Immunofluorescence), DAPI (4',6-diamidino-2-phenylindol)
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Figure 3.6-CMTR1 antibodies purified from different sheep bleeds bind to CMTR1

equivalently in liver extract

IP was carried out using 2 mg of liver lysate from WT mice and 2pg of sheep IgG anti-CMTR1
antibody obtained from either the 3rd or 4th bleed, which were purified on a column against beads
bound to antigen of either human or mouse origin, as indicated. In addition to this, IP was trialled
using rabbit anti-CMTR1 antibody purchased from Proteintech . An isotype matched non-specific
antibody was used as an IgG control to confirm specificity of the interaction. Post IP-input samples
of 10 pyg were loaded alongside the IP, with % of the IP being loaded per sample. Western blotting
was then conducted for CMTR1, the molecular weight is indicated on the left side of the panel.
N=2. IP (Immunoprecipitation), WT (Wild type), CMTR1 (Cap Methyltransferase 1), HS (Human), MM
(Mouse), PT (Proteintech)

It was found that the use of 5 mM BS3 dramatically reduced CMTR1 retrieval from
WT mouse liver compared to the negative control. The IV antibody also failed to
successfully IP CMTR1 from mouse liver and was discarded as a potential candidate
for use in CMTR1 IP/MS (Figure 3.7 a). To reduce the impact of cross-linking on
CMTR1 retrieval, crosslinking was repeated using 0.5 mM BS3. Whilst CMTR1
retrieval improved when 0.5 mM BS3 was used compared to 5 mM, the resultant
signal was still considerably lower than the non-treated control (Figure 3.7 b).
IP/MS experiments showed that the number of individual proteins identified fell by
almost half when cross-linking was performed with 0.5 mM BS3, with only 30
interactors being identified in the crosslinked dataset compared to 56 in the
control. Overlap between the datasets produced by the experimental condition
and control was also poor, with only 3 proteins being identified in both.
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Data from the literature shows utilisation of BS3 as a crosslinking agent reduces
non-specific binding of proteins to the isolation matrix, enhancing specificity
(Sousa et al., 2011). This may account for the reduced number of CMTR1
interactors detected in the crosslinked dataset. However, as IP/MS was intended to
be carried out only as a method of signposting unique CMTR1 interactors in the
liver; extensive validation of binding partners would still be necessary, regardless
of any improvement in specificity. Furthermore, despite concerns, it was found
that antibody chain contamination in non-crosslinked samples did not significantly
impede downstream analysis (Kelly Hodge, personal communication). For these
reasons, it was decided that cross linking was dispensable in this scenario and that
antigen retrieval would be prioritised. Consequently, all subsequent downstream
CMTR1 IP/MS experiments were conducted without BS3.

3.2.8 DTT does not substantially impact CMTR1 retrieval but does reduce the

number of binding partners identified in proteomic analysis.

Dithiothreitol is a reducing agent which targets disulphide bonds between
cysteines and is commonly used to disrupt higher protein structures for biological
analysis (Alliegro, 2000). Previous work carried out in the lab has identified that
supplementation of lysis buffer with 5mM DTT is necessary to preserve the
interaction between RNAPII and CMTR1 (personal communication, Professor
Victoria Cowling). However, manufacturers of protein G dynabeads warn against its
use due to off-target effects, such as the denaturation of antibody-bead
conjugates and certain protein complexes (Thermo Fisher, Dynabeads® Co-

Immunoprecipitation Kit manual).

To ascertain whether DTT had a deleterious effect on CMTR1 retrieval, CMTR1 IP
was performed using both RIPA buffer supplemented with 5 mM DTT (RIPA + DTT)
and RIPA buffer where no DTT was added (RIPA - DTT). IP/WB showed that the
addition of DTT had little effect on the amount of CMTR1 retrieved (Figure 3.8 a).
However, when IP/MS was performed a lower nhumber of potential binding partners
were identified upon DTT supplementation (Figure 3.8 b), with 52 interactors
identified in the RIPA - DTT dataset compared to only 40 in the RIPA + DTT

dataset.
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Figure 3.7-Use of BS3 cross-linking agent appears to substantially reduce antigen

retrieval of CMTR1 in murine liver.

IP was carried out using 2 mg of liver Lysate obtained from WT mice and 2pg of sheep IgG anti-
CMTR1 antibody (DSTT, abbreviated as D), in addition to this rabbit IgG anti-CMTR1 antibody
purchased from Invitrogen (IV) was also trialled to determine if this could successfully IP CMTR1 (a).
Antibody was crosslinked to Protein G magnetic beads using either 5 mM BS3 or the concentration
of BS3 stated. Post IP-input samples of 10 pg were loaded alongside the IP, with % of the IP being
loaded per sample, 10pg of flow through was also loaded (a). Downstream mass spectrometry was
conducted on samples treated with sheep IgG anti-CMTR1 antibody cross-linked to Protein G
magnetic beads using 0.5 mM BS3 and a non-cross-linked control. A Venn diagram depicts the
number of individual proteins identified and the overlap between the two data sets generated by
each sample (c). N=2. IP (immunoprecipitation), WT (wild type), DSTT/D (Division of signal
transduction therapy, University of Dundee), IV (Invitrogen), FT (flow through), BS3

(Bis(sulfosuccinimidyl)suberate).

These data suggest that whilst DTT supplementation does not affect antigen
retrieval of CMTR1, it may interfere with interactions between CMTR1 and other
proteins. As this was the case, it was decided that CMTR1-IP should be
subsequently performed in the absence of DTT. Adding to this decision was the

observation that RNAPII failed to Co-IP with CMTR1 in any dataset, regardless of

DTT supplementation (data not shown).
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Figure 3.8-DTT does not appear to substantially impact antigen retrieval but does
reduce the number of binding partners identified in proteomic analysis.

IP was carried out using 2 mg of liver Lysate obtained from WT mice and 2 pg of sheep IgG anti-
CMTR1 antibody. Liver was either lysed in RIPA buffer supplemented with 5 mM DTT (with washes
being carried out with the same buffer), or RIPA buffer where no DTT was added. Post IP-input
samples of 10 pg were loaded alongside the IP, with ¥4 of the IP being loaded per sample, 10ug of
flow through was also loaded (a). Downstream mass spectrometry was then conducted on these
samples. A Venn diagram depicts the number of individual proteins identified and the overlap
between the data sets generated by each condition (b). N=2. IP (Immunoprecipitation), WT (Wild
type), CMTR1 (Cap methyltransferase 1), RIPA (Radioimmunoprecipitation assay buffer), DTT
(Dithiothreitol), FT (Flow through).
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3.3- Discussion

The work described in this chapter sought to investigate CMTR1 expression,
interaction, modification, and localisation in the liver. Expression of CMTR1, RNMT
and RNAPII were altered in mouse models of HCC, compared to WT controls.
However, protein levels of DHX15, a negative regulator of CMTR1 were unchanged.
To investigate the presence and extent of CMTR1-DHX15 interaction, IP/WB was
performed, which confirmed the occurrence of the interaction in liver.
Phosphorylation of CMTR1 P-patch could not be detected in liver lysate by IP/WB
or IP/MS, implying it is minimal or absent in hepatic cells. CMTR1 is primarily
localised to the nucleus in Huh-7 cells. However, weak staining can be seen in the
cytoplasm, which may suggest a specific role for CMTR1 in this compartment. The

possible significance of these findings is discussed below.

3.3.1 Expression of CMTR1 and RNAPII in WT and Ctnnb1€*3/WT: R26-L5L-Myc [iver

As shown in the results section, expression of CMTR1 and RNMT are significantly
higher in Ctnnb193/WT; R26-SL-M¢ livers compared to WT controls. RNMT protein
signal is also considerably increased in R26-5-"W¢ liver, regardless of the status of
Ctnnb1. It may be the case that these observed increases in capping enzyme
expression occur to facilitate and promote translation, particularly of pro-
oncogenic transcripts in a manner which promotes initiation and maintenance of

tumour cells.

Overexpression of RNMT has been previously demonstrated to enhance cap
methylation and translation of Cyclin D1 transcripts (Cowling, 2010). Enhanced
expression of Cyclin D1 is associated with poor outcomes in HCC (Nishida et al.,
1994), with induction of Cyclin D1 in mouse models being sufficient to initiate liver
cancer in the absence of other drivers (Deane et al., 2001). This information
suggests that increases in RNMT noted in Ctnnb193/WT; R26-L50-Mye and R26-L54-Mye
liver may contribute to HCC by promoting expression of specific oncogenes such as
Cyclin D1. However, interrogation of the transcriptome will be required to confirm
this.

CMTR1 has been demonstrated to specifically enhance translation of genes
enriched for GO terms associated with the cell cycle, DNA damage responses,
metabolic enzymes, and focal adhesion-associated molecules (Inesta-Vaquera et
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al., 2019). All of which have functions associated with pro-oncogenic processes
(Groelly et al., 2022, Tenen et al., 2021, Murphy et al., 2020). In addition to these
observations, siRNA CMTR1 knock-down (KD) has been shown to reduce
proliferation in two independent mammary epithelial tumour lines (Inesta-Vaquera
et al., 2018). Whilst in Colorectal cancer models KD of CMTR1 was demonstrated to
suppress cell proliferation via inhibition of RNAPII recruitment to the STAT3
promoter (You et al., 2023). Beyond the ability of CMTR1 to regulate gene
expression, the role of capping in regulation of innate immunity should not be
discounted when discussing tumorigenicity. The Cap-1 structure acts as a means
for pattern recognition receptors (PRR’s) such as RIG-I and MDA5 to differentiate
endogenous and exogenous nucleic acid, inhibiting aberrant activation of the IFN
response and IFIT mediated translational repression (Zust et al., 2011, Schuberth-
Wagner et al., 2015, Williams et al., 2020). Whilst it is true that chronic IFN
exposure may exert proliferative effects (Asao & Fu, 2000), it also possesses
numerous tumour suppressor functions (Lee et al., 2017, Maeda et al., 2014,
Diamond et al., 2011). Hence, it stands to reason that high levels of CMTR1
expression may be exploited by cancer cells to avoid immune activation. The
above information provides an explanation as to why we find CMTR1 to be
upregulated in HCC models and offers insight into how this may contribute to liver

cancer development.

In order to determine if increases in capping enzyme protein levels favour
expression of pro-oncogenic transcripts in a liver context, RNA sequencing on liver
tissue or HCC cell lines where CMTR1/RNMT is depleted or overexpressed may be
beneficial. CMTR1 has been previously found to promote expression of specific
genes by recruiting RNAPII to transcription start sites (Liang et al., 2022). Hence,
performing ChIP-Seq analysis in the aforementioned models may also be of use in

ascertaining if and how CMTR1 influences expression of oncogenic factors.

On average, higher levels of RNAPII expression and phosphorylation are observed in
R26-5-Mye liver. This may act synergistically when combined with enhancements in
CMTR1 expression, as interaction with RNAPII at S5P is indispensable for cap
methylation (Ho & Shuman, 1999). Upregulation of average RNAPII S5P expression

values in the c-Myc dysregulated model is not particularly surprising, given that c-
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Myc has been previously demonstrated to promote phosphorylation at this site, as
a regulatory mechanism of capping activity. (Cowling & Cole, 2009). Taken
together with CMTR1’s potential tumorigenic role in promoting expression of
specific genes, these data suggest that regulation of 2°’0-methylation may act as

one of many means by which c-Myc carries out its oncogenic functions.

Another observation of note is the fact that the average value of signal for
phosphorylation of RNAPII at S2P was considerably lower in Ctnnb1e%3/WT; R26-L5L-Myc
liver compared to the WT. This is of interest as low levels of RNAPII S2P are
associated with transcription termination defects (Collin et al., 2019). Termination
defects have been found to correlate with worse outcomes in renal carcinoma
patients, by contributing to aberrant transcriptional readthrough in a manner
which promotes oncogene expression (Grosso et al., 2015), Thus, it may be the
case that low levels of S2P contribute to tumorigenesis in the Ctnnb18x3/WT; R26-L54
My model alongside upregulation of CMTR1 and RNMT.

Although speculation can be made regarding the biological relevance of differences
in RNAPII expression and phosphorylation, it should be emphasised that none of the
differences between MYC/Ctnnb1 dysregulated liver and WT liver extracts were
found to be statistically significant. For this reason, it may be beneficial to carry
out additional repeats. Alternatively, this experiment could be conducted in
hepatic tumour cell lines, as this would permit for synchronisation to be performed
and control for variations in RNAPII phosphorylation and capping which result from

cell cycle phase (Aregger et al., 2016, Oelgeschlager, 2002).

3.3.2 CMTR1-DHX15

Our data demonstrates that the DHX15-CMTR1 interaction is maintained in the liver
and does not appear to be substantially altered in Ctnnb1¢x3/WT; R26-54-M¢ liver
compared to WT controls. Despite being a negative regulator of CMTR1 activity,
the extent of CMTR1-DHX15 binding in Ctnnb193/WT; R26-S-Mc liver is unchanged
even when CMTR1 expression is increased, when compared to WT controls. This
lends further credence to the idea that capping activity of CMTR1 may be

enhanced in an HCC context.

DHX15 itself appears to have contradictory roles in promotion and inhibition of

cancer, dependent on tumour origin. For example, whilst in prostate cancer DHX15
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is associated with progression to castration resistance (Xu et al., 2019); In glioma
DHX15 expression suppresses tumour formation in xenograft models, which may be
attributed to inhibition of NF-kB target and splicing gene expression (Ito et al.,
2017). Information concerning the role of DHX15 in HCC specifically is by no means
extensive, but one study has implicated this protein in the inhibition of cancer cell
proliferation via suppression of autophagy (Zhao et al., 2021). The emerging role
of CMTR1 and negative regulator DHX15 in cancer makes it somewhat surprising
that no differences were found in this interaction between WT and Ctnnb18x3/WT;
R26-54-Myc liver. However, this may be attributed to the high degree of variation in
DHX15 protein levels between biological replicates. It is not clear whether this
variation stems from a genuine biological cause or perhaps a technical issue. It
may be of note that livers were obtained from non-colony matched cohorts. For
this reason, it may be beneficial to repeat western blotting for DHX15, particularly

with colony-matched samples.

3.3.3 Phosphorylation of CMTR1

Phosphorylation of CMTR1 within the P-Patch promotes Cap-1 formation and CMTR1
dependent gene expression, including expression of genes implicated in growth and
ribosome production (Lukoszek et al., 2024). However, P-CMTR1 could not be
detected in the liver by IP/WB nor IP/MS. From this finding it may be concluded
that phosphorylation of CMTR1 does not occur in the liver or is at the very least
present below the limit of detection. Interaction between RNMT and activating
subunit RAM increases RNMT capping activity when SAM substrate availability is
poor (Varshney et al., 2016). Previous work conducted by Dr Lydia Hepburn in the
Cowling lab uncovered that interaction between RNMT and its RAM is below the
limit of detection in the liver. The liver is the predominant site of methionine
metabolism in the body and hence the availability of SAM for methyltransferase
reactions is high in this organ (Barak et al., 1990, Lu and Mato, 2012). It may be
the case that high abundance of SAM in the liver permits CMTR1 and RNMT to carry
out methyltransferase activity to the extent necessary for liver function in the
absence of additional interactions and modifications such as phosphorylation.
Methionine metabolism and SAM availability is often disrupted in HCC (Yang et al.,
2015, Liu et al., 2011), which may impact capping and would be of interest to

investigate further. It is also worth noting that in terms of direct gene regulation,
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CMTR1 specifically enhances expression of transcripts associated with the cell
cycle, ribosomal proteins, and histone synthesis (Inesta-Vaquera et al., 2018, Liang
et al., 2022, Wolter et al., 2023, Preprint). Whilst healthy hepatocytes do possess
regenerative and proliferative capacity, they predominantly exist in a “post-
mitotic” state and are for the most part arrested in the GO phase of the cell cycle.
(Sigal et al., 1995, Alva-Medina et al., 2010). This information adds further
credence to the assumption that even in the absence of phosphorylation CMTR1

maintains activity to the extent required for normal liver function.

3.3.4 CMTR1 localisation in Huh-7 cell lines

Immunostaining performed on Huh-7 cell lines demonstrated that CMTR1 primarily
displays nuclear localisation but is weakly present in the cytoplasm. This finding
agrees with work carried out by Lee et al., where staining of CMTR1 in neurones
shows a very similar pattern of localisation (Lee et al., 2020). However, it does
disagree with the previous data generated in HelLa cell lines, where cytoplasmic
immunostaining of CMTR1 was below the limit of detection (Liang et al., 2022,
Joana Silva, PhD thesis). Together these findings suggest there may be a unique
function of CMTR1 in the cytoplasm, particularly in cells of hepatic and neuronal
origin. Information on the role of capping enzymes beyond the nucleus is limited.
However, it has been demonstrated that accumulation of RNGTT in the cytoplasm
enables “re-capping” to occur (Otsuka et al., 2009). Hence, it can be suggested
that CMTR1 is carrying out a similar function at this location. An alternative
possibility is that there may be other unknown roles for CMTR1 in the cytoplasm,
unrelated to capping. Answering the question as to whether the localisation of
CMTR1 is altered in Huh-7 cells when compared to non-transformed cell lines may

also be of use to determine a role for CMTR1 in liver oncogenesis.

When performing IF, staining was performed with two separate CMTR1 antibodies
to enhance confidence in the findings. To build on this further, it may be
beneficial to generate CMTR1 KO Huh-7 cell lines as a negative control when
performing future experiments. In terms of the conclusions drawn regarding CMTR1
localisation, fractionation of protein lysate followed by western blotting may also

be conducted to reinforce these further.
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3.3.5 Optimisation of CMTR1 IP/MS

Optimisation of CMTR1 IP/MS in liver lysate demonstrated that the use of cross-
linking agents and DTT are likely to impact specificity and sensitivity. Although it
was decided that use of BS3 should not be implemented for liver CMTR1 IP/MS
experiments, it may have been beneficial to trial alternate cross-linking agents.
BS3 exerts cross-linking activity by targeting primary amine groups but can cross-
react with other nucleophilic groups (Kalkhof and Sinz, 2008). This cross-reactivity
may interfere with the antibody’s antigen binding region and account for the
reduction seen in antigen retrieval. Dimethyl pimelimidate (DMP), a common
alternative to BS3, lacks this cross-reactivity and may negate loss of CMTR1

retrieval whilst improving specificity (Sousa et al., 2011).

In conclusion, selection of antibody, cross-linking agent, and DTT supplementation
should be tailored according to the biological question the experiment is
attempting to answer. In this scenario IP/MS was conducted as a method of
identifying a large pool of potential binding partners to then validate individually

downstream, hence antigen retrieval was prioritised over specificity.
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Chapter 4: Identifying novel CMTR1 interacting proteins
in the liver.
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4.1- Introduction

Recent study has suggested a role for CMTR1 in the oncogenesis of both colorectal
(CRC) and liver cancer. Work conducted by You et al. implicated a pro-tumorigenic
role for CMTR1 in CRC via the promotion of STAT3 expression (You et al., 2023).
Conversely, unpublished data from the Sansom lab indicate that CMTR1 plays a
protective role against hepatitis and tumorigenesis, subsequent to Ctnnb1 and MYC
dysregulation in murine liver. Characterisation of CMTR1 in WT murine and

Ctnnb 183/WT: R26-LSL-Mvc |iver was undertaken to gain further insight into the role of
CMTR1 in cancer, as described in the previous chapter (chapter 3). The CMTR1
interactome has yet to be studied in either a liver or oncogenic context and was
hence investigated to enrich understanding of a potential function for CMTR1 in
hepatocellular carcinoma (HCC). Mass spectrometry analysis of complexes purified
by immunoprecipitation (IP/MS) was undertaken following the optimisation process
as detailed in chapter 3. Once data was obtained from IP/MS, individual proteins
were selected for downstream validation, based on their relevance to liver

function and cancer.

This chapter primarily focuses on validation of two novel CMTR1 interacting
proteins, Argininosuccinate synthase 1 (ASS1) and PGAM family member 5, a
mitochondrial serine/threonine protein phosphatase (PGAM5). ASS1 is a key
component of the arginine synthesis pathway, where it enables conversion of
citrulline and aspartate to argininosuccinate (Ghose and Raushel, 1985). Despite
classification as a phosphoglycerate mutase, PGAM5 lacks enzymatic activity in this
regard, instead utilising phosphatase activity alongside protein-protein interactions
for functionality. PGAM5 has been implicated in the regulation of mitochondrial
dynamics (Bernkopf et al., 2018, Sugo et al., 2018) and cell death processes (Wang
et al., 2012, Lenhausen et al., 2016).
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4.2- Results

4.2.1 ldentification of CMTR1 interacting proteins in liver

To identify CMTR1 interacting proteins in liver, total cell extract was obtained
from WT and Ctnnb183/WT; R26-LS-Myc mouse liver, 10 days after induction of cre
expression. 2 mg of protein from this extract was then used to carry out IP
overnight by using an IgG antibody of sheep origin raised against recombinant
human CMTR1. In total, 5 biological replicates of CMTR1-IP were conducted on
both WT and Ctnnb1x3/WT; R26-SL-My¢ [iver. Alongside these replicates, controls
were generated for both tissue types analysed. This was achieved by undertaking
IP with an isotype matched control antibody, which lacks specificity for CMTR1
(referred to from here on as an I1gG control). These samples were then submitted
for mass spectrometry analysis. From the data obtained in this experiment a final
list was compiled of proteins likely to be genuine CMTR1 interactors in WT (Table
4.1) and Ctnnb18x3/WT; R26-5L-My¢ liver (Table 4.2). This list was based on the
following criteria: identification of proteins in at least 3 replicates and the
presence of at least double the nhumber of unique peptides per protein compared
to the IgG control (Table 4.3).

The bait protein CMTR1 was identified in all 5 biological replicates carried out in
WT and Ctnnb1e%3/WT; R26-SL-Mvc liver but not in either of the IgG controls,
suggesting that the antibody used bound to the protein of interest specifically.
DHX15, an established interactor of CMTR1 (Inesta-Vaquera et al., 2018) was
identified in all 5 replicates of the Ctnnb1e*3/WT; R26-5L-Mv¢ dataset but only in 2
WT replicates. Despite data obtained from IP/WB indicating a similar extent of
interaction between these two proteins in WT and Ctnnb183/WT; R26-SL-Mye [iver,
Additionally, RNAPII, another experimentally verified CMTR1 interacting protein
(Haline-Vaz et al., 2008, Inesta-Vaquera et al., 2018) was not found to Co-IP with
CMTR1 in either WT or Ctnnb1%3/WT; R26-5SL-M¢ liver amongst any of the replicates.
This may be attributed to loss of this interaction during sample preparation or

differences in underlying methodology compared to other works.

In terms of overlap, 46% of interactors in the Ctnnb183/WT; R26-LSL-Mc dataset were
also found in the WT dataset (12/26), suggesting a degree of similarity between

the CMTR1 interactome in WT and Ctnnb1/MYC dysregulated liver. Interestingly,
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many proteins identified in these interactome datasets are implicated to have
tumour suppressor or promoter functions in HCC (Wang et al., 2021, Teng et al.,
2011).

4.2.2 Proteins identified in CMTR1 complexes are enriched for GO terms relating to

metabolic biological processes.

Once datasets of CMTR1 interacting proteins were compiled, gene ontology (GO)
analysis was conducted to determine enrichment of biological process terms. The
top 2 terms enriched in the WT dataset (Figure 4.1 a) were “branched amino acid
metabolic process” and “branched amino acid catabolic processes”, which placed
5t and 6t amongst the top 10 enriched terms in the Ctnnb1¢%3/WT; R26-LSL-Myc
dataset (Figure 4.1 b). In the Ctnnb183/WT; R26-SL-Mvc dataset the top 2 most
enriched terms related to protein folding. These being “chaperone cofactor-
dependent protein refolding” and “De novo post translational protein folding,”
which were the 3™ and 4t most enriched terms in the WT dataset respectively.
The majority of the top 10 enriched terms were shared amongst the two datasets,
again highlighting the similarities of the CMTR1 interactome in WT and

Ctnnb 783/WT: R26-LSL-Mvc [iver. Many of these enriched terms related to metabolism,
specifically amino acid metabolism, suggesting a role for CMTR1 in governing this
function in liver. One term found only in the top 10 GO enriched terms of the WT
dataset included “regulation of chaperone-mediated autophagy,” a process which
enables turnover of select cytosolic proteins and is required for lung tumour
growth (Kon et al., 2011). The term “response to unfolded protein” was unique to
the top 10 enriched terms of the Ctnnb1*3/WT; R26-LSL-Myc dataset and is associated
with promoting tumour cell survival upon exposure to hypoxia and glucose
deprivation (Park et al., 2004).

108



CMTR1 WT.1 WT.2 WT.3 WT.4 WT.5
IP
Gene Intensity | Peptides Intensity | Peptides Intensity | Peptides Intensity | Peptides | Intensity | Peptides
Names
Acaa2 22.136 2 0 0 23.733 2 20.859 1 22.605 2
Aldh2 20.273 1 0 0 21.082 1 20.326 1 0 0
Assl 23.841 3 25.389 2 24.276 2 24.568 3 23.702 4
Atp5al 25.565 8 0 0 23.163 2 23.771 3 23.829 4
Bckdha 28.468 8 27.547 6 28.842 8 28.298 9 27.318 8
Bckdhb 24.665 9 0 0 0 4 24.6305 6 24.363 7
Clgb 0 0 0 0 22.09 1 21.500 1 22.213 1
Cmtrl 25.725 6 25.478 3 25.536 7 23.940 4 26.126 11
Cpsl 28.965 23 28.402 8 27.478 12 26.672 11 26.852 18
Dbt 32.028 23 31.539 9 31.83 18 30.973 17 31.078 19
Dld 24.788 3 0 0 23.475 3 20.620 1 21.201 1
Dpsyl3 28.951 1 0 0 0 0 26.842 1 27.659 1
Eeflal 23.207 2 0 0 23.257 2 22.957 1 23.279 2
Gapdh 0 0 23.975 1 22.174 2 23.087 2 23.274 2
Gpx1 24.608 4 0 0 21.309 1 22.7406 3 23.380 3
Hmges2 | O 0 0 0 21.751 1 21.307 1 20.980 1
Hspa5 0 0 0 0 22.121 3 21.988 3 21.224 2
Hspa8 20.086 1 0 0 22.068 3 22.589 3 0 1
Hspad 0 1 0 0 23.570 5 21.641 2 21.387 2
Mgstl 23.134 1 0 0 22.788 1 23.3802 2 22.359 1
Pc 21.376 2 23.317 2 23.044 4 20.899 1 0 1
Psmcl 0 0 23.473 2 20.403 1 0 1 20.688 1
Psmd2 0 0 0 0 21.817 2 21.859 2 22.014 2
(0] 0 0] 2 1 1
2 0 (0] 1 p) 1
Slc25a5 | 20.090 1 0 0 0 0 21.924 1 21.153 1

Table 4.1- List of proteins identified as potential CMTR1 interacting partners in WT liver via
CMTR1 IP/MS.

This list is composed of proteins identified via CMTR1 IP-M/S, which were found to be present in at least 3 out

of 5 biological replicates, using liver lysate from WT mice. Proteins listed were found to have at least double

the number of unique peptides identified in at least 3 samples compared to the species and isotype matched

IgG control. Rows highlighted in red are hits found in previous studies (Simabuco et al., 2019). CMTR1 (Cap

Methyltransferase 1), IP/MS (Immunoprecipitation/Mass spectrometry), WT (Wild type).



CMTR1 B/M.1 B/M.2 B/M.3 B/M.4 B/M.5
IP

Gene Intensity | Peptides Intensity Peptides | Intensity Peptides | Intensity Peptides | Intensity Peptides
Names

Acaa?2 23.541 2 NaN 0 NaN 0 21.514 1 21.134 1
Assl 25.621 3 21.742 1 23.238 1 24.523 2 20.706 1
Atp5al 25.680 6 22.358 2 NaN 0 21.945 1 23.166 6
Bckdha 29.515 8 26.763 6 27.244 5 27.354 6 27.737 12
Cfl1 20.620 1 NaN 0 21.608 1 21.599 1 20.402 1
Cmtrl 25.833 2 24.693 8 22.701 3 24.831 6 25.257 8
Cpsl 28.717 18 26.610 12 25.051 5 26.370 9 26.379 12
Dbt 32.961 16 31.409 19 31.750 16 31.683 14 31.299 23

4 1 1 3 5
Fga 21.795 1 NaN 0 23.166 2 22.703 2 0 0
Fmo5 22.727 2 NaN 0 NaN 0 21.986 1 20.343 1
Gapdh 24.561 2 22.993 1 NaN 0 23.739 3 20.840 1
H1f0 23.524 1 20.048 1 22.542 1 NaN 0 NaN 0
Histlhd | 23.756 3 22.094 1 23.693 3 NaN 0 NaN 0
Hspa5 22.649 4 NaN 1 NaN 0 20.985 2 21.971 3
Hspa8 23.958 3 NaN 1 NaN 1 21.648 3 21.402 4
Pc 23.996 4 20.137 1 NaN 0 21.756 2 NaN 0
Pgam5 22.683 1 22.844 2 22.534 2 23.384 2 20.584 1
Psmd2 NaN 0 22.854 3 20.402 1 21.874 1 20.840 2
Ran 20.909 1 20.583 1 20.142 1 19.929 1 NaN 0
Tufm NaN 0 21.192 1 20.245 1 20.777 1 NaN 0

Table 4.2- List of proteins identified as potential CMTR1 interacting partners in B/M liver via
CMTR1 IP/MS.

This list is composed of proteins identified via CMTR1 IP-M/S, which were found to be present in at least 3

out of 5 biological replicates, when using liver lysate from B/M mice. Proteins listed were found to have at

least double the number of unique peptides identified in at least 3 samples compared to the species and

isotype matched IgG control. Rows highlighted in red are hits found in previous studies (Inesta-Vaquera et
al., 2018, Simabuco et al., 2019). CMTR1 (Cap Methyltransferase 1), B/M (Ctnnb193/VT; R26-5-Mc¢ liver),

IP/MS (Immunoprecipitation/Mass spectrometry).
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Table 4.3- List of proteins identified in IgG control samples

IgG control WT
Gene Intensity Peptides IgG control B/M
Names Gene Intensity Peptides

Acaa2 0 0 Names

Aldh2 0 0 Acaa2 0 0
Assl 0 0 Assl 0 0
Atp5al 0 0 Atp5al 21.972 1
Bckdha 0 0 Bckdha 0 0
Bckdhb 0 0 CIf1 0 0
Clgb 0 0 Cmtrl 0 0
Cmtrl 0 0 Cpsl 24.299 4
Cpsl 24.079 5 Dbt 0 0
Dbt 0 0 Dhx15 0 0
DIid 0 0 Fga 0 0
Dpsyl3 0 0 Fmo5 0 0
Eeflal 0 0 Gapdh 0 0
Gapdh 0 0 H1f0 0 0
Gpx1 0 0 Histlh1d 0 0
Hmgcs2 0 0 Hspa5 0 0
Hspa5 0 0 Hspa8 0 0
Hspa8 0 0 Pc 0 0
Hspa9 0 0 Pgam5 0 0
Mgst1l 0 0 Psmd2 0 0
Pc 0 0 Ran 0 0
Pgam5 0 0 Tufm 0 0
Psmcl 0 0

Psmd2 0 0

Rpl7a 0 0

Rps8 0 0

Slc25a5 0 0

This list is composed of proteins identified via CMTR1 IP-M/S in the IgG control in both WT and B/M liver
lysate. Intensity and the number of peptides identified is included. CMTR1 (Cap Methyltransferase 1), IP/MS
(Immunoprecipitation/Mass spectrometry), WT (Wild type), B/M (Ctnnb1ex3/WT; R26-LSL-Myc liver).
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Figure 4.1-Proteins identified via CMTR1 IP/MS are enriched for GO terms relating to

metabolic biological processes

CMTR1 IP/MS was carried out on 5 biological replicates of WT and B/M mice liver. A final list of
potential binding partners was created based on proteins identified in at least 3 biological
replicates which possessed double the number of unique peptides compared to the IgG control. GO
analysis was conducted to determine the top 10 GO biological processes biological process terms by
significance for WT liver (a) and B/M liver (b). GO analysis was conducted on Enrichr. CMTR1 (Cap
Methyltransferase 1), IP/MS (Immunoprecipitation/Mass spectrometry), GO (Gene ontology), WT
(Wild type), B/M (Ctnnb193/WT; R26-L5L-Myc)

In addition to determining enrichment of biological processes amongst the CMTR1-
interactome, enrichment of terms relating to interactor localisation was also
investigated. Given that CMTR1 is characterised as a nuclear protein it was
surprising to find a high extent of enrichment for mitochondrial and vesicular GO
terms (Figure 4.2 a, Figure 4.2 b). Once again, top 10 GO localisation terms were
highly similar in both datasets, with both sharing “intracellular organelle lumen”
and “mitochondrial matrix” as their top 2 enriched terms. In regard to the
distribution of individual proteins found in the datasets, 20 and 25% of proteins
found in complex with CMTR1 were localised to the nucleus in WT (Figure 4.2 c)
and Ctnnb 718x3/WT- R26-LSL-Myc (Figure 4.2 d) liver respectively. The vast majority of
remaining proteins were found in either the mitochondria or cytoplasm; with
endoplasmic reticulum, membrane, cytoskeletal and secreted proteins making up a

small fraction of the remaining compartments.
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Figure 4.2-Proteins identified as CMTR1 binding partners in both WT and B/M liver
lysate are predominantly localised in cytoplasmic, nuclear and mitochondrial

compartments

CMTR1 IP/MS was carried out on 5 biological replicates of WT and B/M mice liver. A final list of
potential binding partners was created based on proteins identified in at least 3 biological
replicates which possessed double the number of unique peptides compared to the IgG control.
Gene ontology analysis was conducted to determine the top 10 GO cellular component terms by
significance for WT liver (a) and B/M liver (b). Pie charts are displayed to show distribution of
individual protein hits amongst nuclear, ER, membrane, cytoplasmic, cytoskeletal, mitochondrial,
and secreted compartments for WT (c) and B/M liver (d). GO analysis was conducted on Enrichr.
CMTR1 (Cap Methyltransferase 1), WT (Wild type), B/M (Ctnnb193/WT; R26-5-M¢) - GO (Gene

ontology), ER (Endoplasmic reticulum).
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4.2.3 Survival is more favourable in HCC patients with high expression of ASS1 and

PGAM5, two proteins identified as potential CMTR1 binding partners.

After establishing GO enriched biological function and localisation terms in the
interactome datasets, individual proteins were selected for validation. Validation
of ASS1 as a CMTR1 binding partner was undertaken. ASS1 is crucial for maintaining
liver function and possess tumour suppressor effects in HCC (Kim et al., 2021, Tao
et al., 2019). PGAM5 was selected for downstream validation as it was previously
found to be upregulated in HCC, where it contributes to chemoresistance (Cheng
et al., 2018). The interactor PGAM5 is of particular interest for further study as it
was found in all 5 replicates of CMTR1-IP carried out in Ctnnb18<3/WT; R26-L5L-Myc
liver at relatively high intensity but was only found in a single WT liver replicate,
suggesting potential relevance for the CMTR1-PGAMS5 interaction in liver

oncogenesis specifically.

To better understanding of how ASS1 and PGAM5 contribute to outcomes in liver
cancer, Kaplan-Meier curves were generated from a dataset obtained from the
cancer genome atlas (TCGA-LIHC), which was comprised of HCC patients. Patients
from these datasets were classified into high- or low-level expression groups for
either ASS1 (Figure 4.3 a) or PGAM5 (Figure 4.3 b). It was found that patient
survival probability was more favourable in those expressing high levels of PGAM5
or ASS1, compared to the low expression group. This finding, regarding ASS1
expression agrees with previous data indicating a suppressive role for ASS1 in
tumour progression (Kim et al., 2021). However, the finding that high expression of
PGAM5 favoured survival probability was unexpected, given that high levels of
PGAM5 expression were previously demonstrated to predict poorer overall survival

in a Chinese patient cohort (Cheng et al., 2018).
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Figure 4.3-Survival probability is more favourable in HCC patients with high expression
of ASS1 and PGAM5.

Kaplan-Meier curves generated from a TCGA-LIHC dataset comprised of 371 HCC patients. The
dataset was bifurcated by median value of RNA-Seq expression values to determine differences in
survival probability between patients with high or low expression of ASS1 (a) or PGAM5 (b). Log-
Rank test was performed to determine significance. HCC (Hepatocellular carcinoma), ASS1
(Argininosuccinate synthetase), PGAM5 (PGAM family member 5, mitochondrial serine/threonine

protein phosphatase), TCGA-LIHC (The Cancer Genome Atlas-Liver Hepatocellular Carcinoma).
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4.2.4 Binding partners identified by IP/MS visualised by IP/WB performed on organ

and Huh-7 cell extract.

To confirm CMTR1 IP/MS findings, purification of both ASS1 and PGAM5 via CMTR1
Co-IP was attempted in WT and Ctnnb183/WT; R26-5L-My¢ liver extract. In 3 separate
biological replicates ASS1 was found to purify with CMTR1 in both WT and
Ctnnb183/WT: R26-LSL-Mvc liver (Figure 4.4 a) by immunoblot. Initially, under normal
wash conditions a signal consistent with ASS1 was present in the lane
corresponding to the IgG control. However, this was remedied with the
implementation of high-salt washes for all samples, suggesting identification of
ASS1 in IP/MS was not solely a result of non-specific interactions with the isolation
matrix. Purification of PGAM5 from CMTR1-IP was achieved in 3 replicates using
Ctnnb183/WT: R26-SL-Mve [iver extract but did not appear to occur in all 3 replicates
conducted with WT liver extract (Figure 4.4 b), in agreement with the IP/MS data.
Additionally, no signal for PGAM5 appeared in the I1gG control lane, suggesting
interactions occurred specifically between CMTR1 and PGAM5. PGAMS5 contains a
transmembrane domain which is subject to cleavage by presenilin-associated
rhomboid like protein (PARL), generating PGAM5 (A24) (Sekine et al., 2012). Both
full length and cleaved PGAM5 can be identified by western blotting and account
for the presence of two bands for PGAM5 in the IP lanes. The extent of ASS1 and
PGAMS5 signal correlated with the degree of CMTR1 retrieved, implying specificity.

To further uncover the biological relevance of CMTR1 interactions,-ASS1 and
PGAM5 Co-IP was attempted in Huh-7 cells (a hepatoma cell line) (Figure 4.5).
When purification of ASS1 was attempted, the resultant signal was below the limit
of detection. The interaction between CMTR1 and PGAM5 meanwhile was
preserved in Huh-7 cells, with signal being produced for both full length and
cleaved PGAMS5. These findings indicated that Huh-7 cell lines were an appropriate
model for further exploration into CMTR1-PGAM5 but not CMTR1-ASS1 interactions.
For this reason, further experiments focused on confirming the validity of PGAM5
binding to CMTR1.
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Figure 4.4-Binding partners identified via mass spectrometry can be visualised by

IP/WB performed on liver extract.

CMTR1-1IP/WB was conducted using 2 mg of liver lysate and 2 ug of sheep IgG anti-CMTR1. Liver
lysate was obtained from 3 separate WT and B/M mice. Western blotting was then conducted for
CMTR1 and ASS1 (a) or CMTR1 and PGAMS5 (b). PGAM5 exists in both a full-length and lower
molecular weight cleaved conformation within cells and tissues. Post IP-input samples of 20 g for
liver and were loaded alongside the IP, with 4 of the IP being loaded per sample. An isotype and
species matched non-specific antibody was used as an IgG control to confirm specificity of the
interaction. Molecular weight is indicated on the left side of the panel. N=3. CMTR1 (Cap
Methyltransferase 1), IP/WB (immunoprecipitation/Western blot), ASS1 (Argininosuccinate
synthetase), PGAM5 (PGAM5 family member 5, mitochondrial serine/threonine protein
phosphatase), IP (Immunoprecipitation), WT (Wild type), B/M (Ctnnb193/WT; R26-SL-Myvc),
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Figure 4.5-CMTR1 interacts with PGAM5 but not ASS1 in Huh-7 cells.

IP was carried out using 1mg of Huh-7 cell lysate alongside 2 pg of sheep IgG anti-CMTR1. Western
blotting was then undertaken for CMTR1, ASS1 and PGAM5. N=2. Post IP-input samples of 10ug were
loaded alongside the IP, with % of the IP being loaded per sample. An isotype and species matched
non-specific antibody was used as an IgG control to confirm specificity of the interaction. Molecular
weight is indicated on the left side of the panel. CMTR1 (Cap Methyltransferase 1), PGAM5 (PGAM
family member, mitochondrial serine/threonine protein phosphatase, ASS1 (Argininosiccinate

synthetase), IP (Immunoprecipitation)

4.2.5 PGAM5 and CMTR1 are ubiquitously expressed amongst organs and cell lines,

however the extent of PGAM5-CMTR1 interaction varies.

To determine if interaction between CMTR1 and PGAM5 was unique to liver and
HCC cell lines, western blotting of CMTR1 and PGAM5 was undertaken in a panel of
organ extract, alongside Co-IP of PGAM5 from CMTR1 in multiple cell lines (Figure
4.6 a). Blotting for CMTR1 and PGAM5 in organs revealed that CMTR1 expression is
relatively consistent, which may be unremarkable given its universal role in gene
expression and innate immune regulation (Smietanski et al., 2014). Expression of
PGAM5 was also consistent amongst organs with a few marked outliers, these being
brain, liver and Huh-7 cell line extract, where expression of PGAM5 was highest.

Interestingly, in brain extract levels of PGAM5 (A24) were higher than full length
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PGAM5, which tends to occur as a response to loss of mitochondrial potential
(Sekine et al., 2012). In other organs and the huh-7 cell lines, the ratio of PGAM5
(A24) to full length PGAM5 was similar. Expression of PGAM5 was highest in Huh-7
cell lines, which agrees with previous findings where PGAM5 is noted to be

upregulated in HCC.

Once expression of CMTR1 and PGAM5 was determined amongst extract from
different organs, CMTR1-IP followed by blotting for PGAM5 was carried out in A549
(lung cancer), HEK293 (embryonic kidney) and Huh-7 cell lines. Signal for both full
length and cleaved PGAM5 could be visualised from these extracts. However, a
stronger signal was produced for PGAM5 in the lane where the Huh-7 CMTR1 IP was
loaded compared to HEK293 and A549 cell lines. This is despite similar levels of
retrieval for CMTR1. No signal for PGAM5 nor CMTR1 could be detected in any of
the IgG control lanes. Overall, this suggests that whilst interaction between CMTR1
and PGAM5 is preserved in multiple cell lines, it may be occurring to a greater

extent in HCC cell lines, such as Huh-7.

4.2.6 Determining if FCCP treatment in Huh-7 cell lines induces PGAM-5 cleavage.

Reports from the literature have indicated that upon cleavage, PGAMS5 relocates to
the cytosol and nucleus (Bernkopf et al., 2018, Baba et al., 2021). Cleavage via
PARL tends to occur in response to mitochondrial stress when accompanied by a
loss of mitochondrial potential (Sekine et al., 2012). Loss of mitochondrial
potential can be artificially induced by treating cells with Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP). As CMTR1 has not been reported to
localise to the mitochondria (to the author’s knowledge), it can be assumed that
interaction between CMTR1 and PGAM5 would primarily occur upon PGAM5
cleavage and subsequent relocation to the nucleus and/or cytoplasm. For this

reason, FCCP treatment was optimised in Huh-7 cell lines.

Huh-7 cells were treated with either 5 or 10 pM FCCP, then harvested for protein
at 1, 2 and 4 hrs post-treatment (Figure 4.7). Throughout the course of treatment,
signal for CMTR1 was unaltered when determined by western blotting. As
expected, levels of full length PGAM5 decreased at all time points compared to the
vehicle control. In contrast, the signal produced for cleaved PGAMS5 increased in a
time dependent manner.
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Figure 4.6-PGAM5 and CMTR1 are ubiquitously expressed amongst organs and cell
lines, however the extent of PGAM5-CMTR1 interaction varies.

10 pg of organ and Huh-7 lysate was loaded for western blot, with anti-sheep IgG CMTR1 and anti-
rabbit 1IgG PGAM5 being used to detect these proteins. Total protein staining with ponceau was
carried out to determine if loading was equal (a). N=2. 0.5 mg of A549, HEK293 and Huh-7 cell
lysate, was used for CMTR1 IP/WB alongside 1 pg of sheep IgG anti-CMTR1. Western blotting was
carried out to detect CMTR1 and PGAM5. Post IP-input samples of 5 pug were loaded alongside the
IP, with ¥ of the IP being loaded per sample. An isotype and species matched non-specific antibody
was used as an IgG control to confirm specificity of the interaction (b). N=3. Molecular weight is
indicated on the left side of the panel. PGAM5 (PGAM family member 5 serine/threonine protein
phosphatase), CMTR1 (cap methyltransferase 1), IP/WB (Immunoprecipitation/Western blot)
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Expression of translocase of outer mitochondrial membrane 20 (TOM20), a marker
of mitochondrial mass (Whitaker-Menezes et al., 2011), was not markedly
increased even after 4 hrs of FCCP treatment at a 10 yM concentration. This
indicates that mitochondrial homeostasis was for the most part maintained, even
under stress conditions induced by FCCP treatment. To further establish that FCCP
treatment induced loss of mitochondrial potential and hence PGAM5 cleavage, flow
cytometry was undertaken on Huh-7 cells treated with 10um FCCP for 4 hrs and
stained with MitoSpy Red CMXRos and MitoSpy Green FM dyes. The MitoSpy Red
CMXRos dye binds to mitochondria dependent on potential and hence a decrease in
fluorescence intensity indicates a loss of potential. Binding of MitoSpy Green FM
dye occurs independently of changes in mitochondrial potential, with fluorescence
intensity acting as an indicator of mitochondrial mass (MitoSpy kit manual,
Biolegend). Huh-7 cells treated with FCCP displayed a significant loss in
mitochondrial potential as determined by MitoSpy Red signal, compared to the
vehicle control, whilst mitochondrial mass was significantly increased upon FCCP
treatment when compared to the control. Together, these data serve as an
indication that treatment with 10 pM FCCP over 4 hrs induced loss of mitochondrial
potential and PGAM5 cleavage yet was well tolerated in Huh-7 cell lines. For this
reason, subsequent experiments conducted using FCCP were carried out in the

aforementioned conditions.

4.2.7 PGAM5 and CMTR1 both localise to the nucleus in Huh-7 cells, treatment with

FCCP does not substantially alter co-localisation

To determine whether CMTR1 and PGAM5 co-localise in Huh-7 cell lines,
immunofluorescence staining of these proteins followed by visualisation via
confocal microscopy was undertaken (Figure 4.8). As cleavage of PGAM5 has been
demonstrated to promote localisation outside mitochondria (Baba et al., 2021
Bernkopf et al., 2018), Huh-7 cells were treated with FCCP prior to
immunostaining. CMTR1 staining in Huh-7 cells displayed a strong nuclear pattern,
with weak cytoplasmic staining in both control and FCCP treated cells. No change

in localisation was noted in CMTR1 upon exposure to FCCP.
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Figure 4.7-Determining if FCCP treatment in Huh-7 cell lines induced PGAMS5 cleavage.

Huh-7 cells were treated with 5 or 10 pM of FCCP over the course of 4 hrs and harvested for protein
at the indicated time. Western blotting was then performed to determine the extent of protein
expression for CMTR1, PGAM5 (Full length and cleaved), and TOM20. Actin was used as a loading
control (a). Molecular weight is indicated on the left side of the panel. The signal for full length
and cleaved PGAM5 was quantified using Image Studio™ lite and normalised to the expression of
actin. The fold change in the signal of full length or cleaved PGAM5 was calculated relative to the
DMSO only treated control and plotted over time N=1 (b, c). Huh-7 cells treated with 10 um of FCCP
for 4 hrs were stained with MtioSpy Red CMXRos and MitoSpy Green FM for 30 mins prior to analysis
by flow cytometry. The geometric mean of the fluorescent signal provided by the CMXRos and FM
dye for each sample for mock vs FCCP treated cells is shown (d, e). Bars show the mean value, with
error bars depicting the SEM, each point represents an individual replicate. Students t-test was
performed to determine significance. N=3. FCCP (Carbonyl cyanide-p-
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trifluoromethoxyphenylhydrazone), CMTR1 (Cap Methyltransferase 1), PGAM5 (PGAM family member
5 mitochondrial serine/threonine protein phosphatase), TOM20 (Translocase of outer mitochondrial
membrane 20), SEM (Standard error mean). Gating strategy for flow cytometry experiments can be

found in the appendices.

CMTR1 also appeared to be excluded from features within the nucleus that may
correspond to the nucleolar compartment. However, this is difficult to ascertain in

the absence of a marker.

PGAM5 displayed a similar pattern of localisation to CMTR1, demonstrating both
nuclear and cytoplasmic staining in control and FCCP treated cells. Furthermore,
cytoplasmic staining corresponded to a specific organelle structure as opposed to
diffuse staining. The identity of this organelle however is difficult to confirm in the
absence of an appropriate marker such as TOM20. The extent of PGAM5
localisation in the nuclear compartment of vehicle treated Huh-7 cell lines was
unexpected, given the majority of PGAM5 would be expected to localise to the
mitochondria in healthy cells. Upon FCCP treatment, nuclear immunostaining of
PGAM5 in Huh-7 cells remained unchanged. In terms of cytoplasmic
immunostaining in response to FCCP treatment, distinct puncta of PGAM5 could be
noted outside the nucleus, suggesting localisation within granular structures.
Confirming the identity of these granules would require further experimentation,

however these may correspond to P-bodies or stress granules.

Given that PGAM5 was not expected to strongly localise to nuclear compartments,
particularly in the absence of FCCP treatment, immunostaining was conducted on
A549 cell lines to indicate whether this phenomenon was cell line specific. Whilst
immunostaining of PGAM5 in A549 cells indicated localisation in the nucleus of
control and FCCP treated cells, cytoplasmic immunostaining was more prominent
compared to Huh-7 cell lines and was consistent with the expected pattern of
staining for a mitochondrial protein. Again however, it cannot be concretely
confirmed if PGAM5 immunostaining in the cytoplasm corresponds to the

mitochondrial compartment in A549 cells without a marker.

To quantify the degree of colocalization between CMTR1 and PGAM5,
colocalization analysis was undertaken (Figure 4.9). This was performed by

selecting individual cells as regions of interest from multiple fields of view and
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experimental replicates, followed by utilisation of the BIOP JACoP plugin in
ImageJ. From this analysis, both the Pearson’s correlation coefficient and Manders
colocalization coefficient were calculated. Manders colocalization coefficient
generates both M1 and M2 values for the selected region of interest (ROI). In this
case the M1 value described the contribution of the red channel (used in this
experiment to visualise CMTR1 staining) to the pixels of interest within the image,
whilst M2 describes the contribution of the green channel (used in this experiment
to visualise PGAM5 staining) to the pixels of interest within the image. Pearson’s
coefficient was calculated to be over 0.8 in both control and FCCP treated Huh-7
cells. The average M1 and M2 values for the mock control were over 0.75 and over
0.8 for FCCP treated cells (table 4.4). This suggests that overall, a high level of
mutual co-localisation occurs between PGAM5 and CMTR1 in both untreated and
FCCP treated cells.

Despite these findings, it is important to state that co-occurrence of signal does
not necessarily indicate protein interaction. However, taken together with Co-IP
data, these findings indicate that interaction of CMTR1 and PGAMS5 is likely to be

genuine.
Mock FCCP
Pearson’s correlation 0.87 0.88
coefficient (average)
M1 (average) 0.78 0.85
M2 (average) 0.91 0.88

Table 4.4- Average Pearson’s correlation coefficient and Mander’s M1/M2 values for
mock and FCCP treated Huh-7 cells
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Figure 4.8- PGAM5 and CMTR1 Immunostaining in Huh-7 cells.
Huh-7 (a) (n=3) and A549 (n=1) (b) cell lines were stained with antibodies targeting CMTR1 (Anti-sheep IgG antibody) and PGAM5 (Anti-rabbit IgG antibody)

as indicated. DAPI was used as a nuclear marker. Cells were treated with 10 uM FCCP for 4 hrs prior to fixation. A secondary only control was generated
by treating Huh-7 and A549 cells with anti-sheep Alexa 594 and anti-rabbit Alexa 488 secondary antibody. Imaging was performed on the Nikon A1R and
analysed with Omero. Scale bars represent a 10 or 50 ym distance. Images taken on 60x objective. CMTR1 (Cap Methyltransferase 1), PGAM5 (PGAM family
member 5 mitochondrial serine/threonine protein phosphatase), DAPI (4',6-diamidino-2-phenylindol), FCCP (Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone).
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Figure 4.9- Results of Co-localisation assay for CMTR1 and PGAM5 signal in mock and FCCP treated Huh-7 cell lines.

Huh-7 cell lines were stained with antibodies targeting CMTR1 (Anti-sheep IgG antibody) and PGAM5 (Anti-rabbit 1gG antibody). Cells were treated with 10
MM FCCP for 4 hrs prior to fixation. Imaging was performed on the Nikon A1R and analysed with Omero. Regions of interest were selected from multiple
replicates across different fields of view (n=21) for co-localisation analysis using the BIOP JACoP plugin in ImageJ software. Li’s automatic thresholding
was used to differentiate background and foreground. Pearson’s (a) and Mander’s (b) corelation coefficients were calculated. Bar shows the mean value,
each point represents an individual replicate. CMTR1 (Cap Methyltransferase 1), PGAM5 (PGAM family member 5 mitochondrial serine/threonine protein

phosphatase), FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone), JACOP (Just Another Colocalization Plugin).
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4.3- Discussion

Given that preliminary data has suggested a putative role for CMTR1 in liver
cancer, characterisation of the CMTR1 interactome in WT and Ctnnb13/WT: R26-L5L-
My¢ murine liver was undertaken to identify differential CMTR1 interacting proteins
which may hold relevance to oncogenesis. By conducting mass spectrometry
analysis of CMTR1 complexes purified from WT and Ctnnb193/WT; R26-5-M¢ mouse
liver, novel CMTR1 interactors could be determined. Validation of two of these
potential binding partners, ASS1 and PGAM5 was subsequently undertaken. Both
ASS1 and PGAM5 were demonstrated to interact with CMTR1 via CMTR1 Co-IP in
liver organ extract. However, this was not the case when Co-IP was attempted in
Huh-7 extract, with only PGAM5 being successfully purified. Interaction between
PGAMS5 and CMTR1 occurs in other cell lines but the extent of this interaction
varies. Finally, CMTR1 and PGAM5 were found to co-localise in Huh-7 cells, with
PGAMS5 being present in both nuclear and cytoplasmic compartments. The

implications of these findings are discussed below.

4.3.1 Characteristics of CMTR1 binding partners and differences from previous

interactome studies

Within the dataset of potential CMTR1 binding partners, there were several
proteins besides ASS1 and PGAM5 which would be of interest to conduct further
validation and analysis, owing to their roles in HCC. Although time constraints
prevented this from being achieved. One example of these proteins is aldehyde
dehydrogenase 2 (ALDH2), a binding partner unique to the WT liver interactome.
Low expression of ALDH2 has been noted in tumour tissue compared to healthy
controls and predicts poor prognosis in HCC patients. The mechanism of which is
thought to be rooted in regulation of AMP-activated protein kinase signalling (Hou
et al., 2017).

GO analysis performed on CMTR1 interactors revealed enrichment for terms
relating to metabolism, particularly amino acid metabolism. Previous findings have
shown that mutations in CMTR1 which prevent inhibition by DHX15 led to increased
translation of genes relating to metabolism (Inesta-Vaquera et al., 2018). Whilst
this demonstrated a role for CMTR1 in regulating metabolic processes via
promotion of translation, it has not yet been shown that CMTR1 is able to exert
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this regulatory effect via protein interaction. For this reason, further investigation
into the biological consequence of CMTR1s interaction with metabolic proteins
would be of interest.

Given that CMTR1 is a cap methyltransferase and binds to RNAPII, it may be
expected that binding proteins identified in the liver would primarily be implicated
in regulation of the mRNA lifecycle and capping. A previous CMTR1 interactome
study conducted in the HEK293 cell line, identified 137 putative CMTR1 interacting
proteins. The majority of which were classified into functional categories for
mMRNA processing, spliceosomal complexes, translation initiation and ribosomal
subunits (Simabuco et al., 2019). Amongst proteins indicated to bind to CMTR1 via
mass spectrometry analysis, few have been extensively validated. The most well
characterised interacting proteins of CMTR1 include RNAPII (Haline-Vaz et al.,
2008) and DHX15 (Inesta-Vaquera et al., 2018), the latter of which negatively
regulates CMTR1 methyltransferase activity. Additionally, one study analysing the
interactome of another capping enzyme CAPAM, demonstrated interaction
between this protein and CMTR1. The authors of this study postulate that this
interaction serves to facilitate CAPAM activity and promote N6 methylation of the
first transcribed adenosine nucleotide (Covelo-Molares et al., 2021). Taken
together, these data suggest that CMTR1 interacting partners are likely to be
involved in RNA processing and further augment or regulate the function of CMTR1
in this regard. Despite this being the case, the data presented here demonstrates
that the CMTR1 interactome in liver mainly consists of proteins with functions
relating to amino acid metabolism and protein folding. This suggests specialisation
of CMTR1 interaction and function in hepatocytes compared to tissue of other

origin.

An additional contrast between the findings presented here and those of previous
CMTR1 interactome studies is the localisation of proteins identified as binding
partners of CMTR1. Most proteins in the HEK293 dataset were found to localise in
either the nucleus (54%) or cytoplasm (33%), with only 1% being mitochondrial
(Simabuco et al., 2019). Whilst in the liver interactome dataset 28 and 25% of
proteins were found to localise to the mitochondria in WT and Ctnnb193/WT; R26-

LSL-Myc iver, respectively. The high amount of mitochondrial protein interactors
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identified was surprising, given that CMTR1 is characterised as a nuclear protein.
However, data from other labs (Lee et al., 2020) and findings presented here have
demonstrated cytoplasmic immunostaining of CMTR1 occurs in neurones and liver
cancer cells. This being a means by which CMTR1 could be interacting with

proteins which lack nuclear localisation.

4.3.2 Validating interactors

Co-IP of both ASS1 and PGAM5 from CMTR1 was successful in liver extract.
However, this finding could not be replicated in Huh-7 cell lines, this may be
attributed to downregulation of ASS1, which is intrinsic to HCC cell lines (Kim et
al., 2021). This being the case, investigation into the biological relevance of ASS1-
CMTR1 interactions would require alternative models, where ASS1 expression is
maintained. To undertake further validation and eliminate concerns of off-target
antibody binding, exogenous expression of tagged CMTR1 in liver cell lines followed
by co-IP of ASS1 and PGAM5, would be beneficial. Although this would still be
problematic to undertake in Huh-7 cell lines owing to low ASS1 expression. It may
also be of benefit to determine if interactions are maintained using recombinant
protein assay, to further validate binding between ASS1 and PGAM5 with CMTR1.
The exact site of binding between CMTR1 and these proteins may also be

determined by using recombinant protein fragments.

Western blotting on organ lysate showed that expression of CMTR1 was consistent
amongst different tissue types. Expression of PGAM5 meanwhile was highest in
Huh-7 cell lines and markedly increased compared to WT liver extract. This lends
further credence to the idea that PGAMS5 is upregulated in HCC (Cheng et al.,
2018). Extract from brain also demonstrated high levels of PGAM5 protein
expression, particularly cleaved PGAM5. This is of note as in most cell lines, excess
PGAM5 cleavage is associated with loss of mitochondrial potential in response to
stress (Sekine et al., 2012). Furthermore, in most other organs, the ratio of
PGAM5A24 and full length PGAM5 were equivalent. It may be that the extent of
PGAMS5 cleavage in the brain can be attributed to physiological changes occurring
during organ extraction, particularly given the relevance of PGAM5 cleavage in

neuroprotective responses to brain injury (Liang et al., 2023).
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When PGAM5 was Co-IP’d with CMTR1 in HEK293 and A549 cells, the extent of the
resultant PGAMb signal was weaker in these cell lines compared to Huh-7 lines,
despite equivalent retrieval of CMTR1. This implies interaction between CMTR1
and PGAM5 may occur to a greater extent in HCC models specifically compared to
models of other cancers. Despite this being the case, increases in PGAM5 gene
expression have been found to correlate with mortality in non-small cell lung
carcinoma patients (Ng Kee Kwong et al., 2018). Whilst in gastric cancer PGAM5
expression is also found to be upregulated, permitting for activation of the
PI3K/AKT pathway to sustain increases in proliferation (Meng et al., 2023). These
works from the literature demonstrate relevance for PGAM5 in cancer beyond HCC
and emphasise the importance of further determining the biological consequences
of CMTR1-PGAMS5 interaction.

CMTR1-PGAM5 interaction occurred to a greater extent in Ctnnb183/WT; R26-L5L-Myc
liver compared to WT liver according to both IP/MS and IP/WB data. The
underlying mechanisms behind this require further investigation. It may be
speculated that post translational modifications or stabilisation of the complex by

other proteins occur to achieve this.

4.3.3 Localisation of CMTR1-PGAMS5 interactions

As previously inferred in the text, binding of mitochondrial proteins (PGAM5
included) to CMTR1 was unexpected, based on current understanding of CMTR1
localisation. This being the case, concerns arose over the validity of these findings,
as these could be attributed to artefacts of lysis. Despite this, it may be theorised
that cytoplasmic CMTR1 is capable of interacting with mitochondrial proteins
localised on the outer mitochondrial membrane (OMM). Furthermore, it may be the
case that mitochondrial proteins identified as CMTR1 binders are capable of
translocating to the cytoplasm and/or nucleus and are thus interacting with CMTR1

at these sites.

In terms of PGAM5 specifically, localisation of this protein even within the
mitochondria is highly debated. PGAM5 has been demonstrated to interact with
several cytoplasmic proteins including, nuclear factor erythroid 2-related factor 2
(NFE2L2) (O’Mealey et al., 2017) and KEAP1 (Zeb et al., 2021), suggesting OMM
localisation. However, sucrose density gradient centrifugation found that PGAM5
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localised within inner mitochondrial membrane fractions (Sekine et al., 2012). To
explain these contradictory findings, it has been proposed that PGAM5 shuttles
between the two mitochondrial membranes, accounting for interactions with
cytoplasmic proteins in the absence of cleavage (Sugo et al., 2018). This
information provides rationale for the occurrence of CMTR1-PGAM5 interactions

within the cytoplasmic fraction of cells.

PGAM5A24 has been demonstrated to translocate to the cytosol upon treatment
with FCCP, permitting for interactions between PGAM5 and Axin to occur which
facilitate B-catenin dependent transcription as a mechanism of inducing
mitochondrial biogenesis (Bernkopf et al.,2018). Experiments conducted on HelLa
cells have shown that induction of mitophagy via FCCP resulted in translocation of
PGAMS5 to the nucleus, enabling dephosphorylation of nuclear serine/arginine rich
proteins (Baba et al., 2021). Furthermore, a degree of nuclear localisation for
PGAM5 has been noted in the absence of mitochondrial stressors when expression
of either cleaved or full length tagged PGAM5 was induced in U20S cells (Bernkopf
et al., 2018). Based on the above literature it was theorised that the interaction
between CMTR1 and PGAM5 may solely occur upon cleavage of the latter, as this
permits greater motility of PGAM5 within cellular compartments, particularly the
nucleus. It is for this reason immunostaining for PGAM5 and CMTR1 was conducted
following FCCP treatment. Surprisingly, it was found that even at rest; a
substantial proportion of PGAM5 could be found in the nucleus and colocalised with
CMTR1. The degree of this colocalization was not substantially different amongst
untreated and FCCP treated cells. This suggests that the bulk of CMTR1-PGAM5
interactions occur in the nuclear compartment of Huh-7 cells and may not be

dependent on loss of mitochondrial potential.

It should be noted however that co-localisation does not automatically indicate
protein-protein interactions are occurring. Rather, it is an indication that proteins
may be capable of interacting based on mutual presence in the same cellular
compartments. To more definitively prove that CMTR1-PGAM5 interactions are
occurring in the nucleus, conduction of super-resolution microscopy or automated
fluorescence lifetime imaging may be of use. Additionally, given that the extent of

PGAM5 nuclear staining (particularly in the absence of cleavage) was considerably
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higher than has been previously reported (Bernkopf et al.,2018, Baba et al., 2021),
it would be pertinent to use an additional PGAM5 antibody to validate staining. It
may be the case that a relatively high degree of PGAM5 cleavage occurs in Huh-7
cell lines without loss of mitochondrial potential, facilitating a greater degree of
localisation to the nucleus at rest. Experiments comparing ratios of full length and
PGAM5A24 amongst a greater number of cell lines by western blot would help
ascertain if this was the case. Additionally, purification of PGAM5 by CMTR1 Co-IP
after subcellular fractionation may shed further insight into where CMTR1-PGAM5

interactions occur.

To enrich understanding of the biological ramifications of CMTR1-PGAM5
interactions, follow up experiments will be required. From current understanding
of the structure and function of these two proteins it is tempting to suggest that
PGAM5 may exert phosphatase activity towards CMTR1 to regulate mRNA capping
(Takeda et al., 2009, Wilkins et al., 2014). Alternatively, given that PGAM5 has
been implicated to facilitate the IFN response and regulate immunogenic forms of
cell death it may be the case that CMTR1 and PGAM5 work in tandem to influence
innate immune outcomes (Yu et al., 2020, Wang et al., 2012). Further review of

this topic can be found in the main discussion chapter (chapter 6).
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Chapter 5: Determining the role of CMTR1
phosphorylation in the innate immune response and

Influenza A viral infection
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5.1 Introduction

The most established function of the Cap-1 structure (m7G(5’)ppp(5’)Nm), is as a
means by which the innate immune system can differentiate self and non-self RNA
species, particularly in response to RNA virus infection. Pattern recognition
receptors (PRRs) including retinoic acid-inducible gene | (RIG-I, gene symbol:
DDX58) and melanoma differentiation-associated protein 5 (MDA5, gene symbol:
IFIHT) have been demonstrated to recognise and respond to RNA lacking 2’-0O-
ribose methylation (Schuberth-Wagner et al., 2015, Devarkar et al., 2016, Zust et
al., 2011). RNA viruses have developed various mechanisms to ensure viral
transcript capping, however, nascent genomic viral RNA and replicative
intermediates are uncapped and hence prone to detection by PRRs (Decroly et al.,
2012, Rehwinkel et al., 2010).

Activation of PRRs permit conformational changes to occur, for subsequent
multimerization and association with mitochondrial antiviral signalling protein
(MAVS). This permits for binding of various TNF receptor associated factor (TRAF)
family members to the MAVS signalosome. The functional consequence of
interaction between TRAF proteins and MAVS is activation of TANK binding Kinase 1
(TBK1) and IKK complexes. The TBK1 complex subsequently phosphorylates
interferon regulatory factors 3 and 7 (IRF3/7), which translocate to the nucleus
and induce transcription of type | IFN. Concurrently, IkB kinase (IKK)
phosphorylates IkB, targeting the latter for ubiquitination and subsequent
degradation. This permits NF-kB to promote transcription of proinflammatory

cytokines, further augmenting the anti-viral response (Rehwinkel and Gack, 2020).

Dysregulation of RNA sensing pathways and IFN production has profound
implications in both viral infection and inflammatory disease (Rice et al., 2014,
Najm et al., 2024, Jang et al., 2015), indicating that CMTR1 activity is likely to
hold relevance to these also. In one study examining asthma patients receiving
inhaled corticosteroids, single nucleotide polymorphisms in CMTR1 were associated
with increased risk of hospitalization (Dahlin et al., 2015). Infection of Huh-7 cells
with Zika and Dengue virus upon CMTR1 knock down resulted in higher expression
of viral RNA when compared to controls. In the same study it was also found that

depletion of CMTR1 resulted in decreased protein levels of specific interferon
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stimulated genes (ISGs), including ISG15, MX1 and IFITM1 (Williams et al., 2020).
These decreases in protein expression were found to be mediated by translational
inhibition via IFIT1, an ISG product which sequesters RNA lacking 2’-O-ribose
methylation (Habjan et al., 2013 Abbas et al., 2017). It can hence be assumed that
CMTR1, an ISG in its own right (Haline-Vaz et al., 2008), ensures 2’-O-ribose
methylation of fellow ISG transcripts. This likely sustains ISG translation and
promotes anti-viral responses, particularly when host transcripts lacking Cap-1
structures are prone to repression by IFIT proteins (Habjan et al., 2013 Abbas et
al., 2017) and other immune factors (Schuberth-Wagner et al., 2015, Devarkar et
al., 2016, Zust et al., 2011).

Recent data from the Cowling lab has identified 15 sites of phosphorylation at the
N-terminus of CMTR1 which promote formation of the Cap-1 structure. Mutation of
these 15 phosphorylation sites to alanine negatively impacts CMTR1-dependent
gene expression (Lukoszek et al., 2024). To further understanding of role for
CMTR1 phosphorylation in innate immunity, ISG expression and outcomes of
Influenza A virus (IAV) infection were investigated in MEF cell lines expressing WT
and phosphodeficient (15A) CMTR1.
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5.2 Results

5.2.1 Pharmacological inhibition of CK2, a kinase responsible for CMTR1

phosphorylation results in decreased levels of ISG mRNA transcripts

Work carried out by Dr Francisco Inesta-Vaquera; a previous member of the
Cowling lab, identified that phosphorylation of CMTR1 is catalysed by the
enzymatic activity of casein kinase 2 (CK2) (Lukoszek et al., 2024). CK2 is a
pleiotropic kinase with a plethora of associated roles, including those concerning
immunity and oncogenesis (Sestero et al., 2012, Seldin and Leder, 1995). As
previously published data has shown a requirement for CMTR1 expression in
sustaining protein expression of select I1SGs (Williams et al., 2020), the role of P-
CMTR1 in this context was investigated. WT MEF cell lines were pre-treated with a
pharmacological inhibitor of CK2, termed Quinalizarin (QZ), prior to addition of
400 U/ml (units per millilitre) recombinant universal type | IFN. Following
treatment, RNA extraction and quantitative reverse transcription polymerase chain
reaction (RT-qPCR) analysis were undertaken using primers against various murine
ISG transcripts including Ifit1, Ifit3, Ifih1, Dhx58 and Isg15. It was found that upon
inhibition of CK2 via QZ (and by proxy reductions in CMTR1 phosphorylation), MEFs
demonstrated decreased transcript expression of Ifit1, Ifit3, Ifih1, and Isg15,
compared to cells treated with IFN alone (Figure 5.1). Expression of Dhx58 was not
significantly altered upon QZ pre-treatment, however, there was a general trend

of decreased expression.

It should be stated that whilst these findings implicate P-CMTR1 in regulation of
ISG expression upon induction of IFN, these do so indirectly as CMTR1
phosphorylation was not assessed. Furthermore, owing to CK2’s numerous roles
within immunity (Sestero et al., 2012, Liang et al., 2006) it cannot be discounted
that alterations in ISG expression upon QZ addition may result from disruption of

other biological processes.
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Figure 5.1-Pharmacological inhibition of CK2, a kinase responsible for CMTR1

phosphorylation results in decreased levels of mRNA transcripts for various ISGs.

WT MEF cells were pre-treated with 10uM of CK2 inhibitor QZ for 0.5-3 hrs, followed by treatment
with 400 U ml IFN for 4 hours, prior to cell lysis, RNA extraction, then RT-gPCR analysis. RT-qPCR
analysis was performed using primers specific to various interferon stimulated genes (ISGs)
(Ifit1,Ifit3, Ifih1, Isg15, and Dhx58). Students t-tests were performed to determine if differences in
transcript level between cells treated with IFN/QZ and IFN alone were significant. GAPDH was used
as a normalisation gene. N=4, MEFs were harvested on different days at 4 different passages. Bars
show the mean value, with error bars depicting the SEM, each point represents an individual
replicate. Data processing performed by Prof Victoria Cowling. Figure adapted from Lukoszek et
al., 2024. CK2 (Casein Kinase 2), CMTR1 (Cap Methyltransferase 1), ISG (Interferon stimulated
gene), MEF (Mouse embryonic fibroblast), QZ (Quinalizarin), IFN (Interferon), RT-qPCR (
Quantitative reverse transcription polymerase chain reaction), GAPDH (Glyceraldehyde-3-phosphate

dehydrogenase), SEM (Standard error mean)
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5.2.2 Deletion of endogenous CMTR1 complemented by expression of a

phosphodeficient CMTR1 mutant results in delayed expression of IFIT3 and ISG15 in
MEF cell lines

Knock-down of CMTR1 by siRNA has been previously demonstrated to abrogate
protein expression of select ISGs in response to IFN (Williams et al., 2020). To
determine the functionality of P-CMTR1 in this context, MEF cells expressing
exogenous 15A-CMTR1 were treated with IFN, followed by analysis of ISG protein
expression. These MEF cell lines were generated by extraction of E12.5 embryos
from pregnant mice with a transgenic Cmtr1 allele floxed at exon 3, then
transduced with constructs expressing WT-CMTR1 tagged with haemagglutinin at
the N-terminus of the protein (HA-WT CMTR1), HA-15A CMTR1 (a phosphodeficient
mutant of CMTR1) and an empty vector control (EV). Endogenous CMTR1 expression
was disrupted by transfection of a construct expressing cre recombinase to
facilitate deletion of Cmtr1 exon 3, resulting in a null allele. This resulted in the
generation of MEF cell lines expressing exogenous HA-WT CMTR1 or HA-15A CMTR1
in the absence of endogenous CMTR1 (Figure 5.2).
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Figure 5.2-Generation of MEF cell lines expressing HA-15A-CMTR1, a phosphodeficient
mutant of CMTR1.

MEFs were extracted from pregnant female mice floxed at exon 3 of Cmtr1, who had been crossed
with male mice of the same genetic background and subsequently immortalised by serial passage
(Cmtr1fVf'\MEFs) (1). MEFs were transduced under a lentiviral based system with constructs

expressing HA-WT CMTR1, a phosphodeficient mutant where 15 individual phospho-sites were
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mutated to alanine, termed HA-15A CMTR1, and an empty vector control (2). To eliminate
potential interference of endogenous CMTR1 in this model, MEF cells were transfected with a
custom vector expressing cre-eGFP fusion protein under the control of a EF1a promoter. This
permitted for deletion of endogenous CMTR1(3). Figure made in BioRender. Adapted from Lukoszek
et al., 2024. MEF (Mouse embryonic fibroblast), CMTR1 (Cap Methyltransferase), HA-WT CMTR1
(Haemagglutinin tagged wild type CMTR1), HA-15A CMTR1 (Haemagglutinin tagged phosphodeficient
CMTR1), EV (Empty vector), eGFP (Enhanced green fluorescent protein), EF1a (Elongation factor 1-
alpha)

This experiment followed up similar work carried out by Dr Radoslaw Lukoszek in
the Cowling lab, where transcript levels of ISGs including Ifit1, Ifit3, Ifih1, Isg15,
and Dhx58 were analysed by RT-gPCR in this system upon treatment with
recombinant IFN. The data obtained from Dr Lukoszek’s experiments showed that
expression of all transcripts measured, with the exception of Dhx58, were
significantly downregulated in HA-15A CMTR1 MEFs compared to the HA-WT CMTR1
control (Lukoszek et al., 2024). To determine if reduced transcript levels resulted
in downstream reductions in ISG protein expression; IFIT3 and ISG15 protein
expression was measured by western blot on MEF cell lines, post-treatment with

IFN over the course of 4, 8 and 24 hrs (Figure 5.3 a).

Treatment of MEFs with IFN induced expression of ISGs in all genotypes 4,8 and 24
hrs post-treatment when compared to the untreated (0 hr) genotype matched
controls (Figure 5.3 a). Western blotting showed that induction of IFIT3 protein
expression was significantly lower 4 hrs after IFN treatment in EV cell lines,
compared to cell lines expressing HA-WT CMTR1. This defect was only partially
corrected in the phosphodeficient mutant, where the extent of IFIT3 induction
remained significantly lower compared to HA-WT CMTR1 MEFs at the 4hr time
point. Induction of ISG15 protein expression was significantly higher in HA-WT
CMTR1 MEFs 4 hrs post-IFN treatment, when compared to MEFs expressing HA-15A
CMTR1 and an EV. Equivalent expression of ISG15 was noted between genotypes 8
and 24 hrs after IFN treatment (Figure 5.3 b, ¢). These data corroborate findings of
reduced ISG transcript levels upon abrogation of CMTR1 phosphorylation at early
time points and demonstrate that loss of P-CMTR1 impacts both mRNA and protein
levels of IFIT3 and ISG15 4 hrs post treatment with IFN.
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Figure 5.3-Deletion of endogenous CMTR1 complemented by expression of a
phosphodeficient CMTR1 mutant results in delayed protein expression of IFIT3 and
ISG15 in MEF cell lines.

Cmtr1VT MEF cells, expressing either HA-WT CMTR1, HA-15A CMTR1 or an empty vector control,
and cre were treated with 400 U/ml IFN. These cells were harvested at the indicated time points
over 24 hrs for protein prior to western blotting analysis. Western blotting was carried out using
20pg of cell lysate with antibodies targeting IFIT3 and ISG15. Actin was used as a loading control.
Molecular weight is indicated on the left side of the panel (a). Quantification of signal for each
sample and protein of interest was normalised according to actin, in comparison to the WT signal at
the 4hr time point (b, c). Students t-tests were performed to determine significance. Quantification
was carried out using Image Studio™ Lite (Li-Cor). N=3, MEFs were harvested on different days at 3
different passages. Bars show the mean value, with error bars depicting the SEM, each point
represents an individual replicate. Figure adapted from Lukoszek et al., 2024. CMTR1 (Cap
Methyltransferase 1), IFIT3 (Interferon-induced protein with tetratricopeptide repeats 3), ISG15
(IFN stimulated gene 15), MEF (Mouse embryonic fibroblast), HA-WT CMTR1 (Haemagglutinin tagged
wild type CMTR1), HA-15A CMTR1 (Haemagglutinin tagged phosphodeficient CMTR1), EV (Empty

vector), IFN (Interferon), SEM (Standard error mean)
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5.2.3 Stimulation of RNA sensing pathways by HWM poly |:C treatment results in

delayed ISG expression when CMTR1 cannot be phosphorylated

Pattern recognition receptors implicated in detecting improperly capped nucleic
acid include members of the RLR family, which are involved in sensing and
coordinating responses to RNA viruses (Kato et al., 2006). Ligands of RLRs include
blunt 5’ triphosphate ends and double stranded RNA species (Schlee et al., 2009,
Goubau et al., 2014), which mark RNA as non-self. Polyinosinic-polycytidylic acid
(Poly I:C) is a dsRNA analogue, which closely mimics viral RNA derivatives and can
be sensed by TLR3, RIG-I and MDA5 (Im et al., 2023, Li et al., 2021).

To uncover the impact of P-CMTR1 on the RNA sensing pathway and subsequent IFN
responses, treatment of MEFs overexpressing HA-WT CMTR1 (HA-WT) and HA-
CMTR1 15A (HA-15A) which still maintained endogenous CMTR1 expression was
undertaken with Poly I:C. Cells were transfected with high molecular weight
(HWM) Poly I:C using lipofectamine 2000 and harvested for protein 17 and 24 hrs
post transfection. This was followed by western blotting to determine expression
of IFIT3 and ISG15.

Treatment of cells with HMW Poly |:C induced ISG expression, which did not occur
when cells were exposed to lipofectamine 2000 only, as a vehicle control.
Expression of IFIT3 was lower at both time points in HA-15A CMTR1 cell lines
compared to HA-WT controls. On average I1SG15 expression in HA-15A CMTR1 and
EV MEFS were lower at 17 and 24 hrs compared to HA-WT MEFs after HWM Poly I:C
transfection, but these differences were more subtle compared to those in IFIT3

expression. (Figure 5.4 a).

To quantitate protein expression, resultant western blot signals were once again
analysed using Image Studio™ and normalised to the signal of loading control actin.
Protein expression of IFIT3 was significantly higher at all time points excluding the
0 hr control in HA-WT MEF compared to HA-15A MEF cell lines and the empty
vector control (Figure 5.4 b). In terms of ISG15 expression, no significant
difference was found between protein levels in HA-WT and HA-15A MEFs at any
time points. The decrease in ISG15 expression in HA-15A CMTR1 MEFs was non-
significant but consistent, indicating that more replicates may be beneficial to
fully assess the role of P-CMTR1 on ISG15 expression induced by Poly I:C.
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Significance was obtained between HA-WT MEFs and the empty vector control for

ISG15 expression 17 hrs after stimulation (Figure 5.4 c).

To determine if differences seen in IFIT3 protein expression were a consequence of
decreases in ISG transcript levels, RT-qPCR was performed on HA-WT CMTR1 and
HA-CMTR1 15A MEF cell lines 8 hrs after poly I:C stimulation, using primers
targeting murine Ifit3 and Isg15 (Figure 5.5). It was shown that transcript levels of
Ifit3 failed to be induced 8 hrs after Poly |:C treatment when CMTR1 was unable
to be phosphorylated, at least to the same extent as HA-WT CMTR1 cell lines. This
matches findings regarding protein expression. Differences in Isg15 transcript
levels were once again non-significant between HA-WT and HA-15A CMTR1 MEFs,
with significance only being found between HA-WT CMTR1 MEFs and the EV

control.

It should be noted that unlike experiments conducted with IFN, transfection of cre
recombinase vectors was not performed on cells used for experiments involving
Poly I:C treatment. Hence, the cells used in Poly I:C experiments maintain
expression of endogenous CMTR1. Overexpression of HA-WT CMTR1 amplifies
induction of IFIT3 in response to Poly I:C, when compared to HA-15A CMTR1 or EV
MEFs, the latter two of which express ISG proteins to a similar extent. This
suggests that CMTR1 expression is a limiting factor for ISG induction and that
phosphodeficient CMTR1 has a decreased or limited ability to enhance ISG
responses at early time points. It is still possible that interference from
endogenous CMTR1 impacted the findings presented here. For this reason,
repeating this set of experiments after transduction of cells with cre-recombinase

expression vectors may be beneficial.
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Figure 5.4-Expression of ISG proteins following stimulation with HWM Poly I:C is
delayed when CMTR1 cannot be phosphorylated.

MEF cell lines expressing either HA-WT CMTR1, HA-15A CMTR1 or an empty vector control were
treated with 5 pg/ml HWM Poly I:C and harvested at the indicated time points over a period of 24
hrs for protein. Western blotting was then performed to determine differences in protein
expression amongst genotypes. Western blotting was carried out using 10ug of cell lysate with
antibodies targeting IFIT3 and ISG15. Actin was used as a loading control. Molecular weight is
indicated on the left side of the panel. Quantification of signal for each sample and protein of
interest was normalised according to actin and calculated in comparison to the WT signal at the 17
hr time point (b, c). Students t-tests were performed to determine significance. N=2 for 17 hr time
point, N=3 for 24 hr time point. MEFs were harvested on different days at 2 or 3 different passages.
Bars show the mean value, with error bars depicting the SEM, each point represents an individual
replicate. Quantification was carried out using Image Studio™ Lite (Li-Cor). Figure adapted from
Lukoszek et al., 2024. ISG (Interferon stimulated gene), HWM Poly I:C (High molecular weight poly
inosinic:polycytidylic acid), CMTR1 (Cap Methyltransferase 1), MEF (Mouse embryonic fibroblast),
HA-WT CMTR1 (Haemagglutinin tagged wild type CMTR1), HA-15A CMTR1 (Haemagglutinin tagged
phosphodeficient CMTR1), IFIT3 (Interferon-induced protein with tetratricopeptide repeats 3),

ISG15 (Interferon stimulated gene 15) , SEM (Standard error mean).
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Figure 5.5-Stimulation of RNA sensing pathways with HMW Poly I:C results in decreased

expression of IFIT3 transcripts.

MEF cell lines expressing either HA-WT CMTR1, HA-15A CMTR1 or an empty vector control were
treated with 5 pg/ml Poly I:C, then harvested 8 hrs post-treatment for RNA. RT-gPCR analysis was
performed to determine differences in transcript expression for Ifit3 (a) and Isg15 (b), with
comparison to the average value for the WT 8 hrs post Poly I:C transfection. GAPDH was used as a
normalisation gene. Students t-test was performed to determine significance between genotypes
regarding transcript expression. N=3. MEFs were harvested on 3 different days at 3 different
passages (biological replicate). Bars show the mean value, with error bars depicting the SEM, each
point represents an individual biological replicate, a single one of which is representative of the
average value obtained from 3 technical replicates . HWM Poly I:C (High molecular weight
polyinosinic:polycytidylic acid ), IFIT3 (Interferon-induced protein with tetratricopeptide repeats
3), ISG15 (Interferon stimulated gene 15), MEF (Mouse embryonic fibroblast), HA-WT CMTR1
(Haemagglutinin tagged wild type CMTR1), HA-15A CMTR1 (Haemagglutinin tagged wild type
CMTR1), EV (Empty vector), RT-qPCR (Quantitative reverse transcription polymerase chain
reaction), GAPDH (Glyceraldehyde-3-phosphate dehydrogenase), SEM (Standard error mean)

5.2.4 CMTR1 phosphorylation is upregulated during the IFN response

Initial characterisation of CMTR1 identified induction of this protein during IFN
responses, leading to its classification as an ISG and suggesting a role for CMTR1 in
the regulation of anti-viral responses (Haline-Vaz et al., 2008). Given that previous
findings in this chapter demonstrated the importance of P-CMTR1 in promoting ISG
expression, the status of P-CMTR1 itself was investigated upon IFN treatment in

cell lines via Immunoprecipitation/western blot (IP/WB).
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CMTR1-IP was undertaken on 0.5 mg of cell extract obtained from IFN treated WT
A549 cell lines (Figure 5.6). As CMTR1 is an ISG and hence upregulated in response
to IFN, signals for P-CMTR1 would not be comparative between non-IFN treated
extract unless the signal for CMTR1 was normalised. This was achieved by loading
differing amounts of the IP for non-treated and IFN treated extract, followed by
blotting with a total CMTR1 and phospho-specific CMTR1 antibody. When this was
undertaken the signal for P-CMTR1 was higher in extract treated with IFN 4 hrs
prior to lysis, compared to the non-treated control. This suggests a potential
enrichment of CMTR1 phosphorylation upon exposure to IFN and that this may be
specifically upregulated as a component of the immune response to IFN. However,
as this experiment was only conducted using 2 biological replicates, additional

repeats would improve confidence in these findings.
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Figure 5.6-CMTR1 phosphorylation is upregulated during the IFN response

0.5 mg of cell lysate from WT-A549 cell lines was used for CMTR1 IP/WB alongside 1 ug of sheep IgG
anti-CMTR1. Western blotting was then carried out to detect CMTR1 and P-CMTR1. Post IP-input
samples of 5 pg were loaded alongside the IP, with % of the IP being loaded for non-IFN treated cell
lines and 1/8 for those treated with IFN for 4 hrs. A species matched non-specific antibody was
used as an IgG control to confirm specificity of the interaction. Molecular weight is indicated on the
left side of the panel. N=2. CMTR1 (Cap Methyltransferase 1), P-CMTR1 (Phospho-CMTR1), WT (Wild

type), IP/WB (Immunoprecipitation/western blot), IFN (Interferon).
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5.2.5 P-CMTR1 is a pro-viral factor during IAV infection

The work shown here thus far demonstrates that P-CMTR1 is required for rapid
induction of various ISGs upon treatment with IFN and HWM Poly |:C. RNA sensing
pathways and IFN responses are crucial components of innate immunity, thus it
stands to reason that the phosphorylation status of CMTR1 may impact outcomes of
RNA virus infection. To investigate the role of P-CMTR1 in this context, HA-WT and
HA-15A CMTR1 MEF cell lines were infected with Influenza A virus (IAV). The strain
of IAV used in these experiments were mouse adapted (PR8) and engineered to
express mCherry, which was fused to the open reading frame of non-structural
protein 1 (NS1). This strain of influenza is referred to as PR8 “ColorFlu” 1AV

(Fukuyama et al., 2015) (kindly provided by Dr Edward Hutchinson).

Mouse embryonic fibroblast cell lines (MEFs) expressing exogenous CMTR1 and a
cre-recombinase construct (which also encodes for eGFP as a marker), were
infected with PR8 ColorFlu at a multiplicity of infection (MOI) of 1 for 24 hrs,
followed by downstream analysis of NS1-mCherry signal by flow cytometry. The
fluorescence intensity of mCherry served as an indirect readout of viral protein
production and infection. Surprisingly, the percentage of cells within the total
population which were positive for mCherry expression was considerably lower in
MEFs expressing HA-15A CMTR1 and the EV control, when compared to MEFs
expressing HA-WT CMTR1 (Figure 5.7 a). Statistical analysis showed that these
differences were significant (Figure 5.7 b). The geometric mean of fluorescence
intensity for mCherry signal was also significantly lower in cells expressing
phosphodeficient mutant CMTR1 (Figure 5.7 ¢, d). These results were somewhat
unexpected as these implicate a role for P-CMTR1 as a pro-viral factor, despite
previous data showing CMTR1 phosphorylation promotes expression of anti-viral
ISGs. This may be attributed to specific host-pathogen interactions required for IAV

propagation which will be discussed further on.

In addition to infection assay with IAV, a pilot experiment was carried out where
HA-WT and HA-15A CMTR1 MEFs were infected with Sindbis Alpha virus (SINV)
expressing a mCherry reporter under the control of the non-structural protein 3

(NSP3) subgenomic promoter (kindly provided by Dr Alfredo Castello).
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Protein analysis conducted on these cells after infection at an MOI of 0.1 for 24
hrs, demonstrated that expression of SINV capsid and NSP3 was equivalent amongst
genotypes (Figure 5.7e). This again was surprising given previous findings regarding
regulation of ISG expression by P-CMTR1. However, alphaviruses including SINV
have previously been shown to degrade RNAPII as a strategy of inducing host-
transcriptional shut off (Akhrymuk et al., 2012, Akhrymuk et al., 2018). For this
reason, RNAPII expression was assessed by western blot and revealed a dramatic
loss of signal across all genotypes upon infection when compared to mock treated
cells. In conclusion, it may be the case that SINV mediated degradation of RNAPII
prevents CMTR1 from carrying out mRNA capping functions and general ISG
transcription, both of which are dependent on RNAPII activity. It should be noted
that the results of this pilot-experiment were obtained from a single biological
replicate and thus firm conclusions cannot be drawn from these data. They are
included in this thesis to broaden discussion concerning the role of P-CMTR1 and

host pathogen interactions in response to a variety of RNA viruses.
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Figure 5.7-The phosphorylation status of CMTR1 impacts IAV infection

CMTR1Vf MEFs, expressing either HA-WT CMTR1, HA-15A-CMTR1 or an empty vector control and cre
were Infected with PR8 ColorFlu expressing mCherry fused to non-structural protein 1, and
processed 24 hpi for downstream analysis by flow cytometry. Representative dot plots for each
genotype (a), geometric mean for the fluorescent mCherry signal (b), and the percentage of
mCherry+ cells within populations of cells analysed (c) are shown. A histogram displaying the
fluorescent signal normalised to mode (d) is also depicted. N=3. MEF cell lines expressing either HA-
WT CMTR1, HA-15A CMTR1 or an empty vector control were infected with SINV-mCherry at an MOI
of 0.1 for 24 hrs, prior to lysis for western blotting. 10 pg of protein was loaded for western

blotting, with antibodies targeting RNPIl, CMTR1, RFP and SINV capsid being used. Actin was used as
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a loading control. Molecular weight is indicated on the left side of the panel (e). N=1. Bars show
the mean value, with error bars depicting the SEM, each point represents an individual replicate.
Figure adapted from Lukoszek et al., 2024. CMTR1 (Cap Methyltransferase 1), IAV (Influenza A
virus), MEF (Mouse embryonic fibroblast), HA-WT CMTR1 (Haemagglutinin tagged wild type CMTR1),
HA-15A CMTR1 (Haemagglutinin tagged phosphodeficient CMTR1), EV (Empty vector), GFP (Green
fluorescent protein), NSP1 (Non-structural protein 1), hpi (Hours post infection), SINV (Sindbis
virus), MOI (Multiplicity of infection), RNPII (RNA polymerase Il), CMTR1 (Cap Methyltransferase 1),
RFP (Red fluorescent protein), SEM (Standard error mean). Gating strategy for flow cytometry

experiments can be found in the appendices.
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5.3- Discussion

In summary, the findings presented in this chapter have demonstrated that both
expression and phosphorylation of CMTR1 by CK2 is required for timely expression
of various I1SGs, upon stimulation of IFN and RNA sensing pathways in MEF cell
lines. Phosphorylation of CMTR1 appears to be enhanced in response to IFN
treatment, representing a mechanism by which ISG expression can be further
promoted during anti-viral responses. Surprisingly, it was found that P-CMTR1
acted as a pro-viral factor in the context of IAV infection and had little influence
on SINV capsid and NSP3 protein production. This may be attributed to the impact
of host-pathogen interactions which tend to be unique to specific viruses. Together
these data highlight the need to consider the interplay between host and virus

when examining CMTR1 function in infection.

5.3.1 CK2 mediated phosphorylation of CMTR1

CK2 was identified as the kinase responsible for phosphorylating CMTR1 on the P-
Patch by in-vitro recombinant protein assay (Lukoszek et al., 2024). However, it
has not been determined whether CK2 activity is redundant for CMTR1
phosphorylation and if other kinases play a role in regulating P-CMTR1 activity.
Given the amino acid sequence of the P-Patch surrounding phosphorylation sites; it
is likely that any alternate kinases would be acidophilic in nature, as suggested by
Dr Francisco Inesta-Vaquera (Lukoszek et al., 2024). Furthermore, phosphorylation
of multiple sites within a single protein is often mediated in a hierarchal fashion,
with initial phosphorylation by a single kinase generating additional recognition
motifs (Roach, 1991). This suggests that additional kinases may be responsible for

phosphorylating CMTR1 in tandem with CK2 and warrants further investigation.

How phosphorylation of CMTR1 is itself regulated remains an open question in this
work, particularly in an innate immune context. The cellular response to IFN is
highly damaging to the host when dysregulated, with chronic production being
associated with various pathologies (Akwa et al., 1998, Baechler et al., 2003). This
being the case, it stands to reason that timely regulation of CMTR1 phosphorylation
would also be of import in modulating these. CK2 is not directly regulated by IFN,
However, pro-inflammatory transcription factor NF-kB which is often induced
concurrently with IFN responses (Seth et al., 2005, Kawai et al., 2005), appears to
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enhance CK2a promoter activity (Krehan et al., 2000). Alternatively,
phosphorylation of CMTR1 may be regulated during innate immune responses by an
alternate kinase which is directly induced by IFN, such as protein kinase R (Kuhen
and Samuel, 1997). It can also be speculated that regulation of CMTR1
phosphorylation is dependent on the activity of specific phosphatases. CMTR1-
interactome experiments and follow up validation conducted in liver identified the
phosphatase PGAM5 as a CMTR1 interactor (chapter 4). Although the biological
relevance of this interaction has yet to be uncovered, it may be the case that
PGAMS5 or other phosphatases dephosphorylate CMTR1 to regulate the

phosphorylation status of this protein during the IFN response.

5.3.2 Regulation of ISG expression by CMTR1

The data presented here found that P-CMTR1 promoted expression of I1SGs
including Ifit1, Ifit3, Ifih1, and Isg15 on both the protein and transcript level.
These contrast interestingly with previous work conducted by Williams et al., who
observed marked decreases in protein but not transcript expression of ISG15, MX1,
and IFITM1 upon total CMTR1 deletion in Huh-7 (human hepatoma) and THP-1
(human monocyte) cell lines. Additionally, Williams et al., found no marked
differences in the expression of IFIT1 and IFIT3 during CMTR1 KD. The authors of
this paper uncovered that loss of ISG15, MX1, and IFITM1 protein expression in
response to CMTR1 knock down could be attributed to IFIT1 mediated translational
inhibition. They further demonstrated that reductions in protein expression of
these select ISGs were due to RNA elements in the 5’UTR of transcripts, which
predispose these to inhibition by IFIT1 in the absence of the Cap-1 structure
(Williams et al., 2020).

It may be the case that discrepancies between the findings of Williams et al., and
those shown here are due to differences between experimental models. A
weakness of the murine model used in these experiments when trying to
extrapolate these findings to human biology and disease is the evolutionary
divergence between mouse and human ISGs. For example, despite sharing a
common name; human and mouse IFIT1 are not orthologous, sharing only 53% of
their amino acid identity and possessing unique molecular functions. Divergence

between ISGs amongst species is unsurprising, given the general trend of host
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specificity amongst viruses and the need to develop differing strategies to
overcome these (Daugherty et al., 2016). The fact that a fibroblast rather than
liver or monocyte cell line was used for experiments may also explain differences
between the findings presented here and those of similar work. Furthermore,
phosphorylation of CMTR1 is not found in primary liver tissue (Chapter 3, Figure
3.4) and would be unlikely to influence ISG expression in cell lines of liver origin if
tested. It must be stated however, that P-CMTR1 status has not been analysed in

Huh-7 cell lines specifically and may be altered upon induction of IFN.

The data shown here demonstrated that deficits in ISG expression upon loss of
CMTR1 phosphorylation occur on both a translational and transcriptional level,
which once again contrasts to previous findings (Williams et al., 2020). Despite
this, CMTR1 has been noted to regulate gene expression in this manner previously.
The exact mechanisms of how CMTR1 achieves transcriptional regulation in this
model has not been thoroughly examined; but these may be attributed to
promotion of RNAPII binding to TSS via CMTR1, or the protective effect of the Cap-
1 structure against exonuclease cleavage (Liang et al., 2022, Picard-Jean et al.,
2018). It is likely that in the model presented here, abrogation of ISG transcription
consequently leads to downstream reduction in protein translation, with
translational inhibition of RNA lacking 2’-O-ribose methylation by IFIT proteins

contributing further to this phenomenon.

In contradiction to our findings and those by Williams et al., one study has
described upregulation of IFN-B expression upon CMTR1 KO in A549 cells infected
with IAV for 16 hours (Li et al., 2020). Preliminary work not shown here
demonstrated upregulation of ISG transcript expression after Poly I:C stimulation
when measured 24hrs rather than 8hrs post treatment; amongst HA-15A CMTR1 and
EV MEFs compared to HA-WT CMTR1 cells, in the absence of cre recombinase.
Although this data was not found to be significant due to variation in the extent of
IFN induction. It may also be noted that average protein expression of IFIT3 24 hrs
after IFN treatment was lower in HA-WT CMTR1 MEFs, compared to HA-15A CMTR1
MEFs, despite the opposite trend occurring at the 8hr time point. This suggests
that P-CMTR1 may be involved in both the promotion of ISG expression during early

responses to IFN and negative regulation of these same responses at later stages.
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For these reasons, discrepancies between findings presented here and those of Li
et al., may be attributed to a role for P-CMTR1 in ensuring expression of I1SG
transcripts that are involved in temporal and negative regulation of the IFN
response. To assess if this is the case, interrogation of how expression of genes
implicated in negative regulation of IFN pathways are affected by loss of P-CMTR1
would be of use. Alternatively, loss of capping activity might drive detection of
self-transcripts, which would propel uncontrolled IFN signalling during later stages

of a sustained innate immune response.

One further critique of the model used in the bulk of experiments presented in this
chapter, is the use of a transient cre recombinase vector to eliminate endogenous
CMTR1 expression. The use of transient over stable integration of cre recombinase,
may have resulted in recovery of low levels of endogenous CMTR1 by the time
experiments were conducted (Di Blasi et al., 2021), which could have interfered
with data interpretation. To overcome this issue, an A549 CRISPR/Cas9 CMTR1 KO
cell line has been developed and is awaiting validation prior to stable transfection
of WT and 15A-CMTR1 constructs. Once this alternate model has been fully
realised, repeating experiments on these cell lines would be of benefit and may

also determine if findings in MEFs are applicable to human cell lines.

5.3.3 Potential mechanisms of CMTR1 anti and pro-viral activity

As shown previously, abrogation of either total or phosphorylated CMTR1 inhibits
expression of IAV NSP1 protein tagged to a mCherry reporter, as determined by
flow cytometry. This contrasts with previous findings highlighting the role of
CMTR1 in promoting anti-viral IFN responses (Lukoszek et al., 2024, Williams et al.,
2020) and inhibiting infection of Dengue and Zika virus (Williams et al., 2020). It
should be noted however that unlike 1AV, Dengue and Zika viruses are members of
the Flaviviridae family and encode their own capping machinery (Ray et al., 2006,
Saeedi and Geiss, 2013).

Data from the literature supports a pro-viral role for CMTR1 in IAV infection
specifically, matching with findings presented here. Use of trifluoromethyl-
tubercidin (TFMT), an inhibitor of CMTR1 methyltransferase activity was found to
reduce IAV replication (Tsukamoto et al., 2023). Deficits in IAV replication upon

TFMT treatment was not found to occur due to alterations in IFN and ISG
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expression induced by repression of CMTR1. Rather, inhibition of IAV replication
occurred concurrently with a reduction in capped viral mRNA (Tsukamoto et al.,
2023). Genome-wide CRISPR screens conducted on A549-Cas9 cells also identified
CMTR1 as a host dependency factor for IAV replication, with a decrease in capped
viral RNA being observed in CMTR1 KO cells (Li et al., 2020).

Many structural studies indicate efficient binding occurs between the influenza
polymerase PB2 subunit and the m7G cap in the absence of methylation of the first
transcribed nucleotide of CMTR1 (Xie et al., 2016, Guilligay et al., 2008). Despite
this, work conducted in cell lines as described above demonstrates a clear
dependency on CMTR1 activity for efficient cap snatching by IAV (Tsukamoto et
al., 2023, Li et al., 2020), with one biochemical study describing a 14-fold increase
in priming activity upon 2’-O-ribose methylation of the first nucleotide (Bouloy et
al., 1980). Thus, it is reasonable to conclude that P-CMTR1 may act as a pro-viral
factor during IAV infection by ensuring availability of mature Cap-1 structures for
snatching. Further evidence for this stems from the observation that there is a
noted reduction in RNA structures possessing 2’-0-ribose methylation upon CMTR1
phosphodeficiency (Lukoszek et al., 2024), as determined by cap analysis with
minimal analyte processing (CAP-MAP) (Galloway et al., 2020). Whilst initial
binding between the Cap-0 structure and the IAV RNA polymerase may occur, it is
likely that the Cap-1 structure is necessary to further stabilise this interaction.
Alternatively, the Cap-1 structure may also permit conformational changes within

the viral RNA polymerase to occur which are essential for efficient priming.

In this work it was found that timely expression of IFIT1 and 3 is dependent on
CMTR1 phosphorylation. Although not directly assessed in this work, fellow IFIT
family member IFIT2 has been found to promote influenza virus gene expression
(Tran et al., 2020). This opens up the possibility that CMTR1 activity may further
promote IAV infection by enabling expression of host factors which are repurposed

into pro-viral effectors.

The findings here show that upon CMTR1 phosphodeficiency, expression of viral
NSP1 protein as measured by reporter fluorescence is significantly reduced. A
limitation of determining IAV infectivity by this metric is that this fails to account

for which aspect of the viral life cycle is inhibited and if this can be attributed to
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deficits in cap shatching activity. Reductions noted in NS1-mCherry fluorescence
could be a consequence of deficits in viral protein translation, transcription, or the
entry of virus into cells. As this is the case it would be of benefit to further
examine mechanisms of P-CMTR1 mediated promotion of NS1 protein expression,
drawing particular focus on examination of cap-snatching in this context. This may
be achieved by RT-qPCR of IAV hybrid RNA, or pull-down experiments utilising
antibody for cap binding proteins followed by RT-qPCR for viral transcripts.

Even though conclusions drawn from IAV infection assays point towards a pro-viral
function for P-CMTR1, it is likely that P-CMTR1 possesses anti-viral activity against
viruses which are not dependent on host capping machinery. This has been
previously demonstrated to be the case in terms of total-CMTR1 expression during

Dengue and Zika virus infection (Williams et al., 2020).

Alphaviruses, including SINV are not dependent on cap snatching from host
transcripts, nor do they encode their own capping machinery to ensure 2’-O-ribose
methylation (Ahola and Kaariainen 1995, Daughtery et al., 2016), instead they are
dependent on efficient induction of transcriptional shutoff via RNAPII degradation
to attenuate host immune responses (Akhrymuk et al., 2018). Given that this is the
case, it is relatively unsurprising that the data shown indicates that P-CMTR1 has
minimal effect on expression of SINV NSP3, as host-transcriptional shut-off would
likely prevent CMTR1 from promoting ISG expression and exerting anti-vital
activity. Viruses have evolved immune evasion strategies in order to successfully
replicate in host cells and prevent clearance, making it unsurprising that both SINV
and IAV possesses mechanisms to circumvent CMTR1’s anti-viral effect. It should be
stated however, that the data presented here regarding P-CMTR1 and SINV
infection come from a single replicate that showed no differences in viral capsid
and non-structural protein production occurred upon abrogation of P-CMTR1. To
determine a role for P-CMTR1 in alphavirus infection, IFN treatment of HA-WT and
HA-15A MEF cells prior to inoculation of SINV would be beneficial, as this would

permit for induction of ISG expression prior to RNAPII degradation.
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Chapter 6: Discussion
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6.1 Summary

The two aims of this project centred around characterising CMTR1 in the context
of hepatocellular carcinoma (HCC) and uncovering a role for CMTR1
phosphorylation in innate immune responses to viral infection. Dysregulation of
two oncogenes CTNNB1 and MYC (Ctnnb1eX3/WT; R26-L5L-MYC) within the liver is an
established murine model of HCC, which mimics common genetic alterations found
in human HCC patients (Bisso et al., 2020, Schulze et al., 2015). Preliminary
findings from the Sansom lab indicate a tumour suppressive role for CMTR1 in HCC
initiation, as deletion of this protein quickened tumorigenesis in Ctnnb1¢3/WT; R26-
LSL-MYCmouse liver. Through further investigation | uncovered that expression of
hepatic CMTR1 is altered in mouse liver 10 days after induction of Ctnnb1e<3/WT
;R26-5-MYC via cre recombinase, when compared to WT controls (Figure 3.1).
CMTR1 also maintains interaction with negative regulator DHX15 in the liver
(Figure 3.3) which was initially identified in HeLa and HEK293 cell lines (Inesta-
Vaquera et al., 2018) and is minimally phosphorylated regardless of oncogene
status (Figure 3.4). By conducting immunoprecipitation/mass spectrometry
(IP/MS) two proteins implicated in HCC oncogenesis were identified as novel
CMTR1 protein interactors, ASS1 and PGAM5. These proteins were selected for
downstream validation and co-immunoprecipitated with CMTR1 in mouse liver
extracts (Figure 4.5, 4.6). However, the ASS1 interaction with CMTR1 was not
detected in Huh-7 cell extracts, which may be attributed to low expression of ASS1
in these and other HCC cell lines (Figure 4.6). Subsequently, immunostaining was
conducted on Huh-7 cell lines to determine the sub-cellular localisation of both
CMTR1 and PGAM5. Both proteins displayed a similar distribution within Huh-7 cells
and were found to co-localise (Figure 4.8). These data suggest that the interaction
between CMTR1 and PGAMS5 is genuine.

Previous work conducted in the Cowling lab identified a region of 15 amino acids
which were phosphorylated at the N-terminus of CMTR1, which promoted CMTR1
dependent gene expression. | investigated if phosphorylation of CMTR1 at these
sites impacted expression of interferon stimulated genes (ISGs). This was achieved
through the use of mouse embryonic fibroblasts (MEFs) expressing phosphomutant

CMTR1 (where phosphorylated amino acids were replaced by alanine), where it
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was uncovered that both transcript and protein expression of various ISGs were
significantly decreased when CMTR1 could not be phosphorylated. The biological
relevance of this finding was then investigated by infecting CMTR1
phosphodeficient MEFs with Influenza A virus (IAV). In these cells P-CMTR1 was
found to play a pro-viral role, with expression of viral protein NS1-mCherry being

abrogated upon phosphodeficiency.

Follow up work is needed to determine the functional relevance of heightened
CMTR1 expression alongside protein interactions between CMTR1 and ASS1/PGAM5
in cancer. Current knowledge of CMTR1 activity and how this may relate to liver
oncogenesis is discussed below. In terms of anti-viral responses impacted by CMTR1
phosphorylation, the data presented here demonstrate that P-CMTR1 is required
for normal induction of ISGs on both the transcriptional and translational level in
MEFs. Conversely, despite sustaining anti-viral responses, we uncovered that P-
CMTR1 acts as a pro-viral host factor in IAV infection. This chapter will
subsequently focus on discussion of CMTR1 in innate immunity, the biological
relevance this may have in infection of distinct viral species not mentioned before,

and the implications for the use of CMTR1 as a therapeutic target.
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6.2 CMTR1 mediated immune responses in Hepatocellular

Carcinoma

Tumour promoting inflammation was incorporated as a second enabling
characteristic of cancer by Hanahan and Weinberg in 2011, via complementation of
genome instability. This is particularly prominent in the case of HCC, which
frequently occurs subsequent to chronic hepatitis and associated diseased states
(Yu et al., 2018). The role of innate immune responses in cancer is multifaceted,
whilst inflammation often drives aberrant alteration of growth signalling pathways
and genomic instability (Li et al., 2013, Verzella et al., 2020), it is in other
contexts able to supress cancer by promoting apoptosis and immune rejection of
tumour cells (Chew et al., 2010, Duewell et al., 2014, Diamond et al., 2011). This
dual role for inflammation in oncogenesis reflects the complexity and nuances of

the immune system in cancer, which must be considered for further discussion.

Loss of CMTR1 expression has been demonstrated to induce inflammation, due to
the triggering of an anti-viral response by recognition of incompletely capped self-
RNA (Dohnalkova et al., 2023, Li et al., 2020). However, this observation is not
universal amongst all tissue types and cell lines (Williams et al., 2020). Combined
with the fact that CMTR1 promotes ISG expression (Williams et al., 2020, Lukoszek
et al., 2024), this information suggests that the relationship between CMTR1 and
inflammation is nuanced and likely to be dependent on the cellular context and

other factors.

NF-kB is activated downstream of RIG-I like receptors (RLRs) (Lee et al., 2019,
Dong et al., 2013), which are responsible for the sensing of improperly capped and
viral RNA species (Zust et al., 2011, Schuberth-Wagner et al., 2015). Heightened
activation of NF-kB is noted to occur in almost all chronic diseases of the liver
which are associated with enhanced susceptibility to HCC (Mandrekar and Szabo,
2009, Boya et al., 2001, Videla et al., 2009). In hepatocytes NF-kB activation
renders cells resistant to tumour necrosis factor or lipopolysaccharide induced
apoptosis (Heinrichsdorff et al., 2008), this heightened extent of survival in
response to liver injury is mediated through crosstalk between NF-kB signalling
with JNK and MAPK signalling cascades (Heinrichsdorff et al., 2008). This presents

a mechanism by which NF-kB contributes to HCC initiation, by promoting survival
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of damaged hepatocytes (Luedde and Schwabe, 2011, Ringelhan et al., 2018). In
the liver, conditional knock out (cKO) of CMTR1 induces hepatic inflammation
(Dohnalkova et al., 2023, Samson lab, personal communication), presumably due
to the presence of improperly capped self RNA. Given the strong association
between hepatitis and HCC (Yu et al., 2018), it may be the case that depletion of

CMTR1 drives tumour promoting inflammation in non-transformed cells.

Whilst a pro-tumorigenic role has been highlighted for dysregulated NF-kB
signalling and chronic inflammation in HCC, the IFN response has been
demonstrated to exert anti-cancer effects by promoting cell death and tumour
antigen presentation (Duewell et al., 2014, Peng et al., 2009). For example,
previous work involving treatment of pancreatic cancer cell lines with RLR ligands
was shown to result in the induction of type | IFN production. Activation of
pathways downstream of RLR ligand stimulation in this model were found to result
in increases of inflammatory tumour cell death and promoted tumour antigen
presentation to naive CD8+ T-cells, sensitizing tumour cells to Fas-mediated
apoptosis (Duewell et al., 2014). In a liver context, it has been demonstrated that
delivery of poly I:C via liposome induces apoptosis of HepG2 cells, downstream of
RIG-I and MDAS signalling (Peng et al., 2009). Considering that loss of CMTR1 and
the subsequent production of transcripts lacking Cap-1 structures would activate
RLR signalling (Zust et al., 2011, Devarkar et al., 2016, Schuberth-Wagner et al.,
2015), it is possible that loss of CMTR1 would be disadvantageous in terms of

enabling immune evasion during tumour maintenance.

IFN and IRF3 signalling are fundamentally impaired in liver cancer (Hou et al.,
2014). Expression of RLR family member RIG-I is significantly lower in HCC
compared to matched control tissue and appears to be mediated by deregulation
of gene histone methylation. Furthermore, low expression of RIG-I in HCC patients
correlates with poor survival, potentially through impaired responses to IFN-a and
suppression of STAT1 activation (Hou et al., 2014). In commonly used liver cancer
cell lines including HepG2 and Huh-7 cells, induction of IFN-B8 promoters is either
negligible or temporally deregulated upon stimulation of toll like receptor 3 (TLR3)
or poly I:C treatment (Khvalevsky et al., 2007). Experiments involving infection of

liver cancer cell lines with Hepatitis E virus revealed differential expression of
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PRRs, Interferon regulatory factors and ISGs, with Huh-7.5 cells exhibiting specific
defects in RIG-I and TLR3 pathways (Devhare et al., 2016). In comparison to
healthy primary hepatocytes, human HCC cells express an alternatively spliced
isoform of IRF3. This alternate isoform is transcriptionally inactive and confers
susceptibility to oncolytic vesicular stomatitis virus (Marozin et al., 2007).
Expression of MDA5, like fellow RLR member RIG-| appears to be impaired in Huh-7
cell lines but can be restored upon metabolic reprogramming via knockdown of

hexokinase 2 (Perrin-Cocon et al., 2021).

Overall, the exact role that innate immune signalling pathways downstream of RLR
activation in HCC is unclear and at times appears contradictory (Luedde et al.,
2007, Heinrichsdorff et al., 2008, Kawaguchi et al., 2019). It is likely that external
factors and the context in which HCC oncogenesis occurs influences the role
components downstream of RNA sensing pathways play in tumour development. It
may be the case that in the absence of CMTR1 and efficient capping of endogenous
transcripts, PRRs react inappropriately to drive IFN/NF-kB signalling and induce
chronic hepatitis. This acts as a source of inflammation which then drives pro-
tumorigenic signalling and inappropriate responses to liver injury, laying the
groundwork for development of fibrosis and eventually HCC. It should be stated
however, that whilst deletion of CMTR1 is useful for establishing tumour promoting
inflammation before cancer initiation, this is unlikely to be the case upon
development of fully fledged HCC. Evidence to support this theory is the fact that
whilst cKO of CMTR1 in the liver of WT mice results in aberrant inflammation
(Dohnalkova et al., 2023, Sansom lab, personal communication), depletion of
CMTR1 in Huh-7 cells does not (Williams et al., 2020). This may be attributed to
defects in IFN and RLR signalling which are conserved in a considerable number of
liver cancer cell lines and primary tumours derived from HCC patients (Hou et al.,
2014, Khvalevsky et al., 2007, Devhare et al., 2016, Marozin et al., 2007).

During tumour maintenance, it may be the case that sustaining expression of
CMTR1 would be beneficial in evading host responses to improperly capped RNA
(should the tumour maintain RNA sensing pathways). Additionally, CMTR1 is
responsible for the expression of specific genes which are implicated in the

pathogenesis of HCC, such as the cytokine IL6 and metabolic factor FASN (fatty

161



acid synthase) amongst many (You et al., 2023, Inesta-Vaquera et al., 2018,
Vanauberg et al., 2023). Hence, high expression of CMTR1 in established tumours
would likely be advantageous to maintain a transcriptional profile which favours

aberrant metabolism and growth.
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6.3 The potential role of CMTR1 regulated gene expression in

Hepatocellular Carcinoma

As alluded to in the discussion section of chapter 3, enhancements in CMTR1
dependent gene expression of metabolic and cell cycle factors are noted to
coincide with enhanced proliferation of mammary epithelial tumour cells, upon
abrogation of the interaction between CMTR1 and negative regulator DHX15
(Inesta-Vaquera et al., 2018). These findings suggest that CMTR1 may influence
cancer cell proliferation through regulation of specific genes. Emerging data from
the literature has indicated that CMTR1 specifically regulates ribosome biogenesis,
histone production and snoRNA processing (Liang et al., 2022, Lukoszek et al.,
2024, Wolter et al., 2023, Preprint) all of which have been previously implicated in
the pathogenesis of HCC (Baral et al., 2018, Gaillard et al., 2015).

Depletion of CMTR1 during embryonic stem cell (ESC) differentiation resulted in
substantial impairments in histone and ribosomal gene transcription (Liang et al.,
2022). This finding was partially replicated upon KO of CMTR1 in HEK293, which
also displayed significant defects in ribosomal protein transcription (Wolter et al.,
2023, Preprint), suggesting regulation of ribosomal expression by CMTR1 is a
common feature amongst cell lines. Dysregulated ribosome biogenesis is believed
to play a role in carcinogenesis by promoting metastasis and enhancing
translational capacity to sustain uncontrolled proliferation (Hwang and Denicourt,
2024). In a subset of HCC tumours, expression of heat shock factor protein 1 is
driven by enhanced ribosome activity and biogenesis (Yang et al., 2024). This
alters hepatic metabolism and induces steatosis, in a manner which promotes

malignancy (Santagata et al., 2013, Jin et al., 2011).

Depletion of CMTR1 in HEK293 resulted in reduced transcription of snoRNA host
genes and mRNA containing 5’ terminal oligopyrimidine tract (5’TOP) motifs
(Wolter et al., 2023, Preprint). Small nucleolar RNAs (snoRNAs) are responsible for
processing rRNAs and small nuclear RNAs (snRNA) (Kiss, 2002), whilst 5’TOP motifs
are a common feature of transcripts encoding ribosomal proteins and other
translation factors (Yamashita et al., 2008). In HCC, dysregulation of multiple
snoRNA species has been noted, with these possessing both oncogenic and tumour

suppressor effects (Baral et al., 2018). For example, expression of sSnoRNA ACA11 is
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significantly increased in HCC tumour tissues compared to matched controls and is
believed to contribute to metastasis by positively regulating PI3K/AKT signalling.
(Wu et al., 2017).

Conversely, Liang et al., observed replication stress, as determined by expression
of phosphorylated H2A histone family member X (y-H2AX), upon CMTR1 depletion
in ESC (Liang et al.,2022). Prolonged and sustained replication stress results in
genomic instability, heightening the chance of introducing oncogenic lesions into
the genome (Gaillard et al., 2015). Increased levels of y-H2AX, a marker of DNA
damage, are found in the majority of HCC tumours and at an even higher rate in

pre-neoplastic liver nodules (Matsuda et al., 2013).

In terms of non-inflammatory function, CMTR1 regulated gene expression of
ribosomal proteins and snoRNA may promote tumour maintenance by enhancing
translational capacity. In turn, CMTR1 appears to protect ESC against DNA damage
by regulating histone expression, which may protect liver cells against genomic
instability and eventual carcinogenesis, if this finding is found to applicable to
hepatocyte models. The fact that CMTR1 expression was significantly higher in
Ctnnb1 &3/WT: R26-LS-MYC [iver compared to controls, may indicate that CMTR1
contributes to liver tumorigenicity. However, further work on these models with
emphasis on investigating CMTR1 regulated gene expression of ribosomal proteins,

histones and snoRNA would be beneficial to determine if this is the case.
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6.4 Biological relevance of models used in this work

Hepatocellular carcinoma is a heterogeneous disease, with tumours displaying a
variety of genetic lesions, which are in part dependent on underlying aetiology.
Alcohol-related HCCs display enrichment for mutations in CTNNB1, TERT and
CDKNZ2A, whilst mutations in TP53 are strongly associated with cases of HCC with
underlying HBV and Aflatoxin aetiologies (Schulze et al., 2015, Gouas et al., 2009).
Overexpression of c-Myc is associated with most HCC cases of known aetiologies
including alcohol abuse, HBV and HCV but not in cryptogenic HCC patients
(Schlaeger et al., 2008). In mouse models used for this work, tumorigenesis was
induced through expression of a stable B-catenin mutant and overexpression of c-
Myc. Whilst the liver cancer cell line used in this work, Huh-7 cell lines, originate
from a 57-year-old male Japanese patient and are negative for HBV X and S-gene
integration (Nakabayashi et al., 1982, Hsu et al., 1993). In terms of characterised
mutations, Huh-7 cells carry a C228T mutation in the TERT gene promoter (Cevik
et al., 2015) and a A220G mutation in TP53 (Hsu et al., 1993). The models used in
this thesis may be said to possess genetic aberrations which are representative of
HCC cases arising from alcohol abuse, a major contributing factor for HCC in
western countries (Liu et al., 2019). On a global scale however, causes relating to
HBV and HCV infection contribute to 54% of all HCC related deaths (Akinyemiju et
al., 2017). This highlights the need to expand the range of models and cell lines
representing HCC within this work, as this will help determine if alterations in
CMTR1 expression and interaction are a universal feature of HCC or vary according

to underlying aetiology.
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6.5 Biological implications of putative CMTR1 protein interactions

Although this work established PGAM5 and ASS1 as interactors of CMTR1, time
constraints prevented further examination into the biological relevance of these
interactions. This section shall hence focus on the established functions of CMTR1,
PGAM5, and ASS1, postulating as to how interaction between these proteins may

impact function.

One of the most well characterised functions of PGAMS5 is as a Ser/Thr/His
phosphatase. Established targets of PGAM5 phosphatase activity include FUN14
domain containing 1 protein (FUNDC1), and nucleoside-diphosphate kinase B
(NDPK-B) (Chen et al., 2014, Yu et al., 2020, Nag et al., 2023, Takeda et al., 2009,
Panda et al., 2016). Both NDPK-B and FUNDC1 are phosphorylated by CK2, the
same kinase which phosphorylates CMTR1 at the N-terminal P-patch (Chen et al.,
2014, Biondi et al., 1996, Lukoszek et al., 2024). In the case of FUNDC1,
phosphorylation of the Ser-13 residue by CK2 functions to maintain mitochondrial
integrity at resting states. Upon exposure to oxidative stress, interaction between
PGAM5 and FUNDC1 is enhanced, permitting for PGAM5 to exert phosphatase
activity on FUNDC1 to induce mitophagy. This highlights a mechanism by which
PGAM5 and CK2 work in tandem to coordinate cellular responses (Chen et al.,
2014).

Previous work has also highlighted a role for PGAM5 in the regulation of nuclear
factors involved in mRNA processing. Upon cleavage induced by mitochondrial
uncoupler FCCP, PGAMS is able to translocate to the nucleus to dephosphorylate
serine/arginine repetitive matrix protein 1 (SRm160) and serine/arginine-rich
splicing factor 1 (SRSF1) (Baba et al., 2021). SRm160 functions as a co-activator of
pre-mRNA splicing (Blencowe et al., 1998), whilst SRSF1 promotes translation
initiation of target mRNAs by suppressing eukaryotic translation initiation factor
4E-binding protein 1 activity, a competitive inhibitor of elF4E (Maslon et al.,
2014). Interestingly, SRSF1 has been identified as a potential CMTR1 interacting
protein in a HEK293 interactome study (Simabuco et al., 2018). The significance of
PGAM5 dephosphorylation of serine rich arginine proteins is yet to be fully
elucidated, the authors of the study postulated that this may occur to coordinate

gene expression in a manner which supports mitophagy (Baba et al., 2021). It
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therefore stands to reason that PGAM5 may also exert phosphatase activity on

CMTR1 as a mechanism of gene regulation.

Targets of protein kinases can be predicted to some degree, as kinases
preferentially bind to specific sequence elements surrounding the phosphoacceptor
site, termed a consensus sequence. For example, CK2 being an acidophilic kinase
requires one or more acidic residue to be present in the C-terminal direction of the
phosphoacceptor site, with the consensus sequence for CK2 phosphorylation being
S/T-X-X-D/E (X= any amino acid) (Marin et al., 1992). Protein phosphatases are
considerably less represented in the human genome than protein kinases, with 518
known protein kinases being encoded compared to roughly 200 protein and lipid
phosphatases (Sacco et al., 2012). Protein phosphatases are capable of
dephosphorylating sites introduced by a variety of kinases, suggesting that
relationships between specific kinases and phosphatase are not necessarily
reciprocal. Furthermore, phosphatase consensus sequences tend to be poorly
defined (Kennelly and Krebs, 1991). Despite this, biochemical study of PGAM5
substrate specificity have revealed that PGAM5 preferentially targets
phosphopeptides containing serine or threonine and is most active against those
with additional negative/acidic residues (Wilkins et al., 2014). This is attributed to
the positive charge of amino acid residues adjacent to the catalytic pocket of the
PGAM phosphatase domain (Takeda et al., 2009). The CMTR1 P-patch contains a
multitude of serine/threonine residues which are surrounded by negatively charged
amino acids, (Lukoszek et al., 2024), thus it is reasonable to come to the

conclusion that CMTR1 is likely to be a target for PGAM5 phosphatase activity.

As is the case for CMTR1, PGAM5 has also been noted to regulate innate immune
responses mediated by RLR and IFN signalling. PGAM5 deficient cell lines fail to
express genes downstream of IFN-B signalling when stimulated with intracellular
Poly I:C or 5’pppdsRNA (MDA5 and RIG-I ligands respectively), independent of
phosphatase activity. Mechanistically, PGAM5 multimers physically interact with
MAYVS to promote TBK1 phosphorylation, inducing IFN production via the TBK1/IRF3
pathway. The biological consequence of PGAM5 deficiency in MEF cells upon VSV
infection is inhibited expression of both IFNB and IFIT1T mRNA, resulting in
increases in viral load (Yu et al., 2020). CMTR1 and PGAM5 share roles in
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coordinating and facilitating immune responses, specifically those implicated to
occur downstream of viral RNA sensing and the IFN pathway. Hence, it stands to
reason that these proteins may interact in order to regulate anti-viral immune
responses. This highlights that examination of if and how abrogation of the CMTR1-

PGAMS5 interaction impacts innate immunity is worth further investigation.

CMTR1 has been shown to regulate expression of genes implicated in metabolism
(Inesta-Vaquera et al., 2018) and mitochondrial respiration (Meisel et al., 2024).
One very recent study demonstrated that CMTR1 could influence transcription of
paralogous mRNAs encoding mitochondrial proteins which were sequestered in
cytoplasmic P-bodies, upon loss of the G-patch domain (Meisel et al., 2024).
Interestingly, PGAM5 has also been found to localise in P-bodies (Jain et al., 2016).
Immunostaining featured in chapter 4 of this work show that PGAM5 localises to
cytoplasmic granules upon FCCP treatment, which could correspond to
translocation in P-bodies, although follow-up experiments with an appropriate
staining marker would be required to demonstrate this. It is of note that CMTR1
does not share this feature in the presence or absence of FCCP in Huh-7 cell lines,

when immunostaining is undertaken.

The metabolic enzyme ASS1 was selected for further validation as a CMTR1
interacting protein alongside PGAM5 and could be purified with CMTR1 when co-
immunoprecipitation was performed in WT and Ctnnb1 3/WT; R26-L5L-MYC [jver
lysate. The RNA-enzyme-metabolite (REM) hypothesis, states that metabolic
enzymes such as ASS1 possess moonlight functions as RNA binding proteins,
facilitating alterations in gene expression in response to metabolic stimuli (Hentze
and Preiss 2010). Current knowledge of how ASS1 influences gene expression is
relatively limited but this protein has been shown to interact with both RNA and
chromatin (Lim et al., 2024, Castello et al., 2012). Upon DNA damage, levels of
P53 are upregulated, which in turn elevates expression of ASS1. Upon entry into
the nucleus ASS1 binds to chromatin and succinates SWI/SNF Related, Matrix
Associated, Actin Dependent Regulator of Chromatin Subfamily C Member 1
(SMARCC1), reducing the accessibility of chromatin for cell cycle gene
transcription (Lim et al., 2024). Multiple metabolic enzymes were found to
interact with CMTR1 when IP/MS was performed on both WT and Ctnnb183/WT; R26-
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"LSL-Myc mouse liver extract. Given current knowledge and the REM hypothesis, it
may be the case that interaction between CMTR1 and these enzymes acts as a

means by which metabolism is further interlinked with gene expression.

6.6 The role of CMTR1 in viral infection and implications for

treatment

Current literature has demonstrated that CMTR1 plays contrary roles in viral
infection. Total CMTR1 acts as an anti-viral factor in Dengue, Vesicular stomatitis
Virus, and Zika virus infection (Williams et al., 2020) but promotes infection with
IAV and IBV (Tsukamoto et al., 2023, Li et al., 2020, Lukoszek et al., 2024) and has
a negligible impact on the propagation of Sindbis virus and cap snatching
bunyaviruses (Tsukamoto et al., 2023). Through conducting work presented in this
thesis, we demonstrated that abrogation of P-CMTR1 negatively impacts expression
of IAV proteins when tagged to an mCherry promoter. This indicates that the

phosphorylation status of CMTR1 also acts a pro-viral factor in IAV infection.

These contradictions in regard to the role of CMTR1 during infection may in part be
explained by the variety of host-pathogen interactions employed by individual viral
species to ensure immune invasion and viral RNA capping, as previously touched on
in chapter 5. This section will expand upon how CMTR1 and P-CMTR1 is likely to
impact infection of viral species which have not been mentioned previously and
what the implications are for the use of CMTR1 or P-CMTR1 as a therapeutic
target.

Multiple researchers have identified that 1AV, an Orthomyxovirus, is dependent on
CMTR1 activity for efficient infection in both human and murine models. Genetic
aberration or pharmacological inhibition of CMTR1 results in reduced readouts of
infectivity (Tsukamoto et al., 2023, Li et al., 2020, Lukoszek et al., 2024). In this
work we identified that phosphorylation of CMTR1, a post-translational
modification which enables capping activity, is also essential for this function
(Lukoszek et al., 2024). These observations have been attributed to the role of
CMTR1 in ensuring availability of Cap-1 structures in host mRNAs from which 1AV
can cap-snatch (Tsukamoto et al., 2023, Li et al., 2020). This is complemented by

the observation that expression of phosphodeficient CMTR1 substantially decreases
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the formation of cap structures with 2’-O-ribose methylation on the first
nucleotide (Lukoszek et al., 2024).

Curiously, Tsukamoto et al., found that inhibition of CMTR1 failed to impact
outcomes of viral infection in cells inoculated with other Orthomyxoviruses
(excluding IAV/IBV) and Bunyaviruses, which also display cap-snatching activity
(Decroly et al., 2012, Weber et al., 1996, Garcin et al., 1995). Examples of which
include Thogoto virus (THOV) and Hazara virus (Tsukamoto et al., 2020).

THOV is a genus within the Orthomyxoviridae family, THOV is transmitted by tick
and preferentially infects livestock. However, rare cases of human infection have
been reported (Fuchs et al., 2022). This genus possesses a six-segmented negative
sense-RNA genome which encodes for an RNA-dependent polymerase which is
structurally similar to the IAV RNA polymerase (Clerx et al., 1983, Portela et al.,
1992). The IAV polymerase cleaves host mMRNA 10-13 nucleotides downstream of
the cap-structure to generate extraneous sequences (Reich et al., 2014), which are
absent at the 5’ cap of THOV RNAs (Weber et al., 1996). It was previously
theorised that THOV does not employ a classical cap-stealing mechanism and
instead utilises the PA subunit to exert endonuclease activity only 1 or 2
nucleotides downstream of cellular mRNA caps, with these being sufficient to
prime THOV transcription (Weber et al., 1996). However, recent publication of
THOV polymerase Cryo-EM structures cast great doubt on this theory. There is a
high level of divergence between key residues in the IAV and THOV endonuclease
and putative cap-snatching domains, suggesting cap-snatching is non-functional in
the THOV polymerase (Xue et al., 2024). This complements biochemical studies
which demonstrated the THOV polymerase PA domain lacks endonuclease and
divalent cation binding activity (Guilligay et al., 2014). How THOV mechanistically
obtains Cap-1 structures remains elusive, but it is theorised this may be via use of
free capped dinucleotides generated from RNA degradation or decapping
machinery (Xue et al., 2024, Guilligay et al., 2014).

Bunyaviridae viruses possess cap snatching machinery but differ from
Orthomyxoviridae, as they replicate in the cytoplasm as opposed to the nucleus
(Olschewski et al., 2020). Cap snatching in Bunyaviruses is mediated by the viral L

protein which possesses endonuclease activity. However, a definitive cap binding
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domain in L proteins is yet to be fully characterised (Olschewski et al., 2020).
Deletion of CMTR1 in A549 cell lines resulted in no significant alteration in the
outcomes when infection was carried out with Hazara virus, a member of the
Bunyaviridae order, suggesting that this virus is not dependent on CMTR1 to
provide host caps for snatching (Tsukamoto et al., 2023). Interestingly,
Bunyaviruses appear to display some preference for cap-snatching from RNA
containing premature stop codons, which localise to P-bodies and stress granules
(Mir et al., 2008). Genome-wide RNAi screens have also identified that decapping
enzyme DCP2 restricted Bunyavirus infection by limiting the accessibility of an
MRNA pool from which this virus could perform cap-snatching (Hopkins et al.,
2013).

The preference of 1AV for targeting particular RNA transcripts for snatching is
highly debated, with some studies indicating that IAV preferentially snatches from
small non-coding RNAs and others stating that IAV snatches from a broader range
of transcripts, dependent on availability (Sikora et al., 2017, Gu et al., 2015). Gu
et al., described high representation of U1 and U2 snRNAs after conducting viral
CapSeq on IAV infected A549 cell lines, whilst Tsukamoto et al., identified defects
in IAV mRNA snatched specifically from U2 snRNAs upon CMTR1 KO in A549’s.
Aberration of CMTR1 activity has been demonstrated to alter splicing of specific
transcripts through an unknown mechanism. Additionally, some snoRNA host genes
which guide modifications of snRNA, appear to be dependent on CMTR1 for
expression (Dohnalkova et al., 2023, Wolter et al., 2023- Preprint). Taken together
this information suggests that IAV may depend on CMTR1 as a host factor to ensure
maintenance of splicing machinery and availability of fully capped U1 and U2
snRNA to snatch from, through both direct CMTR1 capping activity and indirectly
via CMTR1-dependent gene expression. This may explain why Bunyavirus infectivity
which is dependent on snatching from transcripts targeted for storage in P-bodies

is impacted to a far lesser degree by CMTR1 KO.

However, the question remains as to why this is the case, when transcripts
sequestered in P-bodies would also be expected to lack Cap-1 structures after
CMTR1 KO has been established. Redundancy between CMTR1 and CMTR2 for

methylation of the 2’0O-ribose of the first nucleotide has been identified in fly
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models (Haussmann et al., 2022), it has yet to be established however, if this
finding is applicable to mammals. Alternatively, it could be the case that viral cap
snatching of mRNA which lacks the Cap-1 structure but is methylated at the second
transcribed nucleotide is sufficient for immune evasion, as CMTR2 activity further
reduces the ability of RIG-I to interact with RNA (Despic and Jaffrey, 2023). The
PB2 subunit of the IAV polymerase is believed to require CMTR1 mediated
methylation for efficient cap snatching (Tsukamoto et al., 2023, Bouloy et al.,
1980) but it is not clear if this is the case for Bunyaviruses (Olschewski et al.,
2020). It is possible that unlike IAV, Bunyaviruses are capable of cap snatching
from RNAs which possess cap structures lacking 2’O-ribose methylation of the first
nucleotide, with this being sufficient to ensure translation of viral proteins.
Immune evasion factors encoded by the virus may then prevent identification of
improperly capped viral structures by PRRs and downstream responses to enable
replication (Alff et al., 2006, Taylor et al., 2009)

Pharmacological agents which inhibit CMTR1 methyltransferase activity have shown
promise as an anti-influenza drug in human A549 cell lines and mouse models
(Tsukamoto et al., 2023). Treatment of IAV infected mice with trifluoromethyl-
tubercidin (TFMT), a compound which competes with S-Adenosyl methionine for
CMTR1 binding, inhibited viral replication without inducing weight loss or
cytotoxicity (Tsukamoto et al., 2023). Whilst this data is promising, further study
in the clinic will be required to determine if this treatment is suitable for human
patients. The work featured in this thesis has demonstrated that total and
phosphorylated CMTR1 is required for sufficient and timely expression of 1SGs
including IFIT proteins. Influenza viruses supress and manipulate host immune
factors including IFIT family members to promote propagation (Tran et al., 2020),
but these are in turn crucial for efficient clearance of other viral species
(Raychoudhuri et al., 2011, Pichlmair et al., 2011). This indicates that prolonged
treatment of patients with CMTR1 inhibitors may increase the risk of secondary

viral infection.

Given the role for CMTR1 in promoting IFN responses highlighted in this thesis and
other works (Williams et al., 2020), it may be hypothesised that modulation of

CMTR1 may also influence diseased states where dysregulation of IFN signalling is
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implicated. Elevated levels of type | IFN have been associated in the pathogenesis
of autoimmune disease including rheumatoid arthritis and systemic sclerosis (Unli
et al., 2022, Wu and Assassi, 2013, Lubbers et al., 2013). This presents yet another

avenue for the therapeutic use of CMTR1 or CK2 inhibitors.

In conclusion, the above information highlights that CMTR1 influences outcomes of
viral infection. The status of CMTR1 as a pro or anti-viral factor is dependent on
specific host-pathogen interactions which vary amongst viral species. Viruses which
are directly dependent on CMTR1 to conduct cap-snatching activities (e.g. 1AV)
(Tsukamoto et al., 2023) are likely to utilise CMTR1 as a pro-viral factor, indicating
that inhibition of CMTR1 may be therapeutic in this context. Although stringent
clinical testing will be required to determine efficacy alongside the risk of off-
target effects in human patients. The use of CMTR1 inhibitors may also offer
therapeutic benefit in diseased states driven by pathogenic IFN signalling, such as
rheumatoid arthritis and systemic sclerosis (Unlii et al., 2022, Wu and Assassi,
2013, Lubbers et al., 2013). Conversely, CMTR1/P-CMTR1 is likely to exert
inhibitory activities towards viruses which are not dependent on its cap
methyltransferase activity to undertake cap-snatching, providing that host cells
are able to effectively generate IFN responses against these viruses. This
hypothesis is tied to the fact that CMTR1 expression and phosphorylation promotes
induction of a variety of ISGs downstream of RLR/IFN signalling (Lukoszek et al.,
2024) and restricts replication of Dengue and ZIKA viruses (Williams et al., 2020).
CMTR1 appears to have a negligible impact on outcomes of viral infection with
Bunyaviruses and several Orthomyxoviridae family members (excluding Influenza)
(Tsukamoto et al., 2023), likely due to the fact that these viruses are not
dependent on CMTR1 activity for their propagation (Xue et al., 2024) and can
effectively evade IFN responses (Alff et al., 2006, Taylor et al., 2009). Further
work will be required to characterise the impact of CMTR1/P-CMTR1 on individual
viruses, as findings cannot be extrapolated amongst species without enriching

current understanding of underlying viral biology and host interactions.
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6.7 Future work

In this thesis, protein expression of CMTR1 and RNMT capping enzymes were
identified to be upregulated in Ctnnb1¢x3/WT; R26-L5L-MYC liver extract, compared to
controls. The functional consequences of this observation, however, require
further examination. Genes which may play proto-oncogenic functions have been
previously identified as CMTR1-regulated (Inesta-Vaquera et al., 2018), hence, it
would be of use to determine if these are differentially expressed in HCC via RT-
gPCR or western blotting. Furthermore, given that CMTR1 is implicated in
translation, ribosome biogenesis and splicing (Dohnalkova et al., 2023, Liang et
al., 2022, Wolter et al., 2023, Preprint), examination of how these are altered by
CMTR1 upregulation in HCC is of interest. This may be achieved by RNA-sequencing

to characterise the HCC transcriptome and polysome profiling.

The murine models used in this thesis reflect initiation of tumorigenesis, as liver
was extracted from mice 10 days after induction of B-catenin and c-Myc
dysregulation. To enhance understanding of how CMTR1 may influence
maintenance of HCC once established, measuring growth or colony formation in
liver cancer cell lines where CMTR1 is depleted or overexpressed would be

beneficial.

In previous sections of this discussion, the potential role of CMTR1 in immunity and
how this may impact HCC has been alluded to. However, | have yet to fully
investigate if this link exists in the models used in this work. To achieve this,
characterisation of immune responses in cell lines derived from mouse models of
liver hyperplasia upon CMTR1 knockdown or overexpression may be of use. The
data shown here demonstrated a role for P-CMTR1 in promoting innate immune
responses. Phosphorylation of CMTR1 was found to be minimal in murine liver but
this was not examined in established human tumour cell lines. To further
determine a role of P-CMTR1 in HCC, inducing CK2 overexpression or use of
phosphomimetic CMTR1 mutants in HCC cell lines may be conducted, followed by

characterisation of the transcriptome.

Proteins ASS-1 and PGAM5 were identified as binding partners of CMTR1 in the
liver. However, time constraints prevented investigation into the functional

implications of these interactions. As PGAM5 exerts phosphatase activity (Takeda
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et al., 2009), it would be of interest to identify if PGAM5 is capable of
dephosphorylating CMTR1, which may be achieved via treatment of cell extract
with recombinant PGAM5 followed by determination of CMTR1 phosphorylation. By
using truncated protein fragments, exact binding regions of CMTR1 and
ASS1/PGAM5 may also be identified. This will permit for the generation of models
where these interactions are disrupted and allow for determination as to whether
this impacts capping, immunity, gene expression, metabolism or mitochondrial
dynamics. Once this has been conducted any potential findings may be applied to

liver cancer models to determine if these interactions influence tumorigenesis.

In this thesis, we identified that P-CMTR1 functions as a pro-viral factor in 1AV
infection. Given differential mechanisms of capping and immune evasion between
RNA viruses, further investigation into how P-CMTR1 influences outcomes of
infection of other viral species is warranted. In contrast with findings by Williams
et al., work presented here indicates that P-CMTR1 influences ISG expression at
the mRNA level, thus impacting protein expression (Williams et al., 2020, Lukoszek
et al., 2024). As CMTR1 has been previously demonstrated to recruit RNAPII to
transcription start sites (Liang et al., 2022), this may be investigated as a potential
mechanism by which this occurs. Chromatin immunoprecipitation experiments will

aid in determining the extent of CMTR1 and RNAPII retention at ISG promoter sites.
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6.8 Conclusions

In this thesis, | undertook characterisation of CMTR1 in both WT and Ctnnb183/WT;
R26-5-Myc murine liver, which will continue to provide a stepping stone for further
determination into a role for this protein in cancer. Specific interactions between
CMTR1 and proteins PGAM5 and ASS1 have been established, the former of which is
found to occur to a greater extent in | Ctnnb183/WT; R26-L5L-MYC liver extract and
cancer cell lines. This interaction is hence likely to be of relevance in
hepatocellular carcinoma, but the exact functional consequences require further

examination.

In this work we have established that phosphorylation of CMTR1 is required to
maintain and ensure timely expression of various interferon stimulated genes in
response to treatment with IFN and poly I:C, the mechanisms of which are yet to
be elucidated. Infection of phosphodeficient mouse embryonic fibroblasts with
Influenza A virus results in reduced readouts of viral protein production compared
to WT controls, indicating that despite promoting innate immune responses P-
CMTR1 possesses differential roles in viral infection. This has substantial
implications for the use of therapeutic agents which target CMTR1 and highlights
the need to consider specific host-pathogen interactions when determining a role

for CMTR1 in viral infection.
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Chapter 7: Appendices
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Supplementary Figure 1- Gating Strategy for flow cytometry experiments depicted in
Figure 4.7

Gating strategy for flow cytometry analysis of mitochondrial potential and mass in Huh-7
cell lines post treatment with 10 uM FCCP for 4 hrs. Numbers indicate percentage of cells
within each gate. FCCP (Non-structural protein 1), FSC (forward scatter), SSC (side

scatter).
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Supplementary Figure 2- Gating Strategy for flow cytometry experiments depicted in
Figure 5.7

Gating strategy for flow cytometry analysis of NS1-mCherry protein production in MEFs expressing
either HA-WT-CMTR1, HA-15A CMTR1, or an empty vector control following infection with PR8 IAV
mCherry Colorflu. Numbers indicate percentage of cells within each gate. NS1 (Non-structural
protein 1), MEF (Mouse embryonic fibroblast), CMTR1 (Cap Methyltransferase 1), IAV (Influenza A
Virus), SSC (Side scatter), FSC (Forward scatter), DAPI (4',6-diamidino-2-phenylindole), GFP (Green

fluorescent protein).
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Cre-eGFP vector

8097 bp

Supplementary Figure 3- cre-eGFP vector map

An expression vector encoding both cre and eGFP was generated by using Sal |
restriction enzyme for digestion of both a pBABE-puro vector backbone and a PCR
cloned expression cassette containing EF1-a promoter, eGFP, and Cre sequences
originating from a pBS598 EF1alpha-EGFPcre plasmid. This expression cassette was
then inserted into the pBABE-puro vector to generate the final product as depicted
above. Cloning was performed by Dr Radoslaw Lukoszek. eGFP (enhanced green

fluorescent protein), EF1-a (Elongation factor 1-a).
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HA-CMTR1 expression vector
8970 bp

Supplementary Figure 4- HA-CMTR1 expression vector map

An expression vector encoding either a HA-WT CMTR1 or phosphodeficient mutant
version of CMTR1 (HA-15A CMTR1) was generated via digestion of pBMN-I-GFP
vector with Not | restriction enzyme. This was followed by ligation of either a
construct encoding HA-WT CMTR1, or a construct generated by invitro
mutagenesis encoding for HA-15A CMTR1, where the following substitutions were
performed: S26A, S28A, T30A, S31A, S46A, S49A, S51A, S53A, S55A, T57A, S63A,
S64A, S66A, S75A, S89A. Invitro mutagenesis and cloning was performed by DSTT.
HA-WT CMTR1 (Haemagglutinin tagged wild type CMTR1), HA-15A CMTR1
(Haemagglutinin tagged phosphodeficient CMTR1), DSTT (Division of signal

transduction therapy, University of Dundee).
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The following paper, copied below, contains the data adapted to generate figures
1.4, 5.1, 5.3, 5.4 and 5.7. All data presented in this thesis which can also be found
in this paper is my own work. Exception to this is data found in figure 5.1, whilst
the author of this thesis carried out the experimental procedure Prof Victoria
Cowling carried out data processing, as mentioned in the figure legend. Figure 5.2
depicts generation of the MEF model, extraction of mouse embryonic fibroblasts
and lentiviral transduction was performed by Dr Radoslaw Lukoszek, transfection
of MEFs with a cre eGFP vector and creation of the figure was carried out by the
author of this work. This is explicitly mentioned in Chapter 2: Materials and
Methods under heading 2.1. Some data found in the paper which was generated by
other authors is alluded to in text only within this thesis and explicit attribution is

given.

The paper “ CK2 phosphorylation of CMTR1 promotes RNA cap formation and
influenza virus infection” was published in open access journal Cell Reports under
a Creative Commons Attribution (CC BY 4.0) license and thus can be shared and

adapted freely as long as attribution is given.
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Summary

The RNA cap methyltransferase CMTR1 methylates the first transcribed nucleotide
of RNA polymerase Il transcripts, impacting gene expression mechanisms, including
during innate immune responses. Using mass spectrometry, we identify a multiply
phosphorylated region of CMTR1 (phospho-patch [P-Patch]), which is a substrate
for the kinase CK2 (casein kinase Il). CMTR1 phosphorylation alters intramolecular
interactions, increases recruitment to RNA polymerase I, and promotes RNA cap
methylation. P-Patch phosphorylation occurs during the G1 phase of the cell cycle,
recruiting CMTR1 to RNA polymerase Il during a period of rapid transcription and
RNA cap formation. CMTR1 phosphorylation is required for the expression of
specific RNAs, including ribosomal protein gene transcripts, and promotes cell
proliferation. CMTR1 phosphorylation is also required for interferon-stimulated

gene expression. The cap-snatching virus, influenza A, utilizes host CMTR1
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phosphorylation to produce the caps required for virus production and infection.
We present an RNA cap methylation control mechanism whereby CK2 controls

CMTR1, enhancing co-transcriptional capping.

Introduction

CMTR1 (cap methyltransferase 1) is an RNA cap methyltransferase that has
influential roles in gene expression and innate immune responses.'2 During pre-
mRNA maturation, CMTR1 methylates the first transcribed nucleotide ribose at the
0O-2 position, creating the RNA cap modification N1 2'-O-Me, which alters the
affinity of the RNA cap for interacting proteins.343¢ An absence of cap N1 2'-O-Me
contributes to mRNA being detected as “non-self”; these immature caps interact
with proteins that target RNA for decapping and degradation.?>7 Once the RNA cap
has N1 2'-O-Me, interactions with proteins of the RNA degradation pathway
decrease, and interactions with proteins involved in RNA processing and translation
factors alter, associated with the increased expression of specific genes. 22

CMTR1 was first investigated as an interferon-stimulated gene (1SG95)?:10,11,12,13,
the interferon-induced translation of select ISGs was found to be dependent on this
RNA cap methyltransferase.’> CMTR1 is also upregulated during embryonic stem
cell differentiation and is critical for the proliferation of differentiating cells in a
mechanism linked to the expression of histone and ribosomal protein gene
transcripts.'*'> Across diverse species, specific genes are responsive to CMTR1

levels, with regulation observed at the level of RNA and
translation.1,8,14,16,17,18,19,20,21,22

The methyltransferase domain is centrally positioned in CMTR1, flanked by
domains that influence the interactions and activity of the enzyme. A nuclear
localization signal and the G-Patch (glycine-rich) domain are N-terminal to the
methyltransferase domain with the non-catalytic guanylyltransferase-like (GT-like)
and WW domains residing at the C terminus3# (Figure 1). CMTR1 methylates RNA
caps during transcription when the CMTR1 WW domain interacts with the RNA
polymerase Il (RNA Pol II) large subunit C-terminal domain (CTD) phosphorylated on
serine-5 (S5P)'418.23 and the CMTR1 GT-like domain interacts with RNA Pol Il
RPB7.24 These interactions recruit CMTR1 to RNA Pol Il at the initiation of
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transcription after guanosine cap addition. 424 Interaction with RNA may also aid
the recruitment of CMTR1 to RNA Pol I1.2° Repression of CMTR1 results in a loss of
RNA Pol Il binding to the transcription start site and repression of transcription,
indicating a role for this enzyme and the RNA cap modification, N1 2’-O-Me, in
transcription and/or co-transcriptional RNA stability.'*'> The genes with the
highest CMTR1 and RNA Pol Il binding are the most responsive to the repression of
CMTR1. The CMTR1 G-Patch domain also binds directly to the DHX15 helicase
(DEAH-box helicase 15) through the OB-fold (oligonucleotide/oligosaccharide-
binding), an interaction that modulates CMTR1 and DHX15 activities and prevents

interaction with RNA Pol I1.1819,22
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Figure 1 CMTR1 contains a highly phosphorylated P-Patch at the N terminus

(A) Diagram of human CMTR1. Domains and positions indicated. P-Patch is amino acids 26-
89 (red). High-confidence phosphorylation sites are labeled “P.”

(B) HA-CMTR1 was expressed in HelLa cells and immunoprecipitated via the HA tag.
Phospho-peptides were identified by mass spectrometry, and the mass was reported. High-
confidence phosphorylation sites are stated in “possible sites” with the percentage of
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probability given. For peptides with several potential sites, the most likely are stated and
all are underlined.

(C) In vitro phosphorylation of recombinant CMTR1 and OTUB1 by CK2. Reaction
constituents indicated. Phospho-analysis of proteins (top). Coomassie blue staining of
proteins (bottom).

(D) In vitro phosphorylation of recombinant CMTR1, CMTR1A143, and OTUB1 over a time
course, as above. “c” indicates a reaction without CK2.

(E) Quantitation of moles of ATP incorporated into moles of substrates in (D).

Here, we demonstrate that CMTR1 function is controlled by the kinase CK2 (casein
kinase Il). CK2 phosphorylates CMTR1 on multiple residues in the N-terminal
phospho-patch (P-Patch), which alters intramolecular interactions and promotes
recruitment to the RNA Pol II CTD. CMTR1 P-Patch phosphorylation is required for
mature cap formation, specific gene expression, and cell proliferation. The
expression of ribosomal protein genes and select ISGs is particularly dependent on
CMTR1 phosphorylation. The cap-snatching virus, influenza A virus (IAV), requires
host cell CMTR1 phosphorylation for viral infection.

Results

CK2 phosphorylates CMTR1 on multiple amino acids in the N-terminal P-Patch

To identify signaling pathways that influence RNA cap formation, we analyzed
phosphorylated residues of the cap methyltransferase CMTR1. Human
hemagglutinin (HA)-CMTR1 was expressed in HelLa cells, immunoprecipitated, and
analyzed by LC-MS (liquid chromatography-mass spectrometry) (Figures 1A, 1B,
and S1A). A cluster of phosphorylated amino acids was identified in an N-terminal
region, which we named the P-Patch (amino acids 526-589; Figures 1A, 1B,

and S$1B). The phosphorylated amino acids identified with the highest confidence
were 528, T30, S31, and S66 (Figures 1A and 1B). The CMTR1 cDNA was mutated to
encode alanine in substitution of phosphorylated amino acids, and, as previously,
this CMTR1 protein was expressed in cells and analyzed by LC-MS, resulting in the
identification of additional phosphorylation sites (Figures 1A and S2). This process
was repeated until 15 phosphorylated amino acids were identified: 526, 528, T30,
S31, S46, S49, S51, S53, S55, T57, S63, S64, S66, S75, and S89 (Figures 1A, S1,
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and S2). HA-CMTR1 15A cDNA was generated to encode CMTR1 with all detected
phosphorylated amino acids mutated to alanine. No phosphorylation was detected
in HA-CMTR1 15A, despite 91% protein being analyzed by LC-MS, including the
entire P-Patch (Figures S1B and S2).

We investigated the kinases that phosphorylate the CMTR1 P-Patch based on
consensus motifs. CK2, a pleiotropic kinase that phosphorylates serines and
threonines upstream of acidic residues, was a candidate P-Patch

kinase.?>:26:27,28 Recombinant CMTR1 was phosphorylated by recombinant

CK2 in vitro (Figure 1C). OTUB1, an established CK2 substrate, was included as a
positive control.2® CMTR1A1-143 (lacking the nuclear localization sequence [NLS],
P-Patch, and G-Patch) was not phosphorylated in this assay, consistent with the
CK2 phosphorylation sites being restricted to the N terminus of CMTR1 (Figures 1D
and 1E). More than 2 mol of phosphate was incorporated into each mole of CMTR1,
indicating that CMTR1 proteins were multiply phosphorylated (Figure 1E).

To characterize CMTR1 phosphorylation, polyclonal antibodies were raised against
a CMTR1 peptide phosphorylated on 528, T30, and S31. In a dot blot, the anti-
pCMTR1 (phospho-CMTR1) antibody had enhanced affinity for recombinant CMTR1
when phosphorylated by CK2 (Figure 2A). When HA-CMTR1 was
immunoprecipitated from cell extracts, the pCMTR1 antibody bound with higher
affinity to the wild-type (WT) protein compared to the 15A mutant, consistent with
WT CMTR1 phosphorylation (Figure 2B). Transfection of HelLa cells with a CK2
expression vector resulted in increased endogenous pCMTR1, and transfection with
kinase-dead CK2 (CK2-KD) resulted in reduced pCMTR1, consistent with CK2
phosphorylation of CMTR1 in cells (Figure 2C).
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Figure 2 CMTR1 is phosphorylated by CK2 during G1 phase

(A) Recombinant CMTR1 was in vitro phosphorylated with CK2 and a titration was blotted
onto PVDF (ng indicated). Blots were probed with pCMTR1 antibody or (pan) CMTR1
antibody. (B) HA-CMTR1 WT, HA-CMTR1 15A, or empty vector (v) were transiently

expressed in HelLa cells. HA-CMTR1 proteins were immunoprecipitated via the HA tag and
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analyzed by western blot. (C) FLAG-CK2 WT, D156A (kinase dead [KD]), or empty vector
(v) were transiently expressed in HelLa cells. Endogenous CMTR1 was immunoprecipitated
and analyzed by western blot. (D) HelLa cells were arrested in G2/M phase using
nocodazole and released into the cell cycle by replacement with fresh medium. CMTR1
was immunoprecipitated over a time course of nocodazole release or from asynchronous
cells (A) and analyzed by western blot for phospho-CMTR1 and total CMTR1 (representative
shown). Cyclin B expression was analyzed. (E) pCMTR1/CMTR1 and total CMTR1 were
quantitated. Dots indicate data for 4 or 5 independent experiments. Line indicates the
average. Student’s t test was performed, and p values are stated. (F) Cell cycle
progression in (D) was analyzed by flow cytometry using DAPI DNA stain. The proportion of
cells in each stage of the cell cycle is indicated. (G) Cells released from nocodazole block
for 2 h were untreated (N), treated with lambda phosphatase (L), or asynchronous (A).

(H) As in (G) except cells were treated with quinalizarin (QZ). (l) Detection of
pCMTR1/CMTR1 and total CMTR1 was quantitated for 2 independent experiments. Dots

indicate data, and line indicates the average.

CMTR1 is phosphorylated predominantly during G1 phase

The guanosine cap is methylated by RNMT predominantly during G1 phase of the
cell cycle.3® We used nocodazole-based cell synchronization, which releases cells
from a late G2/M arrest into G1 phase to determine that CMTR1 phosphorylation
increases during G1 phase of the cell cycle (Figures 2D-2F). CMTR1 phosphorylation
(ratio of pCMTR1 to CMTR1) peaked at 2 h following the release from nocodazole
block, whereas total CMTR1 levels were not altered. Once the phase of the cell
cycle when CMTR1 is phosphorylated was determined, we could further verify the
pCMTR1 antibody as phosphate specific. CMTR1 was immunoprecipitated from cells
2 h after nocodazole release, and immunoprecipitates were treated with lambda
phosphatase, resulting in reduced pCMTR1 levels (Figure 2G). To verify that CK2
was a kinase responsible for CMTR1 phosphorylation during the cell cycle, cells
were treated with quinalizarin, a CK2 inhibitor, which reduced detection of
pCMTR1 (Figures 2H and 2I).3!
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CMTR1 phosphorylation increases interaction with RNA Pol Il

We investigated the impact of P-Patch phosphorylation on CMTR1

function. In vitro, CK2 phosphorylation of recombinant CMTR1 did not significantly
impact methyltransferase activity (Figure S3A). Similarly, using lambda
phosphatase to reduce the phosphorylation of HA-CMTR1 immunoprecipitated from
cells did not impact methyltransferase activity (Figures 2G and S3B). CMTR1
function can be influenced by interaction with the helicase DHX15.'81 An
equivalent quantity of DHX15 was found in HA-CMTR1 WT and 15A complexes
immunoprecipitated from Hela cells, indicating that phosphorylation of CMTR1
does not influence this interaction (Figure S3C). As a control, the CMTR1 G-Patch
3L/A mutant had reduced interaction with DHX15'® (Figure S3C). The CMTR1 P-
Patch is adjacent to the NLS (Figure 1A)."832 To investigate whether CMTR1
phosphorylation impacts the cellular localization of the protein, GFP-CMTR1 WT
and 15A were transfected into Hela cells (Figure S4). As observed previously, GFP-
CMTR1 WT has a predominantly diffuse nuclear localization, and GFP-CMTR1 15A
has an equivalent nuclear localization.'® As controls, GFP-CMTR1 25-831 and GFP-
CMTR1 4/K/E, mutants with a deleted or mutated NLS, were predominantly

cytoplasmic.™®

CMTR1 is recruited to nascent RNA caps by an interaction of the WW domain with
the RNA Pol Il CTD phosphorylated on S5'4'® and by an interaction of the GT-like
domain with RNA Pol Il PBP7.24 To investigate whether the interaction of the RNA
Pol Il CTD with CMTR1 is influenced by phosphorylation, HA-CMTR1 WT, 15A, and
vector control were expressed in MEFs (mouse embryonic fibroblasts) and HelLa
cells (Figures 3A and 3B, respectively). HA-CMTR1 WT was immunoprecipitated
from cell extracts in a complex with RNA Pol Il S5P and S2P of the CTD (Figures 3A
and 3B). The phospho-defective CMTR1 15A mutant had significantly reduced
interaction with the CTD, consistent with CMTR1 phosphorylation promoting or
permitting this interaction. To validate the role of CK2 in the CMTR1-RNA Pol Il
interaction, CK2 WT and KD were transiently expressed in HelLa cells (Figure 3C).
Expression of CK2 WT, but not CK2 KD, resulted in increased CMTR1
phosphorylation and increased interaction with RNA Pol Il (Figure 3C).
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Figure 3 CK2 phosphorylation of CMTR1 increased interaction with RNA Pol Il

(A and B) HA-CMTR1 WT, 15A, or vector control. Dots indicate data were transiently
expressed in (A) MEFs or (B) HelLa cells. HA-CMTR1 WT or 15A was immunoprecipitated
from cell extracts via the HA tag. Western blots were performed on input material and
immunoprecipitates (IPs). (C) HA-CMTR1 was transiently co-expressed in HelLa cells with
CK2 WT, CK2 KD, or vector control. Western blots were performed on input material and
HA-CMTR1 IPs for the antigens indicated. (D) Recombinant GST-CMTR1 was incubated with
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biotinylated CTD peptide, unphosphorylated (CTD), or phosphorylated on serine-5 (CTD
S5P). CMTR1 was detected by western blot in inputs and streptavidin pull-downs (Aff).
(E) As in (D) except GST-CMTR1 was in vitro phosphorylated by incubation with CK2 prior
to CTD and CTD-S5P pull-downs. (F) GST-CMTR1 binding to CTD was quantitated for 4
independent experiments Dots indicate data, and line indicates the average. Student’s t

test was performed, and p values are stated.

To investigate whether CK2 phosphorylation of CMTR1 directly influences the
interaction with the RNA Pol Il CTD, an in vitro binding assay was performed. As
observed previously, recombinant CMTR1 interacted directly with the CTD peptide,
with enhanced binding to the S5P CTD peptide (Figure 3D)."® Phosphorylation of
recombinant CMTR1 with CK2 increased its interaction with the RNA Pol Il CTD
(Figures 3E and 3F).

Intramolecular interactions of CMTR1 are controlled by P-Patch phosphorylation
CMTR1 recruitment to the RNA Pol Il CTD requires the CMTR1 WW domain.'® Here,
we observe that phosphorylation of the CMTR1 P-Patch influences the RNA Pol II-
CMTR1 interaction (Figure 3). Since phosphorylation of the CMTR1 N-terminal P-
Patch influences an interaction of the C-terminal WW domain with RNA Pol Il, this
indicates a phosphorylation-induced change in conformation or an intramolecular
interaction of CMTR1. To investigate the interactions between the different
domains of CMTR1 a series of HA-CMTR1 N-terminal deletions and GFP-CMTR1 C-
terminal deletions were made and co-expressed in HEK293 cells (Figure 4A). In co-
immunoprecipitation experiments, GFP-CMTR1AWW (GFP-AWW) interacted with
HA-CMTR1-WW (lane 9, Figure 4B) or HA-CMTR1-GT-WW (lane 9, Figure 4C). This
revealed an interaction between the CMTR1 WW domain and another part of
CMTR1. The more extensive deletion mutant GFP-CMTR1 1-143 (GFP-1-143) failed
to interact with HA-CMTR1-WW (lane 8, Figure 4B) or HA-CMTR1-GT-WW (lane

8, Figure 4C), indicating that the CMTR1 RFM-GT-like (Rossman-fold
methyltransferase-guanylyltransferase-like) domain is required for the interaction
with the CMTR1 WW domain. These CMTR1 domain interactions are likely to reflect
intramolecular interactions rather than trans interactions of two CMTR1 proteins
since GFP-CMTR1 WT does not bind to any CMTR1 deletion mutant or another
CMTR1 WT (Figures 4B and 4C, lane 10; data not shown). Consistent with this, in
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the AlphaFold2 prediction of the CMTR1 structure, the WW, GT-like, and RFM

domains have multiple interactions33:34 (Figure 4D).
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Figure 4 Intramolecular interactions of CMTR1

(A) Diagram of CMTR1 mutants used. (B) HA-CMTR1-WW was transiently co-expressed with
the GFP-CMTR1 WT and mutants indicated above blots in HeLa cells. GFP-CMTR1 proteins
were immunoprecipitated using GFP nanobodies and western blots performed to detect
HA-WW (anti-HA antibody) and GFP-tagged protein (anti-GFP antibodies). (C) As in (B)
except HA-CMTR1-GT-WW was co-expressed with GFP-tagged CMTR1 mutants. (D) The
predicted structure of CMTR1 by AlphaFold2. The domains of interest are indicated. (E and
F) HA-CMTR1-GT-WW was expressed with GFP-CMTR1 WT, 15A, or GFP alone. (E) GFP-
CMTR1 proteins immunoprecipitated with nanobodies. (F) HA-GT-WW was
immunoprecipitated using anti-HA antibodies. RNA Pol Il S5P and other antigens were

detected by western blot.

The impact of CMTR1 intramolecular interactions on recruitment to RNA Pol Il was
investigated (Figures 4E and 4F). As published previously,'® GFP-CMTR1AWW (WT or
15A) does not interact significantly with RNA Pol Il (lanes 8 and 9, Figure 4E). When
HA-CMTR1-GT-WW (HA-GT-WW) is expressed with GFP-CMTR1AWW (GFP-WT-
AWW), they form a complex, permitting GFP-CMTR1AWW to bind to RNA Pol Il
(Figure 4E, lane 11). GFP-CMTR1AWW with 15A mutations (GFP-15A-AWW) also
interacts with HA-GT-WW, but this complex has reduced RNA Pol Il binding

(Figure 4E, lane 12). These data are consistent with the CMTR1 P-Patch interacting
with the CMTR1 CTD and this interaction promoting binding to RNA Pol Il in a
phospho-dependent manner. In the AlphaFold2-predicted structure, the P-Patch is
a disordered region, which may contact the rest of CMTR1 at multiple points,

enhancing the intramolecular interaction (Figure 4D).

Evidence supporting that the phosphorylated P-Patch promotes CMTR1-RNA Pol II
interactions comes from experiments in which HA-CMTR1-GT-WW (HA-GT-WW) was
expressed in cells and immunoprecipitated with RNA Pol Il CTD S5P (Figure 4F, lane
7), consistent with the RNA Pol II CTD-CMTR1 WW domain interaction.'® Although
GFP-CMTR1AWW (GFP-WT-AWW) has a weak affinity for RNA Pol Il, expression of it
increases the interaction of HA-CMTR1-GT-WW and RNA Pol Il (Figure 4D, compare
lanes 8 and 9). GFP-CMTR1AWW 15A (GFP-15A-AWW) also interacts with HA-
CMTR1-GT-WW (HA-GT-WW) but does not increase the interaction with RNA Pol I
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(Figure 4F, compare lanes 8 and 10). Thus, P-Patch phosphorylation (even on a
distinct peptide) positively influences the interaction of the RNA Pol Il CTD and
CMTR1.

CMTR1 phosphorylation increases RNA cap formation and cell proliferation

To investigate the impact of CMTR1 phosphorylation in cells, we utilized MEFs in
which the Cmtr1 gene is floxed in exon 3, resulting in gene deletion upon
expression of Cre recombinase (Figure S5). In these cells, HA-CMTR1 WT and 15A
were expressed following retroviral infection (at a level lower than endogenous
CMTR1), and subsequently, the endogenous Cmtr1 gene was deleted (Figure S5C).
Using this method, we avoided cell adaptation to long-term Cmtr1 gene deletion,
which we observed previously (CMTR1 15A expression increases relative to WT over
time in Cmtr1-/- cells; data not shown). The impact of CMTR1 15A on RNA cap
formation was analyzed by CAP-MAP (cap analysis protocol with minimal analyte
processing) MS.3 Consistent with CMTR1 being required for N1 2'-O-Me (0-2
methylation of the first transcribed nucleotide ribose), Cmtr1 deletion resulted in
a reduction in the N1 O-2-Me-containing mature RNA caps ™ Gppp™®Am, ™ GpppAm,
and ™’GpppGm and an increase in the incomplete caps ™ Gppp™A, ™ GpppA,

and ™’ GpppG in comparison to cells expressing CMTR1 WT (Figure 5A). Expression
of CMTR1 15A only partially rescued the abundance of mature caps, consistent

with CMTR1 phosphorylation promoting cellular RNA cap O-2 methylation.
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MEF lines were created to express HA-CMTR1 WT, 15A, and vector control. Cre
recombinase was expressed to delete the Cmtr1 gene.

(A) Relative abundance of cap structures in Cmtr1 knockout (KO) MEFs expressing HA-
CMTR1 WT, 15A, or vector control. Data presented are from three independent
experiments, and bar indicates the average. (B) MA plots of transcript levels (log2RPKM
[reads per kilobase per million mapped reads]) and log2 fold change of CMTR1 WT vs. KO
(left) and CMTR1 15A vs. KO (right). Genes significantly down-/up-regulated (EdgeR
exactTest, false discovery rate [FDR]-adjusted p < 0.05) are highlighted. (C) Venn diagram
of numbers of genes increased by expression of CMTR1 WT and 15A, defined as those gene
transcripts significantly up-regulated relative to Cmtr1 KO. (D) Volcano plots indicating
the relationship between log2FC and -log10 FDR-adjusted p value for CMTR1 WT vs. KO
(left) and CMTR1 15A vs. KO (right). Ribosomal protein genes (79 genes) are highlighted.
(E) MEF lines with and without Cre-directed Cmtr1 deletion. MEFs were plated and
counted each day. Data shown are for 3 experiments, and bar indicates the average.

Student’s t test was performed, and p values are stated.

Phospho-defective mutation 15A reduces CMTR1-dependent gene expression

CMTR1 and its product N1 2°-O-Me have roles in gene expression, with the target
genes determined by the cell lineage.813:14.17:18,20.21 RNA sequencing analysis was
carried out on log-phase MEFs expressing HA-CMTR1 WT, 15A, or vector control, in
which the endogenous Cmtr1 gene was deleted (Figure S5). In previous studies,
CMTR1 repression had been demonstrated to impact RNA levels.'" In RNA
sequencing analysis, 12,516 RNAs (transcripts mapping to single genes) were
detected that had more than one count per million reads in more than 3 samples
(Table S1). Expression of HA-CMTR1 WT resulted in significantly increased levels of
1,521 RNAs and significantly decreased levels of 1,334 RNAs (Figures 5B and 5C).
Expression of HA-CMTR1 15A also resulted in altered RNA levels but to a lesser
extent than HA-CMTR1 WT, consistent with CMTR1 phosphorylation being required
for RNA Pol Il binding and RNA capping. 797 RNAs were significantly increased in
response to the expression of HA-CMTR1 15A, and 729 RNAs were significantly
reduced (Figures 5B and 5C). 567 of the same RNAs were increased in HA-CMTR1
WT- and 15A-expressing cells; RNAs upregulated in response to CMTR1 15A were

largely a subset of those upregulated in response to the WT protein (Figure 5C).
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Furthermore, HA-CMTR1 WT expression resulted in higher increases in RNA levels
compared to CMTR1 15A. Of the top 100 RNAs increased in response to CMTR1 WT,
the average LFC (log fold change) was 1.96, whereas for the top 100 RNAs that
increased in response to CMTR1 15A, the average LFC was 1.53 (Table S1).

Gene Ontology term analysis revealed that genes upregulated by both WT and 15A
included genes involved in RNA translation, consistent with previous studies
(Figure S6).'%1> One of the most CMTR1-dependent gene families in embryonic
stem cells is the ribosomal protein genes, correlating with high RNA Pol Il-gene
binding.' Ribosomal protein gene transcripts were also induced in response to
CMTR1 WT and 15A, indicating the conservation of their CMTR1 dependency across
cell types (Figure 5D; Table S1). CMTR1 WT induced ribosomal protein gene
transcripts more that the 15A mutant, consistent with increased RNA Pol II
binding.™ Consistent with reduced gene expression, deletion of the Cmtr1 gene in
MEFs resulted in reduced cell proliferation (Figure 5E). Expression of CMTR1 WT
rescued this defect more than 15A (Figure 5E, left). In cells expressing endogenous
CMTR1, expression of CMTR1 15A acted as a dominant negative, reducing cell

proliferation (Figure 5E, right).

CMTR1 phosphorylation is required for the interferon response

CMTR1 has previously been demonstrated to be required for the expression of
ISGs. '3 Here, we observed that the ISGs IFIT1, IFIT3, IFIH1, 1ISG15, and DHX58 are
upregulated in response to interferon addition in CMTR1 WT-

expressing Cmtr1-/- MEFs (Figure 6A). Interferon-induced expression of IFIT1, IFIT3,
IFIH1, and ISG15 was significantly reduced in MEFs expressing CMTR1 15A

(Figure 6A). Consistent with these observations, interferon-induced expression of
IFIT3 and ISG15 proteins was delayed in Cmtr1-/- MEFs compared to those
expressing HA-CMTR1 WT (Figure 6B). This was most apparent at the 4 h time
point. Expression of HA-CMTR1 15A did not rescue this defect. Polyl:C
(polyinosinic:polycytidylic acid) mimics RNA species generated during viral
replication and is sensed by TLR3, MDA5, and RIG-I, resulting in interferon

expression and other impacts.3¢ Transfection of MEFs with polyl:C resulted in IFIT1
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and IFIT3 expression in cells expressing CMTR1 WT, and this was attenuated in cells
expressing CMTR1 15A (Figure 6C). Since the induction of the ISGs is dependent on
an intact P-Patch, this implies that CK2 phosphorylation of CMTR1 is important in
the interferon response. We used the highly selective CK2 competitive inhibitor
quinalizarin to further investigate the role of CK2 in the interferon

response.3! Pretreatment of MEFs with quinalizarin reduced the interferon-
dependent induction of ISGs (Figure 6D) (we note that many proteins involved in
the response to interferon are phosphorylated by CK2, and therefore quinalizarin is

likely to have impacts beyond CMTR1 phosphorylation?¢).
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Figure 6 Induction of interferon-stimulated genes is dependent on CMTR1 P-

Patch phosphorylation

(A) Cmtr1 KO MEF lines expressing HA-CMTR1 WT, 15A, and vector control were incubated
in 400 U/mL interferon for 1, 2, and 4 h. RNA was harvested and RNAs detected by PCR.
Data are from 3 independent experiments, and bar indicates the average. Student’s t test

was performed, and p values are indicated.

202



(B and C) MEFs were (B) incubated with 400 U/mL interferons for 0, 4, 8, and 24 h and (C)
transfected with 5 pg/mL polyl:C for 17 and 24 h. IFIT3 and ISG15 proteins were analyzed
by western blot. Actin was used as a loading control.

(D) WT MEFs were incubated with 10 uM QZ for 0.5-3 h and 400 U/mL interferon for a
subsequent 4 h. RT-PCR was performed as above. Data are from 4 independent
experiments. Student’s t test was performed, and p values are indicated. (E) Cmtr1 WT
and KO MEF lines expressing HA-CMTR1 WT, 15A, and vector control (con) were incubated
with PR8 ColorFlu expressing a mCherry reporter gene. Cells producing virus were
detected by fluorescence-activated cell sorting at 17 and 24 h post-infection. Data are
from 3 independent wells. Student’s t test was performed, and p values are indicated. (F)
For mCherry-positive cells, the geometric mean of red fluorescence was reported. A
sample histogram is presented for Cmtr1-/- MEFs expressing HA-CMTR1 WT, 15A, and

vector control, normalized to the mode.

CMTR1 phosphorylation is required for influenza infection

IAV is a negative-sense, single-stranded RNA virus that is dependent on the
removal of host cell RNA caps via endonucleases for ligation to viral transcripts, a
process known as cap snatching.3” Influenza virus infection of A549 cells is
dependent on CMTR1.3 We investigated whether the defect in RNA cap production
in cells expressing CMTR1 15A impacts influenza infection. A mouse-adapted PR8
IAV strain expressing a fluorescent mCherry reporter fused to the open reading
frame of the viral NS1 gene was used to infect MEFs, with infected cells detected
by mCherry protein expression at 17 and 24 h post-infection (Figure 6E).3° Deletion
of Cmtr1 resulted in a significant reduction in the number of infected cells, and
this could be rescued by the expression of CMTR1 WT. The expression of CMTR1
15A could partially rescue the defect, but the number of infected cells was
significantly lower than that in cells expressing CMTR1 WT. CMTR1 phosphorylation
could also be linked to viral protein detection (Figure 6F). Of the cells positive for
viral infection, the geometric mean fluorescence intensity for NS1 expression was
significantly higher in cells expressing CMTR1 WT in a Cmtr1-/- background
compared to CMTR1 15A. Therefore, although CMTR1 phosphorylation is required
for the interferon response, which can suppress aspects of viral infection, in the

context of IAV infection, CMTR1 phosphorylation acts as a pro-viral factor. This can
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be potentially attributed to the dependence of IAV on cap-snatching mechanisms
for efficient expression of viral mRNAs alongside its ability to suppress the
interferon response.“’ In addition, members of the interferon-stimulated IFIT
family are pro-viral factors that promote the translation of IAV mRNA#!42;
therefore, the CMTR1 phosphorylation-dependent expression of IFIT mRNAs may

also contribute to efficient infection.

Discussion

RNA Pol Il transcripts are methylated at the O-2 position of first transcribed
nucleotide ribose (N1 2'-0O-Me), a modification that is part of the RNA cap.%> Here,
we report that CMTR1, the N1 2'-O-Me cap methyltransferase, is regulated by CK2-
dependent phosphorylation on an N-terminal domain, which we named the P-
Patch. Multiple serines and threonines in the P-Patch (CMTR1 amino acids 28-89)
are substrates for CK2, although this domain may be phosphorylated by other
kinases too. CMTR1 is recruited to the hypomethylated RNA cap by interactions
with the RNA Pol Il complex at the initiation of transcription.'418:24 When the P-
Patch is phosphorylated, the affinity of CMTR1 for the RNA Pol Il CTD increases.
Consistent with enhanced recruitment to RNA Pol Il, we report that
phosphorylation of CMTR1 is required for cap ribose-0O-2 methylation and the
expression of a subsets of RNAs, including ribosomal protein gene transcripts and
ISGs. Phosphorylation of CMTR1 is also required for production of influenza virus,
which cap snatches, taking the RNA cap from host cell transcripts for the priming
of viral transcription and evasion of host immunity.4? CK2 is a potent kinase that
directs cellular functions.2>-26:27,28 CK2 can phosphorylate specific amino acids on
substrates or deposit patches of phosphorylation, with impacts on protein
expression, substrate interactions, localization, and activity.444>46 CK2 or CK2-
dependent phosphorylation is deregulated in many cancers, neurological
conditions, and immune disorders. Inhibiting CK2 has biological impacts in specific
disease areas, and as a result, CK2-targeting strategies are being
investigated.2’-28.45,46 Here, we demonstrate that CK2-dependent phosphorylation
of CMTR1 is required for efficient cell proliferation, the interferon response, and

influenza virus production.
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CMTR1 is phosphorylated during G1 phase of the cell cycle and promotes cell
proliferation. Phosphorylation of another RNA cap methyltransferase, the cap
guanosine N-7 methyltransferase (RNMT, RNA guanine-7 methyltransferase), also
promotes cell proliferation.3° RNMT is phosphorylated by CDK1-cyclin B during late
G2/M phase through to G1 phase, a modification that increases catalytic
activity.3° Being present during G1 phase, RNMT phosphorylation and CMTR1
phosphorylation enhance RNA cap formation when most transcripts are being
synthesized. CK2 is not a cell cycle-regulated kinase, but it does interact with
many proteins involved in chromatin dynamics and transcription including RNA Pol
I1.47 CMTR1 may be phosphorylated by proximal CK2 when it is recruited to the
transcribing RNA Pol Il during G1 phase. Of note, CK2 also modulates the action of

signaling and mechanistic proteins involved in transcription and translation. 2”47

CMTR1 makes at least 2 contacts with the RNA Pol Il complex: the CMTR1 C-
terminal WW domain interacts with the RNA Pol Il CTD and the adjacent CMTR1
GT-like domain interacts with the RBP7 subunit. 824 How does phosphorylation of
the P-Patch at the N terminus of CMTR1 impact the interaction of the C-terminal
WW domain with the RNA Pol Il CTD? We confirmed that the WW domain is
required for interaction with RNA Pol Il. Additionally, we report that other regions
of CMTR1 can interact with the WW domain and indirectly promote interaction
with the polymerase. This stimulatory impact of CMTR1 is dependent on P-Patch
phosphorylation; mutation of the P-Patch phospho-sites nullifies the stimulatory
impact on the WW domain-RNA Pol Il interaction. Structural information about the
P-Patch is not available; based on AlphaFold predictions, it is likely to be
disordered. We speculate that the phosphorylated P-Patch may interact with a
positively charged patch in the WW domain (or proximal region), resulting in

intramolecular alterations that support the CMTR1 and RNA Pol Il CTD interaction.

The gene specificity of CMTR1 in altering RNA levels is important to understand
because it dictates its biological impact. CMTR1 has direct and indirect roles in
transcription and RNA stability, both of which will impact RNA levels.'#"> Current
information about the factors dictating gene specificity is limited: high levels of

RNA Pol Il and CMTR1 gene binding correlate loosely with a response of genes to

205


https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4
https://www.cell.com/cell-reports/fulltext/S2211-1247(24)00734-4

CMTR1 inhibition, but other factors are indicated, and differential affinity for 5’
RNA sequences may also have a role.'1%20 Which RNAs are CMTR1 dependent
varies with cell lineage."814.16,17,18,19,20,21 |n MEFs, expression of the phospho-
defective CMTR1 15A mutant regulates the expression of a similar set of RNAs as
the WT protein but simply regulates them less effectively. Approximately half as
many RNAs are upregulated to threshold levels by CMTR1 15A, compared to WT, in
log-phase conditions. As in embryonic stem cells, major CMTR1 targets include the
ribosomal protein gene transcripts. Ribosomal protein genes have some of the
highest levels of RNA Pol Il and CMTR1 bound to the transcription start site. 13

CMTR1 phosphorylation also has a role in the interferon response; it is an ISG
(interferon-stimulated gene), which facilitates the expression of other

ISGs. '3 Here, we demonstrate that ISG expression is dependent on CMTR1
phosphorylation. In liver hepatoma cells and human monocyte cell lines, CMTR1
has little impact on ISG RNA levels but does impact on protein levels, '3 whereas we
report that in MEFs, CMTR1 impacts the RNA levels of ISGs. The cap interacts with
multiple complexes involved in RNA processing and degradation; which processes
are most dependent on ribose O-2 methylation will depend on the cellular context,
including the levels of the different cap-binding proteins. In addition, CMTR1 can
have impacts on transcription, either by the RNA cap protecting transcripts from
degradation or by a more direct impact on transcription.’ Although CMTR1 is an
ISG itself, in MEFs, the IFN-induced increase in CMTR1 protein occurs after 12-24 h
and therefore will only contribute to the interferon response at these later time

points.

The impact of CMTR1 phosphorylation on the interferon response is likely to
protect cells from a range of infections. However, in the context of influenza
infection, inhibition of CMTR1 phosphorylation reduced the expression of the viral
protein NS1 and the number of infected cells. Influenza viruses acquire RNA caps
for their transcripts by removing them from cellular transcripts (cap snatching) and
are therefore dependent on host capped mRNA abundance for efficient
transcription and subsequent translation of viral mRNAs.3848.4% Other viruses that

do not require cellular caps may be inhibited by CMTR1-dependent regulation of
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the interferon response. Unusually, influenza viruses also require IFIT family
members, known ISGs, for efficient infection.#'-42 Therefore, CMTR1
phosphorylation-dependent expression of IFIT genes and the requirement
for CMTR1 phosphorylation-dependent cellular caps may both contribute to

efficient 1AV infection.

In conclusion, we present a mechanism, CK2-dependent CMTR1 phosphorylation,
that enhances mRNA capping during critical transcriptional bursts, such as cell

cycle progression or immune defense.

Limitations of the study

Here, we demonstrate that the pleiotropic kinase CK2 phosphorylates the RNA cap
methyltransferase CMTR1, resulting in a conformational change that promotes
interaction with RNA Pol Il and RNA cap methylation. Our data demonstrate that
CK2 is the predominant CMTR1 kinase in HelLa cells; however, it is possible that
other kinases phosphorylate the P-Patch. Indeed, proteins that are phosphorylated
at multiple sites are often substrates for multiple kinases, with the kinases acting
independently or in a hierarchical manner. Initial phosphorylation can often
generate recognition motifs for subsequent kinases to be recruited and act on the
same region. The amino acid sequence of the CMTR1 P-Patch may be a substrate

for alternative acidophilic kinases, including CK1, GSK3b, Plk, or Fam20C.
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