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Abstract 
 

The Promyelocytic Leukemia (PML) protein is the major constituent of PML 

nuclear bodies (NBs), a subnuclear compartment involved in regulating a diverse array of 

cellular processes. PML NBs have tumour suppressive functions through their regulation 

of post-translational modifications, cell cycle progression, senescence, maintenance of 

genome stability, and apoptosis. However, there are many remaining questions about the 

functions of the PML-I isoform and its role in the cytoplasm. Work presented in this 

thesis examines the molecular evolution of PML and identifies a new role for PML-I and 

a novel family of related genes, PML-like exon 9 (Plex9), in repressing LINE-1 

retroelements and regulating cGAS-STING signalling in jawed vertebrates. 

Duplication of DNA encoding the PML C-terminus gave rise to Plex9 genes in 

Teleostei, which lack homologs of both PML and the TREX1 DEDDh exonuclease (a 

regulatory of cGAS-STING). In an example of convergent evolution, zebrafish (Danio 

rerio) Plex9.1 functionally replaces TREX1 to suppress LINE-1. We then characterize an 

ortholog of PML encoded in the genome of the spotted gar (Lepisosteus oculatus). Gar 

Pml is a cytoplasmic exonuclease belonging to the DEDDh family that also suppresses 

LINE-1 retrotransposition. The PML protein lost exonuclease activity but evolved 

SUMOylation sites to form NBs in amniote species. However, human PML-I retained the 

ability to restrict LINE-1 by shuttling in a CRM1-dependent manner to the cytoplasm. 

Thus, we shed new light on the molecular evolution and functional divergence of PML 

protein over the course of vertebrate evolution. 

cGAS-STING signalling is involved in mammalian wound healing and age-

related senescence, but it has not been examined in other vertebrate species. We examine 

the expression of these suppressors of cGAS-STING, as well as inflammatory genes and 

cGAS activity during caudal fin and limb regeneration using the spotted gar and axolotl 

(Ambystoma mexicanum) model species, and during age-related senescence in the hearts 

of zebrafish. During the early stages of limb-fin regeneration and age-related senescence, 

Pml, Trex1 and Plex9.1 exonucleases are downregulated, presumably to allow cGAS-

STING activation. Therefore, in jawed vertebrates, negative regulation of cGAS-STING 

activity is accomplished by the collective actions of Trex1, Pml and Plex9 DEDDh 

exonucleases. 
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Chapter 1 – Introduction 
 

This chapter contains material (sections 1.2, 1.4, 1.6; Figures 1.4 and 1.6) originally 

published in 2 manuscripts: 

“McPhee, M.J., Salsman, J., Foster, J., Thompson, J., Mathavarajah, S., Dellaire, G. and 

Ridgway, N.D., 2022. Running ‘LAPS’ around nLD: nuclear lipid droplet form and 

function. Frontiers in Cell and Developmental Biology, 10, p.837406.” 

“Mathavarajah, Sabateeshan, and Graham Dellaire. "LINE-1: an emerging initiator of 

cGAS-STING signalling and inflammation that is dysregulated in disease." Biochemistry 

and Cell Biology (2023). e-First.” 

 

1.1 Preface  

Deciphering the molecular evolution of the promyelocytic leukemia (PML) 

protein to improve our understanding of how it contributes to genome stability and innate 

immune signalling is the central focus of this thesis. This chapter introduces PML nuclear 

bodies (NBs) and how they form, their regulation of cellular processes, the subset of 

different PML NBs formed, and the different PML isoforms. In addition to reviewing the 

literature revolving around PML from a biochemical and cellular perspective, the chapter 

will discuss how PML is involved in cancer. Throughout my thesis, I link PML to a 

pathway known as cGAS-STING, which I will also review in this chapter.  

The chapters which follow will present our findings on the evolution of PML, the 

identification and characterization of a novel PML-related gene family (the PML-like 

exon 9-like (Plex9) genes) in teleost fishes, conserved functions for the PML gene in 
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maintaining genome stability and finally a new role for PML and Plex9 in aquatic 

vertebrate limb-fin regeneration and age-related senescence.  

 

1.2 PML Nuclear Bodies 

The nucleus is spatially organized, with the positioning of chromosomes having 

distinct territories and there being heterogenous localizations of nuclear proteins. The 

variety of protein localizations within the nucleus are possible through subnuclear 

compartments, with some structures being stable and others being more dynamic. These 

different compartments form in part because of a biophysical phenomenon known as 

phase-separation, leading to the formation of “membrane-less” compartments (Lee et al., 

2022). These phase-separated structures in the nucleus include nucleoli, nuclear speckles, 

Cajal bodies and PML NBs, all with distinct regulatory functions that help dictate cellular 

progression and cell fate decisions (Banani et al., 2016; Brangwynne et al., 2011; 

Courchaine et al., 2021; Kim et al., 2019). 

PML NBs are compact subnuclear compartments ranging in diameter from 0.1 to 1 

µm, with mammalian cells hosting 4-30 bodies (Banani et al., 2016; Hoischen et al., 2018). 

PML NBs are structures that differ in number and composition depending on the cell type, 

cell cycle phase, and differentiation stage (Dellaire & Bazett-Jones, 2004). For example, 

this can be as extreme as PML NBs being absent in cells after myogenic or neuron 

differentiation (Lam et al., 1995; Salsman et al., 2017). Electron microscopy and super-

resolution techniques revealed that PML NBs typically form an insoluble spherical shell 

that tethers to chromatin (Corpet et al., 2020; Hoischen et al., 2018; Stuurman et al., 1992). 
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The tethering to surrounding chromatin occurs through multiple contact sites and 

contributes to the integrity and stability of the PML NBs (Eskiw et al., 2004). Cellular 

events or stresses that cause chromatin condensation result in the fission of small bodies 

from the detached and destabilized PML NB structure (Ching et al., 2005; Eskiw et al., 

2004). 

PML is part of the tripartite motif (TRIM) family, where proteins harbor a similar 

N-terminal motif that is characterized by a RING domain, two B-box domains (B1 and 

B2), and a Coiled-coil domain, also known as the RBCC domain (as they occur in that 

order within the protein sequence) (Ugge et al., 2022). In contrast, the C-terminus of PML 

differs depending on the protein isoform, of which there are seven main isoforms. The 

RING domain is a cysteine rich tandem zinc-finger domain that spans 40–60 residues 

(Borden et al., 1995; Wang et al., 2018). The B-box domain is a zinc-binding protein 

domain that is characterized by conserved cysteine and histidine residues (Borden et al., 

1996; Bregnard et al., 2022). Finally, there is the Coiled-coil domain that essentially has 

2–5 α-helices that twist on another to produce a supercoil structure that promotes subunit 

oligomerization (Antolini et al., 2003; Occhionorelli et al., 2011).  

The PML protein contains at least seven validated sites on lysine residues for 

conjugation to the Small ubiquitin-like modifier (SUMO) protein. In addition, the protein 

encodes a C-terminal SUMO-interacting motif (SIM). This allows SUMO-modified PML 

to homo-multimerize through their SIMs (Cheng & Kao, 2012; Song et al., 2004). 

Phosphorylation of the PML SIM enhances its interaction to SUMO1, as positively charged 

residues of SUMO1 interact with the phosphorylated serine residues of the SIM 

(Cappadocia et al., 2015). Additional regulatory factors exist that affect the SUMO-SIM 
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interaction, such as the zinc binding to SUMO1, that relieves its autoinhibitory state and 

then promotes consequent binding to the phosphorylated SIM of PML (Mathieu Lussier-

Price et al., 2022). SUMOylation contributes to PML NB formation but it is not essential 

for PML NB oligomerization, with multimerization occurring primarily via the N-terminal 

RBCC domain (Figure 1.1) (Sahin et al., 2014). The PML NB shell results from self-

oligomerization that occurs through three steps (Figure 1.1); (1) the N-terminal RBCC 

domain of PML facilitates self-oligomerization between PML monomers  via oxidation-

drive disulfide bridges and noncovalent binding of RBCC domains (through RING and B1 

domains) and (2) further multimerization promoted by PML post-translational 

modification by SUMO (e.g., via UBC9, a SUMO E2 protein), driven by SUMO-SIM 

interactions  and (3) the recruitment of client proteins that are SUMOylated or SIM-

containing to the nuclear bodies to form mature PML NBs (Hoischen et al., 2018; Li et al., 

2019; Wang et al., 2018). Afterwards, there is polySUMOylation of PML proteins, that can 

trigger the degradation of PML via RNF4, an E3 ubiquitin ligase that senses 

polySUMOylated targets (Gärtner & Muller, 2014; Geoffroy et al., 2010; M. H. Tatham et 

al., 2008). Ubiquitinated PML is then degraded through the ubiquitin-proteasome system 

(UPS). The result is a dynamic structure that is constantly being remodelled by the 

incorporation of new PML protein, changes in the repertoire of interacting/localizing 

proteins, and degradation of residing PML protein. Therefore, both the RBCC domain and 

SUMO:SIM interactions allow for PML protein self-oligomerization and the consequent 

formation of the nuclear bodies (Figure 1.1). 
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Figure 1.1. Steps in forming PML NBs. PML NBs form through a multi-step process 

that begins homodimerization between two monomers via their N-terminal RBCC 

domains. The resulting chain is then modified by SUMO through recruited factors such 

as UBC9, which causes SUMO-SIM interactions between other PML protein and the 

eventual formation of the PML NB sphere. Afterwards, there is recruitment of resident 

proteins at PML NBs via SUMO-SIM interactions. Finally, the structures can be 

regulated and PML can be sent for degradation with polySUMOylation, that leads to 

RNF4-mediated ubiquitination of PML for degradation.  
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These dynamic structures serve as regulatory hubs for over 150 nuclear proteins 

that are known to constitutively and transiently associate (Figure 1.2) (Van Damme et al., 

2010). Proteins known to localize and interact with PML have functions in cell cycle 

regulation (including cell fate decisions such as senescence), apoptosis, SUMOylation 

modifications, Telomere maintenance, DNA repair, antiviral response, chromatin 

remodelling and transcription (Figure 1.2) (Attwood et al., 2020; Bernardi et al., 2008; 

Bischof et al., 2002; Dellaire & Bazett-Jones, 2004; Dellaire, Ching, et al., 2006; Everett 

& Chelbi-Alix, 2007; Pearson & Pelicci, 2001; Villagra et al., 2006). Important cell fate 

regulators such as p53 and Rb also localize to PML, where they are regulated (de Stanchina 

et al., 2004; Dellaire et al., 2003; Vernier et al., 2011). Many PML NB client proteins 

associate with PML NB in a SUMOylation- and/or SIM-dependent manner. For example, 

two well established PML NB interactors that consistently localize and comprise the 

“classical” PML NBs are Death domain-associated protein 6 (DAXX) and SP100 (Khelifi 

et al., 2005; Szostecki et al., 1990) (Figure 2).  SP100 is SUMOylated and interacts with 

PML NB through the SIM on PML. Conversely, DAXX possesses its own SIM that allows 

for binding to SUMOylated PML. In addition, many components of the SUMOylation 

machinery localize to NBs such as SUMO proteases (i.e. SENPs) and SUMO ligases (i.e. 

UBC9 and PIAS proteins) which  regulate these interactions in terms of timing and 

functional outcomes (Barroso-Gomila et al., 2021; Brown et al., 2016; Hattersley et al., 

2011; Sahin et al., 2014; Van Damme et al., 2010). Such SUMO-SIM interactions between 

partner proteins are fundamental to how classical PML NBs interact with other protein 

constituents and thus SUMO-SIM interactions are an important part of PML biology. 
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Figure 1.2. Nuclear proteins that localize to PML NBs. Over 150 nuclear proteins 

localize to PML NBs and regulate various cellular processes, as indicated. PML NB 

regulation of these proteins contributes to how these subcellular compartments regulate a 

wide array of cellular processes. The following is a list of known interactors and PML 

NB localizing proteins curated from publications (Chang et al., 2018; Corpet et al., 2020; 

Dellaire & Bazett-Jones, 2004; Van Damme et al., 2010) and the Gene Ontology 

annotation database (under the term PML body Gene Ontology Term (GO:0016605)). 
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1.3 PML protein architecture and isoforms 

The PML gene (also known as TRIM19) is located on chromosome 15q and 

contains 9 exons which are subjected extensive alternative mRNA splicing, resulting in 

the formation of seven main protein isoforms that have a common tripartite RBCC motif 

(encoded by the first 3 exons) and variable C-terminal tails that are a result of alternative 

splicing (Exons 7-9) (Jensen et al., 2001; Nisole et al., 2013) (Figure 1.3A). Early work 

identified that alternative splicing of exons 4-6 may occur in various combinations for 

each of the seven main isoforms, but there has not been follow-up work to address this. 

However, the differential splicing of exons 4-6 suggests that these seven main isoforms 

of PML have an additional layer of complexity with internal variation that is poorly 

understood (Fagioli et al., 1992). All the PML isoforms have a nuclear localization 

sequence (NLS) encoded by exon 6 except for PML-VII which is cytoplasmic (Nisole et 

al., 2013). The isoforms differ in their allocation of the 8 potential SUMOylation sites, 

with 3 being found within the RBCC domain, 4 being around the NLS, and one site being 

only present on exon 8a (Nisole et al., 2013) (Figure 1.3B). The notable differences in 

the C-terminus sequences, localizations and SUMOylation sites all account to different 

functions for the various isoforms. The uncharacterized Exon 9 is only encoded by PML-

I and not found in any other isoforms (Figure 1.3A). These differences contribute to the 

isoforms having unique functions and play different contributing roles to PML NB 

formation, such as PML-I having the shortest resident time at bodies and PML-V having 

the longest (i.e., PML-V appears to contribute more to PML NB structural integrity than 

PML-I)(Weidtkamp-Peters et al., 2008).   
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Figure 1.3. The different PML isoforms and domain architecture of PML-I. (A) The 

PML gene has 9 exons that can undergo alternative splicing, with 3 exons being 

conserved between the 7 main isoforms. There is potential for internal splicing of exons 

4-6 but this is poorly understood. The C-terminal tails of the different isoforms differs 

due to extensive alternative splicing occurring between exons 7-9. The result is 

significant differences in amino acid length (882 aa – 435 aa), unique C-terminal tails, 

and differences in localization (PML-VII localizes to the cytoplasm). (B) PML-I is the 

most highly expressed isoform and represents the full-length protein. The following is a 

schematic of its major RBCC domain, NLS (nuclear localization sequence), NES 

(nuclear export sequence) and SUMOylation sites. PML-I also encodes the exon 9 region 

which is poorly understood in terms of function.  
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The different PML isoforms also seem to have unique interaction partners, which 

contributes to how they influence cellular processes in an isoform-specific manner. The 

most-well studied isoform is PML-IV. One function of PML-IV is in the regulation of 

p53 by inducing post-translational modifications such as acetylation, phosphorylation and 

SUMOylation on p53 (Bischof et al., 2022; Fogal et al., 2000; Ivanschitz et al., 2015). 

These modifications activate p53 to cause cellular senescence or cell death (Bischof et 

al., 2022; Fogal et al., 2000; Ivanschitz et al., 2015). However, PML-IV regulation of 

E2Fs and Rb is a contributing factor to cellular senescence (Vernier et al., 2011). A 

second mechanism by which PML-IV regulates p53 is through sequestration of E2F at 

nuclear bodies, to induce senescence (Vernier et al., 2011). The isoform also promotes 

the DNA damage (DDR) response by stabilizing histone modifier TIP60 when cells 

experience genotoxic stress (note; misannotated in the article but PML3 is referring to 

PML-IV not PML-III) (Wu et al., 2009). In addition, PML-IV also targets other key 

proteins involved in cancer progression such as through Myc destabilization and 

repression of nuclear EGFR activity (Buschbeck et al., 2007; Kuo et al., 2013). PML-IV 

overall, appears to promote tumour suppression functions by regulating apoptosis and 

senescence (via p53), the DDR (via TIP60), cell differentiation (via Myc), and cell 

proliferation (via EGFR). 

PML-II is another isoform that has recently emerged as a PML isoform with 

specific functions that have not been linked to other isoforms. PML-II is linked to the 

formation of lipid associated PML bodies and senescence-associated threads, which I 

discuss in the next section (Jul-Larsen et al., 2010; Ohsaki et al., 2016). The isoform also 

has a novel role in immune signalling in multiple ways. Firstly, it promotes the 
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transcription of major histocompatibility complex (MHC) II genes by protecting the class 

II transactivator CIITA from degradation by the ubiquitin-proteasome system (UPS) 

(Ulbricht et al., 2012). The isoform also contributes to Interferon (IFN)-α mediated 

apoptosis by contributing to ERK and AKT signalling (Meng et al., 2021). In addition, 

PML-II promotes the recruitment of IRF3, NF-κB, and STAT1 to promoters of IFN-β 

responsive genes (Chen et al., 2015). As a result, PML-II can influence both antigen 

presentation and type I IFN signalling. 

There are only a handful of studies looking specifically at the functions of other 

isoforms, aside from PML-IV and PML-II. PML-III has been linked to the global 

increase in SUMOylation in response to type I IFNs (Maroui et al., 2018). PML-III 

recruits Ubc9 to PML-NBs after IFN treatment, increasing the relative rates of 

SUMOylation occurring at NBs. PML-V on the other hand, seems to be involved in DNA 

repair, as it interacts with RAD51 (Boichuk et al., 2011). The PML-V and RAD51 

interaction leads to enhanced homology directed repair of double-stranded breaks 

(Boichuk et al., 2011). Aside from these individual studies, there is not much else known 

in terms of isoform-specific functions for PML-III and PML-V. 

Intriguingly, one of the most poorly understood isoforms is the longest sequence 

length isoform (882 residues) and the most abundant protein isoform within the cell, 

PML-I (Nisole et al., 2013). PML-I also encodes an exon 9 region that is unique and 

shares homology to an exonuclease-III domain but there has been no reported evidence of 

exonuclease activity for PML-I (Condemine, Takahashi, Le Bras, & de The, 2007). PML-

I is also the only isoform with a nuclear export sequence (NES) (Nisole et al., 2013). 

However, the nucleocytoplasmic shuttling of PML-I has not been characterized and it is 
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unknown as to what biological functions cytoplasmic PML-I may have. However, PML-I 

has been shown to re-localize to nucleolar caps when cells undergo senescence 

(Condemine, Takahashi, Le Bras, & de The, 2007). Its localization to nucleolar caps 

seems to be tied to the exonuclease-like domain of PML-I (Condemine, Takahashi, Le 

Bras, & de The, 2007).  

There have been two pathways, myeloid differentiation, and homology-directed 

DNA repair, linked specifically to PML-I based on its interactions with AML1 and 

RAD51, respectively (Boichuk et al., 2011; Nguyen et al., 2005). In both cases, PML-I 

binds to these proteins to promote AML1-transcription of myeloid differentiation factors 

and RAD51-mediated repair of double-stranded breaks (Boichuk et al., 2011; Nguyen et 

al., 2005). However, despite these reports, there has been no further characterization on 

how PML-I binding alters AML1 and RAD51 to promote their functions. In addition, as 

aforementioned, PML-V appears to be more involved with the regulation of RAD51 and 

has a greater influence on double-stranded break repair than PML-I. The key to 

understanding PML-I and its function appears to be tied to its unique and yet 

uncharacterized exon 9 sequence. 

 

1.4 Different PML structures 

1.4.1 ALT-associated bodies 

Although the protein composition of PML NBs changes constantly, the PML NB 

themselves are stable structures that exist as hubs to mediate critical nuclear functions. 

However, PML NB are more dynamic in stressed cells and can shift in morphology, 

composition, and function in the context of cell cycle progression, stressful stimuli, and 
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virus infection. There are several non-canonical PML structures that only occur in 

abnormal cells (Figure 1.4). For example, in ~15% of all cancers, cells circumvent their 

rapid proliferation and eventual loss of telomeres through a pathway known as the 

alternative lengthening of telomeres (ALT) (Bryan et al., 1995).  

Specifically in ALT-positive cells, PML co-localizes with the telomere marker 

TRF2 and promotes ALT processes at the telomere (Loe et al., 2020) (Figure 2). These 

novel PML structures, termed ALT-associated PML bodies, are essential for facilitating 

telomere lengthening by recruiting the BLM-TOPO3a-RMI (BTR) complex to telomeres 

(Chung et al., 2012). In the absence of PML, the BTR complex cannot be recruited to 

telomeres for lengthening via the ALT pathway (Loe et al., 2020).  Since BLM is a 

canonical PML NB protein that interacts with PML through its own SUMO and tandem 

SIM motifs, this is likely the driving force behind BLM and eventual BTR complex 

localization at ALT-associated PML bodies (S. Liu et al., 2023; Stavropoulos et al., 2002; 

Zhu et al., 2008). Therefore, while APBs have novel functions and are specifically 

associated with ALT-associated PML bodies, mechanistically their roles are driven by 

SUMO-SIM interactions as with classical PML NB. 
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Figure 1.4. PML NBs exist as a multitude of unique structures with different 

regulatory roles. PML NBs form different structures to deal with various forms of 

cellular stress and contribute to different biological processes during interphase. These 

different structures have different protein compositions from one another and 

consequently, divergent roles in regulating cellular processes. In addition, PML NBs 

form another unique structure during mitosis, known as mitotic accumulations of PML 

protein (MAPPs) that differ in composition from their interphase PML NB counterparts. 
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1.4.2 PML-II threads in senescent cells 

In senescent cells, PML can appear to form thread-like structures with the nuclear 

lamina and proteinaceous rings/caps around the nucleoli (Condemine, Takahashi, Le Bras, 

& de The, 2007; Jul-Larsen et al., 2010; Stixova et al., 2012) (Figure 1.4). While these 

PML NB structures are unique in terms of morphology, they appear to retain a similar 

composition to classical PML NB, harboring DAXX and SP100 (Condemine, Takahashi, 

Le Bras, & de The, 2007; Jul-Larsen et al., 2010). However, formation of these senescence 

associated PML structures are attributed to specific isoforms. PML-II is essential for the 

formation of senescence-associated PML-lamina threads (Jul-Larsen et al., 2010) whereas 

PML-I and PML-IV can both localize to the nucleolus, but PML-I is required for 

recruitment of PML-IV to nucleolar caps (Condemine, Takahashi, Le Bras, & de The, 

2007). These PML structures have been implicated in Hutchinson-Gilford progeria 

syndrome, a premature aging syndrome resulting from disruption of nuclear lamina 

integrity (Wang et al., 2020). In patient fibroblasts, PML-II was not only a marker of late 

senescence but was a contributing factor to the accelerated senescence observed (Wang et 

al., 2020).  

 

1.4.3 Mitotic accumulations of PML protein 

Interphase cells primarily have PML NB that are SUMOylated and composed of 

canonical interactors such as DAXX and SP100. However, during mitosis, PML proteins 

form a unique SUMO-negative structure known as mitotic accumulations of PML protein 

(MAPP) (Figure 1.4) (Dellaire, Ching, et al., 2006). MAPPs also lack DAXX and SP100, 

which diffuse into the mitotic cytoplasm from prophase to metaphase (Chen et al., 2008; 
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Dellaire, Ching, et al., 2006; Everett et al., 1999). MAPPs form once PML NB are 

untethered from chromatin during mitosis, and they appear to be bound to early endosomes 

in dividing cells (Chen et al., 2008; Palibrk, Lang, et al., 2014). MAPPs remain in the 

cytoplasm until early G1 phase until PML protein within them is imported in the nucleus 

to re-establish PML NBs after the nuclear envelope reforms (Chen et al., 2008; Dellaire, 

Ching, et al., 2006).  

 

1.4.4 PML clastosomes 

PML NBs can also contain protein degradation machinery under stress conditions 

(Lafarga et al., 2002). These structures are referred to as PML clastosomes (Figure 1.4) 

and contain high concentrations of ubiquitin conjugates and components of the UPS 

(Lafarga et al., 2002). In addition to the protein degradation machinery, putative 

substrates such as short-lived transcription factors (c-Fos and c-Jun) also accumulate at 

these structures. The PML-IV isoform is important for the recruitment of the different 

subunits of the 19S regulatory complex and 20S catalytic core of the proteasome to the 

PML clastosome (Janer et al., 2006). 

These structures are important anchors for preventing protein-misfolding diseases, 

as they are capable of degrading proteins misfolded in the nucleus from polyQ expansion 

and also non-polyQ proteins that are often misfolded in neurodegenerative disease such 

as TDP-43 (involved Amyotrophic Lateral Sclerosis and Frontotemporal lobar 

degeneration with ubiquitin-positive inclusions) (Guo et al., 2014). The polyQ expanded 

pathogenic misfolded proteins include ATXN1 in spinocerebellar ataxia type 1, ATXN1 

in spinocerebellar ataxia type 7, and HTT in huntingtin’s disease, that are degraded in 
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part through PML clastosomes after direct interaction (Guo et al., 2014; Janer et al., 

2006). PML clastosomes selectively interact with misfolded proteins that are conjugated 

to SUMO2/3, with RNF4 mediating their ubiquitination and consequent degradation 

(Guo et al., 2014).  

PML therefore appears to play an important role in neurodegenerative disease as a 

factor that mitigates nuclear accumulation of pathogenic misfolded proteins. However, 

PML NBs are also directly impacted in certain diseases. In neuronal intranuclear hyaline 

inclusion disease (NIHID), there are p62-positive and ubiquitin-positive nuclear 

aggregates at PML structures (Nakano et al., 2017). Importantly, the PML NBs found in 

NIHID cases did not form the typical shell and core structure that is typically observed 

and likely contributing to the observed inclusions (Nakano et al., 2017). However, it is 

not known as to whether the abnormalities to PML NB structure are causing the 

inclusions or if the inclusions are responsible for the abnormal NBs. Moreover, recently it 

was shown that in familial amyotrophic lateral sclerosis-frontotemporal dementia, PML 

NBs are strongly reduced, and this impairs the clearance of misfolded proteins (Antoniani 

et al., 2023). However, the mechanisms behind PML NB disruption in these disorders is 

still currently unknown. 

 

1.4.5 Cajal-associated PML bodies 

PML bodies also influence other subnuclear compartments such as Cajal bodies. 

Cajal bodies are associated with the nucleolus and contribute to the site of transcriptional 

activation, RNA metabolism, base modification, and the biogenesis of ribonucleoproteins 

(including snRNA (small nuclear ribonucleoproteins)) (Carmo-Fonseca et al., 1993; 
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Meier, 2017). A subset of Cajal bodies are also associated with PML (Cajal-associated 

PML bodies) in the nucleus of human cells (Figure 1.4) (Barcaroli et al., 2006; Berciano 

et al., 2007). PML bodies appears to promote Cajal bodies as their machinery interacts 

with Cajal body machinery at snRNA genomic loci (Sun et al., 2005). The SUMOylation 

associated E3-type ligase PIAS4 (PML NB localizing protein) interacts with coilin, a 

major constituent of Cajal bodies (Sun et al., 2005). When the sequence for the PIAS4 

interaction region of coilin is removed, there is a significant reduction in the Cajal-

associated PML bodies. However, the importance of PML-mediated SUMOylation of 

Cajal body machinery is still not well-understood. 

 

1.4.6 Lipid-associated PML bodies (LAPs) 

The lipid droplet (LD) is an organelle that is composed of proteins and monolayer of 

phospholipids at the surface, and a mixture of triacylglycerides, steryl esters, and/or 

retinyl esters within the neutral lipid core (Orban et al., 2011; Shen et al., 2016; Walther 

et al., 2017). Both nutrient stress and excess fatty acids result in the formation of lipid 

droplets (Henne et al., 2018). Some of these LDs also form in the nucleus (nuclear LDs) 

but are (1) unique in terms of their biogenesis, (2) differ in protein composition, and (3) 

ultimately the cellular processes they regulate/influence (Sołtysik et al., 2019). Lipid-

associated PML bodies (LAPs) are PML nuclear bodies that associate with these nuclear 

LDs (Figure 1.4). 

Most LAPs (~75%) resemble MAPPs in terms of composition, as they lack 

SUMO, DAXX and SP100 (Lee et al., 2020). However, unlike MAPPs that are 

amorphous, LAPs can form spheres that resemble typical PML NB morphology. Once 
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formed in the nucleus, LDs recruit PML along with other proteins such as CCTa and 

Lipin1 (McPhee et al., 2022). PML-II influences the formation of nuclear LDs (Ohsaki et 

al., 2016). The knockdown of PML-II results in a 30-50% reduction in the total number 

of nuclear LDs (Ohsaki et al., 2016). Similar results were seen in U2OS cells after 

CRISPR/Cas9 mediated knockout of PML (i.e., loss of total PML protein versus just the 

isoform) (Lee et al., 2020). While PML is emerging as an important factor involved in 

nuclear LD regulation, more work is required to better understand the functions it may 

have at these structures. 

 

1.5 The role of PML in cancer 

1.5.1 Acute promyelocytic leukemia 

In Acute Promyelocytic Leukemia (APL), a distinct subtype of Acute Myeloid 

Leukemia, a recurrent chromosomal translocation can be found in more than 95% of 

patients (de The et al., 1990; Kakizuka et al., 1991; Longo et al., 1990; Rowley et al., 

1977). The APL chromosome translocation t(15;17) event results in a fusion gene 

comprised of the PML gene (found on chromosome 15) and the Retinoic acid receptor 

alpha (RARα) gene (found on chromosome 17) (Grignani et al., 1993; Mannan et al., 

2020; Piazza et al., 2001). APL was first described in 1957 with rapid cancer progression 

where patients had an abundance of promyelocytes and severe bleeding (Hillestad, 1957). 

The chromosomal translocation involving the RARα locus and PML locus results in a 

fusion transcript of PML-RARα (de The et al., 1990; Kakizuka et al., 1991). The 

transcript was shown to be detected in 100% of patients with t(15;17) (de The et al., 

1990; Kakizuka et al., 1991). Transgenic mice revealed that the expression of PML-RARα 
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in the myeloid lineage is critical for APL pathogenesis (He et al., 1998). The PML-RARα 

fusion protein forms homodimers that sequester RXR and PML proteins, and then repress 

the gene expression of  key genes required for granulocyte differentiation by binding to 

retinoic acid response elements and recruiting corepressor proteins and DNA methylation 

enzymes (Kamashev et al., 2004; Wu et al., 2001). These fusion protein structures do not 

resemble typical PML NBs and lead to the formation of nuclear microspeckles, due to the 

loss of the SIM that is normally encoded on full length PML (Chelbi-Alix et al., 1995; 

Lallemand-Breitenbach & de The, 2010).  

While initial chemotherapeutic approaches using daunorubicin in 1973 had some 

success against APL leukemic cells, the usage of all-trans retinoic acid (ATRA) in 1985 

opened a new age for APL treatment (Bernard et al., 1973; Wang & Chen, 2008). The 

combination of chemotherapy with ATRA resulted in complete remission rates greater 

than 90% across patients. In addition, for cases with refractory or relapsed APL (as well 

as newly diagnosed), treatment with arsenic trioxide (ATO) further improved clinical 

outcomes (Wang & Chen, 2008).  The combination of ATRA and ATO has led to 

synergistic therapy approaches and the development of new agents. 

The PML-RARα fusion protein is targeted for degradation after all-trans retinoic 

acid treatment through the UPS. The treatment of ATRA causes SUG-1 binding to the 

AF-2 transactivation domain of RARα, which then promotes the degradation of the 

oncogenic fusion protein. In addition, the configuration change to PML-RARα post-

treatment with ATRA, allowed for exchange of the corepressor proteins with coactivator 

proteins to initiate/promote granulocytic differentiation. Whereas with ATO treatment, 

there is degradation of wild type PML protein and PML-RARα but not RARα, suggesting 



 

21 

 

that PML is targeted by ATO (Chen et al., 1997; Chen et al., 1996). Arsenic binds 

directly to the cysteine residues of the zinc finger domain located within the RBCC 

domain of PML (X. W. Zhang et al., 2010). The arsenic bound PML interacts further 

with UBC9, a SUMO-conjugating enzyme, to enhance its degradation after 

polySUMOylation via the recruitment of RNF4 that ubiquitinates PML for degradation 

(Z. Chen et al., 2007; Geoffroy et al., 2010; V. Lallemand-Breitenbach et al., 2008; X. W. 

Zhang et al., 2010). Thus, by targeting both RARα and PML through ATRA and ATO 

leads to a synergistic attack on APL.  These important findings revolving around APL 

and our understanding of PML-RARα have shaped the clinical success with treating the 

leukemia over the years. 

 

1.5.2 PML and cancer 

While APL is the first description of the PML gene, and the PML-RARα fusion 

gene in particular, our understanding of PML NBs has expanded significantly over the 

last 30 years. I have discussed how PML NBs contribute to a multitude of cellular 

processes, form multiple structures in response to various stresses, and have different 

isoform-specific functions. As suspected, owing to the pleiotropy of PML functions, the 

relationship of PML is context-specific in different malignancies.  

Tissue microarrays screening samples from a multitude of solid tumours of 

different histologic origins revealed that PML is downregulated in many types of cancer 

(Gurrieri et al., 2004). PML expression was lost or reduced in prostate adenocarcinomas, 

lymphomas, breast carcinomas, colon adenocarcinomas, lung carcinomas, CNS tumours 

and germ cell tumours (Gurrieri et al., 2004). The PML gene is typically not mutated but 



 

22 

 

these microarrays revealed that the PML protein is either lost or reduced in terms of 

expression across many different cancer types.  In addition, the loss of PML expression 

was associated with tumour progression in prostate cancer, breast cancer and CNS 

tumours (Gurrieri et al., 2004). Moreover, other reports have shown that in prostate and 

lung cancer, the loss of PML promotes immune suppression and the likelihood of 

metastasis (Bernardi et al., 2006; Bezzi et al., 2018; Chen, Wan, et al., 2018; Y. T. Wang 

et al., 2017; Yuan et al., 2011).  

PML was first described as a tumour suppressor based on the work in mouse 

models. Mouse models lacking Pml were more likely to develop tumours upon challenge 

with drugs that cause a two-stage/step skin carcinogenesis, dimethybenzanthracene 

(tumour initiating drug) and then 12-0-tetradecanoylphorbol-13-acetate (tumour 

promoting drug) (Wang, Delva, et al., 1998). There was a significant increase in the 

number of papillomas but the loss of Pml did not have a huge impact on metastasis. 

However, Pml complete inactivation or haplo-insufficiency did not affect the size, 

frequency or latency of breast tumors in a mammary tumor virus/neu murine model of 

mammary tumorigenesis (Rego et al., 2001). Therefore, how PML influences 

oncogenesis is largely dependent on the type of malignancy and likely subtypes 

dependent on molecular context.  

 In certain tumour types, PML appears to even function as an oncogene rather than 

as a tumour suppressor as previously discussed (Li et al., 2020; Mazza & Pelicci, 2013). 

PML is typically overexpressed in ovarian cancer and triple negative breast cancer 

(Carracedo et al., 2012; Liu et al., 2017). In these two malignancies, PML seems to shift 

the metabolic states of the cancer cells towards pro-tumour states by influencing 
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Peroxisome proliferator-activated receptor (PPAR) signalling (in breast cancer) and 

mitochondrial metabolism (in ovarian cancer) (Carracedo et al., 2012; Gentric et al., 

2019). Whereas, in chronic myeloid leukemia, TNBC, and glioblastoma, oncogenic PML 

dramatically shifts cancer stem cell maintenance, cell migration and metastasis (Amodeo 

et al., 2017; Ito et al., 2008; Martin-Martin et al., 2016; Ponente et al., 2017; Zhou et al., 

2015). Tissue-specific programming and how PML influences those pathways plays a 

critical role in dictating whether PML functions as an oncogene or tumour suppressor. 

This is best illustrated by comparing PML in prostate cancer where it inhibits metastasis 

by repressing the oncogenic lipogenesis pathway, whereas in glioblastoma, PML 

promotes cell migration and metastasis through differential regulation of the axon 

guidance pathway (Amodeo et al., 2017; Chen, Zhang, et al., 2018). Thus, PML can have 

an instrumental role in multiple malignancies as both a tumour suppressor or oncogene, 

depending on the tissue-specific gene networks. 

 

1.6 The cGAS-STING pathway 

A major pathway which is linked to PML in my thesis is the cGAS-STING 

pathway. Cyclic GMP-AMP synthase (cGAS) is a critical pattern recognition receptor 

that activates Stimulator of Interferon Genes (STING). cGAS senses cytosolic DNA 

which can from various forms of stress such as viral infection, genome instability, and 

mitochondrial dysfunction. Then, activation of STING induces type I IFN and nuclear 

factor kappa light chain enhancer of activated B cells (NF-κB) signalling pathways.  As a 

result, it is an important player in relaying the DDR to innate immune signalling.  
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1.6.1 Sources of cytoplasmic DNA 

DNA damage occurs within the nucleus, but the signalling associated with the 

inflammatory and type I IFN pathways occurs within the cytoplasm. The type I IFN 

signalling pathway likely evolved in the context of host-pathogen interactions and in 

response to DNA virus, bacteria, and RNA virus infection (Cai & Imler, 2021; Goubau et 

al., 2013; Liu et al., 2021; Patel et al., 2023). The relay which occurs between DDR and 

downstream type I IFN signalling relies on similar constituents that cells would encounter 

with pathogens, where the activation of downstream type I IFN signalling appears to be 

triggered by a handful of nucleic acids that accumulate in the cytoplasm (C. Liu et al., 

2023). Cytoplasmic self-DNA is derived from different sources such as by products of 

DNA repair, mitochondrial DNA, micronuclei, and Long Interspersed Nuclear Element 1 

(LINE-1/L1) retroelements (E. Erdal et al., 2017; Garcia Perez & Alarcon-Riquelme, 

2017; Hancock-Cerutti et al., 2022; Harding et al., 2017; Hu et al., 2021; Sliter et al., 

2018; Song et al., 2021; Thomas et al., 2017; Weindel et al., 2020; Xue et al., 2022). 

These different sources of cytoplasmic DNA are a result of cellular dysfunction and 

stress, which activates cGAS-STING signalling. 

 

1.6.2 cGAS 

The main factor involved in DNA-sensing within the cytoplasm is cGAS (cyclic 

GMP-AMP synthase) which senses dsDNA, retroelement DNA, micronuclei and more 

recently, chromatin bridges (Gao et al., 2015; C. Liu et al., 2023; Sun et al., 2013). Phase-

separated cGAS binds to the sugar backbone of DNA and produces 2’3’-cyclic guanosine 

monophosphate–adenosine monophosphate (cGAMP) (Du & Chen, 2018; Zhou et al., 
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2021a).  cGAS can recognize self-DNA fragments that are as small as 40 bp, or 

guanosine-rich Y-form DNA larger than 12 bp, in a sequence-independent manner 

(Bartok & Hartmann, 2020; Herzner et al., 2015). In addition, cGAS can bind to heavily 

oxidized self-DNA which forms because of UV exposure and ROS (Gehrke et al., 2013).   

cGAS is activated more potently in response to larger DNA fragments indicating that the 

substrate length directly correlates with its activity (Luecke et al., 2017). This includes 

large L1 retroelement sequences that are expressed when heterochromatin loss is 

observed at their residing loci (Chuqian Liang et al., 2022). L1 can be directly bound by 

cGAS or cause the accumulation of other cytosolic DNA from DNA damage induced by 

L1, contributing to cGAS activation through multiple mechanisms (Gasior et al., 2006). 

cGAS is regulated by numerous proteins associated with the DDR that control its 

shuttling from the nucleus, the availability of cytoplasmic substrates, and its condensate 

formation (Figure 1.5) (Cho et al., 2022; Erkin Erdal et al., 2017; Lei et al., 2023; Singh 

et al., 2022; Tao et al., 2022). However, the main regulation of cGAS is through the 

actions of Three prime repair exonuclease 1 (TREX1), which is an exonuclease that 

clears numerous types of cytoplasmic DNA substrates (Mohr et al., 2021b; Simpson et 

al., 2020; Zhou et al., 2021b; W. Zhou et al., 2022). 
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Figure 1.5. Regulation of cGAS activity. Different regulatory proteins exist that affect 

the ability of cGAS sensing of cytoplasmic DNA. These different proteins affect cGAS 

localization, the availability of recognizable cytoplasmic DNA substrate, and cGAS 

condensate formation. Many of these proteins are involved in the DDR and play dual 

roles in the relay between DNA damage and cGAS activation. Abbreviations: HR, 

Homologous Recombination; ssDNA, single-stranded DNA; dsDNA, double-stranded 

DNA, 2’,3’-cGAMP, 2’3’-cyclic GMP-AMP; MRN complex, MRE11-Rad50-NBS1 

complex.  
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1.6.3 STING 

Upon cGAS sensing of cytosolic DNA, the signal is relayed to the major adaptor 

protein in the pathway, STING (Figure 1.6). Membrane protein STING resides in the 

endoplasmic reticulum (ER) in its inactive form as a homodimer, with a cytosol-facing 

binding domain (Ishikawa & Barber, 2008). The primary activator of STING is cGAS, 

which produces the cGAMP ligand, a secondary messenger that STING binds. Upon 

binding to cGAMP, a signalling ligand produced by cGAS, STING undergoes extensive 

conformation changes, and this leads to the assembly of STING dimers, which are further 

associated by disulfide bridges spanning separate dimers (Ablasser et al., 2013; Diner et 

al., 2013; Ishikawa & Barber, 2008; Wu et al., 2013; Zhang et al., 2013). The activated 

STING dimers then translocates rapidly to the ER-golgi intermediate compartment 

(ERGIC), where it recruits the TBK1 kinase to phosphorylate itself and IRF3 (Dobbs et 

al., 2015; Ishikawa & Barber, 2008; Ishikawa et al., 2009; Liu et al., 2015; Saitoh et al., 

2009; Sharma et al., 2003; Tanaka & Chen, 2012).  
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Figure 1.6. Overview of the cGAS-STING pathway. The cGAS-STING pathway 

senses cytosolic DNA to initiate a downstream immune signalling cascade to promote 

IRF3 and NF-kB mediated type I IFN signalling. cGAS senses cytosolic DNA in the 

form of L1 dsDNA, mitochondrial DNA (mtDNA), micronuclei and single stranded 

DNA (ssDNA). cGAS then produced cGAMP that activates STING to promote IRF3 and 

NF-kB translocation to the nucleus to activate NF-kB-mediated inflammatory signalling 

and IRF3-mediated innate immune signalling. 
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A series of ubiquitination events facilitate STING function, its interactions and 

degradation: (1) K63 ubiquitination to facilitate activation of STING, (2) K27 

polyubiquitination then causes TBK1 recruitment and (3) K48 polyubiquitination sends 

STING for degradation by the proteasome system (Tsuchida et al., 2010; Wang et al., 

2014; Wang et al., 2015; Zhang et al., 2012; Zhong et al., 2009). These post-translational 

modifications of STING and others help regulate its rapid activation and eventually 

required inactivation. The phosphorylated IRF3 dimerizes and then shuttles into the 

nucleus to induce the expression of various IFNs (such as IFNα and IFNβ) and 

Interferon-stimulated genes (ISGs). In addition, ERGIC localizing STING activates IKK, 

a kinase which phosphorylates the IκB family of inhibitors of NF-κB to cause their 

degradation (Ishikawa & Barber, 2008). Free NF-κB like IRF3, also shuttles to the 

nucleus and functions as a transcription factor to induce the expression of inflammatory 

cytokines and chemokines such as TNF, IL-1b and IL-6. As a result of STING adaptor 

activity, both IRF3 and NF-κB transcription factors are activated and capable of shifting 

the transcription of the cell towards type I IFN gene expression via ISGs. STING 

therefore is the essential “switch” that allows these transcription factors to dictate global 

changes in transcription. 

 

1.6.4 Type I IFN signalling and NF-κB 

The activation of IFN signalling in response to DNA damage was elegantly 

demonstrated over a decade ago by Brzostek-Racine et al., where they showed that agents 

which induced DSBs also activated ISGs, IFN-α and IFN-γ (Brzostek-Racine et al., 

2011). However, the profile of ISGs differed between DDR and during infection, 
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suggesting that there were important differences in the activation and signalling of the 

type I IFN pathway in these two contexts. The activation of type I IFN signalling leads to 

the eventual expression of ISGs that carry out critical functions in the response. 

Extraordinarily, 10% of the genes in the human genome have the potential to be IFN-

regulated (Shaw et al., 2017). Between birds, mammals and humans, there were a 

common core of 62 genes that were IFN-stimulated (Shaw et al., 2017). These genes are 

involved in a multitude of pathways including the antiviral response, antigen 

presentation, apoptosis, senescence, pattern recognition and sensing, and the suppression 

of IFN signalling (negative feedback loop genes) (Shaw et al., 2017). In addition to ISGs, 

the DDR pathway also activates the NF-κB (Nuclear factor kappa B) pathway which 

mediates the expression of the pro-inflammatory gene program. The NF-κB transcription 

factor induces the expression of cytokines and chemokines to facilitate the recruitment of 

immune cells to the cells experiencing severe DNA damage for clearance. Together, both 

ISGs and the NF-κB gene programs are key for how the DDR pathway utilizes innate 

immune signalling to carry out different cell fate decisions. 

 

1.6.5 CGAS-STING in cancer 

Loss of STING impairs the ability for cells to signal to the immune system when they 

experience severe DNA damage. Thus, the DDR cannot operate correctly to promote cell 

proliferation arrest by senescence or recruit immune cells to remove the genetically 

compromised cell, increasing the likelihood for oncogenesis. For these reasons, STING 

activity is often lost in or suppressed in many malignancies (Konno et al., 2018; Low et 

al., 2022; Qiu et al., 2022).  The two primary mechanisms behind this are (1) loss-of-
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function mutations and (2) epigenetic silencing of STING or CGAS promoter regions 

(Konno et al., 2018). When STING is suppressed in malignancies, this impedes the 

ability of the DDR to promote anti-tumour T-cell priming and tissue repair, effectively 

impairing the broader activation of immunosurveillance (Xia et al., 2016). Groups have 

successfully counteracted these epigenetic changes by treating glioblastoma tumours, that 

are often with silenced STING by the promoter being hypermethylated, with DNA 

methyltransferase inhibitor decitabine to reconstitute STING signalling (Low et al., 

2022). The interaction between tumours and the immune system impacts patient 

prognosis. “Hot tumours” are associated with increased expression of IFNs, interleukins, 

and tumor necrosis factor (TNF), which help T-cell expansion and activation (Hegde et 

al., 2016). The activation of type I IFN signalling in this context allows for (1) tumour 

growth control by the immune system and (2) improved responses to therapeutic 

approaches (including immunotherapy and radiation therapy) (Benci et al., 2016; 

Burnette et al., 2011; Castiello et al., 2018; Dunn et al., 2005; Galon & Bruni, 2019; 

Herbst et al., 2014; Katlinski et al., 2017; Sistigu et al., 2014; X. Wang et al., 2017) . 

Whereas the suppression of type I IFN signalling leads to accelerated tumour 

development and poor clinical outcomes (Castiello et al., 2018; Katlinskaya et al., 2016; 

Katlinski et al., 2017). Immune cell recruitment appears to be a major dilemma in this 

context, since immune-excluded or “cold” tumours have cytotoxic CD8+ T lymphocytes 

restrained to the invasion margins with poor infiltration into the tumour 

microenvironment (Hegde & Chen, 2020). In striking contrast however, chronic 

activation of cGAS-STING can also be oncogenic as it promotes metastasis (Bakhoum et 

al., 2018).  
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1.7 Overview of Thesis Chapters 

PML is a protein that forms nuclear bodies that act as important orchestrators of 

cellular processes through their regulation of numerous nuclear proteins. However, there 

are important questions remaining about the PML-I isoform, such as (1) the function of 

PML-I and its unique C-terminus, (2) the role of cytoplasmic PML and if it is relevant for 

its regulation of cellular processes and (3) how the PML-I isoform contributes to 

oncogenesis as either a tumour suppressor or oncoprotein. The difficulty with studying 

human PML arises from its complexity of various isoforms, pleiotropic functions, and its 

context-specific functions in different tissues. The objective of this thesis was to further 

our understanding of PML by taking into consideration its molecular evolution, to gather 

clues as to what the primary, conserved function of the PML protein is. 

Chapter 2 explores the emergence of PML in jawed vertebrates and how its C-

terminal domain gave rise to a novel family of DEDDh exonucleases (Plex9 proteins) in 

teleost fishes to regulate L1 retroelements and cGAS-STING signalling, akin to TREX1 

in anamniote species. Then, Chapter 3 describes the conserved role of human PML-I in 

L1 suppression after nucleocytoplasmic shuttling. Furthermore, with a new understanding 

of PML, Plex9 and TREX1 ortholog functions, they are found to be downregulated 

during limb and fin regeneration and age-related senescence in vertebrates to promote 

cGAS-STING, which is the focus of Chapter 4. Finally, Chapter 5 provides a discussion 

on the chapters presented in the thesis, their implications, conclusions, and future 

directions. 
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1.8 Author Contributions 

For sections previously published, Sabateeshan Mathavarajah prepared the manuscripts, 

Dr. Graham Dellaire (supervisor) provided editorial feedback.  

Experimental data not performed by Sabateeshan Mathavarajah were for Figure 2.8 

(assistance from Roger lab), Figure 2.9 (assistance from Roger lab), Figures 2.10 

(collected entirely by Langelaan lab), Figure 3.5 (panels C, D) (collected entirely by 

Langelaan lab), Figure 4.7 (panel C) (collected entirely by the Quinn lab) is indicated in 

the figure legends.  
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Chapter 2 – The Plex9 proteins, a novel family of 

DEDDh exonucleases 
 

 

This chapter contains material (sections 2.2.3-2.2.6, 2.3, 2.4, 2.5; Figures 2.3-2.15) 

originally published in two manuscripts:  

“Mathavarajah, S., Vergunst, K.L., Habib, E.B., Williams, S.K., He, R., Maliougina, M., 

Park, M., Salsman, J., Roy, S., Braasch, I. and Roger, A.J., 2023. PML and PML-like 

exonucleases restrict retrotransposons in jawed vertebrates. Nucleic Acids 

Research, 51(7), pp.3185-3204.” 

“Mathavarajah, Sabateeshan, and Graham Dellaire. "LINE-1: an emerging initiator of 

cGAS-STING signalling and inflammation that is dysregulated in disease." Biochemistry 

and Cell Biology (2023). e-First.” 

 

 

2.1 Introduction 

2.1.1 Teleost bony fish and the spotted gar 

Bony vertebrates are comprised of two main lineages, the lobe-finned vertebrates 

(that include the tetrapods and lobe-finned fishes) and ray-finned fishes. Much of the 

biodiversity associated with the ray-finned fishes is found with teleost fish, that have 

more than 30,000 species. Teleost fish account for 98% of all ray-finned fish and account 

for half of all extant vertebrates (Ravi & Venkatesh, 2018). Teleost fish are also 

important biomedical models because of their basic body plan and developmental 

programs that resemble those of mammals. Moreover, there are many shared genes 

between mammals and teleost fishes that have conserved functions. Zebrafish (Danio 
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rerio) and medaka (Oryzias latipes) are some examples of key teleost species that have 

been used as genetic models due to their size, transparent embryos, and external 

development (Dooley & Zon, 2000; Kirchmaier et al., 2015). In addition, these species 

allow for efficient and easier breeding and maintenance in comparison to other vertebrate 

species (Dooley & Zon, 2000; Kirchmaier et al., 2015). These species have played a 

significant role in our understanding of human development, disease and more recently, 

in drug discovery (Hason & Bartůněk, 2019; Patton et al., 2021; Teame et al., 2019; 

Wang et al., 2021). 

Comparative genomics in the 1990s revealed that teleost fishes had extra copies 

of genes that were normally found as single copies in tetrapod genomes. The analysis 

unveiled that teleost fishes had experienced an additional whole genome duplication 

event, also known as the teleost genome duplication event (Amores et al., 1998; 

Christoffels et al., 2004; Jaillon et al., 2004). These findings complicate our comparisons 

between teleost fishes and humans in terms of genetics, as the gene relationships were not 

1:1 between homologs. Deciphering this problem helps with the translation of genetic 

data from zebrafish and other teleost fish genomes into more relevant information for 

biomedical research.  

A solution was proposed in the form of the gars, which Darwin referred to as 

“Living fossils” in the Origin of species (1859) owing to their resemblance of fish 

observed in deep fossil records. Gars are an outgroup lineage of fish who did not undergo 

the Teleostei genome duplication event (Figure 2.1). They are more closely related to 

Teleostei (versus the 450 million years of separate genomic and morphological evolution 

between tetrapods and teleost fishes) as they belonged to the sister lineage Holostei.  
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Figure 2.1. Bridge species concept when making comparisons between teleost fishes 

and humans. Zebrafish represent an important biomedical model for understanding 

human disease but there is a major difference between human genomes and teleost fish 

genomes, which are doubled from a Teleostei genome duplication (TGD) event. To make 

a 1:1 comparison between genomes, the spotted gar genome was sequenced, which is an 

outgroup species that did not undergo TGD. VGD1/2 refer to the two vertebrate genome 

duplication events that occurred earlier in vertebrate evolution.  
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Furthermore, their genome was not duplicated. The sequencing of the spotted gar 

(Lepisosteus oculatus) genome and eventual publication in 2016 now allows researchers 

to compare teleost fishes to the spotted gar before making comparisons to humans, acting 

as an important bridge species (Braasch et al., 2016). Since the publication on the spotted 

gar genome, the bridge species has helped reveal important revelations on tetrapod 

evolution including the origins of limb-fin development, evolution of enamel limb-fin 

regeneration, vertebrate transposable element diversification and the evolution of immune 

signalling (Bilal et al., 2021; Chalopin & Volff, 2017; Darnet et al., 2019; Nakamura et 

al., 2016; Simmer et al., 2021). 

 

2.1.2 DEDDh exonucleases  

The DEDDh family of exonucleases, also known as the RNase T or DnaQ-like 

family constitute more than 70,000 proteins encoded in the genomes of prokaryotes and 

eukaryotes (Yang, 2011; Zuo & Deutscher, 2001). The family is marked by a DEDDh 

domain that consists of a similar mixed αβ fold and four conserved acidic amino acids 

(DEDD, aspartate-glutamate-aspartate-aspartate) (Yang, 2011). The residues allow them 

to bind two cations (such as magnesium) in the active site with a nearby histidine or 

tyrosine residue (the general base in the chemical reaction).  The DEDDh exonucleases 

have exonuclease activity in the 3’-to-5’ direction, with nucleic acid substrates including 

different forms of RNA and DNA. They remove a single nucleotide at the 3’ end of the 

substrate through each catalytic action and when done so repeatedly, can cleave apart the 

entire nucleic acid.   
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Different DEDDh exonucleases have varied substrate preferences for binding and 

digestion despite potentially being capable of digesting multiple substrates. This is best 

illustrated by the CRN-4 and NP exonucleases that prefer to digest double-stranded DNA 

or RNA, versus ExoI and ISG20 that prefer single-stranded DNA or RNA (Hastie et al., 

2012; Horio et al., 2004; Hsiao et al., 2009; Korada et al., 2013). Then, there are DEDDh 

exonucleases that target the overhangs of nucleic acids such RNase T, Snp and 3′hExo 

(Hsiao et al., 2012; Kupsco et al., 2006). While the DEDDh exonucleases are similar in 

terms of their αβ fold and conserved acidic amino acids, minor differences in protein 

composition are sufficient for the variation in substrate recognition and other factors such 

as length of digestion and sequence preference. RNAse T substrate recognition is 

mediated by several active site hydrophobic residues that can shift its conformation from 

active to inactive upon substrate binding (Hsiao et al., 2012). 

The diversity of exonucleases and their distinct biochemical activity allows them 

to play important roles in a multitude of biochemical pathways including RNA 

maturation, RNA turnover, DNA replication and DNA repair (Yang, 2011; Zuo & 

Deutscher, 2001). These are essential processes for the wellbeing of the cell and thus why 

the dysfunction of human DEDDh exonucleases is deleterious and attributed to multiple 

human diseases. A classic example is with the WRN DEDDh exonuclease where 

mutations to the exonuclease domain are linked to Werner syndrome, a premature aging 

disease (Perry et al., 2006; Zhao et al., 2008). WRN typically removes secondary 

structures that form at replication forks and its absence results in stalled replication forks 

that can lead to fork collapse or breakage (Rossi et al., 2010). While WRN is one 
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example, the different DEDDh exonucleases play key surveillance, processing, and 

regulatory roles to mediate normal cell progression without abnormalities.  

Several human and viral DEDDh exonucleases are involved in host-pathogen 

dynamics as they are involved in virus infection and gene replication (Crow et al., 2006; 

Lee-Kirsch et al., 2007). An example is with the Three prime repair exonuclease 1 

(TREX1) exonuclease that is hijacked during Human immunodeficiency virus (HIV) 

infection. TREX1 is utilized by HIV to digest any nonproductive viral transcripts that 

would otherwise accumulate, and trigger innate immune responses (Hasan & Yan, 2014). 

Thus, TREX1 hides HIV from pattern recognition receptors that would normally sense 

the virus and activate downstream immune signalling.  Intriguingly, one function of 

TREX1 in cells is to attenuate type I IFN signalling and prevent overactive signalling, 

indicating that viruses try to exploit this normal regulatory function of TREX1. While 

TREX1 is one example, DEDDh exonucleases collectively contribute to maintaining 

cellular homeostasis, with an emerging role in innate immune signalling. 

 

2.2.3 TREX1 

The cGAS-STING axis is stimulated by various cytosolic nucleic acids in the 

form of cytoplasmic ssDNA, dsDNA, and micronuclei. Despite so many substrates, there 

is one major exonuclease, TREX1, that primarily clears cytosolic DNA in the form of 

ssDNA, dsDNA, and micronuclei to limit the type I IFN response through cGAS-STING 

(Figure 2.2) (Li et al., 2017a; Mohr et al., 2021a; Zhang et al., 2020).  
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Figure 2.2. Cellular processes regulated by TREX1. TREX1 has exonuclease-

dependent/independent functions in regulating different biological pathways. Its 3’-5’ 
exonuclease activity clears cytosolic DNA to prevent activation of cGAS. Whereas, it 

interacts with Oligosaccharyltransferase (OST) to promote N-linked glycosylation of 

proteins. The loss of TREX1 leads to abnormal OST activity and the build up free 

glycans. TREX1 also prevents cGAS activation in an exonuclease-independent way by 

preventing LINE-1 propagation by interacting with LINE-1 ORF1p and promoting its 

degradation via the ubiquitin-proteasome system.  
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The TREX1 protein is 314 residues in length and characterized by two main 

domains, the N-terminal DEDDh catalytic domain (1-242 aa) and a C-terminal 

polyproline helix that is required for its localization to the ER (de Silva et al., 2007; 

Orebaugh et al., 2013; Perrino et al., 1994). TREX1 forms a stable homodimer for 

catalytic activity, where the protomers are connected by a stable network of hydrogen 

bonds, hydrophobic interactions, and an extended β-sheet core (Orebaugh et al., 2011). 

Unlike other exonucleases, TREX1 must form the dimeric structure for catalytic activity 

(Orebaugh et al., 2011). TREX1 was first isolated from human myeloblast extracts as the 

major exonuclease with 3'-5'-exonuclease activity (Perrino et al., 1994). TREX1 

primarily targets DNA as its endogenous nucleic acid substrate, as TREX1 activity is 

1000-fold less with RNA and RNA-DNA duplexes (Belyakova et al., 1993; Mazur & 

Perrino, 1999, 2001; Perrino et al., 1994; Yuan et al., 2015). 

The loss of TREX1 leads to an autoimmune disease known as Aicardi-Goutières 

syndrome (AGS), where type I IFN signalling is upregulated and unchecked to the point 

where tissues are damaged, after DNA damage occurs (Crow et al., 2006). The primary 

molecular dysregulation in AGS is from cGAS hyperactivation as cytosolic DNA builds 

up from the absence of TREX1, that typically digests the DNA (Berndt et al., 2022; Gray 

et al., 2015; Xiao et al., 2019). However, mutations to the TREX1 C-terminus also 

prevent its association with Oligosaccharyltransferase (OST), a protein involved in 

catalyzing protein N-linked glycosylation events at the ER (Hasan et al., 2015) (Figure 

2.2). The loss of TREX1 leads to dysregulated catalytic activity by OST and the build up 

free glycans that trigger type I IFN signalling through a TBK1-dependent (which is 

downstream of STING signalling) but not cGAS-dependent mechanism (Hasan et al., 
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2015). The interaction between OST and TREX1 is regulated by cell cycle coordinated 

phosphorylation of the TREX1 C-terminus domain that is responsible for its localization 

(Kucej et al., 2017).  

In addition to OST regulation, TREX1 is also involved in L1 regulation in a 

exonuclease-independent manner (Figure 2.2). The loss of Trex1 in AGS mice models 

results in reduced survival from inflammatory myocarditis (Morita et al., 2004). These 

Trex1-deficient hearts also had elevated levels of cytosolic DNA, with L1 retroelements 

being enriched in the accumulating cytosolic DNA and driving the inflammation 

observed (Stetson et al., 2008). In a TREX1-deficient human stem cell model, it was 

shown that L1 accumulation and elevated cGAS-STING signalling could be suppressed 

by treating cells with a reverse transcriptase inhibitor (Thomas et al., 2017). The results 

indicate that L1 cytosolic DNA was driving overactive type I IFN signalling in the 

absence of TREX1.  

It was then shown that mutations associated with TREX1 in Aicardi-Goutières 

syndrome where exonuclease function is retained, still result in the disease. These 

mutations that do not affect exonuclease function rather impair the ability of TREX1 to 

suppress L1 (Li et al., 2017a). TREX1 suppresses L1 by interacting with ORF1p and 

promoting its degradation by the UPS (Li et al., 2017a). TREX1 suppresses L1 through 

an exonuclease-independent mechanism and the absence of this function results in 

overactive cGAS-STING signalling through the accumulation of L1. The regulation of 

L1 by suppressors such as TREX1 and other proteins is critical for preventing tonic type I 

IFN signalling because of L1 accumulation, which can contribute to inflammation in 

disease. 
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2.2.4 LINE-1 and genome instability 

Endogenous retroelements pose a threat to our genome as relics that continue to drive 

our evolution. Retroelements are self-replicating sequences of DNA that spread 

sporadically throughout the genome as a mutagen. There are several different types of 

retroelements that exist in eukaryotes and that are still actively expressed. One of the 

most common sequences of retroelements in the human genome, comprising ~17% of our 

DNA, is the LINE-1/L1 class of non-LTR transposons that represent a family of AT-rich 

elements (Ardeljan et al., 2017; Eric S. Lander et al., 2001). L1 elements, like other 

retroelements, use an RNA intermediate expressed from genome loci to reverse transcribe 

a copy of their DNA to re-insert back into the genome. The L1 element is approximately 

6 kilobases in sequence length and encodes two ORFs essential for its retrotransposition, 

ORF1p and ORF2p (Ostertag & Kazazian, 2001). Primate L1 sequences also encode an 

ORF0p sequence that promotes L1 mobility to promote its retrotransposition (Denli et al., 

2015). L1 elements are the only active retroelements in the human genome that are 

autonomous (i.e., do not require external factors) in their retrotransposition. 

When L1 elements are expressed, ORF1p forms a homotrimer that complexes 

with L1 RNA as a critical chaperone which is required for target-site-primed reverse 

transcription that mediates the insertion of new L1 DNA at a genomic loci (Hohjoh & 

Singer, 1996; Luan et al., 1993; Martin & Bushman, 2001; Martin et al., 2005). At the 

insertion site, ORF2p first acts as the endonuclease to provide the initial single-stranded 

nick at the site for invasion and annealing of the L1 RNA to the cleaved region. Then, 

ORF2p functions as the reverse transcriptase to generate the new L1 DNA. The result of 

the actions of ORF1p and ORF2p is the integration of newly replicated L1 sequence at a 



 

44 

 

new genomic locus, effectively propagating the sequence. The L1 sequences are 

effectively drivers of genetic evolution and variation that have a long history in shaping 

vertebrate genomes (Beck et al., 2010; E. S. Lander et al., 2001). However, they pose a 

dilemma as active mutagens that are harbingers of genome instability as they can 

potentially disrupt the function of coding genes, generating aberrant fusion genes, 

promoting chromosomal breaks and translocations (Gasior et al., 2006; B. Rodriguez-

Martin et al., 2020) (McKerrow et al., 2022). In addition, in cancer, LINE-1 expression is 

linked to massive chromosome rearrangements, p53 mutations and activation of the 

ATM-RAD50/SMC1 axis (McKerrow et al., 2022). Therefore, a role for LINE-1 in 

genome instability is well-established as a mutagen that can cause genomic catastrophes. 

An emerging theme in genome instability is that DNA damage reflects downstream 

innate immune signalling. There is a significant degree of crosstalk between the DDR 

machinery and innate immune signalling to initiate cell fate responses to unresolved 

DNA breaks and damage. There is a relay occurring between both the DDR in the 

nucleus and downstream type I IFN signalling in the cytoplasm.  Interestingly, when 

mice neurons incur DNA damage or DNA repair was inhibited (by the loss of ATM), 

there is rapid export of AT-rich repetitive DNA into the cytoplasm (Song et al., 2021; 

Thomas et al., 2017). These AT-rich elements were later shown to be L1 DNA (Garcia 

Perez & Alarcon-Riquelme, 2017; Thomas et al., 2017). LINE-1 retroelements appear to 

be involved in this relay between the DNA damage response pathway and type I IFN 

pathway, where they play an important role in activating the cGAS-STING pathway.  
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2.1.5 Mechanism behind LINE-1 propagation 

 

The full-length LINE-1 retroelement includes a 5’-untranslated region (UTR), two 

open reading frames that encode machinery required for retrotransposition (ORF1 and 

ORF2), as well as a 3’-UTR with polyadenine tracts for delivery to the cytoplasm 

(Figure 2.3). A third open reading frame situated antisense on the 5’-UTR of the LINE-1 

transcript, ORF0, is also encoded. Although ORF0 localizes to PML nuclear bodies and 

ultimately contributes to LINE-1 mobility in primates, its cellular function remains to be 

fully characterized. ORF1p acts as an RNA-binding chaperone that forms a trimeric 

complex with L1 mRNA. ORF1p contributes to the formation of L1 RNPs but is 

dispensable for target primed reverse transcription (TPRT) (Figure 2.3)(Cost et al., 

2002). An important function for ORF1p is facilitating the condensation of L1 RNPs, a 

process that minimize off-target transposition and mediates the cycle of L1 propagation 

(Sil et al., 2023). 

While ORF1p performs structural and stability roles in the L1 RNP, the ORF2p 

enzyme acts the endonuclease and reverse transcriptase that facilitates the re-integration 

of L1 elements. The N-terminus of ORF2p targets a specific sequence, 3−′AA/TTTT−5′, 

to produce a single strand nick with its endonuclease activity that relies on a single Mg2+ 

ion for catalysis (Clements & Singer, 1998; Mathias et al., 1991; Weichenrieder et al., 

2004). Following nicking of DNA, a distinct domain in the ORF2p C-terminus is then 

required for RNA binding and reverse transcription of the L1 mRNA to complete the 

integration of new L1 DNA into the host genome (Christian et al., 2017; Piskareva et al., 

2013; Piskareva & Schmatchenko, 2006). 
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Figure 2.3. LINE-1 (L1) retrotransposition can result in the activation of cGAS-

STING.  When L1 elements are expressed and translated, they can be imported as L1 

ribonucleoproteins (RNPs) to the nucleus. Once in the nucleus, L1 RNPs facilitate the 

insertion of LINE-1 through target primed reverse transcription (TPRT) at a new genomic 

locus, which can result in mutations, chromosomal translocation, or dsDNA breaks. The 

genome instability and DNA damage caused by L1 insertion at a new genome locus can 

induce type I IFN signalling. L1 RNA can also be reverse transcribed in the cytoplasm to 

generate L1 cDNA that is sensed by cGAS to initiate type I IFN signalling through 

STING. 

  



 

47 

 

The current TPRT model for L1 retrotransposition, describes a cycle of shuttling 

events involving the L1 element constituents. Retrotransposition is initiated by RNA 

polymerase II binding to the 5′-UTR promoter regions of LINE-1 to mediate the 

transcription of LINE-1 (Lavie et al., 2004). Once L1 mRNA is synthesized, it is 

exported to the cytoplasm for the translation of ORF1p and ORF2p to form the L1 RNP. 

The resultant L1 RNP is then trafficked to the nucleus through an unknown mechanism. 

Then, the ORF2p endonuclease recognizes and cuts specific sequences (consensus site 

3−′AA/TTTT−5′) on the bottom DNA strand. The result of cutting is a free 3' hydroxyl of 

the nicked DNA that is utilized by the ORF2p to produce complementary DNA using the 

L1 mRNA as a template for reverse transcription (Hancks & Kazazian, 2016; Wang & 

Jordan, 2018; Wei et al., 2001). L1 distribution throughout the human genome reveals 

that ORF2p endonuclease activity and DNA replication determine L1 integration site 

preferences (Flasch et al., 2019). Although the mammalian genome encodes more than 

100,000 copies of the L1 element, very few are full length and active, with only 80-100 

L1 elements being retrotransposition-competent in humans (Brouha et al., 2003).  

The localization of ORF1p and ORF2p have been reported in various 

compartments across different tissues. However, a recent study looking at endogenously 

tagged ORF1p and ORF2p revealed that they localize both to the nucleus and cytoplasm, 

with the localization differing significantly between cells in a population with active L1 

retroelements (Mita et al., 2018). L1 retrotransposition peaks during S-phase, when the 

required dNTP pools for reverse transcription are also elevated (Mita et al., 2018).  While 

ORF1p is nuclear in the G1-phase, it shuttles to be exclusively cytoplasmic in G2/S/M, 

indicating that ORF1p-depleted L1 RNPs drive TPRT. These results further highlight the 
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dispensable nature of ORF1p for TPRT and how the dynamics of ORF1p and ORF2p 

localization contribute to L1 retrotransposition. The cells being in G1 or S/G2/M will 

result in vastly different scenarios for how L1 retroelements propagate through ORF1p 

and ORF2p actions. 

 

2.1.6 L1-mediated dysregulation of cGAS-STING in disease and aging 

Several diseases characterized by elevated inflammatory cytokines are associated with 

loss of function of suppressors of L1 activity and cGAS-STING activation, which is 

summarized below. 

 

3.1.4.1 Fanconi Anemia  

Fanconi Anemia (FA) is a rare hereditary disorder with its pathology being 

characterized by increased susceptibility to cancer and elevated levels of pro-

inflammatory cytokine production (Bagby & Alter, 2006). The disease results from 

mutations to any 1 of the 23 known FA genes, which also encode proteins that form a 

complex (FA complex) that mediates interstrand crosslink (ICL) repair in a cell-cycle 

dependent manner (Kim et al., 2008; Rio & Bueren, 2008). The loss of FA complex 

function results in an accumulation of DNA breaks and genome instability.   

While the role of the FA complex in DNA repair and genome stability is well-

established, how the loss of the complex results in a pro-inflammation state was not well-

understood. FA-deficient macrophages were found to overproduce cytokines in response 

TLR4 and TLR7/8 agonists (Garbati et al., 2016). However, unexpectedly, the occurrence 
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of DNA strand breaks and large chromosome breaks were neither necessary nor sufficient 

to account for the overproduction of inflammatory cytokines (Garbati et al., 2016). 

Brégnard et al., later found that FA-deficient cells (SLX4 deficiency model) accumulate 

cytoplasmic DNA, which triggers cGAS-STING signalling (Bregnard et al., 2016). 

Interestingly, the cytoplasmic DNA was enriched for L1-derived sequences, which was 

causing overactive cGAS activity (Bregnard et al., 2016). cGAS activity could be 

suppressed in this model by treatment with a reverse transcriptase inhibitor, further 

highlighting that L1 accumulation in the cytoplasm resulted in elevated type I IFN 

signalling in FA-deficient cells (Bregnard et al., 2016). Therefore, L1 and cGAS-STING 

appear to be key in explaining how FA-patients have elevated levels of cytokine 

production. 
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In addition, a high-throughput retrotransposition assay screen later identified that 

FA factors and DSB repair machinery active during S/G2 phase as critical suppressors of 

LINE-1 retrotransposition (Mita et al., 2020). Nearly all the FA factors behaved as 

restrictive factors for L1 aside from FANCJ, with possibly unique mechanisms of L1 

inhibition existing for the different proteins (i.e., parallel pathways for L1 suppression) 

(Mita et al., 2020). While not all the FA factors were not specifically examined 

mechanistically, how BRCA1 restricts L1 was determined. BRCA1 interacted with L1 

machinery to reduce L1 ORF2p translation by binding to L1 mRNA (Mita et al., 2020). 

The study conceptualizes the idea of replication forks and sites of replication being 

preferred sites for L1 activity in mammalian cells, with BRCA1 and other HR and FA 

factors acting to inhibit L1. However, it also suggests that L1 dysregulation is a common 

hallmark in the different forms of FA, considering that they all play a role in suppressing 

L1.  

 

3.1.4.2 Aicardi-Goutières syndrome 

While I have discussed how TREX1 loss results in AGS through dysregulation of 

the cGAS-STING pathway, there are six other genes that when mutated, also cause AGS. 

These include SAMHD1, ADAR1, IFIH1/MAVS and three subunits of the ribonuclease 

H2 endonuclease complex (RNASEH2A, RNASEH2B, RNASEH2C). A common 

hallmark of all these forms of AGS is overactive type I IFN signalling, which results in 

autoimmune disease (Rice et al., 2007). The tonic type I IFN signalling has been 

suggested to occur through cGAS-STING for loss of function mutations associated with 

the RNASEH2 complex and SAMHD1 (Schumann et al., 2023). In the case of 
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SAMHD1, this occurred through the IFIH1 pathway, a parallel cytosolic RNA sensing 

pathway that was then primed by cGAS-STING (Schumann et al., 2023). In contrast, loss 

of function of the RNASEH2 complex phenocopied TREX1, where mice models showed 

elevated levels of LINE-1 that fed caused overactive cGAS-STING signalling 

(Mackenzie et al., 2016; Pokatayev et al., 2016). 

Intriguingly, all these different enzymes have also been linked to LINE-1, as 

suppressors through various mechanisms. IFIH1 appears to suppress LINE-1 

retroelements upstream of all the other enzymes. The N-terminal 2CARD domain of 

IFIH1 interacts with the L1 5’-UTR to suppress the L1 promoter and its expression (Yan 

et al., 2022). SAMHD1 also suppresses L1 in the nucleus similar to IFIH1. 

Phosphorylated SAMHD1 interacts with L1 RNPs and inhibits retrotransposition by then 

depleting local dNTPs surrounding the L1 RNP to limit synthesis of new L1 elements in 

the nucleus (Herrmann et al., 2018). The function of RNASEH2A also appears to be in 

the nucleus for restricting L1, where it binds to L1 RNA to prevent formation of the L1-

derived RNA-DNA hybrids (Choi et al., 2018). The RNASEH2 complex requires the 

MOV10 helicase to jointly suppress L1 retrotransposition (Arjan-Odedra et al., 2012; 

Choi et al., 2018; Li et al., 2013). ADAR1 also binds to L1 RNA but how it contributes to 

L1 suppression is unknown since L1 RNA is not edited by ADAR1 (Orecchini et al., 

2017). All these different AGS-associated proteins contribute to L1 regulation through 

unique mechanisms within the nucleus, whereas TREX1 limits L1 as a last resort in the 

cytoplasm.  
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3.1.4.3 Dermatomyositis  

LINE-1 accumulation and resultant cGAS-STING dysregulation has also been 

linked to autoimmune diseases that are not considered genetic disorders such as 

Dermatomyositis (DM). DM affects both the skin and muscle and is caused by chronic 

inflammation to these tissues (Callen & Wortmann, 2006). However, the molecular 

changes that facilitate these changes or the genetic factors involved are currently 

unknown for the disease. A group recently found that the muscle specimens of DM 

patients have elevated levels of type I IFN associated cytokines and proteins such as 

TBK1, p-IRF3, and p-TBK1, that are all downstream of STING signalling (M. Zhou et 

al., 2022). In addition, the muscles also have elevated transcripts of cGAS and STING, 

indicating that the cGAS-STING axis is directly upregulated (M. Zhou et al., 2022). 

Overactive cGAS-STING signalling was contributing to the inflammation observed in the 

muscles of DM patients.   

The transcriptional changes indicate that DM patients have elevated levels of 

cGAS-STING components but the mechanism behind this was unknown. In another 

study, the levels of LINE-1 retroelements was elevated in DM patient samples and this 

correlated well to higher levels of type I IFN signalling (Kuriyama et al., 2021). The 

upregulation in LINE-1 was a result of reduced L1 promoter methylation in DM patient 

samples, indicating that the transcriptional changes was in part a result of histone 

methylation changes that favoured the expression of LINE-1 retroelements and 

potentially cGAS and STING (Kuriyama et al., 2021). Therefore, L1 retroelements and 

cGAS-STING appear to also be dysregulated in DM.  
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In this chapter, I characterize the molecular evolution of PML and identify a novel 

family of genes which I describe as the PML-like exon 9-like (Plex9) genes. I 

demonstrate through phylogenetic analyses that the PML gene first emerged in jawed 

vertebrates and was lost from the genomes of teleost fishes and salamanders. While PML 

is lost, teleost fishes have retained Plex9 genes that are homologous to the DEDDh 

exonuclease C-terminus of spotted gar PML. These Plex9 exonucleases are active and 

capable of degrading DNA. In addition, the Plex9 proteins have an exonuclease-

independent function in supressing L1 retroelements to maintain genome stability. In an 

example of convergent evolution, the Plex9 proteins regulate the cGAS-STING pathway 

akin to TREX1, as their ectopic expression complements TREX1 loss in human cells. 

Taken together, these results describe a new family of DEDDh exonucleases that are 

related to PML in teleost fish which help us better understand how vertebrates prevent 

retroelement propagation and regulate cGAS-STING. 

 

2.2 Materials and Methods 
 

2.2.1 Phylogenetic analyses 

Two rounds of searches on the protein and transcriptome sequences were carried 

out to detect homologs to the human PML sequence in sequenced eukaryote species. A 

phylogenetic dataset of PML proteins was constructed by collecting 72 protein sequences 

from NCBI via a PSI-BLASTp or tBLASTn search followed by reverse BLASTP.  For 

searches, in the first round I targeted both the full length PML (sequence for isoform 

PML-I) and the C-terminus of PML (an amino acid stretch from positions 600-882; the 

C-terminal DEDDh exonuclease domain (CDE)) in the second round. The logic behind 
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this stems from the RBCC motif being highly conserved and associated with TRIM19 

proteins. The C-terminus is unique to PML. The E-value threshold (-e) was set as 0.001, 

the E-value threshold for inclusion in the multipass model (-h) as 0.002 (default value), 

and the maximum running iterations (-j) as 5. For transcriptome sequences, tBLASTn 

was used and the E-value threshold (-e) was set as 0.001.  For species with fully 

sequenced genomes available, PML orthology was confirmed by synteny to the human 

PML loci.   

A separate dataset of the Plex and TREX exonucleases was constructed through a 

similar approach but searching for both the C-terminus of PML, zebrafish Plex9.1 and 

Plex9.2 and TREX1. resulting in a dataset of 104 proteins. Previously identified homolog 

PML-CDE sequences that had homologous sequence and synteny were added to the Plex 

and TREX dataset. Both datasets were aligned using mafft einsi with default settings 

(Katoh et al., 2002). The Exonuclease III (ExoIII) dataset was trimmed so that only the 

ExoIII, and ExoIII-like, domains remained, while the C-terminal exonuclease domain 

was removed from the PML alignment. Both datasets were further trimmed using trimal 

v1.4.rev15 with the -gappyout setting (Capella-Gutierrez et al., 2009), resulting in a PML 

data set containing 545 sites and a ExoIII dataset containing 242 sites. These datasets 

were used to estimate maximum-likelihood phylogenies using IQTree v1.5.5 (Nguyen et 

al., 2015) using the LG+C60+gamma model of evolution. These analyses were done 

with the help of the Roger lab. 
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2.2.2 PML RBCC domain phylogeny 

The resulting PML phylogeny (Figure 2.8), created using the RBCC domains of 

the protein, shows the expected relatedness between major groups of metazoans, with 

moderate support. This analysis identifies the ancestral PML originating from within 

Chondrichthyes (the sharks & rays). This phylogeny highlights the divergence of the 

PML ortholog found in Lepisosteus oculatus, an Actinopterygii fish identified as 

possessing a full-length PML sequence, which, as expected, is sister to Sarcopterygii. To 

assess domain architectures, InterPro 88.0 (https://www.ebi.ac.uk/interpro/) was utilized. 

Orthologs used in the analysis include ones from the following species (corresponds to 

silhouettes in Figure 2.7): Amblyraja radiata, Scyliorhinus canicular, Lepisosteus 

oculatus, Tachyglossus aculeatus, Sarcophilus harrisii, Mus musculus, Pteropus 

vampyrus, Capra hircus, Ursus maritimus, Homo sapiens, Alligator sinensis, Pogona 

vitticeps, Chelonia mydas and Coturnix japonica. 

 

2.2.3 ExoIII domain phylogeny 

The phylogenetic analysis of TREX, Plex9, and PML-CDE domains (Figure 2.9) 

shows that within metazoans, TREX and Plex proteins are distantly related and diverged 

before the last common ancestor of this group. Furthermore, this phylogeny shows that 

the ExoIII domains of PML are more closely related to Plex exonucleases. Syntenic 

analysis from the sequenced genomes revealed that TREX1 first appears in tetrapods due 

to its presence in amphibian genomes and that it likely arose from a gene duplication of 

TREX2. In contrast, genes encoding Plex9 sequences share synteny to the PML locus. 

Overall, this analysis is well supported by bootstrap values, highlighting the robust nature 
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of the relationships uncovered, both between and within these two distinct exonuclease 

families. 

 

2.2.4 Plasmid construction 

RNA isolated from the tissue of each species was used for cloning the axolotl 

TREX, spotted gar pml, and zebrafish plex9.1 and plex9.2. RNA for downstream cloning 

was derived from axolotl limbs that were dissected and stored in Trizol. In the case of 

zebrafish, the RNA is derived from 24 hpf zebrafish embryos. The RNeasy (Qiagen) kit 

was used for all extractions, according to the manufacturer’s instructions. The cDNAs 

were prepared using the SuperScript™ IV One-Step RT-PCR System (Invitrogen) and 

sequenced prior to subcloning into indicated vectors. 

Synthetic genes coding for zebrafish Plex9.1 (Ile44-Leu244; 

Ensembl:ENSDARG00000092584; NCBI: XP_005174272.1) was purchased (BioBasic 

Inc) and ligated into a modified pET21 expression vector that contained upstream 

sequences coding for a hexahistidine tag (H), maltose binding protein (M), and tobacco 

etch virus protease recognition (T) sequence to create pHMT-zfPlex9. Site directed 

mutagenesis was used to create pHMT-zfPlex9.1 (D61N) using pHMT-zfPlex9.1 as a 

template. The fidelity of all plasmids was verified by sanger sequencing (Eurofins 

Genomics). 

In addition, along with zfplex9.1, another zebrafish gene coding for plex9.2 

(Ensembl ID: ENSDARG00000093773; NCBI: XP_002666829.1) was utilized in the 

study. In addition, axolotl TREX1/2/3 sequences (AMEXTC_0340000192613, 
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AMEXTC_0340000056847, AMEXTC_0340000061536) from the axolotl transcriptome 

Am_3.4 available on Axolotl-omics (https://www.axolotl-omics.org). These coding gene 

sequences were all cloned into CMV-based FLAG-tagging and Clover-tagging vectors 

(CMV-FLAG-J1 and CMV-Clover-J1; derived from commercially available vectors 

pEGFP-C1 and pEGFP-N1; Clontech) for ectopic expression in human cells. 

 

2.2.5 Protein expression and purification of zfPlex9.1 and zfPlex9.1 (D61N) 

BL21(DE3) E. coli (New England BioLabs Inc.) were transformed with pHMT-

zfPlex9.1 and pHMT-zfPlex9.1 (D61N). Transformed cells were grown in LB media to 

an OD600 of ~0.6, after which protein expression was induced with 0.5 mM IPTG.  After 

overnight expression at 20 °C (16 °C  for pHMT-zfPlex9.1 (D16N)), cells were 

resuspended in lysis buffer (HMT-ZfPLEX9.1: 20 mM Tris pH 7.5, 100 mM NaCl, 5 

mM β-mercaptoethanol (BME); HMT-ZfPLEX9.1 (D61N): 20 mM CHES pH 9, 100 

mM NaCl, 5 mM BME, 5 mM MgCl2, lysed by sonication, and clarified by 

centrifugation (25,000 × g for 20 min at 4 °C). The supernatant was loaded onto an 

amylose chromatography column (New England BioLabs Inc.), washed with lysis buffer, 

and eluted with lysis buffer containing 10 mM maltose. The proteins were then incubated 

with TEV protease overnight in elution buffer (HMT-ZfPLEX9.1) or with concurrent 

overnight dialysis at 4 °C against dialysis buffer (HMT-ZfPLEX9.1 (D61N): 20 mM 

CHES pH 9, 100 mM NaCl, 5 mM BME, 5 mM MgCl2). After cleavage, exonuclease 

domains were isolated using Ni2+ affinity chromatography and then purified by size 

exclusion chromatography (HiLoadTM 16/600 SuperdexTM 75 pg) using 20 mM Tris 

pH 7.5, 100 mM NaCl, 5 mM BME (HMT-ZfPLEX9.1 and HMT-ZfPLEX9.1 (D61N)).  
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Purifications were monitored by SDS-PAGE and UV/Vis absorbance (using predicted 

extinction coefficients at 280 nm of 20970 and 20970 M-1cm-1 for ZfPLEX9.1 and 

ZfPLEX9.1 (D61N), respectively). These purifications were done by the Langelaan 

lab. 

 

2.2.6 In vitro exonuclease assays 

Exonuclease reactions (40 µL) contained 500 nM 5’-6-FAM labeled 

oligonucleotide (ssDNA: 5’-ATACGACGGTGACAGTGTTGTCAGACAGGT-3’or 

dsDNA pseudo-palindrome: 5’-TCACGTGCTGAC/GTCAGCACGACG-3’), 20 mM 

Tris pH 7.5, 2 mM dithiothreitol, and 100 μg/mL BSA. For metal specificity assays the 

reactions contained 625 nM of zfPlex9.1 and 2 mM metal (MgCl2, MnCl2, ZnSO4, or 

CaCl2) or 10 mM EDTA. Exonuclease titration assays contained 4.9–625 nM of 

zfPlex9.1 or zfPlex9.1 (D61N) and 5 mM MgCl2. Reactions were allowed to proceed for 

20 min at room temperature and then quenched with 3 volumes of 100% ethanol, dried 

via speed vac, resuspended in 10 μL formamide, resolved by urea PAGE (19% 29:1 

acrylamide and 7 M urea in TBE), and visualized using a fluorescence imager 

(VersaDoc). These exonuclease assays were done by the Langelaan lab. 

 

2.2.6 Generation of a CRISPR/Cas9 KO lines and cell culture 

I generated U2OS cells lacking TREX1 expression, by designing a strategy to 

knock-in a puromycin resistance cassette into exon 2 of TREX1, thereby disrupting 

TREX1 gene expression but not overlapping with the ATRIP protein encoding region. 
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U2OS was used a cell line since they have impaired cGAS-STING signalling and allow 

for us to focus on L1-retrotransposition in an interferon-independent manner(Deschamps 

& Kalamvoki, 2017).  

Two guide RNAs targeting the Cas9(D10A) nuclease to the TREX1 locus were 

designed utilizing the CHOPCHOP v3 webtool for designing guide RNAs(Labun et al., 

2019). I selected the top two guide RNAs, g1 (5’- 

CCCAACCATGGGCTCGCAGGCCCTGCCCCCGGGGCCCATGCAGACCCTCATC

TTTTTCGACATGG-3’) and g2 (5’- 

CCATGTATGGGGTCACAGCCTCTGCTAGGACCAAGCCAAGACCATCTGCTGT

CACAACCACTGCACACCTGG-3’) and cloned these guides into the All-in-one (AIO)-

PURO vector encoding the Cas9D10A nickase (Addgene #74630). U2OS cells were 

treated with 2 µg/mL of puromycin (Invitrogen) and resultant clones were isolated. 

Resultant clones were screened by both western blotting and immunofluorescence to 

confirm that TREX1 expression was absent (Figure 2.4) 

ATRIP expression in the TREX1 KO lines was also examined, which was 

previously ignored in other reports of a human TREX1 KO line, despite TREX1 being 

nested in the locus of ATRIP (Kucej et al., 2017; Mohr et al., 2021a). I was unable to get 

a positive clone with guide 2 (g2) and this appears to be a result of ATRIP levels being 

altered, where two prominent bands are present (data not shown). Therefore, the clone 

generated from guide 1 (which still shows a faint secondary ATRIP protein band that is 

not present in WT cells) was utilized. This clone was used as TREX KO#1 for 

experiments involving L1 suppression, a previously established function for TREX1 

(both via KO models in mice and overexpression studies) (Li et al., 2017a; Thomas et al., 
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2017). Our addback of TREX1 restored L1 suppression, supporting the notion that 

elevated L1 retrotransposition was a result of TREX1 loss and not ATRIP being altered 

(Figure 2.4). U2OS WT and TREX1 KO cells were cultured in Dulbecco's modified 

Eagle's medium (Life Technologies) supplemented with 10% fetal calf serum, at 37°C 

with 5% CO2. 
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Figure 2.4. Generation of a TREX1 knockout using CRISPR/Cas9 in U2OS cells. (A) 

Scheme for targeting human TREX1. A single guide RNA (sgRNA) targeting TREX1 

exon 2 (g1) was used to generate a TREX1 knockout cell line, which lacked TREX1 

protein. (B) Editing at the TREX1 locus presents difficulty due to the TREX1 gene is 

nested within the ATRIP UTR region and therefore probed for any changes in ATRIP 

levels. A detailed description of the CRISPR/Cas9 targeting of TREX1 is described in the 

Materials and Methods. (C) Immunostaining for TREX1 in WT and TREX1 knockout 

cells. Scale bar represents 20 μm. 
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2.2.7 LINE retrotransposition assays 

To assess the effect of proteins on retrotransposition, I utilized methods for 

previously characterized plasmids encoding a LINE retroelement (human L1, zfL2-1, 

zfL2-2 or UnaL1) that encode a neomycin cassette that when transfected into cells, is 

only successfully re-integrated upon retrotransposition (Figure 2.5) (Benitez-Guijarro et 

al., 2018; Bogerd, Wiegand, Doehle, et al., 2006; Bogerd, Wiegand, Hulme, et al., 2006; 

Choi et al., 2018; Moran et al., 1996; Muckenfuss et al., 2006). Upon G418 (Thermo 

Fisher) selection, it is possible to quantify the number of positive clones that survived 

which will be proportional to the LINE activity occurring. Co-expression of the proteins 

of interest with the LINE encoding plasmid, will determine which proteins enhance, 

suppress, or have no impact on cell LINE retrotransposition.  HeLa and U2OS cells were 

utilized for LINE retrotransposition since they are susceptible to high levels of LINE 

retrotransposition in culture (Benitez-Guijarro et al., 2018; Moran et al., 1996). 
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Figure 2.5. LINE-1 reporter assay. The LINE-1 reporter assay takes advantage of a 

LINE-1 retroelement that encodes a neo gene that has an intervening intron. After 

transfection of the reporter plasmid with a protein expression vector of interest, the 

reporter L1 element is transcribed, the intron is spliced, and a neo gene is integrated to 

the genome of the transfected cell if there is successful L1 retrotransposition. If the co-

transfected protein enhances or suppresses L1 retrotransposition, this will result in more 

or fewer colonies that are neomycin resistant. Below is an example of the readout from 

the assay where TREX1, a suppressor of L1 retroelement, is co-transfected and the result 

is fewer colonies at the end of the experiment.    
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Cells (HeLa or U2OS) were seeded in a 6-well at densities of 2 x 105 per well, left 

to attach for 24 hours and co-transfected using Lipofectamine 3000 (Roche) with (1) 1 ug 

of a retrotransposon encoding plasmid (2.5ug for the zfL2-1 retrotransposon) and (2) with 

500 ng of a FLAG-tagged protein of interest. The only exception was the GFP-

TREX1(D18N) plasmid which was obtained from Addgene (27220). No difference was 

observed between cell toxicity or transfection efficiencies between GFP-TREX1(D18N) 

and the other plasmids (data not shown). The relative cytotoxic effects and transfection 

efficiencies were tested for all plasmids utilized in the LINE-1 experiments (Figure 2.6 

and Figure 2.7) but did not observe significant differences. 

After 2 days post-transfection, the cells were reseeded on a 10 cm plate, allowed 

to adhere for 24 hours, and then incubated with G418 (500 ug/mL for HeLa; 400 ug/mL 

for U2OS) for a total of 10 days for HeLa and 14 days for U2OS. Then post-selection, the 

resistant colonies were fixed with 1 mL of methanol for 20 minutes. The colonies were 

then washed with PBS and stained with 0.5% crystal violet (stained for 30 minutes in 5% 

acetic acid and 2.5% isopropanol) for 30 minutes. The entire fixation and staining 

procedure were completed at room temperature. Colonies were then counted and 

retrotransposition activity was determined. 

 

  



 

65 

 

 

Figure 2.6. Assessing cytotoxic effects of the tested PML, Plex9 and TREX1 

proteins. Cells were transfected using (A) Lipofectamine 2000 (U2OS cells) or (B) 

Lipofectamine 3000 (HeLa cells). To determine the cytotoxic effects of overexpressing 

the plasmids of interest, cells were co-transfected with 1 μg of neo-resistance encoding 

pcDNA3.1 plasmid and 1 μg of FLAG-tagged protein encoding plasmid or an empty 

FLAG encoding plasmid as control. After 12 days of G418 selection, neomycin resistant 

colonies (i.e., G418R) were fixed with methanol, stained for crystal violet, and counted. 

Cytotoxicity is shown relative to the empty FLAG vector, which is shown as 100%.  
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Figure 2.7. Determining transfection efficiencies for the LINE-1 assay. Cells were 

transfected using (A) Lipofectamine 2000 (U2OS cells) or (B) Lipofectamine 3000 

(HeLa cells). To determine the transfection efficiency during co-transfections with the 

L1-encoding plasmid, cells were co-transfected with 1 μg of L1 plasmid, 0.5 μg of 
FLAG-tagged protein and 0.5 μg of a Clover expression vector. After 24 hours, cells 

were fixed and the percentage of Clover expressing cell (i.e., transfected cells) was 

determined. There was no significant difference in terms of efficiency between the 

different vectors used for transfection. ****P<0.0001, ***P < 0.001, **P < 0.01, *P < 

0.05, one-way ANOVA; Holm-Šídák for multiple-comparison. 
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2.2.8 2’,3’-cGAMP quantification 

4 × 106 cells (for WT and TREX1 KO) were seeded into 15-cm dishes, and 

24 hours later cells were transfected with the Bluescript vector (empty vector control) and 

Human L1 plasmid (used in L1 retrotransposition assay) using Lipofectamine 2000 

reagent (Invitrogen). Cells were harvested 36 hours after transfection, washed with 2x 

with PBS and pelleted before lysis. Samples were resuspended in 500 μL M-PER 

(mammalian protein extraction reagent) lysis buffer (Thermo Scientific). Lysates were 

incubated on ice for 30 minutes with gentle agitation every 10 minutes, before being spun 

down at 16,000 x g, 4° C for 10 min. Samples were quantified using the 2′3′cGAMP 

ELISA Kit (Cayman Chemical) according to the manufacturer’s instructions. 

 

2.2.9 Immunofluorescence microscopy 

For micronuclei counting (Figure 2.12), cells were transfected with protein 

expression vectors (e.g., zfPlex9.1, axTREX1 and human TREX1) and treated for 48 

hours post-transfection with 5 μM reversine (MPS1 inhibitor used to induce micronuclei 

formation) (Adell et al., 2023; Toufektchan & Maciejowski, 2021; Tucker et al., 2023). 

The percentage of transfected cells with micronuclei were counted after overexpression 

of zfPlex9.1, axTREX1, and human TREX1. Multinucleated cells and cells lacking intact 

nuclear envelopes (i.e., signs of rupture) were not included in the quantification. For 

experiments, >100 cells were counted across three independent biological replicates.  

For transfections, cells were seeded into wells containing coverslips in 6-well 

dishes, then transfected the next day with expression vectors. One day after transfection, 

coverslips were washed briefly with PBS and the cells were fixed in 2% PFA, 
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permeabilized with 0.5% Triton X-100 in PBS and blocked with 4% BSA in PBS. Cells 

were then immunolabeled with primary antibodies specific for FLAG (mouse anti-FLAG 

M2, Sigma, F3165, 1:200) and TREX1 (rabbit anti-TREX1, Abcam, ab185228, 1:400). 

Then for secondary staining, coverslips were washed with PBS and incubated with 

Alexa-Fluor 647 donkey anti-rabbit, Alexa-Fluor 555 donkey anti-rabbit, and Alexa-

Fluor 488 donkey anti-mouse (Thermo Fisher Scientific) secondary antibodies. Finally, 

the cells were washed several times in PBS and incubated with 1 µg/mL of 4',6-

diamidino-2-phenylindole (DAPI) (Sigma) to visualize the nuclei.  

For transfections, the ER was marked using plasmids obtained from Addgene and 

individuals. The ER was marked using a Cytochrome p450 (CytERM) tagged to mScarlet 

(Addgene #85066), which was utilized as an ER marker. Plasmids for flag-tagging of 

proteins of interest are described above under plasmid construction, aside from FLAG-

TREX1 (Addgene #27218), GFP-TREX1 (Addgene #27219) and GFP-TREX1 (D18N) 

(Addgene #27220) which were obtained from Addgene. U2OS cells were transfected 

using Lipofectamine 2000 (Invitrogen) and HeLa cells using Lipofectamine 3000 

(Invitrogen), according to the manufacturer instructions. 

Fluorescent micrographs were captured with a Prime95 scientific complementary 

metal-oxide-semiconductor (sCMOS) camera (Photometrics) using a custom-built 

spinning-disk confocal laser Zeiss Cell Observer Microscope (Intelligent Imaging 

Innovations, 3i) equipped with a 1.4 NA 63X immersion oil objective lens and both laser 

(3i) and LED illumination via a Spectra light engine (Lumencor). Images were captured 

and processed using Slidebook 6.1 (3i) and assembled into figures using Adobe 

Photoshop CS5. 
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2.2.9 Western blotting 

For western blot analysis, cells were recovered from confluent 10 cm culture 

dishes and washed with PBS. The cells were lysed on ice for 20 minutes in RIPA buffer 

(Sigma) with protease inhibitors (P8340, Sigma). Lysates were cleared (10 min, 15 000 × 

g, 4°C) and protein extracts were analyzed by SDS-PAGE and western blotting using 5% 

milk powder with 0.1% Tween 20 in PBS as a blocking solution. Protein was transferred 

to Nitrocellulose membrane (BioRad). Total protein was determined directly on the 

membrane using the 4-15% Mini-PROTEAN TGX-Stain Free Protein Gel system 

(BioRad). Antibodies used for Western blotting analysis were: rabbit anti-TREX1 

(Abcam, ab185228, 1:1000) and anti-ATRIP (Sigma, PLA1030, 1:1000). 

 

2.2.10 Statistical analysis  

All statistical analyses were performed using GraphPad Prism 9.0.1. The sample 

size and error bars for each experiment are defined in the figure legends. Comparisons 

between groups for LINE1 retrotransposition and the 2’3’-cGAMP assay were analysed 

by a repeated measures one-way ANOVA, with the Geisser-Greenhouse correction and 

then a Tukey's multiple comparisons test between groups. 

 

2.2.11 Animal ethics 

For axolotl work, Axolotl Université de Montreal animal ethics committee 

authorization was: 20-103. The Université de Montral animal ethics committee is 
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recognized by the CCAC. The use of zebrafish embryos for generation of RNA was 

approved by Dalhousie University Committee on Laboratory Animals (Protocol Number 

20-130) 
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2.3 Results 

2.3.1. The PML gene emerges in jawed vertebrate species  

To elucidate the evolutionary history of PML, putative orthologs were identified 

from publicly available databases of eukaryote genomes and transcriptomes (Figure 2.8). 

PML-I orthologs were identified in jawed vertebrates (Gnathostomata) including extant 

cartilaginous fishes (Chondrichthyes) and bony vertebrates (Euteleostomi) (Brazeau & 

Friedman, 2015). I could not identify orthologs of PML in agnathan cyclostome (lamprey 

and hagfish) genomes (Figure 2.8). In addition, there is divergence of the PML gene in 

amniotes (Figure 2.8). 

Among Chondrichthyes, PML ortholog architecture can be stratified into three 

groups, those with genomes encoding full length PML-I, those encoding putative 

orthologs with only a conserved RBCC domain, and those with a C-terminal 

transmembrane domain (Figure 2.8). While the RBCC domain is common among TRIM 

family proteins (Meroni, 2012), the C-terminal domain of PML-I encoded by exon 9 

uniquely shares homology with DEDDh exonucleases, which was originally annotated as 

a putative exonuclease III domain (Condemine, Takahashi, Le Bras, & de The, 2007). 

This C-terminal DEDDh exonuclease (CDE) domain is conserved in bird, reptile, and 

mammalian PML orthologs as a predicted enzyme fold; however, the predicted catalytic 

residues are mutated in tetrapod orthologs of PML-I (Figure 2.8). Uniquely in ray-finned 

fish (such as paddlefish, spotted gar and sturgeon) and in cartilaginous fishes such as 

sharks and rays, PML orthologs have a CDE with intact catalytic residues, suggesting 

that they could be functional exonucleases (Figure 2.8).  
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During vertebrate evolution, the PML gene appears to have been lost several 

times in major extant euteleostome lineages, including amphibians and teleost fishes 

(Figure 2.8). A PML ortholog could also not be identified in the coelacanth genome, the 

most basally diverging lineage of extant Sarcopterygii (lobe-finned fishes). Similarly, a 

PML gene was not identified in the lungfish genome. Within reptiles, turtles show 

conservation of the CDE, whereas lizard genomes encode a truncated PML ortholog 

lacking the CDE (Figure 2.8). Birds similarly have PML homologs that resemble full-

length PML. Since turtles are thought to be more closely related to archosaurs than 

lepidosaurs, our analyses suggest that bird and turtle ancestral lineages retained an 

ortholog resembling full-length PML (Nisole et al., 2013).  
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Figure 2.8. Domain architecture and Maximum Likelihood phylogenetic tree 

showing the relationships of PML homologs. 70+ protein sequences encoded in 

genomes from representative vertebrates were identified and utilized to construct the 

phylogenetic tree. PML emerged as an exonuclease in jawed vertebrates and eventually 
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lost the catalytic residues for activity in amniote species. Teleost fishes and amphibians 

lack full-length PML-I. Ultrafast bootstrap values are shown as numbers if <85% and 

indicated with solid dots on branches if >85%. Branch lengths indicate the expected 

number of amino acids substitution per site. Domains for homologs were determined 

using InterPro (https://www.ebi.ac.uk/interpro/) and 4 different domain architectures 

(left) were seen across analyzed sequences. Domain abbreviations refer to RBCC (Ring-

B-box-Coiled Coil), BB (B-box), CC (Coiled coil), and DEDDh (3’-5’ DEDDh 
exonuclease). Potential orthologs with ambiguity in sequence were omitted (e.g., tropical 

clawed frog). Sequences from species that were analyzed are shown in silhouettes and 

coloured according to the corresponding domain architecture on the left. Blue silhouettes 

indicate representative species with a PML ortholog encoding a predicted exonuclease 

domain. Silhouettes for species were obtained from PhyloPic (http://phylopic.org). Data 

presented in this figure was collected with the help of the Roger lab. 
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2.3.2. A novel family of exonucleases, PML-like exon 9 (Plex9) 

 

Most ray-finned fish species (99.8%) are teleost fish that underwent a genome 

duplication event accompanied by subsequent gene order rearrangements (Davesne et al., 

2021). During this event, it appears that the full length PML gene was lost in teleost 

fishes. However, a pair of genes in zebrafish share a high degree of percent identity to the 

CDE of spotted gar PML (sgPML). The spotted gar species is an outgroup species that 

did not undergo a Teleost genome duplication event. I describe these novel genes as Pml-

like exon 9 genes (Plex9.1 and Plex9.2), which like the PML-CDE, share sequence 

similarity with TREX1 and TREX2, the two major DEDDh exonucleases in mammals 

(Hemphill & Perrino, 2019; Huang et al., 2018). A closer examination of the spotted gar 

pml locus also revealed the presence of two adjacent upstream genes that appear to have 

duplicated from the PML-CDE (Figure 2.9A). Phylogenetic analyses also indicated that 

Teleostei Plex9 shares the highest similarity to the PML-CDE, and across genera, TREX1 

orthologs consistently cluster independently from Plex9 orthologs (Figure 2.9B). Thus, 

plex9 genes in Telostei are DEDDh exonucleases closely related to the CDE of PML-I 

and are not evolutionarily related to TREX1/2.  

Plex9 orthologs can be identified in other ray-finned fishes and in the 

elasmobranch sub-class of cartilaginous fish, whereas the TREX1 gene first appears in 

the tetrapod ancestor since it is found in amphibian species and amniotes (Figure 2.9). 

Neither plex9.1 or plex9.2 orthologs can be identified in lobe-finned fish (Figure 2.9). 

TREX2 predates TREX1 and can be found conserved in cephalochordates such as 

Branchiostoma floridae. TREX1 was likely derived from a duplication of the TREX2 gene 

(Figure 2.9). Thus, while tetrapods lost the Plex9 genes, they retained the newly emerged 
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TREX1 gene and the PML gene encoding a CDE domain. In amphibians, a putative 

ortholog of TREX1 can be identified but not genes resembling PML or the plex9 

orthologs. The axolotl genome encodes a TREX1 ortholog and there is expression of 

three transcripts for TREX1-like proteins (axTREX1, axTREX2, axTREX3). Previously, it 

was thought that TREX1 was exclusive to mammals (Lindahl et al., 2009), however it 

appears that the progenitor TREX1 gene encoding a DEDDh exonuclease is more 

generally present in tetrapod genomes. 
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Figure 2.9. Origins of PML-like exon 9 (Plex9) and TREX1 genes. (A) Teleost plex9 

genes show synteny to the spotted gar pml locus. Similarly coloured genes represent 

homologs between species. The chromosome where the pml locus is found in each 

species is indicated on the right. The intervening arrows with numbers indicate the 

number of intervening adjacent genes that exist between the homologous genes not found 

in the syntenic region. (B) Plex9 homologs resemble both TREX1/2 and PML 

exonucleases but are related to PML exonucleases. A maximum likelihood tree was 

constructed using Plex9, PML CDE and TREX1/2 protein sequences. While the TREX1 

proteins cluster with TREX2, sequences for Plex9 cluster with PML CDE sequences. 
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Bootstrap values are indicated beside each node. Ultrafast bootstrap values are shown as 

numbers if <85% and indicated with solid dots on branches if >85%. Branch lengths 

indicate the expected number of amino acid substitutions per site. Data presented in this 

figure was collected with the help of the Roger lab. 
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2.3.4. zfPlex9.1 is an active DNA exonuclease 

TREX1 is a DEDDh exonuclease capable of degrading both ssDNA and dsDNA 

in the presence of divalent cations (Brucet et al., 2008; W. Zhou et al., 2022). Owing to 

the similarity between TREX1 and zfPlex9.1, we tested performed exonuclease assays in 

parallel to assess their exonuclease activity in the presence of different metal ions: Zn2+, 

Ca2+, Mg2+ and Mn2+ (Figure 2.10A and Figure 2.10B). We found that recombinant 

zfPlex9.1 (aa 44-244) could degrade ssDNA and dsDNA in the presence of Mg2+ and 

Mn2+ (Figure 2.10A and Figure 2.10B). Thus, zfPlex9.1 (aa 44-244) can cleave ssDNA 

and dsDNA in the presence of specific cations.  A comparison between Mouse Trex1 (1-

242 aa) and zfPlex9.1 activity at different recombinant protein concentrations indicates 

that Trex1 (1-242 aa) cleaves ssDNA and dsDNA at a higher efficiency than zfPlex9.1 

(Figure 2.10C-F). However, there appears to be slight differences in substrate specificity 

as zfPlex9.1 cuts ssDNA (versus dsDNA) at a higher rate and Trex1 cuts dsDNA (versus 

ssDNA) at a higher rate (Figure 2.10C-F). An alignment of zfPlex9.1, zfPlex9.2 and 

Trex1 revealed a conservation of the DEDDh catalytic residues that allowed us to 

phenocopy the exonuclease deficient D18N TREX1 mutation by mutating the cognate 

residue in zfPlex9.1 (i.e., D61N). The D61N mutation completely impaired zfPlex9.1 

catalytic activity (Figure 2.10E and Figure 2.10F). Thus, zfPlex9.1 can digest ssDNA 

and dsDNA through catalytic residues found in the conserved DEDDh domain. 
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Figure 2.10. Plex9 proteins represent a novel class of DEDDh DNA exonucleases. (A) 

and (B) zfPlex9.1 requires Mg2+ or Mn2+ for activity. Fluorescent oligonucleotides were 

incubated with zfPlex9 and the indicated metal. Samples were resolved by UREA-PAGE 

and visualized via fluorescence imaging. “-“ refers to input without the addition of 

cations. (C) and (D) Mouse Trex1 was purified akin to zfPlex9.1 and enzymatic activity 

was assessed for comparison of activity to zfPlex9.1. Both ssDNA (C) and dsDNA (D) 

were utilized as substrates at different concentrations. (E) and (F) zfPlex9 (D61N) lacks 

catalytic activity towards DNA. Substrates of ssDNA (E) and dsDNA (F) were utilized. 

Fluorescent oligonucleotides were also incubated with zfPlex9.1 (D61N). Samples were 

resolved by UREA-PAGE and visualized via fluorescence imaging. Data presented in 

this figure was collected by the Langelaan lab. 
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2.3.3. zfPlex9.1 and axTREX1 localize to the ER and micronuclei with ectopic expression 

To better understand the function of the Plex9 and non-mammalian TREX1 

proteins, I cloned the zebrafish plex9 genes (zfplex9.1 and zfplex9.2), as well as the 

TREX1 ortholog isoforms from the axolotl genome (axTREX1, axTREX2, axTREX3) to 

assess their cellular roles and localization in mammalian cell assays (Figure 2.11). In 

addition, cells were co-transfected with a fluorescent marker for the ER (CytERM), an 

ER-localization domain from rabbit cytochrome p450 (Costantini et al., 2012). As 

previously shown, TREX1 localizes primarily to the ER, which contributes to its 

recognition of micronuclei and interaction with OST (Kucej et al., 2017; Mohr et al., 

2021a). The expression of these orthologs in U2OS cells revealed that zfPlex9.1 localized 

to the ER primarily, whereas zfPlex9.2 primarily to the cytoplasm (Figure 2.11). 

Orthologs of TREX1 from axolotl, axTREX1 and the axTREX2 isoform, localized to the 

ER and cytoplasm in a similar manner as TREX1 (Figure 2.11). Thus, these different 

DEDDh exonucleases from zebrafish and axolotl localize similarly to human TREX1. 
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Figure 2.11. zfPlex9.1 and axTREX1 localize to the ER and cytoplasm. Ectopic 

expression of zebrafish Plex9.1/.2 (zfPlex9.1/.2) and axTREX1/2 reveals that these 

proteins localize to the ER and cytoplasm. Proteins were FLAG-tagged and expressed in 

U2OS cells to assess localization. A domain of Cytochrome p450 (CytERM) tagged to 

mScarlet (addgene #85066) was utilized as an ER marker. An empty vector (BlueScript) 

was used as a control. Scale bars represent 10 µM. 
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An important role for DNA exonuclease function for TREX1 is the clearance of 

micronuclei (Stetson et al., 2008). To determine whether zfPlex9.1 and axTREX1 

proteins were degrading micronuclei akin to TREX1, U2OS cells were treated with 

reversine, which induces micronuclei by causing the mis-segregation of chromosomes (Li 

et al., 2017a). Just like TREX1, zfPlex9.1 and axTREX1 also accumulated at micronuclei 

(Figure 2.12A). In addition, cells overexpressing TREX1, zfPlex9.1 and axTREX1, had 

less micronuclei after 48 hours of 5 µM reversine treatment (Figure 2.12B). Cells 

expressing catalytically inactive mutants TREX1 (D18N) and zfPlex9.1 (D61N) showed 

no change relative to the empty vector control in terms of micronuclei counts (Figure 

2.12B). Thus, the exonuclease activity of zfPlex9.1 allows it to function in micronuclei 

clearance akin to TREX1. 
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Figure 2.12. zfPlex9.1, axTREX1 and human TREX1 localize to micronuclei and 

promote micronuclei clearance. (A) Zebrafish zfPlex9.1 and axolotl axTREX1 

accumulate at micronuclei like human TREX1. U2OS WT cells were transfected with 

GFP and Clover tagged human TREX1, zfPlex9.1 and axTREX1. domain of Cytochrome 

p450 (CytERM) tagged to mScarlet (Addgene #85066) was utilized as an ER marker to 

visualize ER-tubule invasion into the micronuclei. U2OS cells were treated 24 hours 

post-transfection with 5 μM reversine and were then fixed for immunostaining. Arrows 
indicate where micronuclei are present. Scale bars represent 5 μm for images (B) Cells 

were transfected and treated for 48 hours post-transfection with 5 μM reversine and a 
reduction in the number of cells with micronuclei was observed upon overexpression of 

zfPlex9.1, axTREX1, and human TREX1. For statistics, a one-way ANOVA was used, 

with Tukey’s multiple comparison test (n=3). ****P<0.0001 
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2.3.5. sgPML, zfPlex9.1 and axTREX1 proteins restrict vertebrate LINE retroelements 

TREX1 is the essential brake of the cGAS-STING pathway in mammals and has 

been shown to prevent genome instability by degrading cytosolic DNA and micronuclei, 

in addition to repressing endogenous L1 retrotransposons (Li et al., 2017a; Stetson et al., 

2008; Thomas et al., 2017). The cGAS-STING pathway is highly conserved in metazoans 

(Wu et al., 2014). Despite lacking a TREX1 gene homolog, teleost fishes have a 

functional cGAS-STING pathway (de Oliveira Mann et al., 2019a; Liu et al., 2020), 

raising the possibility that another DEDDh exonuclease may exist that functionally 

replaces TREX1. Given that teleost plex9.1 and plex9.2 genes encode active DEDDh 

exonucleases capable of degrading ssDNA and dsDNA that may be involved in 

micronuclei clearance, I hypothesized that these proteins may have functionally 

converged with TREX1 to compensate for its absence in the teleost lineage.  

The role of TREX1 in L1 suppression is independent of catalytic exonuclease 

function (Li et al., 2017a). Similarly, the related SAMHD1 restriction factor, also 

suppresses L1 in a catalytically independent manner (Seamon et al., 2015). Both TREX1 

and SAMHD1 appear to restrict L1 through their nucleic acid binding functions (Li et al., 

2017a; Seamon et al., 2015). The Plex9 proteins bind nucleic acids and are active 

exonucleases. Given their mutual exclusivity with TREX1 in the fish genomes in which 

they are found, I next assessed if they functionally replace TREX1 in L1 suppression.  

To accomplish this, a neomycin-resistance based clonogenic L1 assay was 

utilized, which was previously used to demonstrate the role of TREX1 in regulating L1  

(Stetson et al., 2008), to determine if these zfPlex9 exonucleases, axTREX1/2/3, could 

also suppress L1 retrotransposition. I also tested the PML ortholog from the spotted gar 
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(sgPml), to assess if the function in LINE-1 suppression was conserved between the 

Plex9 enzymes and the related PML protein. As reported previously, TREX1 and 

exonuclease deficient TREX1 (D18N) both significantly suppressed human L1 activity 

significantly (p<0.0001, Figure 5A). Consistent with a convergent role in the suppression 

of L1 retrotransposition, zfPlex9.1 and zfPlex9.2, axTREX1 and axTREX2, all potently 

suppressed L1 activity (Figure 2.13). The axTREX3 isoform which encodes a truncated 

DEDDh domain was unable to suppress L1 retrotransposition, indicating that a full 

DEDDh domain was required for the repression. However, when the requirement for 

catalytic activity was examined, like TREX1 (D18N), exonuclease-deficient zfPlex9.1 

(D61N) also suppressed L1 retrotransposition (Figure 2.13). Moreover, the related 

sgPml, was also capable of suppressing L1 retroelements similar to TREX1, axolotl 

TREX1 orthologs and zebrafish Plex9 proteins. 
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Figure 2.13. sgPml, Plex9 and axTREX1 proteins suppress human L1 activity in an 

exonuclease-independent manner. (right) Retrotransposition of human L1 was assessed 

with the co-expression of the FLAG-tagged versions of indicated proteins. Both 

catalytically dead versions of TREX1 and zfPlex9a (D18N and D61N, respectively) were 

also examined. Resultant plates from the assay (left) were stained with 0.5% crystal 

violet and quantified. Except for GFP-TREX1(D18N) which was previously obtained 

from Addgene, the other proteins were FLAG-tagged.  Controls represent empty vector 

(FLAG-tag backbone) used in the co-transfection with the L1 plasmid. For statistics, a 

one-way ANOVA was used, with Tukey’s multiple comparison test (n=3). ****P<0.0001 
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While L1 is active in mammals, related endogenous retroelements exist in other 

metazoan lineages. For example, the related LINE-2 (L2) elements are active in 

echinoderms and teleost fishes, but not mammals (Lindič et al., 2013; Lovšin et al., 2001; 

Shao et al., 2019). Several teleost LINE elements have been characterized (Shen et al., 

2006). I wanted to determine if zfPlex9 and sgPml proteins could suppress these active 

L2 elements. Neomycin-based retrotransposon reporters encoding teleost L2s were used 

for this purpose (zfL2-1, zfL2-2 and UnaL2) (Lindic et al., 2013). Ray-finned zfPlex9.1, 

zfPlex9.2, and sgPml potently suppressed the retrotransposition of both zfL2-1 and zfL2-

2 (Figure 2.14A and Figure 2.14B). Amphibian axTREX1 and axTREX2, also 

suppressed the teleost L2 elements like the Plex9 proteins (Figure 2.14A and Figure 

2.14B). However, again, the truncated axTREX3 protein had no effect on L2 suppression 

(Figure 2.14A and Figure 2.14B). Human TREX1, although capable of suppressing 

zfL2-1 and zfL2-2, was not as efficient at suppressing these L2 elements compared to the 

teleost Plex9 proteins, suggesting a degree of species tropism between DEDDh 

exonucleases and their target retroelements. Therefore, it appears that Plex9 and TREX1 

orthologs broadly inhibit LINE retroelements, including L2 elements found in other 

vertebrate species.  
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Figure 2.14. Plex9, TREX1 and sgPml also restrict zebrafish LINE-2 

retrotransposition. Retrotransposition activity of zebrafish L2 elements were also 

assessed in (A) zfL2-1 and (B) zfL2-2 as described in Figure 2.13. Retrotransposition of 

the different zebrafish L2 reporter plasmids was assessed with the co-expression of the 

FLAG-tagged versions of indicated proteins. Except for GFP-TREX1(D18N) which was 

previously obtained from Addgene, the other proteins were FLAG-tagged.  Controls 

represent empty vector (FLAG-tag backbone) used in the co-transfection with the L1 

plasmid. For statistics, a one-way ANOVA was used, with Tukey’s multiple comparison 
test (n=3). ****P<0.0001  
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2.3.6. zfPlex9.1 and axTREX1 complement human TREX1 KO cells and suppress cGAS-

STING 

I next sought to determine if the Plex9 proteins could functionally complement 

the increase in L1 activity previously demonstrated for TREX1 loss in human cells (Li et 

al., 2017a; Stetson et al., 2008). Thus, I generated a TREX1 knockout (KO) U2OS line 

for these experiments (Figure 2.4). As expected, TREX1 KO led to a significant increase 

in human L1 retrotransposition, which was reversed by the overexpression of FLAG-

TREX1 or GFP-TREX1(D18N) (Figure 2.15A). Consistent with being true TREX1 

orthologs in axolotl, the axTREX1 and axTREX2 proteins encoding full-length DEDDh 

domains also successfully inhibited L1 retrotransposition when over expressed in TREX1 

KO U2OS cells (Figure 2.15A). The ectopic expression of zfPlex9.1 and zfPlex9.2 also 

significantly reduced human L1 retrotransposition in the TREX1 KO cell line (Figure 

2.15A). Thus, zfPlex9.1 and zfPlex9.2 have a similar convergent function to TREX1 with 

respect to suppression of LINE retroelements.  

TREX1 inhibits the production of 2’,3’-cGAMP by CGAS after L1 activity 

occurs (Gao et al., 2015). There was a significant increase in 2’,3’-cGAMP caused by 

TREX1 loss with the transfection of the L1 plasmid (Figure 2.15B). The observed 

increase in  2’,3’-cGAMP in TREX1 KO cells could be reversed by the addback of 

zfPlex9.1 and axTREX1 (Figure 2.15B). Together, these results are consistent with an 

early role for TREX1 in the suppression of L1 activity in amniotes, and that in species 

that lack TREX1 such as zebrafish and other ray-finned fish, Plex9 proteins converged in 

function to similarly suppress L1 retroelements and downstream cGAS-STING 

signalling. 
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Figure 2.15. Plex9 proteins can compensate for TREX1 loss to suppress L1 and 

cGAS activity. (A) Retrotransposition activity was elevated in TREX1 knockout cells and 

addback of the zfPlex9.1 and zfPlex9.2, as well as axTREX1 and axTREX2, reversed this 

phenotype (n=3). (B) 2’,3’-cGAMP levels in U2OS WT and TREX1 knockout cells after 

the transfection of an empty vector and the human L1 vector (n=3). 2’,3’-cGAMP 

concentrations were normalized to cell number for each experiment. Except for GFP-

TREX1(D18N) which was previously obtained from Addgene, the other proteins were 

FLAG-tagged.  Empty vector represents the empty FLAG-tag vector used in the co-

transfection with the L1 plasmid. For statistics, a one-way ANOVA was used, with 

Tukey’s multiple comparison test. ****P<0.0001, *P<0.05 
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2.4 Discussion 
 

The widely distributed DEDDh exonucleases play important roles in DNA 

replication, DNA repair, RNA maturation, and RNA turnover (Cheng et al., 2018; Hsiao 

et al., 2012; Yang, 2011; Zuo & Deutscher, 2001). Here, I describe and characterize the 

teleost Plex9 proteins as a novel subfamily of DEDDh exonucleases that have converged 

on a similar function in L1 suppression and micronuclei clearance to TREX1 (Figure 

2.12 and Figure 2.15). While amniote PML orthologs do not encode a DEDDh 

exonuclease, that fish Pml orthologs are predicted to be active exonucleases. Importantly, 

the Plex9 proteins are not evolutionarily related to the emergence of TREX1 orthologs in 

amniotes, rather they are most likely derived from a separate progenitor PML-like 

exonuclease. The Plex9 proteins, however, fill an important gap in what is known 

regarding cGAS-STING evolution as they seem to play the role of TREX1 as suppressors 

of cGAS-STING in Teleost fish cells. In addition, they can perform other known 

mammalian TREX1 functions such as micronuclei clearance and L1 suppression (Figure 

2.12 and Figure 2.14). Considering that the Plex9 proteins have a different origin from 

TREX1, they appear to be a convergently evolved solution to regulating the conserved 

cGAS-STING pathway in fish. The evolution of suppression machinery in host cell 

immune signalling pathways is critical for the prevention of sustained immune signalling 

and damaged inflammation.  

In addition to characterizing the Plex9 enzymes, orthologs of PML in fish were 

identified that are predicted to be DEDDh exonucleases. Previously, it was suggested that 

human PML-I encodes an exonuclease-fold in its C-terminus (exon 9) but there has been 

no demonstration of enzymatic activity and catalytic residues appear to be mutated 
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(Condemine, Takahashi, Le Bras, & de Thé, 2007). However, sgPML functions in the 

suppression of LINE-1 retroelements akin to Plex9 enzymes that were characterized 

(Figure 2.14). It appears that sgPML and Plex9 enzymes share functions owing to their 

similar DEDDh domains. Thus, our work describes two new related DEDDh 

exonucleases, PML and Plex9 enzymes, in fish, that warrant further investigation. 

In mammals, L2 retroelements are no longer active but they are still present and 

active in the genomes of other vertebrate species, including the zebrafish. Two known 

zebrafish L2 retroelements, zfL2-1 and zfL2-2 have been well-characterized and differ in 

terms of their mechanisms behind retrotransposition. However, a unique difference 

between zfL2-1 and zfL2-2 is that the shorter zfL2-2 sequence only encodes ORF2p and 

not ORF1p (Hayashi et al., 2014; Sugano et al., 2006). Zebrafish Plex9.1 and human 

TREX1 were both capable of suppressing these zfL2-2 (Figure 2.14). Such cross-species 

restriction of retroelement has been shown before using the reptilian APOBEC protein 

(Lindič et al., 2013). Currently, the mechanism behind how TREX1 restricts LINE-1 

retrotransposition is reliant on its targeting of ORF1p for degradation through the 

ubiquitin-proteasome system, which occurs in an exonuclease-independent manner (Li et 

al., 2017a). However, considering that zfL2-2 only encodes ORF2p for retrotransposition, 

it suggests that TREX1 and the Plex9.1 DEDDh exonucleases have a secondary 

mechanism that allows them to suppress retrotransposition in a ORF1p-independent 

manner. It is possible that these DEDDh exonucleases also interact with ORF2p from 

these LINE retroelements or target the L1 mRNA for inhibition. Supporting the latter 

possibility is the notion that the TREX1-ORF1p interaction was contingent on binding to 

RNA (possibly L1 mRNA) (Li et al., 2017a). The broad and constantly evolving nature 
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of the self-propagating retroelements supports the notion of these DEDDh exonucleases 

having multiple mechanisms for suppressing retrotransposition.  

The clearance of ruptured micronuclei by TREX1 relies on its localization to the 

ER, where ER tubules invade the ruptured micronuclei to promote TREX1 digestion and 

prevent cGAS activation (Mohr et al., 2021a). The hydrophobic C-terminus domain of 

TREX1 is 72 amino acids and required for its localization to the ER (Orebaugh et al., 

2013). It is commonly mutated in AGS, where mislocalization of TREX1 prevents its 

regulation of cGAS (Mohr et al., 2021b; Orebaugh et al., 2013). However, the ER-

resident zfPlex9.1 lacks a similar C-terminal domain for localization to the ER (Figure 

2.11). It will be intriguing to uncover the unique trafficking of zfPlex9.1 to the ER, which 

likely contributes to how it clears micronuclei akin to TREX1. 

While this work establishes Plex9 as a regulator of cGAS-STING and LINE 

retrotransposition, it did not explore the role of the protein in DNA repair. TREX1 has 

recently been shown to be involved in both nucleotide excision repair and base excision 

repair. TREX1 can clear intermediates formed during base excision repair or the small, 

excised damage-containing nucleotides in nucleotide excision repair (Kim et al., 2022; 

Wei et al., 2022; Yang et al., 2022). Nucleotide excision repair and base excision repair 

are highly conserved pathways in vertebrate species (Krokan & Bjørås, 2013; Schärer, 

2013). It is possible that the Plex9 proteins also contribute to these two repair pathways in 

zebrafish considering their ability to degrade ssDNA and dsDNA (Kim et al., 2022; Wei 

et al., 2022; Yang et al., 2022). Future examination of Plex9 enzymes may reveal that 

they contribute to DNA repair processes in fish, as another way to contribute to genome 

stability. 
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Chapter 3 – PML emerged as a cytoplasmic 

regulator of LINE-1 
 

 

This chapter contains material (sections 3.2, 3.3, 3.4, Figures 3.4-3.12) originally 

published in one manuscript:  

“Mathavarajah, S., Vergunst, K.L., Habib, E.B., Williams, S.K., He, R., Maliougina, M., 

Park, M., Salsman, J., Roy, S., Braasch, I., Roger, A.J., and Dellaire, G. 2023. PML and 

PML-like exonucleases restrict retrotransposons in jawed vertebrates. Nucleic Acids 

Research, 51(7), pp.3185-3204.” 

 

3.1 Introduction 

 

3.1.1 SUMOylation pathway and PML 

PML NB biology is intertwined with SUMOylation and is often considered a 

nuclear hub for SUMO modification and interactions. SUMOylation is a post-translation 

modification where there is covalent attachment of SUMO, of which there are 5 paralogs 

in primates (SUMO1-5) (Celen & Sahin, 2020; Flotho & Melchior, 2013; Y. C. Liang et 

al., 2016; Varejao et al., 2020). SUMO proteins are part of the Ubiquitin-like protein 

family and have similar structures but share little sequence identity (~20%) to ubiquitin 

(Celen & Sahin, 2020). SUMO-2/3 are 95% identical and often described together since 

they cannot be identified separately (Varejao et al., 2020). In contrast to SUMO1 and 

SUMO2/3 that are ubiquitously expressed in cells, the expression of SUMO4 and 

SUMO5 is restricted to specific tissues (SUMO4, liver; SUMO5, lung and spleen) 

(Bohren et al., 2004; Y. C. Liang et al., 2016; Varejao et al., 2020). SUMO conjugates 

are added to target proteins at lysine residues, typically at the following consensus motif 
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characterized by a hydrophobic residue, target lysine and an acidic residue (ψKxE/D) 

(Zhao et al., 2014). However, numerous non-canonical motifs also exist for SUMO 

conjugation. The SUMOylation pathway resembles the NEDDylation and Ubiquitination 

cycles, where there are E1 (UBA2), E2 (UBC9) and E3 enzymes (e.g., PIAS1) that 

process the SUMO peptide and transfer it for conjugation to a desired protein (Kim et al., 

2002). Similarly, there are deSUMOylation pathways in place to remove the SUMO 

moiety from a target protein. 

The differences between SUMO1 and SUMO2/3 allow for diversity between 

SUMOylated targets that extends past merely different SUMO-conjugations occurring 

via paralogs. SUMO2/3 have the capacity for polymeric branching as they have internal 

lysine residues (K7, K21 and K33) that can serve as attachment sites (akin to ubiquitin) 

(Hendriks et al., 2014) (Tatham et al., 2001). Whereas SUMO1 lacks internal attachment 

sites and typically serves as the termination residue or for mono-SUMOylation of targets 

(Sahin et al., 2022). However, in some stress responses, SUMO1 branching has been 

observed but the mechanisms and functions of poly-SUMO1 branching is unknown 

(Hendriks et al., 2018; Matic et al., 2010). Thus, these paralogs allow for complex SUMO 

branching patterns that can entirely shift target protein conformations and their 

accessibility to substrates and/or interactors.  

PML NBs are formed through SUMOylation, with monomers being SUMO-

modified and interacting with SIMs of other monomers (as reviewed in Section 1.2). The 

full-length PML-I and PML-IV monomer has the potential for SUMOylation at 8 sites 

(K65, K160, K226, K380, K400, K490, K497, K616) and a SIM (Nisole et al., 2013). 

The SIM is only present on isoforms PML-I to PML-IV, as the SIM hydrophobic core 
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“VVVI” is encoded by exon 7a (residues 556-559) (Nisole et al., 2013). One 

SUMOylation site, K616 is only present on PML-I and PML-IV (Schilling et al., 2017). 

Three major SUMOylation sites (K65, K160, and K490) have canonical SUMOylation 

motifs (ψKxE/D; or the inverted E/DKxψ) and are located within the RING-finger, B1 

box, and Nuclear Localization Sequence (NLS) (Da Silva-Ferrada et al., 2012; Kamitani 

et al., 1998). SUMOylation of PML can either regulate its assembly or degradation based 

on the residue modified (Figure 3.1).  
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Figure 3.1. Regulation of PML by SUMOylation at different lysine residues. PML 

can be regulated by SUMOylation at different residues. K65 and K160 are normally 

polySUMOylated and this triggers ubiquitination by RNF4 to consequently send PML for 

degradation by the ubiquitin-proteasome system. In contrast, the mono-SUMOylation of 

K490 (SUMO-1 conjugation) promotes the assembly of NBs. Finally, there is another 

validated site, K616, that is polySUMOylated but its functions and regulation is 

unknown.  
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SUMOylation of K490 is regulated by RanBP2 and promotes PML NB assembly 

and consequent maintenance (Cheng & Kao, 2012; Zhong et al., 2000). The 

SUMOylation at site K490 has an additional layer of regulation as it is mutually 

exclusive with acetylation at K487 and requires the actions of deacetylases SIRT1 and 

SIRT5 prior to SUMOylation (Guan et al., 2014). In contrast, SUMOylation at K65 and 

K160 by PIAS1 promotes PML degradation (El McHichi et al., 2010). The degradation 

of polySUMO-modified PML, which can occur after ATO treatment or in response to 

TGF-β (discussed in Section 1.5.1), occurs via poly-SUMO-specific E3 ubiquitin ligase 

RNF4 that ubiquitinates PML for degradation via the UPS (El-Asmi et al., 2019; Valérie 

Lallemand-Breitenbach et al., 2008; Sun et al., 2007; Michael H Tatham et al., 2008). 

Intriguingly, ATO treatment causes SUMO switching where K65, which is usually 

conjugated to SUMO2 (capable of branching), is first deconjugated and then conjugated 

to SUMO1, and K160 preferentially becomes polySUMOylated for RNF4-binding and 

consequent degradation (Fasci et al., 2015). Another regulatory layer to the degradation 

of PML is that CK2 mediates direct phosphorylation of PML at Ser517, which further 

promotes the degradation of SUMO-modified PML (Scaglioni et al., 2006). Depending 

on the PML isoform and its length, different SUMOylation sites are present for 

conjugation, and then can affect how the different isoforms are regulated or contribute to 

PML NB assembly or degradation. In addition to these SUMOylation sites, there are 5 

other sites (K226, K380, K400, K497, K616) that were identified by SUMO-targeted 

proteomics, but they are poorly understood in terms of their regulation and function 

(Galisson et al., 2011; Vertegaal et al., 2006). However, K380, K400 and K497 (as well 

as K160 and K490) can be conjugated to the recently identified SUMO5 isoform which 
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promotes NB assembly (Y.-C. Liang et al., 2016). However, PML K616 was validated as 

a unique modification that occurs in PML-I and PML-IV isoforms during herpes simplex 

virus type 1 infection but how it contributes to isoform-specific function is unknown 

(Cuchet-Lourenço et al., 2011). 

The SUMO-PML mesh formed from SUMOylation begins to act as a hub for 

other proteins that are (1) already modified proteins that interact via their SUMO 

conjugate with the PML-SIM and (2) unmodified proteins that interact via their own 

SIM. Once recruited to PML NBs, other regulatory factors may modify target proteins for 

post-translational modifications or to facilitate interactions. The SUMOylated PML-SIM 

interaction is best illustrated with Death Domain Associated protein (DAXX), that has 

been well-studied as a PML NB localizing factor that has a SIM. DAXX first is recruited 

to PML bodies through its SIM, which is regulated by phosphorylation by CK2 (residues 

Ser737 and Ser739) (Chang et al., 2011). The negatively charged SIM results in a higher 

affinity for DAXX towards SUMO1 versus SUMO2/3, resulting in an interaction 

between SUMO1 conjugated PML and DAXX (Chang et al., 2011). Then, at bodies, 

DAXX is also conjugated to SUMO1, and the modified form is then capable of 

interacting with new proteins (such as the SUMOylated glucocorticoid receptor) (Drane 

et al., 2010; Ishov et al., 1999). In addition, DAXX can then contribute to H3.3 

deposition and ultimately chromatin assembly (which occurs with ATRX, another PML 

NB component) at the correct stage of the cell cycle and at heterochromatin (dictated by 

PML NBs) (Drane et al., 2010; Salomoni, 2013; Shastrula et al., 2019). The dynamics 

between DAXX and PML NB illustrate how different nuclear proteins can be regulated 

by PML NBs via the SUMOylation pathway. Thus, PML NBs through their orchestration 
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of nuclear SUMOylation events dictate protein–protein interactions, change protein 

intracellular localization, or directly modify activities resulting in changes in 

transcription, replication, chromatin assembly, and DNA repair. 

 

3.1.2 Genome stability, the DNA damage response, and the role of PML NBs 
 

3.1.2.1 Mechanisms maintaining genome stability 

 

Genome stability refers to the error-free preservation of genetic material by 

organisms by both germline and somatic cells (Dion-Cote & Barbash, 2017). Organisms 

constantly experience stress from the external environment in the form of exogenous 

genotoxic agents such as ultraviolet light, oxidative stress, radiation, and chemical 

mutagens. Then, internal kinks in their own genetics can manifest itself in disease and 

aging through various molecular events such as mitochondria dysfunction or dysregulated 

retroelement expression. DNA damage events are not rare and in fact, each of the ~1013 

cells in a human body receives tens of thousands of DNA lesions per day (Jackson & 

Bartek, 2009). After DNA damage, there are several important decisions that the cell can 

make which includes halting cell cycle progression, attempting DNA repair, and 

initiating senescence or cell death (apoptosis, pyroptosis, and necroptosis) pathways 

(Rodier et al., 2009; Roos & Kaina, 2006; von Zglinicki et al., 2005; X. P. Zhang et al., 

2010; Zhou & Elledge, 2000).  

If DNA repair is chosen, a network of proteins assembles to maintain homeostasis in 

response to DNA damage, and this is collectively referred to as the DNA damage 

response (DDR) pathway. The main steps of the DDR involve (1) the initiation signal and 
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the sensing of damage, (2) recruiting repair factors for the specific type of damage and 

(3) carrying out repair (Chatterjee & Walker, 2017; Hakem, 2008; Jackson & Bartek, 

2009; Ranjha et al., 2018). Different errors are repaired using the major repair pathways 

such as non-homologous end joining (NHEJ), mismatch repair (MMR), homologous 

recombination (HR), base-excision repair (BER), and nucleotide excision repair (NER) 

(Hakem, 2008). These pathways are extensive and require a vast number of known and 

unknown proteins, with the DDR involving at least 450 proteins, to carefully orchestrate 

the repair of DNA damage and maintain a stable genome (Jackson & Bartek, 2009; Pearl 

et al., 2015). Impairment in the DDR causes numerous forms of cancer, autoimmune 

disease, and neurodegenerative disease (Jackson & Bartek, 2009).   

 

3.1.2.2 DNA damage response (DDR) 

DNA damage is sensed with specificity towards the type of damage that occurred. 

One catastrophic result of damage is a double-stranded break (DSB), and this is sensed 

by the MRN complex (MRE11-RAD50-NBS1) (Bian et al., 2019; Iijima et al., 2008; 

Lavin et al., 2015; Syed & Tainer, 2018). The MRN complex also detects collapsed 

replication forks and the dysfunction of telomeres (Bian et al., 2019; Iijima et al., 2008; 

Lavin et al., 2015; Syed & Tainer, 2018). The complex recruits ATM (ataxia-

telangiectasia mutated), a serine/threonine kinase, to phosphorylate γH2A.X (a variant 

histone) at Ser-139 (Collins et al., 2020). The phosphorylation of γH2A.X serves as a 

landmark for repair factors and indicates where the DSB occurred (Collins et al., 2020; 

Palla et al., 2017; Podhorecka et al., 2010; Sharma et al., 2012). Subsequently, a “repair 
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foci” will form, where numerous proteins are recruited to facilitate DNA repair at the site 

of damage.  

Similar sensors and recruitment strategies exist for other forms of DNA damage, 

such as ATRIP (Single-stranded DNA bound to RPA at damage sites; recruitment of 

ATR), Ku70/Ku80 (DSB), SOSS1/2 (Single-stranded DNA at breaks), DDB1/2 (bulky 

lesion) and DNA glycosylase (non-bulky lesion) (Jin & Weaver, 1997; Mullins et al., 

2015; Nam & Cortez, 2009; Scrima et al., 2008; Zou & Elledge, 2003). While these 

descriptions delineate the sensors, there is overlap in terms of their sensing and functions 

within different repair pathways. The transduction of the DDR pathway is driven by 

phosphorylation cascades, where the three central serine/threonine kinases ATM, ATR 

and DNA-PKcs (belonging to phosphatidylinositol-3-kinase-like kinase family) 

coordinate these events (Blackford & Jackson, 2017; Burger et al., 2019; Lempiainen & 

Halazonetis, 2009; Lovejoy & Cortez, 2009; Marechal & Zou, 2013; Menolfi & Zha, 

2020).  

ATM and ATR are highly conserved in eukaryotes and have distinct roles: (1) 

ATM primarily senses DSBs and (2) ATR senses DNA cross-links, base modifications, 

and stalled replication forks (Marechal & Zou, 2013). However, it is important to note 

that there is overlap between the kinases in terms of their associated pathways, such as 

both kinases regulating cell cycle checkpoint associated proteins (Marechal & Zou, 

2013). ATM and ATR are master regulators that phosphorylate hundreds of target repair-

associated proteins (Beli et al., 2012; Bensimon et al., 2010; Matsuoka et al., 2007; 

Smolka et al., 2007; Stokes et al., 2007). Whereas, DNA-PKcs specifically phosphorylate 

machinery associated with NHEJ (Yue et al., 2020). All these transducers are activated in 
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response to both DNA breaks and various genotoxic stresses to maintain genome 

integrity by initiating DNA repair. Then, in a second wave of phosphorylation, ATM and 

ATR target cell fate regulators such as p53, Chk1, Chk2 and MK2 protein kinases to 

enact apoptosis, cell cycle arrest, and the suppression of DNA replication (Marechal & 

Zou, 2013; Ronco et al., 2017). Therefore, the functions of ATM, ATR and DNA-PKcs 

connect the DNA repair pathways to numerous cell fate decisions. 

 

3.1.2.3 PML NBs coordinate the DNA damage response 

PML NBs contribute to the DDR as both a sensing factor and by helping 

orchestrate the repair response. Dellaire et al., showed that PML NBs are more than just 

passive accumulations of SUMO-modified nuclear proteins (Dellaire, Ching, et al., 

2006). During both the early phases of S-phase (where chromatin topology changes) and 

when DNA breaks are introduced, PML NBs lose their radial symmetry and integrity and 

become fragmented microbodies via a fission mechanism (Figure 3.2) (Dellaire, Ching, 

et al., 2006). Electron microscopy studies have shown that PML NBs make extensive 

contact with chromatin and respond to changes in chromatin tensegrity (a factor of 

compression and tension) after DNA damage result in changes to NB integrity (Aranda-

Anzaldo, 2016; Eskiw et al., 2004). Intriguingly, the formation of microbodies does not 

occur when repair factors are inhibited, such as NBS1 or the checkpoint kinases ATM, 

CHK2, and ATR (Dellaire, Ching, et al., 2006).  
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Figure 3.2. PML NBs maintain genome stability by contributing to the DNA damage 

response. PML NBs respond to DNA damage by forming microbodies in response and 

increasing in number within the nucleus. These damage-responsive foci promote repair 

foci formation, the recruitment of repair factors and control the gene expression of repair 

factors such as TOBP1. These different roles for PML NBs contribute to how they 

regulate the DNA damage response.  
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In most reports and with work done in the Dellaire lab, PML NBs are typically 

juxtaposed to repair foci versus directly co-localizing – except for with persistent damage 

foci formed from ionizing radiation (Vancurova et al., 2019). However, these repair-foci 

adjacent PML NBs are important for efficient DNA repair. The disruption of PML NBs 

delays the DDR, with the timing of γ-H2AX phosphorylation and activation of ATM 

being slowed (di Masi et al., 2016). PML NB proximity to DNA breaks directly affects 

HR efficiency and the loss of NBs results in impaired HR (Attwood et al., 2020). These 

PML microbodies formed from DNA damage colocalize with different factors associated 

with the DDR such as the DSB sensor MRE11A (part of the MRN complex), the SUMO-

modified 53BP1, a topoisomerase IIβ-binding protein TOPBP1 and BLM (Bøe et al., 

2006; Galanty et al., 2009; Patel et al., 2017; Vancurova et al., 2019; Xu et al., 2003; 

Zhong et al., 1999). In addition, there are feedback loops existing between PML NBs and 

localizing repair factors that regulate their gene expression, such as TOPBP1, as its 

expression is PML-dependent (Xu et al., 2003).  Typically, PML NBs are proteinaceous 

and lack nucleic acids, but the ones associated with repair are active with DNA 

metabolism occurring as they accumulate ssDNA in response to DNA damage (Bøe et 

al., 2006; Boisvert et al., 2000). When PML NBs are lost, cells experiencing DNA 

damage are halted from S-phase or sensitized for apoptosis (Bøe et al., 2006).  

PML NBs therefore contribute to the expression, subcellular localization, and 

function of these different repair factors. It is likely that PML contributes to the 

efficiency and regulation of DNA repair events by modulating the recruitment and 

removal of various proteins at foci by facilitating different post-translation modifications. 

Thus, PML NBs are important contributing factors to how cells respond to DNA damage 
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as an accessory subnuclear compartment, which creates a local spatiotemporal niche for 

the required factors to contribute to repair. 

 

3.1.3 Cytoplasmic PML 

“Nuclear” PML bodies have been well-studied and attributed numerous cellular 

functions, but the PML protein has also been reported in the cytoplasm. The concept of 

PML in the cytoplasm is debated as it has been difficult to reproduce results and 

characterize the mechanisms behind its shuttling from the nucleus. However, there is a 

nuclear export sequence (NES) encoded uniquely in the PML-I isoform sequence (amino 

acids 704–713 encoded by exon 9) (Nisole et al., 2013).  The identified NES is a 

Chromosome region maintenance 1 (CRM1) recognition site, a protein that functions as 

the most general and prevalently used receptor for nucleocytoplasmic shuttling (Fung & 

Chook, 2014). PML was shown to be a CRM1-interacting protein from mass 

spectrometry studies but additional evidence validating the interaction or the 

requirements for PML shuttling has not been demonstrated (Buczek et al., 2016b). 

The strongest evidence for the presence of cytoplasmic PML is during viral 

infection, where HIV infection results in PML redistribution to the cytoplasm (Figure 

3.3) (Turelli et al., 2001). The shuttling event observed during HIV infection could be 

blocked by treatment with a CRM1 inhibitor, Leptomycin B (Turelli et al., 2001). The 

shuttling response directly relates to the cell’s capacity to fight the virus as the PML 

knockdown has been shown to increase HIV infectivity in cells (Kahle et al., 2015).  
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Figure 3.3. Evidence behind cytoplasmic PML and the associated pathways. The 

presence of PML in the cytoplasm is a controversial topic with difficulty in reproducing 

results and the mechanism behind shuttling being unknown. However, there are certain 

stimuli that trigger PML shuttling to the cytoplasm such as EMT and the antiviral 

response. There are also PML structures known as MAPPs that persist in the cytoplasm 

in early G1 after mitosis that can be considered “cytoplasmic” PML. Finally, there is a 
PML isoform, PML-VII that also is found in the cytoplasm and a product of alternative 

splicing as it does not encode the required NLS for nuclear localization. 
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Intriguingly, a PML isoform has been suggested as a cytoplasmic localizing 

protein, PML-VII, that lacks exons 5 & 6.  PML-VII is only 435 amino acids in length 

and lacks an NLS (encoded on exon 6). The isoform has shown to repress HSV-1 

infection by sequestering the viral protein ICP0 in the cytoplasm (McNally et al., 2008). 

Intriguingly, ICP0 targets PML-I for degradation, another isoform with putative 

cytoplasmic localization with unknown function (Cuchet-Lourenço et al., 2012). It is 

possible that the evolution of some PML isoforms by host cells was a consequence of 

different isoforms being able to curb virus infection. However, it is currently unknown if 

PML-VII contributes to PML-I stability during HSV-1 infection by preventing ICP0 

degradation.  

There have also been reports on cytoplasmic PML contributing to Transforming 

growth factor Beta (TGF-β) signalling. TGF-β signalling regulates multiple distinct 

cellular processes such as apoptosis, cell proliferation, cell plasticity, and migration 

(Massague, 2012). The effects of TGF-β signalling differ depending on the cellular 

context. The binding of TGF-β to target receptors leads to the activation of Suppressor of 

Mothers against Decapentaplegic transcription factors (SMADs) that induce the gene 

expression of target genes (Derynck & Zhang, 2003). Importantly, the signalling pathway 

is essential for the transdifferentiation of epithelial cells to mesenchymal cells (EMT, 

epithelial to mesenchymal transition) that promote tumour cell metastasis in cancer 

(Kubiczkova et al., 2012; Valcourt et al., 2005). Groups have reported that TGF-β 

treatment also induces the expression of cytoplasmic PML, which is required for SMAD 

activation and translocation to the nucleus (Lin et al., 2004). Interestingly, the PML 

protein was shown to interact with SMAD2/3 and SARA (Smad anchor for receptor 
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activation) (Lin et al., 2004). However, the pool of cytoplasmic PML involved in this 

TGF-β response localize to the early endosome, which has also been observed in 

untreated early G1 phase cells prior to the reformation of the nuclear envelope, the 

MAPPs (Dellaire, Eskiw, et al., 2006; Palibrk, Lång, et al., 2014). It is likely that the 

cytoplasmic PML protein contributes to SMAD regulation are not shuttled protein but 

rather MAPPs (discussed in Section 1.4.3) that occur during mitosis and persist to the 

early G1 phase. However, further examination is required to determine the origins of 

cytoplasmic PML regulating SMADs. 

 In addition, follow-up work has shown that in prostate cancer cells, PML can be 

identified in the cytoplasm, and this contributes to EMT (Buczek et al., 2016b). However, 

the Dellaire lab has been unable to replicate these results in the same prostate cancer lines 

using multiple validated antibodies and fluorescently tagged PML protein (unpublished). 

Groups have also had success studying cytoplasmic PML as a regulator of cell death, 

where it contributes to death-induced calcium flux as an ER-localizing protein (Bellodi et 

al., 2006; Giorgi et al., 2010; Wang, Ruggero, et al., 1998). However, this work was 

facilitated by fusion PML protein designed to localize to the ER (i.e., with an ER-

localizing sequence that is not present in the PML sequence). Without endogenous PML 

studies in this context, it is hard to weigh the contribution of cytoplasmic ER-localizing 

PML to cell death versus the overarching function of PML NBs (via p53 and other target 

proteins). Therefore, despite all the work on PML and its function in the cytoplasm, aside 

from a clear role established during viral infection, its (i) nucleocytoplasmic shuttling, (ii) 

function in the cytoplasm and (iii) contribution to pathway regulation all remain an 

enigma.  
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3.2 Materials and Methods 
 

3.2.1 Plasmid construction 

RNA isolated from the tissue of each species was used for cloning the spotted gar 

pml. Two gar individuals were raised as described in Darnet et al. (2019) to a total length 

of ~30cm, euthanized with a lethal dose of MS-222 (Sigma); then tissues (muscle, gills, 

intestine, liver, brain, spleen, heart, gas bladder) were dissected, and stored in RNAlater 

(Ambion) (Darnet et al., 2019). A caudal fin clip was stored in 95% ethanol. From the 

available tissue, expression of sgpml was highest in the spleen and thus this was utilized 

for downstream cloning. Synthetic genes coding for spotted gar PML-CDE (Ala497–

Glu766; Ensembl: ENSLOCG00000014935; NCBI: XP_015199146.1) was purchased 

(BioBasic Inc) and ligated into a modified pET21 expression vector that contained 

upstream sequences coding for a hexahistidine tag (H), maltose binding protein (M), and 

tobacco etch virus protease recognition sequence (T) to create pHMT-sgPml-CDE, 

respectively.The fidelity of all plasmids was verified by sanger sequencing (Eurofins 

Genomics). 

Quail RNA for quail PML cDNA was isolated from a pellet of QM5 cells (quail 

muscle 5 cells). The RNeasy (Qiagen) kit was used for all extractions, according to the 

manufacturer’s instructions. The cDNAs were prepared using the SuperScript™ IV One-

Step RT-PCR System (Invitrogen) and sequenced prior to subcloning into indicated 

vectors. These coding gene sequences were all cloned into CMV-based FLAG-tagging 

and Clover-tagging vectors (CMV-FLAG-J1 and CMV-Clover-J1; derived from 

commercially available vectors pEGFP-C1 and pEGFP-N1; Clontech). 
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For Polyodon spathula (NCBI: XP_041075354) and Terrapene carolina triunguis 

(Ensembl ID: ENSTMTG00000003177, NCBI: XP_024070906.1) PML coding gene 

sequence DNA was synthesized through gBlocks™ Gene Fragments in two parts 

(Integrated DNA Technologies). Overlap extension PCR was utilized to generate the full 

sequence, which was then cloned into the CMV driven FLAG-tag vectors used for the 

other coding sequences.  

Human PML-I K616A was generated using the Q5® Site-Directed Mutagenesis 

Kit (E0554S) and cloned with the CMV driven FLAG-tag vector. Template PML-I 

cDNA was sequence verified and previously published on (Attwood et al., 2020). The 

same sequence was used to generate the PML mutants lacking (N-terminal RBCC 

sequence only) or encompassing the CDE (aa positions 596-882) and tagged with both an 

SV40 NLS and the PML-I NES at the N-terminus. The localizations of these different 

mutants were assessed and confirmed prior to the usage of the sequences for the LINE-1 

assay (Figure 3.4). 
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Figure 3.4. Subcellular localizations of human PML, mutants and orthologs utilized 

in LINE-1 assay. Localizations of FLAG-tagged PML isoforms, mutants and orthologs 

in U2OS cells. Cells were transfected with the different vectors encoding FLAG-tagged 

proteins. Scale bars represent 10 μm. 
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3.2.2 Protein expression and purification of sgPml-CDE 

BL21(DE3) E. coli (New England BioLabs Inc.) were transformed with pHMT-

sgPml-CDE. Transformed cells were grown in LB media to an OD600 of ~0.6, after which 

protein expression was induced with 0.5 mM IPTG.  After overnight expression at 20 °C, 

cells were resuspended in lysis buffer: 20 mM Tris pH 8, 500 mM NaCl, 5 mM BME, 

lysed by sonication, and clarified by centrifugation (25,000 × g for 20 min at 4 °C). The 

supernatant was loaded onto an amylose chromatography column (New England BioLabs 

Inc.), washed with lysis buffer, and eluted with lysis buffer containing 10 mM maltose. 

The protein was then incubated with TEV protease overnight with concurrent overnight 

dialysis at 4 °C against dialysis buffer: 20 mM Tris pH 8, 250 mM NaCl, 5 mM BME. 

After cleavage, exonuclease domains were isolated using Ni2+ affinity chromatography 

and then purified after being diluted 5-fold with 20 mM MES (2-(N-morpholino) 

ethanesulfonic acid) pH 6, 5 mM BME and purified by cation exchange chromatography 

(HiTrapTM SP HP, cytiva).  Purifications were monitored by SDS-PAGE and UV/Vis 

absorbance using a predicted extinction coefficient at 280 nm of 18450 M-1cm-1. These 

purifications were done by the Langelaan lab.  

 

3.2.3 In vitro exonuclease assays 

Exonuclease reactions (40 µL) contained 500 nM 5’-6-FAM labeled 

oligonucleotide (ssDNA: 5’-ATACGACGGTGACAGTGTTGTCAGACAGGT-3’or 

dsDNA pseudo-palindrome: 5’-TCACGTGCTGAC/GTCAGCACGACG-3’), 20 mM 

Tris pH 7.5, 2 mM dithiothreitol, and 100 μg/mL BSA. For metal specificity assays the 

reactions contained 625 nM of sgPml-CDE and 2 mM metal (MgCl2, MnCl2, ZnSO4, or 
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CaCl2) or 10 mM EDTA. Exonuclease titration assays contained 4.9–625 nM of 

zfPlex9.1 or zfPlex9.1 (D61N) and 5 mM MgCl2. Reactions were allowed to proceed for 

20 min at room temperature and then quenched with 3 volumes of 100% ethanol, dried 

via speed vac, resuspended in 10 μL formamide, resolved by urea PAGE (19% 29:1 

acrylamide and 7 M urea in TBE), and visualized using a fluorescence imager 

(VersaDoc). These exonuclease assays were done by the Langelaan lab. 

 

3.2.4 Cell culture 

PML CRISPR/Cas9 KO lines, both immortalized NHDF and U2OS, were 

previously generated and characterized (Attwood et al., 2020). U2OS osteosarcoma cell 

lines (parental U2OS, U2OSClover–PML  (Pinder et al., 2015), U2OSGFP–PML-I, U2OS PML 

KO cells (Attwood et al., 2020)) were cultured in Dulbecco's modified Eagle's medium 

(Life Technologies) supplemented with 10% fetal calf serum, at 37°C with 5% CO2. 

QM5 (Quail Muscle clone 5) cells were a gift from the Roy Duncan lab (Dalhousie 

University) and grown like U2OS. NHDF (WT and PML KO cells) were cultured in 

alpha-modified Minimum Essential Medium (Life Technologies) supplemented with 15% 

fetal calf serum and GlutaMAX (Thermo Fisher) at 37°C with 5% CO2. 

 

3.2.5 2’,3’-cGAMP quantification 

6 × 106 U2OS cells (for PML KO and WT experiments) were seeded into 15-cm 

dishes, and 24 hours later cells were transfected with the Bluescript vector (empty vector 

control) and Human L1 plasmid (used in L1 retrotransposition assay) using 

Lipofectamine 2000 reagent (Invitrogen). Cells were harvested 36 hours after 
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transfection, washed with 2x with PBS and pelleted before lysis. Samples were 

resuspended in 500 μL M-PER (mammalian protein extraction reagent) lysis buffer 

(Thermo Scientific). Lysates were incubated on ice for 30 minutes with gentle agitation 

every 10 minutes, before being spun down at 16,000 x g, 4° C for 10 min. Samples were 

quantified using the 2′3′cGAMP ELISA Kit (Cayman Chemical) according to the 

manufacturer’s instructions. 

 

3.2.6 LINE retrotransposition assays 

To assess the effect of proteins on retrotransposition, I utilized methods for 

previously characterized plasmids encoding a human L1 retroelement that encodes a 

neomycin cassette that when transfected into HeLa or U2OS cells, is only successfully re-

integrated upon retrotransposition. The method for the L1 assay is described in detailed 

within section 2.2.7.  

To determine protein levels of T7-tagged ORF1p after ubiquitin-proteasome 

inhibition. Cells on a 10cm2
 plate were transfected with 5µg of the L1 plasmid encoding 

T7-ORF1p or an empty vector using Lipofectamine 2000. For addback experiments, cells 

were transfected with an additional 5µg of FLAG-PML-I, FLAG-PML-IV, or FLAG 

empty vectors (“-“ control). Then, after 24 hours, I treated U2OS cells with MG132 

(Sigma; M7449) at varying concentrations (1µM, 2.5µM, 5µM) for 8 hours as described 

previously (Haller et al., 2014). Cells were then washed with PBS twice and samples 

were handled for western blotting (described below). 
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3.2.7 Immunofluorescence microscopy 

For transfections, cells were seeded into wells containing coverslips in 6-well 

dishes, then transfected the next day with expression vectors. One day after transfection, 

coverslips were washed briefly with PBS and the cells were fixed in 2% PFA, 

permeabilized with 0.5% Triton X-100 in PBS and blocked with 4% BSA in PBS. Cells 

were then immunolabeled with primary antibodies specific for FLAG (mouse anti-FLAG 

M2, Sigma, F3165, 1:200), T7 (rabbit anti-T7, Millipore/Sigma, AB3790, 1:200), PML 

(two antibodies used; sheep anti-PML, Diagnostics Scotland, PML2A, 1:500; rabbit anti-

PML, Bethyl Laboratories, A301-167A, 1:1000), SUMO (two antibodies used; mouse 

anti-SUMO-1, clone 21C7, Zymed, #33-2400, 1:200; rabbit anti-SUMO-1, Abcam, 

ab32058, 1:200), rabbit anti-DAXX (polyclonal D7810; Sigma-Aldrich, 1:500), rabbit 

anti-SP100 (Chemicon, 1380) and TREX1 (rabbit anti-TREX1, Abcam, ab185228, 

1:400).  

Then for secondary staining, coverslips were washed with PBS and incubated 

with Alexa-Fluor 647 donkey anti-rabbit, Alexa-Fluor 488 donkey anti-sheep, Alexa-

Fluor 488 donkey anti-rabbit, and Alexa-Fluor 555 donkey anti-mouse (Thermo Fisher 

Scientific) secondary antibodies. Finally, the cells were washed several times in PBS and 

incubated with 1 µg/mL of 4',6-diamidino-2-phenylindole (DAPI) (Sigma) to visualize 

the nuclei.  

For transfections, I marked L1 RNP structures using plasmids obtained from 

colleagues. T7-tagged ORF1p was previously used to mark L1 RNPs and encoded in the 

pES2TE1 vector. U2OS cells were transfected using Lipofectamine 2000 (Invitrogen) 
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and HeLa cells using Lipofectamine 3000 (Invitrogen), according to the manufacturer 

instructions. 

Fluorescent micrographs were captured with a Prime95 scientific complementary 

metal-oxide-semiconductor (sCMOS) camera (Photometrics) using a custom-built 

spinning-disk confocal laser Zeiss Cell Observer Microscope (Intelligent Imaging 

Innovations, 3i) equipped with a 1.4 NA 63X immersion oil objective lens and both laser 

(3i) and LED illumination via a Spectra light engine (Lumencor). Images were captured 

and processed using Slidebook 6.1 (3i) and assembled into figures using Adobe 

Photoshop CS5. 

 

3.2.8 Western blotting 

For western blot analysis of SUMOylation status, cells were recovered from 

confluent 10 cm culture dishes and washed with PBS. U2OS cells were treated for 24 

hours with 1 µM ML-792 (Selleckchem), a SUMO E1 inhibitor (targets SAE1) to inhibit 

total SUMOylation within cells (He et al., 2017). After treatment, cells were then washed 

twice with PBS and either harvested for western blotting or fixed for 

immunofluorescence staining. Cells were lysed on ice for 20 minutes in 6 mM Urea lysis 

buffer with protease inhibitors (P8340, Sigma) and sonicated, before further processing. 

For all other samples, the cells were lysed on ice for 20 minutes in RIPA buffer (Sigma) 

with protease inhibitors (P8340, Sigma).  

Lysates were cleared (10 min, 15 000 × g, 4°C) and protein extracts were 

analyzed by SDS-PAGE and western blotting using 5% milk powder with 0.1% Tween 
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20 in PBS as a blocking solution. Protein was transferred to Nitrocellulose membrane 

(BioRad). Total protein was determined directly on the membrane using the 4-15% Mini-

PROTEAN TGX-Stain Free Protein Gel system (BioRad). For homemade gels, actin was 

used as a loading control. Antibodies used for Western blotting analysis were: rabbit anti-

SUMO1 (Abcam, ab32058, 1:2000), rabbit anti-ubiquitin (linkage K48) (Abcam, 

ab140601, 1:4000), mouse anti-T7 (Millipore, AB3790, 1:2000), mouse anti-FLAG 

(Millipore, F1804, 1:2000), mouse anti-actin (Sigma, A2228, 1:5000). 

 

3.2.9 Statistical analysis  

All statistical analyses were performed using GraphPad Prism 9.0.1. The sample size and 

error bars for each experiment are defined in the figure legends. Comparisons between 

groups for LINE1 retrotransposition and the 2’3’-cGAMP assay were analysed by a 

repeated measures one-way ANOVA, with the Geisser-Greenhouse correction and then a 

Tukey's multiple comparisons test between groups. 

 

3.2.10 Animal ethics 

Spotted gar work was approved by the Institutional Animal Care and Use Committee at 

Michigan State University (protocol no. AUF 10/16-179-00).  
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3.3 Results 

3.3.1. Spotted gar PML is an active exonuclease 

The discovery of full length PML-I orthologs in ray-finned fish, sharks and rays 

encoding putatively active CDE domains was intriguing (Chapter 2). The spotted gar 

genome was used to further explore PML-I from ray-finned fish (Braasch et al., 2016). 

The spotted gar lineage diverged ~350 million years ago from the teleost lineage before 

the teleost genome duplication event and has a slowly evolving genome (Braasch et al., 

2016). These features make the spotted gar an excellent representative species for 

studying the PML gene in fish. At the locus encoding the spotted gar pml ortholog 

(referred to as sgpml), there is strong synteny to the human PML locus on human 

chromosome 15, with flanking genes STOML1, ISLR, CCDCC33 being conserved within 

the syntenic region (Figure 3.5A). In addition, a bridging amniote species was also 

utilized; Coturnix japonica (Japanese quail) encodes a PML locus (referred to as qPML) 

with synteny to both the spotted gar and human loci (Figure 3.5A).  
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Figure 3.5. Spotted gar Pml is an active cytoplasmic DNA exonuclease. (A) Synteny 

of pml locus between the genomes of the Spotted gar, Japanese quail and Humans. 

Similarly coloured genes represent homologs between species. The chromosome where 

the pml locus is found in each species is indicated on the right. The intervening arrows 

with numbers indicate the number of intervening adjacent genes that exist between the 

homologous genes not found in the syntenic region. (B) MUSCLE alignment of the C-

terminal DEDDh exonuclease domain identified in the spotted gar PML (sgPml) protein 

with other vertebrate PMLs. The consensus sequence is displayed below the sequences 

for residues with over 70% conservation across species. Yellow arrows indicate 

predicated catalytic residues for sgPml (C, D) Exonuclease activity of purified sgPml-

CDE requires Mg2+ or Mn2+. Fluorescent oligonucleotides were incubated with sgPml-

CDE in the presence of the indicated divalent cation or EDTA. “-“ refers to input without 
the addition of cations. Data presented in this figure (C, D) was collected by the 

Langelaan lab. 
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Given that the sgPml protein encodes a potentially active CDE (Figure 3.5B), I 

cloned the full length sgPml gene from gar splenic tissue for further characterization. We 

also expressed the codon optimized putative DEDDh exonuclease of sgPml (residues 

497-766) and purified it to homogeneity (Figure 3.5C and Figure 3.5D). The sgPml-

CDE encodes an active exonuclease capable of degrading ssDNA and dsDNA when 

incubated with Mg2+ and Mn2+ (Figure 3.5C and Figure 3.5D). Thus, akin to other 

DEDDh family exonucleases (Huang et al., 2018), and like zfPlex9.1 and TREX1, it 

appears that sgPml can degrade DNA in the presence of divalent cations.  

  

3.3.2. PML localization transitioned to the nucleus from the cytoplasm 

Next, I characterized the cellular localization of sgPml by expressing it in human 

wild type (WT) and PML KO U2OS osteosarcoma cells. Strikingly, in contrast to the 

mammalian PML protein, sgPml did not form nuclear bodies and localized diffusely in 

the cytoplasm, forming ~1-3 cytoplasmic body-like puncta (Figure 3.6). When the 

American Paddlefish PML ortholog (another predicted PML exonuclease) was expressed, 

it localized to the cytoplasm like sgPml (Figure 3.7A). Both PML orthologs in fish 

localize to the cytoplasm, indicating that exonuclease-active PML is a cytoplasmic 

protein. 

Since mammalian PML NBs are associated with post-translation modifications of 

nuclear body proteins by the small ubiquitin like modifier (SUMO) (Nisole et al., 2013), 

we also examined SUMO1 localization relative to these cytoplasmic sgPml puncta. These 

sgPml puncta were negative for SUMO1 immuno-staining, unlike mammalian PML 

nuclear bodies that accumulate SUMO1 (Figure 3.6).  
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Figure 3.6. Gar PML localizes to the cytoplasm. Subcellular localizations of FLAG-

tagged PML-I, sgPml, quail PML (jqPML) and PML-I (K616A). Cells were transfected 

with the various FLAG-tagged proteins and stained for SUMO1. Scale bars represent 10 

µM for 
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Figure 3.7. PML NBs are present in amniote species. (A) Subcellular localizations of 

FLAG-tagged PML orthologs from American paddlefish (Polyodon spathula; pfPML), 

Common box turtle (Terrapene Carolina; CtPML) and Japanese quail (Coturnix 

japonica;qPML). Proteins were ectopically expressed in U2OS cells. (B) Localizations of 

FLAG-tagged human PML-I and quail PML in quail cells. Quail cells (QM5) were 

transfected with both FLAG-tagged Quail PML (qPML) and human PML-I. qPML is 

found forming nuclear bodies accumulating SUMO akin to human PML but also localize 

to the cytoplasm. Silhouettes for species were obtained from PhyloPic. Scale bars 

represent 10 µm.  Subcellular   
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Sequence comparisons revealed that the target lysines involved in human PML 

SUMOylation, which first appear in amniote species according to our evolutionary 

reconstruction, align partly to the CDE and its catalytic residues (Figure 3.5B). This 

could suggest that a shift in PML cellular function and localization may have occurred 

concurrently with the acquisition of SUMOylation. To assess the possibility that SUMO 

site evolution drove the nuclear localization and function of PML, I cloned qPML (from 

Japanese quail). The expression of jqPML and human PML-I in quail cells all led to the 

formation of SUMO1 colocalizing nuclear bodies (Figure 3.7B). Similarly, expression of 

jqPML in human cells also led to SUMO1 accumulating at jqPML nuclear bodies 

(Figure 3.7B). However, like sgPml, jqPML also formed cytoplasmic bodies lacking 

SUMO1 (Figure 3.7B). The expression of a PML ortholog from a turtle species mirrored 

the localization of jqPML (Figure 3.7B). These results indicate that PML orthologs from 

amniote species can form nuclear bodies and are likely SUMOylated, as they co-localize 

with SUMO1. 

To assess whether sgPml formed nuclear bodies in the absence of SUMOylation, 

cells were treated with ML-792, a SUMO E1 inhibitor that blocks total SUMOylation 

within the cell (Figure 3.8A). sgPml was still capable of forming cytoplasmic puncta 

even after SAE1 inhibitor treatment, consistent with these cytoplasmic sgPml bodies 

forming in a SUMO-independent manner (Figure 3.8A). 
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Figure 3.8. sgPml forms SUMO-independent cytoplasmic bodies whereas qPML is 

likely SUMOylated to form nuclear bodies. (A) Subcellular localization of sgPml after 

ML-792 treatment (SAE1 inhibitor) in U2OS cells. sgPml forms cytoplasmic bodies even 

in the absence of SUMOylation occurring in the cells. (B) Western blot showing the 

expression of FLAG-tagged sgPml, jqPML, and PML-I proteins in U2OS cells. U2OS 

cells were transfected and then treated with DMSO or ML-792 overnight. Cells were then 

lysed in 6 M urea to maintain SUMO-conjugated proteins. Multiple bands are observed 

for jqPML and PML-I that are reduced with ML-792 treatment, indicating that it is likely 

modified by SUMO. Whereas, the sgPml band is observed at a single MW, indicating 

that it is likely not modified. 
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Human PML K616 is one of the lysine residues with the potential to be poly-

SUMOylated (Cuchet-Lourenco et al., 2011). Intriguingly, the residue also aligns to a 

catalytic residue of the sgPml CDE (Figure 3.5B). The conserved lysine also appears to 

have been one of the first potential SUMOylation sites appearing in amniote orthologs of 

PML, suggesting that it may have contributed to the shift in PML localization from 

cytoplasm to nucleus (Figure 3.5B and Figure 3.7). I generated a PML-I K616A mutant 

and found that its localization shifted to the cytoplasm, where it formed numerous 

cytoplasmic puncta that were negative for SUMO1 (Figure 3.6). Human PML-I K616A 

is likely able to still maintain some protein at nuclear bodies owing to its other 

SUMOylation sites. The localization resembled that of jqPML, which both formed 

nuclear bodies and cytoplasmic puncta (Figure 3.6). Thus, the PML-I K616 

SUMOylation site appears to play an important and conserved role across species in 

dictating the nuclear localization of PML. 

When the ectopic expression of orthologs was examined by western blotting, 

FLAG-jqPML appeared as multiple bands like human PML-I (Figure 3.8B). However, 

FLAG-sgPml appeared as a single band indicating that it is not likely modified by SUMO 

as suggested by the immuno-staining (Figure 3.8B). The jqPML higher molecular weight 

band migrated approximately ~12 kDa higher, which would be the predicted molecular 

weight of jqPML conjugated to SUMO1 (a single moiety). Treatment of cells with the 

SAE1 inhibitor ML-792, thus blocking global SUMOylation, resulted in a reduction in 

the higher molecular weight jqPML and human PML bands (Figure 3.8B). These results 

support the importance of PML SUMOylation for nuclear body formation, and indicates 
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that avian and turtle PML orthologs, with the acquisition of SUMO-target lysine residues, 

can localize to both the cytoplasm and the nucleus to form PML NBs.  

 

3.3.3. Human PML shuttles to the cytoplasm to suppress LINE-1 retroelements 

While human PML retained the DEDDh exonuclease fold, the catalytic residues 

are changed relative to sgPml, and there is no evidence to suggest it is an active 

exonuclease (Figure 3.5B). To date no cellular function has been ascribed to the human 

PML-I CDE (Figure 3.9A). Since I and others have shown that L1-suppression is an 

exonuclease-independent function for TREX1 and the Plex9 proteins (Chapter 2), and 

that sgPML also represses L1 retrotransposition (Chapter 2), I hypothesized that human 

PML may have retained a role in suppressing L1 activity via the CDE.  

To test this hypothesis, HeLa cells were co-transfected with the human L1 

reporter with FLAG-tagged human PML-I, PML-IV or jqPML; the latter to demonstrate 

conserved PML function in L1 suppression in other amniotes. PML-IV is almost identical 

to PML-I but lacks the CDE domain encoded by exon 9 (aa positions 596-882) (Figure 

3.9A). PML-I, but not PML-IV, significantly suppressed L1 activity (p<0.05) (Figure 

3.9B). Then, to determine if the loss of endogenous PML influenced L1 

retrotransposition in PML KO U2OS cells, we conducted the L1 assay in these cells 

(Attwood et al., 2020). KO of PML in U2OS cells increased L1 activity nearly 2-fold 

(p<0.01) compared to WT cells, which was reversed by expression of PML-I, jqPML or 

sgPml (Figure 3.9B).  

Next, I wanted to examine if the increase in L1 retrotransposition also resulted in 

elevated levels of cGAS activity. Like in the absence of TREX1 (Chapter 2), 2’,3’-
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cGAMP levels were elevated significantly (p<0.01) in the absence of PML after L1 

transfection (Figure 3.9C). The increase in 2’,3’-cGAMP could be suppressed by the 

addback of PML-I into the PML KO cells (Figure 3.9C). Collectively these data indicate 

that PML orthologs from 3 distinct vertebrate species, quail, human, and gar, are capable 

of robustly suppressing human L1 activity. In addition, PML contributes to the regulation 

of cGAS by suppressing L1 retrotransposition. 
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Figure 3.9.  PML-I restricts L1 retrotransposition and cGAS activity through its 

CDE. (A) PML mutants were generated encompassing the CDE (aa positions 596-882) 

and tagged with both an SV40 NLS and the PML-I NES at the N-terminus. The mutants 

lack the C-terminal RBCC domain of PML. (B) Loss of PML elevates L1 activity which 

can be reversed with the addback of PML-I and the NES-PML mutant (n=3). Resultant 

plates from the assay were stained with 0.5% crystal violet and quantified. (C) 2’,3’-
cGAMP levels in U2OS WT and PML knockout cells after the transfection of an empty 

vector and the human L1 vector (n=3). 2’,3’-cGAMP concentrations were normalized to 

cell number for each experiment.   
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In addition to encoding a C-terminal DEDDh exonuclease-like domain, PML-I 

also uniquely encodes a nuclear export signal (NES) for which no known stimulus has 

been identified to trigger nucleocytoplasmic shuttling (Condemine et al., 2006). 

Considering that zfPlex9.1, sgPml and TREX1 are cytoplasmic/ER localizing proteins 

(Chapter 2) unlike human PML, I suspected that PML may localize to the cytoplasm to 

restrict L1 retrotransposition via its CDE. Therefore, to determine if PML 

nucleocytoplasmic shuttling occurs directly in response to the stress of L1 

retrotransposition, we transfected cells with the L1 reporter plasmid and examined PML 

localization (Figure 3.10). Indeed, in cells transfected with the active human L1 

retroelement, endogenous PML shuttled robustly to the cytoplasm (Figure 3.10A). In the 

cytoplasm, PML formed large SUMO-negative puncta that resembled cytoplasmic sgPml 

bodies, which also co-localized with TREX1 puncta (Figure 3.10A).  
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Figure 3.10. PML-I shuttles to the cytoplasm to suppress L1 by promoting the 

degradation of ORF1p. (A) Transfection of the human L1 retrotransposition vector led 

to cytoplasmic PML puncta forming. PML co-localized partly with TREX1 in the 

cytoplasm after L1 retroelements were active. (B) The nucleocytoplasmic shuttling of 

PML-I is CRM1-dependent. Treatment of U2OS cells overexpressing GFP-PML-I for 3 

hours with 10 ng/mL of Leptomycin B, a potent inhibitor of CRM1, a nuclear export 

protein, led to retention of GFP-PML-I in the cytoplasm. (C) PML-I does not shuttle 

when cells are transfected with a L1 element not capable of retrotransposition (ORF2p 

D205A mutation). Scale bars represent 10 µm for images. 
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Since PML-I encodes a putative NES (positions 704–713) and has been identified 

as an interactor of CRM1 (Buczek et al., 2016a; Nisole et al., 2013), I next examined if 

PML shuttling required CRM1/XPO1, a major nuclear export protein involved in NES-

dependent shuttling. To determine if PML-I shuttling was dependent on CRM1, the 

CRM1-inhibitor leptomycin B was utilized (Kudo et al., 1999). In the presence of 

leptomycin B, PML-I shuttling to the cytoplasm did not occur (Figure 3.10B). In 

addition, in cells transfected with a mutated L1 element not capable of retrotransposition 

(ORF2p D205A mutation), PML-I to the cytoplasm was not observed (Figure 3.10C). 

Together, these data indicate that PML nucleocytoplasmic shuttling occurs in a CRM1-

dependent manner in response to active L1 retrotransposition. 

Substantial PML protein is still retained in the nucleus even under conditions of 

high L1 activity, raising the possibility of a nuclear function for the DEDDh domain of 

PML in suppressing L1 retrotransposition (Figure 3.10). To determine if this is the case, 

N-terminus truncation mutants of PML were generated that encoded the PML-I C-

terminus (aa 597-882) with either the upstream putative NES or a nuclear localization 

signal from SV40 (SV40-NLS) (Figure 3.9A). The NES-PML mutant potently 

suppressed L1 activity, in a manner comparable to jqPML and sgPml (Figure 3.9B). In 

contrast, the constitutively nuclear NLS-PML-I C-terminus had no significant effect on 

L1 retrotransposition (Figure 3.9B). These results collectively indicate an evolutionary 

conserved role for PML in suppressing L1 elements, which it accomplishes by CRM1-

dependent nucleocytoplasmic shuttling of PML-I and requires its NES and C-terminal 

DEDDh domain. 
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3.3.5. PML-I has a conserved role in suppressing L1 by promoting ORF1p degradation 

Previous work on TREX1 revealed that it suppresses L1 by depleting ORF1p 

through the ubiquitin-proteasome system (Li et al., 2017a). Consistent with PML playing 

a role in ORF1p degradation, after L1 transfection, there was a higher expression of T7-

tagged ORF1p in PML KO compared to PML WT U2OS cells (Figure 3.11A). Then, to  

assess if this is due to impaired ORF1p degradation through the proteasome, L1 

transfected cells were treated with the proteasome inhibitor MG132 (Figure 3.11A). 

MG132 treatment of WT cells resulted in the accumulation of T7-ORF1p as 

concentrations of MG132 increased, as expected. In the PML KO cells, T7-ORF1p 

protein levels did not change with increasing concentrations of MG132 (Figure 3.11A). 

Further, addback of PML-I but not PML-IV to PML KO cells reduced the accumulation 

of T7-ORF1p (Figure 3.11B). The data suggests that PML-I promotes the proteasome-

mediated degradation of ORF1p to suppress L1. These results collectively indicate an 

evolutionary conserved role for PML in suppressing L1 elements, which it accomplishes 

by CRM1-dependent nucleocytoplasmic shuttling of PML-I to then enhance the 

degradation of L1 ORF1p in the cytoplasm. Taken together, a role exists for the Plex9, 

PML and TREX1 DEDDh exonucleases in the suppression of L1 retroelements in 

vertebrate species to maintain genome stability (Figure 3.12). 
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Figure 3.11. PML-I promotes the degradation of L1 ORF1p through the ubiquitin-

proteasome system. (A) U2OS cells (WT and PML KO) were transfected with an empty 

vector (-) or the L1 element with T7-tagged ORF1p. Cells were then treated with 

different concentrations of MG132 (inhibitor of ubiquitin-proteasome mediated 

degradation) for 10 hours and T7-ORF1p protein levels were examined. (B) The addback 

of PML-I reverses the accumulation of T7-ORF1p in the PML KO cells but not PML-IV.  
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Figure 3.12. Overview of the suppression of LINE-1 retrotransposition in jawed 

vertebrates through the collective functions of PML, Plex9 and TREX1 enzymes. In 

fish, PML and novel Plex9 enzymes play a major role in suppressing both LINE-1 and 

LINE-2 elements. Despite the loss of PML in Teleost fish genomes, they have retained 

Plex9 genes for the purpose of restricting LINE retrotransposition. TREX1 appears later 

in tetrapods, where Plex9 genes are lost. In addition, enzymatic PML function is lost and 

the protein forms nuclear bodies rather than localizing to the cytoplasm. However, PML 

has a retained an exonuclease-independent role for the surveillance of LINEs by shuttling 

to the cytoplasm to suppress the LINE1 retrotransposition. The three families of protein 

(PML, Plex9 and TREX) share an important function in maintaining genome integrity in 

jawed vertebrates as “brakes” preventing LINE-1 propagation. 
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3.4 Discussion 

This study of PML gene evolution highlights how the availability of newly 

sequenced genomes from diverse taxa can help illuminate the complex molecular 

evolution of vertebrate genes and the functions they encode. Here, I determined that 

PML-I encodes a vestigial DEDDh exonuclease domain that has a novel evolutionarily 

conserved function in L1 suppression in humans and other amniotes (Figure 3.5). The 

PML protein has changed significantly over the course of jawed vertebrate evolution, 

both in cellular localization and function, which seems to be intricately tied to its 

SUMOylation. For example, human PML-I is primarily a nuclear protein acting as a 

scaffold for PML NB formation, while gar and paddlefish PML localize to the cytoplasm 

(Figure 3.6 and Figure 3.7). Nonetheless, human PML-I can still facilitate L1 

suppression through the acquired ability to shuttle to the cytoplasm via its nuclear export 

signal (Figure 3.9 and Figure 3.10). This feature represents a remarkable compensation 

mechanism that allows PML to retain its key role in surveillance and suppression of L1 

retroelement activity despite its divergence during amniote evolution, which is consistent 

with the broader role of PML in antiviral innate immune pathways (Geoffroy & Chelbi-

Alix, 2011; Scherer & Stamminger, 2016).  

The cellular roles of cytoplasmic PML have been relatively understudied, 

particularly PML-I whose role in the cytoplasm has remained a mystery for over a decade 

since its first observation by Condemine and colleagues (Condemine, Takahashi, Le Bras, 

& de The, 2007). L1 retroelement activation results in reproducible shuttling of PML-I to 

the cytoplasm in a manner that requires the NES of PML and is CRM1-dependent. 

Furthermore, ray-finned fish, turtle, and avian PML orthologs which localize primarily 
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and partially to the cytoplasm (respectively), can robustly inhibit L1 activity, indicating 

that this cytoplasmic function of PML was conserved over the course of amniote 

evolution. PML has also been reported to localize to the cytoplasm in response to HIV-1 

infection and during epithelial-mesenchymal transition (EMT) (Buczek et al., 2016a; 

Turelli et al., 2001). It will be of interest to determine if in these contexts PML 

nucleocytoplasmic shuttling is also CRM1-dependent and/or related to L1 activity. 

PML SUMOylation is a key part of its biology, where it contributes to how it 

forms nuclear bodies and how it is also targeted for degradation (Gärtner & Muller, 

2014). PML-I K616 was described as a residue that can be polySUMOylated during 

HSV-1 infection but how it contributes to the isoform’s function was unknown (Cuchet-

Lourenço et al., 2011). When PML K616 is mutated to a residue unable to conjugate 

SUMO, PML-I is retained significantly in the cytoplasm rather than in the nucleus 

(Figure 3.6). Under normal growth conditions, PML is primarily nuclear, but it appears 

that SUMOylation at K616 contributes to the nuclear retention of PML and prevents 

shuttling. It is important to note that while the SUMOylation site is nearly 100 amino 

acids upstream of the PML-I NES, it is possible that polySUMOylation or proximity 

from folding could impede the PML-I interaction with CRM1. The result also suggests 

that there are likely SENPs that exist that respond to L1 and promote the deSUMOylation 

of PML K616 for shuttling. Uncovering the SENPs involved in this process will provide 

new insights into how PML shuttling is regulated. Since cytoplasmic PML lacks any 

SUMO signal, it is likely that the entire PML-I isoform undergoes deSUMOylation by 

SENPs before shuttling can occur, hence why this is also not a common event observed 

with PML aside from when L1 retroelements are expressed (Figure 3.10). 
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PML has been well-studied as a protein involved in antiviral defence by host 

cells, where it responds to numerous types of viruses, with some choosing to target PML 

to promote their infection (Scherer & Stamminger, 2016). During HIV infection, PML 

shuttles to the cytoplasm and this supposedly interferes with early viral events in its life 

cycle (Turelli et al., 2001). PML shuttling during HIV infection occurs in part due to 

retroviral reverse transcription (Dutrieux et al., 2015). Intriguingly, suppressors of L1 

also have dual roles in limiting HIV infection but the connection between L1 and HIV is 

complex and still ambiguous (Zhao et al., 2021). However, reports indicate that during 

HIV infection, there is elevated levels of L1 retrotransposition occurring, which could be 

a reason for why PML shuttles to the cytoplasm during infection. More work is required 

to determine the connection between HIV infection, PML and L1 retrotransposition. 

While PML and TREX1 are both well-studied, their dynamic subcellular 

localization is less understood, and our study raises the question of why amniote PML 

retains the ability to suppress L1 elements. TREX1 and PML co-localize in the cytoplasm 

when L1 elements are overexpressed (Figure 3.10). This leads us to conjecture that PML 

and TREX1 are mechanistically connected and contribute cooperatively to genome 

stability by suppressing retroelements, potentially via common SUMO-dependent protein 

interactions. Importantly, the two proteins can regulate L1 ORF1p in a similar way to 

promote its degradation. It will be intriguing to determine if PML and TREX1 function 

independently at these structures or synergistically to promote ORF1p degradation 

(Figure 3.11). Overall, our study has uncovered the convergent evolution of the Plex9 

exonucleases in the teleost fish lineage that lacks TREX1 and PML orthologs, and a 
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primordial role for PML in the suppression of L1 retrotransposition that is conserved 

across 350 million years of evolution. 

Our work also has implications for our understanding of the coevolution of 

retrotransposons and host restriction factors that restrict them in vertebrate species. While 

L1s contribute to genetic variation, this is juxtaposed to their negative impact on genome 

integrity (Gasior et al., 2006; Goodier, 2016). As a result, several mechanisms have 

evolved to safeguard genome stability by preventing L1 propagation, including their 

suppression by TREX1 (Stetson et al., 2008; Thomas et al., 2017). In lobe-finned 

vertebrates, including humans, TREX1 appears to be a major suppressor of L1s. 

However, prior to the emergence of TREX1, PML and Plex9 proteins have been 

important contributors to safeguard genomes from L1 propagation in fish. The regulation 

of the highly conserved cGAS-STING pathway appears to be tied to how host factors 

restrict or enhance L1, which has implications for innate immune signalling and 

senescence (Bregnard et al., 2016; C. Liang et al., 2022; Stetson et al., 2008). Thus, 

DEDDh exonucleases have a unifying role in suppressing L1 retrotransposition that, 

surprisingly, is also independent of their exonuclease function. 
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Chapter 4 – PML, Plex9 and TREX1 are involved 

in vertebrate regeneration and aging 
 

 

This chapter contains material (sections 4.2, 4.3, 4.4, Figures 4.2-4.8) originally 

submitted and under revision at JEZ-B, Journal of Experimental Zoology, Part B: 

Mathavarajah, S. Thompson, A.W., Stoyek, M.R., Quinn T.A., Roy, S., Braasch, I., and 

Dellaire, G. 2023. Suppressors of cGAS-STING are downregulated during fin-limb 

regeneration and aging in aquatic vertebrates. Journal of Experimental Zoology Part B: 

Molecular and developmental evolution, accepted. 

 

4.1 Introduction 

4.1.1 Wound healing in mammals: an emerging role for cGAS-STING 

Wound healing is an essential process for how animals respond to injury and it 

occurs through a sequence of molecular and cellular events that are well-characterized. 

This is best illustrated with cutaneous wound healing, where in the early stages of wound 

healing post-injury, there is hemostasis and the activation of both keratinocytes and 

inflammatory cells (Gonzalez et al., 2016). Then, there is an intermediate stage that 

involves the proliferation and migration of keratinocytes, fibroblast proliferation, then 

matrix deposition and the development of new vasculature (angiogenesis) (Eming et al., 

2014). At the later stages of wound healing, there is remodelling of the ECM that is 

required for scar formation and the restoration of a barrier (Eming et al., 2014). The 

whole process is spatiotemporal, involving multiple cell types that secrete cytokines, 

chemokines (for immune cell recruitment and activation), and growth factors (Diller & 
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Tabor, 2022; Eming et al., 2014). Immune signalling pathways are important for 

facilitating the pro-inflammatory signalling required for orchestrating wound healing. 

There is balance between scar formation (which can reduce the function of the tissue or 

organ) and tissue regeneration (complete healing) depending on the injury, the tissue in 

question, and the ability for appropriate remodelling of the tissue microenvironment. 

Thus, there are multiple pathways involved in tissue regeneration including growth factor 

signalling, immune cell recruitment and activation, senescence signalling, and 

angiogenesis (Figure 4.1). 
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Figure 4.1. Major pathways involved in tissue regeneration. Cells at the site of injury 

secrete numerous factors to promote pathways that are involved in tissue regeneration, 

including angiogenesis, immune cell recruitment and activation, senescence signalling 

and cell proliferation.  
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4.1.2 Tissue regeneration in mammals and role of cGAS-STING 

 

In contrast to wound healing that is a ubiquitous process across human tissues, 

regeneration only occurs in a limited capacity in mammalian organs (Figure 4.2) (S. E. 

Iismaa et al., 2018). In adult humans, there is very slow turnover of epithelial cells (e.g., 

<0.005% of hepatocytes are actively mitotic), whereas cells in the intestinal crypt and 

skin are replaced quickly (5 days and 12-30 days, respectively). Thus, there is a three-part 

spectrum to human tissues and their regenerative ability: tissues (i) showing minimal or 

no self-renewal (heart and central nervous system), (ii) slow cell turnover (pancreas and 

liver), or (iii) active renewal (skin and intestines) (Leblond, 1964).  
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Figure 4.2.  Comparison between tissue regeneration in humans and other 

vertebrate species. The capacity for tissue regeneration differs across organs in humans. 

There are many developmental, immune signalling, and repair pathways involved in 

tissue regeneration (listed on the right are the key pathways) (Gawriluk et al., 2020; 

Godwin, 2014; Siiri E. Iismaa et al., 2018; Zhao et al., 2016). In contrast to humans, other 

vertebrate species, such as anamniote vertebrate species (amphibians and fish) can 

regenerate complete appendages and fins. There are similar molecular pathways activated 

to progress limb-fin regeneration, which are also involved in human tissue regeneration 

(shown on the right) (Darnet et al., 2019). In humans, cGAS-STING regulates these 

pathways and connects DNA damage signalling to innate immune signalling. However, it 

is unknown if the pathway also contributes to regeneration in aquatic vertebrate species. 
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The intestinal epithelium is complex as it carries out functions in absorption and 

secretion while acting as an important barrier, while facing constant physical and 

mechanical loads. Intestinal stem cells located at the crypt bottom play an important part 

in the high regenerative capacity of this tissue as they drive homeostatic renewal and 

regeneration in response to injury (Barker et al., 2012; Bjerknes & Cheng, 2005; Gehart 

& Clevers, 2019). The immediate molecular pathways involved in acute intestinal 

regeneration include STING and its induction of downstream type I IFN signalling 

(Leibowitz et al., 2021). In response to radiation, it was shown that STING-deficient 

mice had nearly an 80% reduction in crypt regeneration (in comparison to wild type 

mice), indicating that the adaptor was important for normal intestinal regeneration 

(Leibowitz et al., 2021). Similarly impaired regeneration was observed in the absence of 

cGAS (Leibowitz et al., 2021). STING-dependent secretion of type I IFNs by epithelial 

cells after injury induces the expression of genes associated with innate mucosal 

immunity, macrophage chemotaxis, and IFN-γ (Leibowitz et al., 2021). However, IFN-β 

also seems to be the key factor that signals intestinal stem cells to proliferate and 

therefore it is fundamental for the initial events of regeneration (Leibowitz et al., 2021). 

Intriguingly, other cytosolic sensing pathways are involved in intestinal regeneration in 

response to radiation. RIG-I, which senses cytoplasmic RNA, and then activates MAVS, 

is also required for intestinal regeneration (Fischer et al., 2017). Considering that there is 

crosstalk between the RIG-I and STING signalling pathways, it appears that there is a 

collective role for the different innate immune signalling pathways in tissue regeneration 

(Zevini et al., 2017). 
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4.1.3 Expression changes to cGAS-STING machinery regulate wound healing 

In mammals, the type I IFN and NF-κB signalling regulating cGAS-STING 

pathway is also involved in the early stages of wound healing and regeneration of the 

peripheral nervous system, liver and intestinal wall in mammals, where it contributes to 

the inflammation and the recruitment of macrophages to the site of injury (Figure 4.3) 

(Leibowitz et al., 2021; Morozzi et al., 2021; X. Wang et al., 2023). During nerve 

regeneration, multiple reports have shown that injury to the peripheral nerve of mice 

results in the upregulation of CGAS gene expression and elevated production of cGAMP 

to promote downstream STING activation (Morozzi et al., 2021; X. Wang et al., 2023). 

IFNγ causes CGAS upregulation after there is local translation of IFNγ in the injured 

axons (X. Wang et al., 2023). Multiple cell types seem to be involved including the 

injured axons themselves, as IFNγ-stimulated Schwann cells and infiltrating blood cells 

produce cGAMP as well (X. Wang et al., 2023). However, if STING is lost in these mice, 

there is poor recruitment of macrophages and reduced microglial activation after injury 

(Morozzi et al., 2021).  

  



 

148 

 

  

Figure 4.3. cGAS is upregulated during peripheral nerve regeneration. In response to 

injury, injured axons secrete IFNγ that alter gene expression profile for the axon, 
neighboring axons and other cell types in the vicinity (Peripheral blood monocytes and 

Schwann cells). CGAS expression is upregulated, and this activates type I IFN and NF-

κB signalling to promote peripheral nerve regeneration.   
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STING-independent functions for cGAS in wound healing, as it has also been 

shown be involved in the liver wound healing response (STING is weakly expressed in 

liver tissue) (Lei et al., 2018). In livers, cGAS induces autophagy in response to injury 

which attenuates apoptosis signalling by the clearance of damaged mitochondria (Lei et 

al., 2018). However, there is limited work on the mechanisms behind how cGAS 

activation causes a downstream autophagy response in the absence of STING (which has 

been shown to induce autophagy) (D. Liu et al., 2019). Collectively, these findings 

indicate that the regulation of cGAS-STING machinery gene expression is critical for 

how injured tissues promote inflammatory signalling. 

 

4.1.4. Tissue regeneration in aquatic vertebrate species 

Tissue regeneration occurs in many different animal species, with the capacity for 

regeneration varying significantly among even highly related animals (Alibardi, 2017; 

Brockes & Gates, 2014; Dwaraka & Voss, 2021; Goss & Holt, 1992; McLaughlin et al., 

1983; Nogueira et al., 2016; Simon & Tanaka, 2013; Tomlinson et al., 1985). Anamniote 

vertebrate species display a robust capacity for regeneration, with the ability to regenerate 

entire limbs or fins after injury to the endoskeleton.  Not only do these different 

vertebrate species share an ability to regenerate but there is an overlap in the molecular 

pathways involved in regeneration between the early blastema of ray-finned fish and 

lobe-finned vertebrates (Darnet et al., 2019).  For example, the transcriptional changes 

are remarkably similar during the early stages of tetrapod limb and actinopterygian fin 

regeneration (between bichir (Polypterus senegalus) and axolotl) (Darnet et al., 2019) in 

pathways that control inflammatory responses and innate immune signalling (e.g., IFNα-
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like signalling). In addition to inflammation, numerous cellular pathways are involved in 

facilitating the wound healing response, such as the proliferation of progenitor cells, the 

maintenance of their genome integrity, cell differentiation with positional memory, 

extracellular matrix remodelling, and the prevention of apoptosis (McCusker et al., 

2015). Key signalling proteins and their respective pathways such as fibroblast growth 

factors, bone morphogenetic proteins, and Wnt, all contribute to the process (Figure 4.2) 

(McCusker et al., 2015). Intriguingly, DNA damage response associated genes are also 

activated in response to regeneration in these model systems (Darnet et al., 2019). The 

DNA damage response is critical for early blastema proliferation during vertebrate 

regeneration, presumably as a contributor to downstream immune signalling during 

wound healing (Garcia-Lepe, Cruz-Ramirez, & Bermudez-Cruz, 2021; Garcia-Lepe, 

Torres-Dimas, Espinal-Centeno, Cruz-Ramirez, & Bermudez-Cruz, 2022; Sousounis et 

al., 2020).  Inflammatory pathways are critical for the recruitment of macrophages and 

other immune cells to the wound (Brockes & Gates, 2014; Darnet et al., 2019; Godwin et 

al., 2013; Nogueira et al., 2016). Intriguingly, DNA damage response associated genes 

are also activated in response to regeneration in these model systems (Darnet et al., 

2019). The DNA damage response is critical for early blastema proliferation during 

vertebrate regeneration, presumably as a contributor to downstream immune signalling 

during wound healing (Garcia-Lepe et al., 2021; Garcia-Lepe et al., 2022; Sousounis et 

al., 2020).  

cGAS-STING is a highly conserved pathway, and the axis can be found 

conserved in the genomes of all vertebrate species (Wu et al., 2014). Several additional 

observations from aquatic models suggest that cGAS-STING has an evolutionarily 
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conserved role in animal wound healing and regeneration: During axolotl regeneration, 

progenitor limb blastema cells secrete IL-8 (Tsai et al., 2019) and STING-dependent IL-6 

signalling (C. Wang et al., 2023) is one of the most enriched overlapping pathways 

between fin and limb regeneration (Darnet et al., 2019).  

Despite the known role of cGAS-STING in wound healing and tissue 

regeneration discussed above, it remains unclear the extent to which the exonuclease 

suppressors of this pathway, such as TREX1 are involved. It will be intriguing to 

examine if they play a deeply conserved role in tissue regeneration in other vertebrate 

species, or if the pathway is an evolutionary innovation of the mammalian lineage. 

Considering that cGAS expression is regulated during wound healing, there is a 

possibility that TREX1 and other DEDDh exonucleases are differentially regulated as 

well. 

 

4.1.5 Cellular senescence  

In vertebrate species, biological aging is associated with a gradual functional 

decline of organs, and this is caused by cells transitioning into a “senescent” state over 

time (Herbig et al., 2006).  However, aside from organismal aging, the pathway is also 

essential as a controlled signalling cascade in other instances, such as in embryonic 

development where it plays an important role in the early remodelling and tissue 

patterning (Storer et al., 2013). The senescence program therefore is a double-edged 

sword that can be both beneficial and detrimental at different stages in an animal’s life (a 

classic example of evolutionary antagonistic pleiotropy) (Campisi, 2003; Giaimo & 

d'Adda di Fagagna, 2012; Kirkwood & Austad, 2000; Ohtani et al., 2012; Williams, 
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1957). Cellular senescence occurs in response to the accumulation of stress (both 

endogenous and exogenous) in the form of telomere dysfunction, impaired mitochondria 

function, persistent DNA damage, oncogene-driven transcriptional rewiring in cancer, 

and also chemotherapeutic drugs (J. H. Chen et al., 2007; Di Micco et al., 2021). There 

are hallmark features to senescent cells which are both cell intrinsic and cell extrinsic 

(Kumari & Jat, 2021). The cell intrinsic changes include a halt to cell proliferation and 

irreversible arrest from the cell cycle. Tumour suppressor proteins mediate cell cycle 

arrest for senescence and these major factors such as p53/p21 and p16/Rb axes (Figure 

4.4) (Kuilman et al., 2010).  
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Figure 4.4. Overview of molecular pathways involved in cellular signalling, 

including p53, p16 and cGAS-STING. There are multiple pathways involved in 

senescence signalling but to initiate cell cycle arrest, the regulatory factors primarily 

function through p53 and Rb signalling pathways (Mijit et al., 2020; Ohtani et al., 2004; 

Salama et al., 2014). However, there is also crosstalk between p53 and Rb (via 

CDK2/p21). cGAS-STING is then involved in Senescence-associated secretory 

phenotype (SASP) that is required for cellular senescence (Schmitz, Maurmann, Guma, 

Bauer, & Barbé-Tuana, 2023).   
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PML NBs are important modulators of both cell-intrinsic senescence axes 

involved in senescence. In response to both ras signalling and replicative senescence, 

there is an increase in PML NB number and size, which promotes the activation of the 

co-localizing p53 and Rb proteins (Ferbeyre et al., 2000). The increased PML NB size 

and quantity are in part a result of increases in cellular zinc levels within senescent cells, 

that promote PML NB formation and function by enhancing SUMO-SIM interactions (as 

discussed in Section 1.2) (M. Lussier-Price et al., 2022). PML NBs also promote the 

expression of regulatory factors such as SOCS1 that regulates p53 function (Saint-

Germain et al., 2017). A report has also shown that isoform-specific functions exist in 

senescence, where PML-IV isoform induces senescence (in a ras-independent manner) 

through the activation of p53 by promoting its phosphorylation at Ser46 and acetylation 

at Lys382 (Bischof et al., 2002). However, it appears that in general, PML NB induce 

senescence predominantly through the p16/Rb axis versus p53 (Mallette et al., 2004). 

Thus, PML NBs play an important role as a modulator of the senescence program.  

The cell extrinsic element to cellular senescence is described as the Senescence 

associated secretory phenotype (SASP). While senescent cells are arrested from further 

proliferation, they are still metabolically active. SASP is a complex process where 

senescent cells secrete numerous proteins to alter the tissue microenvironment in a cell 

type dependent manner (Coppe et al., 2008; Maciel-Baron et al., 2016). The secreted 

material includes growth regulating modulators, angiogenic proteins, bioactive lipids, 

extracellular matrix components, matrix metalloproteinases, pro-inflammatory cytokines, 

chemokines. These secreted factors mediate an important cascade of reinforcing cell 

cycle arrest and recruiting immune cells for the clearance of senescent cells. Two 
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important secreted factors are NF-κB-dependent interleukin 6 (IL6) and interleukin 8 

(IL8) that are key pro-inflammatory proteins capable of reinforcing senescence or 

inducing senescence in neighboring cells (i.e., both autocrine and paracrine) (Davalos et 

al., 2010; Freund et al., 2010; Hardy et al., 2005; Hopfner & Hornung, 2020; Soto-Gamez 

& Demaria, 2017; Hui Yang et al., 2017).  

 

4.1.6 cGAS-STING function in senescence  

An essential molecular axis that initiates SASP is the cGAS-STING pathway. 

Cytoplasmic DNA results from different stimuli in senescent cells that then activates 

cGAS-STING signalling. In age-related senescence, the expression of previously 

dormant L1 retroelements results in STING activation and senescence signalling (De 

Cecco, Ito, Petrashen, Elias, Skvir, Criscione, Caligiana, Brocculi, Adney, Boeke, Le, 

Beausejour, et al., 2019). This phenomenon has been termed “inflammaging”, and the 

age-related activation of endogenous retroelements such as LINE-1 in senescent cells can 

promote further aging by inducing additional IFN and inflammatory cytokine production 

through the cGAS-STING pathway (Andrade et al., 2022; Schmitz, Maurmann, Guma, 

Bauer, & Barbe-Tuana, 2023).  In addition, in senescent cells, there can be dysfunction of 

mitochondria and consequent accumulation of reactive oxygen species that then induce 

cytoplasmic chromatin fragments that activate cGAS (Vizioli et al., 2020). A final known 

contributing stimulus to aging cells related to cGAS-STING is the disruption of nuclear 

integrity, where alterations to nuclear shape and the fragility of the nuclear envelope 

result in STING activation (Sladitschek-Martens et al., 2022). As cells senescence, 
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retroelements, mitochondria dysfunction, and disrupted nuclear integrity feeds result in 

cytoplasmic DNA that cGAS senses and responds to.  

cGAS plays an essential role in relaying the cytoplasmic DNA and its absence in 

human cells prevents the expression of pro-inflammatory cytokines during senescence 

(H. Yang et al., 2017). Similarly, blocking STING activity in senescent cells abolishes 

the SASP and consequent inflammation from the absence of pro-inflammatory factors 

(Gulen et al., 2023; Takahashi et al., 2018). The STING-dependent activation of the NF-

κB pathway and IRF3-dependent IFN signalling feeds into SASP as it generates the 

required factors for secretion. The secretion of IFNs through STING not only amplifies 

the immune response to promote the clearance of senescent cells in tissue but also 

reinforces senescence signalling (Frisch & MacFawn, 2020).  Thus, cGAS senses the 

accumulating cytoplasmic DNA in senescent cells to activate STING, which induces IFN 

and pro-inflammatory signalling in these cells for SASP. 

Typically, cytoplasmic DNA is removed by TREX1 (and additional exonucleases 

such as DNASE2) but in senescent cells, these clearance exonucleases are downregulated 

to promote STING-induced SASP (Takahashi et al., 2018). The downregulation of 

TREX1 in senescent cells occurs in response to the actions of E2Fs (E2F1 and E2F3) and 

oncogenic Ras signalling (Takahashi et al., 2018). TREX1 knockout mice have been 

shown to have an extreme response to senescence-inducing stimuli, such as ionizing 

radiation, where they accumulate a significantly higher number of senescent cells. In 

addition, TREX1 knockout mice have high expression levels of SASP factors, such as IL-

6, IL-8, p16, matrix metalloproteinases, and IL-1β (Takahashi et al., 2018). In senescent 

cells, the accumulation of cytoplasmic DNA occurs by: (i) stimuli in the form of L1, 
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aberrant mitochondria, or disrupted nuclear morphology and then (ii) downregulation of 

the exonucleases that remove cytoplasmic DNA, to finally (iii) activate cGAS-STING 

signalling to induce SASP. The three-step process is critical for the SASP through cGAS-

STING. When these steps are dysregulated, it results in aging-related inflammation, 

neurodegeneration, and multiple disorders (e.g., Diabetic retinopathy and Huntington’s 

disease) where the pathway promotes premature senescence (Gulen et al., 2023; Jauhari 

et al., 2020; H. Liu et al., 2023).  

Similar changes in inflammatory gene expression have also been observed in 

zebrafish, where immune cells accumulate in elderly animals in response to STING, with 

numerous chemokines being upregulated (Reuter et al., 2022). Zebrafish hearts appear to 

accumulate senescent cells and have gene signatures reminiscent of SASP. Intriguingly, 

while senescent cells that occur from aging reduce regenerative capacity, this is not the 

case after the on-set of regeneration (Reuter et al., 2022).. In axolotl, it was shown that 

senescence signalling and the formation of senescent cells after injury helps promote limb 

regeneration by inducing progenitor cell proliferation (Yu et al., 2023). It is possible that 

this is similar to what occurs in the mammalian gut where STING-induction and IFN 

signalling promotes intestinal progenitor cell proliferation (Leibowitz et al., 2021). 

However, the mechanisms behind STING activation in these fish during age-related 

senescence is unknown. It is possible that there are similar changes to Plex9.1 gene 

expression, the teleost fish equivalent of TREX1, to facilitate these changes in cGAS-

STING activity.  
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In this chapter, I survey the expression of inflammatory genes in three different 

anamniote species, including fin and limb regeneration in the non-teleost fish spotted gar 

(Lepisosteus oculatus) and the amphibian axolotl (Ambystoma mexicanum), and during 

zebrafish (Danio rerio) cardiac aging. In aquatic vertebrates, the promyelocytic leukemia 

(Pml) protein and newly discovered DEDDh exonucleases known as PML-like exon 9 

(Plex9) proteins can suppress the cGAS-STING pathway through their exonuclease 

function and through the suppression of LINE-1, akin to mammalian TREX1. Our results 

indicate that Pml, Plex9.1, and Trex1 share strikingly similar gene regulation in these 

aquatic vertebrate species during regeneration and aging, where they are downregulated 

to promote cGAS-STING activity and downstream pro-inflammatory signalling. This 

suggests an evolutionary old function of cGAS-STING program that evolved in a fish 

ancestor of living jawed vertebrates, if not earlier.   
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4.2 Materials and Methods 
 

4.2.1 Cell Lines and 2′3′-cGAMP treatment 

 

Previously derived cell lines from the longnose gar, Lepisosteus osseus (GARL, 

liver derived fibroblasts (Fuguo Liu, Niels C Bols, et al., 2019), axolotl (AL-1 limb 

dermal fibroblast derived cell line (Denis et al., 2015)) and zebrafish (ZKS, zebrafish 

kidney stromal cells (Stachura et al., 2009)) were used. Gar-L cells were maintained in 

Leibovitz L15 (L-15) medium supplemented with 10% newborn bovine calf serum 

(NCBS, New Zealand origin, ThermoFisher), and 1% Pen/Strep (100 U/ml penicillin and 

100 μg/mL streptomycin) in CO2-independent and dark conditions. AL-1 cells were 

grown in a mixed media (62.5% MEM (Gibco) and 25% water) with 10% fetal bovine 

serum (ThermoFisher) supplemented with 100 U penicillin-streptomycin, glutamine, and 

insulin within a humidified incubator at 25°C with 2% CO2. ZKS cells were maintained 

in culture media consisting of 10% fetal bovine serum (FBS; ThermoFisher), 55% L-15, 

32.5% Dulbecco modified Eagle medium (DMEM) (Gibco) and 12.5% Ham F-12 

(Gibco). ZKS media was supplemented with 150 mg/L sodium bicarbonate, 2% 

penicillin/streptomycin (10 U/mL stock), 1.5% N-2-hydroxyethylpiperazine-N′-2-

ethanesulfonic acid (HEPES), 1% l-glutamine and 0.1 mg/mL gentamycin. ZKS cells 

were grown at 32°C and 5% CO2. 2′3′-cGAMP (InvivoGen) was transfected into cells 

using Lipofectamine 2000 (Invitrogen) or JetPRIME (PolyPlus) at 100ng or 2 µg. 

Untreated cells received the Lipofectamine 2000 or JetPRIME lacking 2′3′-cGAMP. All 

cell lines were passaged at a 1:2 split when cells reached 80-90% confluency. For 

conditioned media experiments, cells were transfected, and then media was collected 48 
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hours later. The conditioned media was added to fresh media at a ratio of 1:1 and the 

naïve cells were incubated for 24 hours, after which, RNA was collected. 

 

4.2.2 Regeneration experiments 

 

Spotted Gar (n-12, 19-25cm standard length) were anesthetized in 160mg/L MS-

222 (Sigma) and caudal fins were amputated via a vertical cut using the ventral apex as a 

landmark to begin the cut.  This amputated, posterior part of the caudal fin from 0dpa was 

put in RNA later and stored at -80C. Gar with amputated fins were monitored until a time 

of secondary sampling at 7dpa (n=4), 16dpa (n=4), and 32dpa (n=4) upon which time the 

regenerating caudal fin was sampled under anesthesia by via another vertical cut anterior 

to the initial 0dpa cut site. This resulted in a thin strip of fin tissue (up to ~1cm in width) 

that contained original caudal fin tissue as well as all regenerated tissue up to that time 

point.  All 7dpa, 16dpa, and 32dpa tissues was put in RNA later and stored at -80C. All 

gars were euthanized at the end of the experiment in 300mg/L MS-222. Day 0 samples 

were collected for all animals and then matched to the animals for each timepoint when 

regenerating tissue was later collected. Thus, we refer to day 0 as Amputated Fin (AF) for 

each individual animal and the re-sampled regenerative blastema as Regenerative 

Blastema (RB) throughout the thesis.   

The axolotl limbs were amputated at the level of the zeugopod (forearm, through 

the radius and ulna bones) under anesthesia using buffered MS222 0.1X dissolved in 40% 

Holtfreter’s solution. Blastema from the regenerating limb were then isolated at different 
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stages of the regenerating bud (early - ~6 days post amputation; medium – 8-9 days post 

amputation; late - 10-12 days post amputation)(Stocum, 1979). 

 

4.2.3 RNA extractions from isolated tissue 

 

Dissected tissues were lysed and homogenized using Trizol reagent (Thermo) 

according to the manufacturer's directions and frozen at -80°C for further analysis. 

Blastema RNA from gar and axolotl were isolated from single tissue samples. Hearts 

were pooled from 3 animals for zebrafish samples. Zebrafish included young adult (6-10 

months post fertilization) and aged (20-24 months post fertilization) cohorts. The samples 

were then processed for RNA using the Ambion PureLink RNA Mini Kit (Thermo) 

according to the manufacturer's protocol and an on-column DNase I digestion. Quality 

and quantity of RNA was measured using a Nanodrop 2000 spectrophotometer (Thermo). 

Absorbance measurements A260/A280 and A260/A230 with ratios ~2.0 were accepted 

for downstream analysis by RT-qPCR.  

 

4.2.4 RT-qPCR 

 

cDNA was generated from 1 µg of RNA (for axolotl) or 500 ng of RNA (for 

zebrafish and spotted gar) using the BioRad 5X iScript RT supermix kit (BioRad 

Laboratories Canada; Mississauga, ON, CA) for RT-qPCR, after which samples were 

diluted 1:1 with nuclease-free water. Control samples lacking reverse transcriptase were 

included to confirm no genomic DNA contamination. Quantitative PCR (qPCR) was 

performed on cDNA samples using the 2X SsoAdvanced Universal SYBR Green 
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Supermix (BioRad). The reactions were performed using BioRad CFX Connect and all 

experiments were done in triplicate. Primers were designed using NCBI Primer Blast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Gene expression data were 

normalized to at least two reference genes from each species (spotted gar –actb and 

gapdh; axolol – gapdh and rpl4; zebrafish - rplp0 and actb1) and analyzed using the 

BioRad CFX Maestro Software. Data were collected and analyzed as per the MIQE 

guidelines (Bustin et al., 2009).  

 

4.2.5 2’3’- cGAMP quantification 

 

Gar blastema and axolotl blastema were weighed, washed 3x with PBS and then 

lysed using M-PER (Thermo Scientific). Individual zebrafish hearts were washed 3x with 

PBS, homogenized using a grinder and then lysed using M-PER. Lysates were incubated 

on ice for 30 minutes with gentle agitation every 10 minutes, before being spun down 

with 16,000 x g at 4° C for 10 min. Samples were quantified using a 2′3′-cGAMP ELISA 

kit (Cayman Chemical) according to the manufacturer’s instructions.  

 

4.2.6 Immunohistochemistry  

 

For immunofluorescence assessment of the presence and distribution of γ-H2AX 

in the zebrafish heart, ventricles were isolated from zebrafish expressing eGFP under the 

myocyte-specific myl7 promoter (tg(myl7:eGFP)) for visualisation of the cardiac 

musculature. As previously described (Stoyek et al., 2018), the hearts were fixed 

overnight in 4% paraformaldehyde (Electron Microscopy Sciences) with 1% DMSO 
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(Sigma-Aldrich) in phosphate-buffered saline (Sigma-Aldrich). The hearts were then 

rinsed three times for 15 min each in PBS and transferred to a solution containing 0.1% 

Triton X-100 (PBS-T; T9284, Sigma-Aldrich) in PBS with mouse monoclonal anti-H2a.x 

(1:100; JBW301; Millipore) and incubated for 3 days with agitation at 4ºC. Tissues were 

rinsed three times for 15 min each in PBS-T and transferred to PBS-T containing the 

appropriate secondary antibody (1:300, AlexaFluor555; A-21429, Fisher Scientific) for 2 

days with agitation at 4ºC. Final rinsing was done in PBS and specimens were placed in 

Scale CUBIC-R1 clearing solution (Susaki et al., 2014) overnight at room temperature 

with gentle agitation. Ventricles were sectioned roughly in half with midline cut on the 

axial plane and hearts were then mounted on glass slides in CUBIC-R1 for confocal 

microscopy. Processed specimens were examined as whole-mounts using an LSM 710 

confocal microscope using Zeiss Zen software (Carl Zeiss, Toronto, Canada). These 

immunostainings were done by the Quinn lab. 

 

4.2.7 Animal ethics 

 

Spotted gar work was approved by the Institutional Animal Care and Use 

Committee at Michigan State University (protocol no. PROTO201900309). All the 

experiments done with axolotls were approved by the Université de Montréal institutional 

animal care committee in accordance with the Canadian Council on Animal Care. All 

experimental procedures with zebrafish were approved by the Dalhousie University 

Committee for Laboratory Animals (protocol number 20-074) and followed the 

guidelines of the Canadian Council on Animal Care. 
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4.2.8 Statistical analyses 

 

For statistical analyses between groups of 3 or more (for gar, axolotl and cell line 

experiments), significance was determined using a One-way ANOVA, with Tukey’s 

post-hoc analysis used for comparison. For zebrafish aging experiments where 

comparison was made between 2 cohorts, significance was determined using a Student's 

t-test (two-tailed). All statistical analyses were completed using GraphPad Prism 9. 
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4.3 Results 

4.3.1 Immune signalling is upregulated in the early stages of gar caudal fin regeneration 

The spotted gar is capable of fin regeneration, where it is able to completely 

regenerate a functional, innervated fin even after the injury to the endoskeleton (Figure 

4.5A) (Darnet et al., 2019). However, it is unknown as to what role innate immune 

signalling plays a role in promoting fin regeneration in the organism. The spotted gar 

genome encodes IFN genes which are stimulated in response to stimuli mimicking an 

antiviral response such as poly(I:C) (F. Liu et al., 2019). I therefore assessed during 

spotted gar fin regeneration if the gar IFN related genes were upregulated and if this 

corresponded to changes in cGAS-STING expression. Regenerative blastema isolated 

from spotted gar at various stages of caudal fin regeneration were examined and assessed 

for innate immune signalling associated genes in terms of expression (Figure 4.5A). 

There were changes to Ifn genes such as ifnb and ifnc1, which were upregulated ~98-fold 

and ~96-fold respectively at the earliest stage of 7 days post-amputation (7 dpa) (Figure 

4.5B). In addition, orthologs of inflammatory interleukins Il6 and Il8, were also found to 

be significantly upregulated 7 dpa in the regenerative blastema. By 16 dpa, ifnb, ifnc1, il6 

and il8 returned to baseline levels. Both IFN and inflammatory signalling pathways are 

upregulated initially during spotted gar fin regeneration but eventually return to baseline 

expression levels over the course of regeneration. Thus, in gar, regeneration occurs in 

phases, and the early phase relies on gene expression changes to the innate immune 

signalling pathway. 
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Figure 4.5. Early-stage gar regenerative blastema transition into a pro-

inflammatory state. (A) Spotted gar caudal fins were amputated, and regeneration was 

observed over a 32-day period, with regenerative blastema being collected at the 

indicated timepoints for molecular analysis. Scale bar indicates 1 cm (B) Interferons and 

Interleukins are upregulated in blastema at 7dpa before returning to baseline levels (n=3). 

Gene expression of ifnb, ifnc1, il6 (Interleukin 6), and il8 (Interleukin 8-like) was 

assessed and significantly different from the original amputated fin (AF) only a 7 dpa. 

Variation between groups was assessed with a one-way ANOVA, with Tukey’s post-hoc 

analysis for pairwise comparison between groups. ****p < 0.0001 
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cGAS-STING is a conserved regulator of type I IFNs and interleukins such as IL6 

and IL8 in mammals (Chernyavskaya et al., 2017; Ge et al., 2015; Glück et al., 2017). 

cGAS-STING predates IFN evolution, as IFNs emerged in jawed vertebrates in contrast 

to cGAS-STING genes that are present in invertebrate genomes and involved in NF-κB 

signalling (Martin et al., 2018; Secombes & Zou, 2017). The cGAS-STING pathway is 

conserved, and the involved machinery can be identified in the gar genome (Figure 

4.6A).  Then, cGAS activity was measured in the gar model by measuring the levels of 

2′3′-cGAMP, the product of cGAS. Consistent with cGAS-STING activation, the 7 dpa 

blastema had significantly elevated amounts of 2′3′-cGAMP (Figure 4.6B). However, the 

expression of cGAS and STING orthologs in the gar fin regenerative blastema did not 

significantly change. The gar Plex9.1 or PML proteins likely function as the suppressor 

of the cGAS-STING pathway based on our previous work (Chapter 2 and Chapter 3) 

(Mathavarajah et al., 2023). The expression of suppressor proteins of cGAS activity in 

gar, Plex9.1 and Pml was also surveyed. There were no changes to plex9.1 expression, 

there was a ~8-fold reduction in pml gene expression at 7 dpa (Figure 4.6C). Thus, it 

appears that pml expression is reduced to facilitate cGAS activity in gar blastema during 

the early stages of regeneration.  
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Figure 4.6. cGAS activity is upregulated in the early stages of gar regenerative 

blastema. (A) Overview of the cGAS-STING pathway in the spotted gar. (B) 2’3’- 
cGAMP levels are elevated specifically at 7dpa in regenerative blastema. 2’3’-cGAMP 

concentrations were determined from the same caudal fins used for RNA isolation. (C) 

Gene expression analysis of cGAS-STING pathway orthologs in gar indicate that pml is 

downregulated to facilitate immune signalling via the cGAS-STING axis. Variation 

between groups was assessed with a one-way ANOVA, with Tukey’s post-hoc analysis 

for pairwise comparison between groups. ****p < 0.0001 

 



 

169 

 

4.3.2 Cross-species conservation of cGAS-STING activation in early stages of 

regeneration 

I next examined inflammatory gene expression, cGAS-STING activity, and the 

expression of cGAS suppressors during axolotl limb regeneration. First, the gene 

expression of axolotl il6 and il8 was measured in tissue isolated from regenerating axolotl 

(Figure 4.7A) at the early stages of regeneration (timepoints of 0h, 6h, 24h, 48h, 96h) 

and at three major stages of limb regeneration (i.e. the early, medium and late bud stage) 

(Figure 4.7B). Intriguingly, il8 was significantly upregulated within the first 48 hours of 

regeneration and remained elevated throughout the medium and late bud stage Figure 

4.7B). In contrast, il6 was upregulated within 96 hours (Figure 4.7B) and remained 

elevated only through the early bud stage. Axolotl have a similar cGAS-STING axis as 

the spotted gar but differ in the suppressor involved, where the axolotl genome does not 

encode plex9.1 or pml orthologs and Trex1 plays this role. Next, cGAS activity was 

assessed and there were elevated levels of 2′3′-cGAMP strictly during the early bud stage 

of limb regeneration (Figure 4.8B). Like the gar regenerative blastema, there were no 

significant changes in the expression of axolotl cgas or sting during the 4 days of wound 

healing or at the different limb bud stages (Figure 4.8C). The gene expression of axolotl 

Trex1 was also examined, as axolotl TREX1 suppresses axolotl cGAS-STING, like in 

mammals (Figure 4.8C). There was a significant and immediate ~48-fold decrease in 

Trex1 gene expression in the blastema within 6 hours of limb removal, with Trex1 

expression only restored at the late bud stage (Figure 4.8C). Collectively, these data 

indicate that during limb-fin regeneration, Trex1 and Pml, appear to be downregulated to 

promote type I IFN signalling during regeneration in axolotl and gar, respectively. 
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Figure 4.7. Il6 and Il8 are upregulated during axolotl limb regeneration. (A) Axolotl 

limbs were amputated at the level of zeugopod and regeneration was observed at different 

stages of limb regeneration. (B) An increase in the expression of interleukin 6 (Il6) and 

interleukin 8 (Il8) was observed in the early stages of axolotl limb regeneration. Blastema 

from the regenerating limb was isolated within the first 96 hours and then at three 

different stages of limb regeneration (early, medium, and late bud). Variation between 

groups was assessed with a one-way ANOVA, with Tukey’s post-hoc analysis for 

pairwise comparison between groups. *p < 0.05, **p < 0.01 
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Figure 4.8. Trex1 is downregulated in the limb regenerative blastema of axolotl. (A) 

Overview of the cGAS-STING pathway in the axolotl. (B) 2’3’- cGAMP levels are 

elevated in the early bud of the regenerating axolotl limb. 2’3’-cGAMP concentrations 

were determined from the same axolotl regenerative blastema used for RNA isolation. 

(C) Gene expression analysis of the cGAS-STING pathway orthologs in axolotl indicate 

that Trex1 is downregulated during the stages of regeneration where cGAS activity is 

elevated. Variation between groups was assessed with a one-way ANOVA, with Tukey’s 
post-hoc analysis for pairwise comparison between groups. ***p < 0.001, ****p < 

0.0001 
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4.3.3 Plex9 enzymes have elevated expression in the cardiac tissue of aged fish 

The Plex9.1 enzyme is also capable of suppressing cGAS-STING (Mathavarajah 

et al., 2023); however, there was no significant changes in Plex9.1 expression during gar 

regeneration.  Therefore, I sought to determine if Plex9.1 may be differentially regulated 

to influence cGAS-STING signalling in another biological process, such as aging. During 

aging, the cGAS-STING pathway promotes SASP and inflammatory cytokine expression 

that underlies cellular senescence (Hui Yang et al., 2017). However, since the spotted gar 

is collected from wild spawns, we used the laboratory spawned and maintained zebrafish 

model for comparing young versus elderly fish. Another experimental advantage of the 

zebrafish and other teleost fishes is a lack of orthologs for either Pml and Trex1 

(Mathavarajah et al., 2023), making it an ideal model to observe plex9.1 gene expression 

and its impact on cGAS-STING activity without overlapping contributions of Pml and 

Trex1 to cGAS suppression.  

Zebrafish Plex9.1 expression is highest in the adult heart (data not shown) and for 

that reason, I used hearts from young and elderly zebrafish as our model for studying 

cGAS-STING in senescence. When hearts of aged zebrafish were examined for STING-

dependent immune signalling genes, there were elevated levels of ifnphi1, il8 and isg15 

(Figure 4.9A). Similarly, markers of senescence such as p21 and p53 were also 

upregulated in the hearts of elderly fish (Figure 4.9B). In addition, γH2AX, a cellular 

senescence marker, is upregulated in the elderly fish cardiomyocytes (Figure 4.9C).  
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Figure 4.9. Hearts from elderly zebrafish have elevated gene expression associated 

with innate immunity and senescence. (A, B) Gene expression analysis of zebrafish 

hearts from young and aged cohorts shows differences in innate immune signalling 

markers (A) and senescence markers (B). (C) γ-H2AX foci, a marker of senescence are 

present in a greater abundance of cells in the hearts of elderly zebrafish. Myocytes were 

visualized using a tg(myl7:eGFP) reporter that the transgenic animals express. Scale bar 

is 50 µm. Variations between animal cohorts was assessed with a one-way ANOVA, with 

Tukey’s post-hoc analysis for pairwise comparisons between groups. *p < 0.05, **p < 

0.01, ****p < 0.0001. Data presented in panel C was collected by the Quinn lab. 
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cGAS-STING has been shown to contribute to the antiviral response in zebrafish 

to prevent HSV infection by promoting type I IFN activation (Ge et al., 2015). I wanted 

to determine if the pathway is also involved in fish age-related senescence by promoting 

IFN gene expression and senescence signalling (i.e., through il8). When cGAS activity 

was examined in hearts from young versus aged zebrafish, there was significantly 

increased levels of 2′3′-cGAMP in the hearts from aged animals (Figure 4.10A). 

However, like with limb-fin regeneration in the gar and axolotl, there were no significant 

changes in either cgasa or sting1 expression relative to age (Figure 4.10B), and cgasb 

expression was not detected in cardiac tissue (data not shown). I previously showed that 

Plex9.1 suppresses cGAS activity akin to TREX1 (Chapter 2). In contrast to cgasa and 

sting1, there was a ~68-fold drop in plex9.1 expression between the young and aged 

zebrafish hearts (Figure 4.10B).  These results indicate that cGAS activity increases in 

the hearts of elderly zebrafish, in part due to the downregulation of Plex9.1 expression. 
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Figure 4.10. cGAMP is elevated in hearts from elderly zebrafish and regulates the 

expression of pml, Trex1, and plex9.1. (A) cGAS activity is elevated in the elderly 

zebrafish. 2’3’-cGAMP concentrations were determined from individual hearts isolated 

from young and aged zebrafish. (B) Gene expression analysis of the cGAS-STING 

pathway orthologs in axolotl indicate that plex9.1 expression is reduced in hearts from 

aged zebrafish. cgasb expression could not be detected in the zebrafish heart samples. (f) 

Treating cell lines derived from gar (GARL), axolotl (AL1) and zebrafish (ZKS) with 

cGAMP altered expression of the different cGAS suppressors. Gene expression in 

zebrafish hearts was compared with an unpaired, two-tailed Student's t-test (two-tailed). 

Variations between animal cohorts was assessed with a one-way ANOVA, with Tukey’s 
post-hoc analysis for pairwise comparisons between groups. **p < 0.01, ****p < 0.0001 
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4.3.4 Pml, Plex9.1 and Trex1 are downregulated in response to 2′3′-cGAMP 

Since spotted gar pml and axolotl Trex1 expression is reduced during the early 

stages of fin and limb regeneration, and zebrafish plex9.1 expression is reduced in the 

cardiac tissue of aged zebrafish, I hypothesized that 2′3′-cGAMP may play a feedback 

role in controlling the expression of these suppressors of cGAS-STING. To address this 

hypothesis, cell culture models derived from gar, axolotl, and zebrafish (GARL, AL-1 

and ZKS cells, respectively) were employed to decipher which stimuli alter pml, Trex1 

and plex9.1 expression. Cells were transfected with 2′3′-cGAMP at low (100 ng) and 

high (2 µg) concentrations to activate the cGAS-STING pathway and examined gene 

expression of the exonucleases. The two concentrations of cGAMP provide an idea of 

how different levels of the molecules on the spectrum (like during different stages of 

regeneration), influence gene expression. However, it is not a direct corollary for STING 

activation. In gar, axolotl, and zebrafish cells, pml, Trex1 and plex9.1 gene expression 

(respectively) decreased in response to low 2′3′-cGAMP levels (Figure 4.11). However, 

at higher concentration of 2′3′-cGAMP, the expression of all three enzymes significant 

increased (Figure 4.11). Thus, 2′3′-cGAMP levels and therefore resulting activity of 

cGAS, directly impacts the gene expression of pml, Trex1 and plex9.1.  
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Figure 4.11. cGAMP can regulate the expression of Pml, Trex1 and plex9.1. Treating 

cell lines derived from gar (GARL), axolotl (AL1) and zebrafish (ZKS) with cGAMP 

altered expression of the different cGAS suppressors. Gene expression in zebrafish hearts 

was compared with an unpaired, two-tailed Student's t-test (two-tailed). Variations 

between treatment groups was assessed with a one-way ANOVA, with Tukey’s post-hoc 

analysis for pairwise comparisons between treatments. *p < 0.05, **p < 0.01 
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I also further examined if the cGAMP response was cell intrinsic or had a 

paracrine signalling component in the three species. For these experiments, interleukin 8 

(Il8) expression was utilized as it was significantly upregulated in response to aging and 

regeneration across the three species, and in response to low dose 2′3′-cGAMP treatment 

(Figure 4.12). Consistent with a paracrine component to the cGAMP response, 

conditioned media from transfected cells when applied to naïve untreated cells, induced a 

significant increase in Il8 expression in the gar, zebrafish and axolotl cells (Figure 4.12). 

There was no significant difference between incubation with conditioned media and 

transfection with 2′3′-cGAMP for zebrafish and axolotl (Figure 4.12). However, while 

there was a ~15-fold increase in il8 expression in response to cGAMP treatment in gar 

cells, conditioned media elicited an attenuated but significant increase of only ~5 fold 

(Figure 4.12). Although the reason for the reduced il8 induction in gar cells treated with 

conditioned media is unclear, it is worth noting that gar cells are grown at room 

temperature, which could affect the secretion of paracrine factors. 

 The observation of cGAS activity in the different species indicate: (1) during 

regeneration and age-related senescence there is a robust upregulation of gene expression 

programs that promote inflammation and interferon signalling, (2) cGAS is active during 

tissue regeneration and age-related senescence, (3) the increase in cGAS activity is likely 

a consequence of DEDDh exonucleases such as Pml, Plex9.1 and Trex1 being 

downregulated during limb-fin regeneration and aging (Figure 4.13). Thus, there exists a 

role for these DEDDh exonucleases in the regulation of limb-fin regeneration and aging 

via cGAS-STING. 
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Figure 4.12.  Conditioned media from cGAMP treated cells induces the 

upregulation of interleukin 8. Gene expression analysis of interleukin 8 orthologs in 

gar, axolotl, and zebrafish cell lines after transfection with 2’3’-cGAMP (100 ng) or with 

conditioned media. The conditioned media was obtained from each cell line 48 hours 

after 2’3’-cGAMP transfection and added to naïve cells with fresh media (1:1 ratio), then 

expression was analyzed 24 hours post-treatment. Variation between groups was assessed 

with a one-way ANOVA, with Tukey’s post-hoc analysis for pairwise comparison 

between groups. ****p < 0.0001, ***p < 0.001 
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Figure 4.13. Summary of how cGAS-STING is regulated during limb-fin 

regeneration and senescence in aquatic vertebrates. Innate immune signalling is 

important for facilitating regeneration and age-related senescence in aquatic vertebrates. 

cGAS activity is upregulated to promote these pathways in the three different vertebrate 

species during these biological processes. To facilitate the upregulation of cGAS activity, 

DEDDh exonucleases such as Pml, Trex1 and Plex9, that typically suppress cGAS, are 

downregulated.  
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4.4 Discussion 

The spotted gar was recently shown to be capable of regenerating its caudal fin 

after amputation to the endoskeleton (Darnet et al., 2019). In axolotl, a similar 

regenerative blastema is associated with activation of innate immune signalling (Darnet 

et al., 2019), however, it is unclear whether activation of innate immune signalling in 

regenerative blastema is conserved across species. During the early stages, regenerative 

blastema in the spotted gar and axolotl share similarities in the transcriptional changes 

that promote STING-dependent immune signalling during regeneration. Specifically, Il6 

and Il8, two key cytokines expressed in response to STING activation are upregulated in 

both gar and axolotl regenerative blastema. IL-8 was recently shown to be essential for 

axolotl limb regeneration (Tsai et al., 2019), and IL-6 is a well-established factor 

involved in mammalian liver regeneration, which has been shown to also be involved fin 

regeneration in axolotl and bichir (Streetz et al., 2000). The similar upregulation of both 

in early gar fin regeneration seen in the current study suggests that STING activity is 

increased by cells at the site of injury in a conserved program across bony vertebrates, 

which corresponds to an increase in 2′3′-cGAMP in gar blastema. Therefore, there is 

conserved reprogramming of regenerative blastema towards a highly active innate 

immune signalling state in the early stages of spotted gar fin regeneration, similar to what 

has been observed in other species capable of regeneration. 

IFN genes likely arose in the earliest jawed vertebrates, as these genes are present 

in extant cartilaginous and bony fish (Redmond et al., 2019). Paralogous genes 

representing all three IFN subgroups (I-III) can be found in the spotted gar genome 

(Braasch et al., 2016) In a gar cell line, IFNc1 but not IFNb paralogs are upregulated in 
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response to viral mimicry using poly (I:C) treatment  that activates IFN gene expression 

via the retinoic acid inducible gene I (RIG-I) pattern recognition receptor and the 

mitochondrial antiviral signalling protein (MAVS) (Fuguo Liu, Niels C. Bols, et al., 

2019). However, here, both IFNc1 and IFNb are expressed in the regenerative blastema, 

which is regulated by cGAS activation. Thus, in gar it appears that IFNc1 responds to 

both viral mimicry and fin damage, whereas IFNb expression is specific to wound 

healing and cGAS activation. In the future, it will be of interest to determine if these 

differences in IFN gene regulation can be exploited to further explore the evolutionary 

conservation of specialized innate immune responses to different cell stresses (viral 

infection, DNA damage, wound healing) and their corresponding pattern recognition 

receptors in early jawed vertebrates. 

In fishes, the cGAS-STING pathway has been shown to play an important role in 

their antiviral and antibacterial immune responses (de Oliveira Mann et al., 2019a; Liu et 

al., 2020; Sellaththurai et al., 2023). Our results extend these observations to the 

conservation of cGAS-STING function in tissue regeneration and aging. Moreover, this 

work provides the first data regarding the regulation of key suppressors of cGAS (Pml, 

Trex1 and Plex9.1) in jawed vertebrates during wound healing and aging. Specifically, 

during ray-finned fish and amphibian fin and limb regeneration, the expression of pml, 

Trex1 and plex9.1 is tied to the activity of cGAS, providing a potential feedback 

mechanism to potentiate or dampen downstream IFN gene regulation (Figure 3). 

Importantly, how bony vertebrate cells respond to stress in the form of a wound or aging 

appears to rely on the initial downregulation of these suppressor exonucleases, to 

promote cGAS-STING signalling.  
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Key cytokines involved in inflammaging (i.e. IL6 and IL8) are upregulated in our 

aquatic vertebrate models during both tissue regeneration and aging. This is consistent 

with the fact that a significant number of cells at the site of injury senesce (Li et al., 

2021). These cells are then cleared by macrophages after their recruitment (Li et al., 

2021). In addition, recent work on axolotl limb regeneration has revealed that senescent 

cells create a pro-proliferative niche for progenitor cell expansion and blastema 

outgrowth (Yu et al., 2022). Thus, cGAS-STING activation and cGAS suppressor 

downregulation during regeneration promotes cell senescence while simultaneously 

creating an environment primed for immune cell recruitment and tissue remodelling. 

Previous work identified plex9.1 among the downregulated genes during 

cardiomyocyte regeneration akin to pml during gar caudal fin regeneration (Wu et al., 

2015). Ray-finned fish plex9.1, which functions akin to tetrapod Trex1 (Mathavarajah et 

al., 2023) is also downregulated in the hearts of aged zebrafish, which correlates to 

elevated cGAS activity. This is consistent with Plex9.1 playing a potentially important 

role in maintaining cardiac function in teleost fish during aging, as previous work found 

that mice lacking Trex1 exhibit severe inflammatory myocarditis, cardiomyopathy and 

eventually circulatory failure (Morita et al., 2004; Stetson et al., 2008). Thus, the reduced 

expression of cGAS suppressor enzymes likely contributes to normal biological aging 

and senescence across different bony vertebrate species (De Cecco, Ito, Petrashen, Elias, 

Skvir, Criscione, Caligiana, Brocculi, Adney, Boeke, Le, Beausejour, et al., 2019; H. 

Yang et al., 2017).  

The de-repression of retroelements also occurs during aging and can activate 

cGAS (De Cecco, Ito, Petrashen, Elias, Skvir, Criscione, Caligiana, Brocculi, Adney, 
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Boeke, Le, Beausejour, et al., 2019). For example, LINE-1 retroelements were recently 

shown to promote the senescence associated secretory phenotype through the activation 

of cGAS-STING (De Cecco, Ito, Petrashen, Elias, Skvir, Criscione, Caligiana, Brocculi, 

Adney, Boeke, Le, Beausejour, et al., 2019). Previously, we have demonstrated that Pml, 

Trex1 and Plex9.1 collectively suppress LINE retroelements as an exonuclease-

independent function to limit cGAS activation (Chapter 2) (Mathavarajah et al., 2023). 

Considering that cardiac tissue from older zebrafish had higher levels of 2′3′-cGAMP, 

coupled with a decrease in cGAS-suppressor plex9.1 expression, the activation of cGAS-

STING in senescing cells seems to be a conserved pathologic process in vertebrates.  

In the future, the comparative biomedical investigation of aquatic vertebrate 

model systems such as the gar, zebrafish and axolotl will provide a useful experimental 

paradigm for studying the co-evolution of endogenous retroelements and the genes that 

suppress their pathological consequences during development, regenerative wound 

healing, and aging. 
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Chapter 5 – Conclusion 

5.1 Preface 

PML is an important, highly conserved gene in vertebrates that encodes an arsenal 

of isoforms that help regulate cellular functions, with many of these proteins contributing 

to tumour suppression. The work presented in this thesis expands our understanding of 

how the PML and Plex9 genes have evolved in different vertebrate species to play 

important functions in wound healing and aging, while contributing to genome stability, a 

retained fundamental cellular function in mammals. This chapter will discuss some of 

these main findings and how future biomedical work can build on the novel Plex9 genes 

and the newly found direct role for cytoplasmic PML in genome stability. Finally, 

conclusions drawn from this thesis will expand on the current roles of PML in both 

oncogenesis and wound healing to be exploited in the future as both a biomarker and in 

therapeutic approaches.  

 

5.2 Plex9 enzymes, convergently evolved regulators of cGAS-STING 

cGAS and STING encoding orthologs appeared more than 600 million years ago 

(can be identified in choanoflagellate genomes) and is found highly conserved in 

vertebrate species as a key pattern recognition receptor sensing pathway in vertebrates 

(Margolis et al., 2017; Yu & Liu, 2021). The cGAS-STING pathway has been shown to 

function in the innate immune response predating the evolution of interferons, such as in 

Drosophila where it is required for NF-κB signalling (via the NF-kB transcription factor 

Relish) in response to bacterial infection (Martin et al., 2018; Slavik et al., 2021). In IFN-
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secreting vertebrates such as fish, there is a conserved role for the cGAS-STING pathway 

in the antiviral response that utilizes a similar molecular pathway as mammals, where 

downstream modules of NF-κB and IRF3 are activated via the actions of TBK1 (Chen et 

al., 2020; de Oliveira Mann et al., 2019b; Ge et al., 2015). However, despite the emerging 

work illustrating the conserved functions of cGAS-STING, an important part of the axis, 

TREX1 is not well-described in other species. An important aspect of TREX1 is that it 

prevents sustained STING activation and damaging inflammation, functioning as an 

important brake for the pathway.  

In this thesis, I described the molecular evolution of TREX1, which first emerges 

in the genomes of tetrapods such as salamanders (Chapter 2). However, this poses a 

significant conundrum in fish, as there is conserved cGAS-STING signalling but a 

missing factor to “turn off” or suppresses the pathway, akin to TREX1.  The novel Plex9 

DEDDh DNA exonucleases (related to the C-terminus of the PML gene) play this 

important role of suppressing cGAS-STING signalling in teleost fishes (Chapter 2). 

These cytoplasm and ER-localizing enzymes are capable of micronuclei degradation and 

suppressing L1 retroelements, two important functions for TREX1 (Li et al., 2017b; 

Mohr et al., 2021b). Moreover, these Plex9 enzymes can compensate for the loss of 

TREX1 when ectopically expressed in TREX1 KO human cells, to suppress cGAS 

activation (Chapter 2). Intriguingly, these Plex9 exonucleases are lost in species where 

TREX1 is present (tetrapods). Thus, in an example of convergent evolution, two DEDDh 

exonucleases of different gene origins function as suppressors of the cGAS-STING 

pathway in fish and tetrapod species.  
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Currently, a fish model for studying type I interferonopathies (e.g., Aicardi–

Goutières) does not exist (Crow & Stetson, 2022). There are differences between the 

IFNs in teleost fish and mammals, but the critical upstream signalling components are 

highly conserved (Hamming et al., 2011). Targeting the Plex9 genes that regulate the 

cGAS-STING pathway in zebrafish (or other teleost fishes) could be a potential way to 

generate a model for studying type I interferonopathies. The zebrafish model has been 

used to study all sorts of human diseases and been a powerful model for new insights 

(Choi et al., 2021). The innovation of such a model will be beneficial for gathering new 

insights into the dysregulated pathways associated with type I interferonopathies. 

Moreover, it will also provide a strong screening model to identify potential small 

molecule therapeutics to treat type I interferonopathies.  Therefore, future work 

examining Plex9 genes using morpholino (a tool for gene silencing) or via CRISPR/Cas9 

knockout in zebrafish and other fish models could generate an innovative model for 

studying autoimmune disease and the highly conserved cGAS-STING pathway. 

 

5.3 PML NBs, an amniote innovation  

In studying the evolution of the PML gene, our work has implication for our 

understanding of how non-membrane bound organelles may have evolved in eukaryotic 

cells (Chapter 3). The origins of eukaryote organelles are largely understood from the 

perspective of endosymbiosis. However, there are organelles that are likely derived from 

autogenous organellogenesis (i.e., recycling machinery and digestive vacuoles) (Dacks et 

al., 2008). The nucleus is a complex organelle that includes a variety of subnuclear 

organelles within it, including PML NBs, Cajal bodies, paraspeckles and splicing 
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speckles, that contribute to its architecture and function (Handwerger & Gall, 2006; Liu 

et al., 2018). Nuclear bodies are an important aspect to nuclear architecture as they create 

an environment that is spatially compartmentalized to create distinct regions within a 

confined volume, and consequently concentrating proteins and their substrates or 

interactors, to potentially facilitate more efficient reactions within the cell (Mao et al., 

2011). PML orthologs in fish lacked the known lysine residues for SUMOylation and 

localized to the cytoplasm as active exonucleases. This suggests that amniote species 

have uniquely evolved a subnuclear organelle/compartment, which contributes to their 

cellular complexity. 

PML NBs are membrane-less and represent molecular condensates that self-

organize into organelles, in a process regulated by SUMOylation and likely occurring by 

phase separation (Banani et al., 2016; Corpet et al., 2020; Shen et al., 2006). PML NBs 

emerged in amniote species coincident with the appearance of TREX1. I was able to 

identify that unlike non-teleost fish orthologs of PML, the orthologs of PML from turtle 

and quail genomes localize to the nucleus and form SUMOylated bodies (Chapter 3). 

Intriguingly, SUMOylation sites for PML orthologs can be identified first in amniote 

species and one of these sites, K616, aligns to an acidic residue responsible for catalytic 

activity for the catalytically active PML exonuclease in fish. Therefore, it appears that 

PML neofunctionalization appears to have occurred from the loss of exonuclease 

function and gain of new self-organization function primed by SUMOylation and its 

localization in the nucleus.  

PML NBs represent an extreme form of SUMO-SIM interactions facilitating 

phase separation in eukaryote cells. The noncovalent interactions between SUMO 
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modified proteins and the SIMs of other proteins can drive liquid-liquid phase separation 

(Lin et al., 2006; Matunis et al., 2006; Shen et al., 2006). In addition, studies have shown 

using an engineered recombinant protein pairing of a protein with multiple repeats of a 

SIM (from PIASx) and multiple repeats of human SUMO3, when mixed, can assemble 

into phase-separated droplets (Banani et al., 2016). The PML protein evolving 

SUMOylation sites while already having a SIM likely led to the scaffold protein being 

able to self-oligomerize and form membraneless organelles within the nucleus. Our work 

highlights how membrane-less organelles not derived from endosymbiosis could 

originate from a single gene encoding a protein with the capacity for self-organization 

such as PML, which has led to the amniote innovation of the PML NB.  

 

5.4 PML-I, a dynamic tumour-suppressive isoform that maintains 

genome stability  

The PML-I isoform is the most conserved PML isoform in vertebrate species and 

the most highly expressed in human cells (Nisole et al., 2013). In addition, PML-I 

encodes a unique exon 9 region that has yet to be characterized. However, our 

understanding of PML-I function has been limited aside from the protein being known to 

uniquely interact with a handful of proteins. We showed that the exon 9 region of PML-I 

is an active exonuclease domain in fish orthologs of PML, while amniote orthologs of 

PML have lost this function (Chapter 2 and Chapter 3). These findings indicate that PML 

was once an active DEDDh exonuclease capable of degrading DNA (Chapter 3). 

However, another function for the exon 9 region is its role in suppressing L1 activity, 

which is a conserved function in humans (Chapter 3). Furthermore, PML-I promotes the 
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degradation of L1 ORF1p by the UPS to restrict L1 retrotransposition (Chapter 3). PML-I 

acts as an important sensor that mitigates the effects of L1 retrotransposition, which is a 

major perturbant for genome stability.  

In many malignancies, I have discussed how PML expression is reduced. Our 

findings indicate that in these different types of cancer such as prostate adenocarcinomas, 

lymphomas, breast carcinomas; an important tumour suppression function of PML-I is 

lost where it prevents mutagenesis by L1 retrotransposition (Gurrieri et al., 2004). PML 

NBs are capable of sensing DNA damage and responding in a manner to promote the 

recruitment of required factors to repair foci. However, in the context of L1, the PML 

protein can directly play a role in preventing L1 propagation and further mutagenesis 

(Chapter 3). In addition, PML can be considered a regulator of cGAS-STING signalling 

alongside TREX1 to prevent sustained signalling of type I IFN signalling in response to 

L1. PML appears to therefore be involved in multiple steps towards maintaining genome 

stability, including (i) facilitating DNA repair and cell fate decisions as NBs, (ii) directly 

suppressing L1 retrotransposition and (iii) regulating downstream cGAS-STING 

signalling in response to persistent damage (via L1 propagation). Thus, a staple role for 

the PML protein both directly and indirectly via NBs is its contribution to genome 

stability, which is lost in cancer when PML expression is lost. 

In APL, there is a fusion event between PML and RARα that leads to the loss of 

exon 9 that encodes the PML C-terminus domain (Ibáñez et al., 2016; Lehmann-Che et 

al., 2018; Ronchini et al., 2017). The C-terminus of PML-I is involved in L1 retroelement 

suppression. This suggests that in APL, there is a possibility that L1 retroelements are 

dysregulated in the absence of PML-I. However, there has been no work examining L1 
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retroelements in APL, thus it is currently unknown as to whether loss of PML-I 

influences L1 retroelement dynamics in APL. It is important to note that in relapse 

patients with the PML/RARα fusion gene, an elevated degree of somatic mutations is 

observed and this could possibly occur in response to L1-mutagenesis (Ibáñez et al., 

2016; Lehmann-Che et al., 2018; Ley et al., 2013; Riva et al., 2013; Ronchini et al., 

2017). An examination of L1-induced mutagenesis in APL patient tumour cells lacking 

PML-I function warrants an investigation.  

 

5.5 Cytoplasmic PML in cancer 

PML shuttling and function in the cytoplasm has been a debated topic, with there 

being many issues replicating results or artificial systems being generated to study 

cytoplasmic PML (rather than examining endogenous protein). However, I’ve shown that 

the shuttling of PML is a regulated response that occurs in response to the expression of 

L1 retroelements (Chapter 3). In addition, the nucleocytoplasmic shuttling occurs through 

CRM1, as Leptomycin B treatment prevented PML shuttling with L1 (Chapter 3). These 

findings have implications for PML in the context of cancer. Currently, it is difficult to 

assess LINE-1 expression in tumours due to the heterogeneity of L1 sequences with 

retrotransposition-competency, which amounts to approximately 80-100 different 

elements (Brouha et al., 2003). This is still a relatively small pool of elements 

considering that over 99% of L1 elements are inactive. Yet, in cancer, the active elements 

have been shown to delete large regions on chromosomes (spanning megabases, leading 

to the loss of tumour suppressor genes), large scale duplications and complex 

translocations (Bernardo Rodriguez-Martin et al., 2020). The most affected malignancies 
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from L1 expression are esophageal adenocarcinomas, head-and-neck cancer, and 

colorectal cancers. However, there are limited antibodies available to histologically 

follow L1 activity in cancer cells (Sharma et al., 2016).  

The presence of PML in the cytoplasm can serve as a biomarker for highly 

mutagenic tumour cells in patient samples. If PML localizes to the cytoplasm in these 

tumour cells, it indicates that shuttling occurred in response to LINE-1 retrotransposition. 

In addition, this information could be overlayed with genetic info on the background of 

the tumour to inform therapeutic decisions (especially those involving DNA repair 

inhibitors). For example, if it is (1) known that a tumour sample has cells with 

cytoplasmic PML and (2) that it is HR-deficient, this would suggest the following: 

Cytoplasmic PML indicative of high L1 expression means that the cells experience high 

rates of L1-derived mutagenesis and with HR-deficiency, this potentially indicates a high 

success for PARP inhibitor therapy (i.e., synthetic lethality) (Slade, 2020). However, 

there needs to be additional work testing the sensitivity of PML to shuttling at different 

levels of L1 activity. This could be done by transfecting different amounts of L1 elements 

and testing PML shuttling. In addition, the current PML antibody used for screening in 

histological samples requires fine-tuning and new protocols to accurately detect between 

NBs and cytoplasmic signal. After these initial studies, cytoplasmic PML could serve as 

an early diagnostic tool to predict the highly mutagenic cancers that are more aggressive 

and have poorer outcomes. 
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5.6 Conserved regulation of cGAS-STING in limb-fin regeneration and 

aging in vertebrates 

The cGAS-STING pathway is highly conserved in vertebrate species and 

contributes to host immunity in different species, where the pathway is critical for 

pathogen sensing and responding via interferons and inflammatory signalling (Cai & 

Imler, 2021; Margolis et al., 2017). However, it was unknown how cGAS-STING 

signalling contributes to other major biological processes in animals and what factors 

regulate the pathway. I’ve examined the role of the highly conserved cGAS-STING 

pathway in aquatic vertebrates and found that it contributes to both tissue regeneration 

and aging (Chapter 4). In addition, the downregulation of the Plex9, Pml and Trex1 

exonucleases in these different species is a critical regulatory step to control the activity 

of cGAS and downstream signalling during limb-fin regeneration and aging (Chapter 4).  

PML has been linked to wound healing in the past where it was involved in 

endothelial cell migration and potentially the reformation of vasculature (Cheng et al., 

2012). Intriguingly, in this context, mammalian PML is upregulated in response to type I 

IFN signalling via the IFNα/β stimulated response element (ISRE) located in its promoter 

region (Stadler et al., 1995). However, spotted gar PML expression is inversely related to 

high levels of cGAS activity during fin regeneration, likely because of its role in 

regulating cGAMP levels (Chapter 4). A similar mechanism of gene regulation has been 

observed with TREX1 to promote cGAS activity during senescence (Takahashi et al., 

2018). Intriguingly, the downregulation of Pml, Plex9, and Trex1 occurs across all three 

different species examined, the spotted gar, zebrafish and axolotl, in response to cGAMP. 

However, it is unknown as to whether cGAMP can elicit the downregulation through 
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STING-independent mechanisms, such as a novel set of transcription factors instead of 

IRF3 and NF-κB in these organisms. There have been reports of cGAS regulating 

autophagy via STING-independent mechanisms, so it is possible that other cGAMP-

targets exist (D. Liu et al., 2019). This will be intriguing to explore in the future, as to 

whether cGAMP induces transcriptional rewiring via STING-independent mechanisms. 

Moreover, our work suggests that during teleost fish aging, there is 

downregulation of plex9.1 akin to the downregulation of Trex1 in aged mice (Chapter 4) 

(Du et al., 2023). Considering that L1 retroelements have recently been shown to be a 

driving factor of inflammatory signalling during aging, it is tempting to speculate that the 

dysregulation of TREX1 in mammals and plex9.1 in teleost fish contributes to senescent 

signalling (De Cecco, Ito, Petrashen, Elias, Skvir, Criscione, Caligiana, Brocculi, Adney, 

Boeke, Le, Beauséjour, et al., 2019). At the least, there are likely similar changes in the 

regulation of these exonucleases across species, possibly through epigenetic changes that 

occur with aging. Alternatively, it could be a consequence of cGAMP-regulation of gene 

expression, which is also occurring. However, it is still unclear as to what stimuli or 

changes in aged-related senescence can trigger the downregulation of the exonucleases.  

In contrast to how they prevent senescence signalling in aging, these exonucleases 

are desirable targets for therapeutic intervention in wound healing. It is possible that 

targeting TREX1 and other DEDDh exonucleases therapeutically using newly available 

small molecule inhibitors can be a mechanism to kickstart regeneration pathways via type 

I IFN signalling in mammals. In particular, the sustained type I IFN activation with 

TREX1 inhibition could promote the recruitment of immune cells and remodelling at the 

site of injury (Francica et al., 2022; Hemphill et al., 2021). These experiments could be 
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done in the axolotl model, which has a TREX1 ortholog that regulates cGAS-STING, and 

the model is amenable for such tissue regeneration studies. 
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