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Abstract 
 

Although Transposable Elements (TEs) have been a reliable source of genetic variation 

throughout evolution (Rishishwar et al., 2018), host genomes have simultaneously 

coevolved with TEs to employ a variety of strategies to regulate their aberrant activity. 

In fact, mounting evidence indicates the deleterious consequences of dysregulated TE 

expression in a number of human diseases including autoimmune and inflammatory 

disorders (M. K. Crow, 2010), monogenic diseases (Cordaux & Batzer, 2009; Nakamura 

et al., 2015) and various cancers (Helman et al., 2014; Lee et al., 2012). The goal of this 

project is to explore how the human genome continues to adapt to the ongoing 

evolutionary arms race between TEs and the innate immune defence system and to 

uncover novel epigenetic pathways that help suppress their aberrant activity and 

characterise how these pathways regulate innate immune genes.  

The Human Silencing Hub (HUSH) is an epigenetic silencing complex that is necessary 

for the repression of LINE-1 elements (Fukuda et al., 2018; N. Liu et al., 2018; Robbez-

Masson et al., 2018). Here, we reveal the depletion of the HUSH complex component, 

MPP8, in human cell lines and primary fibroblasts leads to the induction of interferon-

stimulated genes (ISGs) through JAK/STAT signalling and demonstrate that this effect 

is mainly attributable to MDA5 and RIG-I-mediated sensing of double-stranded RNAs 

(dsRNAs). This response coincides with the upregulation of primate-conserved LINE-1 

elements, as well as increased expression of a subset of full-length hominid-specific 

LINE-1s that produce sense and antisense transcribed RNA products, which may form 

dsRNAs. Furthermore, we show that LINE-1 shRNAs could abrogate the HUSH-

dependent response, while overexpression of an engineered full-length LINE-1 

construct activates interferon signalling in somatic cells. Finally, we provide some 

insights into the physiological regulation of HUSH and HUSH-regulated LINE-1s during 

the normal immune response in primary human fibroblasts. Taken together, our 

results suggest that endogenous LINE-1s drive physiological and autoinflammatory 

responses through dsRNA sensing and gene-regulatory roles that are ultimately under 

HUSH control. Our work thus serves to highlight HUSH/MPP8 as a potential drug target 

for future cancer immunotherapies, where MPP8 inactivation may be harnessed to 

drive type 1 IFNs and anti-tumour immunity.     
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1 Chapter 1: Introduction  
 

Most studies on Human Genetics revolve around examining the protein-coding portion 

of the genome, yet this coding fraction only accounts for less than 3% of our genetic 

material (Lander et al., 2001). In fact, the majority of the mammalian genome is 

composed of DNA of unknown function, famously referred to as genomic ‘dark matter’ 

(Diederichs et al., 2016). Nonetheless, with advancements in whole-genome 

sequencing technologies (International Human Genome Sequencing Consortium, 

2004), together with the advent of bioinformatic mining techniques and the use of in 

silico modelling (Lerat, 2010), comparative studies have unearthed Transposable 

Elements (TEs) as major contributors to the non-coding portion of the human genome 

(de Koning et al., 2011; Hayward et al., 2013).  

 

1.1 Transposable Elements 
 

First discovered by Barbara McClintock in the 1950s (McClintock, 1956), Transposable 

Elements (TEs) are highly repetitive interspaced DNA sequences that possess the ability 

to mobilize within the genome. They can be regarded as remnants of ancient viruses 

that once invaded the germline and have accumulated in copy number throughout 

evolution (Miller & Robinson, 1986; Pace et al., 2008; Y. Xiong & Eickbush, 1990). 

Virtually all organisms harbour TEs with different genomes carrying vastly different TE 

sequences (Figure 1). In humans, up to 70% of our genome is thought to be repetitive 

or repeat derived (de Koning et al., 2011) and this proportion can vary from 10% in 

some species to 90% in others (M. J. Han et al., 2014; Kaul et al., 2000; Schnable et al., 

2009). TEs exhibit diverse integration behaviours and can be classified as either DNA 

Transposons or RNA (Retro-) Transposons based on their mechanism of transposition 

(Figure 2). DNA Transposons (also referred to as Class II TEs) typically transpose using 

a ‘cut-and-paste’ method whereby their sequence is excised from one region of the 

genome and integrated into another. These transposons constitute approximately 3% 

of the mammalian genome (Waterston et al., 2002), but with the exemption of some 

bat species, they no longer actively mobilise in mammals (Lander et al., 2001; Mitra et 

al., 2013).   
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On the other hand, retrotransposons are highly active (Kazazian et al., 1988; 

Richardson et al., 2015) and make up around 45% of the genome of most mammalian 

species (Hancks & Kazazian, 2016) (Figure 3). These elements (referred to as Class I) 

mobilize via a ‘copy-and-paste’ mechanism involving genomic integration of the DNA 

produced through reverse transcription of their RNAs. This makes it possible for active 

retroelements to accumulate in copy number across other genomic regions whilst 

retaining their original copy location. Retrotransposons are further classified into 5 

superfamilies based on their structure and associated method of transposition, and 

include: Long terminal repeats (LTRs), Long interspersed elements (LINEs), Short 

interspersed elements (SINEs), Dictyostelium intermediate repeat sequence-like 

elements (DIRS) and Penelope-like elements (PLEs) (Muszewska et al., 2011). The LTR 

family of retrotransposons are largely related to extant Retroviruses and encode LTRs 

at their 5’ and 3’ ends that likely originated from ancient retroviral infections 

(Thompson et al., 2016). In contrast, LINEs are non-LTR retrotransposons that encode 

internal promoter sequences at their 5’ untranslated regions (UTRs) which drive the 

expression of their replicative machinery (Ardeljan et al., 2017), to which SINE 

elements depend on for their retrotransposition (Hancks & Kazazian, 2010). Finally, 

DIRS elements are LTR retrotransposons that encode tyrosine recombinases which 

facilitate site-specific integration (Malicki et al., 2020; Wiegand et al., 2014), while PLEs 

encode features that resemble telomerase reverse transcriptases (TERTs) (Y. Wang et 

al., 2020). In summary, all retrotransposons within the human genome can be broadly 

categorized as either LTR or non-LTR retrotransposons, and specific examples of active 

elements that will later form the focus of this thesis are described in further detail 

below.  
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Figure 1: Composition of Transposable elements (TEs) in vertebrate genomes 

Retrotransposons make up approximately half of mammalian genomes with TE 

content shown in Gigabases (Gb). Selected species are listed and include C. porosus, 

Crocodylus porosus (crocodile); G. gallus, Gallus gallus (red junglefowl); H. sapiens, 

Homo sapiens (humans); L. chalumnae, Latimeria chalumnae (coelacanth); M. 

domestica, Monodelphis domestica (opossum); M. mulatta, Macaca mulatta 

(macaque); M. musculus, Mus musculus (mouse); O. anatinus, Ornithorhynchus 

anatinus (platypus). LTR/ERV, long terminal repeat/endogenous retrovirus; SINE/LINE, 

short/long interspersed element; Ma, million years ago. Image adapted from Senft and 

Macfarlan, 2021 (Senft & Macfarlan, 2021).  
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Figure 2: Simple classification of Transposable Elements of the human genome 

 

 

 

Figure 3: Distribution of repeats in the human genome 

Proportion of Transposable element (TE)-derived repeats in the human genome. 

Retrotransposons make up the majority of TEs and represent roughly 45% of the 

genome, while DNA transposons comprise 3%. LINEs are the largest class of non-LTR, 

autonomous retrotransposons, with the active LINE-1 family representing 

approximately 17%. Image adapted from Liao et al. 2023 (X. Liao et al., 2023). 
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1.1.1 Endogenous retroviruses (ERVs) 
 

ERVs are LTR retrotransposons that possess similar genomic organisation to that of 

exogenous retroviruses and are derived from retroviral infections of the germline 

(Wildschutte et al., 2016). Autonomous ERVs contain LTRs directly flanking an internal 

coding region that consists of at least a group-associated antigen (gag) and polymerase 

(pol) gene mandatory for viral replication and integration, respectively (Nelson et al., 

2003) (Figure 4). However, unlike retroviruses, most ERVs lack a functional env gene 

which encodes the envelope protein known to play a critical role in the horizontal 

transmission of retroviruses (Young & Bieniasz, 2007). In fact, the majority of ERVs exist 

as solo-LTR and have lost their internal sequences through homologous recombination 

of their 5’ and 3’ LTRs (Copeland et al., 1983). Interestingly, loss of the env gene has 

been associated with ERVs acquiring the ability to retrotranspose more efficiently in 

the genome (Magiorkinis et al., 2012).  

One type of repetitive element that is unique to the human genome is the Human 

Endogenous Retrovirus (HERV), which typically consists of gag, pol and env genes 

embedded between a pair of LTR sequences (Grandi & Tramontano, 2018). Over 

evolutionary time, many HERVs have become defective through the accumulation of 

mutations within their coding sequences. However, some HERVs, such as one member 

belonging to the most biologically active HERV-K subfamily (K denoting the lysine-

transfer RNA (tRNA)-specific primer binding site used to initiate reverse transcription), 

has been shown to encode several copies with near complete open reading frames and 

has also displayed recent mobilization activity in humans (Buzdin et al., 2003; Gröger 

et al., 2020; Tönjes et al., 1996; Wildschutte et al., 2016). Interestingly, functional ERVs 

are known to impact host gene expression by acting as enhancers for host cellular gene 

networks or by regulating pluripotency maintenance via the production of long non-

coding RNAs (lncRNAs) (Garcia-Perez et al., 2016). In mice, ERVs are estimated to 

account for 10% of the genome, and unlike in humans, there are several subfamilies, 

including intracisternal A-particles (IAP) and Mus-type D-related retroviruses (MusD) 

that continue to remain active (Lueders & Kuff, 1977).    
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Figure 4: General structure of the LTR retrotransposon, HERV-K  

Schematic representation of an LTR retrotransposon with the example of human 

endogenous retrovirus (HERV-K) shown. The 5’ and 3’ LTRs comprise recombination 

sites for LTR integration and contain enhancer and promoter sites (5’ LTR) and poly(A) 

sites (3’ LTR). The gag gene encodes structural components resembling a nucleocapsid, 

and the Pro gene encodes a protease. Pol gene encodes a polyprotein with reverse 

transcriptase (RT) and integrase (IN) functions. The env gene encodes a structural 

protein required for integration into host cells but is mostly dysfunctional. TSD: Target 

site duplication; gag: group-specific antigen; pro: protease; pol: polymerase; env: 

envelope. Image adapted from Lagisquet et al. 2021 (Lagisquet et al., 2021).  

 

1.1.1.1 Classification of ERVs 
 

Numerous ERVs have been identified in mammalian hosts via the use of low-stringency 

hybridization or Polymerase chain reaction (PCR) amplification strategies designed on 

mostly conserved viral sequences (Stoye, 2012). However, with the advent of whole 

genome sequencing and increasingly sophisticated in silico analysis methods, it is 

estimated that roughly 8% of the human genome is recognisably ERV-derived (Lander 

et al., 2001). Even with comparative genomic studies, the taxonomy of ERVs remain 

controversial and complicates their study. A common approach for the classification of 

ERVs uses the sequence similarity of the conserved pol coding domain as it facilitates 

sequence alignment and identification from extant exogenous counterparts (Fitch, 

1987). Under such a system, human ERVs have been separated into three classes 

named Class I, II and III for Gammaretroviruses-like, Betaretrovirus-like and 

Spumaretrovirus-like elements, respectively (Jern et al., 2005). Currently, LTR 

sequences can also be used to compare against a database of representative repetitive 

sequences (such as Repbase (Bao et al., 2015; Kojima, 2018)) for the purpose of 

building a consensus nomenclature for HERVs, particularly for copies that are devoid 
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of pol or encode solitary LTRs (Jern et al., 2005; Jern & Coffin, 2008). However, due to 

the variability of LTR sequences, identification and subsequent classification proves 

difficult and as such, solo-LTR annotations in genome-wide studies largely depend on 

associations with previously recognized ERVs or retroviruses (Johnson, 2019).  

 

1.1.1.2 Lifecycle of ERVs 
 

ERVs and extant retroviruses, such as human immunodeficiency virus (HIV) and murine 

leukemia virus (MLV), are rather similar; they replicate through a cycle of transcription 

of their DNA sequences, followed by translation of their encoded protein products 

which facilitate the reverse transcription of their RNAs into complementary DNA 

(cDNA) before integration of their newly synthesised double-stranded DNA (dsDNA) 

copies into the host genome (Craigie & Bushman, 2012; F. Li et al., 2022) (Figure 5). 

Specifically, transcription of retroviral RNA initiates in one LTR and terminates in the 

other to produce a single-stranded RNA (ssRNA) copy encoding the gag and pol genes 

which specify the structural nucleocapsid protein and the polymerase polyproteins, 

respectively. When translated, these proteins and retroviral RNAs come together to 

form virus-like particles (VLPs), and host transfer RNA (tRNA) binds to the ssRNA 

molecule and serves as a primer for discontinuous reverse transcription mediated by 

the viral polymerase enzyme (Bannert & Kurth, 2006). The resulting dsDNA copy is then 

imported into the nucleus where it is integrated into the host genome with the help of 

the virally encoded integrase enzyme (Craigie & Bushman, 2012). However, as most 

ERVs do not harbour the env gene encoding the envelope protein required for 

retroviral infection, newly synthesised copies are unable to leave the host cell and 

instead integrate into a different locus of the same host genome in a process known 

as replicate retrotransposition, resulting in the accumulation of several copies of a 

particular ERV (Havecker et al., 2004). Thus, ERV inheritance is mostly via vertical 

transmission following integration in host germline cells, however, rare horizontal 

spread has been observed between closely related animal and plant species at an 

appreciable frequency (reviewed in (Gilbert & Feschotte, 2018)).  
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Figure 5: Mechanism of LTR retrotransposition 

ERVs are flanked by LTRs and encode Gag and Pol proteins while lacking a functional 

env gene. After transcription, ssRNA from ERVs encoding Gag and Pol proteins are 

exported to the cytoplasm where it forms virus-like particles (VLPs). A transfer RNA 

(tRNA) from the host cell binds to the ssRNA molecule and serves as a primer for 

discontinuous reverse transcription mediated by the viral polymerase enzyme, 

generating a new dsDNA copy that is later imported into the nucleus. The dsDNA is 

finally integrated into the genome in a process called replicate retrotransposition. ORF: 

open reading frame; LTR: long terminal repeat; GAG: group-associated antigen; POL: 

polymerase; PIC: Pre-integration complex. Adapted from Ramakrishnan et al. 2023 

(Ramakrishnan et al., 2023). 
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1.1.2 Long Interspersed Elements (LINEs) 
 

LINEs are autonomous (i.e. protein-coding and self-replicating) retrotransposons that 

lack LTRs, but comprise of genes that encode for reverse transcriptase, endonuclease, 

RNA-binding proteins, and occasionally a Ribonuclease H domain (J. S. Han, 2010; 

Lander et al., 2001). In terms of genomic occupancy, LINE elements are the most 

prevalent class of non-LTR retrotransposons and account for roughly 20% of the human 

genome spanning over 150 million years (Lander et al., 2001). There are 3 distant 

families of LINE elements in the human genome, including LINE-1, LINE-2 and LINE-3 

elements, however, only elements belonging to the LINE-1 family remain active 

(Ardeljan et al., 2017; Khan, 2005).  

A typical full-length LINE-1 is approximately 6 kilobases (kb) in length and is comprised 

of a 5’ untranslated region (UTR), two nonoverlapping open reading frames (ORFs), 

known as ORF1 and 2, and a 3’ UTR containing a weak poly-adenylation (poly-A) tail, 

which often times leads to common usage of downstream poly-A signals (John L. 

Goodier et al., 2000; Moran et al., 1999; Swergold, 1990) (Figure 6). The 5’UTR 

regulatory region of LINE-1 elements are comprised of a single 900 base pair (bp) 

stretch of GC-rich nucleotides and early studies have shown that this region is 

important for the transcriptional initiation of LINE-1s in various human cell lines, such 

as embryonic teratocarcinoma NTera2/D1 cells (Skowronski & Singer, 1985; Swergold, 

1990) and cervical carcinoma-derived HeLas (Moran et al., 1996). Additionally, various 

work focussing on characterising the 5’ regulatory region of LINE-1 elements have 

identified the first 100 bp of the 5’UTR sequence to encode an internal RNA 

polymerase II (Pol II) binding site that is critical for the transcription of full-length 

transcripts (Minakami et al., 1992; Swergold, 1990). Through targeted mutagenesis 

studies and with the use of reporter assays, this region (referred to as the sense 

promoter, SP) has also been shown to contain a binding motif for Yin Yang 1 (YY1) 

(Becker et al., 1993; Minakami et al., 1992), a transcription factor known to modulate 

transcription in a context-dependent manner and proven necessary for the 

propagation of retrotransposition-competent LINE-1s (Athanikar et al., 2004; Gordon 

et al., 2006; Seto et al., 1991; Y. Shi et al., 1991).  
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Downstream of the sense promoter, LINE-1 elements also contain an antisense 

promoter (ASP) between positions +400 and +600 bp that can drive the transcription 

of adjacent genes (Nigumann et al., 2002), albeit in a less efficient manner (Speek, 

2001; N. Yang et al., 2003). As a result, the bidirectional nature of the LINE-1 5’UTR 

promoter leads to the formation of chimeric transcripts that contain a portion of the 

LINE-1 5’UTR and locus-specific upstream genomic sequences (Nigumann et al., 2002; 

Speek, 2001). Furthermore, the ASP also drives the expression of a small, primate-

specific peptide, referred to as ORF0, that has been shown to enhances LINE-1 motility 

and contribute to retrotransposon-mediated diversity of LINE-1s (Denli et al., 2015), 

although much of its function still remains unclear.  

It is predicted that the 5’UTR from all 16 different primate-specific LINE-1 subfamilies 

(L1PA16-L1PA1) are capable of driving transcription, despite lacking sequence 

homology, whereas the ASP is mostly conserved among the evolutionarily younger 

members (L1PA6-L1PA1) (Khan, 2005). The vast majority of LINE-1s in mammalian 

genomes are 5’ truncated and therefore incapable of mobilisation, however 

approximately 80-100 LINE-1 copies have been identified as intact and 

retrotransposition-competent, with a subset recognised as highly active ‘hot’ LINE-1s 

(Beck et al., 2010; Brouha et al., 2003; Khan, 2005). These human-specific active LINE-

1 elements belong to the youngest L1PA1 subfamily, also known as L1HS, but were 

originally classed into several classes of ‘Ta’ (transcribed, subset a) subfamilies based 

upon the presence of diagnostic 3bp sequence variants encoded within their 3’UTR 

regions (Boissinot et al., 2000; Smit et al., 1995). In mice, more than 100,000 LINE-1 

copies have been identified and of which, around 3000 belonging to the A, TF and GF 

subfamilies still remain active (J. L. Goodier et al., 2001).  

LINE-1 insertions are commonly found within genes and often are biased towards the 

antisense orientation, suggesting that for an important number of LINE-1 copies, 

synthesis of their full-length antisense RNAs may rely on host gene promoters (Flasch 

et al., 2019; Sultana et al., 2019). Interestingly, it has been proposed that bidirectional 

transcription of LINE-1 sequences could potentially result in the formation of double-

stranded RNAs (dsRNAs) (N. Yang & Kazazian, 2006), which can be aberrantly recognise 

as ‘non-self’ viral RNAs by host cellular defence machinery.  



25 
 

 

Figure 6: General structure of non-LTR, autonomous LINE elements 

Schematic of a non-LTR retrotransposon using active LINE-1 as example. Full-length 

LINEs are around 6 kb and comprised of a 5’ untranslated region (UTR) containing a 

sense- (SP) and antisense promoter (ASP) followed by two open reading frames (ORFs) 

in sense orientation. The first encodes the ORF1 structural protein (ORF1p) and the 

latter encodes the ORF2 protein (ORF2p) with endonuclease (EN) and reverse 

transcriptase (RT) activity. LINE-1s also encode an antisense open reading frame 

(ORF0) within the 5’UTR, although the function of the encoded protein remains 

unclear. The 3’UTR contains a weak LINE-1 poly(A) signal (An). TSD: Target site 

duplications. Image adapted from Lagisquet et al. 2021 (Lagisquet et al., 2021).  
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1.1.2.1 Lifecycle of LINE-1 elements 
 

LINE-1 transcription begins at the 5’ internal sense promoter and results in the 

production of a full-length bicistronic RNA, encoding the 40 kilodalton (kDa) ORF1p 

nucleic acid chaperone protein (Martin et al., 2005), and a 150kDa ORF2 protein 

(ORF2p) possessing endonuclease (Qinghua Feng et al., 1996) and reverse 

transcriptase activity (Mathias et al., 1991). The sequence composition of ORF1 and 

ORF2 are relatively conserved within the family and often times between species 

(Fanning & Singer, 1987). Transcribed LINE-1 RNAs are transported into the cytoplasm 

where translated ORF1p and ORF2p preferentially bind and encapsulate mRNA from 

which they were translated from, via a phenomenon known as cis-preference (Kulpa 

& Moran, 2006; Wei et al., 2001). Although the specific functions of the ORF1p are 

poorly understood, it is suggested to play a protective function by shielding LINE-1 

RNAs from unfavourable ribonucleolytic or RNA-targeting enzymes. Resultant LINE-1 

RNA and proteins coalesce together to create retrotransposition-competent 

ribonucleoprotein particles (RNPs) (Hohjoh & Singer, 1996; Kulpa & Moran, 2006) 

which reach chromatin either during normal cell division (Mita et al., 2018) or via a yet 

unknown mechanism of nuclear import (potentially involving the nuclear import factor 

transportin 1 protein, (TNPO1) (Idica et al., 2017). Both ORF1p and ORF2p are crucial 

for LINE-1 replication and retrotransposition, which is achieved via a process known as 

target primed reverse transcription (TPRT) (Luan et al., 1993) (Figure 7). During TPRT, 

the ORF2p endonuclease generates a single strand endonucleolytic break within 

genomic DNA at a 5’ TTTTT/AA 3’ consensus sequence (Flasch et al., 2019; Sultana et 

al., 2019). This releases a short oligo dT stretch of DNA with an exposed 3’ hydroxyl 

group that pairs with the poly-A tail of LINE-1 RNA and serves as a primer for reverse 

transcription using the LINE-1 mRNA as a template (Dombroski et al., 1994; Mathias et 

al., 1991). The synthesized cDNA is generally flanked by short (median of 14 bp) target 

site duplications (TSDs) at the site of insertion, which is a hallmark of non-LTR 

retrotransposons (Flasch et al., 2019; Kazazian & Moran, 1998). Further details on the 

process of integration, the specificity of LINE-1 chromosomal targets, the synthesis of 

the second strand and the complete molecular details behind TPRT are yet to be 

elucidated.    
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Figure 7: LINE-1 retrotransposition cycle 

LINE-1 replication and retrotransposition is achieved via a process known as target 

primed reverse transcription (TPRT). Once transcribed, LINE-1 mRNA is exported to the 

cytoplasm where it is translated and combined with encoded ORF1 and ORF2 proteins 

(ORF1p and ORF2p, respectively) to form a ribonucleoprotein (RNP) particle. The RNP 

is then transported into the nucleus where the endonuclease activity of ORF2p nicks 

the bottom strand of genomic DNA at the 5’-TTTT/AA-3’ consensus sequence. As a 

result, the liberated 3’ hydroxyl group pairs with the poly(A) sequence of LINE-1 mRNA 

and serves as a primer for reverse transcription to produce complementary DNA of the 

LINE-1. Image adapted from Zhang et al. 2020 (Xiao Zhang et al., 2020).  
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1.1.3 Short Interspersed Elements (SINEs) 
 

SINE retrotransposons belong to the non-autonomous (i.e. are non-protein coding and 

therefore, reverse-transcription incompetent) family of non-LTR retrotransposons and 

require cooperation from LINE-1 proteins in trans to mediate their mobilization 

(Dewannieux et al., 2005; Hancks et al., 2011; Moran et al., 1996). It is estimated that 

there are more than 1.8 million copies from over 70 different subfamilies of SINEs, 

accounting for roughly 13%  of the human genome (Lander et al., 2001), however only 

a fraction of young SINEs still possess the potential to be retrotranscribed and 

integrated into DNA (Kapusta et al., 2013; Mills et al., 2007). Unlike most other TEs, 

which are transcribed by Pol II, SINEs are mainly transcribed by RNA polymerase III (Pol 

III) and require transcription of their full sequences (typically ranging between 100 – 

600bp in length) to facilitate their propagation (Kramerov & Vassetzky, 2011).  

SINEs are highly repetitive elements and consist of two or more structural modules 

often referred to as head, core, and tail. Their classification is based on the origin of 

their 5’ head sequences which derive from different cellular RNAs synthesised by Pol 

III during transcription, such as transfer RNA (tRNA), 5S ribosomal RNA (5S RNA) and 

non-coding RNA (7SL RNA) (Wicker et al., 2007) (Figure 8).  

 

1.1.3.1 Alu SINE elements  
 

The largest retrotransposon family of human SINEs is represented by Alu elements 

with approximately 1.2 million copies scattered throughout the human genome 

spanning back at least 65 million years (Lander et al., 2001; Wicker et al., 2007). The 

name ‘Alu’ comes from the common restriction endonuclease of the gram-positive 

bacteria Arthrobacter luteus (Alu I) which was originally used to characterise the first 

ever Alu element in the human genome (Deininger & Schmid, 1976; Schmid & 

Deininger, 1975). These elements are unique to primate genomes and are derived from 

the non-coding 7SL RNA, a major component of the eukaryotic signal recognition 

particle (SRP), which mediates translation and trafficking of proteins to the 

endoplasmic reticulum (ER) (Telesnitsky & Wolin, 2016; Walter & Blobel, 1982).  
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A typical Alu element is around 300bp long (Deininger et al., 1981) and is derived from 

the head-to-tail fusion of two diverged 7SL-related monomers (referred to as the left 

and right-Alu arms) separated from each other by an A-rich region comprising a 

consensus sequence of A5TACA6 (Quentin, 1992; Ullu & Tschudi, 1984). The tail region 

of Alus encompass a similar A-rich tract located at the 3’ end of the right arm and 

consists of a variable number of simple repeats. Both the body and the tails of Alus are 

highly variable between SINE families and are thought to mimic LINEs potentially as a 

strategy to highjack LINE reverse transcriptase for their own cDNA synthesis (John L. 

Goodier & Kazazian, 2008; Okada et al., 1997).  

 

 

 

Figure 8: General structure of non-LTR, non-autonomous SINE elements 

Schematic representation of a non-LTR, non-autonomous retrotransposons using SINE 

elements (Alu and SVA) as example. Alus are composed of a left and right monomer 

derived from the 7SL gene separated by an adenosine rich sequence (A-rich). The left 

monomer contains an internal RNA polymerase III promoter site (A and B boxes), and 

a pol(A) tract is located at the 3’ end. SVA elements are composed of a hexameric 

(CCCTCT)n repeat region, an antisense-oriented Alu-like sequence, a variable number 

of tandem repeats (VNTR), a SINE-R-like domain with distant homology to the HERV-

K10 retrotransposons and a poly(A) signal. TSD: Target site duplication. Image adapted 

from Lagisquet et al. 2021 (Lagisquet et al., 2021). 
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1.1.3.2 Lifecycle of SINE elements 
 

Transcription of Alu SINEs typically initiates at the start of the 5’ head where the 7SL 

RNA sequence encodes bipartite promoter elements (A-box and B-box) (Orioli et al., 

2012) which are recognised by the RNA polymerase III transcription factor complex 

(TFIIIC) to initiate Pol III-dependent transcription of the Alu element (Paolella et al., 

1983) (Figure 9). However, Alu elements do not possess termination signals for Pol III, 

and as such, their transcription can extend downstream into flanking cellular 

sequences until a termination signal is reached (Comeaux et al., 2009).  

SVAs, on the other hand, appear to have no internal promoters, suggesting that they 

likely rely on the promoter activity of nearby flanking genes. Consequently, pervasive 

transcription is a very common feature of SVA SINE elements and many are located in 

the 3’UTRs of host genes and are transcribed in tandem with the latter, most often by 

Pol II (Chen et al., 2009; Roy-Engel et al., 2005). Both Alu and SVA transposition 

requires the transposase encoded by LINEs and their RNAs are mobilised in trans by 

LINE-1 retrotransposition machinery (Hancks et al., 2012; Ostertag et al., 2003; Hui. 

Wang et al., 2005) (Figure 9).  

As a consequence of the high sequence similarity among families, SINE elements can 

form specific secondary structures regardless of their mode of transcription, either as 

independent RNAs mediated by Pol III transcription or via Pol II-mediated transcription 

of embedded SINE sequences within host cellular genes (Ahl et al., 2015; Sinnett et al., 

1991). Indeed, some host genes contain multiple Alu elements embedded within their 

sequences and arranged in a manner which leads to the formation of inverted, 

repeated Alu pairs (IR-Alus) that form dsRNA structures when transcribed (Elbarbary & 

Maquat, 2017). Such dsRNA structures are immunogenic and evoke antiviral and 

autoinflammatory reactions when sensed by host cytosolic factors (Ahmad et al., 2018; 

Chung et al., 2018) of which will be discussed in detail in subsequent sections.  
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Figure 9: LINE-mediated retrotransposition of SINEs 

SINE elements, such as Alu and SVAs, retrotranspose by first producing a transcript 

through binding of transcription factor for polymerase III C (TFIIIC) to A- and B-boxes 

which then facilitate its transcription via Pol III. Transcription is terminated at the 

terminator sequence (TTTT) which occurs by chance downstream of the element. In 

parallel, a partner LINE encodes a protein with reverse transcriptase and endonuclease 

activity. The LINE protein is hijacked by SINE transcripts and cleaves the target DNA 

before initiating reverse transcription of SINE RNAs in trans. Recognition of the RNA 

template is mediated by the LINE homology region located at the 3’ region of the SINE. 

SVA elements follow a similar mechanism of retrotransposition, however their 

transcription depends on Pol II and relies on an upstream cellular promoter. Image 

adapted from Ichiyanagi, 2013 (Ichiyanagi, 2013). 
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1.2 Impacts of Transposable elements on the host  

TEs are often referred to as parasitic mobile DNA elements owing to their abilities to 

propagate in host genomes. Their insertions within exons are mostly disruptive, 

whereas their integration into non-coding sequences, such as within introns or 

between genes, can have immediate or latent effects on host gene expression. Thus, 

the consequences of TE insertions range from deleterious to adaptive. Mechanistically, 

TEs can act in cis to impact host gene expression both on the transcriptional (reviewed 

in (Chuong et al., 2016; Sundaram & Wysocka, 2020)) and post-transcriptional level 

(Drongitis et al., 2019), or in trans through the co-option of their encoded protein 

products and non-coding regulatory elements (reviewed in (V. Fort et al., 2021; Jangam 

et al., 2017)).    

 

1.2.1 Exaptation of Transposable Elements 
 

TEs rarely provide an immediate fitness advantage to their host following insertion, 

and those that reach successful fixation within a given population largely do so through 

neutral selection and genetic drift if they are not immediately deleterious. Owing to 

their repetitive nature and their tendency to harbour regulatory elements (i.e. 

enhancers, promoters, splice sites and poly-A signals), TE insertions have the 

propensity to disrupt or change host gene function (Speek, 2001) and trigger ectopic 

recombination events that can lead to chromosomal rearrangements, often with 

damaging outcomes (Vogt et al., 2014; M. R. Wallace et al., 1991). With time, the host 

genome has deployed a variety of epigenetic mechanisms to help suppress TE activity. 

However, those that aren’t negatively selected against can become useful components 

of the host genome. In fact, there is mounting reports of TE-host mutualism 

throughout human evolution and development (De Iaco et al., 2017; Hendrickson et 

al., 2017; Macfarlan et al., 2012).  

 

1.2.1.1 TEs as drivers of Evolution  
 

An early example of a TE domestication event is the co-option of the recombination-

activating genes 1 and 2 (RAG1 and RAG2) in jawed vertebrates some 550 million years 
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ago (S. Huang et al., 2016). Derived from an ancient transposase of the Transib 

superfamily of DNA transposons, the endonuclease activity of RAG proteins has been 

repurposed in developing lymphocytes to facilitate the assembly of various antigen 

receptor genes, termed variable (V), diversity (D) and joining (J), in a process known as 

V(D)J recombination (Gellert, 2002; Litman et al., 2010). This process involves the 

cutting, shuffling, and recombining of various genes encoding both the heavy and light 

chains of antigen receptors that gives rise to the large repertoire of B- and T-cell 

functional surface receptors during their maturation. The TE-derived gene is thus 

exploited for host cellular function and integrated into the genome as essential 

constituents of adaptive immunity. In fact, mutations of RAG1 and RAG2 have been 

implicated as the cause of human severe combined immunodeficiency (SCID) disorders 

like Omenn syndrome, in which both lymphocyte count and function is severely 

compromised (Schwarz et al., 1996; Villa et al., 1998).  

Noteworthily, one of the most remarkable examples of TE co-option is the 

domestication of HERV env-derived Syncytin genes, which play a pivotal role in 

mammalian development and placentation. In humans, two env loci, known as 

ERVWE1 and ERVWE2 encode for the co-opted HERV envelope-derived glycoproteins 

syncytin-1 and -2, respectively (Blond et al., 2000; Mi et al., 2000) and both genes 

function to regulate important processes for placental syncytiotrophoblast 

development and differentiation as well as materno-fetal immune tolerance (Frendo 

et al., 2003; Mangeney et al., 2007). Considering the importance of these processes for 

mammalian development, it is not surprising that syncytins have been domesticated 

independently by various species throughout eutherian evolution (Lavialle et al., 

2013).  

 

1.2.1.2 Human and mouse embryonic development   
 

The expression of ERVs and non-LTR retrotransposons is generally silenced in 

mammalian adult tissues, however their expression remains relatively dynamic in germ 

and embryonic stem cells (ESCs), suggesting an indispensable role for retrotransposons 

during early development (Garcia-Perez et al., 2007; Macia et al., 2011; Peaston et al., 

2004; Schumann et al., 2019). In human ESCs (hESCs), a distinct class of TEs belonging 
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to the human endogenous retrovirus subfamily-H (HERVH), is preferentially expressed 

during the blastocyst stage and marks primate-specific pluripotent cell populations 

(Göke et al., 2015; Santoni et al., 2012). It has been demonstrated that the LTRs of 

HERVH elements function as transcriptional enhancers for the pluripotency-associated 

marker, octamer-binding protein 4 (OCT4), whilst HERVH transcripts themselves act as 

long non-coding RNAs (lncRNAs) that recruit transcriptional coactivators to target 

genes required for hESC identity (Lu et al., 2014). Further, short-hairpin RNA (shRNA) 

depletion of HERVH in hESCs was shown to cause simultaneous loss in expression of 

pluripotency markers SRY-Box 2 (SOX2), Nanog homeobox (NANOG) and OCT4 

transcription factors, and gain in expression of the differentiation markers GATA-

binding protein 6 (GATA6) and Runt-related transcription factor 1 (RUNX1), 

highlighting the role of HERVH elements during the transition from pluripotent to 

differentiated cell states (Lu et al., 2014; Jichang Wang et al., 2014).  

In a similar way, murine endogenous retrovirus with leucine tRNA primer (MERVL) 

elements were also shown to be upregulated during the two-cell (2C)-stage of early 

mouse development and its sequences were shown to function as promoters to drive 

expression of 2C-stage specific transcriptional programs (Macfarlan et al., 2012). 

Analogously, in humans, HERVK is expressed during the initiation of embryonic 

genome activation (EGA) at the 8-cell stage and is sustained throughout the blastocyst 

stage of development (Göke et al., 2015; Grow et al., 2015). During these stages, the 

HERVK-encoded protein known as Rec, which shares functional homology to the HIV-

1-encoded nuclear trans-activator protein, Rev, binds to the 3’UTR of unspliced cellular 

mRNAs and facilities their nuclear export (Grow et al., 2015; J. Yang et al., 1999), 

demonstrating the importance of retroviral-derived factors in early embryonic 

development.   

 

1.2.1.3 Promoters and long non-coding RNAs  
 

More recently, evidence has surfaced implicating LINE-1 retrotransposons, specifically 

from the youngest retrotransposition-competent subfamilies in early mouse 

embryonic development. Studies show that LINE-1 elements become transcriptionally 

active soon after fertilisation and reach peak expression by the 2C stage of mouse 
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embryonic development with LINE-1 RNA accumulation occurring in the nucleus 

(Jachowicz et al., 2017; Percharde et al., 2018). Mechanistically, it was shown that 

these elements act as essential RNA-scaffolds that enable the formation of RNPs with 

Krüppel-associated box domain protein 1 (KAP1) and Nucleolin, two host proteins 

known to facilitate chromatin remodelling and promote ribosomal RNA synthesis, 

respectively (Percharde et al., 2018). During mouse embryonic development, the LINE-

1 RNA-KAP1-Nucleolin RNP complex cooperates to activate ribosomal biogenesis and 

promote developmental progression of cleavage-stage embryos to blastocyte stage, 

whilst simultaneously repressing the double homeobox transcription factor Dux, a 

major driver of the 2C stage-specific transcriptional program (Hendrickson et al., 2017; 

Percharde et al., 2018). Here, depletion of LINE-1 RNAs via antisense oligonucleotide 

delivery in mouse embryos led to persistence of the 2C program and developmental 

arrest at the 2C stage, demonstrating that LINE-1 inhibition in the early embryo is 

incompatible with pre-implantation development. It is unknown whether these 

findings extend beyond the mouse model, however it is worth noting that human LINE-

1s are also highly active during early embryonic development (Kano et al., 2009; van 

den Hurk et al., 2007) and Nucleolin has been previously documented to similarly bind 

young, human-specific LINE-1 RNAs (Peddigari et al., 2013). Thus, rather than being 

viewed simply as an ancient artifact of a retrotransposition event in time, LINE-1s can 

generally be regarded as integral players of the transcriptional networks governing 

cellular identity during early mammalian development.    

Interestingly, there appears to be an inverse relationship between the rate of co-

option of LTRs and the age of the element subfamily; i.e. recently integrated or younger 

LTR elements are more likely to be co-opted by the host, which contrasts with the 

exaptation rates of other TEs (Franke et al., 2017). This is potentially due to the highly 

regulatory nature of retained LTR sequences which is later reclaimed to serve as gene-

remodelling platforms for host genome function. Indeed, LTR-derived promoters and 

5’ exons have been identified in 842 protein-coding and lncRNA genes normally 

expressed during the oocyte-to-zygotic transition stage of embryonic development in 

rodents (Franke et al., 2017). For example, the insertion of the rodent-specific LTR 

retrotransposon, known as mouse transcript family type C (MT-C), was shown to serve 
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as an alternative promoter and first exon in the production of DicerO: an oocyte-

specific, N-terminally truncated Dicer isoform which mediates silencing of maternal 

mRNA via RNA-interference (Flemr et al., 2013). The requirement of the MT-C-derived 

LTR was demonstrated through targeted mutagenesis studies, in which its deletion not 

only abolished DicerO protein expression, but also led to female sterility caused by 

chromosome misalignment and meiotic spindle defects during oocyte development 

(Flemr et al., 2013). This is an intriguing example of an LTR retrotransposon that has 

been co-opted to regulate the Dicer-mediated RNA interference (RNAi) pathway in 

oocytes, which paradoxically facilitates the post-transcriptional silencing of target 

endogenous repeat-derived RNAs.      

 

1.2.2 Transposable Elements in Disease and Inflammation 
 

Although TEs have been a reliable source of genetic variation throughout evolution 

(Rishishwar et al., 2018), host genomes have simultaneously coevolved with TEs to 

employ a variety of strategies to regulate their aberrant activity (reviewed in (John L. 

Goodier & Kazazian, 2008)) (see section 1.4). In fact, mounting evidence indicates the 

deleterious consequences of dysregulated TE expression in a number of human 

diseases, including autoimmune and inflammatory disorders (M. K. Crow, 2010), 

monogenic diseases (Cordaux & Batzer, 2009; Nakamura et al., 2015) and various 

cancers (Helman et al., 2014; Lee et al., 2012). 

 

1.2.2.1 Cancer  
 

For example, one of the earliest reports implicating LINE-1s in tumour initiation was 

the discovery of a somatic LINE-1 3’UTR-derived 750bp insertion into Adenomatous 

polyposis coli (APC) tumour suppressor gene which led to its inactivation in a sporadic 

case of colorectal cancer (Miki et al., 1992). Likewise, somatic LINE-1 retrotransposition 

was also identified in 90% of lung squamous cell carcinoma (LSCC) samples obtained 

from The Cancer Genome Atlas (R. Zhang et al., 2019) and among them, the insertion 

of the 5’UTR of L1PA1/L1HS into the tumour suppressor gene, FGGY, was identified as 

the most frequent. Such a disruption was proven to provoke cell proliferation and 

invasion in vitro and drive tumorigenesis in vivo. FGGY disruption by LINE-1 insertion 
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can also result in upregulated cytochrome P450, arachidonic acid and glycerolipid 

metabolism, suggesting a potential role for retrotransposons in the development of 

metabolic disorders (Y. Zhang, Zagnitko, et al., 2011). Moreover, LINE-1 insertions not 

only disrupt host protective mechanisms against malignancies but have also been 

shown to induce the expression of pro-oncogenic transcripts. For instance, 

hypomethylation of a LINE-1 promoter was shown to activate an alternative transcript 

of the C-Met oncogene in primary bladder tumours (Wolff et al., 2010), and drives the 

expression of truncated c-Met proteins, of which several forms are constitutively 

active in, for example, musculoskeletal tumours (Wallenius et al., 2000) and renal cell 

carcinoma (Marona et al., 2019; L. Schmidt et al., 1997). These studies are a few 

examples of how aberrant expression of LINE-1 retrotransposons induce ectopic 

expression of host cellular genes that can influence disease susceptibility in human 

populations.  

  

1.2.2.2 Genetic disorders   
 

The onset of a variety of genetic diseases have also been considered attributable to 

the inheritance of polymorphic TEs. The first reported case implicating a TE insertion 

as the source of disease was reported in 1988, in which a de novo germline insertion 

of a LINE-1 element into exon 14 of the blood-clotting Factor VIII gene (F8) was shown 

to induce a loss-of-function mutation resulting in Haemophilia A (Kazazian et al., 1988). 

Furthermore, the insertion of a polymorphic SVA element into the 3’ UTR region of the 

gene encoding Fukutin (FKTN) was reported to underlie 80% of Fukuyama-type 

congenital muscular dystrophy cases within the Japanese population (Taniguchi-Ikeda 

et al., 2011). In the same way, exome sequencing conducted in Jewish patients 

revealed a homologous Alu insertion in exon 9 of Male germ cell-associated kinase 

(MAK) as the root of Retinitis pigmentosa (Tucker et al., 2011). Taken together, these 

data indicate that ectopic expression of TEs not only contribute to human disease 

progression but that population-specific TE integrants can also present as factors in 

disease predisposition.      
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1.2.2.3 Cellular senescence   
 

Another example of TE dysregulation is in cellular senescence, which is defined as the 

irreversible state of cell cycle arrest, most often associated with aging (Hayflick & 

Moorhead, 1961; Muñoz-Espín et al., 2013). The senescent state is also commonly 

characterised by the senescence-associated secretory phenotype (SASP) in which cells 

display active inflammatory signatures and secrete a plethora of soluble signalling 

factors such as pro-inflammatory cytokines, chemokines, extracellular matrix 

components and growth modulators (Acosta et al., 2008; Coppé et al., 2008; Gorgoulis 

et al., 2019). During senescence, cells undergo gross changes in genome architecture 

which results in the loss of repressive epigenetic marks and heterochromatin 

formation, leading to increased expression of LINE-1, Alu and SVA retrotransposons 

(De Cecco et al., 2013; Van Meter et al., 2014; Jianrong Wang et al., 2011). 

Interestingly, upregulation of such retrotransposons was proven to be concomitant 

with the activation of type 1 interferon (IFN) responses and the pro-inflammatory SASP 

state (Colombo et al., 2018). Using a model of late senescence, De Cecco et al revealed 

that LINE-1 elements are transcriptionally derepressed and give rise to cDNAs which 

trigger type 1 IFN responses upon their sensing by host cytoplasmic DNA sensors (De 

Cecco et al., 2019). Furthermore, treatment of cells with the reverse transcriptase 

inhibitor (RTi) lamivudine (also known as 3TC) or LINE-1 targeting shRNAs, sufficiently 

decreased LINE-1 expression and abolished the type 1 IFN response, thus suggesting a 

central role for LINE-1 elements and their associated nucleic acid products in 

promoting age-associated inflammatory responses in cellular senescence.  

 

1.2.2.4 Autoimmunity   
 

In line with the above, there is growing evidence linking TE dysregulation with the 

onset of autoimmunity and many inflammatory conditions, most of which revolve 

around the premise of innate immune detection of endogenous nucleic acids (Volkman 

& Stetson, 2014). For instance, the accumulation of LINE-1 elements within astrocytes 

is thought to underlie the autoimmune disease Aicardi-Goutières Syndrome (AGS), a 

rare and severe early-onset, type 1 IFN-associated disorder characterised by 

neurological dysfunction, psychomotor retardation and skin inflammation (Thomas et 
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al., 2017). The most common cause of AGS arises from mutations in the TREX1 gene 

which encodes 3’ repair exonuclease 1, with 3’ exonuclease activity (Chowdhury et al., 

2006). In healthy individuals, TREX1 protein functions in the cytosol to digest single- 

and double-stranded (ss- and ds-) DNA with mismatched 3’ termini during Granzyme 

A-mediated programmed cell death. However, in AGS, mutations in TREX1 result in 

significant cytoplasmic accumulation of DNA species which activate the IFN-

stimulatory DNA (ISD) response as well as innate immune signalling (Thomas et al., 

2017). Interestingly, the majority of these DNA fragments were shown to be of 

endogenous retroelement origin, including LINE-1 ssDNA, SINE and other LTR elements 

(Thomas et al., 2017). Remarkably, the administration of reverse-transcriptase 

inhibitors to TREX1-deficient stem cell-derived organoids was shown to drastically 

reduce extrachromosomal ssDNA levels and restore neurite growth, whilst additionally 

reversing the effects of type 1 IFN-induced neurotoxicity in neurons and astrocytes 

(Thomas et al., 2017). It is worth mentioning, however, that it remains unclear exactly 

how LINE-1 reverse transcripts become subject to cytoplasmic DNA sensing given that 

TPRT is recognized to take place solely in the nucleus (Luan et al., 1993). Such findings 

not only illustrate that the inhibition of reverse transcription, and the deactivation of 

the type 1 IFN response system may represent potential therapeutic targets for the 

treatment of autoimmune disorders, but also facilitates in highlighting the correlation 

between LINE-1 nucleic acid accumulation and type 1 IFN-mediated inflammation.   

In line with the above, the potential role of non-LTR elements are also gaining traction 

and are becoming more widely explored in the study of human autoimmune disorders, 

including Diabetes mellitus, Multiple sclerosis, Rheumatoid arthritis and Amyotrophic 

lateral sclerosis (ALS), among many others (Douville et al., 2011; Levet et al., 2017; 

Perron et al., 1991; Reynier et al., 2009). For example, the expression of HERV gag and 

env proteins have been noted to induce immune responses when recognised as ‘non-

self’ by host cellular machinery, in a process known as ‘viral mimicry’. This was 

reported to be the case in a subset of Systemic lupus erythematosus (SLE) cases in 

which patients presented with increased levels of autoantibodies against the ERV-

encoded nuclear protein, known as Human T-cell leukemia virus-1-related endogenous 

sequences (HRES-1), which was shown to cross-react with the gag-related region og 
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host spliceosome-associated U1 small nuclear ribonucleoprotein complex (snRNP70) 

(Perl et al., 1995). In addition, autoantibodies against the multifunctional RNA-binding 

protein, Ro60, were also found to be present in circulating whole blood samples from 

individuals with SLE. Interestingly, analysis into the composition of the autoantibody-

Ro60 complex revealed to also contain RNAs derived from endogenous Alu SINE 

elements (Hung et al., 2015). More recently, a study by Carter et al demonstrated that 

autoantibodies against LINE-1 ORF1p were also present in a subset of SLE patients 

demonstrating severe and active disease with elevated type 1 IFN signatures (Carter et 

al., 2020). Indeed, increased expression of LINE-1 RNA transcripts were also found to 

trigger type 1 IFN responses in SLE patient kidney cells through the activation of host 

RNA-sensing machinery (Mavragani et al., 2016). Taken together, these studies 

empathise the link between endogenous retroelement-derived autoantigens and TE-

derived nucleic acids in type 1 IFN-mediated inflammatory responses in the initiation 

and potentiation of autoimmune disease.  
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1.3 Transposable elements and the Immune system   
 

Given the role of retroelements in shaping vertebrate and mammalian genomes 

(Rishishwar et al., 2018), it is suggested that host cells have likely adopted sufficient 

immune tolerance to their activities by recognising them as endogenous ‘self’-derived 

elements. However, there is mounting evidence of retrotransposons functioning as 

immunogenic substrates for classical viral-nucleic acid sensors that trigger IFN 

responses in the context of human diseases, including cancer, autoimmunity, and 

inflammatory disorders, as mentioned previously (section 1.2.2). Thus, it is important 

to understand how host cells recognise retroelement nucleic acids as ‘non-self’ 

pathogen-associated molecular patterns (PAMPs) in order to regulate appropriate 

responses to such endogenous-derived viral mimetics since failure to strictly restrict 

their activity can lead to unwarranted type 1 IFN and pathogenic autoinflammatory 

responses that compromise host cell fitness (Y. J. Crow & Manel, 2015; Cuellar et al., 

2017; Tie et al., 2018).   

 

1.3.1 Type 1 interferons and Pattern recognition receptors  
 

The innate immune system serves as the initial response against pathogenic challenge 

and functions as the first line of defence preceding that of the adaptive immune 

response. Upon the detection of viral pathogens, the innate immune system relies on 

a class of secretory cytokines called interferons (IFNs) to initiate antiviral responses. In 

humans, there are three main classes of IFNs, known as types 1, 2 and 3, and they vary 

in regard to their actions and cellular origins (Schneider et al., 2014). Type 1 IFNs 

constitute the most abundant class of IFN and include the two main subtypes, IFN-α, 

which is predominantly secreted by plasmacytoid dendritic cells and IFN-β which is 

universally secreted by most cell types (Ivashkiv & Donlin, 2014). On the other hand, 

type 2 and type 3 IFN production is restricted to a natural killer cells and epithelial cells, 

respectively (Kawamura et al., 1994; Sommereyns et al., 2008). Following pathogen 

detection by cellular pattern recognition receptors (PRRs), a series of signalling 

pathways that culminate in the production and extracellular secretion of type 1 IFNs 

are activated to mediate inflammatory responses in both an autocrine and paracrine 
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manner (Figure 10). When type 1 IFNs bind their cognate heterodimeric receptors 

comprising IFN-α receptor subunit 1 (IFNAR1) and IFNAR2, an intracellular signalling 

cascade is initiated through the Janus kinase signal transducer and activator of 

transcription (JAK/STAT) pathway, which leads to the activation of signal transducer 

and activator of transcription 1 (STAT1) and STAT2 transcription factor proteins. Upon 

phosphorylation, STAT1 and STAT2 combine with interferon regulatory factor 9 (IRF9) 

to form the interferon-stimulated gene factor 3 (ISGF3) transcriptional complex which 

then translocates to the nucleus (Levy et al., 1989). ISGF3 recognises and binds to 

interferon-stimulated response elements (ISREs) in type 1 IFN-dependent gene 

promoters to then drive the expression of various type 1 IFN-stimulated genes (ISGs). 

As a result, type 1 IFNs carry pleiotropic roles in the induction of IFN-modulated gene 

networks that are responsible for the establishment of the antiviral state, which 

functions to limit viral infection and also stimulate the adaptive immune response for 

the purpose of conferring long lasting immunity (Ivashkiv & Donlin, 2014; Schreiber & 

Piehler, 2015).  
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Figure 10: The type I, II and III interferon (IFN)-signalling cascade 

The three different classes of IFNs signal via distinct receptor complexes located on cell 

surfaces: type 1 IFNs act through IFN-α receptor 1 (IFNAR1) and 2 (IFNAR2) 

heterodimers; type 2 via the IFN gamma receptor 1 (IFNGR1) and 2 (IFNGR2) 

heterodimers; type 3 via the IFN lambda (λ) receptor 1 (IFNLR1) and interleukin-10 

receptor 2 (IL-10R2) complex. Binding of both type 1 and type 3 IFNs to their respective 

receptors triggers phosphorylation of pre-associated Janus kinase 1 (JAK1) and tyrosine 

kinase (TYK2), which leads to the recruitment and phosphorylation of signal transducer 

and activators of transcription 1 (STAT1) and STAT2. STAT1 and STAT2 associate with 

one another to form a heterodimer which then recruits IFN-regulatory factor 9 (IRF9), 

forming the IFN-stimulatory gene factor 3 (ISGF3) complex. The binding of type 1, 2 

Cytoplasm 

Nucleus 
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and 3 IFNs also leads to the phosphorylation of pre-associated JAK tyrosine kinases, 

which leads to the recruitment and phosphorylation of STAT1 homodimers, known as 

the IFN-gamma (γ) activation factor (GAF). Both ISGF3 and GAF complexes translocate 

to the nucleus and bind to IFN-stimulated response elements (ISRE) and gamma-

activated sequences (GAS) promoter elements, respectively, to induce the expression 

of hundreds of IFN-stimulated genes (ISGs) involved in antiviral responses. Image 

created using BioRender with information presented in Schneider et al. 2014 and 

Mesev et al. 2019 (Mesev et al., 2019; Schneider et al., 2014).  

 

1.3.2 Cytoplasmic RNA sensors   
 

Under physiological conditions, type 1 IFNs are expressed at very low and undetectable 

levels, however their expression is induced by activation of various innate immune 

signalling pathways, initiated by host cytoplasmic nucleic acid sensors. For example, 

virus-derived ds- and ssRNAs are sensed by the intracellular PPRs known as retinoic 

acid-inducible gene-I (RIG-I)-like receptors (RLRs) located in the cytoplasmic 

compartment of most cells (D. Li & Wu, 2021) (Figure 11). RLRs are composed of three 

main types of adenosine triphosphate (ATP)-dependent DExD/H box RNA helicases, 

including RIG-I which is encoded by the DDX58 gene, melanoma differentiation-

associated gene 5 (MDA5, encoded by IFIH1) and laboratory of genetics and physiology 

2 (LGP2, encoded by the DHX58 gene), of which the former two proteins function as 

primary sensors of viral-derived dsRNAs, with the latter overseeing a more regulatory 

role (Kato et al., 2006; Saito et al., 2007; Yoneyama et al., 2004).  

RIG-I has been shown to preferentially bind short stretched of dsRNAs and ssRNAs 

typically less than 500 bp in length and harbouring 5’-di/triphosphate groups (Goubau 

et al., 2014; Hornung et al., 2006; Pichlmair et al., 2006), whereas MDA5 is proficient 

at detecting long unphosphorylated dsRNA molecules of lengths greater than 1 kb 

(Qian Feng et al., 2012; Kato et al., 2008), although it has also been shown to 

inefficiently bind ssRNAs (Peisley et al., 2013). All RLRs possess a central helicase 

domain and a so-called carboxy-terminal domain (CTD), which facilitate the detection 

of immune-stimulatory RNAs; however, both RIG-I and MDA5, also comprise of two 
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additional amino-terminal caspase activation recruitment domains (CARD), of which 

are absent in LGP2. Upon the detection of target dsRNAs, RIG-I molecules come 

together to form oligomers that wrap tightly around their substrates while MDA5 

molecules assemble into helical ‘filaments’ along the length of the dsRNA (Kowalinski 

et al., 2011; Peisley et al., 2013; Qin Yu et al., 2018). This triggers conformational 

changes that expose and multimerize their CARDs, allowing homotypic interaction with 

the CARD domain found in mitochondrial antiviral signalling (MAVS) adaptor proteins 

located on the surface of mitochondrion. This subsequently leads to the activation of 

tank-binding kinase 1 (TBK1) and IκB kinase-ε (IKKε), which in turn phosphorylates 

interferon-regulatory factor 3 (IRF3) and IRF7, triggering the dissociation of nuclear 

factor-κB (NF-κB) from IκB (Kawai et al., 2005; Seth et al., 2005). Phosphorylated 

dimers of IRF3/7 and NF-κB, then translocate into the nucleus where they induce the 

expression of type 1 IFNs and proinflammatory cytokines, respectively, including 

tumour necrosis factor α (TNF-α), and interleukins-2 (IL-2), IL-6, IL-8, and IL-12 (T. Liu 

et al., 2017; Popli et al., 2022). Despite the evidence for binding of dsRNA, LGP2 lacks 

the CARD domains necessary for downstream signal transduction and instead is widely 

believed to regulate RIG-I and MDA5 oligomerisation by facilitating their stabilisation 

to their dsRNA targets (Bruns et al., 2014).  

Another PRR that recognises cytoplasmic dsRNAs is the adenosine deaminase acting 

on RNA 1 (ADAR1) protein which converts adenosine (A) residues to inosines (I) in 

dsRNA molecules in a process known as A-to-I editing (George et al., 2014). ADAR1 

activity can change RNA structure and results in the destabilisation of dsRNAs and 

serves to prevent aberrant RLR-dependent activation of type 1 IFN signalling (Mannion 

et al., 2014). However, A-to-I editing can also introduce mutations during protein 

synthesis as inosine bases are often misread as guanosines (G) instead of adenosine 

during translation. The importance for ADAR1-mediated destabilisation of dsRNAs 

have been demonstrated in human and mouse studies, wherein its deficiency leads to 

chronic type 1 IFN production and inflammatory pathology, brought about by the 

inherent activation of MDA5-dependent RNA sensing of intracellular dsRNAs, as often 

seen in AGS patients (Hartner et al., 2009; Rice et al., 2012). Interestingly, ADAR1 

deficient human cells also display increased expression of unedited duplex RNAs 
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derived from inverted repeat Alus, suggesting that SINE retroelements can also act as 

a major source of dsRNAa for MDA5 and LGP2 when ADAR1 function is compromised 

(Ahmad et al., 2018; Chung et al., 2018; Stok et al., 2022).   

Aside from the production of type 1 IFNs, the presence of cytoplasmic dsRNAs trigger 

activation of the NLR family pyrin domain containing 3 (NLRP3)-inflammasome, 

characterised by the production of IL-1β and IL-18 (Mitoma et al., 2013), as well as the 

formation of stress-granules (SGs) (Okonski & Samuel, 2013) and widespread RNA 

degradation with host translational shutdown mediated by interferon-inducible 

protein kinase R (PKR) (Burke et al., 2019; Rath et al., 2019). For example, the global 

degradation of cytoplasmic RNAs is carried out by the oligoadenylate synthase (OAS) 

family of proteins, which are type 1 IFN-induced enzymes with dsRNA-sensing function 

(Benech et al., 1987; Rath et al., 2019). Once activated, OAS proteins synthesise 2’-5’-

linked oligoadenylates that behave as secondary messenger molecules and trigger the 

dimerization and subsequent activation of latent RNAse (RNase L), an endonuclease 

that restricts viral replication by initiating global degradation of cytoplasmic RNAs 

(Burke et al., 2019). Interestingly, the OAS/RNAse L RNA degradation system is also 

implicated in the restriction of human LINE-1 and mouse IAP elements in both wild 

type and ovarian cancer cells, suggesting they function as suppressors of endogenous 

retroelements in addition to their roles in restricting exogenous viruses (A. Zhang et 

al., 2014).    
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Figure 11: The cytoplasmic RNA sensing pathway 

Pattern-recognition receptors (PRRs) within the cytoplasm facilitating the recognition 

of viral double-stranded (ds) or single-stranded (ss) RNAs, include RIG-I-like receptors 

(RLRs), Retinoic acid-inducible gene-1 (RIG-I) and melanoma differentiation-associated 

gene 5 (MDA5), and Toll-like receptors 3, 7 and 8 (TLR3/7/8) located in the endosomal 

compartment. RIG-I and MDA5 is activated by their respective immunostimulatory 
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RNAs and undergo conformational changes that trigger mitochondrial antiviral-

signalling protein (MAVS) via homotypic CARD-CARD interactions. Activated MAVS 

then relays the signal to TANK-binding kinase 1 (TBK1) and IκB kinase-ε (IKKε), which 

in turn activates interferon (IFN) regulatory factor 3 (IRF3), IRF7 and nuclear factors-κB 

(NF-κB) to induce the expression of type 1 IFNs and proinflammatory cytokines. Other 

cytosolic PRRs include 2’-3’oligoadenylate synthase (OAS) which senses viral RNAs and 

activates latent RNAse (RNAse L) to induce widespread RNA degradation, and ADAR1 

which binds dsRNAs and converts adenosine residues to inosine in attempt to prevent 

RLR-sensing of RNAs. Translational shutoff via protein kinase R (PKR) and activation of 

the inflammasome via NLR family pyrin domain containing 3 (NLRP3) are also triggered 

by the sensing of viral RNAs within the cytoplasm (not shown). In endosomes, TLR3 

and TLR7/8 facilitates recognition of ds- and ssRNAs, respectively, leading to TIR 

domain-containing adaptor-inducer of interferon-β (TRIF)- and myeloid differentiation 

primary response 88 (MyD88)-mediated expression of IFNs and proinflammatory 

cytokines. Image made with BioRender using information presented in Rehwinkel et 

al. 2020 (Rehwinkel & Gack, 2020).  

 

1.3.3 Cytoplasmic DNA sensors  
 

Cytoplasmic DNA-sensing of viral DNAs is predominantly performed via the cyclic GMP-

AMP synthase (cGAS) and stimulator of interferon genes (STING) interacting pathway 

(Ishikawa & Barber, 2008; Sun et al., 2013) (Figure 12). cGAS is activated by the direct 

binding of dsDNA, which triggers conformation changes that induce the enzymatic 

activity of cGAS in a length dependent manner; long dsDNAs of greater than 45 bp in 

length result in the formation of more stable cGAS-dsDNA complexes that lead to 

stronger enzymatic activity (Xin Li et al., 2013; Xuewu Zhang et al., 2014). Active cGAS 

initiates the conversion of guanosine triphosphate (GTP) and ATP molecules into cyclic-

guanosine monophosphate-adenosine monophosphate (cyclic GMP-AMP, cGAMP), an 

endogenous secondary messenger molecule that binds and triggers dimerization and 

subsequent translocation of the endoplasmic reticulum (ER)-associated stimulator of 

interferon genes (STING) adaptor protein to the Golgi (J. Wu et al., 2013). From here, 

STING then recruits the kinases TBK1 and IKK, which phosphorylate IRF3 and the NF-
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κB inhibitor IκBα, respectively. In an analogous manner to the cytosolic RLR-signalling 

pathways, phosphorylated IRF3 dimers and NF-κB translocate to the nucleus and 

induce expression of type 1 IFNs and proinflammatory cytokines (Sun et al., 2013). 

Thus, the cGAS/STING pathway facilitates the recognition of viral-derived DNAs of 

various lengths within the cytoplasm of host cells, however findings also highlights that 

the specificity of cGAS is not just restricted to dsDNA PAMPs, but also include 

intracellular ssDNA and DNA:RNA hybrids (Herzner et al., 2015; Luecke et al., 2017; 

Mankan et al., 2014). Furthermore, cGAS is classically thought of as being a mostly 

cytoplasmic sensor of dsDNA, but it has also been reported to reside in the nucleus 

where it facilitates recognition of nuclear virus-derived DNAs, such as in the context of 

HIV-2 infections (Lahaye et al., 2018).   

In addition to the cGAS/STING pathway, sensing of dsDNAs that have gained access to 

the cytosolic compartment, either from viral or host-derived origins, are carried out by 

the absent in melanoma 2 (AIM2) protein, a PRR that triggers the assembly and 

activation of the inflammasome (Bürckstümmer et al., 2009; Fernandes-Alnemri et al., 

2009). Binding of 50-80 bp stretches of dsDNAs to the haematopoietic interferon-

inducible nuclear (HIN) domain on AIM2 triggers displacement of the N-terminally 

located pyrin (PYD) domain which then engages the downstream inflammasome 

adaptor protein, apoptosis-associated speck-like containing CARD (ASC) via homotypic 

PYD-PYD interaction (Roberts et al., 2009; Roers et al., 2016). Activation of the CARD 

domain of ASC leads to the recruitment of procaspase-1 and thus drives the assembly 

of the basic structural elements of the AIM2 inflammasome, which results in the 

proteolytic maturation of the proinflammatory cytokines IL-1β and IL-18, as well as 

activating the pore-forming activity of gasdermin D (GSDMD) to promote pyroptosis 

(S. Feng et al., 2018; Hornung et al., 2009; Rathinam et al., 2010).   

Further, cytoplasmic DNA is also detected by the family of cytidine-deaminases known 

as Apolipoprotein B mRNA-editing enzyme, catalytic polypeptide (APOBEC), which 

catalyse the conversion of cytidine (C) to uracil (U) in ssDNA as well as in RNA, in a 

process known as C-to-U editing (Salter et al., 2016). This activity was reported to 

hypermutate and trigger degradation of cDNA transcripts of not only exogenous 

retroviruses, such as HIV-1 and human papillomavirus (HPV) (Mangeat et al., 2003; 
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Vartanian et al., 2008), but also endogenous retroelement-derived cDNAs from LINEs, 

SINEs, and ERV elements (Carmi et al., 2011; Chiu et al., 2006; Esnault et al., 2005; 

Muckenfuss et al., 2006; Richardson et al., 2014). Interestingly, ABOBEC enzymes have 

also been shown to restrict replication of LINE-1 elements in a deaminase-independent 

manner by directly interacting with LINE-1 ORF1p in an RNA-dependent manner and 

restricting LINE-1 RNP complex formation, motility and thus function (Y. Feng et al., 

2017; Horn et al., 2014).  
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Figure 12: The cytoplasmic DNA sensing pathway 

Pattern-recognition receptors (PRRs) within the cytoplasm facilitating the recognition 

of viral double-stranded (ds) or single-stranded (ss) DNAs, include proteins of the cyclic 

GMP-AMP synthase and stimulator of interferon genes (cGAS/STING) pathway and 

Toll-like receptor 9 (TLR9) located in the endosomal compartment. Activated cGAS 

produces 2’-3’-cylic GMP-AMP (cGAMP), a natural ligand of the ER-resident STING 

adaptor protein, which triggers its translocation to the Golgi. This activates TANK-

binding kinase 1 (TBK1) and IκB kinases (IKK) and thus, interferon (IFN) regulatory 

factor 3 (IRF3) and nuclear factors-κB (NF-κB) to induce the expression of type 1 IFNs 

and proinflammatory cytokines. Upon recognition of hypomethylated CpG-rich DNAs 

in the endosomal compartment, TLR9 recruits the common TLR adaptor, myeloid 

differentiation primary response 88 (MyD88), which also activates IRF7 and NF-κB. 

dsDNA also activates the PRR, absence in melanoma 2 (AIM2), which recruits 

apoptosis-associated speck-like protein containing CARD (ASC) to trigger activation of 

caspase-1 and the formation of inflammatory cytokines, interleukin-18 (IL-18) and IL-

1β. In addition, caspase-1 also induces pyroptosis via the proteolytic cleavage of the N-

terminal fragment of gasdermin D, which forms pores on the plasma membrane, 

causing a lytic form of cell death. Image made with BioRender using information 

presented in Ma et al. 2021 (Ma et al., 2021).  

 

 

1.3.4 Toll-like receptors  
 

Expression of type 1 IFNs can also be triggered by PRRs that are localised on cell 

membranes or within the endosomal compartment called Toll-like receptors (TLRs) 

(Figure 11 and Figure 12). TLRs belong to the family of type 1 integral membrane 

glycoproteins, characterised by the presence of variable numbers of leucine-rich-

repeat motifs on their extracellular domains and a cytoplasmic Toll/interleukin 1 (IL-1) 

receptor (TIR) homology domain (Kawasaki & Kawai, 2014). There are 10 TRLs 

identified in humans (TLR1-TLR10) and unlike RLRs which are expressed in most cells, 

TLRs are predominantly expressed in cells of the immune system, namely dendritic 
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cells, neutrophils, macrophages and B- and T-lymphocytes (Vijay, 2018). These PPR are 

either localised on the cell surface (such as TRL1, 2, 4, 5, 6 and 10) or intracellularly in 

endoplasmic reticular, endosomal, lysosomal or endolysosomal compartments (such 

as TRL3, TRL7, TLR8 and TLR9). Cell surface TLRs mainly recognise PAMPs from 

pathogens in the form of lipids, lipoproteins, and proteins, whereas intracellular TLRs 

predominantly recognise viral-derived nucleic acids from exogenous and endogenous 

sources. For example, TLR3 recognises viral dsRNAs as well as self RNAs derived from 

damaged cells, whereas TLR7/8 and TLR9 have been shown to detect ssRNA fragments 

and unmethylated ssDNA from bacterial and viral origin, respectively (Kawasaki & 

Kawai, 2014; Lind et al., 2022). Most recently, TLR10 has been implicated in the sensing 

of HIV-1, although its exact mechanism and biological function still remain to be 

elucidated (Fore et al., 2020; Henrick et al., 2019). Upon binding to their respective 

ligands, TLR receptor signalling is initiated by the dimerization of receptors, which 

ultimately culminates in the expression of type 1 IFNs and proinflammatory cytokines 

through activation of IRF3/7 and NF-κB (Alexopoulou et al., 2001; Diebold et al., 2004; 

Heil et al., 2004). Interestingly, a study looking into the role of TRLs in the control of 

ERVs noted an increase in the expression of ERV-derived env transcripts in the thymic 

tissue of TLR3, -7 and -9 triple-deficient mice (P. Yu et al., 2012). What is more, it was 

shown that TLR-deficient mice also failed to induce appropriate immune responses, 

which led to the development of acute T cell lymphoblastic leukemia coupled with 

increased mortality rates, thus suggesting a potential role for TLRs in the surveillance 

and immune control of ERV retroelements and associated leukemic phenotypes.   
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1.4 Mechanisms regulating Retrotransposon activity  
 

In the face of the deleterious consequences of TE-mediated retrotransposition, the 

host genome has coevolved a variety of pre-transcriptional (Figure 13) and post-

transcriptional regulatory mechanisms to help restrict their aberrant activity.  

 

1.4.1 Transcriptional regulation of retrotransposons    
 

1.4.1.1 DNA methylation   
 

Within the nucleus, TE activity is largely restricted by a variety of epigenetic 

mechanisms that target and modify histones and DNA. In eukaryotes, DNA methylation 

is a widely used chemical modification for maintaining retrotransposons in a repressive 

state and involves the methylation of cytosine (C) nucleotides into 5-methylcytosine 

(5mC) at specific retrotransposon promoters or C-G dinucleotide rich locations called 

CpG sites (reviewed in (Deniz et al., 2019)). In mammals, this process is catalysed by 

three DNA methyltransferase (DNMT) proteins, known as DNMT1, DNMT3A and 

DNMT3B, although in mouse embryonic stem cells (mESCs), the targeting of DNMT3s 

to transposon sequences requires the additional help of the non-catalytic DNMT3-like 

paralogue, DNMT3L (Bourc’his & Bestor, 2004; Veland et al., 2019). 

The importance of DNA methylation in retrotransposon silencing has been 

demonstrated in a number of studies focussing on mammalian and plant genomes, in 

which failure to establish and properly maintain the methylation status of chromatin, 

through for example the loss of DNMTs, leads to potent retrotransposon derepression 

and their subsequent transcriptional reactivation (Goll & Bestor, 2005; Schaefer et al., 

2007; Tsukahara et al., 2009). For instance, the role for 5mC in ERV repression was first 

revealed in mid-gestation mouse embryos in which the loss of DNMT1 (which is known 

to maintain methylation in dividing cell populations) resulted in the marked 

upregulation of intracisternal A particles (IAPs), one of the most transpositionally 

active retrotransposons within the mouse genome (Bestor et al., 1988; Walsh et al., 

1998). Moreover, deletion of the DNMT3L gene in the testes of male mice was shown 

to hinder de novo 5mC methylation of both LTR and non-LTR retrotransposons, leading 
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to the transcriptional reactivation of IAP and LINE-1 elements, concomitant with 

meiotic catastrophe-induced cell death of male germline cells (Bourc’his & Bestor, 

2004). Likewise, the ATP-dependent lymphoid-specific helicase (LSH) has also been 

reported to be important for the methylation of IAPs, LINE-1 and SINE B1 elements in 

mice (Dennis et al., 2001) through facilitating the recruitment of DNMTs and histone 

methyltransferase enzymes to target repeat sequences (Ren et al., 2015). 

In humans, natural fluctuations of DNA hypomethylation during embryogenesis have 

also been associated with higher rates of LINE-1 and Alu retrotransposition, a finding 

that has been recapitulated both in hESCs and induced pluripotent stem cells (iPSCs) 

(Garcia-Perez et al., 2010; Klawitter et al., 2016). It has been argued that the need to 

maintain effective silencing of retroelements drove the evolution of cytosine 

methylation as a nuclear host repressive mechanisms (Yoder et al., 1997), which was 

later co-opted to act in other developmental contexts, such as in the stable silencing 

of genes in X chromosome inactivation (Mohandas et al., 1981), genomic imprinting 

(E. Li et al., 1993), and cellular reprogramming (reviewed in (De Carvalho et al., 2010)).  

Interestingly, a recent study revealed that evolutionarily young LTRs tend to be CpG 

rich and are primarily subjected to DNA methylation-induced transcriptional silencing, 

whereas those from the relatively older subclasses are mainly associated with histone 

methylation-based modifications (Ohtani et al., 2018), thus demonstrating a 

correlation between the evolutionary age of endogenous retroviral elements and the 

preferred mechanisms for their silencing by host cells.  
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1.4.1.2 Histone modifications, ZFPs and KAP1-SETDB1  
 

In the same way as the methylation of CpG sites on DNA, the deposition of methylation 

residues on histones can also assist in the transcriptional silencing of retrotransposons 

(Karimi et al., 2011; S. Kim et al., 2014; Matsui et al., 2010). The trimethylation of lysine 

9 on histone H3 (H3K9me3) is an epigenetic modification imperative to the formation 

of transcriptionally silent heterochromatin and is one of the major epigenetic 

modifications used to repress large numbers of TEs as demonstrated extensively in 

mESC studies (Matsui et al., 2010; Rowe et al., 2010). H3K9me3-mediated 

transcriptional silencing of retrotransposons is largely carried out by the histone 

methyltransferase enzyme known as Set Domain Bifurcated-1 (SETDB1) (Cuellar et al., 

2017; Matsui et al., 2010), which is guided to target retrotransposon DNA sequences 

by Krüppel-associated box domain-containing zinc finger proteins (KRAB-ZFPs) (Castro-

Diaz et al., 2014; Jacobs et al., 2014); the largest known family of transcription factors 

in humans comprising of multiple finger-like protrusions that make tandem contacts 

with their target DNA molecules (Ecco et al., 2016). Mechanistically, repression is 

initiated with sequence-specific binding of KRAB-ZFPs to target retrotransposon 

sequences via their C-terminal tandem array of zinc finger motifs (P. Yang et al., 2017). 

Once bound, the N-terminal KRAB domain recruits and tethers the cofactor KRAB-

associated protein 1 (KAP1), which in turn functions as a scaffold for SETDB1 and other 

chromatin-modifying complexes, such as Heterochromatin protein 1 (HP1), to facilitate 

the deposition of H3K9me3 and promote heterochromatin-mediated gene silencing at 

ZFP-bound retroelement loci (Boissinot et al., 2006; Castro-Diaz et al., 2014; W. Huang 

et al., 2015; G. Wolf et al., 2015).  

KAP1 (also known as TRIM28) is a master regulator of ERV silencing shown to be 

expressed in a variety of cell types, with especially high levels recorded in human 

neural progenitors cells (Grassi et al., 2019), in mouse ESCs (Rowe et al., 2010), and 

during the early stages of embryonic development in mice, in which its loss was 

demonstrated to be embryonically lethal at the E8.5 stage (Cammas et al., 2000). In 

hESCs, KAP1 binding has been shown to favour older LINE-1 elements, such as those 

belonging to the L1PA6 to L1PA3 subfamilies, and is largely absent from young human-

specific L1PA1/L1HS elements (Castro-Diaz et al., 2014; Robbez-Masson et al., 2018). 
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One of the most noteworthy examples for the requirement of KAP1 in retroelement 

restriction was demonstrated by Rowe et al, whereby the 4-hydroxytamoxifen (4-

OHT)-inducible deletion of KAP1 resulted in both the loss oh H3K9me3 as well as the 

potent upregulation in expression of a wise range of ERV and IAP elements in mESCs 

(Rowe et al., 2010). For KAP1 to target specific ERV retroelements, the associating 

KRAB-ZFP must evolve to recognise and bind to the ERV sequence in question; this 

concept was demonstrated in 2009, in which ZFP809 became the first example of a 

mouse-specific KRAB-ZFP shown to bind to the 18 bp long primer binding sequence Pro 

(PBSPro) of the murine leukemia virus (MLV) and restrict its expression in mESCs in a 

KAP1-dependent manner (D. Wolf & Goff, 2009). Furthermore, ZFP91 and ZFP93 are 

two further examples of human-specific KRAB-ZFPs that have been shown to directly 

target and silence SVA and LINE-1s, respectively, and appear to have undergone 

structural changes in terms of their DNA-binding zinc finger motifs to accommodate 

the continuous repression of their rapidly evolving retroelement targets (Jacobs et al., 

2014). In fact, by examining the degree of conservation within the zinc finger motifs, 

evolutionarily recent human KRAB-ZFPs were shown to target retrotransposon 

subfamilies of similar ages, highlighting the complex coevolutionary relationship 

between KRAB-ZFPs and retroelements (Pontis et al., 2019).  

The formation of a KRAB-ZFP/KAP1 complex at target TE loci initiates the recruitment 

of SETDB1, which unlike other H3K9 methyltransferases, plays a critical role for the 

silencing of ERVs, especially in mESCs (Matsui et al., 2010). SETDB1 is mainly localised 

to the nucleus in early development (Tachibana et al., 2015) and its nuclear import and 

retention is promoted by Activating transcription factor 7-interacting protein 1 

(ATF7IP) (Tsusaka et al., 2019). Upon interacting with KAP1, SETDB1 functions to 

establish H3K9me3 on ERVs, but also recruits the Histone regulator A (HIRA) complex 

and a heterodimeric protein complex comprising the Death-domain-associated protein 

(DAXX) and ATP-dependent helicase (ATRX), which together function as chaperone 

complexes to replace canonical histone 3 proteins with the transcriptionally repressive 

noncanonical histone 3.3 (H3.3) variant (Jang et al., 2015; L. Shi et al., 2017). Compared 

to H3, the H3.3 isoform differs by three amino acid residues that favour the 

compaction and subsequent heterochromatinization of surrounding chromatin, 
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particularly at regions harbouring ERV retrotransposon sequences (L. Shi et al., 2017). 

Indeed, H3.3 deletion in mESCs lead to reduced H3K9me3 at ERV regions as well as the 

depression of IAPs, thus demonstrating an important role for H3.3 in the 

transcriptional control of ERVs (Elsässer et al., 2015).  

 

1.4.1.3 Other chromatin remodellers    
 

Recently, the Switch-sucrose non-fermentable (SWI/SNF) family of chromatin-

remodelling complexes have been implicated in the control of ERVs in mESCs (Sachs et 

al., 2019). The SWI/SNF complex uses energy generated through the hydrolysis of ATP 

to slide, shuffle and eject the location of histone proteins in chromatin to render loci 

more or less accessible to their epigenetic modifications and host transcriptional 

machinery (Clapier et al., 2017; Wilson & Roberts, 2011). Importantly, the recruitment 

of SWI/SNF-like proteins to ERVs is KAP1-dependent, and their ATPase function is 

required for both KAP1 and SWI/SNF complex occupancy at ERV loci, highlighting the 

interplay between chromatin regulators and remodellers in the establishment of ERV 

silencing in mammalian genomes (Sachs et al., 2019). Similarly, mutations in the 

SWI/SNF complex protein Polybromo-1 (PBRM1) has been shown to drive oncogenesis 

in renal carcinoma through the deregulation of oncogenic HERV elements, such as 

HERV-ERI, although the mechanism by which PBRM1 influences HERV expression 

remains poorly understood (Zhou et al., 2022).  

In addition, Microrchidia family CW-type zinc finger (MORC) proteins are a highly 

conserved family of nuclear proteins that regulate chromatin compaction in 

eukaryotes and are comprised of a conserved GHKL-ATPase domain, a cysteine-

tryptophan (CW)-containing zinc finger domain, and several coiled-coil domains, as 

well as a MORC-S5 domain which shares homology to ribosomal S5 proteins (D. Q. Li 

et al., 2013; Huan Wang et al., 2021). Initial studies on MORC protein function focussed 

more on its regulatory role in testis formation and germ cell development (Inoue et al., 

1999), however, subsequent studies began to highlight the role for MORC proteins in 

transcriptional regulation, chromatin condensation and remodelling and DNA break 

repair (Douse et al., 2018; H. Kim et al., 2019; D. Q. Li et al., 2012). MORC1 has recently 

been shown to bind and form multimeric assemblies along DNA which facilitates in the 
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topological entrapment and progressive compaction of chromatin, whereas MORC3 

has been shown to enable DAXX-ATRX-mediated chaperoning of H3.3. Interestingly, 

increased ectopic expression of IAP, LINE1 ORF1p and ERVs were reported in mouse 

male germline and embryonic stem cells upon the loss of MORC1 and MORC3, 

respectively (Groh et al., 2021; Pastor et al., 2014).   

Finally, P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs) are short 

stretches of noncoding RNAs of lengths between 23 to 31 nucleotides, derived from 

repeat-rich clusters which function to facilitate the silencing of retrotransposons in 

eukaryotes via two distinct methods acting on the transcriptional and post-

transcriptional level (Barckmann et al., 2018). In the first method, PIWI protein–piRNA 

complexes catalyse de novo methylation of LINE-1 promoters to transcriptionally 

inhibit the expression of genomic loci that are complementary to the piRNA guide 

(Cosby et al., 2019). However, in the second method, primary antisense piRNAs first 

enter the cytoplasm where they bind and guide PIWI proteins, such as Piwi and 

Aubergine, to cleave sense mRNAs from ERVs (Aravin et al., 2007; Cosby et al., 2019). 

This guided cleavage of ERV mRNAs by PIWI protein–piRNA complexes results in the 

formation of cleaved sense piRNA that can then load onto Ago3 proteins and cleave 

antisense ERV mRNAs, thus partaking in a perpetual “ping-pong” cycle of self-

replenishing piRNA reservoirs. This pathway is well described in Drosophila 

melanogaster, however both mouse-PIWIs (MIWIs) and human-PIWIs (HIWIs) have 

largely been shown to repress ERV expression via the methylation of genomic loci 

harbouring their DNA sequences (Aravin et al., 2007; Cosby et al., 2019) and via the 

direct degradation of their cytosolic RNA transcripts (Aravin et al., 2007; Q. Yang et al., 

2019). 
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Figure 13: Transcriptional regulation of retroelement expression 

Various epigenetic modifications regulate the expression of ERVs and non-LTR 

retroelements including DNA methylation, deposition of repressive H3K9me3 marks, 

H3.3 insertion and chromatin remodelling, which collectively function to supress RNA 

polymerase activity and thus limit transcriptional expression of retroelements. It 

remains to be elucidated the extent in which the more recently described HUSH 

complex plays a role in the regulation of non-LTR retrotransposon-derived transcripts 

that can trigger type 1 IFN responses via the sensing of their transcription products in 

adult human tissues. Image adapted from Dopkins et al. 2022 (Dopkins et al., 2022).  
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1.4.2 Post-transcriptional regulation of retrotransposons   
 

When transcriptional silencing fails, derepressed retroelements can become 

transcriptionally reactivated and produce RNA intermediates that can stimulate 

cellular innate immune responses through the formation of endogenous immunogenic 

PAMPs. As a result, various post-transcriptional mechanisms are employed by the host 

that target their RNAs, proteins and RNPs in order to restrict their adverse activity.   

 

1.4.2.1 RNA m6A methylation    
 

One of the most common post-transcriptional RNA modifications is the methylation of 

the N6 position of adenine (m6A), which is catalysed by nuclear m6A ‘writers’ of which 

the N6-methyltransferase-3 (METTL3) is most well described. Deposition of m6A by 

METTL enzymes determines the fate of mRNA transcripts by either promoting their 

stability and translation or by targeting them for premature degradation (He & He, 

2021), the outcome of which is determined by the cooperative roles of nuclear m6A 

‘erasers’ and ‘readers’. m6A has only recently been detected in retrotransposon RNAs 

(Chelmicki et al., 2021; Hwang et al., 2021; J. Liu et al., 2021). In a recent study 

conducted in mESCs, the m6A writers METTL3 and METTL14 were found to be key 

regulators of retrotransposons with opposing functions depending on the 

retrotransposon family they target; while METTL3-METTL14-mediated deposition of 

m6A destabilised IAP RNA, it appeared to increase the stability of LINE-1 transcripts 

(Chelmicki et al., 2021). In humans, m6A-rich intronic LINE-1 RNAs (termed MILs) were 

shown to be regulated by several RNA binding reader proteins of which the nuclear 

reader YTH-m6A RNA-binding protein-C1 (YTHDC1) was shown to promote the 

stabilisation and mobility of LINE-1 transcripts, whereas recognition of m6A-modifed 

LINE-1 RNAs by readers Scaffold attachment factor B-1 (SAFB1) and SAFB2, 

antagonised this effect (F. Xiong et al., 2021), thus demonstrating the flexible role of 

m6A and m6A-associated factors in the post-transcriptional regulation and fate 

specification of retroelement-derived mRNAs.   
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1.4.2.2 RNA decay and RNP sequestration 
 

Moloney leukemia virus 10 (MOV10) is a widely expressed putative 5’ to 3’ RNA 

helicase and a component of the RNA-induced silencing complex (RISC) which has been 

shown to have involvements in a number of cellular processes, ranging from mRNA 

metabolism and translation, to the modulation of viral infectivity, and perhaps more 

interestingly, in the dose-dependent inhibition of endogenous retrotransposition 

(John L. Goodier et al., 2012; Guan et al., 2023). Originally identified as a restriction 

factor against the murine Moloney leukemia virus, MOV10 strongly inhibits LINE-1 

retrotransposition in cells by associating with LINE-1 RNPs and impeding their function 

or by directly binding and targeting LINE-1 replication intermediates for degradation 

via the RNA interference pathway (Arjan-Odedra et al., 2012; John L. Goodier et al., 

2012). Evidence of MOV10-mediated inhibition of non-LTR elements was also 

demonstrated by Li and colleagues in which human cells depleted of MOV10 displayed 

increased levels of LINE-1 RNAs, while the levels of exogenously expressed IAP 

elements were decreased by MOV10 overexpression (Xiaoyu Li et al., 2013). More 

specifically, affinity proteomics studies show that MOV10 directly associates with both 

ORF1p and ORF2p in LINE-1 RNPs, of which the latter results in diminished reverse 

transcriptase activity and thus retrotransposition (John L. Goodier et al., 2013; Skariah 

et al., 2017). Aside from the sequestration of LINE-1 RNPs in cytoplasmic processing 

(P)-bodies for RNA interference-mediated restriction, MOV10-LINE-1 RNP complexes 

have also been shown to interact with other cellular factors to inhibit their expression, 

including but not limited to: Poly(A)-binding protein (PABP), which is involved in 

nonsense-mediated decay (Gregersen et al., 2014); the dsDNA-binding protein Zinc-

finger CCHC domain containing protein 3 (ZCCHC3) implicated in the cGAS-dependent 

innate immune response (John L. Goodier et al., 2023); the IFN-inducible zinc-finger 

antiviral protein (ZAP), known to deplete cytoplasmic LINE-1 mRNAs by targeting them 

to stress granules (SGs) (Moldovan & Moran, 2015), and RNAse H2, which functions to 

degrade retrotransposon-derived RNA:DNA hybrid transcripts in a MOV10-dependent 

manner (Choi et al., 2018). 
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1.4.2.3 Other specialised IFN-induced antiviral factors    
 

Aside from the nucleic acid sensors mentioned in section 1.3, there are a variety of 

trans-acting restriction factors, many of which are induced by type 1 IFNS, that 

colocalise with retrotransposon transcripts and translation products to inhibit their 

activity. One such example includes the anti-retroviral SAM domain and HD domain-

containing protein 1 (SAMHD1), an IFN-stimulated, dGTP-activated deoxynucleotide 

triphosphate triphosphohydrolase, which has been proposed to aid in the local 

depletion of dNTPs in non-dividing cells in order to restrict the reverse transcription 

efficiency of retroviruses, including HIV-1 (Goldstone et al., 2011). In a similar manner, 

SAMHD1 has been postulated to degrade dNTPs required for LINE-1 ORF2p reverse 

transcriptase activity, although this remains to be confirmed. The loss of functional 

SAMHD1 proteins are also linked to inflammatory disorders such as AGS; in one study, 

seven of the eight SAMHD1-associated mutations seen in AGS patients was shown to 

result in the impaired inhibition of both LINE-1 and Alu/SVA-associated  

retrotransposition (K. Zhao et al., 2013). Moreover, SAMHD1 has been shown to 

enhance the assembly of cytoplasmic SGs by sequestering LINE-1 RNPs and blocking 

their retrotransposition (Hu et al., 2015), although the direct mechanism and role for 

SGs during the various other stages of the LINE-1 replication cycle remains to be 

elucidated. In a similar way, three prime (3’-) repair exonuclease 1 (TREX1) is an 

abundant 3’-5’ DNA exonuclease in mammalian cells, which targets reverse transcribed 

retroviral cDNA to prevent their accumulation in the cytosol (Stetson et al., 2008). 

Work by Stetson et al demonstrated that the overexpression of TREX1 resulted in a 

marked decrease in the retrotransposition of LINE-1 and IAP elements, and also 

revealed the accumulation ssDNA fragments derived from LINE-1, SINEs and ERVS, in 

the myocardium of TREX1-null mice (Stetson et al., 2008). What is more, the 

accumulation of TE-derived transcripts were thought to contribute to the 

inflammatory myocarditis and increased mortality phenotype of TREX1-knockout mice 

(Morita et al., 2004), thus demonstrating the importance of TREX1-mediated 

degradation of retroelement-derived RT products in mice. Interestingly, mutations in 

the human TREX1 gene are often found in AGS and SLE patients, although the 

molecular basis of these diseases remains to be explored.       
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1.4.3 Bridging the gap: The HUSH complex   
 

Efficient silencing of retrotransposons involves the coordination of both transcriptional 

and post-transcriptional mechanisms as described in section 1.4.1 and 1.4.2. One such 

recently characterised factor seen to be involved at both levels is the Human Silencing 

Hub (HUSH), which is an epigenetic complex identified from a forward genetic screen 

probing for novel factors involved in position-effect variegation (PEV) in a HIV-1 model 

of latency, i.e. the silencing of an active gene as a result of its positioning into 

heterochromatin (Tchasovnikarova et al., 2015). HUSH is comprised of three proteins; 

M-phase phosphoprotein 8 (MPHOSPH8, known as MPP8), Transcription Activation 

Suppressor (FAM208A, known as TASOR), and Periphilin-1 (PPHLN1), which associate 

together to form a complex that acts in concert to mediate PEV in humans.  

Mechanistically, the HUSH complex preferentially localizes to H3K9me3-marked 

genomic loci via MPP8’s chromodomain, where it recruits KAP1, SETDB1 (via the 

nuclear chaperone ATF7IP) and the nuclear chromatin-remodelling factor, MORC2, to 

facilitate further deposition of H3K9me3 and the formation of silent chromatin (N. Liu 

et al., 2018; Robbez-Masson et al., 2018; Tchasovnikarova et al., 2015, 2017) (Figure 

14). The interaction between HUSH and MORC2 is of particular interest because 

MORCs have been shown to function as molecular DNA clamp dimers that promote 

DNA loop formation to progressively compact and limit chromatin accessibility (H. Kim 

et al., 2019; S. Li et al., 2016). Indeed, loss of MORC2 results in chromatin 

decompaction, decreased H3K9me3 and transcriptional derepression of HUSH-target 

sites in HeLa cells. Conversely, mutations affecting the ATPase activity of MORC2 was 

shown to induce hyperactivation of HUSH-mediated repression at various neuronal 

genes, giving rise to axonal Charcot-Marie-Tooth (CMT) disease, one of the most 

frequently inherited neurological disorders affecting the peripheral nervous system 

(Tchasovnikarova et al., 2017).  
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Figure 14: The Human silencing hub (HUSH) complex  

Schematic representation of the mechanism of recruitment and function of the human 

silencing hub (HUSH) complex comprising MPP8, TASOR and Periphilin. HUSH binds to 

RNA transcribed from target loci through Periphilin. M-phase phosphoprotein 8 

(MPP8) recruits Su(var)3-9, enhancer-of-zeste and trithorax (SET) domain bifurcated 

histone lysine methyltransferase 1 (SETDB1) via activating transcription factor 7-

interacting protein (ATF7IP) to facilitate the deposition of H3K9me3. This in turn 

promotes the binding of MPP8 via its chromodomain and maintains HUSH occupancy 

at the target loci. HUSH also recruits the ATP-dependent chromatin remodeller 

microrchidia CW-type zinc finger 2 (MORC2), to ultimately repress integrated long 

interspersed element-1 (LINE-1) retrotransposons. Image created with BioRender 

using information from Tchasovnikarova et al. 2015 (Tchasovnikarova et al., 2015)  
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In hESCs and K562 cells, both MORC2 and HUSH targets young, full-length LINE-1 

elements that mostly reside within introns of actively transcribed genes. Interestingly, 

the active transcription of a LINE-1 reporter was shown to promote MORC2 and MPP8 

occupancy at the LINE-1 transgene, suggesting that the HUSH complex and MORC2 

preferentially target transcriptionally active LINE-1s that are also retrotransposition 

competent, and therefore present the highest genotoxic potential (N. Liu et al., 2018).   

The method by which the HUSH complex targets nascent LINE-1 transcripts remained 

poorly understood until recently, whereby work by Prigozhin et al reported HUSH 

association to transcribed young LINE-1s to be via Periphilin; the disordered N-terminal 

domain of Periphilin was shown to bind RNA non-specifically and form insoluble 

aggregates, whereas the C-terminal was shown to bind TASOR, both of which are 

required for HUSH-mediated silencing (Prigozhin et al., 2020). Interestingly, Periphilin-

RNA binding was apparent in SETDB1-deficient cells, suggesting that HUSH targeting is 

largely independent of the binding of the MPP8 chromodomain to H3K9me3 sites 

(Seczynska et al., 2022). Furthermore, increasing target transcription was shown to 

enhance HUSH binding, indicating the requirement of RNA for the maintenance of 

HUSH at the target locus (N. Liu et al., 2018).   

In addition to enabling the spread of heterochromatin, our lab and others have shown 

that HUSH is also capable of repressing transcription within euchromatin as both HUSH 

and MORC2, alongside KAP1, have been shown to selectively bind and repress 

evolutionarily young, full-length, LINE-1s located within transcriptionally permissive 

euchromatic environments in mESCs and K562 cells (N. Liu et al., 2018; Robbez-Masson 

et al., 2018). The HUSH complex, therefore, appears to function in a manner 

reminiscent of the KRAB-ZFP-KAP1-mediated silencing pathway, although rather than 

being sequence-specific via KRAB-ZFPs, HUSH may directly target LINE-1 RNAs in a 

sequence-independent manner (Douse et al., 2020; Seczynska et al., 2022; Tunbak et 

al., 2020). Interestingly, both the HUSH complex and KRAB-ZFPs evolved around similar 

times with the HUSH complex conserved from fish to mammals and KRAB-ZFPs 

emerging in the last common ancestor of the coelacanth fish within the vertebrate 

lineage (Imbeault et al., 2017; Tchasovnikarova et al., 2015).  
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Recently, a study by Garland et al described a functional connection between HUSH 

and the mouse-orthologous nuclear exosome targeting (NEXT) complex (Garland et al., 

2022), which is a post-transcriptional regulator of RNA expression located in the 

nucleus of eukaryotic cells (Lubas et al., 2011). The NEXT complex is an activator of the 

exosome complex which is one of the major RNA degradation machineries in 

mammalian cells degrading RNA in the 3’-5’ direction and is composed of three protein 

subunits: RNA-binding motif protein 7 (RBM7), zinc-finger CCHC-type containing 8 

(ZCCHC8) and ATP-dependent RNA helicase MTR4 (MTREX), which collectively function 

in the surveillance and clearance of short-lived products of pervasive transcription in 

the nucleus (Lubas et al., 2011; Y. Wu et al., 2019). Using MPP8 and double ZCCHC8 

and MPP8 knockout mESCs, Garland et al demonstrated that ZCCHC8 stably binds with 

H3K9me3-anchored MPP8 molecules of the HUSH complex and showed that loss of 

both components resulted in the accumulation of LINE-1 and other retrotransposons-

derived RNAs (Garland et al., 2022). Interestingly, MPP8-depleted cells demonstrated 

increased levels of full-length polyadenylated LINE-1 RNA transcripts and LINE-1 

ORF1p, whereas ZCCHC8-depletion resulted in the accumulation of short, non-

polyadenylated transcripts comprising of mainly LINE-1 5’-sequences with no 

detectible changes in ORF1p (Garland et al., 2022). This finding suggests that NEXT 

recruitment to HUSH-bound genomic loci facilitates degradation of nascent, truncated 

and prematurely terminated, non-polyadenylated LINE-1s, of which can cause RNA 

metabolic misbalance that threaten the natural homeostasis of host cells. Thus, the 

cooperative functions of NEXT and HUSH in nuclear RNA decay and the epigenetic 

silencing of full-length LINE-1 retroelements, respectively, thus highlight the 

synergistic roles of transcriptional and post-transcriptional machineries in suppressing 

the genotoxic potential of LINE-1 retrotransposon RNAs.  

Such an RNA-dependent mechanism is reminiscent of evolutionarily-ancient systems 

such as the yeast RNA-induced transcriptional silencing (RITS) complex (Grewal & Elgin, 

2007). Indeed, analysis of HUSH protein architectures revealed striking similarities with 

RITS (Douse et al., 2020). In a similar way, HUSH was also proven to cooperate with the 

scaffolding subunit of one of the major cellular RNA deadenylases which facilitate 

mRNA degradation, known as CCR4-NOT1 (CNOT1). Using a yeast 2-hybrid screen, 
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Matkovic identified that TASOR interacts with CNOT1 to synergistically repress HIV 

expression and that their combined depletion leads to increased HIV-1 derepression 

(Matkovic et al., 2022), thus reiterating the role of HUSH in the transcriptional and 

post-transcriptional control of retroviruses.   

In line with the above, HUSH has also been shown to associate with unintegrated viral-

derived DNA from exogenous sources, including murine leukemia virus (MLV) (Y. Zhu 

et al., 2018) and recombinant adeno-associated virus (AAV) (Das et al., 2022). A study 

by Zhu et al identified the nuclear dsDNA-binding protein 220 (NP220, also known as 

ZFP638) and HUSH in a genome-wide clustered regulatory interspaced short 

palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) screen for restriction 

factors involved in the silencing of an integrase-deficient MLV retroviral reporter using 

human cells and showed their direct association to one another, as well as with SETDB1 

and histone deacetylases 1 (HDAC1) and HDAC2 through chromatin-

immunoprecipitation (ChIP) (Y. Zhu et al., 2018). Interestingly however, this 

noncanonical method of HUSH-mediated silencing of retroviral DNA requires both the 

DNA-binding activity of NP220 as well as a functional MPP8 chromodomain (Y. Zhu et 

al., 2018), which is not the case for LINE-1 RNA or transgene silencing (Müller et al., 

2021; Tchasovnikarova et al., 2015).  

Interestingly, a role for HUSH in the context of cancer was revealed recently in a 

CRISPR/Cas9 screen for essential epigenetic regulators in human leukemia cells and 

identified MPP8 as a critical acute myeloid leukemia (AML)-selective dependency (Gu 

et al., 2021). Although HUSH was shown to be dispensable for normal haematopoiesis, 

the HUSH component MPP8 was required for leukemia development, as MPP8 

knockout cells failed to perpetuate myeloid leukemia upon xenotransplantation into 

immunodeficient mice (Gu et al., 2021). Curiously, this effect was concomitant with the 

increase in LINE-1 transcription and LINE-1 retrotransposition-induced DNA damage, 

of which was reversed with the administration of reverse transcriptase inhibitors, thus 

demonstrating a tumour-suppressive function for HUSH/MPP8-regulated LINE-1 

retrotransposons in the context of cancer development.  
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The upregulation of TE-derived PAMPs and the induction of ‘viral mimicry’ is thus 

rapidly becoming of interest, especially in predicting cancer patient responses to 

epigenetic therapies. DNA-demethylating agents, such as the DNMT3A/B inhibiting 

drug 5-azacytidine (5-Aza), have shown clinical anti-tumour efficiency and patient 

survival in ovarian and colorectal cancer patients resulting from the upregulation of 

type 1 IFN responses mediated by cytosolic sensing of retroelement-derived dsRNAs 

(Chiappinelli et al., 2015; Roulois et al., 2015). Consequently, the mechanism for 

retrotransposon suppression is of major importance for the improvement of cancer 

immunotherapies. It remains to be elucidated whether HUSH-regulated LINE-1 

retroelements can evoke an innate immune response upon their reactivation or 

whether such LINE-1s may have been repurposed to drive nucleic acid sensing in 

humans, which if exploited, could culminate in the development of novel epigenetic 

therapies that enhance antitumour immunity.   
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1.5 Thesis rationale 
 

Although TEs are notoriously regarded as essential drivers of gene evolution, they also 

inextricably pose a threat to cell fitness, often by disrupting the function and 

expression of host cellular genes during development or by promoting adverse 

chromosomal rearrangements that undermine genome stability and architecture 

(Bourque et al., 2018; Garcia-Perez et al., 2016; Senft & Macfarlan, 2021). To prevent 

these issues, a multitude of regulatory mechanisms are employed by the host to 

supress their aberrant activity at the epigenetic, transcriptional, and post-

transcriptional level, as described in Section 1.4 (Hancks & Kazazian, 2016; Pizarro & 

Cristofari, 2016; Richardson et al., 2015). Despite this however, many studies have 

demonstrated that reactivation of transposable elements have beneficial corollaries in 

specific cellular contexts, for example during early embryonic development (Kunarso 

et al., 2010; Percharde et al., 2018) and in the maintenance of cell pluripotency (A. Fort 

et al., 2014; Guttman et al., 2011).  

Recently, and perhaps most interestingly, TE domestication has been increasingly 

implicated in the development of the mammalian innate immune system (Chuong et 

al., 2016) as emerging studies depict TEs as natural constituents of the mammalian 

antiviral response. In fact, current work in both human and mouse host cells 

demonstrate genome-wide upregulation of TEs, such as ERVs and LINE-1s, during the 

early stages of viral infection (Macchietto et al., 2020; Srinivasachar Badarinarayan et 

al., 2020). However, it remains unclear whether TE upregulation is a prerequisite for 

the establishment of a proficient antiviral state or whether it is a biproduct of the surge 

in transcription of immune regulatory gene networks following pathogenic challenge.  

Various groups, including our own, have demonstrated the HUSH complex to be 

necessary for silencing evolutionarily young retrotransposons (aged < 5 million years 

old), including recently integrated families of LINE-1s, in mouse naïve pluripotent stem 

cells (Fukuda et al., 2018; N. Liu et al., 2018; Robbez-Masson et al., 2018). Similarly, we 

have shown that depletion of the epigenetic regulator, KAP1, not only leads to 

decreased H3K9me3 enrichment at ERVs (mostly belonging to the HERV-T and HERV-S 

subfamilies), but also evokes expression of interferon-stimulated genes via activation 
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of the MAVS-dependent RNA-sensing pathway in adult human cells (Tie et al., 2018). 

Together with previous reports showing Alu retrotransposons to also induce interferon 

responses through the production  of duplex RNAs that act as primary ligands of MDA5-

dependent interferon induction (Ahmad et al., 2018; Chung et al., 2018), we speculate 

that HUSH-regulated LINE-1 elements may also likely evoke a similar nucleic acid 

sensing response upon their reactivation following insufficient epigenetic silencing by 

HUSH, and potentially trigger type I interferon responses in a manner reminiscent of 

inflammatory and autoimmune disorders.   

 

1.6 Study Aims 
 

This project, thus, aims to assess whether the HUSH complex plays an essential role in 

the regulation of the innate immune response by actively suppressing particular 

subsets of evolutionarily young LINE-1 elements that likely possess intrinsic 

immunogenic potential. 

This project will, therefore, deploy targeted-shRNA knockdown against the HUSH 

complex in a variety of human cell lines and primary human cells to uncover the effects 

of HUSH depletion on (1) the induction of interferon-stimulated genes (ISGs) involved 

in the innate immune response pathway and (2) LINE-1 activity in terms of nucleic acid 

and protein expression levels. We then aim to (3) characterize the potential 

mechanism of HUSH-regulated LINE-1s in driving the innate immune response and (4) 

explore the physiological regulation of HUSH and HUSH-regulated LINE-1s during 

normal immune responses.  
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2 Chapter 2: Materials and Methods 
 

2.1 Cell culture and reagents 
 

2.1.1 Maintenance of adherent cells 
 

Human primary foreskin fibroblasts, HeLa, HEK293 WT (referred to as 293), 293 

reporter cells and CRISPR/Cas9-generated knock-out 293 cells for either RIG-I, MDA5 

or both, were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 

#41965), formulated with 45 g/L D-Glucose, 584 mg/L L-Glutamine and phenol Red and 

supplemented with 10 % heat-inactivated fetal calf serum (FCS; Gibco) and penicillin-

streptomycin (100 U/ml) (Gibco). HFFs were a kind gift from Dr Matthew Reeves, 

University College London, and HEK293 reporter cell lines harbouring a lentivector 

expressing destabilized GFP under the control of IFN-stimulated response element 

(ISRE) or destabilized GFP under the control of the IFN-β promoter were a kind gift 

from Professor Jan Rehwinkel, University of Oxford. Both ISRE- and IFN-β reporter cell 

lines encode a puromycin resistance cassette, hence were not subjected to puromycin-

selection post-shRNA transduction.  

All adherent cells were grown in a humidified incubator at 37°C, supplemented with 

5% CO2. Adherent cell lines were maintained in 10 cm2 dishes and were routinely 

passaged 1:4 every 3 days to prevent over-confluency, except for HFFs, which were 

grown in either 15 cm2 dishes or T75 flasks and passaged 1:3 upon reaching confluency. 

All cells were subjected to a full fluid change twice a week or when pH decreased and 

were plated 24 hours prior to use.  

For passage of adherent cells, supernatants were aspirated, washed with room 

temperature Dulbecco’s Phosphate Buffer Saline (1 x DPBS, Gibco, #14190) and 1 ml 

of 1 x Trypsin containing EDTA (0.25%) and phenol red (Gibco, #15050) was added. 

After 2 to 3 min incubation at 37°C detached cells were resuspended in 9 ml of pre-

warmed complete growth media and diluted appropriately into new plates or flasks.  
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2.1.2 Maintenance of suspension cells 
 

THP-1 WT and THP-1-Dual™ KO reporter cell lines were purchased from InvivoGen and 

are either WT (#THPD-NFIS) or CRISPR/Cas9 knockout for cGAS (#THPD-KOCGAS), 

STING (#THPD-KOSTG) or IFNAR2 (#THPD-KOIFNAR2). These cells were derived from 

the human THP-1 monocyte cell line by stable integration of two inducible reporter 

constructs; a secreted Lucia luciferase gene under the control of an IFIT2/ISG54 

minimal promoter in conjunction with 5-Interferon stimulated response elements 

(ISRE), and a secreted embryonic alkaline phosphatase (SEAP) reporter gene driven by 

an IFN-β minimal promoter fused to 5 copies of the NF-κB consensus transcriptional 

response element and 3 copies of the c-Rel binding site. THP-1 reporter cells were 

maintained in Roswell Park Memorial Institute (RPMI 1640; Gibco, #11875) medium 

formulated with 300 mg/L L-Glutamine and phenol red, supplemented with 10% FCS 

and 100 U/ml penicillin-streptomycin. Cells were grown in T25 flasks kept in a 

humidified incubator at 37°C and with 5% CO2. Cell numbers were maintained by 

passaging once every 3 days by inoculating 5x105 cells per ml into a new T25 flask with 

5mls of fresh pre-warmed complete growth media, taking care not to allow cell 

concentration to exceed 2x106 cells per ml.  

To ensure best results and practices, all cell handling was kept as short as possible to 

prevent any damage from prolonged exposure to room temperature without 5% CO2 

and only cells with less than 20 passages were used for experimentation.  

2.1.3 Cryopreservation of cells  
 

Adherent cells were first rinsed, detached, and resuspended as above (see section 

2.1.1). Cell suspensions from were centrifuged at 200g (or 1200-1500rpm) for 5 min to 

pellet the cells. The supernatant was aspirated, and the cell pellet was resuspended in 

fetal calf serum (FCS) containing 10% Dimethyl sulfoxide (DMSO; Sigma, #S002M) to a 

concentration of 1x107 cells per ml and placed into cryovials as 1 ml aliquots. Cells were 

moved to -80°C and frozen slowly at a rate of 1°C per min with the help of a Mr. 

FrostyTM Freezing Container (Thermo Scientific)/ Once frozen, vials were transferred to 

liquid nitrogen for long-term storage.  
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To thaw, cells were rapidly thawed in a water bath set to 37°C. Once thawed, cells were 

transferred to a 10 cm2 cell culture dish containing 10 ml of fresh complete growth 

medium and left overnight in an incubator to recover and settle, while non-adherent 

cells were transferred to T25 flasks in a similar manner. The cells underwent a 1 x DPBS 

wash, and full media change the next day to remove remaining DMSO and cell cultures 

were maintained as mentioned previously.  

 

2.2 Protein analysis  
 

2.2.1 Preparation of cell lysates  
 

Cells were washed once in ice-cold 1 x DPBS (Gibco, #14190) and detached (if 

adherent) from culture plates with 300 µl of 1 x Trypsin containing EDTA (0.25%) and 

phenol red (Gibco, #15050) for a 6 well plate. Cells were then counted using a 

haemocytometer and balanced for cell numbers before being transferred to Eppendorf 

tubes and pelleted at 13,000 rpm for 3 mins. Supernatants were aspirated and the cells 

were manually lysed using prechilled homemade radio-immunoprecipitation assay 

(RIPA) buffer prepared using 50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 % (v/v) 

Triton X-100, 0.5 % (w/v) Sodium Deoxycholate and 0.1 % (w/v) Sodium dodecyl sulfate 

(SDS) supplemented with protease inhibitors (Calbiochem, #539134) and phosphatase 

inhibitor cocktail (PhosSTOP, Roche, #4906845001). Cell lysates were left to lyse for a 

further 30 mins at 4°C on a Cole-ParmerTM StuartTM Rotator Disk (Thermo Fischer 

Scientific Inc.) set at 225rpm before being cleared of debris via centrifugation (12,000 

x g for 20 mins) at 4°C. Cleared cell lysates were then transferred to clean Eppendorf 

tubes for storage at a -20°C until required.   

2.2.2 SDS-PAGE gel electrophoresis   
 

A fraction of the cell lysate was first used to perform a protein quantification assay 

(BCA Protein Assay Kit, Novagene) to determine protein concentrations as µg/µl before 

mixing standardized lysate samples with 4x NuPAGE LDS sample buffer (Thermo 

Fischer, #NP0007), containing lithium dodecyl sulfate, pH 8.4 with 5 % β-

mercaptoethanol and boiling at 95°C for 5 mins to facilitate protein denaturation. For 

SDS–polyacrylamide gel electrophoresis (SDS-PAGE) analysis, 20 µl of sample was 
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loaded in each well of a 10-well precast NuPAGE 4-12 % Bis-Tris polyacrylamide gel 

(Invitrogen) alongside 5 µl of PageRulerTM Plus Prestained Protein Ladder (Thermo 

Scientific, #26619) and resolved by electrophoresis at 180V for 1 hr in SDS running 

buffer (25 mM Tris-HCL, 250 mM glycine, 0.1 % (w/v) SDS) in XCell SureLockTM Mini-

Cell tanks (Invitrogen, #EI0001).  

2.2.3 Protein transfer and membrane blocking 
 

After polyacrylamide gel electrophoresis, resolved proteins were transferred to a 

Hybond Polyvinylidene Difluoride (PVDF) membrane (Amersham biosciences) with 

transfer buffer (25 mM Tris-HCl, 250 mM glycine, 20 % (v/v) methanol) using a wet 

transfer system in the XCell ll Blot Module (Invitrogen, #EI9051) set for 1 hr at 30V on 

ice. On occasions where rapid protein transfer was desired, the Trans-Blot Turbo 

transfer system (BioRad) was used, and transfer was carried out using the pre-

programmed mixed molecular weight setting for 7 min at 25V in 1 x Trans-Blot Turbo 

transfer buffer (BioRad, #10026938). PDVF membranes were first blocked for 1 hr at 

room temperature in 10 ml of blocking solution comprised of 5 % (w/v) non-fat dried 

milk protein in Tris-Buffered Saline containing 0.1 % Tween-20 (TBST) (Thermo 

Scientific, #28320). Membranes were placed in 50 ml falcon tubes and left rotating on 

a SciQuip Tube Roller (SciQuip, Basic, #SP2270). Blocking was carried out to avoid non-

specific binding of the antibody to the membrane during antibody probing. 

2.2.4 Immunoblotting    
 

Pre-blocked membranes were washed three times with TBST for 5 mins each before 

adding 10 ml of fresh blocking solution containing the appropriate dilution of primary 

antibody (Ab) and incubating overnight at 4°C on a tube roller. All antibody dilutions 

and species can be found in Table 1. After incubations with primary antibody, 

membranes were washed three times for 5 min each with TBST and incubated in 10 ml 

of complementary horseradish peroxidase (HRP)-conjugated secondary Ab diluted in 

fresh blocking solution for 1 hr at room temperature. The membranes were again 

washed three times for 5 min each in TBST and a final rinse in TBS was performed to 

help minimise background. A working solution of enhanced chemiluminescence 

reagent (ECL) SelectTM (Amersham, #RPN2235) or ECL PrimeTM (Amersham, #RPN2232) 
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Western Blotting detection reagent was prepared by mixing equal parts of the 

Peroxide solution with the Luminol enhancer solution. The membrane was placed 

protein side up and detection reagent was added enough to completely cover the 

surface of the membrane. After incubating for 5 min at room temperature, the excess 

detection reagent was drained from the membrane before wrapping the blot in plastic 

wrap and placing protein side up in an X-ray film cassette (Amersham, #RPN11650). 

Blots were then exposed to X-ray film (Amersham, #28906844) for a selected time and 

developed in the dark using an X-ray film developer (Konica Minolta, SRX-101A). If the 

membrane was to be re-blotted for multiple proteins, the membrane was washed in 

TBST and placed again into 10 ml of fresh blocking solution for an hour at room 

temperature before leaving at 4°C overnight in the new primary antibody-blocking 

solution. Probing was then carried out as described above and repeated as required to 

assess for multiple protein targets. Quantification of western blot bands was 

performed using ImageJ to measure band intensities.  

 

Table 1: List of antibodies used for immunoblotting 

Antibody 
type 

Target protein Dilution Supplier 

Primary 

Rabbit-anti-MPP8 1:1000 Proteintech, #16796-1-AP 

Rabbit-anti-FAM208A (TASOR) 1:1000 Atlas antibodies, #HPA017142 

Rabbit-anti-PPHLN1 

(Periphilin) 
1:1000 Atlas antibodies, #HPA038902 

Mouse-anti-L1ORF1p 1:1000 Millipore, #MABC1152 

Mouse-anti-PCNA 1:2000 Calbiochem, #NA03 

Mouse-anti-α-Tubulin 1:2000 Sigma, #T6074 

Rabbit-anti-RIG-I (D14G6) 1:500 Cell Signalling, #3743 

Rabbit-anti-MDA5 (D74E4) 1:500 Cell Signalling, #5321 

Rabbit-anti-MAVS 1:500 Cell Signalling, #3993 
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Rabbit-anti-STING (D2P2F) 1:500 Cell Signalling, #13647 

Rabbit-anti-cGAS (D1D3G) 1:1000 Cell Signalling, #15102 

Rabbit-anti-IFIT1 (D2X9Z) 1:1000 Cell Signalling, #14769 

Mouse-anti-ISG15 1:1000 Santa Cruz, #sc-166712 

Rabbit-anti-TRIM28 (KAP1) 1:1000 Abcam, #ab10483 

Mouse-anti-dsRNA (J2) 1:1000 

Jena Bioscience,  

#RNT-SCI-10010200 

Mouse-anti-dsRNA (K1) 1:1000 

Jena Bioscience,  

#RNT-SCI-10020200 

Mouse-anti-ubiquitinated 

proteins (FK2) 
1:1000 Sigma, #04-263 

Mouse-anti-IgG2a 1:500 Santa Cruz, #sc-3878 

Secondary 

Goat-anti-Rabbit-HRP 1:10,000 Cell Signalling, #7074 

Goat-anti-Mouse-HRP 1:10,000 Cell Signalling, #7076 

Alexa Fluor™ 488  

Goat-anti-mouse-IgG 

1:1000 Invitrogen, #A-11001 

 

2.3 DNA preparation and manipulation 
 

2.3.1 Preparation and Isolation of Plasmid DNA   
 

For small scale preparations, successfully transformed bacterial colonies were first 

picked from antibiotic-selection LB agar plates before inoculating 5 ml of antibiotic-

containing Lysogeny Broth (LB) media and growing for 16-18 hours at 37°C in a shaker 

at 250 rpm. Bacteria were then pelleted via centrifugation at 3000 rpm for 10 mins and 

the supernatants were discarded. Plasmid DNA was then extracted and purified using 

the QIAprep Spin Miniprep Kit (Qiagen, #27104) according to manufacturer’s 

instructions. Plasmid DNA concentrations were measured using a Nanodrop NDW1000 
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(Thermo Fischer Scientific Inc.). DNA was stored at 4°C for immediate use or stored at 

-20°C for long-term storage.   

For larger scale preps, 5 ml of LB was inoculated by a single colony as mentioned above 

and left to incubate at 37°C for 6-8 hours. 2 ml of this starter culture was then used to 

inoculate 100 ml of LB brother supplemented with appropriate antibiotics and grown 

at 37°C for a further 18 hours in a shaker at 250 rpm. Cultures were centrifuged at 4000 

rpm for 20 mins at 4°C and the supernatant was removed. Plasmid DNA was extracted 

and purified using the QIAfilter Plasmid Midi kit (Qiagen, #12243) and concentrations 

were determined via Nanodrop NDW1000 (Thermo Fischer Scientific Inc.). DNA was 

stored at 4°C for immediate use or stored at -20°C for long-term storage.   

2.3.2 Agarose gel electrophoresis and DNA purification 
 

Agarose gels were prepared by melting 0.8-1% (w/v) agarose powder (Sigma, #A1296) 

in 100 ml of 1x TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) using a 

standard microwave. Once fully dissolved, the solution was left to cool before adding 

1x of SYBRTM Safe DNA Gel Stain (Invitrogen, #S33102). The mixture was swirled to mix, 

poured out into plexiglass trays, and allowed to set. DNA samples were mixed with 1x 

Gel Loading Dye (NEB, #B7024S) and run alongside 5 µl of Quick-Load® Purple 1 kb Plus 

DNA ladder (NEB, #N0550S) at 100V for 1 hour in 1x TAE buffer.  DNA bands were then 

visualised by UV transillumination using the VP BioDoc IT Imaging system (UVP). Where 

required, DNA bands of interest were excised from agarose gels with a scalpel and the 

DNA was purified using the QIAquick Gel Extraction Kit (Qiagen, #28704) according to 

manufacturer’s instructions.  

2.3.3 Restriction enzyme digestion 
 

Digestions assays for both cloning and analytical purposes were carried out in the same 

way: Each digestion mixture contained 2 µg of plasmid DNA, 1 µl of the appropriate 1x 

restriction enzyme buffer (NEB or Sigma) and 1 µl of each restriction enzyme (NEB or 

Sigma) made up to a total volume of 30 µl with nuclease-free water. Restriction digests 

were incubated at 37°C for 1 - 2 hours depending on the enzyme and analysed by 

agarose gel electrophoresis. Appropriately sized plasmid DNA products were selected 
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under UV transillumination, and bands were cut using a scalpel before purification as 

mentioned above.   

2.3.4 DNA ligation 
 

For ligations, 100 ng of digested plasmid vector was used and the appropriate quantity 

of digested insert to achieve 2:1 molar ratios of insert: vector was added. To this, 10x 

T4 DNA ligase buffer (Promega, #B0202S) and 1 µl of T4 DNA ligase enzyme (Promega, 

#M0202S) was added and made up to 10 µl total volume with nuclease-free water. 

Ligation reactions were incubated at 16°C for at least 2 hours before use for bacterial 

transformations.  

2.3.5 Transformations of chemically competent E. coli bacteria   
 

50 µl of One ShotTM TOP10 chemically competent E. coli (Invitrogen, #C404010) were 

retrieved from -80°C and thawed out on ice before 1-5 µl of plasmid DNA (100 pg to 1 

µg) was added directly to the vial of competent cells and mixed by gentle tapping. Vials 

were then incubated undisturbed for a further 30 mins on ice before undergoing a 45-

second heat shock in a 42°C water bath before being placed back on ice for 5 mins. 100 

µl of super outgrowth media (S.O.C) (Invitrogen, #15544034) pre-warmed to 37°C was 

added to each vial and placed to shake at 37°C for exactly 1 hour at 225 rpm in a 

shaking incubator. An aliquot of 20-50 µl of transformed bacteria was then spread on 

antibiotic selection LB agar plates pre-warmed to 37°C and left to incubate inverted at 

37°C overnight or for 18 hours. Antibiotics used include Ampicillin at 100 µg/ml (Gibco, 

#11593027) or Kanamycin at 30 µg/ml (Gibco, #11815024).  

2.3.6 Sequencing of Plasmid DNA   
 

All plasmids were sent for whole plasmid sequencing at Plasmidsaurus to confirm 

correct length and annotations before use for experimentation. This service is 

performed using the long-read sequencing technology from Oxford Nanopore 

Technologies (ONT) using appropriate primers.  

2.3.7 Preparation of antibiotic selection LB agar plates  
 

Agar plates were made by dissolving 17.5 grams of LB agar powder (Sigma, #L2897) in 

500 ml of dH2O and then sterilised via autoclaving for 15 mins at 121°C before cooling 
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to a reasonable temperature for long-term storage at 4°C in 500ml screw-top glass 

bottles. To make antibiotic selection plates, sterile agar bottles were melted using a 

standard microwave and allowed to cool on the bench top at room temperature before 

addition of appropriate antibiotics, either Ampicillin at 100 µg/ml (Gibco, #11593027) 

or Kanamycin at 30 µg/ml (Gibco, #11815024). The agar is then swirled to facilitate 

mixing of the antibiotic before pouring out into 10 cm2 petri dishes and leaving to cool 

at room temperature. Once solidified, plates were plastic wrapped, stacked and stored 

at 4°C.    

 

2.4 DNA and RNA extractions of mammalian cells 
 

2.4.1 DNA extractions and purification  
 

DNA extractions were performed in harvested cells using the QIAamp DNA Blood Mini 

kit (Qiagen, #51104) according to the manufacturer’s instructions. DNA concentration 

was determined using the Nanodrop NDW1000 (Thermo Fisher Scientific Inc.) and 

diluted 1:50 with nuclease-free water before use for qPCR.  

2.4.2 RNA extraction and cDNA synthesis 
 

Total RNA was extracted using the RNeasy Micro kit (Qiagen, #74004) and DNAse 

treated according to manufacturer’s instructions (Ambion, #AM1907). RNA 

concentration was measured using a Nanodrop NDW1000 (Thermo Fisher Scientific 

Inc.) and 500-1000 ng of RNA was taken for reverse transcription into complementary 

DNA (cDNA) by mixing 2 µM of random primers and 2 µM of OligodT primers with 500 

µM dNTP in a total volume of 12 µl made with nuclease-free water. The sample was 

incubated at 65°C for 5 mins and then transferred directly to ice for 1 min. 

SuperScript™ II reverse transcriptase kit (Invitrogen, #18064022) was used for cDNA 

synthesis, whereby 4 µl of 5x First-Strand Buffer, 5 mM DTT, 40 U of RNase OUT 

(Invitrogen, #10777019) and 50 U of SuperScript™ II Reverse Transcriptase was made 

up to a total of 20 µl with nuclease-free water. The reaction was incubated at 42°C for 

50 mins followed by heat inactivation for 15 mins at 70°C before briefly spinning down 

and diluting 1:10 in nuclease-free water in preparation for reverse transcription 

quantitative real-time polymerase chain reaction (RT-qPCR) analysis.    
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2.5 shRNA Lentiviral vector production and Transduction 
 

2.5.1 shRNA Lentiviral vector preparation   
 

All hairpin sequences were designed using the Clonetech RNAi designer website 

(http://www.bioinfo.clontech.com/rnaidesigner) and can be found in Table 2. Hairpin 

sequences targeting LINE-1 integrants known to be recognised and bound by MPP8 

were designed using the 5’UTR or ORF1 or ORF2 sequence. Table 2 depicts the shRNA 

sequencing of LINE-1 and Alu elements mentioned above, and the breakdown of the 

LINE-1 targets are shown in Table 3. Sequences were ordered from Dharmacon™ and 

verified in silico before cloning. The hairpin oligos were annealed and then ligated into 

the digested third generation cloning lentiviral vector plasmid, HIV-1 SIREN (pLKO.1-

shRNA-puro, Addgene, #8453) at the BamHI-EcoRI site. The setup of the annealing and 

ligation conditions can be found in Table 4 and Table 5, respectively. One ShotTM TOP10 

chemically competent E. coli (Invitrogen, #C404010) bacteria were transformed, and 

colonies were screened for shRNA sequence via sequencing.   

Table 2: shRNA sequences 

Hairpin 
name 

Sequence 5’ – 3’ Target 
# 

matches 

% LINE-1 
matches 

LINE-1 
subfamily 
with most 

hits 

shControl GTTATAGGCTCGCA
AAAGG 

Non-
targeting  

0 0 N/A 

shTASOR GAGGAAGCTTGAG
GATCTA 

CDS (exon 
14) 

1 0 N/A 

shPPHLN1 AGCTAACCACTCGC
TCTAA 

CDS (exon 
9) 

1 0 N/A 

shMPP8 ACCAGAGACGAAA
CGGATA 

CDS  
(exon 9) 

1 0 N/A 

shMPP8_2 CCGGCAAGCTGTA
GTTCTGAATGAT 

CDS  
(exon 12) 

1 0 N/A 

shMPP8_3 CCGGGCTAGAGAA
CAAGAACGCTTT 

CDS  
(exon 3) 

1 0 N/A 

shMOV10 GGGTCAGATATCA
GCAAAC 

CDS  
(exon 2) 

1 0 N/A 

http://www.bioinfo.clontech.com/rnaidesigner/
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shL1PA1-
2_5’UTR 

CACCGAAAACCCAT
CTGTA 

L1HS 5’UTR 
(RepBase) 

584 100 L1HS (288 
copies) and  

L1PA2 (271 
copies) 

shL1PA4_
ORF2 

TGGGCAAGGACTTC
ATATC 

L1PA4 ORF2 
(chr11) * 

136 100 L1PA4  
(48 copies) 
** 

Various 
L1PA2-
L1PA5 (129) 

shL1PA2_ 
5’UTR 

ACCCGAATACTGCG
CTTTT 

L1PA2 
5'UTR 
(chr1) * 

686 100 L1PA3 (372 
copies) 

shL1PA10
_ORF1 

AGCAAATGCTGAG
GGAATT 

L1PA10 
ORF1  
(chr2) * 

384 100 L1PA10 
(143 copies) 

shL1PA13
_ORF2 

GCATAACTGGCTAG
CCATA 

L1PA15 
ORF2 
(ch19) * 

32 100 L1PA13 (10 
copies) 

shL1PA15
_ORF2 

GCAACATAGATGG
AGCTGA 

L1PA15 
ORF2 
(chr19) * 

8 100 L1PA15 (3 
copies) 

shAlu CCTGTAATCCCAGC
ACTTT 

Alu 
(RepBase) 

9600 100 Alu N/A 

N/A = not applicable; CDS = Coding Sequence 
*MPP8-bound LINE-1s using ChIP from (N. Liu et al., 2018) 
**shL1PA4_ORF2 recognized 136 LINE-1 loci in total mostly from subfamilies L1PA2 
to L1PA5 

 

Table 3: Breakdown of Human LINE-1 shRNA  

shL1PA1-2_5’UTR shL1PA4_ORF2 

Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

 
Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

L1PA1/L1HS 288 (49%)  L1PA4 48 (35%) 

L1PA2 271 (46%)  L1PA3 40 (29%) 

L1PA3 23 (4%)  L1PA5 31 (23%) 

L1PA4 1 (<1%)  L1PA2 10 (7%) 
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L1PA7 1 (<1%)  L1P1 4 (3%) 

   L1PA1/L1HS 1 (<1%) 

   L1PA6 1 (<1%) 

   L1PA7 1 (<1%) 

 

shL1PA2_5’UTR shL1PA10_ORF1 

Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

 
Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

L1PA3 372 (54%)  L1PA10 143 (37%) 

L1PA2 276 (40%)  L1PA13 104 (27%) 

L1PA1/L1HS 25 (3.6%)  L1PA11 51 (13%) 

L1P1 7 (1%)  L1PREC2 22 (6%) 

L1PA4 5 (<1%)  L1PA15 15 (4%) 

L1PA5 1 (<1%)  L1PB3 11 (3%) 

   L1PA8 11 (3%) 

   L1MA4A 9 (2.3%) 

   L1PA12 7 (1.8%) 

   L1PA14 6 (1.6%) 

   L1PA16 5 (1.3%) 

 

shL1PA13_ORF2 shL1PA15_ORF2 

Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

 
Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

L1PA13 10 (31%)  L1PA15 3 (37.5%) 

L1PREC2 7 (22%)  L1PREC2 1 (12.5%) 

L1PA15 7 (22%)  L1PB4 1 (12.5%) 

L1PA16 6 (19%)  L1PA4 1 (12.5%) 

L1PA14 1 (3%)  L1PA17 1 (12.5%) 

L1PA10 1 (3%)  L1PA16 1 (12.5%) 
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Table 4: shRNA oligo annealing 

Temperature Duration 

95°C 30 secs 

72°C 2 mins 

37°C 2 mins 

25°C 2 mins 

 

Table 5: shRNA oligo ligation 

Component Amount used (1x reaction) 

Pre-digested vector (HIV-1 

SIREN) 

50 ng 

Annealed oligo (0.5 µM) 1 µl 

T4 ligase buffer (10x stock) 1.5 µl 

T4 DNA ligase 1 µl 

BSA (10 mg/ml) 0.5 µl 

Nuclease-free water Up to 15 µl total volume 

 

Vesicular stomatitis virus-G-protein (VSV-G)-pseudotyped lentiviral vectors were 

produced by co-transfecting HEK293T cells (which were between 40-50 % confluent at 

the time of transfection) in 10 cm2 dishes with a transfection mixture containing 1.5 µg 

of shRNA plasmid, 1 µg of p8.91 (Gag-Pol, packaging plasmid) and 1 µg of pMDG2 

(encoding VSV-G) with 10.5 µl of FuGene6 (Promega, #E2691) made up to 250 µl total 

volume with DMEM. The VSV-G envelope protein was used for lentiviral particle 

production because it confers broad tropism over a range of species and cell types. The 

transfection mixture was then tapped gently to mix and incubated at room 

temperature for 15-20 mins before being added dropwise to HEK293T cultures. 
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Transfected cells were refed with fresh complete growth media 24 hours post-

transfection supernatants were harvested 48- and 72-hours post-transfection and 

passed through a 0.45 µM syringe filter unit (Millipore, #SLHA033SS). Filtered 

supernatants were concentrated via ultracentrifugation at 23.000 g for 2 hr at 4°C 

under vacuum conditions using the Sorvall Discovery 100SE Ultracentrifuge (Hitachi). 

Concentrated vector pellets were resuspended in 50 µl of ice-cold PBS and stored at -

80°C in 10 µl aliquots.  

2.5.2 Transduction of shRNA vectors and selection 
 

For shRNA knockdown experiments, 5 µl of concentrated shRNA vector was used to 

transduce 3x105 adherent cells per well in 6-well tissue culture plates. For 12- and 24-

well plates, 3 and 2 µl of vector was used to transduce a total of 1x105 and 0.5x105 

adherent cells per well, respectively. For the transduction of non-adherent THP-1 cells, 

2x105 cells were first seeded per well in 6-well plates before transduction with 5 µl of 

vector. After 48 hours, puromycin selection was performed overnight or until all non-

transduced control cells died. Selection was not performed for the ISRE- and IFN-β 

reporter cell lines as they already encode a puromycin resistance cassette. Cells were 

then harvested at the time points stated for analysis and verified for knockdown 

efficiency via immunoblotting and RT-qPCR. Innate immune responses were also 

verified via RT-qPCR and Flow cytometry.   

 

2.6 CRISPR/Cas9 generated RLR knockout HEK293 cell lines 
 

RIG-I-like receptor knockout HEK293 cells (knockout for RIG-I, MDA5 and RIG-I/MDA5) 

were generated by CRISPR/Cas9-mediated genome editing. Using the CRISPR design 

tool provided by the Zhang lab (Ran et al., 2013) (www.genome-engineering.org), 

several single guide RNA (sgRNA) sequences were selected in human DDX58 (encoding 

RIG-I) and IFIH1 (encoding MDA5) (Table 6) and purchased from Sigma-Aldrich. To 

phosphorylate and anneal the sgRNAs, 1 µl of each sense and antisense oligo was 

mixed with 1 µl of T4 ligation buffer (10x) and 1 µl of T4 polynucleotide kinase (NEB, 

#M0201S), and made up to 10 µl total volume with H2O. The mixture was then 

incubated at 37°C for 30 min, heated at 95°C for 5 min and left to gradually cool on the 
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bench top for 90 min before measuring the concentration using Nanodrop NDW1000 

(Thermo Fischer Scientific Inc.) The oligo duplex was then cloned into the BbsI site of 

pSpCas9(BB)-2A-Puro plasmid (PX459) (Addgene, #62988), a bicistronic expression 

vector encoding both Cas9 and the sgRNA as per protocol (Ran et al., 2013). HEK293 

cells were transfected in a 6-well plate using 1 µg PX459 per well using Lipofectamine 

2000 transfection reagent (Invitrogen, #10696153) for 24 hrs before puromycin (1 

µg/ml) was added for selection. After 24 hours, cells were subsequently diluted under 

limiting conditions and replated in 96-well plates to obtain single cell clones. Successful 

knockouts for RIG-I and/or MDA5 were verified by amplification and sequencing of the 

genomic region surrounding the CRISPR target site and immunoblotting of whole cell 

lysates using appropriate antibodies listed in Table 1  

Table 6: CRISPR/Cas9 sgRNA sequences 

sgRNA Target sequence (5’ -3’) Comment 

Human RIG-I TTGCAGGCTGCGTCGCTGCT Targeting Exon 1, Negative strand 

Human RIG-I GGATTATATCCGGAAGACCC Targeting Exon 1, Positive strand 

Human MDA5 TGGTTGGACTCGGGAATTCG Targeting Exon 1, Positive strand 

Human MDA5 GTAGCGGAAATTCTCGTCTG Targeting Exon 1, Negative strand 

*Knockout 293 cell clones made from sgRNAs in bold were used in experiments 

 

2.7 Reverse transcription quantitative real-time PCR (RT-qPCR) 
 

 Gene expression levels were quantified with reverse transcription quantitative real-

time polymerase chain reaction (RT-qPCR) using ABI 7500 Real-Time PCR System 

(Applied Biosystems). Each RT-qPCR reaction contained 2 µl diluted cDNA, 10 µl of 2x 

FAST SYBR® Green Master Mix (Applied Biosystems, #4385610), 0.5 µM of each primer 

and made up to 20 µl with nuclease-free water. Samples were run in triplicates on 96- 

or 384-well plates and were run using the programme described in Table 7. Ct values 

for the genes were normalised against those of GAPDH or B2M using the -ΔΔCt 

method, also known as the 2-ΔΔCt method, to calculate relative fold gene expression as 

described (Livak & Schmittgen, 2001).   
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Table 7: RT-qPCR reaction programme 

Temperature Duration 

95°C 20 sec 

40x cycles: 

95°C 

60°C 

 

3 sec 

30 sec 

 

Table 8: RT-qPCR primer sequences 

Primer name Forward sequence (5’-3’) Reverse sequence (5’-3’) 

MPHOSPH8 

(MPP8) 

TGCCTGTATCTGCCCAAAC CCTTGTCAGAATCATGCCTTTTC 

PPHLN1 

(Periphilin) 

GGTTCCAGTGTCAGTAGCAG TCATTCTGCCGTTTGTAGGAG 

FAM208A 

(TASOR) 

TGAAGACATTGCAGGTTTCATTC CATCCAGGCTATCAACACCAG 

TRIM28 

(KAP1) 

AAGGACCATACTGTGCGCTCTAC ACGTTGCAATAGACAGTACGTTCAC 

IFIH1 

(MDA5) TCACAAGTTGATGGTCCTCAAGT CTGATGAGTTATTCTCCATGCCC 

DDX58  

(RIG-I) TGTGCTCCTACAGGTTGTGGA CACTGGGATCTGATTCGCAAAA 

ISG56 (IFIT1) CCTGAAAGGCCAGAATGAGG TCCACCTTGTCCAGGTAAGT 

ISG54 (IFIT2) ACTATGCCTGGGTCTACTATCA TCAAGCTCTGGACTCTCAATTC 

CXCL10 GTGGCATTCAAGGAGTACCTC GCCTTCGATTCTGGATTCAGA 
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CCL5 CCCAGCAGTCGTCTTTGTCA CTCCCGAACCCATTTCTTCTCT 

MXA ATCCTGGGATTTTGGGGCTT CCGCTTGTCGCTGGTGTCG 

OAS1 CATCTGTGGGTTCCTGAAGG GAGAGGACTGAGGAAGACAAC 

IFNB1 ATGGGAGGCTTGAATACTGC TCATAGATGGTCAATGCGGC 

GAPDH GGGAAACTGTGGCGTGAT GGAGGAGTGGGTGTCGCTGTT 

B2M TGCTCGCGCTACTCTCTCTTT TCTGCTGGATGACGTGAGTAAAC 

 

Table 9: RT-qPCR primer sequences against Human LINE-1s 

Primer 
name 

Forward sequence (5’-3’) Reverse sequence (5’-3’) 

# of 
hits* 

(LINE-1 
family) 

L1PA2 GGAAATCATCATTCTCAGTAAAC CACAGTCCCCAGAGTGTGATAT 1373; 

L1PA2 

L1PA4 TCACCAATATCCGCTGTTCTG  GTCTGTTGGAGTTTACTGGAGG  

52; 

L1PA4 

*Blast hits with 100% identity and full coverage, where the forward and reverse primer 

hits are within 200 bps of one another on opposite strands 

 

Table 10: Breakdown of Human LINE-1 targets of each RT-qPCR repeat primer 

L1PA2 Primers L1PA4 Primers 

Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

 
Target repeat 
subfamilies 

Number of 
hits (% of 
total) 

L1PA2 1219 (89%)  L1PA4 43 (83%) 

L1PA3 145 (10%)  L1P1 5 (<1%) 

L1PA1/L1HS 9 (<1%)  L1PA5 2 (<1%) 

L1P1 1 (<1%)  L1PA6 1 (<1%) 

   L1PA3 1 (<1%) 
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2.8 Measuring of full-length L1PA1/L1HS products via RT-PCR 
 

After cDNA synthesis was performed on cytoplasmic RNA extractions, 100 ng of cDNA 

was mixed with 1x Phusion Plus buffer, 200 µM of dNTPs, 0.5 µM of forward and 

reverse primers and 1 U of Phusion DNA made up to a total of 50 µl final volume with 

nuclease-free water (Kit available from Thermo Scientific, #F630S). Samples were run 

on the Mastercycler® X50 Gradient thermal cycler (Eppendorf). Cycling parameters are 

found in Table 11 alongside primer sequences used for Phusion polymerase PCR in 

Table 12. 

 

Table 11: 3-step PCR parameters 

Cycle step Temperature Time Number of cycles 

Initial denaturation 98°C 2 mins x1 

Denaturation 

Annealing 

Extension 

98°C 

60°C 

72°C 

30 sec 

10 sec 

30 sec / kb 

x35 

Final extension 

Hold 

72°C 

4°C 

4 mins 

∞ 

x1 

Hold 

 

Table 12: Primer sequences for L1PA1 RT-PCR 

Primer name 
Forward sequence  

(5’-3’) 

Reverse sequence 

 (5’-3’) 

LINE-1 
subfamily 
with most 
hits  

L1PA1_conseq
* 

CAAGATGGCCGAATAG
GAACAG 

GATGGTTTCCAATTTCAT
CCATG 

403; L1PA1 

GAPDH 
GGGAAACTGTGGCGTG
AT  

GGAGGAGTGGGTGTCG
CTGTT  

N/A 

*L1PA1 primers were designed against the L1PA1/L1HS consensus sequence  
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Table 13: Breakdown of L1PA1 RT-PCR primer targets  

L1PA1 Primers 

Target repeat subfamilies Number of hits (% of total) 

L1PA1 267 (58%) 

L1PA2 140 (30%) 

L1PA3 25 (5%) 

L1PA4 4 (1%) 

L1PA16 2 (<1%) 

L1P1 2 (<1%) 

Other elements 21 (<5%) 

List includes all amplicon sizes of up to 6 kb 

 

2.9 TOPO-cloning of 6 kb LINE-1 RT-PCR product 
 

Following RT-PCR amplification of LINE-1 cDNA using L1PA1_conseq primers, PCR 

products were run on agarose gels and the 6 kb band was gel-extracted and purified 

as described previously. Blunt end fragments generated by PCR amplification by 

Phusion Plus DNA polymerase (Thermo Scientific, kit #F650S) were TOPO-cloned using 

the TOPO-XL-2 Complete PCR Cloning Kit (Invitrogen, #K805010. Briefly, 4µl of purified 

insert (100ng total) was mixed with 1µl of pCR-XL-2-TOPO vector (10ng/µl) and 1µl of 

the salt solution provided and left to incubate at room temperature for 15 minutes. In 

the meantime, 1 vial of One Shot OmniMAX 2 T1 Chemically Competent E. coli 

(provided) per transformation was thawed on ice and S.O.C medium was pre-warmed 

at 30°C for 30 minutes. For transformations, 2µl of the TOPO cloning reaction was 

mixed into the vial of bacteria and mixed gently my flicking the side of the tube and 

placed back onto ice to incubate for 30 minutes. Cells were heat-shocked for precisely 

30 seconds in a 42°C water bath and immediately placed back onto ice for a further 2 

minutes before adding 250µl of S.O.C media and leaving to incubate horizontally at 

37°C for 1 hour on a shaker set at 225rpm. 100µl of each TOPO cloning transformation, 

including a water control, was finally spread out on pre-warmed kanamycin selection 

LB plates (50µg/ml), and incubated overnight at 37°C. Plates were checked for growth 
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the next day and a minimum of 3 individual colonies per plate was picked, miniprepped 

and sent for sequencing.   

 

2.10 Drugs and exogenous agonists of immune signalling pathways   
 

Recombinant human IFN-β (PeproTech, #300-02BC) or Universal type 1 IFN 

(Interferon-αA/D, PBL Assay Science, #11200) were used at 10 ng/ml or 200 U/ml, 

respectively for ISG activation. Polyinosinic:Polycytidylic acid (Poly(I:C), high-molecular 

weight (HMW) was obtained from InvivoGen (#31852-29-6) and was used at 150 ng 

per well in a 24-well plate or 300 ng per well in a 6-well plate. Lipopolysaccharide (LPS) 

solution (500x) was obtained from Invitrogen (eBioscience, #00497693) and used at 1x 

concentration as recommended. Agonists were complexed with Lipofectamine 2000 

(Invitrogen, Thermo Fisher Scientific) at a 1:3 ratio and transfected according to the 

manufacturer’s instructions or added directly to cell media in the case of LPS for the 

durations stated (see Figure legends).  

The reverse transcriptase inhibitors, Zidovudine (AZT, Sigma, #BP803) and Lamivudine 

(3TC, Sigma, #BP802) were used at 100 µM and 200 µM, respectively, and administered 

every other day to maintain stated concentrations in cell supernatants. The JAK-STAT 

inhibitor Ruxolitinib (Cambridge Bioscience) was used at 2 µM for 24 hours, which was 

determined by titration on ISRE-GFP treated with IFN-β. The Proteosome Inhibitor 

Bortezomib (Thermo Scientific, #J60378MA) was used at 50 nM and administered 

directly to cell media for 24 hours. 

 

2.11 Engineered LINE-1 reporter constructs 
 

2.11.1 L1PA1/ORFeus-Hs RNA-sequencing data   
 

RNA-sequencing data was employed from (Ardeljan et al., 2020) in which a Tet-

inducible codon-optimised L1PA1 construct (also known as ORFeus-Hs (An et al., 

2011)) was induced in Retinal pigmented epithelium-1 (RPE) cells using doxycycline 

treatment for 3 days versus an inducible luciferase control plasmid. A list of genes that 

were significantly upregulated (> 10-fold with p-adjusted values < 0.05) was obtained 
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and the overlap of this list with genes upregulated in HFF cells depleted of MPP8 at day 

6 was curated. Random subsets of genes were generated with Python. For data access, 

see: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119999.    

2.11.2 Overexpression of full-length L1PA1 constructs    
 

For overexpression experiments involving engineered LINE-1 constructs, a full-length, 

active L1PA1 construct (L1HS) expressed from a CMV promoter (ksCMV-101/L1.3, non-

codon optimised, accession number #L19088) (Freeman et al., 1994; Moran et al., 

1996), which was a kind gift from Professor Jose Garcia-Perez, was used. This construct 

contains a Neomycin resistance cassette inserted in the 3’UTR region, in the opposite 

direction, interrupted by an intron. Expression of the Neomycin gene depends on the 

transcription, splicing, reverse transcription, and successful integration into the host 

cell genome. All other LINE-1 mutants were derivatives from the full-length L1PA1 

construct mentioned above and were also a kind gift from Professor Jose Garcia-Perez 

unpublished data). HEK293 ISRE-GFP reporter cells were transfected with engineered 

LINE-1 constructs or control plasmid cloning DNA (pcDNA3.1, Invitrogen, #V79020) 

using Fugene6 (Promega, #E2691) according to manufacturer’s instructions. Cells were 

assessed at 4 days post-transfections for LINE-1 ORF1 protein expression, RT-PCR (see 

Table 14), RT-qPCR and GFP expression via Flow cytometry. The fold induction in 

expression of constructs was calculated by normalising each result to cells transfected 

with the control pcDNA3.1 plasmid.  

Table 14: Primer sequences for Engineered L1PA1 construct RT-qPCR 

Primer name Forward sequence (5’-3’) Reverse sequence (5’-3’) 

Neomycin TGCCTCGTCCTGAAGCTC CAATCGGCTGCTCTGATG 

GAPDH 

(Genomic) 
CGTTCCCAAAGTCCTCCTGT AGGTGATCGGTGCTGGTTC 

EBNA-1 CGTCATCTCCGTCATCACC AGATTTGCCTCCCTGGTTTC 

 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119999
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2.12 Flow cytometry 
 

GFP reporter cells were detached from culture plates using trypsin and harvested in 

media before centrifugation at 200g (or 1200-1500rpm) for 5 mins. Cells were fixed in 

1 % paraformaldehyde for 10 mins (or unfixed) and washed in 1x PBS, resuspended in 

150 µl of 1x PBS in preparation for flow cytometric analysis using either a FACS Calibur 

machine or a LSR Fortessa Flow Cytometer (both from BD Bioscience). Analysis was 

performed using BD CellQuest, FACSDiva or FlowJo software (Tree Star v10.3.0). Live 

cells were gated using the forward scatter height (FSC-H) and the side scatter height 

(SSC-H), which corresponds to cell size and cell granularity, respectively. Live cells were 

examined for GFP positivity using the FLH-1 laser measuring wavelengths of 515-545 

nm and 10,000 live cells per sample was used for analysis for each sample to meet 

statistical robustness. A non-transduced cell sample was used as a negative control to 

define the threshold for GFP positivity. Recorded cells were expressed as a percentage 

of all cells examined. Intracellular FACS staining was performed in HEK293 WT cells. 

Briefly, 1x106 cells were fixed and permeabilized using intracellular staining buffers 

(eBioscience, #005523) and stained with the dsRNA-specific antibodies, J2 and K1 (Jena 

Bioscience) or an isotype control antibody (mouse-anti-IgG2a, Santa Cruz, #sc-3878), 

with secondary Alexa Fluor™ 488 Goat anti-mouse IgG (Invitrogen, #A-11001). Cells 

were then washed and analysed. We verified the antibodies to recognize dsRNA by 

intracellular FACS after transfection with dsRNA, Poly(I:C) (HMW). ShortCut® RNase III 

was used for long dsRNA digestion (NEB, #M0235S). An example gating strategy for 

cells positive for GFP after compensation with a negative control sample is shown. 
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2.13 Interferon-β ELISA 
 

An ELISA kit precoated with an antibody against human IFN-β (VeriKine Human 

Interferon-Beta, #41410 by PBL) was used according to manufacturer’s instructions. 

Cell supernatants were initially cleared for cell debris via centrifugation at 10,000 rpm 

for 2 mins before 50 µl was mixed with the supplied sample diluent and incubated for 

1 hour at room temperature in anti-IFN-β antibody pre-coated in 96-well plates. After 

1 hour, the contents were emptied, and the wells were washed three times with the 

supplied diluted wash buffer before the addition of 100 µl of diluted Antibody Solution 

(supplied). Samples were left covered with plate sealer and incubated at room 

temperature for 1 hour. After incubation, the plate was then washed three times 

before 100 µl of diluted HRP solution (supplied) was added to each well and left 

covered for an additional hour. Once incubations were complete, the wells were 
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washed 3 times and 100 µl of TBM Substrate Solution was added to each well and left 

to incubate in the dark at room temperature for 15 mins. 100 µl of Stop Solution was 

then added directly into the wells and absorbance measurements were taken at 450 

nm using a Multiskan FC Microplate Photometer and SkanIT Software. Optical densities 

were plotted using 4-parameter fit for the standard curve and this was used to 

determine the IFN-β concentrations of samples.   

2.13.1 Luciferase and Reporter gene assays 
 

For reporter gene assays in the THP-1-Dual™ cells, 5x104 cells were seeded per well of 

a 48-well plate and Lucia/Gaussia luciferase activity was measured in supernatants 

using the QUANTI-Luc™ 4 Lucia/Gaussia detection reagent (InvivoGen, #REP-QLC4LG1) 

via a Glomax 96-well microplate laminator (Promega, #E5311). The fold induction of 

reporter was calculated by normalising each reading to the luciferase reading of non-

stimulated and non-transduced cells.  

 

2.14 Total RNA-sequencing and analysis  
 

2.14.1 Total RNA-sequencing of MPP8-depleted HFF cells   
 

Following total RNA extractions, samples for RNA-sequencing were prepared as 

follows: RNA quality was first checked using the 4200 TapeStation System (Agilent 

Technologies, Wokingham, U.K) and concentrations were determined using a Quibit™ 

RNA High Sensitivity (HS) kit (Life Technologies, Paisley, U.K). Total RNA samples were 

then processed with KAPA stranded RNA HyperPrep RiboErase kit (Illumina Cambridge, 

Chesterford, U.K) using an input of 500 ng of RNA per sample. Samples were sequenced 

on a NextSeq 500 sequencing instrument (Illumina, Cambridge, Chesterford, U.K) after 

pooling libraries in equimolar quantities using a 2x 151 bp paired end run to give 

roughly 15 million reads per sample. The bcl2fastq Conversion Software by Illumina 

was used to demultiplex data and generate FASTQ files which were then checked for 

quality with FastQC v.0.11.8 (Andrews, 2010) before removal of adaptor sequences via 

TrimGalore v.0.4.1 (Kruegar, 2010). Trimmed reads were aligned to the human genome 

USCS build hg38 (University of California, Santa Cruz, USA) using Tophat 2.1.0 (D. Kim 
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et al., 2013) and Gencode v30 (Frankish et al., 2019) gene annotations 

(https://www.gencodegenes.org/human/release_30.html).  

2.14.2 Differential Gene Expression Analysis (DGEA)   
 

For Differential Gene Expression Analysis (DGEA), the number of reads per gene was 

calculated using HTSeq-Count (Anders et al., 2015) and the DESeq2 package from 

BioConductor (Love et al., 2014) was used to estimate differential expression of genes 

across experimental conditions. The Approximate Posterior Estimation for general 

linear model method (A. Zhu et al., 2019) was then used to shrink the logarithmic fold 

change. The p-values were adjusted for multiple testing with the Benjamini-Hochberg 

false-discovery-rate (FDR) procedure, as per the default behaviour of the DESeq2 

program. Genes were considered as significantly differentially expressed when the 

adjusted p-values were < 0.05, and where the log2 fold change values were > 1 for 

upregulated or < (-1) for downregulated genes, which denotes 2x fold increase or 

decrease in gene expression, respectively. BiomaRt (Durinck et al., 2009) was then 

used to help convert the gene identifiers.  

2.14.3 Gene Set Enrichment Analysis (GSEA)   
 

Gene Set Enrichment Analysis (GSEA), which was based on rank derived from the 

abs(log2FC) x (-log(p value)) and the Hallmark Gene Set Collection from the Human 

Molecular Signatures Databases, MSigDB  (Liberzon et al., 2011, 2015), found: 

(https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=H), was 

carried out with the Fast Gene Set Enrichment Analysis (fgsea) package v1.8.0 

(Korotkevich et al., 2016) and the Generally Applicable Gene Set Enrichment for 

Pathway Analysis (gage) R package v2.32.0 (Luo et al., 2009) from Bioconductor. A list 

of ISGs previously defined (Tie et al., 2018) by using http://www.interferome.org and 

selecting genes that were upregulated by 10x fold upon IFN treatment. Enrichment of 

Reactome pathways (https://reactome.org) within gene subsets was performed with 

the clusterProfiler package (G. Yu et al., 2012). For the analysis of individual TE 

integrants, TopHat2 alignments were used to obtain the number of unique reads 

mapping to individual TE loci using HTSeq-count and custom-made annotation files, 

where each TE locus was given a unique identifier. To reduce the number of features 

https://www.gencodegenes.org/human/release_30.html
https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=H
http://www.interferome.org/
https://reactome.org/
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provided as input for the analysis, TE loci with < 20 counts across all ([21, 6 siren + 

mpp8,] 3xtasor, 3xpphln1, 3xsiren) samples were filtered out before submitting the 

files with the counts per TE loci to DESeq2. Differential expression analysis was 

performed as for genes and including gene counts. Venn diagrams were made with 

VennDiagram v1.6.20 from R Documentation 

(https://rdocumentation.org/packages/VennDiagram/versions/1.6.20).  

2.14.4 Differential Expression Analysis of LINE-1   
 

For the analysis of LINE-1 family expression, the TEcounts tool from the TEtranscripts 

package (Jin et al., 2015) was used to obtain TE counts, which were then submitted to 

DESeq2 for differential expression analysis. Significantly differentially expressed LINE-

1 families were defined by an adjusted p-values of < 0.05 and log2 fold change values 

of > 1 for upregulated and < (-1) for downregulated families. HUSH binding to TEs was 

assessed using publicly available data (N. Liu et al., 2018) which is accessible form the 

following link via: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95374. 

Expression coverage tracks were generated with the genomecov tool from BEDTools 

(Quinlan & Hall, 2010), scaled by library size, where read pairs were separated by their 

strand of origin. Individual replicates were merged for knockdown and control samples 

of biological triplicates from the same batch. The BigWig tacks were visualised using 

the Integrative Genomics Viewer (Robinson et al., 2011). For identification of 

bidirectional transcription (I.e. sense and antisense transcription of target LINE-1 loci), 

genome-wide coverage was calculated for 500 bp bins, using the above-mentioned 

BigWig tracks. A bin was considered expressed from a given strand if its mean 

expression was above the value equivalent to the 85th percentile of all bins with an 

expression value > 0. Bins that passed the threshold for both strands were considered 

as bidirectionally transcribed and merged into larger intervals when found adjacent to 

each other using BEDTools merge function. Results were then intersected with 

RepeatMasker annotations (http://www.repeatmasker.org) to uncover the identities 

of bidirectional TEs, with the top hit being L1PA1. Consensus sequences for the TEs 

with the largest number of loci within bidirectionally-transcribed bins, namely L1PA1 

and L1PA2, were retrieved from RepBase (https://wwwgirinst.org/repbase) and all 

reads were aligned to each individual reference (full-length L1PA1 and full-length 

https://rdocumentation.org/packages/VennDiagram/versions/1.6.20
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95374
http://www.repeatmasker.org/
https://wwwgirinst.org/repbase
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L1PA2 was assembled from RepBase fragments: L1P1_5end (which includes the 5’UTR 

and ORF1 coding sequence), L1P1_orf2, L1PA2_3end, or the sequence of a full-length 

L1PA2 elements previously identified to be MPP8-bound (N. Liu et al., 2018) with 

chromosomal coordinated: chr1:207733982-207734498). Depth across the different 

sequences was calculated using samtools depth, normalized using size factors 

calculated for the entire library. Total number of reads mapping to a reference was 

obtained with the samtools flagstat command. RNA-sequencing data is available via: 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135765. Random subsets 

of genes were generated within Python. 

 

2.15 Statistical analysis   
 

All data in the figures are presented with error bars showing standard deviation (SD) 

or standard error of the mean (SEM), where stated.  Statistical significance was 

assessed using two-tailed, unpaired Student t-test, or other statistical tests where 

stated, using GraphPad Prism (see Figure legends for more detail). The number of 

biological replicates is also stated in the legends and technical repeats where relevant. 

For Flow Cytometry, technical replicates were 10,000 events and a P-value of < 0.05 

was considered statistically significant. (**** = p < 0.0001, *** = p < 0.001, ** = p < 

0.01, * = p < 0.05).   

 

2.16 Data and code availability    
 

Total RNA-sequencing data are available on the NCBI Gene Expression Omnibus 

database (accession number, GSE135765). Accession numbers for the publicly 

available data mentioned in this thesis are: GSE953774 for ChIP-sequencing data on 

the HUSH complex (N. Liu et al., 2018) and GSE119999 for the RNA-sequencing data 

on Retinal Pigment epithelium-1 (RPE) cells expressing a Tet-inducible codon-

optimised L1PA1 construct (Ardeljan et al., 2020), also referred to as ORFeus-Hs (An et 

al., 2011). Code is deposited in the following open-source repository 

(https://github.com/regmdr/HUSH_analysis) and detailed in the methods.  

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135765
https://github.com/regmdr/HUSH_analysis
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2.17 Statement of contributions     
 

Analysis of RNA-sequencing results obtained from experimentation with HFF cells 

provided here, as well as analysis of publicly available ChIP-seq and RNA-seq data was 

performed by Dr Rocio Enriquez-Gasca of the Rowe Lab, The Blizard Institute, Queen 

Mary University of London. All codes and scripts were written by Dr Rocio Enriquez-

Gasca and conceived by Dr Rocio Enriquez-Gasca and Dr Helen Rowe. Volcano plots, 

Differential expression analysis, Gene set enrichment analysis, Venn diagrams and 

graphical representations of differentially expressed LINE-1 subfamilies, including 

BigWig tracks of bidirectionally transcribed LINE-1s (i.e. those transcribed in both sense 

and antisense orientation) within the human genome were generated by Dr Rocio 

Enriquez-Gasca.     
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3 Chapter 3: The HUSH complex regulates Type 1 Interferon in 

Human somatic cells 
 

3.1  The HUSH complex regulates the IFN-induced immune response  
 

To investigate the role of the HUSH complex in cellular immunity, we first explored the 

functional consequences of its depletion in adult human cells. To do this, we designed 

short hairpin RNA (shRNA) vectors targeting each of the HUSH complex members, MPP8 

(MPHOSPH8), TASOR (FAM208A) and Periphilin (PPHLN1) and successively transduced a 

HEK293 reporter cell line to monitor the effects of shRNA-mediated gene silencing on 

IFN induction and responsiveness. These cells previously described (Bridgeman et al., 

2015; Hertzog et al., 2018) harbour an integrated lentivector expressing destabilised GFP 

under the control of interferon (IFN)-stimulated response elements (ISRE), referred to 

as ISRE-GFP (Figure 15a), and as such, allow us to monitor the induction of the IFN-

signalling pathway by measuring GFP fluorescence via flow cytometry. Furthermore, the 

destabilised form of GFP exhibits gradual degradation when expressed in cells 

(Xianqiang Li et al., 1998), and thus provide us with a more precise method for detecting 

transient changes in ISRE reporter activity.  

Our initial observations revealed that shRNA-mediated HUSH knockdown was 

successful; cellular lysates collected from cells transduced with concentrated MPP8- or 

TASOR-targeting shRNAs confirmed effective depletion of target proteins by day 4 via 

immunoblotting (Figure 15b). However, due to the high level of non-specific background 

staining we obtained with the anti-Periphilin antibody, we were unable to ascertain 

adequate protein depletion following shRNA transduction via western blot, and instead, 

opted for RT-qPCR to verify effective silencing of PPHLN1 mRNA (Figure 15c). It is also 

worth noting that antibiotic selection was not performed in these cells because the 

HEK293 reporter cell line harbours a puromycin resistance gene within the ISRE-GFP 

construct (Bridgeman et al., 2015; Hertzog et al., 2018), thus making selection of the 

shRNAs not possible. To circumvent this concern, all transductions were performed with 

highly concentrated vectors and only experimental samples that confirmed respectable 

protein knockdown or achieved >60% depletion of target mRNAs on the day of sample 

collection were used for analysis. 
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We measured GFP expression in transduced cells via flow cytometry and noted that the 

ISRE-GFP reporter became activated 4 days post-transduction with the MPP8-targeting 

vector (shMPP8), while cells transduced with a control shRNA had no effect on ISRE-GFP 

induction (Figure 16a, left). Likewise, we reported no effect on GFP expression by day 4 

following transduction with either TASOR- (shTASOR) or Periphilin- (shPPHLN1) 

targeting lentivectors (Figure 16a; b, top).  

We next proceeded to monitor the fluorescence signal, particularly in the shMPP8-

transduced samples, for a further 48 hours to see whether ISRE-GFP activation was a 

transient effect of MPP8 depletion or persisted into later timepoints. Strikingly, we 

observed a robust gain in GFP expression by day 6 as over 90% of shMPP8 transduced 

cells were positive for GFP, signifying potent induction of the IFN-stimulated response 

pathway within these samples (Figure 16b, bottom). On the other hand, Periphilin 

depletion led to noticeable, albeit weak activation of the reporter, while TASOR-

depletion consistently led to only a small increase in ISRE-GFP (GFP dim rather than 

bright cells) at both timepoints despite efficient TASOR-knockdown. Taken together, our 

results reveal that artificial ablation of MPP8 expression leads to an interferon-

stimulated gene response. 
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Figure 15: shRNA-mediated knockdown of the HUSH complex 

(a) Schematic diagram of the assay used to detect interferon induction. HEK293 cells 

harbour an integrated interferon (IFN) reporter expressing destabilised GFP (dscGFP). 

ISRE: IFN-stimulated response element (ISRE); mCMV: minimal CMV promoter. GFP 

positive cells were measured via flow cytometry 4- and 6-days post-transduction with 

HUSH targeting shRNAs. LV: Lentivirus; U6: RNA Polymerase III promoter; PGK: 

Phosphoglycerate kinase 1 promoter; Puro: puromycin.  

(b) Immunoblot using antibodies against MPP8 and TASOR in HEK293 reporter cell 

lysates at day 4 post-transduction with shRNAs. PCNA antibody used as a loading 

control. Molecular size markers in kilodaltons (kDa) are indicated on the left. 

Representative of 2 biological replicates.  

(c) RT-qPCR expression of Periphilin mRNA following shRNA-mediated depletion in 

ISRE-GFP reporter cells at day 4 post-transduction, normalised to GAPDH. N = 3 

biologically independent replicates with mean ± SEM of technical duplicates shown.  
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Figure 16: MPP8 depletion triggers activation of ISRE-GFP reporter  

(a) Percentage of GFP-positive cells as a measure of ISRE-GFP induction at day 4 (left) 

and day 6 (right) post-transduction with HUSH targeting shRNAs. N = 3 biologically 

independent experiments. Data presented as mean ± SD. All statistical analysis via two-

tailed unpaired t-tests compare shRNA to shControl samples: Day 4 samples; p = 0.0002 

(shMPP8), p = 0.5021 (shPPHLN1), p = 0.0938, shTASOR). Day 6 samples; p = <0.0001 

(shMPP8), p = 0.0263 (shPPHLN1), p = 0.1066 (shTASOR).  *= P ≤ 0.1; ***= P ≤ 0.001; 

****= P ≤ 0.0001; ns, no significance.   

(b) Distribution of the GFP-positive signal measured via flow cytometry following 

depletion of HUSH in the ISRE-GFP reporter cell line at day 4 (top) and day 6 (bottom). 

One representative histogram of three biological replicates shown for each sample.  

shControl 
shMPP8 
shPPHLN1 
shTASOR 

shControl 
shMPP8 
shPPHLN1 
shTASOR 
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3.2  HUSH controls Type 1 IFN-induced expression of ISGs   
 

All interferon-stimulated genes (ISGs) that are induced by type 1 IFN-signalling are 

known to contain the 15bp conserved ISRE region in their promoters (Levy et al., 1988). 

To this end, the expression of the ISRE-GFP reporter in our model cells is a transcriptional 

readout for the active expression of endogenous ISGs. We sought to confirm this by 

selecting several ISGs known to play roles in antiviral immunity and cellular defence in 

human cells and used RT-qPCR to measure their expression following shRNA-mediated 

knock-down of the HUSH complex (Figure 17a). We mainly focussed our attention on 

assessing the effects of MPP8 depletion on ISG induction since it strongly induced 

expression of the ISRE-GFP reporter (Figure 16) and performed mRNA extractions 

followed by cDNA synthesis on our GFP positive reporter cells. We were able to 

corroborate our initial observations as expression levels of interferon-stimulated 

chemokines, CCL5 and CXCL10, as well as antiviral MxA and IFITs were indeed strongly 

induced by day 6 following shMPP8 transductions (Figure 17a). As expected, 

transductions with either control- or TASOR-targeting shRNA failed to trigger any such 

intrinsic immune responses, demonstrating a pertinent role for the HUSH complex 

member MPP8 in the control of IFN-responsive gene transcription.   

Interestingly, depletion of TASOR in combination with MPP8 reduced the expression 

levels of ISGs mediated by MPP8 depletion alone, which suggests a potential link 

between TASOR depletion and the possible onset of an IFN-desensitized cellular state. 

To further inspect this theory, we tested the responsiveness of TASOR-depleted cells to 

human IFN-β. Surprisingly, we found greater induction of the ISRE reporter in TASOR-

depleted cells compared to controls when treated with IFN-β (Figure 17b). This result 

indicates that the loss of TASOR in somatic cells does not in fact hinder their 

responsiveness to exogenous IFN-β but implies that TASOR-depleted cells adopt a more 

‘poised’ state for innate immune activation.   
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Figure 17: The HUSH complex regulates type 1 IFN response genes  

(a) above: mRNA expression levels of various endogenous ISGs following transduction 

with shMPP8 combined with shTASOR or control shRNA as stated for 6 days in ISRE-

GFP reporter cells. Below: RT-qPCR showing expression levels of HUSH members MPP8 

and TASOR. All expression levels depicted are normalised to GAPDH. N = 3 biologically 

independent experiments with technical duplicates shown. A two-tailed unpaired t-

test was used to compare shMPP8 + shControl to shMPP8 + shTASOR samples for CCL5 

expression (p = 0.0021).  

(b) Flow cytometry data depicting greater activation of the ISRE-GFP with 24 hours of 

human IFN-β treatment in cells transduced with shTASOR compared to shControl 

vector (p = 0.0037, two-tailed unpaired t-test) as measured via mean fluorescent 

intensity, MFI. N = 3 biologically independent experiments. All data presented here as 

mean ± SD. **= P ≤ 0.01.    
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We next enquired into whether MPP8-depletion induced activation of ISGs was a 

conserved feature of human adult cells or a HEK293 reporter cell-specific phenomenon 

by subjecting three additional human cell lines to shRNA-mediated HUSH silencing. 

These include human cervical cancer epithelium-derived HeLa cells, human acute 

monocytic leukaemia cells (Tohoku Hospital Pediatrics-1, THP-1s) typically used in 

immunological studies (Daigneault et al., 2010; Tsuchiya et al., 1980) and finally, 

untransformed Primary Human Foreskin Fibroblasts (HFFs) which closely resemble 

fibroblast cells in vivo and allow us to impart biological relevance to our findings. Each 

cell type was transduced with shMPP8 lentiviral vectors and subjected to puromycin 

selection for a further two days or until their control non-transduced counterparts had 

died completely. We collected RNA at 6 days post-transduction with shMPP8 and 

assessed the level of ISG expression via RT-qPCR (Figure 18). Interestingly, we observed 

potent induction of endogenous ISGs following MPP8 knock-down in all three cell lines; 

HeLa and THP-1 cells showed similar degrees of ISG activation, however THP-1 cells 

demonstrated higher levels of IFIT1 and IFIT2 expression (Figure 18a, b) which may be 

in part due to higher basal expression levels typically seen with some myeloid cell 

subsets (Daffis et al., 2007). Notably, primary HFFs showed the greatest response to 

MPP8 depletion with ISG expression levels, such as the expression of cytokines CCL5 and 

CXCL10, akin to those observed in the ISRE-GFP reporter cell line, even though MPP8 

diminution was less efficient (Figure 18c). Altogether, our data demonstrate a key role 

for MPP8 in the control of IFN-induced genes and reveal that robust induction of 

endogenous ISGs is a conserved consequence of MPP8 abatement in human cells.  
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Figure 18: MPP8-depletion induced ISG induction is conserved across various human 
cell types 

RT-qPCR results of ISG expression at 6 days post shRNA treatment and antibiotic 

selection in 3 additional human cell types (a) HeLa, (b) THP-1 and (c) Primary fibroblasts 

(HFFs). mRNA normalised to GAPDH. MPP8 depletion efficiency is shown below for 

each cell type. N = 3 biologically independent experiments with technical duplicates 

shown. Two-tailed paired t-tests were used to compare controls to shMPP8 for stated 

ISGs. Example of most highly induced ISG in all 3 cell types was CXCL10; p = 0.0473 

(HeLa); p = 0.0229 (THP-1s); p = 0.0084 (HFFs). All data presented here as mean ± SD. 

*= P ≤ 0.1; **= P ≤ 0.01.    
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3.3  MPP8-depletion activates the type 1 IFN-signalling response in an 

autocrine and paracrine manner  
 

Having observed robust ISG activation upon the loss of MPP8 in human cells, we next 

sought to confirm active IFN-signalling by testing cell supernatants for secreted type 1 

IFN proteins by employing an IFN bioassay (Figure 19a). To do this, day 6 cellular 

supernatants from HUSH-depleted wildtype HEK293 cells were collected and 

transferred onto cultures of ISRE-GFP reporter cells for 24 hours to assess whether it 

could induce activation of the GFP reporter. To note, HEK293 cultures underwent a full 

media change on day 2 post-transduction with shRNAs to remove potential traces of 

active lentiviral vector from the supernatant. Indeed, supernatants from MPP8 and 

PPHLN1 knockdown cultures sufficiently induced GFP expression in our reporter cells, 

while those transduced with control shRNA vectors did not (Figure 19b), suggesting 

that MPP8 and PPHLN1-depletion leads to the secretion of type 1 IFNs into cellular 

supernatants. We also performed additional IFN bioassays using Primary Fibroblasts 

transduced with shRNAs against each of the HUSH complex members and this time 

included TASOR targeting shRNAs to investigate its depletion in the primary fibroblast 

cell type. Our results revealed that supernatants from shMPP8-transduced HFFs could 

equivalently induce ISRE-GFP expression in our reporter cells (Figure 19c) and 

unexpectedly, supernatants collected from Periphilin-depleted HFFs also activated the 

ISRE-reporter, suggesting that primary cells may be more sensitive to changes in HUSH 

expression than the HEK293 cell line. Unsurprisingly, TASOR-depleted HFF cell 

supernatants failed to induce ISRE-GFP reporter expression, a consistent observation 

which we could now extend into the primary cell phenotype. In summary, these 

findings demonstrate that the loss of MPP8 leads to the secretion of type 1 IFNs that 

induce innate immune responses in neighbouring cells and highlight that paracrine 

activation of IFN-signalling is a conserved response to MPP8-depletion, with primary 

fibroblast cells possessing the greatest cell-intrinsic sensitivities to HUSH reduction.   
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Figure 19: Loss of MPP8 stimulates type 1 IFN signalling in neighbouring cells 

(a) Experimental setup for IFN bioassay. HEK293 wildtype cells were transduced with 

shHUSH vectors for 6 days before supernatants were transferred to ISRE-GFP reporter 

cells for 24 hours and assessed for GFP expression via flow cytometry.  

(b) IFN bioassay showing GFP expression of ISRE-GFP reporter cells following 24-hour 

incubation with day 6 shRNA-transduced HEK293 cell supernatants against MPP8 (left 

and Periphilin (right). N = 4 biologically independent samples (p = 0.0240, MPP8 and p 

= 0.0817, PPHLN1; two-tailed paired t-test). 

(c) IFN bioassay showing GFP expression of ISRE-GFP reporter cells following 24-hour 

incubation with day 6 shHUSH-transduced primary fibroblast cell supernatants. N = 3 

biologically independent samples (p = 0.0469, MPP8 and p = 0.0320, PPHLN1; two-

tailed unpaired t-test). Data presented as mean ± SD. *= P ≤ 0.1.   
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We next employed an IFN-β-GFP HEK293 reporter cell line in which GFP expression is 

driven by an IFN-β promoter (Hertzog et al., 2018) to demonstrate shMPP8-mediated 

induction of IFNs more accurately on the genomic level. We found that almost 90% of 

cells were positive for GFP at day 6 post-transduction with shMPP8 (Figure 20a), while 

those transduced with a control shRNA vector showed no apparent signal via flow 

cytometry, which was consistent with our observations in ISRE-GFP reporter cells. 

Furthermore, we deployed an enzyme-linked immunosorbent assay (ELISA) to verify 

the production of type 1 IFN-specific cytokines and detected high levels of secreted 

human IFN-β in cellular supernatants (Figure 20b). These data shows that MPP8-

depletion triggers potent induction of type 1 IFNs and identifies IFN-β as a secretory 

modulator of the IFN signalling pathway. 

The binding of type 1 IFNs to their cognate receptors is widely known to trigger rapid 

activation of the JAK-STAT signalling cascade (Kawamura et al., 1994; Schindler et al., 

1992; Silvennoinen et al., 1993) and as such, we set out to uncover the effect of MPP8-

depletion on the type 1 IFN-dependent JAK-STAT signalling pathway. HEK293 ISRE-GFP 

reporter cells were transduced with shMPP8 vectors in the presence of Ruxolitinib, a 

widely recognized pharmacological inhibitor of the Janus kinase family of enzymes 

(Quintás-Cardama et al., 2010; Verstovsek et al., 2010) and monitored for ISRE-GFP 

activity via flow cytometry. Our preliminary observations revealed that Ruxolitinib could 

indeed successfully abolish the interferon-induced GFP signal in reporter cells treated 

with IFN-β and also in MPP8-depleted cells (Figure 20c), confirming the requirement of 

functional receptor-associated JAKs in the induction of type 1 IFN signalling via shMPP8.   

Taken as a whole, these data demonstrate that MPP8 downregulation triggers potent 

induction of the type 1 IFN signalling pathway in human cells by driving the production 

and extracellular secretion of IFN-β to evoke JAK-STAT-dependent induction of 

endogenous ISGs in both an autocrine and paracrine manner.  
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Figure 20: MPP8 regulates type 1 IFN induction via the JAK/STAT signalling pathway 

(a) Flow cytometry of IFN-β-GFP reporter cells at day 6 post-transduction with shMPP8 

vectors. N = 3 biologically independent samples (p = 0.0005, two-tailed paired t-test).  

(b) Day 6 supernatants of shMPP8-transduced IFN-β-GFP cells measured for secreted 

human IFN-β via ELISA. N = 4 biologically independent samples (p = 0.0023, two-tailed 

paired t-test).  

(c) Flow cytometry of ISRE-GFP reporter cells treated with shMPP8 for 6 days in the 

presence of the JAK/STAT inhibitor Ruxolitinib or a control solvent, DMSO (added from 

day 1). N = 4 biologically independent samples. IFN-β ± Ruxolitinib served as a positive 

control. P = <0.00001, two-tailed unpaired t-test. All data presented here as mean ± 

SD. **= P ≤ 0.01; ***= P ≤ 0.001; ****= P ≤ 0.0001.    
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3.4  HUSH/MPP8 regulates genes involved in innate immunity and 

inflammation  
 

Having observed activation of the type 1 IFN-signalling pathway upon the disruption of 

the HUSH complex member, MPP8, we next set out to explore the global phenotypic 

consequences of HUSH-depletion in primary fibroblast cells. Firstly, HFF cells were 

subjected to shRNA-mediated knock-down of each of the HUSH complex proteins in turn 

and were then harvested on day 6 for RNA before analysis via total RNA-sequencing. 

Differential gene expression analysis in MPP8-inactivated samples revealed a clear 

upregulation of genes involved in innate immunity and inflammation (Figure 21a), 

including increased expression of IFNB1, which encodes the secreted cytokine IFN-β that 

we detected earlier in MPP8-depleted cell supernatants (Figure 20b), and the 

oligoadenylate synthase (OAS) family of proteins, OAS1 and OASL, known for their 

antiviral and immunomodulatory properties (Chebath et al., 1987; Kristiansen et al., 

2010; Schröder et al., 1992). A total of 1626 genes were upregulated in MPP8-depleted 

samples, of which 204 consisted of ISGs which typically function in innate and adaptive 

immunity (Figure 21b) from a list of 437 ISGs shown previously by our lab to increase in 

response to IFN stimulation (Tie et al., 2018). Additionally, we employed gene set 

enrichment analysis (GSEA) in HUSH-depleted primary fibroblasts to identify pathways 

that are enriched in our list of differentially expressed genes (Figure 21c). We found that 

MPP8-depleted samples were primarily enriched in pathways associated with 

immunoregulation, including active IFN and inflammatory signatures. In addition, similar 

terms associated with MPP8-depleted phenotype were also largely reproduced in 

fibroblast cells depleted of Periphilin. In contrast, TASOR-depleted samples differed 

most in their gene set profiles as they bared unique enrichment signatures in TGF-β and 

mTOR signalling but overlapped in terms of TNF-α signalling and G2M cell cycle 

checkpoint (Figure 21c). This alludes to the possibility that TASOR may hold cell-intrinsic 

roles outside of the HUSH core complex or might suggest that a greater depletion of 

TASOR than that achieved here is required in order to observe a more complete 

phenotype. Altogether, TASOR-depleted cells appear to be mostly devoid of IFN and 

inflammatory signatures, illustrating that activation of these pathways are distinctive 

features of the MPP8 and the Periphilin-depletion phenotypes.   



112 
 

  

Figure 21: HUSH depletion triggers expression of genes involved in inflammation 

(a) MA plot depicting results of differential gene expression analysis from shMPP8-

transduced HFF cells cultured in puromycin-selection media for a total of 6 days. Total 

RNA was extracted and sequenced via total RNA-sequencing. N = 6 biologically 

independent experiments. Points in dark cyan depict significantly up and down 

differentially expressed genes (log2 fold change > 1 and p-adjusted value of < 0.05 after 

Benjamini-Hochberg multiple testing correction of Walk test p-value of 

shMPP8/shControl). Points in purple illustrate ISGs. Example upregulated ISGs are 

labelled as well as HUSH components (of which MPP8 is downregulated).  

(b) Venn diagram showing overlap of 204 upregulated genes in MPP8-depleted 

samples. Of the 1830 total genes, 204 out of a list of 437 human ISGs (Tie et al., 2018) 

were found to be upregulated in shMPP8 transduced Primary fibroblasts.  

shMPP8 vs shControl shPPHLN1 vs shControl shTASOR vs shControl 
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(c) Gene set enrichment analysis (GSEA) of upregulated genes following shRNA 

depletion of each HUSH component vs shControl in human fibroblasts 6 days post 

shRNA. N = 3 biologically independent experiments and data are represented as gene 

set enrichment analyses using FGSEA (Fast Gene Set Enrichment Analysis) method, 

where nominal p-values were calculated for 1000 permutations and corrected for 

multiple-testing using the Benjamini-Hochberg method.  

 

 

 

3.5  Summary and Model 
 

In summary, our data support the notion that the HUSH complex possesses functions 

beyond its primary role as an epigenetic regulator of heterochromatin and implicates 

HUSH in the control of innate immune signalling and IFN responsiveness in human cells 

(Figure 22). Specifically, we reveal that loss of the HUSH component MPP8 leads to 

potent activation of type 1 IFNs (Figure 15a-c; Figure 16a-b; Figure 20a) and induction of 

interferon-stimulated genes via the JAK-STAT-dependent signalling cascade in both 

human cell lines and in human primary fibroblasts (Figure 17a; Figure 18a-c; Figure 20c). 

Furthermore, we confirm that MPP8-depletion results in enhanced secretion of IFN-β 

into cellular supernatants, which can then function as autocrine and paracrine 

mediators of the type 1 IFN signalling pathway to further drive ISG expression in 

neighbouring cells (Figure 19a-c; Figure 20a, b). In addition, we demonstrate that the 

phenotypic and genomic changes provoked via the loss of HUSH members, MPP8 and 

Periphilin, are due to cell-intrinsic activation of gene regulatory networks that underlie 

inflammatory and innate immune responses (Figure 21a-c). Finally, we attribute our 

observations mostly to MPP8 with some involvement from Periphilin (Figure 16b, Figure 

19b) and although the loss of TASOR does not provoke IFN-signalling or the expression 

of ISGs directly, our data proposes a role for TASOR in IFN-responsiveness and the onset 

of an immunologically primed cellular state that is poised for activation (Figure 16a, b; 

Figure 19c, Figure 21c). 
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Figure 22: Summary Model: HUSH regulates innate immunity in somatic cells 

HUSH safeguards host cells from unwarranted activation of the innate immune 

response. Loss of the HUSH complex member MPP8, and to a lesser extent Periphilin, 

activates the Type 1 IFN-signalling pathway via the secretion of IFN-β into cellular 

supernatants. This bind to their cognate receptors and triggers the induction of IFN-

stimulated genes (ISGs) via the JAK/STAT signalling pathway, which is amenable to 

pharmacological manipulation with the drug inhibitor, Ruxolitinib.  The expression of ISG 

proteins serve various roles related to antiviral defence and immune regulation.   

Loss of 

H3K9me3 
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3.6  Discussion  
 

Given the known role of the HUSH complex in genomic surveillance and defence against 

retroviruses (Chougui et al., 2018; L. Liu et al., 2011; Tchasovnikarova et al., 2015; 

Yurkovetskiy et al., 2018; Y. Zhu et al., 2018), it is perhaps not surprising that the loss of 

HUSH confers profound changes to host cell immunity. Indeed, our data demonstrate 

the involvement of the HUSH complex member, MPP8, in the regulation of the type 1 

IFN-signalling pathway, which is typically induced in response to extant viral challenge. 

However, in this chapter, we demonstrate that the depletion of the HUSH complex 

member, MPP8, potently stimulates both production and the secretion of type 1 IFNs in 

the absence of such exogenous pathogenic provocations. Hence, we hypothesize that 

the inflammatory response we observe following the loss of MPP8 in human cell lines 

and primary fibroblasts is likely facilitated by the detection of viral-mimetic PAMPs from 

endogenous sources. Indeed, previous work from our lab reported the HUSH complex 

to cooperate with KAP1 to target endogenous retroelements, such as evolutionarily 

young LINE-1s, for epigenetic silencing in mESCs (Robbez-Masson et al., 2018) and 

demonstrated that the failure to maintain effective repression at KAP1-sensitive loci, 

such as via shRNA-mediated silencing of KAP1, results in the MAVS-dependent induction 

of type 1 IFNs in both HeLa and HEK293T cells (Tie et al., 2018). Although the identity of 

the immunogenic PAMP in this case remains unknown, we speculate MPP8 to function 

as a gatekeeper of type 1 IFN through the regulation of a subset of LINE-1 

retrotransposons that serve as endogenous viral-mimetic PAMPs which stimulate 

classical type 1 IFN signalling responses when aberrantly expressed.  

In addition, our data reports potent induction of various ISGs in human cells following 

MPP8 depletion, all of which serve various roles related to antiviral defence and immune 

regulation. For example, the human MxA protein, encoded by the IFN-induced Mx1 gene 

(also known as myxovirus resistance protein 1), is an antiviral effector protein which 

functions to restrict the entry of both DNA and RNA viruses (Aebi et al., 1989; 

Lindenmann, 1962), including those belonging to the double-stranded RNA family of 

retroviruses (S. Liao & Gao, 2022; Mundt, 2007). Likewise, interferon-induced proteins 

with tetratricopeptide repeats (IFITs) function to inhibit the translation of viral proteins 

by binding to the eukaryotic initiation factor 3 (elF3) complex and preventing host cell 
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translation in a non-selective manner (Diamond & Farzan, 2013; Mears & Sweeney, 

2018). Our RNA-seq data also revealed increased expression of OAS proteins in MPP8-

depleted HFFs, which, together with RNAse L, have been implicated in LINE-1 and IAP 

retrotransposition suppression (A. Zhang et al., 2014). Consequently, the activation of 

these ISGs in the absence of pathogenic challenge suggests that MPP8/HUSH functions 

to safeguard somatic cells from aberrant IFN activation and reveals that the loss of MPP8 

brings about a viral mimicry response via the mechanism of ‘non-self’ PAMP recognition.  

Finally, we reveal the individual cell-intrinsic effects of inactivating each member of the 

HUSH complex on cellular defence across two different time points. While MPP8 

depletion resulted in a mounting type 1 IFN response in human cells, PPHLN1 and TASOR 

knockdown failed to phenocopy this effect. A possible reasoning for this is that MPP8-

depletion impacts the stability of the HUSH core complex and therefore its function as 

a heterochromatin regulator much more readily than the loss of the other HUSH 

complex members. Supporting this, recent data reveal MPP8 to be required for stable 

occupancy of HUSH at the target locus and demonstrate that the specific loss of MPP8 

leads to the destabilization of the HUSH core complex (Müller et al., 2021; Seczynska et 

al., 2022; Tchasovnikarova et al., 2015). In turn, this may result in the insufficient 

maintenance of silent heterochromatin and the wider derepression of HUSH-targeted 

endogenous retroelements, as documented in mouse stem cells which were shown to 

exhibit increased LINE-1 expression following the loss of MPP8 (Müller et al., 2021). 

Thus, our data advocates for the presence of putative immunostimulatory PAMPs that 

arise in the absence of MPP8 and mount type 1 IFN responses upon their recognition. 

The mechanism of MPP8 depletion-induced type 1 IFNs and ISG activation in human 

primary cells remains to be explored and hence will be the focus of the following 

chapter.  
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Overall, in this chapter, we dissect the role of HUSH in the regulation of genes involved 

in cell intrinsic host defence using various human cell lines. We show that:  

I. The HUSH complex regulates type 1 IFN induction, predominantly via MPP8 

II. Loss of MPP8 leads to the secretion of IFN-β and type 1 IFN-induced activation 

of ISGs in human cell lines and primary fibroblasts 

III. ISG upregulation following the loss of MPP8 is dependent on the JAK/STAT-

signalling pathway, which can be stifled with pharmacological inhibitors 
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4 Chapter 4: MPP8 depletion enhances ISG expression via RNA 

sensing of HUSH-bound putative retroelements 
  

The type 1 IFN response is a major constituent of the mammalian innate immune 

response against viruses and culminates in the expression of IFNs, ISGs and 

proinflammatory cytokines upon the detection of pathogen-associated molecules, 

including virus-derived nucleic acids, by host cytoplasmic sensors. We have shown that 

disruption of the HUSH complex leads to the activation of the type 1 IFN response and 

the expression of various ISGs in a manner analogous to the host cell response against 

viral infections. To this end, we asked whether nucleic acid sensing pathways were 

implicated in the innate immune signalling pathway that we observed following 

silencing of HUSH/MPP8.  

 

4.1 MPP8-depletion induced expression of ISGs is independent of host 

DNA sensors  
 

We first opted to assess the impact of the cytoplasmic DNA sensing pathway on the 

shMPP8-mediated type 1 IFN response by employing THP-1 control- and knockout-

reporter cell lines that are either wildtype (WT) or CRISPR/Cas9 knockouts for the DNA 

sensors cyclic-GMP-AMP synthase (cGAS-/-) and its binding partner stimulator of 

interferon genes (STING-/-). Moreover, we chose to include an additional THP-1 

knockout cell line for the high affinity type 1 IFN-α/β receptor (IFNAR-/-) in order to 

reaffirm JAK/STAT-dependency of type 1 IFN-signalling in MPP8-depleted cells. The 

THP-1 reporter cell lines were originally derived from the human THP-1 monocyte cells 

by stable integration of two inducible reporter constructs, including a secreted Lucia 

luciferase gene under the control of an IFIT2/ISG54 minimal promoter in conjunction 

with five ISRE sequences. The use of this reporter systems allows us to study the 

contributions, if any, of the cGAS/STING dsDNA sensing pathway in our MPP8-

depletion induced antiviral phenotype through monitoring the levels of secreted 

luciferase in THP-1 cell supernatants via chemiluminescence. As such, we first verified 

that the cGAS and STING knockout cell lines were deficient for their respective DNA 

sensors yet maintained their competency for downstream MAVS-dependent RNA 

sensing via immunoblot (Figure 23a, left). Likewise, IFNAR2 knockout THP-1s were 
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functionally verified by stimulating cells with the receptor agonist IFN-β for 24 hours 

and as predicted, chemiluminescence detection for secreted luciferase confirmed total 

abolishment of the type 1 IFN response exclusively in the IFNAR2 knockout cell line (W. 

Zhao et al., 2008) (Figure 23a, right). We then proceeded to transduce each THP-1 cell 

line with shMPP8-targeting lentivectors for a total of 6 days and assayed cellular 

supernatants for secreted luciferase via chemiluminescence. We observed potent 

activation of the IFIT2-driven reporter upon the depletion of MPP8 in both cGAS and 

STING knockouts with cellular supernatants exhibiting similar levels of detectible 

luciferase to their wildtype THP-1 counterparts (Figure 23b, c). On the other hand, 

IFNAR-/- cells displayed attenuated levels of luciferase activity, suggesting that shMPP8-

induced activation of the type 1 IFN signalling pathway is mediated independently of 

cGAS/STING DNA sensors. In further support of this, mRNA expression levels of CXCL10 

and IFIT2 were also found to be elevated in cells devoid of both DNA sensors, despite 

efficient knockdown of MPP8 (Figure 23c). In fact, we reported attenuation in 

expression of a number of endogenous ISGs explicitly in cells deficient in IFNAR2 

(Figure 23d), further alluding to the requirement of the type 1 IFN receptor in shMPP8-

mediated stimulation of the innate immune response. Thus, the data shown here 

attests to the inconsequential role both DNA sensors play in the induction of type 1 

IFNs and eliminates the DNA sensing pathway mediated by cGAS/STING as being 

necessary to mediate the observed IFN response following MPP8 knockdown.  
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Figure 23: shMPP8-induced ISG activation is independent of DNA sensing 

(a) Left: Immunoblot using antibodies against cyclic-GMP-AMP synthase (cGAS), 

Stimulator of interferon genes (STING) and mitochondrial antiviral signalling protein 

(MAVS) on whole cells extracts from THP-1 control (WT) or knockout cells (cGAS-/-, 

STING-/- and IFN-receptor α/β, IFNAR-/-), depicting expression levels of the stated 

cG
A
S
-/-

STIN
G
-/-

IF
N
A
R
-/-

TH
P-1

 W
T 

1

10

100

1000

10000

N
o

rm
a
li
s

e
d

 f
o

ld
 c

h
a

n
g

e
 i
n

IF
IT

-2
 L

u
c
if

e
ra

s
e
 (

s
h

C
o

n
tr

o
l)

shMPP8

✱✱

(a) (b) 

(c) 

cG
A
S
-/-

S
TIN

G
-/-

IF
N
A
R
-/-

TH
P
-1

 W
T

0.0

0.5

1.0

N
o

rm
a
li
s
e
d

 m
R

N
A

 e
x
p

re
s
s
io

n

 (
G

A
P

D
H

)

shControl

shMPP8

MPP8

cG
A
S
-/-

S
TIN

G
-/-

IF
N
A
R
-/-

TH
P
-1

 W
T

0.1

1

10

100

1000

10000

shControl

shMPP8

CXCL10

cG
A
S
-/-

S
TIN

G
-/-

IF
N
A
R
-/-

TH
P
-1

 W
T

0.1

1

10

100

1000

shControl

shMPP8

IFIT2

C
X
C
L1

0

C
C
L5

O
A
S
1

M
D
A
5

R
IG

-I

IF
IT

1

IF
IT

2

0.1

1

10

100

1000

N
o
rm

a
lis

e
d
 m

R
N

A
 e

x
p
re

s
s
io

n

 (
G

A
P

D
H

)

THP-1 WT + shControl

THP-1 WT + shMPP8

IFNAR-/- + shControl

IFNAR-/- + shMPP8

(d) 

N
o

rm
al

is
ed

 f
o

ld
 c

h
an

ge
 

in
 IF

IT
-2

 L
u

ci
fe

ra
se

  

+ IFN-β 
treatment 

1 

10 

cG
A
S
-/-

S
TIN

G
-/-

IF
N
A
R
-/-

TH
P
-1

 W
T

0.0

0.5

1.0

N
o

rm
a
li
s
e
d

 m
R

N
A

 e
x
p

re
s
s
io

n

 (
G

A
P

D
H

)

shControl

shMPP8

MPP8

cG
A
S
-/-

S
TIN

G
-/-

IF
N
A
R
-/-

TH
P
-1

 W
T

0.1

1

10

100

1000

10000

shControl

shMPP8

CXCL10

cG
A
S
-/-

S
TIN

G
-/-

IF
N
A
R
-/-

TH
P
-1

 W
T

0.1

1

10

100

1000

shControl

shMPP8

IFIT2



121 
 

endogenous proteins. α-Tubulin antibody was used as a loading control. 

Representative blot of N=3 biological replicates shown. Right: THP-1 cell lines were 

treated with the IFNAR agonist, IFN-β, for 24 hours and later measured for secreted 

Lucia luciferase. Background levels of luciferase from non-treated THP-1 control cells 

were subtracted from all samples. N = 3 biologically independent samples with mean 

± SD shown.    

(b) THP-1 WT or knockout cell lines were treated with MPP8-targeting shRNA and 

assayed for secreted Lucia luciferase (driven by the IFIT2 promoter) at day 6 post-

transduction. Puromycin-selection was performed 48 hours post-transduction with the 

shMPP8 vector. Luciferase readings were normalised to background values using 

shControl-treated THP-1 WT cells. Data representative of N = 3 biological replicates 

with mean ± SD shown. A one-tailed paired t-test was used to compare shMPP8 

transduced THP-1 IFNAR-/- cells to THP-1 WT control samples (p = 0.0034). **= P ≤ 0.01.  

(c) RT-qPCR showing mRNA expression levels of MPP8 (left), CXCL10 (centre) and IFIT2 

(right) in THP-1 WT and KO cell lines following transduction with shMPP8 or control 

shRNA for 6 days. Cells were cultured in puromycin-selection media for 48 hours 

before harvesting for RNA. All expression levels depicted are compared to shControl 

transduced counterparts and normalised to GAPDH. N = 3 biological replicates with 

mean ± SD shown.  

(d) mRNA expression levels of various endogenous ISGs in THP-1 WT and IFNAR KO cell 

lines transduced with either shMPP8 or control shRNA for 6 days. All expression levels 

depicted are displayed relative to shControl transduced THP-1 WT cells and normalised 

to GAPDH. Data represented as N = 3 biological replicates with mean ± SD shown.  
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4.2 Loss of MPP8 triggers activation of the RLR-dependent dsRNA 

sensing pathway predominantly via MDA5  
 

There is mounting evidence implicating the re-expression of endogenous retroviruses 

and other repetitive elements in the induction of a RIG-I-like receptor (RLR)-dependent 

RNA sensing response when epigenetic pathways are undermined, particularly in cancer 

cells (Chiappinelli et al., 2015; Collins et al., 2015; Roulois et al., 2015; Sheng et al., 2018). 

We therefore examined the expression of the RNA sensors, RIG-I and MDA5, in all cell 

lines in which we had observed an IFN response upon MPP8-depletion in order to 

determine whether they were competent for RNA sensing. Both RIG-I and MDA5 are 

typically present in low levels in resting cells, but their expression can be induced in 

response to activation with type 1 IFN (Dixit & Kagan, 2013). To this end, we subjected 

HEK293, HeLa, THP-1 and HFF cells to 24 hours of IFN-β treatment to induce the 

expression of cytosolic RNA sensors before harvesting cellular lysates for immunoblot 

analysis. We detected expression of components of the RLR-signalling pathway in all cell 

lines following stimulation with IFN-β, including increased expression of MAVS, which 

functions as a downstream effector of the RLR-induced IFN-signalling transduction 

cascade (Figure 24a). We also detected expression of both DNA sensors in all cells, 

except for the HEK293 cell line which does not express cGAS, thus further assuring us 

that the IFN response we obtained in MPP8-depleted GFP reporter cells was generated 

independently of DNA sensing.  

We next wanted to determine which, if any, of the RNA sensors were necessary in the 

shMPP8-mediated activation of type 1 IFNs. We therefore employed CRISPR/Cas9-

generated knockout HEK293 cells for RIG-I or MDA5 or both and probed cell lysates for 

the relevant cytosolic RNA sensors following stimulation with human IFN-β for 24 hours. 

As expected, control 293 cells (293 WT) showed increased expression of RIG-I and MDA5 

after IFN treatment, whereas the double-knockout cells (referred to as RIG-I-/-, MDA5-/-) 

demonstrated total loss of both RNA sensors (Figure 24b). Interestingly, we noticed that 

MDA5 was more highly expressed in RIG-I knockout cells (RIG-I-/-) than in wildtype 293s, 

potentially to offset the loss of RIG-I. In contrast, the MDA5 knockout cell line (MDA5-/-) 

demonstrated lower levels of RIG-I expression relative to the control 293 WT 

counterparts, suggesting a greater attenuation in RNA sensing responses in these cells.  
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Finally, we confirmed that all cell lines, including knockouts, still retained responsiveness 

to IFN-β treatment, even in the absence of their respective RNA sensors, by performing 

additional blots against the downstream adaptor MAVS and ISGs, IFIT1 and ISG15 (Figure 

24a, b). We proceeded to transduce each of our cell lines with either control- or MPP8-

targeting lentivectors for 6 days in antibiotic selection media and analysed via RT-qPCR 

for endogenous ISG expression (Figure 24c, d). As expected, we observed a significant 

increase in the expression of several endogenous ISGs in WT cells upon MPP8-depletion. 

Interestingly, results showed attenuated ISG expression in shMPP8 transduced double-

knockout cells, suggesting the requirement of RLR-sensors in the induction of the type 

1 IFN signalling pathway (Figure 24d). We then turned to our single knockout cells to 

determine which of the RNA sensors were essential and found that the response was 

largely dependent on MDA5 with some contribution from RIG-I. In fact, cells devoid of 

functional MDA5 phenocopied double knockout cells by exhibiting similarly attenuated 

expression levels of ISGs following MPP8 abatement. Taken together, these results 

demonstrate the RLR-dependency of type 1 IFN-signalling in MPP8-depleted cells.  
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Figure 24: MPP8-depletion is accompanied by RLR-dependent RNA sensing 

(a) Immunoblot using antibodies against various components of the nucleic acid 

sensing pathway and ISG15 on whole cell extracts from stated cell lines treated with 

human IFN-β in order to induce their expression for 24 hours. α-Tubulin antibody was 

used as a loading control. N = 2 independent blots with one representative example 

blot shown.    

(b) Immunoblot using antibodies against RLR and various ISGs on whole cell extracts 

from wildtype (WT) and knockout HEK293 cells (RIG-I-/- or MDA5-/- or both RIG-I-/-, 

MDA5-/-) treated with human IFN-β for 24 hours. β-Actin antibody was used as a 

loading control. Representative blot of N = 3 biological replicates shown. 

(c) mRNA expression levels of MPP8 showing successful depletion in 293 wildtype and 

RLR knockout cell lines. Expression of MPP8 is relative to shControl transduced 

(a) 

(c) 

(b) 

(d) 

α- α- 
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counterparts and are normalised to GAPDH. N = 4 biological replicates with technical 

duplicates shown.  

(d) RT-qPCR showing mRNA expression levels of various endogenous ISGs in the stated 

cell lines treated with shMPP8 lentivector for 6 days and grown in antibiotic selection 

media. mRNA is normalised to GAPDH. N = 4 biologically independent experiments 

with technical duplicates shown. Expression of CCL5 and CXCL10 was measured in all 

experiments while levels of MxA and IFITs were measured in 3 of 4 experiments. A one-

tailed paired t-test was used to demonstrate that the expression of all ISGs was 

significantly lower in MDA5-/- and double-knockout (dKO) cells compared to wildtype 

(WT) HEK293 controls for IFIT1: p = 0.0063 (MDA5−/−), 0.0026 (DKO); IFIT2: p = 0.0007 

(MDA5−/−), 0.0019 (DKO); CCL5: p = 0.0002 (MDA5−/−), 0.0028 (DKO); CXCL10: p = 

0.0001 (MDA5−/−), 0.0007 (DKO); MxA: p = 0.0427 (MDA5−/−), 0.0423 (DKO). mRNA 

expression levels of CCL5, CXCL10, and MxA was significantly decreased in RIG-I−/− cells 

compared to WT controls; CCL5: p = 0.0183; CXCL10: p = 0.0372; MxA: p = 0.0139. All 

data presented as mean ± SD. *= P ≤ 0.1. 
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4.3 MPP8 knockdown leads to the accumulation of endogenous dsRNAs   
 

Previous studies have shown that the optimum substrate for MDA5 is long dsRNA of 

lengths greater than 500 bp (Kato et al., 2008) and since our results indicate that the IFN 

response observed upon MPP8 depletion is primarily MDA5-dependent, we next tested 

whether we could detect accumulation of dsRNAs in cells depleted of MPP8. 

Accordingly, we employed the dsRNA-specific antibodies J2 and K1 on MPP8-depleted 

293 WT cells and measured the level of intracellular staining via flow cytometry (Figure 

25a). Both J2 and K1 antibodies are extensively used in the detection of viral nucleic 

acids as they recognise dsRNAs of lengths greater than 40 bp with little dependence on 

sequence or nucleotide composition (Schonborn et al., 1991; Weber et al., 2006). Our 

results reveal a positive shift in J2 and K1 staining in cells depleted of MPP8 when 

compared to their control counterparts, suggesting that dsRNA accumulation is 

concomitant with MPP8 loss (Figure 25b, c). Additionally, we show that this signal could 

be revoked with the pre-treatment with the long dsRNA-specific endoribonuclease, 

RNase III (Figure 25c), thus providing further support for the presence of secondary, 

dsRNA structures in MPP8-depleted cells. 

Thus far, our data implicates the RLR-dependent RNA sensing pathway in the activation 

of type 1 IFNs upon MPP8 depletion and accredits this response primarily to the dsRNA 

sensor, MDA5, with some contributions from RIG-I. 
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Figure 25: Loss of MPP8 concurs with the accumulation of dsRNA 

(a) Scheme depicting intracellular staining on 293 WT cells using J2 and K1 antibodies 

against dsRNA with a secondary Alexa Fluor 488 Goat anti-mouse IgG antibody.  

(b) Flow cytometric analysis of 293 WT cells treated with MPP8-targetting or control 

shRNAs for 6 days in antibiotic selection media and fixed for intracellular staining with 

dsRNA antibodies, J2 or an isotype control antibody. RNAse III (dsRNAse) digestion was 

used to confirm the presence of double-stranded RNA structures in MPP8-depleted 

cells. Representative of N = 3 biological replicates.  

(c) Quantification of dsRNA-positive cells following shMPP8-transduction for 6 days in 

puromycin-selection media and stained using J2/K1 or an isotype control antibody. 

Secondary antibody alone (2nd Ab alone) and a mouse IgG2a control (Isotype CTRL) was 

used as normaliser for background expression. Decrease in the percentage of dsRNA-

positive MPP8-depleted cells seen with RNAse III (dsRNAse) digestion. N = 3 biological 

replicates. A two-tailed unpaired t-test was used to compare dsRNAse-treated samples 

with untreaded counterparts of the shMPP8 + J2 antibody sample background. All data 

presented as mean ± SD. *= P ≤ 0.1; **= P ≤ 0.01. 
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4.4 Overexpression of young LINE-1 elements with immunogenic 

potential ensues MPP8 abatement  
 

We and others have previously shown that the HUSH complex mediates epigenetic 

silencing of LINE-1 elements (N. Liu et al., 2018; Robbez-Masson et al., 2018; 

Tchasovnikarova et al., 2015), which led us to hypothesize whether LINE-1 RNA could 

behave as potential agonists of the MDA5-dependent dsRNA sensing pathway and 

induce type 1 IFN responses following the loss of the HUSH component, MPP8. 

Accordingly, we surveyed whole cell lysates from MPP8-depleted HeLa cells for 

evidence of LINE-1 mRNA translation products via immunoblotting with an antibody 

against the human LINE-1-encoded polypeptide, ORF1 protein (ORF1p). We confirmed 

efficient knockdown for MPP8 and densitometric analysis indicated higher expression 

levels of ORF1p in MPP8-deleted HeLa cells by day 6 post knockdown when compared 

to controls (Figure 26a), suggesting that the loss of MPP8 facilitates the increase in 

expression of LINE-1 protein products. On this account, we revisited the RNA 

sequencing data we acquired from human primary fibroblasts and sought to determine 

which LINE-1 subfamilies were differentially expressed when MPP8 expression is 

knocked-down. We used uniquely-mapping reads to identify differentially expressed 

elements and determined their precise genomic locations within the human genome 

by intersecting results with previously annotated coordinates of TEs (using 

TEtranscripts tool (Jin et al., 2015) and RepeatMasker annotations). Indeed, our results 

showed an increase in the expression of LINE-1 elements in MPP8-depleted HFF cells 

(Figure 26b), and revealed that the top 5 most upregulated subfamilies belonged to 

the relatively younger LINE-1 phylogenies that span between 12 and 30 million years 

of age (Khan, 2005). Interestingly, although numerous LINE-1 loci were found to be 

overexpressed, not all were significantly upregulated at the subfamily level, thus 

illustrating that LINE-1 upregulation is in fact context-dependent, and consistent with 

the known determinants of HUSH-targeting, including TE length, nucleotide content, 

transcriptional activity and locational relation to host genes (N. Liu et al., 2018; Robbez-

Masson et al., 2018; Seczynska et al., 2022; Spencley et al., 2023). Note that in this 

analysis, which was based on using uniquely-mapping reads, we could not assess the 

differential expression of the youngest LINE-1 elements (L1HS and L1PA2) because 
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they are unmappable at the locus level. To overcome this, we mapped them at the 

family level using their consensus sequences and confirmed their overexpression.   

 

 

 

Figure 26: MPP8 depletion results in overexpression of LINE-1s  

(a) Left: MPP8 knockdown efficiency measured via RT-qPCR form Hela cells at day 6 

post-transduction with shMPP8 lentiviral vectors relative to shControl samples. Centre: 

Immunoblot using an antibody against L1 ORF1 protein on HeLa whole cell extracts 

treated with shMPP8 or control shRNAs and harvested 6 days post-transduction. α-
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Tubulin used as loading control. N = 3 biological replicates with representative 

immunoblot shown. Left: mRNA expression levels of MPP8 showing successful 

depletion relative to shControl transduced counterparts and are normalised to GAPDH. 

N = 3 biological replicates with technical duplicates shown. Right: Immunoblot 

quantification in which relative band intensity corresponding to ORF1p were 

determined via densitometric analysis after normalisation to shControl using ImageJ. 

Readings from N = 3 biological replicates (p = 0.0426, one-tailed paired t-test) Data 

shown here as mean ± SD. *= P ≤ 0.1.  

(b) Strip plot showing up- (red) or downregulated (green) TE loci in MPP8-depleted HFF 

cells sent for RNA-sequencing (see Figure 21) (log2 fold change > 1, and p adjusted 

values < 0.05 after Benjamini-Hochberg multiple testing correction of Wald test p-

value of shMPP8/shControl from DESeq2). Results are shown for loci within the stated 

LINE-1 subfamilies, ns = expression not significantly changed. Approximate ages of 

LINE-1 subfamilies are shown beneath using data from (Khan, 2005). Names of LINE-1 

subfamilies with the highest number of upregulated loci are highlighted in orange. 

Boxes represent 1st and 3rd quartile, where the central line corresponds to the median; 

whiskers are x1.5 of the interquartile range.    

 

 

The HUSH complex is widely known to selectively silence a specific subset of LINE-1 

elements of which are comprised of mainly full-length, evolutionarily young and 

transcriptionally active elements (N. Liu et al., 2018; Robbez-Masson et al., 2018; 

Seczynska et al., 2022) For this reason, we focused our attention primarily on the most 

recently integrated, full-length human-specific subfamily, L1PA1 (also known as L1HS) 

and its closest relative, L1PA2, which together span an estimated age of between 3 to 

10 million years (Khan, 2005). L1PA1 elements contain less mappable loci than older 

subfamilies owing to the high copy number of mostly identical integrants, and as such 

we opted to interrogate our RNA-sequencing data results by mapping reads to the 

L1PA1 consensus sequence obtained from RepBase (Bao et al., 2015). Interestingly, our 

results revealed a significant increase in expression of both sense and antisense 

strands at L1PA1 loci in MPP8-depleted fibroblasts when compared to controls, 

suggesting a rise in bidirectional transcription of L1PA1 transcripts when MPP8 
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expression is downregulated (Figure 27a). This was also the case for L1PA2, which we 

found to be expressed in both strands when mapping RNA-sequencing reads to the 

L1PA2 consensus sequence from Repbase or to a full-length L1PA2 sequence 

previously identified to be selectively bound by MPP8 (N. Liu et al., 2018).  

Notably, we identified regions in the genome with the highest (top 15%) overlapping 

expression of both strands and found that L1PA1 was the most overrepresented TE in 

those regions, followed by L1PA2. In fact, we identified 199 L1PA1 and 74 L1PA2 

elements which showed evidence of transcription form both strands and uncovered 

that they were mostly full-length with a median length of around 6 kilobases 

(Swergold, 1990) (Figure 27b). Lastly, by using only uniquely mapping reads, we 

revealed that some bidirectionally expressed LINE-1s and many ancient primate-

conserved LINE-1 elements that increased in expression upon the loss of MPP8, were 

also largely associated with HUSH- and MORC2-occupied regions as evidenced by 

publicly available Chromatin immunoprecipitation (ChIP)-sequencing data (Figure 27c). 

It is worth mentioning that out of all LINE-1 loci that were found to be overexpressed 

in MPP8-depleted cells, only those from L1PA1/L1HS elements were 100% identical in 

their translated ORF1 coding sequences to the peptide targeted by the anti-ORF1p 

monoclonal antibody (Figure 26a), proving that we are veritably detecting an increase 

in expression of full-length L1PA1 with intact ORF1p via immunoblot in MPP8-depleted 

cells.  

Overall, our data suggests that MPP8-depletion results in the overexpression of HUSH-

regulated, evolutionarily young, full-length LINE-1 elements (by day 6 post 

transduction), including mostly those belonging to the L1PA1 and L1PA2 subfamilies. 

Additionally, we demonstrate that these young LINE-1 elements can produce sense 

and antisense transcripts that could potentially pair in cis or in trans to form dsRNA of 

around 6 kb in length. Such dsRNA products could thus behave as immunogenic 

substrates for cytosolic RNA sensors and provoke type 1 IFN responses via activation 

of the RLR/MDA5-dependent RNA sensing pathway as observed upon MPP8-depletion.  
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Figure 27: Increased expression of hominid-and primate-specific LINE-1s which can 
form dsRNA in MPP8 knockdown cells 

(a) The abundance of RNA-sequencing reads mapping forward or reverse strands of 

young LINE-1s in MPP8-depleted and control HFF cells using the consensus sequences 

of L1PA1/L1HS (left) and L1PA2 (centre) obtained from RepBase (Kojima, 2018) or 

using the sequence of a full-length L1PA2 element previously identified in the human 

genome to be MPP8-bound: chr1:207733982 – 207734498 from (N. Liu et al., 2018). 

The L1PA2 consensus sequence was generated by stitching together the individual 

components available from Repbase (including L1P1_5end+L1P1_orf2+L1PA2_3end). 

N = 6 biologically independent experiments. For L1PA1: p = 0.0006 (forward) and p = 

0.0291 (reverse); L1PA2: p = 0.0006 (forward) and p = 0.0307 (reverse); HUSH/MPP8-

bound L1PA2: p = 0.0007 (forward) and p = 0.0307 (reverse), two-tailed unpaired t-

test. Data show mean ± SD. *= P ≤ 0.1; ***= P ≤ 0.001 

(b) Coordinates of upregulated and sense- and antisense-transcribed LINE-1 elements 

including L1PA1 (N = 199) and L1PA2 (N = 74) were plotted by length in kilobases. 

Median: 6029 bp (L1PA1) and 6021 bp (L1PA2).  

(c) Visualisation of BigWig tracks of stranded RNA-sequencing data from HFF cells at 

day 6 post introduction of shMPP8 vectors. Reads were mapped to the human genome 

(hg38) and the scales were normalised between shControl and shMPP8 transduced 

samples for both sense and antisense strands. Evidence of LINE-1 elements that were 

scored as bidirectionally transcribed (i.e. transcribed from both sense and antisense 

strands) in all samples using only uniquely mapping reads for example loci is shown 

(left). Changes in expression of uniquely mapped young LINE-1 elements are difficult 

to determine due to mappability issues therefore only modest increase in expression 

can be seen. However, an overall increase in sense and antisense transcription of 

young LINE-1s is observed when reads are mapped using consensus sequences, as 

shown in (a). All RNA-sequencing track scales are set at 50 and ChIP-sequencing tracks 

for MPP8-, TASOR- and MORC2-binding sites were generated using publicly available 

data from K562 cells (N. Liu et al., 2018). Note that some baseline expression of these 

young LINE-1 elements can be seen in control cells. Examples of primate-conserved 

LINE-1 loci that are upregulated in MPP8-depleted cells using uniquely mapping reads 

are depicted (right). N = 6 biologically independent experiments.  
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4.5 LINE-1s control the type 1 IFN response     
 

Having implicated LINE-1s in the type 1 IFN response observed upon the loss of MPP8, 

we next attempted to verify the role of LINE-1 RNAs directly by designing a series of 

LINE-1-targeting shRNAs to ascertain which, if any, could abrogate the MPP8-dependent 

induction of IFNs following its depletion. Owing to the increase in L1PA1 and L1PA2 

expression obtained from global RNA-sequencing data in MPP8-depleted HFF cells, we 

designed hairpins targeting members of the evolutionarily young LINE-1 subfamilies 

using available consensus sequences from Repbase and DFam, as well as a number of 

other MPP8-bound LINE-1s of various evolutionary ages using publicly available ChIP 

data (N. Liu et al., 2018). Accordingly, we employed shLINE-1-mediated knockdown of 

each LINE-1 target together with shMPP8 lentivectors in our ISRE-GFP reporter cells and 

measured GFP activity at day 6 post transduction via flow cytometry. We also included 

an additional shRNA designed against MOV10 as a positive control, which is an RNA 

helicase shown in several independent studies to be a potent restriction factor of LINE-

1 retrotransposition purportedly by sequestering LINE-1 mRNA from its encoded 

proteins, as well as other RNA-binding sensors (Choi et al., 2018; John L. Goodier & 

Kazazian, 2008; Xiaoyu Li et al., 2013; Naufer et al., 2016; Warkocki et al., 2018). 

Interestingly, we found that two of the six hairpins tested could partially inhibit the ISRE-

driven expression of our GFP reporter facilitated by MPP8-knockdown; one designed on 

the 5’UTR of the full-length L1PA1 consensus sequence and the other designed on the 

ORF2 sequence of a HUSH-associated L1PA4 element (N. Liu et al., 2018) (Figure 28a). 

The L1PA1-targeting hairpin was verified in silico and was found to recognise L1PA1 and 

L1PA2 equally, as from a total of 584 LINE-1 target loci, 288 targets were identified as 

L1PA1s and 271 as L1PA2s. As such, this hairpin will therefore be referred to as 

“shL1PA1-2 (5’UTR)” hereafter (See Table 2 for breakdown of shLINE-1 targets). In 

contrast, the shL1PA4 (ORF2) hairpin recognized a total of 136 LINE-1 loci, of which the 

L1PA4 subfamily were the primary target element. With regards to the other hairpins, 

we noted no significant change in the average intensity of the ISRE driven GFP signal 

between MPP8-depleted samples receiving the remaining four LINE-1-targeting shRNAs 

or with shControl, suggesting that the expression of particular LINE-1 subfamilies is 

sufficient to drive ISRE-GFP reporter expression and induce IFN responses.  
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Figure 28: shL1PA1-2 and shL1PA4 mitigates shMPP8-induced induction of ISGs  

(a) Left: RT-qPCR showing normalised MPP8 mRNA expression in HEK293 ISRE-GFP 

reporter cells transduced with shControl or shMPP8 in combination with the stated 

shRNAs against LINE-1 subfamilies. Puromycin-selection was performed on day 3. All 

samples were normalised to GAPDH expression of shControl only treated samples. N = 

3 biologically independent samples. Data show mean ± SD. Right: The aforementioned 
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samples were analysed for GFP expression on day 6 via flow cytometry. GFP MFI (mean 

fluorescence intensity) was normalised to the shMPP8 + shControl sample and was set 

at 100 A.U. N = 4 biologically independent samples, except for shL1PA10, 13 and 15 (N 

= 3) and shL1PA4 (N = 6). Significant difference was seen between shControl treated 

versus shL1PA1-2 (5’UTR), shL1PA4 (ORF1) and shMOV10 treated groups (p = 0.0172; 

p = 0.0110 and p = 0.0265, via two-tailed paired t-test, respectively). *= P ≤ 0.1. 

(b) RT-qPCR generated from samples mentioned above showing mRNA expression 

levels of various endogenous ISGs in ISRE-GFP reporter cells treated with shMPP8 or 

shControl and co-transduced with shL1PA15, shL1PA1-2, shL1PA4 or shControl 

lentivectors for 6 days before harvesting for RNA. All samples are normalised to GAPDH 

expression in shControl samples. N = 3 biological replicates with mean ± SD shown. 

(c) mRNA expression levels of L1PA2 (left) and L1PA4 (right) post shRNA-mediated 

knockdown of LINE-1 targets via RT-qPCR. L1PA2 primers detect members of the L1PA2 

subfamily (89% of total targets) while L1PA4 primers predominantly recognise 

members of the L1PA4 subfamily (83% of total targets). A two-tailed unpaired t-test 

was used to demonstrate a decrease in LINE-1 expression in MPP8-depleted samples 

following transductions with shL1PA2-3 (p = ≤0.0001) or shL1PA4 (p = 0.0022) 

lentivectors versus shMPP8-transduced samples alone. All samples are normalised to 

shControl samples using GAPDH expression. N = 4 biologically independent samples. 

Data represented as mean ± SD. **= P ≤ 0.01; ****= P ≤ 0.0001 

 
 

Furthermore, targeted knockdown of Alu retrotransposons using a hairpin designed on 

the Alu consensus sequence (obtained from Repbase) in combination with MPP8 

knockdown failed to quell the ISRE-GFP response (Figure 28a), thus indicating LINE-1 

elements as drivers of type 1 IFNs over other non-LTR retrotransposons. In fact, this is 

further evidenced by the increase in GFP intensity seen in MPP8-depleted reporter cells 

simultaneously transduced with the shMOV10 lentivector, hence illustrating that 

endogenous LINE-1 RNAs can provoke inflammatory responses if left unconstrained by 

epigenetic and post-transcriptional host cell factors.  

In view of this, we performed RNA extractions on samples demonstrating successful 

abrogation of the ISRE-GFP response and evaluated for endogenous ISG expression via 
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RT-qPCR (Figure 28b). Our results demonstrate that both shL1PA2-3 and shL1PA4 

hairpins sufficiently inhibit the ISG response seen with MPP8-depletion, with shL1PA4 

exhibiting a marginally greater ability to restrict the induction of ISGs compared to the 

L1PA1-2-targeting vector. On the other hand, knockdown of an evolutionarily older 

subfamily of LINE-1 elements, such as L1PA15 (aged 50 to 90million years old (Khan, 

2005)), had little to no effect on the ISG response mediated by MPP8 knockdown, 

despite evidence of HUSH and MORC2 association (N. Liu et al., 2018). Our data thus 

suggests that shRNA-mediated silencing of LINE-1 elements from the younger 

subfamilies (dated between 2 to 23 million years) can effectively subdue type 1 IFN 

responses prompted by the downregulation of the HUSH complex member, MPP8. 

Finally, we verified effective silencing of target LINE-1s in transduced reporter cells by 

designing primers that could detect their respective subfamily targets.  

Since the shL1PA1-2 (5’UTR) hairpin targets L1PA1 and L1PA2 equally, we generated 

primers that could detect changes in L1PA2 (89% of total hits) and revealed a 3-fold 

increase in L1PA2 mRNA in reporter cells at day 6 post-transduction with shMPP8 

(Figure 28c). Interestingly, the expression of L1PA2 in MPP8-depleted samples 

regressed to control levels when co-transduced with the shL1PA1-2 (5’UTR) hairpin, 

suggesting that shMPP8-induced activation of type 1 IFNs is concurrence with the 

increase in endogenous L1PA2 levels, and that specific depletion of L1PA2 via shRNA-

mediated silencing can sufficiently abolish the IFN response induced by MPP8 loss. In 

the same way, MPP8-depletion resulted in a modest yet statistically significant 

increase in L1PA4 expression when compared to L1PA2 as an average 1.7-fold increase 

in L1PA4 RNA was detected in MPP8-depleted samples using L1PA4-specific primers 

(83% of total hits). Likewise, co-transduction of MPP8-depleted cells with the shL1PA4 

(ORF2) hairpin could successfully inhibit the expression of L1PA4 elements, implicating 

LINE-1s targeted by the shL1PA4 hairpin in the MPP8-depletion induced stimulation of 

the type 1 IFN pathway. Overall, our results highlight the immunostimulatory effects 

of full-length, evolutionarily young LINE-1 elements and demonstrate how loss of 

HUSH/MPP8 results in increased expression of both sense and antisense LINE-1 

transcripts that can potentially pair to form dsRNAs and trigger inflammatory 

responses via the MDA5-dependent RNA sensing pathway. 
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4.6 Summary and Model 
 

In summary, our data reveal that the HUSH complex component, MPP8, functions to 

regulate type 1 IFN signalling in human cells by supressing the transcription of LINE-1 

elements that can trigger inflammatory responses through sensing of their RNAs by host 

cytosolic dsRNA sensors (Figure 29). Specifically, we show that the induction of ISGs is 

preceded by the activation of the RLR-signalling pathway, of which mostly involves 

MDA5-dependent sensing of endogenous dsRNAs with some potential input from RIG-I 

(Figure 24a-c). Additionally, we show that the response is independent of the DNA 

sensors, cGAS and STING, via demonstrating that active IFN signalling continues to 

persist in MPP8-depleted THP-1 CRISPR/Cas9 knockout cells for either DNA sensors 

(Figure 23a-c), whilst highlighting the requirements of functional IFNAR and JAK-STAT-

signalling in innate antiviral immunity imparted by MPP8 depletion (Figure 23d).  

Notably, we demonstrate that MPP8-mediated induction of ISGs is concurrent with the 

upregulation of primate-conserved LINE-1s, as well as with the increase in expression of 

full-length hominid-specific LINE-1 elements (Figure 26b; Figure 27c) at both the RNA 

and protein level (Figure 26a). Likewise, we reveal that shMPP8-mediated induction of 

ISGs is contemporaneous with the accumulation of Ribonuclease III-sensitive dsRNA 

species within MPP8-downregulated human cells (Figure 25b, c). Most importantly, we 

show that these LINE-1 elements, namely from L1PA1 and L1PA2 subfamilies, can 

potentially generate dsRNAs through transcription of both their sense and antisense 

sequences when derepressed (Figure 27a, c). What’s more, our results suggest that 

evolutionarily young, full-length LINE-1s can behave as natural sources of dsRNAs of 

around 6 kb in length (Figure 27b), making them ideal candidates for recognition by the 

long dsRNA sensor, MDA5. Lastly, we show how targeted knockdown of specific LINE-1s 

can abrogate the shMPP8-dependent induction of ISGs (Figure 28a-c). Taken together, 

these data implicate HUSH/MPP8-regulated LINE-1 elements as drivers of type 1 IFN 

responses and attribute the activation of innate immune pathways to the recognition of 

potentially immunogenic dsRNAs substrates derived from sense and antisense 

transcription of LINE-1 elements by host RLR-sensors.   

 .  
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Figure 29: Summary Model: MPP8-depletion enhances ISG expression via RNA 
sensing of HUSH-bound putative retroelements    

The HUSH complex acts to repress hominid-specific LINE-1 retrotransposons through 

SETDB1-mediated deposition of the H3K9me3 (a). The chromodomain of MPP8 binds 

to H3K9me-modified chromatin and facilitates HUSH anchoring at target genomic loci. 

Inactivation of the HUSH complex component MPP8 leads to increased expression of 

sense- and antisense-transcribed young LINE-1s (L1PA1 and L1PA2) as well as primate-

conserved LINE-1s. Activation of nucleic acid sensing ensues through dsRNA sensors 

MDA5 and RIG-I, which leads to the stimulation and cytosolic secretion of type 1 IFNs. 

IFN-α/β then induce the expression of endogenous ISGs through JAK-STAT signalling, 

mediated via IFNAR in order to modulate the host cell antiviral immune response.  
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4.7 Discussion  
 

Overall, in this chapter we dissect the mechanism of shHUSH-induced activation of 

type 1 IFNs in various human cell lines and primary fibroblasts. We show that the loss 

of the HUSH complex member MPP8 manifests in the accumulation of endogenous 

dsRNAs that trigger the type 1 IFN response via the RLR-sensor, MDA5. We attribute 

this observation to the derepression of HUSH-regulated LINE-1 elements that can form 

dsRNAs through sense and antisense transcription of their full-length loci and 

demonstrate that such inflammatory responses can be countermanded through 

targeted knockdown of certain LINE-1 subfamilies, namely L1PA1/L1HS, L1PA2 and 

L1PA4. 

While the vast majority of LINE-1 copies in the mammalian genome have lost the ability 

to retrotranspose due to truncations in their 5’ regulatory regions, around 100 copies 

from the youngest, human-specific LINE-1 family (known as L1PA1/L1HS) still possess 

the ability to retrotranspose (Beck et al., 2010; Brouha et al., 2003) and thus pose the 

greatest threat to genome integrity. As such, the HUSH complex is suggested to have 

evolved to target and silence these elements in particular (N. Liu et al., 2018; Robbez-

Masson et al., 2018). The selectivity of the HUSH complex for LINE-1 elements is 

evidenced by the fact that evolutionarily young, full-length LINE-1s constitute the bulk 

of HUSH-repressed endogenous targets, with only a minor subset of less than 200 known 

HUSH-targets consisting of other endogenous loci that harbour HUSH-mediated 

H3K9me3 marks, such as 3’ exon ends of transcribed KRAB-ZFP genes (Douse et al., 

2020; Robbez-Masson et al., 2018; Seczynska et al., 2022; Tchasovnikarova et al., 2015). 

Consistent with the current literature, our results confirm that LINE-1 retroelements, 

namely from young primate-specific, as well as from full-length, human-specific 

subfamilies, ranging from L1PA3-L1PA7 and L1PA1-L1PA2, respectively, are sensitive to 

HUSH-depletion and become depressed in various human cell lines and primary 

fibroblasts upon the loss of MPP8. 

Surprisingly, we reveal the derepression of L1PA1/L1HS and L1PA2 elements of 6 kb in 

length, which produce sense and antisense transcripts when MPP8/HUSH-expression is 

compromised. Given that bidirectional transcription of opposing LINE-1 sequences can 
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potentially result in the formation of dsRNA through homologous base-pairing with their 

complementary RNA strands, as previously described (N. Yang & Kazazian, 2006), LINE-

1-derived dsRNAs can thus serve as ideal substrates for RLR-mediated RNA sensing via 

MDA5, which is known to preferentially detect long dsRNAs of greater than 2 kb in 

length (Kato et al., 2008; Peisley et al., 2012). Curiously, we report transcription of these 

RNAs as well as the presence of dsRNA structures in control cells, suggesting that low 

levels of LINE-1 transcription may be taking place during normal immune homeostasis, 

which greatly increases in abundance when MPP8 is depleted. Thus, we speculate that 

a number of HUSH-regulated LINE-1s produce dsRNAs that may be chromatin-tethered 

in wild type cells and only become cytoplasmic and available for MDA5-dependent RNA 

sensing upon the loss of MPP8/HUSH-mediated transcriptional silencing. Indeed, this 

notion is supported by a recent study demonstrating that HUSH localisation to target 

LINE-1s require active transcription of the target locus, of which is also necessary for the 

maintenance of H3K9me3 at these sites (Douse et al., 2020; N. Liu et al., 2018; Seczynska 

et al., 2022). Moreover, recruitment of HUSH to a doxycycline (dox)-inducible LINE-1 

transgene was shown to be improved following its transcriptional induction, thus 

suggesting that LINE-1 nascent transcription products are important in promoting HUSH 

occupancy at these sites (N. Liu et al., 2018). 

In a similar way, bidirectional transcription driven by LINE-1 antisense promoters may 

also give rise to chimeric transcripts that encode a portion of the LINE-1 5’UTR together 

with locus-specific upstream genomic sequences (Karimi et al., 2011; Nigumann et al., 

2002; Speek, 2001; Swergold, 1990). Such TE-derived chimeric RNAs are implicated in 

tumour immunogenicity (Bonté et al., 2022; Burbage et al., 2023; Merlotti et al., 2023; 

Shah et al., 2023) and generate dysfunctional immune responses, as demonstrated in 

some autoinflammatory disorders, such as rheumatoid arthritis (Detroja et al., 2022). 

Indeed, recent work by Luqman-Fatah et al. revealed the relevance of LINE-1 5’UTRs in 

stimulating type 1 IFN responses in human cells; the IFN-regulated protein helicase with 

zinc finger 2 (HELZ2) was shown to preferentially target and destabilise putative 

structures within full-length LINE-1 5’UTRs to mitigate both LINE-1 retrotransposition 

and LINE-1-mediated induction of type 1 IFN-α (Luqman-Fatah et al., 2023). Whether 

HUSH-regulated LINE-1s generate chimeric transcripts or give rise to full-length RNAs 
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that harbour potentially immunogenic sequences and/or structures within their 5’UTR 

regions that induce nucleic acid-sensing remains to be explored. 

Our work focused on the potential contributions of LINE-1-derived dsRNA transcripts in 

driving RLR-mediated type 1 IFNs in MPP8-depleted human cell lines and primary 

fibroblasts, however there may likely be many other potential sources of dsRNAs which 

are recognised as ‘non-self’ by host RNA sensors. For example, Alu retroelements that 

display an inverted repeat configuration in the genome have been reported to generate 

duplex RNAs upon their reactivation and trigger MDA5-dependent IFN responses akin 

to that which we report here (Ahmad et al., 2018; Chung et al., 2018; Ishizuka et al., 

2019). In contrast, our findings do not implicate Alu elements as their targeted depletion 

fails to abrogate the type 1 IFN response seen with MPP8 depletion, whereas the 

knockdown of L1PA1-2 and L1PA4 subfamilies successfully blunt this response, 

indicating that the viral-mimetic PAMP in question likely originates from evolutionarily 

young LINE-1 subfamilies. Having said that, we do not provide a comprehensive 

assessment on the possible contributions of other retroelements in driving type 1 IFNs 

in the MPP8-depleted phenotype, such as inverted SINEs and duplex RNAs, and even 

mitochondrial-derived dsRNAs which have been reported to underly MDA5-dependent 

inflammatory responses (Ahmad et al., 2018; Dhir et al., 2018; Mehdipour et al., 2020). 

In the same way, we cannot dismiss the effects of RNP complex formation and the role 

of LINE-1-derived ORF proteins. Indeed, we report increased expression of LINE-1 ORF1p 

in MPP8-depleted HeLa cells, which is known to shield LINE-1 RNAs from cytosolic 

sensors and ISG proteins, as described (Luqman-Fatah et al., 2023), however it remains 

to be determined whether ORF1 proteins possess any intrinsic immunogenicity or 

functions outside their roles as RNA chaperones. Similarly, LINE-1 ORF2 proteins also 

pose an imminent threat to host genome integrity, as they can create dsDNA breaks and 

induce host DNA damage responses via their endonuclease domains. Unfortunately, 

endogenous ORF2p expression in human cells, at present, remains immeasurable using 

conventional approaches, such as western blotting, immunoprecipitation, or 

immunohistochemical techniques (Ardeljan et al., 2019). As such, whether MPP8 

depletion promotes endogenous ORF2p expression and DNA damage responses 

mediated by LINE-1-encoded endonucleases warrants future investigation.  
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Overall, our results fit a more general emerging role for LINE-1 element-derived RNAs as 

inducers of type 1 IFNs and inflammation (Ardeljan et al., 2020; De Cecco et al., 2019; K. 

Zhao et al., 2018). 

 

Thus, our data in this chapter shows that: 

IV. The HUSH complex regulates hominid and primate-specific LINE-1 elements, of 

which become derepressed upon the loss of the HUSH complex member, MPP8. 

V. Evolutionarily young and mostly full-length LINE-1 subfamilies are a potential 

source of dsRNA via upregulated transcription of both their sense and antisense 

strands 

VI. Peak ISG activation coincides with the accumulation of dsRNA substrates in 

MPP8-depleted human cells, which can provoke the dsRNA-sensing pathway 

VII. MDA5, and to a lesser extent RIG-I, are necessary mediators of MPP8-depletion 

induced activation of the IFN/ISG response pathway 

VIII. Inhibition of certain HUSH-regulated LINE-1 subfamilies, including L1PA1/L1HS, 

L1PA2 and potentially L1PA4, can quell the type 1 interferon response driven by 

the loss of MPP8. 
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5 Chapter 5: Exploring LINE-1 Immunogenicity and the 

Physiological regulation of the HUSH complex  
  

Our observations thus far implicate LINE-1 retrotransposons as potential mediators of 

the type 1 IFN response system and suggest evolutionarily young and mostly full-length 

subfamilies as potential sources of endogenous dsRNAs that can trigger RLR-sensing 

when epigenetic silencing by HUSH/MPP8 is compromised. However, it remains 

unclear whether other factors, such as the retrotransposition competency of full-

length, active LINE-1s or the expression of their ORF1 and ORF2 proteins encoded 

within their bicistronic sequences contribute to their intrinsic immunogenicity. Indeed, 

LINE-1 RNA and protein overexpression has been implicated in apoptosis, DNA damage 

and repair processes, cellular stress responses, and in the tumorigenic phenotype 

(Belgnaoui et al., 2006; Morrish et al., 2002; Sinibaldi-Vallebona et al., 2006). Hence, in 

this chapter, we employ a full-length engineered L1PA1 construct to further explore 

the role of active LINE-1s in the regulation of type 1 IFN responses in human cells. 

Finally, we investigate the physiological circumstances in which HUSH/MPP8 may be 

selectively downregulated to help drive type 1 IFN-induced inflammation in response 

to exogenous pathogenic challenges.   

 
 

5.1 MPP8-depletion manifests in the overexpression of full-length 

L1PA1/L1HS transcripts in human cells   
 

We previously demonstrated an upregulation in the expression of LINE-1 mRNA 

transcripts in human primary fibroblast cells following shRNA-mediated knockdown of 

the HUSH complex component, MPP8, via global RNA-sequencing (Figure 26, Figure 

27). Moreover, we attribute activation of the type 1 IFN response in MPP8-depleted 

cells to the detection of dsRNAs likely from derepressed TE loci. These are mostly 

derived from evolutionarily young, full-length LINE-1s, in which we detect increased 

sense and antisense transcription, thus providing evidence that they may recombine 

to form for dsRNAs. To this end, we sought to confirm whether we could indeed detect 

increased transcription of full-length, active LINE-1 elements, specifically from the 

L1PA1 subfamily, in MPP8-depleted human fibroblasts via a RT-qPCR-based 
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amplification method. This is relevant because the dsRNA sensor, MDA5 is known to 

preferentially bind long rather than short dsRNAs and would therefore assist in 

predicting the length of any potential MDA5 substrates (Kato et al., 2008; Peisley et al., 

2012). Accordingly, human fibroblast cells were first transduced with either shMPP8 

or shControl lentiviral vectors and cultured in puromycin-selection media before 

harvesting for RNA analysis at day 6 post-transduction. Our initial observations 

demonstrated an increase in the expression of endogenous ISGs via RT-qPCR following 

successful and sustained depletion of MPP8 compared to controls (Figure 30a).  

We next designed primers to detect full-length transcription products from the L1PA1 

sense promoter, using the L1PA1 consensus sequence provided on the Repbase and 

DFam databases (primers referred to as L1PA1_conseq_F and R, for forward and 

reverse, respectively) (Figure 30b). We did this because we previously found that HUSH 

regulates endogenous L1PA1 elements with sequences that are near identical to the 

L1PA1 consensus sequence (Tunbak et al., 2020). Using in silico PCR analysis, we 

confirmed that our primers were indeed specific to full-length L1PA1 elements (57% of 

total targets) but could also recognise L1PA2 transcripts of similar length (30% of 

targets) (see Table 13 for detailed breakdown of primer targets). We used these 

primers to perform semi-quantitative RT-PCRs using optimised annealing and 

amplification conditions to enable the detection of full-length LINE-1 transcripts. 

Encouragingly, we detected a single PCR product of around 6 kb via agarose gel 

electrophoresis in MPP8-depleted HFF cells (Figure 30c), demonstrating successful 

amplification of full-length LINEs in these samples. Interestingly, a weaker band of 

similar size was also detectable in the lane loaded with shControl-transduced sample 

cDNA, suggesting that a low level of background expression of full-length LINEs may be 

taking place in untransformed wildtype fibroblasts.  

Finally, we wanted to confirm that we were indeed detecting transcripts from L1PA1 

elements by TOPO-cloning the gel-purified 6 kb fragment and sending for sequencing. 

We aligned our sequencing results to the 5’UTRs of young (L1PA1 and L1PA2) and 

relatively old (L1PA10 and L1PA17) LINE-1 subfamilies using their consensus sequences 

and found that they more closely matched L1PA1 elements, but not L1PA10 or older 

LINEs (Figure 30d). In fact, over 85% of PCR and TOPO-cloned sequences matched with 
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L1PA1s compared to L1PA10, which did not surpass the 60% similarity threshold. 

Interestingly, we noted a similar overlap in sequence likeness of our fragment with the 

consensus sequence of L1PA2, suggesting that the signal we detect via PCR using 

L1HS_conseq primers could also represent increased expression of full-length L1PA2 

transcripts. Taken together, our results demonstrate that MPP8-depletion results in 

the increased expression of LINE-1 elements stemming from endogenous transcription 

of full-length L1PA1 and also L1PA2 subfamilies.   
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Figure 30: Increased expression of 6 kb full-length LINE-1 transcripts accompany 
MPP8 depletion in primary human fibroblasts 

(a) Left: RT-qPCR results from primary fibroblast RNA depicting relative fold change in 

ISG expression at day 6 post shRNA treatment and antibiotic selection. Right: mRNA 

expression levels of MPP8 showing successful depletion in HFF cells. Expression of ISG 

and MPP8 mRNA is relative to shControl transduced counterparts and are normalised 

to GAPDH. N = 3 biological replicates with mean ± SD shown.  
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(b) Schematic diagram showing forward (F’) and reverse (R’) primer binding sites 

against the full-length (6 kb) L1PA1/L1HS consensus sequence (referred to as 

L1PA1_conseq_F and R, respectively). The F’ was designed on the L1PA1 5’UTR 

(sequence highlighted blue) and spans the Ying Yang 1 (YY1) transcription factor 

binding site (green bar, encoded on the antisense strand) shown to play an important 

role in transcription initiation (Athanikar et al., 2004). The first 100bp of the 5’UTR 

encodes a sense promoter (SP) that is critical for transcription initiation (Swergold, 

1990). The 5’UTR also contains an antisense promoter (ASP) located between positions 

+400 and +600 that can drive transcription of adjacent cellular genes and form chimeric 

transcripts (Criscione et al., 2016; Ishiguro et al., 2017; Speek, 2001). Direction of 

transcription from either promoter is depicted with black arrows. ORF0: Open reading 

frame 0, highlighted in yellow. ORF2 domains are shown: EN: endonuclease; RT: 

Reverse transcriptase; C: cysteine rich region. An: 3’UTR poly(A) tail.  

(c) Agarose gel electrophoresis showing semi-quantitative RT-PCR of L1PA1/L1HS 

cDNA using L1PA1-specific primers. Template cDNA was synthesized using 500ng of 

total RNA isolated from shMPP8- or shControl-transduced fibroblast cells at day 6 post-

transduction and standardised before amplification. 100ng of each PCR run was 

measured and loaded onto agarose gels. A distinctive amplicon of 6 kb is visible in the 

shMPP8-transduced sample lane relative to the weaker signal in the control. Ladder: 

1kb DNA ladder; RT- lane: reverse transcriptase null (negative control); H2O: no 

template control. Representative gel of N = 3 biological replicates shown.  

(d) Percentage identity match of 6 kb PCR fragment to LINE-1 subfamilies. PCR 

fragments mentioned above were gel extracted, TOPO-cloned, and sent for 

sequencing to identify LINE-1s recognised and amplified by L1PA1_conseq primers. 

Sequenced fragments were aligned against the 5’UTRs from young (L1PA1 and L1PA2) 

and evolutionarily older (L1PA10 and L1PA17) subfamilies using their consensus 

sequences available from Repbase to obtain percentage matches for identification. 

The first 2 kb of GAPDH was included to control for chance/off-target matching and 

the dotted line represents a 60% identity match threshold. A two-tailed unpaired t-test 

identifies the PCR fragments as either L1PA1 or L1PA2 versus L1PA10: shControl (p = 

0.0074, L1PA1; p = 0.0161, L1PA2); shMPP8 (p = <0.0001 for L1PA1 and L1PA2). N = 3 

replicates with mean ± SD shown. *= P ≤ 0.1; **= P ≤ 0.01; ****= P ≤ 0.0001 
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In a similar manner, we performed RNA extractions on shMPP8-transduced human 

THP-1 cells to assess whether our observations were reproducible in a cell line more 

closely related to the monocytic cell phenotype. As expected, MPP8-depleted THP-1 

cells demonstrated a marked induction of endogenous ISGs following efficient 

knockdown at day 6 post-transduction via RT-qPCR (Figure 31a). In order to assess the 

effects of MPP8-depletion on the expression of LINE-1s, we performed a separate RT-

qPCR using our L1PA2 and L1PA4-specific primers and detected a 6-fold increase in 

L1PA2 and a more modest 3-fold rise in L1PA4 RNA products  following shRNA-induced 

silencing of MPP8 relative to shControl (Figure 31b) (see Table 10 for breakdown of 

primer targets). What is more, RT-PCR amplification of THP-1 cDNA using primers 

against the L1PA1 consensus sequence mimicked the HFF cell profile, although a more 

intense band of 6 kb was evident in MPP8-depleted THP-1 cells relative to controls, 

suggesting that the loss of MPP8 results in an increased presence of full-length L1PA1 

and L1PA2 mRNA transcripts (Figure 31c).  

To better distinguish expression differences between samples, and to ensure efficiency 

and specificity of the L1PA1-targeting primers, we performed additional RT-PCRs using 

serial dilutions of control and MPP8-depleted cDNA templates (Figure 31d). Once 

again, a single 6 kb PCR fragment was proficiently amplified from THP-1 samples, with 

MPP8-depleted cells displaying a greater efficiency in fragment amplification than 

shControl at both 1:10 and 1:20 template dilutions. Moreover, densitometric analysis 

was used to confirm a linear relationship between the dilution of cDNA template and 

the efficiency of amplification of the RT-PCR fragment using GAPDH primers as an 

internal control. Overall, our data demonstrates that MPP8-depletion results in the 

increase in expression of young LINE-1 transcripts representing the L1PA1, L1PA2 and 

L1PA4 subfamilies and of which can be reliably detected using semi-quantitative 

reverse-transcription-PCR-based amplification methods.   
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Figure 31: Loss of MPP8 leads to increased expression of full-length LINE-1s in 
monocytic THP-1 cells 

(a) Left: RT-qPCR results of ISG expression at day 6 post shRNA treatment and antibiotic 

selection in THP-1 cells. Right: mRNA expression levels of MPP8 showing successful 

depletion in the same samples. Expression of ISG and MPP8 mRNA is relative to 

LINE-1 

GAPDH 
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shControl transduced counterparts and are normalised to GAPDH. N = 3 biological 

replicates with mean ± SD shown.  

(b) RT-qPCR depicting the expression of L1PA2 and L1PA4 in THP-1 cells treated with 

shMPP8 or shControl lentiviral vectors for 6 days before RNA isolation. mRNA 

expression levels are normalised to shControl using GAPDH expression. A two-tailed 

unpaired t-test was used to demonstrate an increase in L1PA2 and L1PA4 expression 

upon MPP8-depletion (p = 0.0043 and p = 0.0012, respectively) N = 3 biological 

replicates with mean ± SD shown. **= P ≤ 0.01 

(c) Agarose gel electrophoresis showing semi-quantitative PCR products of LINE-1 

using L1PA1/L1HS-specific primers (L1PA1_conseq_F and _R). Template cDNA was 

synthesized using 500ng of total RNA isolated from shMPP8- or shControl-transduced 

THP-1 cells at day 6 post-transduction and standardised before amplification via RT-

PCR. 100ng of PCR product was measured and loaded into each lane for each sample 

for gel electrophoretic analysis. A distinctive band at 6 kb corresponding to full-length 

L1PA1/L1HS and/or L1PA2 is visible in the shMPP8-transduced sample lane relative to 

the shControl. Ladder: 1 kb DNA ladder. Representative gel of N = 3 biological replicates 

shown. 

(d) Left: Gel electrophoresis from samples mentioned above showing semi-

quantitative RT-PCR using L1PA1-specific primers (L1PA1_conseq_F and _R). A 250bp 

GAPDH fragment is shown as an internal control. Template cDNA was made from 

500ng of total RNA. A standardised 100ng of cDNA was taken for each sample and 

stated dilutions were prepared for PCR amplification to better demonstrate expression 

differences between samples. The 6 kb fragment corresponding to full-length 

L1PA1/L1HS and/or L1PA2 is visible at both 1:10 and 1:20 cDNA template dilutions 

from shMPP8-transduced THP-1 cells. Ladder: 1 kb DNA ladder. Representative gel of 

N = 3 biological replicates Right: Densitometric analysis of LINE-1 PCR fragment from 

dilution series mentioned above. Representative of N = 3 biological replicates with 

mean ± SD shown.  

 

 

 

 

 



152 
 

5.2 Expression of engineered full-length L1PA1s prompts a type 1 IFN 

response 
 

Having detected increased expression of young LINE-1 elements of 6 kilobases in length 

in MPP8-depleted primary fibroblasts and THP-1 cells, we next employed an engineered 

full-length L1PA1 construct to ascertain whether artificial expression of an active, 

human-specific LINE-1 element could provoke type 1 IFN responses in human cells 

(Figure 32a). The L1PA1 reporter plasmid consists of a full-length 6 kb copy of an active 

human LINE-1 (L1.3) element encompassing an intact 5’UTR, two open-reading frames 

(ORF1 and ORF2) and a 3’UTR. Previous studies demonstrate the 5’UTR region of full-

length LINE-1s to contain a unique internal promoter that is critical for both autonomous 

LINE-1 transcription and the initiation of LINE-1 retrotransposition (Nur et al., 1988; 

Schichman et al., 1992; Swergold, 1990). The LINE-1 5’UTR is also thought to harbour 

secondary structures which are targeted by host restriction factors, such as HELZ2 

(Luqman-Fatah et al., 2023). For these reasons, an additional 5’UTR-truncated L1PA1 

expression plasmid (referred to as Δ5’UTR) was also included in our assay to uncover the 

effects of the L1PA1 5’UTR region, if any, on the IFN induction pathway (Figure 32b). To 

note, both constructs are also tagged in the 3’UTR region with an antisense neomycin-

based reporter (NEO) bisected by an intron in the same orientation. The presence of this 

intron within the neomycin reporter gene ensures that expression of the neomycin gene 

can only occur after transcription, splicing, reverse transcription, and successful 

integration of the LINE-1 construct into the host genome, thus also enabling the 

simultaneous detection of L1PA1 retrotransposition events. Subsequently, HEK293 ISRE-

GFP reporter cells were transfected with either full-length or 5’UTR-truncated L1PA1-

encoding plasmids (Full-length versus Δ5’UTR) or with control plasmid-coding DNA 

(pcDNA) and cultured for 4 days before analysing for ISRE-GFP induction (Figure 32c). 

While cells transfected with the pcDNA transfection control plasmid failed to activate 

the GFP reporter, both L1PA1 plasmids sufficiently induced ISRE-GFP expression by day 

4 post-transfection, as demonstrated by the increased number and signal intensity of 

GFP-positive cell populations (Figure 32c). This result suggests that full-length L1PA1 

elements are capable of eliciting type 1 IFN responses when overexpressed in human 

cells and highlights the nonessential role of the 5’UTR region for this effect.  
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Figure 32: Transfection of engineered L1PA1 constructs induce type 1 IFN responses  

(a) Scheme of full-length human LINE-1 reporter plasmid (ksCMV-101: L1PA1 subtype 

L1.3) (JM101/L1.3), where the relative position of Ampicillin (grey arrow), Hygromycin 

(yellow arrow) and EBNA-1 (blue arrow) expression cassettes are indicated. The 

prokaryotic and eukaryotic origins or replication sequences are also shown (white 

boxes; Ori and OriP, respectively). The active human L1PA1 cassette encodes the 

retrotransposition indicator cassette interrupted by an intron in the same orientation 

(purple box with backward Neomycin sequence, NEO), an internal promoter in its 

5’UTR (grey arrow), and two non-overlapping ORFs (white boxes). Within the 

retrotransposition cassette, the purple arrow and lollipop indicate the presence of a 

promoter and polyadenylation signal, respectively.   

(b) Plasmids used to check if the sequence of a currently active human L1PA1 element 

is involved in the type 1 IFN response, with emphasis on the 5’UTR region. Above: 

Schematic of full-length human L1PA1 reporter plasmid (labelled as Full-length, 

hereafter) encoding 5’UTR, two ORFs, and 3’UTR regions as well as the NEO cassette. 

The LINE-1 ORF2 sequence encodes an endonuclease, reverse transcriptase, and 

cysteine-rich domain. Below: human LINE-1 plasmid as mentioned above but 

truncated in its 5’UTR region (referred to as Δ5’UTR).  

(c) Flow cytometric analysis of ISRE-GFP cells transfected with either Full-length, or 

Δ5’UTR human L1PA1 reporter plasmids relative to pcDNA or untreated controls and 

measured for GFP signal at day 4 post-transfection. Percentage of GFP-positive cells 

shown. One representative histogram of three biological replicates shown.  

(a) 

(b) 

(c) 

38% 

48% 
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We next verified that our ISRE-GFP reporter cells were successfully transfected with our 

engineered L1PA1 constructs via immunoblotting with an antibody against human ORF1 

protein (ORF1p) and confirmed expression of the ORF1p peptide in the appropriate 

cellular lysates (Figure 33a). Since the full-length L1PA1 reporter plasmid is known to be 

active and competent for retrotransposition in human cells (Banuelos-Sanchez et al., 

2019; Sassaman et al., 1997), we interrogated transfected cell samples for spliced NEO 

via qPCR by employing exon-spanning NEO-specific primers in order to assessed 

whether ISRE-GFP induction was contingent upon reverse transcription and integration 

of the reporter construct (Figure 33b). Cells receiving the 5’-truncated L1PA1 plasmid 

displayed a lower level of spliced neomycin relative to cells receiving the full-length 

isoform yet activated the ISRE-GFP reporter to a similar extent, suggesting that L1PA1 

elements can drive type 1 IFN responses independently of their proficiency to 

retrotranspose.  

Finally, we employed publicly available RNA-sequencing data of genes induced upon the 

expression of a codon-optimized, doxycycline-inducible isoform of the full-length L1PA1 

construct in Retinal Pigment Epithelium-1 (RPE) cells (Ardeljan et al., 2020) to assess for 

any concordance with genes upregulated in our MPP8-depleted HFF cell RNA-seq 

dataset (Figure 33c). Here, the L1PA1 reporter was induced for 3 days and the response 

was compared to a doxycycline-inducible luciferase control to obtain a list of 430 

significantly upregulated L1PA1-induced genes (> 10-fold increase in gene expression 

with p-adjusted values of < 0.05) (Ardeljan et al., 2020). We noted that there was an 

overlap of 114 genes, of which 49 were identified as ISGs, between L1PA1-induced and 

MPP8-depleted datasets. What’s more, we found that this was highly significant when 

compared to the overlap of randomized gene sets of the same number as MPP8-

repressed genes (Figure 33c). Overall, our data implicate full-length L1PA1 elements in 

driving type 1 IFNs and suggest that their immunostimulatory capacities arise 

independently of their 5’UTRs.  
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Figure 33: Overexpression of full-length L1PA1 broadly phenocopies the MPP8-
depletion phenotype 

(a) Transfection efficiency as measured by immunoblotting with an anti-ORF1 protein 

antibody on whole cell extracts from ISRE-GFP reporter cells at day 4 post-transfection 

with pcDNA control or engineered L1PA1 reporter plasmids (Full-length or Δ5’UTR). 

PCNA antibody was used as a loading control. N = 3 independent blots with one 

representative example blot shown.  

(b) Left: qPCR for spliced genomic Neomycin from ISRE-GFP reporter cell DNA at day 4 

post-transfection with Full-length or truncated (Δ5’UTR) engineered L1PA1 reporter 

plasmids. Retrotransposition is verified via relative levels of spliced genomic Neomycin 

to genomic GAPDH. N = 3 biological replicates with technical duplicates shown (p = 

0.0005, Full-length and p = 0.0011, Δ5’UTR. Full-length versus Δ5’UTR = 0.0048; two-

tailed unpaired t-test). Right: Percentage of GFP-positive cells as a measure of ISRE-

GFP reporter induction was measured by flow cytometry at day 4 post-transfection 

with stated engineered L1PA1 plasmids. Data representative of 3 biologically 

independent replicates (p = <0.0001, Full-length and p = 0.0025, Δ5’UTR; two-tailed 
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unpaired t-test). Data represented as mean relative fold change ± SD. **= P ≤ 0.01; 

***= P ≤ 0.001; ****= P ≤ 0.0001; ns = non-significant. 

(c) Venn diagram showing overlap of genes induced by overexpression of the full-

length engineered L1PA1 reporter plasmid (list of 430 significantly upregulated genes 

(>10 fold with p-adjusted values < 0.005) obtained from RNA-seq data in Retinal 

Pigment Epithelium-1 (RPE) cells transfected with the L1PA1 construct vs Luciferase 

control, (Ardeljan et al., 2020)) and genes upregulated in our 6 days post shMPP8 

transduced Human primary fibroblasts (HFFs). Of the 114 genes that overlap, 49 are 

classified as ISGs. Right: significance was determined by selecting 10,000 

randomisations of the same number of random genes (1830 total of MPP8-repressed 

genes) and assessing the mean number of genes shared with the L1PA1-induced 

phenotype (p = 5.1203e-24, hypergeometric test). 

 

 

5.3 The ORF1-encoded domain of full-length active LINE-1 exhibits 

immunostimulatory activity  
 

We next sought to identify regions within LINE-1 elements that may be particularly 

important or responsible for eliciting type 1 IFN responses by employing a series of 

ORF domain deletion mutants generated from the full-length L1PA1 reporter (Figure 

34a). These included constructs which either encoded the L1PA1 5’UTR with the ORF1 

sequences only (labelled as ORF1), the L1PA1 5’UTR with the ORF2 sequence only 

(referred to as ORF2) or the L1PA1 5’UTR alongside an ORF1 sequence reconstructed 

from an L1PA5 element (ORF1-555) with the purpose of assessing whether the ORF1p 

from young and active LINE-1s are required for IFN induction over older LINE-1s. 

HEK293 ISRE-GFP reporter cells were transfected with each of the construct mutants 

for 4 days and the level of EBNA-1 and spliced genomic NEO was quantified to control 

for transfection efficiency and as a measure of retrotransposition, respectively, via RT-

qPCR (Figure 34b, Figure 34c). As previously confirmed, transfection of the full-length 

L1PA1 reporter led to the presence of spliced and integrated neomycin (NEO), as 

detected by PCR on genomic DNA, confirming successful retrotransposition. In 

comparison, cells transfected with the ORF domain mutant plasmids showed no 
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detectable genomic neomycin using the cross-exon primers, indicating failure of the 

ORF mutants for retrotransposition. This is unsurprising, as both ORF1 and ORF2-

encoded proteins are known to be critical for active LINE-1 retrotransposition (Qinghua 

Feng et al., 1996; Khazina & Weichenrieder, 2018; Martin et al., 2005; Moran et al., 

1996). Finally, we assessed our HEK293 ISRE-GFP reporter cells for endogenous ISG 

expression and to our surprise, discovered that both full-length and ORF1-only 

encoding L1PA1 reporter plasmids sufficiently induced the expression of the GFP 

reporter, while cells transfected with either ORF2-only, ORF1-555 or pcDNA control 

plasmids showed no change (Figure 34d). Taken together, our results suggest that the 

presence of the ORF1 domain and/or the encoded LINE-1 RNA is required for type 1 

IFN induction. These results also potentially suggest that the ORF2 encoded domain, 

as well as the ORF2 protein, DNA reverse transcription and retrotransposition may not 

strictly be required for type 1 IFN induction, although they play a contributory role in 

the LINE-1 life cycle. Our results also reiterate the immunostimulatory potential of the 

evolutionarily younger class of LINE-1s over older subfamilies in driving type 1 IFN 

responses when overexpressed in human cells.  
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Figure 34: Regions within the engineered L1PA1 plasmid responsible for eliciting the 
type 1 IFN response  

(a) Scheme of full-length human LINE-1 reporter plasmid (Full-length) encoding a 5’UTR 

and two ORFs, as described previously. Listed below are human LINE-1 plasmids with 

deletions in various regions along the reporter cassette. ORF1, encodes only the 

ORF1p; ORF2, encodes only ORF2p sequence; ORF1-555, encodes the ORF1p from an 

inactive L1PA5 element and is reconstructed using the consensus sequence. Although 

all plasmids possess the same retrotransposition indicator cassette (purple), only the 

full-length plasmid is competent for retrotransposition.  

(b) qPCR for EBNA-1 from ISRE-GFP reporter cell DNA at day 4 post-transfection with 

Full-length or truncated (ORF1, ORF1-555, ORF2) engineered L1PA1 reporter plasmids. 

Transfection efficiency is verified via relative level of EBNA-1 encoded by the plasmid 

constructs to genomic GAPDH. N = 3 biological replicates.  
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(c) RT-qPCR for spliced genomic Neomycin from ISRE-GFP reporter cell DNA at day 4 

post-transfection with Full-length or truncated (ORF1, ORF1-555, ORF2) engineered 

L1PA1 reporter plasmids. Retrotransposition is verified via the presence of spliced 

neomycin from genomic DNA, relative to genomic GAPDH. N = 3 biological replicates.  

(d) RT-qPCR showing mRNA expression levels of various endogenous ISGs in ISRE-GFP 

cells at day 4 post-transfection with stated engineered L1PA1 plasmids. Expression 

levels of mRNA are relative to pcDNA control transfected counterparts and normalised 

to GAPDH. N = 3 biological replicates. Data represented as mean relative fold change 

± SD. Two-tailed unpaired t-test comparing L1PA1 mutant constructs versus pcDNA 

control transfected samples: *= P ≤ 0.1; **= P ≤ 0.01; ***= P ≤ 0.001; ****= P ≤ 0.0001.  

 

 

5.4 Physiological regulation of HUSH in response to exogenous PAMPs 
 

Our findings, thus far, demonstrate the role of the HUSH complex in the regulation of 

type 1 IFN-induced inflammation and describe the consequences of HUSH loss through 

the employment of shRNA-assisted knockdown. However, it remains unclear whether 

HUSH and HUSH-regulated LINE-1s feature in normal somatic cell immune responses 

against exogenous PAMPs. Therefore, we designed a time-course experiment in primary 

human fibroblasts and inspected for changes in HUSH expression in response to the viral 

mimetic PAMP, Polyinosinic:Polycytidylic acid (Poly(I:C)) (Figure 35). Thus, HFF cells were 

collected at various intervals over the course of 72 hours following stimulation with 

Poly(I:C) for RNA and protein analysis. 

We first examined for changes in HUSH expression in response to Poly(I:C) treatment 

and employed the high molecular weight (HMW) isoform of Poly(I:C) as it is a known 

MDA5-specific stimulatory ligand that mimics dsRNA (a common viral replication 

intermediate and potent PAMP) (Duic et al., 2020; Kato et al., 2008; Marques et al., 

2006). Whole cell lysates were collected throughout the 72-hour time-course and 

analysed for protein expression via immunoblotting with antibodies against MPP8, 

TASOR and the HUSH-interacting partner, MORC2 (Figure 36a). Unfortunately, we were 

unable to ascertain protein expression profiles for PPHLN1 due to the high background 

staining obtained with the anti-PPHLN1 antibody and instead collected RNA samples for 
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RT-qPCR analysis. Interestingly, we observed a steady decline in MPP8 following 

Poly(I:C) transfection, with the greatest decrease in protein levels observed at the 24-

hour timepoint. This was also verified via densitometric analysis which confirmed lower 

levels of MPP8 in the Poly(I:C) treated samples relative to pcDNA-transfected controls. 

Likewise, TASOR expression also decreased relative to control samples, albeit at a 

slightly later timepoint as the greatest reduction in TASOR protein was observed 48-

hours post transfection with Poly(I:C). Interestingly, we noticed a visible decline in the 

level of MORC2 within the first 24-hours of transfection with Poly(I:C), suggesting that 

stimulation with exogenous dsRNAs not only effects the expression of HUSH core 

complex proteins, but can also induce degradation of HUSH-interacting partners, such 

as MORC2, in primary human fibroblasts. Finally, transfections with the mammalian 

expression vector, pcDNA, did not affect the levels of HUSH in human primary 

fibroblasts. Thus, these results potentially implicate HUSH in the regulation of the innate 

immune response against dsRNA PAMPs.  

We next interrogated our Poly(I:C)-induced HFF time-course samples for changes in 

endogenous ISG expression as well as for any potential fluctuations in HUSH mRNA and 

found that although Poly(I:C) treatment led to a potent type 1 IFN response at each 

timepoint surveyed (Figure 36b, top), the expression levels of MPP8, TASOR and PPHLN1 

remained relatively unchanged, however a temporary decrease in PPHLN1 mRNA 

expression was noted at the 24-hour timepoint, relative to non-transfected controls 

(Figure 36b, middle). Likewise, we documented no significant change in either L1PA2 or 

L1PA4 mRNA throughout the 72-hour time-course (Figure 36b, bottom).  

Taken together, our results indicate that Poly(I:C)-induced activation of the RLR-

signalling pathway prompts rapid but transient degradation of HUSH complex proteins 

in primary human fibroblasts. However, we do not know if these transient affects are 

sufficient to induce derepression of HUSH target genes and retroelements, nor whether 

such events could play a role in the ISG response. The ensuing ISG response is potentially 

independent of LINE-1s as we do not document changes in their expression over the 

course of 72-hours following stimulation with the viral dsRNA mimetic PAMP.  
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Figure 35: Physiological regulation of the HUSH complex upon pathogenic challenge 

Scheme depicting the setup for the time course experiment in which Primary Fibroblasts 

underwent treatment with a dsRNA PAMP or human IFN-β before harvesting for RNA 

and protein at various timepoints over 72 hours. The viral dsRNA analogue and RLR 

ligand, Polyinosinic:Polycytidylic acid, high molecular weight (Poly(I:C), HMW) (500ng 

per well of a 6-well plate) was used for the time-course assay. The IFN-receptor (IFNAR) 

agonist, human IFN-β (10ng/ml) was also used in a separate time course experiment. All 

samples also feature a non-treated control HFF sample.    
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Figure 36: Regulation of the HUSH complex upon pathogenic challenge with viral 
mimicking agent, Poly(I:C) 

(a) Immunoblot using antibody against HUSH complex components MPP8 and TASOR 

and the HUSH interacting partner MORC2 on whole cell extracts from Human Primary 

Fibroblasts at the time points stated post-transfection with 500ng of Poly(I:C) (HMW) 

per well of a 6-well plate. pcDNA transfection control was collected at the final 

timepoint of 72 hours for comparison. 0hr timepoint denotes non-transfected control 

samples. TR: transfection reagent alone. PCNA antibody was used as a loading control. 

N = 3 independent blots with one representative example blot shown. Below: 

Immunoblot quantification in which relative band intensities of TASOR, MPP8 and 

MORC2 was determined via densitometric analysis after normalisation to PCNA 

loading control and displayed relative to pcDNA-transfected counterparts using ImageJ 

software. N = 3 biological replicates.  

(b) RT-qPCR showing relative fold change in mRNA expression levels of various 

endogenous ISGs (top), HUSH complex members (middle) and LINE-1 elements 

(bottom) in HFF cells following a time course of Poly(I:C) (HMW) transfection. mRNA is 

normalised to GAPDH and compares Poly(I:C) transfected samples to TR alone controls. 

A decrease in the expression of PPHLN1 mRNA is observed at the 24-hour timepoint 

relative to TR control (p = 0.006, two-tailed unpaired t-test). **= P ≤ 0.01. TR: 

transfection reagent alone. N = 3 biological replicates. Data shown as mean ± SD. 
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These findings indicate that activation of the nucleic acid-sensing pathway via the 

dsRNA PAMP, Poly(I:C), leads to a temporary decrease in the protein levels of MPP8, 

TASOR and MORC2 in primary fibroblasts cells (Figure 36a). However, it is unclear 

whether the downregulation of HUSH is a general feature of the type 1 IFN response 

or specific to the PAMP-sensing pathway. Thus, to test the effects of IFN-signalling on 

HUSH expression, HFFs were treated with human IFN-β and observed for changes in 

HUSH protein and mRNA levels over a time-course of 72-hours (Figure 37). Whole cell 

lysates were probed for MPP8, TASOR and MORC2 proteins via immunoblotting with 

appropriate antibodies as before (Figure 37a) and densitometric analysis results 

revealed a decrease of both MPP8 and MORC2 proteins 48-hours following stimulation 

with IFN-β, as well as a decrease in TASOR levels by the 72-hour time-point compared 

to unstimulated control counterparts (Figure 37a). We next sought to assess for 

changes on the mRNA level and first confirmed that there was a sustained induction of 

endogenous ISGs in IFN-β stimulated samples via RT-qPCR (Figure 37b, top). 

Interestingly, increased expression levels of both MPP8 and PPHLN1, but not TASOR, 

was detected within 18-hours following IFN-β treatment (Figure 37b, middle). In fact, 

no significant change in TASOR was reported throughout the time-course, although 

this is most likely due to high variability between biological replicates. On the other 

hand, we observed a steady increase in PPHLN1 expression throughout the time-

course with over 2-fold change in mRNA expression by the 72-hour timepoint when 

compared to DMSO- or non-treated controls. Likewise, MPP8 levels were also elevated 

with almost a 3-fold increase in expression levels compared to controls by the final day 

of sampling. Unexpectedly, we also detected increased expression levels of L1PA2 and 

L1PA4 at 48- and 72-hours post IFN-β treatment (Figure 37b, bottom), which 

interestingly coincides with the decrease in HUSH proteins.  

Thus, our results suggest that IFN-β stimulation acts to not only induce the expression 

of ISGs, but also leads to the gradual accumulation of LINE-1 elements mRNAs either 

directly, or indirectly by manipulating HUSH expression and protein availability. 

Overall, our time-course assays thus serve to provide new insights into the expression 

dynamics of the HUSH complex and HUSH-binding proteins during the natural immune 

response to dsRNA PAMPs and type 1 IFNs in primary human fibroblasts.  
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Figure 37: Regulation of the HUSH complex upon the activation of type 1 IFN-
signalling pathway via IFN-β stimulation 

(a) Immunoblot using antibody against HUSH complex components MPP8 and TASOR 

and the HUSH interacting partner MORC2 on whole cell extracts from Human Primary 

Fibroblasts at the time points stated following IFN-β treatment (10ng/ml). Untreated 

control sample is included (Ctrl) for comparison. PCNA antibody was used as a loading 

control. N = 3 independent blots with one representative example blot shown. Below: 

Immunoblot quantification in which relative band intensities of TASOR, MPP8 and 

MORC2 was determined via densitometric analysis after normalisation to PCDNA 

loading control and displayed relative to Untreated control (Ctrl) counterparts using 

ImageJ. N = 3 biological replicates.  

(b) RT-qPCR showing relative fold change in mRNA expression levels of various 

endogenous ISGs (top), HUSH complex members (middle) and LINE-1 elements 

(bottom) in HFF cells following a time course of IFN-β treatment. mRNA is normalised 

to GAPDH and compares IFN-β treated samples to Untreated (Ctrl) control. Two-tailed 

unpaired t-tests verify increased expression versus DMSO treated controls: MPP8 (p = 

0.0284, 18hrs; p = 0.0256, 48-hrs; p = 0.0382, 72-hrs), PPHLN1 (p = 0.0001, 18-hrs; p = 

<0.0001, 24-hrs; p = 0.0008, 48-hrs; p = 0.0047, 72-hrs), L1PA2 (p = 0.0033, 48-hrs; p = 

<0.0001, 72-hrs) and L1PA4 (p = 0.0008, 48-hrs; p = 0.0016, 72-hrs). Data depicts mean 

± SD and representative of N = 3 biological replicates. *= P ≤ 0.1; **= P ≤ 0.01; ***= P 

≤ 0.001; ****= P ≤ 0.0001. 

 

 

5.5 Proteasomal inhibition revokes dsRNA-sensing response and 

restores levels of MPP8 protein       
  

A recent report demonstrates that the Viral protein X (Vpx) encoded by HIV-2/SIV 

selectively binds to and induces the proteasomal degradation of HUSH complex proteins 

TASOR and MPP8 through the recruitment of the DDB1 and CUL4-associated factor 1 

(DCAF1) E3 ubiquitin ligase adaptor protein in order to enhance viral infection in 

macrophages and primary CD4+ T cells (Chougui et al., 2018; Yurkovetskiy et al., 2018). 

We therefore asked whether activation of the dsRNA-sensing pathway also promotes 

proteasomal degradation of HUSH proteins by employing the 20S core complex 
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proteosome inhibitor, Bortezomib and measuring for changes in the steady-state 

availability of MPP8. To this end, primary fibroblasts were first transfected with Poly(I:C) 

and later treated with bortezomib, either immediately following transfection or on the 

following day by adding directly to the cell culture medium (Figure 38a and Figure 39a, 

respectively). Cellular supernatants from Poly(I:C)-stimulated HFF cells treated with 

bortezomib or DMSO were collected 24-hours later and transferred onto HEK293 ISRE-

GFP cell cultures to test whether HFF supernatants could induce expression of the GFP 

reporter. Flow cytometric analysis revealed that while supernatants from Poly(I:C)-

stimulated HFF cells could strongly induce expression of the ISRE-GFP reporter (as 

demonstrated by a positive shift in the GFP signal), treatment with bortezomib at either 

timepoint successfully abrogated the ISRE-driven response (Figure 38b, Figure 39b). This 

finding thus suggests that inhibition of the proteasomal degradation machinery via 

treatment with bortezomib not only acts to block induction of the dsRNA-sensing 

pathway, but also serves to restrict the activation of the type 1 IFN response in human 

cells. In order to assess whether this effect was attributable to the degradation of HUSH 

complex proteins, we analysed whole-cell lysates from control and Poly(I:C)-transfected 

HFFs levels and measured the level of MPP8 following bortezomib treatment via 

immunoblot analysis (Figure 38c, Figure 39c). We confirmed that bortezomib treatment 

was successful as samples receiving the proteosome inhibiting drug displayed a greater 

chemiluminescence signal for ubiquitinated proteins when probed with the anti-

ubiquitin antibody compared to DMSO treated controls (Figure 38c). Regardless of the 

time of bortezomib treatment, addition of the drug served to increase the available 

levels of MPP8 protein in HFF cells, suggesting that there is a steady state of targeting 

of MPP8 to the proteasome in primary fibroblasts following Poly(I:C) stimulation. 

Interestingly, bortezomib treatment of Poly(I:C)-stimulated cells restored the levels of 

MPP8 compared to DSMO-treated controls, indicating that the dsRNA-sensing pathway 

may potentially ensue with the preferential degradation of MPP8 via targeting to the 

proteasome.  

Finally, we measured the levels of endogenous ISGs via RT-qPCR in cells that received 

bortezomib 24-hours following Poly(I:C) stimulation and found that the inhibitor 

functioned to restrict Poly(I:C)-mediated induction of several ISGs, yet interestingly had 
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no effect on the expression of cytosolic RNA sensors, MDA5 and RIG-I (Figure 39d). Thus, 

our results support a role for the 26S proteosome complex in the Poly(I:C)-induced 

decrease in MPP8 availability and highlights the concordance between MPP8 

downregulation and the onset of the type 1 IFN driven immune response.   
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Figure 38: The proteosome inhibitor, Bortezomib, opposes Poly(I:C)-induced 
downregulation of MPP8 and ISRE-GFP induction  

(a) Experimental setup depicting Bortezomib treatment (proteasome inhibitor drug) 

on HFF cells transfected with the dsRNA analogue, Poly(I:C) (HMW). Both drug and 

PAMP treatment was performed 24-hours after seeding on culture plates. HFF cell 

supernatants were collected 24-hours later and added to ISRE-reporter cells for the 

IFN bioassay and flow cytometric analysis. Bortezomib used at 50nM.  

(b) Flow cytometric analysis of ISRE-GFP reporter cells cultured in HFF cell supernatants 

as described in (a). Representative histogram of N = 3 biological replicates.  

(c) Immunoblot using antibodies against MPP8 and Ubiquitinated proteins on whole 

cell extracts from Human Primary Fibroblasts 24 hours post transfection with 500ng of 

Poly(I:C) (HMW) per well of a 6-well plate in Bortezomib (50nM final concentration) or 

DMSO-containing culture media. Antibody against GAPDH was used as a loading 

control. TR: Transfection reagent alone. N = 3 independent blots with one 

representative example blot shown.  
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Figure 39: Treatment of Poly(I:C)-stimulated HFF cells with Bortezomib restores 
MPP8 levels and dampens the ISG response   

(a) Experimental setup depicting Bortezomib treatment (proteasome inhibitor drug) 

on HFF cells 24 hours after transfection with the dsRNA analogue, Poly(I:C) (HMW). 

HFF cells were transfected with 500ng of Poly(I:C) per well of a 6-well plate 24 hours 

after seeding on culture plates and Bortezomib was added to culture media 24 hours 

later. HFF cell supernatants were collected the next day and added to ISRE-reporter 

cells for IFN bioassay and flow cytometric analysis.  

(b) Flow cytometric analysis of ISRE-GFP reporter cells cultured for 24 hours in HFF cell 

supernatants following Poly(I:C) stimulation and Bortezomib treatment as described in 

(a). Representative histogram of N = 3 biological replicates.  

(c) Immunoblot using anti-MPP8 antibody on whole cell extracts from Human Primary 

Fibroblasts post-transfection with Poly(I:C) (HMW) and treated with Bortezomib 
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(50nM final concentration) or DMSO as control (Ctrl). Antibody against GAPDH was 

used as a loading control. TR: Transfection reagent alone. N = 3 independent blots with 

one representative example blot shown.  

(d) mRNA expression levels of various endogenous ISGs in HFF cells transfected with 

Poly(I:C) or transfection reagent control (TR) and treated with Bortezomib or DMSO 

the following day. All expression levels depicted are displayed relative to Transfection 

reagent only control + DMSO samples and normalised to GAPDH. Data represented as 

N = 3 biological replicates with mean relative fold change ± SD shown. A two-tailed 

unpaired t-test was used to compare Poly(I:C) + Bortezomib to Poly(I:C) + DMSO 

treated counterparts (p = 0.0316, CXCL10; p = 0.0002, CCL5; p = 0.0002, IFIT2; p = 

0.0018, OAS1; p = 0.0577, MDA5; p = 0.0521, RIG-I). *= P ≤ 0.1; **= P ≤ 0.01; ***= P ≤ 

0.001; ns = not significant.  

 

 

5.6 Discussion  
 

In this chapter we explore LINE-1 immunogenicity and the physiological regulation of 

the HUSH complex in human primary fibroblasts and in the monocytic THP-1 cell line. 

We show that MPP8 depletion results in increased expression of L1PA1/L1HS and L1PA2 

elements of roughly 6 kb in length in both cell types. Importantly, we demonstrate that 

MPP8-depletion results in the increased expression of LINE-1 elements stemming from 

endogenous transcription of full-length L1PA1 and possibly L1PA2 subfamilies. Using 

forward and reverse primers designed upstream of the LINE-1 5’UTR sense promoter 

and downstream within the 3’UTR terminal end using the L1HS consensus sequence, 

respectively, we reveal these transcripts to become upregulation upon the loss of MPP8 

and suggest that they may also be replication competent. This is due to their retained 

5’UTR regulatory regions which comprise a unique internal promoter, as well as host 

transcription factor binding motifs that can promote autonomous transcription and 

retrotransposition of intact LINE-1s (Nur et al., 1988; Schichman et al., 1992; Swergold, 

1990). In fact, de novo LINE-1 insertions, particularly within genic regions, are known to 

be biased towards the antisense orientation (Hancks & Kazazian, 2016; Y. Zhang, 

Romanish, et al., 2011), suggesting that for an important number of LINE-1s, the 
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transcription of their full-length antisense RNAs may be driven by host gene promoters. 

Whether such elements are directly under MPP8/HUSH control or whether their 

expression is driven by read-through transcription of nested LINE-1 promoters or 

neighbouring HUSH-sensitive loci remain to be explored.  

In this chapter, we also demonstrate that L1PA1/L1HS elements possess intrinsic 

immunostimulatory properties using an engineered L1PA1 reporter plasmid. 

Transfection of the plasmid construct phenocopies the MPP8-depletion phenotype 

when expressed in cells and reveals a potential role for the ORF1p domain in L1PA1 

immunogenicity. Previous work showed that ORF1 proteins demonstrate a cis-

preference for the LINE-1 RNA from which they were encoded (Kulpa & Moran, 2006; 

Wei et al., 2001), however, they can also act in trans to aid in the mobilization of other 

cellular mRNAs, including SINEs (Dewannieux et al., 2003, 2005), SVA elements (Ostertag 

et al., 2003) and processed pseudogenes form the host (Esnault et al., 2000). Thus, it is 

possible that increasing the availability of ORF1p in cells, via transfection with an L1PA1 

ORF1p-encoding plasmid as demonstrated here for example, may indirectly promote 

the replication and mobilisation of other non-LTR retrotransposon species. Indeed, 

increasing the amount of ORF1p in HeLa cells was revealed to promote Alu SINE 

retrotransposition (N. Wallace et al., 2008), suggesting that the IFN response we observe 

may proceed through both cis and trans-acting mechanisms facilitated by ORF1p. Thus, 

further investigation is required to uncover how the ORF1p-encoding domain derived 

from an active L1PA1 element stimulates the expression of ISGs in human cells, while 

the ORF2p-encoding domain of L1PA1 and the ORF1p domain from an inactive L1PA5 

element appears immunologically inert. Finally, we show that full-length L1PA1 

transcripts can trigger type 1 IFN responses independently of their 5’UTR sequences and 

of retrotransposition, which is consistent with previous studies (Ardeljan et al., 2020; 

Qiujing Yu et al., 2015; K. Zhao et al., 2018), and recently published data which 

demonstrates the overexpression of engineered L1PA1-derived ORF1p constructs to 

trigger IFN-α and in turn, induce the expression of the ISG protein, HELZ2, in attempt to 

stifle LINE-1 activity in HEK293 cells (Luqman-Fatah et al., 2023).  

Furthermore, we reveal a transient decrease in both TASOR and MPP8 in human 

fibroblasts following pathogenic challenge with the dsRNA-mimicking agent, Poly(I:C), 
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and also with direct stimulation of the type 1 IFN-signalling pathway with human IFN-

β, suggesting that the HUSH complex may be downregulated and targeted for 

degradation as a means to induce the expression of HUSH-regulated retroelements 

which function as ‘self’-derived PAMPs to enhance IFN responses. Indeed, we report 

the upregulation of L1PA2 and L1PA4 elements following direct stimulation with IFN-β 

and propose the activation of the RLR-dependent dsRNA sensing pathway will likely 

phenocopy this effect if monitored over a longer period of time than the 72 hours 

reported here. In view of this, a recent study using bone marrow-derived dendritic cells 

demonstrated the upregulation of LINE-1 and SINE elements in response to stimulation 

with bacterial and viral mimetic PAMPs (Rookhuizen et al., 2021), thus further 

supporting the notion that HUSH-regulated endogenous LINE-1 elements may function 

to boost normal physiological responses to pathogen-derived PAMPs. Taken together, 

we provide new insights into the expression dynamics of HUSH in response to the 

dsRNA viral mimetic Poly(I:C) in primary human fibroblasts and allude to the possible 

mechanism of proteasomal degradation of HUSH complex proteins in response to 

extant pathogenic-associated molecules.    

 

Overall, in this chapter, our data shows that:  

IX. MPP8-depetion leads to the upregulation of both primate- and human-specific 

LINE-1 RNAs, such as L1PA1/L1HS and L1PA2, in human primary fibroblasts and 

in monocytic THP-1 cells 

X. Overexpression of engineered full-length L1PA1 constructs phenocopies the 

MPP8-depletion phenotype and induces the expression of endogenous ISGs  

XI. The 5’UTR region of L1PA1/L1HS is nonessential for triggering the type 1 IFN 

response, whereas the LINE-1 ORF1p-encoding domain and/or LINE-1 RNAs 

harbour intrinsic triggering potential  

XII. Expression of HUSH proteins MPP8 and TASOR are downregulated over a time-

course of stimulation with the dsRNA mimicking agent Poly(I:C) and with IFN-β 

treatment 

XIII. Inhibition of the proteosome-dependent degradation pathway via Bortezomib 

opposes Poly(I:C)-induced downregulation of MPP8 and abates the ISG response  
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6 Concluding remarks and Future Perspectives  
 

We asked whether the HUSH complex plays a role in the regulation of type 1 IFN 

signalling through epigenetic repression of endogenous LINE-1 elements. Here, we first 

demonstrate that the HUSH complex modulates type 1 IFN signalling in various human 

cell lines and primary fibroblasts via a mechanism which involves RNA sensing by the 

cytosolic RLR sensor, MDA5, with some contribution from RIG-I. Next, we set out to 

identify which classes of retrotransposons produce such RNA molecules that can 

engage with RLRs and mediate crosstalk between cell intrinsic and extrinsic type 1 IFN-

mediated innate immune responses. We did this because previous reports in the 

literature have revealed inverted repeat Alus to form duplex RNA hybrids that serve as 

primary ligands of the dsRNA-sensing pathway and trigger MDA5-mediated antiviral 

signalling responses upon their detection (Ahmad et al., 2018). In the same way, many 

reports implicate LINE-1 elements in type 1 IFN-induced neurotoxicity and age-

associated inflammation through both RNA and cGAS/STING-dependent DNA sensing 

pathways (De Cecco et al., 2019; Thomas et al., 2017; K. Zhao et al., 2018). Our data 

reveal that the cell-intrinsic type 1 IFN-induced innate immune response is 

concomitant with the re-expression of evolutionarily young LINE-1 retrotransposons, 

which become derepressed at both the RNA and protein level upon the depletion of 

the HUSH complex component, MPP8, thus proposing a functional role for HUSH-

regulated LINE-1 RNAs as endogenous triggers of innate immunity.  

While the potent type 1 IFN response observed upon MPP8-depletion is likely to be 

multifactorial, here, we implicate LINE-1 RNAs to play a contributory role. It would be 

interesting to access which subtype of LINE-1 RNAs and/or LINE-1 containing 

transcripts directly play a causative role in the induction of the observed type 1 IFN 

response by assessing the species of elements that are bound by MDA5. As it happens, 

our findings have identified young full-length LINE-1 elements, such as L1PA2 and the 

still-active human-specific subfamily, L1PA1 (L1HS), to produce sense and antisense 

RNA transcripts that can form dsRNAs of 6 kb in length (Tunbak et al., 2020), making 

them ideal candidates for MDA5 recognition. These LINE-1 dsRNAs are also readily 

transcribed in control cell populations and were observed to increase in abundance 

following MPP8 depletion, suggesting that nascent transcripts from the active, younger 
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class of LINE-1s may perhaps remain chromatin-tethered and only become cytoplasmic 

and available for MDA5-dependent RNA sensing upon the loss of HUSH and HUSH-

mediated silencing. To test this hypothesis, extensive comparative approaches 

involving the targeted knockdown and overexpression of candidate LINE-1s, such as 

L1PA1 and L1PA2 which we describe here, is required in order to uncover their potential 

modulatory roles in type 1 IFN signalling, of which can then later be extended to a 

broader scope of retroelement families to uncover novel sources of ‘self’-derived 

nucleic acids that can drive inflammatory responses.  

Moreover, our data also identifies an increase in LINE-1 mRNAs derived from ancient 

primate-conserved LINE-1 loci in our MPP8-depleted HFFs, comprising the L1PA3-

L1PA7 subfamilies, which span roughly between 12 to 30 million years of age (Khan, 

2005). Such elements are thought to have acquired co-opted roles in host genes 

regulation since many are found to reside within introns of transcriptionally active 

genes (N. Liu et al., 2018; Robbez-Masson et al., 2018). For example, evolutionarily 

conserved LINE-1s have been implicated in the induction of expression of chimeric 

transcripts via their antisense promoters (Miglio et al., 2018) and have also been shown 

to drive the expression of long non-coding RNAs, particularly during the early stages of 

embryonic development (Percharde et al., 2018). In a similar way, ERV LTRs have also 

been reported to have been co-opted to serve as enhancers for the induction of IFN-γ-

stimulated genes (Chuong et al., 2017). Thus, it will be interesting to explore the role 

of HUSH and HUSH-regulated elements further with the purpose of uncovering novel 

immunomodulatory pathways in which they may be implicated.  

Of interest, work from our lab revealed that LTR elements residing in close proximity to 

IFN-sensitive genes are also derepressed following the depletion of MPP8, 

demonstrating that the HUSH complex not only regulates IFN induction through 

actively supressing the formation of dsRNAs from bidirectionally transcribed LINE-1 

element loci, but may also directly control type 1 IFN responsiveness through unveiling 

of LTR-derived enhancers (Tunbak et al., 2020). Indeed, our findings reported here 

indicate that HUSH proteins become downregulated following activation with type 1 

IFN or when challenged with a dsRNA PAMP, suggesting that targeted degradation of 

the HUSH complex may be a strategy employed by the host cell in order to boost ISG 
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expression and mount appropriate immune responses against PAMP encounter. A 

recent publication by Rookhuizen et al supports this theory and demonstrates 

increased expression of endogenous-derived PAMPs, originating mainly from LINE-1 

and ERVK elements in the context of the prototypic innate immune response against 

Gram-negative bacterial lipopolysaccharide (LPS) and to infection with influenza A virus 

(IAV) (Rookhuizen et al., 2021). Interestingly, the authors attribute their observations 

to the activation of the cGAS/STING pathway, mediated through TLR4-dependent 

sensing of TE-derived DNA PAMPs, appropriately referred to as Transposable element 

molecular patterns (TRAMPs). Thus, we propose that the induction of type 1 IFNs 

following sensing of LINE-1-derived dsRNAs PAMPs and activation of certain LTRs are, 

in fact, part of the natural type 1 IFN anti-viral response against exogenous stimuli, of 

which are under the epigenetic control and modulation of the HUSH complex. Indeed, 

perhaps it is for this reason that we feature HUSH degradation in our time-course 

assays in a manner analogous to the sumoylation-dependent degradation of KAP1 and 

subsequent ERV RNA-mediated induction of innate immunity observed in human lung 

epithelial cells following IAV infection (N. Schmidt et al., 2019). The general regulation 

of retrotransposons as opposed to their complete silencing may, therefore, be 

important in normal cell physiology and warrants future investigation.  

Lastly, given the known risk of active LINE-1 elements in inducing DNA damage and 

compromising DNA repair through their genome-destabilising effects (Ardeljan et al., 

2020; Belgnaoui et al., 2006; Gasior et al., 2006; Mita et al., 2020), it is unsurprising 

that LINE-1 elements are frequently dysregulated in a variety of diseases, including 

inflammatory disorders as well as in cancers. Interestingly, immune evasion is a feature 

often synonymous with cancer cells and some cancers are known to have evolved to 

evade such responses by epigenetically silencing retroelements (Cuellar et al., 2017). 

As a result, current immunotherapeutic strategies involve the administration of 

pharmacological inhibitors of DNA methylation (DNMTis) as a strategy to counteract 

epigenetic silencing and induce host anti-tumour responses against reactivated 

immunogenic retroelements (Chiappinelli et al., 2015; Roulois et al., 2015). Curiously, 

work from our lab using available data from The Cancer Genome Atlas demonstrates 

MPP8 to be significantly downregulated in a number of cancers, of which 
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concomitantly display IFN-γ dominant signatures, including high levels of expression of 

CXCL10 and CCL5 ISGs (Tunbak et al., 2020). We thus propose the HUSH complex as a 

novel epigenetic drug target for the use in cancer immunotherapy. Indeed, a recent 

finding by Gu et al implicates MPP8 as a selective dependency of AML and 

demonstrates that HUSH-mediated silencing of LINE-1 retrotransposons are critical for 

both the initiation and progression of AML, although in this case, LINE-1-induced DNA 

damage was concluded as the underlying cause of AML cell dysfunction (Gu et al., 

2021).  

Whether insufficient silencing by HUSH leads to DNA damage as a direct result of type 

1 IFN induction or whether DNA damage responses are caused by breaks mediated by 

LINE-1-encoded endonucleases during active retrotransposition remains to be 

determined. In the same way, it will also be interesting to determine whether MPP8-

depletion or HUSH dysfunction contributes in some way to carcinogenesis in vivo. Our 

results fit with a more general emerging role for LINE-1 elements in driving IFNs and 

inflammatory responses and alludes to a previously unappreciated role for the HUSH 

complex in the regulation of host-derived PAMPs in response to exogenous stimuli and 

in normal physiology (Figure 40).  

Uncovering exactly how LINE-1 elements are transcribed from both sense and 

antisense strands and the mechanism behind their transcription, as well as whether 

LINE-1 dsRNA remain tethered to chromatin in control cells to mask it from MDA5 

sensing remains to be explored. Moreover, it is uncertain how, if at all, LINE-1 proteins 

play an active role in nucleic acid sensing of their LINE-1 dsRNAs following HUSH 

dysregulation. How co-opted and conserved LINE-1s and other TEs potentially control 

innate immune gene regulatory processes, and whether the HUSH complex is 

intentionally downregulated in response to bacterial or viral infections by the host 

remains an enigma to the present day. It is thus tempting to speculate that LINE-1 

elements may play a causative role in driving autoinflammatory diseases and may have, 

in fact, submitted to exaptation long ago to naturally prime or potentiate MDA5-

mediated innate immunity. 
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Figure 40: Proposed summary model    

Inactivation of the HUSH complex component MPP8 occurs potentially after detection 

of exogenous PAMP by host nucleic acid sensors to boost ISG response. MPP8 

downregulation leads to increased sense and antisense transcription of full-length 

LINE-1s (L1PA1/ L1HS and L1PA2) as well as primate-conserved LINE-1s which may 

possess co-opted roles in host gene regulation. Nucleic acid-sensing ensues through 

the dsRNA sensors MDA5 and RIG-I, triggering MAVS signalling and downstream 

activation of type 1 IFN expression. Secreted IFN-α/β can then act in an autocrine and 

paracrine manner to mediate induction of IFN-stimulated genes through JAK/STAT 

signalling. MPP8 diminution occurs potentially via targeting for proteasomal 

degradation following PAMP exposure and activation of the type 1 IFN response, of 

which can be blocked with proteosome inhibitory drugs, such as Bortezomib. 
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7 Future Work 
 

Having shown that MPP8 depletion leads to type 1 interferon-induced innate immune 

activation via RLR-dependent RNA-sensing and LINE-1 derepression, future work will 

aim to address the following outstanding question centred around HUSH regulation in 

normal physiology and in the disease setting 

 

7.1 Part I: Exploratory  
 

What is the dose-dependent effects of depleting each of the HUSH complex members 

on type 1 IFN induction?  

Transduce ISRE-GFP reporter cells and primary human fibroblasts with various dilutions 

of HUSH-targeting shRNA lentiviral vectors and assess for ISRE activation at days 4 and 

6 via Flow cytometry. Knockdown efficiency of HUSH as well as ISGs and LINE-1 

expression to be determined via RT-qPCR analysis on cDNA synthesized from RNA 

extracted experimental and control sample material.   

What is the Genome-wide effects of MPP8/HUSH depletion?  

Perform a time-course of total RNA-sequencing on MPP8-depleted primary human 

fibroblasts to assess early events of MPP8-depletion on global gene expression; an 

early time point (day 3) will allow us to capture changes in expression of LINE-1s/TEs 

and genes occurring as a direct result of MPP8-depletion prior to the activation of 

downstream innate immune genes.     

Use differential gene expression analysis (DGEA) to identify enrichments of gene sets, 

I.e., those involved in chromatin remodelling pathways that may be relevant to 

activation of innate immune sensing and IFN signalling.    

Determine which other epigenetic regulators exhibit changes in gene expression levels 

in response to MPP8-depletion, such as TE-specific ZNF proteins known to play a role 

in their suppression (Ecco et al., 2016; Imbeault et al., 2017; Jacobs et al., 2014; P. Yang 

et al., 2017). 
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7.2 Part II: Mechanism  
 

What is the identity of MPP8/HUSH-regulated immunogenic LINE-1s?  

dsRNA-IP: Immunoprecipitation (IP) using J2/K1 antibodies to pull-down dsRNA that is 

accumulating in the cytoplasm of MPP8-depleted cells.  

Deep-Sequencing: Confirm the identities of the dsRNAs pulled-down from the IP via 

long-read deep sequencing techniques  

WB: Test whether RNA sensors co-precipitate with pulled-down dsRNA-IP product 

using antibodies against MDA5/RIGI-I    

MDA5 protection assay: Involves adding a recombinant MDA5 protein to lysates from 

MPP8-depleted cells to assay the length and species of bound/captured immunogenic 

dsRNAs. This can be combined with RNAse L treatment to digest RNAs that remain 

‘unprotected’ by MDA5.    

Does the HUSH complex target and bind LINE-1 RNAs that are tethered to chromatin?  

Previous reports show high nuclear abundance of LINE-1 RNA and its close association 

with chromatin (Hall et al., 2014; Percharde et al., 2018). We speculate that LINE-1 

RNAs may function as nuclear long non-coding RNAs (lncRNAs) to regulate gene 

expression through their tethering to chromatin.  Therefore, we will employ the 

following:  

Perform CUT&RUN ChIP +/- RNAse: Determine if HUSH binds chromatin through LINE-

1-derived dsRNA, using MORC2 and H3K9me3 antibodies as positive controls. 

Examples of RNases including their target RNA species are: RNase A (ssRNA), RNase H 

(RNA:DNA duplexes), RNase L (all RNA) and RNase III/ShortCut RNase (dsRNA). 

We hypothesize that HUSH may be required to tether LINE-1 dsRNA to chromatin in 

control cells, which becomes released in MPP8-depleted cells and accumulates in the 

cytoplasm for detection by MDA5.  

How do LINE-1 RNAs trigger type 1 IFN induction? 

Assess which LINE-1 RNAs are immunogenic and trigger nucleic acid sensing by 

generating artificial reporter cassettes harbouring different copies of human LINE-1s 
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and deploying a screen to distinguish those that can effectively induce GFP expression 

in our reporter cells.  

Use the results from the screen to identify, if any, features that immunogenic LINE-1 

RNAs may have in common and assess the relevance of such features in the activation 

of the nucleic acid sensing pathway    

Perform a site-directed mutagenesis study on identified conserved features in these 

LINE-1s and assess whether we can impact their perceived immunogenicity  

Employ targeted knock-out of these LINE-1s via CRISPR or perform CRISPR inactivation 

or activation and assess whether these LINE-1 RNAs are necessary for IFN induction 

following MPP8 knockdown or during physiological immune responses.      

Finally, we showed that an engineered L1HS reporter can activate the ISRE reporter and 

will follow up the mechanism involved with a series of deletion mutants we have (in 

collaboration with Jose Garcia Perez). Note that there may be differences in the 

mechanism at play here than the mechanisms of endogenous LINE-1 RNA-sensing. 

 

7.3 Part III: Biological/Physiological Relevance 
 

Does the HUSH complex play a role in the regulation of the normal IFN response?  

Subject cell lines to immunogenic challenge: Using various PAMPs or IFN-β treatment 

on cell lines and monitor for changes in HUSH expression in order to ascertain whether 

HUSH is downregulated to allow LINE-1 dsRNA accumulation to boost the intrinsic ISG 

response. This will be important in HFFs and perhaps also in primary monocytes 

derived from PBMCs. HEK293 ISRE-GFP reporter cell lines will also be utilised for 

diagnostic and confirmatory procedures.       

Temporal regulation of ISG response: Adding various PAMPs, including Poly(I:C), LPS, 

IFN-β and other pathogen mimetics and/or viruses representing single-stranded and 

double-stranded DNA and RNA retroviral families to cell lines to measure HUSH 

expression at both mRNA and protein level in a time-course assay. This will provide 
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insight into the changes in HUSH overtime and the temporal changes in expression of 

LINE-1s and other TEs.  

Augmenting the ISG response via CRISPR/Cas9 or shRNAs: Design LINE-1 specific 

shRNAs/CRISPRi to see if LINE-1s have a natural role in boosting ISG response following 

pathogenic challenge  

What is the role of HUSH in regulating LINE-1s and Type 1 IFN in vivo 

Using publicly available data: Assess whether such effects are cell-type specific and 

whether HUSH dysregulation is observed in normal vs a diseased state context, for 

example in autoimmunity, type 1 interferonopathies, during infections and cancer.  

To assess activation of the IFN pathway in MPP8-depleted immunoregulatory cells: 

using Monocytes (Mo) and/or Macrophages (Mϕ) from Primary blood extracts 

(PBMCs) to investigate the relevance of HUSH-regulated LINE-1s in the control of innate 

immunity within a biological setting. Administering PAMPs to Mo and Mϕ cells and 

monitoring whether HUSH expression is initially dysregulated following IFN signalling 

but is later restored to set point once the PAMP is cleared.  
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