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Abstract 

 Transposable elements are DNA sequences that can mobilize to new genomic 

locations and have had a profound impact on human genome evolution. Although ~45% 

of the human genome consists of transposable element-derived sequences, Long 

INterspersed Element-1 (LINE-1 or L1) is the only active transposable element in the 

human genome. L1s can mobilize (i.e., retrotranspose) in the germline, during early 

development, and in select somatic cells and the resultant retrotransposition events can 

alter gene expression, generate structural variation, and create pathogenic mutations. 

Given the mutagenic potential of L1 retrotransposition, it is no surprise that a variety of 

cellular mechanisms have evolved to restrict unabated L1 retrotransposition. 

 Previous studies revealed that reporter genes integrated into the genome of human 

embryonic carcinoma cells (hECs) by L1 retrotransposition are efficiently silenced by a 

process that we have termed L1-REPEL (L1-delivered REPorter gEne siLencing). L1-

REPEL is mitotically stable, reversible, and correlates with changes in chromatin status 

at the L1 integration site, suggesting an epigenetic mechanism that requires both 

initiation and maintenance phases. L1-REPEL is specific to the mechanism of L1 

genomic integration (target-primed reverse transcription or TPRT), which utilizes both 

endonuclease and reverse transcriptase enzymatic activities to facilitate 

retrotransposition. Thus, we hypothesize that cellular factors recognize TPRT 

intermediates leading to the establishment of an epigenetic mark required for L1-REPEL 

in hECs.   



 x 

 Here, we designed and implemented a forward genetic screen using a genome-wide 

CRISPR/Cas9-based system to elucidate cellular factors that mediate L1-REPEL in PA-

1 hECs. We identified 20 highly enriched candidate L1-REPEL factors, including our top 

candidate gene, neurofibromin 2 (NF2) – a tumor suppressor gene that encodes the 

NF2/merlin protein. Comprehensive validation experiments revealed that NF2/merlin 

expression was necessary for efficient L1-REPEL in PA-1 cells. Additionally, we 

determined that the expression of NF2/merlin isoform 1 efficiently re-established L1-

REPEL in NF2 knockout cells. We further demonstrated that NF2 knockout was 

insufficient to reactivate L1-REPEL in cells containing a previously silenced insertion, 

suggesting that NF2/merlin is required, either directly or indirectly, to initiate L1-REPEL. 

Finally, we found that culturing cells in differentiation media further attenuated L1-

REPEL, suggesting that NF2 knockout and cellular differentiation may act 

independently or, perhaps, synergistically to attenuate L1-REPEL. Thus, our data 

indicate that NF2/merlin, a tumor suppressor gene implicated in human disease, may 

also play a role in silencing L1 retrotransposition events during early human 

development.  
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Chapter 1  

 

Introduction 

Overview 

 This thesis examines the phenomenon of L1-delivered reporter gene silencing in 

human embryonic carcinoma cells. Chapter one provides an overview of transposable 

elements in the human genome and the cellular processes that restrict LINE-1 

retrotransposition. Chapter two describes the design and implementation of a genome-

wide CRISPR/Cas9-based screen to identify cellular factors that mediate L1-delivered 

reporter gene silencing. Chapter three details our progress in defining a role for the 

NF2/merlin protein in L1-delivered reporter gene silencing. Chapter four provides a 

summary our findings and discusses possible directions for future studies.  

Transposable Elements 

 Transposable elements, also known as “jumping genes” or mobile elements, are 

DNA sequences that can move from one genomic location to another. In the 1940’s, 

maize geneticist Barbara McClintock discovered that transposable element activity 

“controlled” the expression of a pigmentation gene, leading to maize kernel color 

variegation (McClintock, 1950, 1951). Despite this momentous discovery, transposable 

elements were disparaged as nonfunctional “junk DNA” for decades (Doolittle and 

Sapienza, 1980; Ohno, 1972; Orgel and Crick, 1980). In 1983, McClintock’s work on 
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“controlling” elements and their impact on gene regulation resulted in the Nobel Prize in 

Physiology or Medicine.  

 Today, we recognize McClintock’s work as foundational to our current understanding 

of the genome as a dynamic entity. Transposable elements are abundant in both 

prokaryotic and eukaryotic genomes and represent a major source of intra- and inter-

organismal genetic variation. The completion of the human genome draft sequence 

revealed that transposable element derived sequences constitute at least ~45%, and 

perhaps as much as ~70%, of human genomic DNA, whereas protein-coding regions 

only comprise ~1.5% of genomic DNA (de Koning et al., 2011; Lander et al., 2001). 

Thus, it is no surprise that transposable elements continue to affect intra- and inter- 

individual human genetic variation (Beck et al., 2011; Cordaux and Batzer, 2009; 

Hancks et al., 2011; Richardson et al., 2015; Wells and Feschotte, 2020). Transposable 

elements are separated into two general classes based on their mechanism of 

mobilization (Finnegan, 1989). Class I retrotransposons mobilize (i.e., retrotranspose) 

using an RNA intermediate by “copy-and-paste” mechanisms. Class II DNA 

transposons can mobilize (i.e., transpose) using a DNA intermediate by a “cut-and-

paste” mechanism. In aggregate, Class I and Class II elements comprise ~42% and 

~3% of human genomic DNA sequences, respectively (Lander et al., 2001).  

DNA Transposons 

 DNA transposons transpose via a DNA intermediate using non-replicative “cut and 

paste” or replicative “copy and paste” mechanisms (Finnegan, 1989). There are general 

types of DNA transposons, which can be subclassified based on their particular 

mechanism of mobility. They include those that mobilize using: (1) a DD35E-type 
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transposase protein  (Yuan and Wessler, 2011); (2) a tyrosine recombinase protein 

(Kojima and Jurka, 2011); (3) rolling-circle replication (Kapitonov and Jurka, 2001; 

Thomas and Pritham, 2015); and (4) self-synthesis (Feschotte and Pritham, 2005; 

Kapitonov and Jurka, 2006).  

 “Cut-and-paste” DNA transposons typically consist of a pair of terminal inverted 

repeat sequences (TIRs) that surround an open reading frame (ORF) encoding 

transposase. Transposase is a member of the DD35E superfamily of proteins that 

generally contain nuclear localization, DNA binding, and DNA cleavage activities 

(Hickman and Dyda, 2016). Transposase binds to DNA transposon TIR sequences 

within the nucleus and then catalyzes the excision and subsequent insertion (i.e. “cut-

and-paste”) of the DNA transposon into a new genomic location (Feschotte and 

Pritham, 2007; Finnegan, 1989; Jurka, 2008; Slotkin and Martienssen, 2007; Wells and 

Feschotte, 2020). Transposition events are generally flanked by identically sized target 

site target-site-duplications (TSDs) that range in size from 4-6 bp, which depend on the 

target site cleavage preference of a particular transposase (Ivics and Izsvak, 2015; 

Lander et al., 2001; Munoz-Lopez and Garcia-Perez, 2010).  

 The process of “cut and paste” DNA transposition is non-replicative, meaning that 

copy number should remain relatively constant in the genome. However, these 

elements can amplify during DNA synthesis and DNA repair-induced homologous 

recombination, resulting in their duplication (Fricker and Peters, 2014; Spradling et al., 

2011). Although DNA transposons continue to flourish in simple eukaryotic genomes, 

they can no longer transpose in the human genome (Feschotte and Pritham, 2007; 

Lander et al., 2001). However, several human genes are believed to have evolved from 
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DNA transposons, including the recombination-activating genes RAG1 and RAG2. 

These genes encode V(D)J recombinase enzymes, which are vital to the maturation of 

lymphocytes and the adaptive immune response (Huang et al., 2016; Jones and Gellert, 

2004; Kapitonov and Jurka, 2005; Oettinger et al., 1990; Thompson, 1995).  

 DNA transposons and their encoded transposase have been used as tools in both 

gene discovery and gene therapy. (Ivics et al., 1997; Kebriaei et al., 2017; Moriarity and 

Largaespada, 2015; Munoz-Lopez and Garcia-Perez, 2010; Sandoval-Villegas et al., 

2021). The nature of DNA transposition allows engineered sequences flanked by ITRs 

to be integrated into genomes by transposase. The Sleeping Beauty transposon system 

uses a highly active transposase, derived from a reanimated salmonoid DNA 

transposon (Sleeping Beauty), to mediate gene delivery (Ivics et al., 1997; Kebriaei et 

al., 2017; Munoz-Lopez and Garcia-Perez, 2010; Sandoval-Villegas et al., 2021). 

Similarly, the PiggyBac transposon system, derived from the cabbage looper moth, 

utilizes a hyperactive transposase to deliver large transgenes (Cary et al., 1989; Ding et 

al., 2005; Kawakami, 2007; Munoz-Lopez and Garcia-Perez, 2010; Sandoval-Villegas et 

al., 2021). An assay termed transposase-accessible chromatin sequencing (ATAC-seq) 

utilizes a hyperactive transposase (Tn5) to cuts open or accessible regions of 

chromatin, enabling the integration of sequencing adapters, which allows the sub-

profiling of chromatin accessibility using next generation DNA sequencing technology 

(Buenrostro et al., 2013). Together, these studies demonstrate the utility of DNA 

transposons and their potential as molecular tools in biology. 
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Retrotransposons  

 Class I retrotransposons replicate (i.e., retrotranspose) through an RNA intermediate 

(Boeke et al., 1985; Finnegan, 1989), which is reverse transcribed into complementary 

DNA (cDNA) either before or during its integration into the genome (Beck et al., 2011; 

Cordaux and Batzer, 2009; Cost et al., 2002; Dombroski et al., 1994; Kazazian and 

Moran, 2017; Mager and Stoye, 2015; Richardson et al., 2015). Each retrotransposition 

event results in a copy of the original template donor element at a new genomic location 

(i.e., “copy-and-paste”). This replicative nature allows the potential for functional (i.e., 

active) retrotransposons to undergo exponential copy number expansion in the genome. 

There are two general types of retrotransposons: (1) long-terminal repeat (LTR) 

containing retroelements (Boeke and Stoye, 1997; Eickbush and Jamburuthugoda, 

2008); and (2) non-LTR retroelements (Malik et al., 1999; Xiong and Eickbush, 1988, 

1990). Autonomous retrotransposons encode proteins required to mediate their own 

mobility, whereas nonautonomous elements effectively “hijack” the proteins encoded by 

structurally related elements to mediate their mobility (Kazazian and Moran, 2017; 

Richardson et al., 2015).  

LTR Retrotransposons  

 LTR retrotransposons, also known as endogenous retroviruses (ERVs), contain long 

terminal repeats (LTRs) of variable sizes (ranging from 100 bp to over 5 kb) that flank 

internal genes that mediate retrotransposition. Functional LTR retrotransposons 

typically express a polycistronic RNA containing both gag and pol genes. Gag encodes 

a capsid protein that generates a cytoplasmic virus-like particle. Pol encodes protease, 

reverse transcriptase, integrase, and RNase H enzymatic activities that are required for 



 6 

converting the retrotransposon RNA into a double strand cDNA. Briefly, the LTR 

retrotransposon RNA is packaged within cytoplasmic virus-like particles, where the 3’ 

end of a host tRNA binds to complementary sequences within the retrotransposon RNA 

to initiate (-) strand cDNA synthesis. The completion of double stranded cDNA synthesis 

occurs via a template switching mechanism and the resultant double stranded cDNA is 

integrated into the genome using the element encoded integrase activity by a 

mechanism similar to that used by class II transposases, resulting in the generation of 

4-6 bp TSDs that flank the new retrotransposon insertion (Boeke and Stoye, 1997; 

Telesnitsky and Goff, 1997).  

 Retroviruses are similar to LTR retrotransposons in both their structure and mobility 

mechanism, but have a functional envelope (env) gene. In general, the envelope protein 

allows the retrovirus to exit the host cell. Retroviruses that lose their functional env gene 

become endogenized (i.e., endogenous retroviruses), such as mouse intracisternal A 

particles (IAPs) and MusD elements (Magiorkinis et al., 2012; Ribet et al., 2008).  

 Human-specific ERVs (HERVs)-derived sequences from both autonomous and non-

autonomous elements comprise ~8% of the human genome, but to date, no 

autonomously active HERVs have been identified in the human genome (Garcia-

Montojo et al., 2018; Lander et al., 2001). However, some HERV-K sequences (where 

“K” indicates the lysine tRNA that is required to initiate [-] strand cDNA synthesis) are 

polymorphic with respect to presence/absence in the human population, suggesting that 

they were autonomously mobile since the divergence of humans and chimpanzees 

around six million years ago (MYA) (Belshaw et al., 2005; Mager and Stoye, 2015; 

Medstrand and Mager, 1998; Moyes et al., 2007).  
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 Despite being inactive, it is clear that sequences derived from HERVs have been co-

opted by the host to play roles in gene regulation. For example, HERV-derived 

sequences have evolved to act as cis-acting sequences that orchestrate a 

transcriptional network mediating the interferon response (Chuong et al., 2016). 

Similarly, the expression of HERV-derived proteins can influence embryonic 

development (Dupressoir et al., 2012; Grow et al., 2015).  

Non-LTR retrotransposons 

 Autonomous non-LTR retrotransposons contain one or two open reading frames 

(ORFs) followed by a 3’ poly(A) sequence (Richardson et al., 2015). One of the ORFs 

encodes endonuclease and reverse transcriptase activities that are critical for 

retrotransposition, which occurs by a mechanism termed target-primed reverse 

transcription (TPRT) (discussed below) (Feng et al., 1996; Luan et al., 1993; Moran et 

al., 1996; Xiong and Eickbush, 1990).  

 Autonomous non-LTR retrotransposons are the only active transposable elements in 

the human genome and their sequences account at least 17% of human genomic DNA 

(Cordaux and Batzer, 2009; Lander et al., 2001). Non-autonomous non-LTR 

retrotransposons do not encode proteins; thus, they must “hijack” the protein machinery 

encoded by related autonomous non-LTR retrotransposons, in trans, to mediate their 

retrotransposition (Dewannieux and Heidmann, 2005). Non-autonomous non-LTR 

retrotransposons comprise at least 11% of the human genomic DNA (Lander et al., 

2001) and include Short INterspersed Elements (SINEs) (Deininger et al., 1981; 

Dewannieux et al., 2003; Smit and Riggs, 1995) and SINE-R/VNTR/Alu elements 

(SVAs) (Hancks et al., 2011; Ostertag et al., 2003; Raiz et al., 2012). Other cellular 
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RNAs, such as U6 spliceosomal RNA, U3 small nucleolar RNA, and messenger RNAs 

also can be retrotransposed by proteins encoded by autonomous non-LTR 

retrotransposons, with the latter leading to the formation of  processed pseudogenes 

(Buzdin et al., 2002; Esnault et al., 2000; Garcia-Perez et al., 2007a; Gilbert et al., 2005; 

Moldovan et al., 2019; Weber, 2006; Wei et al., 2001). 

Human L1 Retrotransposons 

 Long INterspersed Element-1 (LINE-1 or L1) sequences began amplifying prior to 

the eutherian-marsupial split approximately 150 MYA (Lander et al., 2001; Scott et al., 

1987; Smit, 1996). L1 is the only active autonomous retrotransposon in the human 

genome. L1-derived sequences account for ~17% of human DNA and are present at 

greater than 500,000 copies per haploid genome (Lander et al., 2001). Most L1 

sequences are inactive due to 5’ truncation mutations, internal structural 

rearrangements, and/or point mutations within the ORFs (Beck et al., 2011; Grimaldi et 

al., 1984; Kazazian and Moran, 1998; Lander et al., 2001). However, the average 

human genome contains at least 80-100 L1s capable of retrotransposition (Brouha et 

al., 2003; Moran et al., 1996; Sassaman et al., 1997).  

L1 Structure 

 Full-length retrotransposition-competent human L1s are ~6 kilobases in length 

(Dombroski et al., 1991; Scott et al., 1987) and consist of a 5’ untranslated region (UTR) 

containing an internal RNA polymerase II promoter (Speek, 2001; Swergold, 1990), two 

ORFs that are separated by a 63 bp inter-ORF region that contains an in-frame stop 

codon (Alisch et al., 2006), and a 3’UTR ending in a poly-(A) tract (Doucet et al., 2015; 

Grimaldi et al., 1984; Scott et al., 1987) (Figure 1.1). Genomic L1s also typically exhibit 



 9 

characteristic ~7-20 bp TSDs that flank TPRT-mediated non-LTR retrotransposition 

events (Gilbert et al., 2005; Gilbert et al., 2002; Symer et al., 2002) (Figure 1: TSDs).  

 The first L1 open reading frame (ORF1) encodes a ~40 kD protein (ORF1p) with 

nucleic acid binding (Hohjoh and Singer, 1996, 1997; Holmes et al., 1992; Martin, 1991; 

Martin and Branciforte, 1993) and nucleic acid chaperone activities (Figure 1.1) 

(Khazina et al., 2011; Khazina and Weichenrieder, 2009; Martin and Bushman, 2001; 

Naufer et al., 2016) (Figure 1.1). L1 ORF2 encodes a ~150 kD protein (ORF2p), which 

exhibits both endonuclease (EN) (Cost and Boeke, 1998; Cost et al., 2001; Feng et al., 

1996) and reverse transcriptase (RT) activities (Figure 1.1) (Dombroski et al., 1994; 

Hattori et al., 1986; Mathias et al., 1991). Both ORF1p and ORF2p are necessary for L1 

retrotransposition in cultured human cells (Moran et al., 1996).   

L1 5’ UTR 

 The L1 5’UTR is ~910 bp and contains several transcription factor DNA binding sites 

that influence L1 transcription (Athanikar et al., 2004; Becker et al., 1993; Minakami et 

al., 1992; Swergold, 1990; Tchenio et al., 2000; Yang et al., 2003). The human L1 

5’UTR exhibits both sense (Swergold, 1990) and antisense (Speek, 2001) RNA 

polymerase II activity. The sense promoter directs transcription of full-length L1 RNA 

(Swergold, 1990). The weaker antisense promoter lacks a clear role in L1 

retrotransposition, but can drive the transcription of neighboring genes in human cells 

(Macia et al., 2011; Matlik et al., 2006; Nigumann et al., 2002; Speek, 2001). The 

antisense promoter also encodes an open reading frame (ORF0) with unknown function 

(Denli et al., 2015).  
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 There are several transcription factor binding sites within the L1 5’UTR. A YY1 

transcription factor binding site is located near the beginning of the element (+13 to +20) 

and can position L1 sense strand transcriptional initiation at or near the first base of a 

full-length element (Athanikar et al., 2004; Becker et al., 1993). There are at least two 

RUNX3 binding sites (+90 and +510) that are thought to influence both sense and 

antisense transcription (Yang et al., 2003). Additionally, multiple SRY-like binding sites 

can influence promoter activity and retrotransposition (Muotri et al., 2005; Tchenio et al., 

2000). Recently, TP53 also was demonstrated to bind the 5’UTR of L1 in human cells 

and mediate transcriptional repression (Tiwari et al., 2020).  

L1 ORF1 

 Following the 5’UTR is a ~1,017 bp open reading frame, ORF1. ORF1 encodes a 40 

kD protein (ORF1p) with three well-defined domains (Callahan et al., 2012; Hohjoh and 

Singer, 1996, 1997; Holmes et al., 1992; Khazina et al., 2011; Martin, 1991, 2006; 

Naufer et al., 2016). The amino-terminus of ORF1p contains a coiled-coil domain 

necessary for ORF1p trimerization and retrotransposition (Basame et al., 2006; Doucet 

et al., 2010; Khazina et al., 2011; Khazina and Weichenrieder, 2009, 2018; Martin et al., 

2003). Following the coiled-coil domain is the RNA recognition motif (RRM) domain 

(Khazina et al., 2011; Khazina and Weichenrieder, 2009) and a carboxyl-terminal 

domain (CTD), which are important for nucleic acid binding and chaperone activity 

(Januszyk et al., 2007; Martin, 2010; Martin and Bushman, 2001). Conserved residues 

within the RRM and CTD domains are required for L1 retrotransposition in a cell culture-

based assay (Doucet et al., 2010; Khazina and Weichenrieder, 2009; Moran et al., 

1996). 
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 ORF1p binds back to its encoding RNA in cis, contributing to L1-ribonucleoprotein 

particle (L1-RNP) formation (Doucet et al., 2010; Hohjoh and Singer, 1996, 1997; Kulpa 

and Moran, 2005; Martin, 1991; Wei et al., 2001). Binding of ORF1p facilitates nucleic 

acid remodeling, which is thought to be necessary for L1 retrotransposition (Martin, 

2010). In addition to single-stranded RNA, ORF1p also can bind unstructured single-

strand and double-stranded DNA (Callahan et al., 2012; Khazina and Weichenrieder, 

2009; Martin and Bushman, 2001; Martin et al., 2005). Phosphorylation of ORF1p at 

proline-directed protein kinase target sites is essential for L1 retrotransposition (Cook et 

al., 2015).  

 Other non-LTR retrotransposons encoding an ORF1p, such as the zebrafish LINE 

(Zfl2-1), do not require ORF1p for retrotransposition (Kajikawa et al., 2012; Nakamura 

et al., 2012). Similarly, Alu elements, the predominant SINE in the human genome, do 

not require ORF1p in order to retrotranspose (Dewannieux et al., 2003; Wallace et al., 

2008). Thus, why ORF1p is essential for L1 retrotransposition remains unclear. It is 

possible that L1 ORF1p may protect L1 mRNA from degradation, facilitate the import of 

L1 RNPs into the nucleus through an uncharacterized process, and/or may play an 

active role during TPRT. However, additional studies are required to assess the role of 

ORF1p in specific steps of the L1 retrotransposition pathway.  

L1 ORF2 

 Following ORF1 is a 63 bp inter-ORF spacer that contains an in-frame stop codon 

before the second open reading frame (ORF2). ORF2 is ~3,828 bp and encodes a ~150 

kD protein (ORF2p) with endonuclease and reverse transcriptase activities, which are 

required for L1 retrotransposition (Cost et al., 2002; Dombroski et al., 1994; Ergun et al., 
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2004; Feng et al., 1996; Mathias et al., 1991; Moran et al., 1996). ORF2p is translated 

from a bicistronic RNA using an unconventional ribosomal termination/reinitiation 

mechanism (Alisch et al., 2006). ORF2p has an endonuclease (EN) domain, which 

resembles that of an apurinic/apyrimidinic (AP) endonuclease (Feng et al., 1996; Martin 

et al., 1995), that can generate a single-strand endonucleolytic nick at the preferred 5’-

TTTTT/AA-3’ genomic DNA cleavage site (Feng et al., 1996; Flasch et al., 2019; Jurka, 

1997; Morrish et al., 2002). ORF2p-mediated cleavage of genomic DNA liberates a 3’-

hydroxyl group and a 5’- monophosphate (Feng et al., 1996).  

 Downstream of the EN domain is the ORF2p reverse transcriptase (RT) domain. 

The ORF2p RT domain is similar to that of telomerase, LTR-retrotransposons, and 

group II introns (Eickbush, 1997; Hattori et al., 1986; Kopera et al., 2011; Malik et al., 

1999; Xiong and Eickbush, 1990). Purified recombinant ORF2p has both RNA-

dependent and DNA-dependent DNA polymerase activities (Cost et al., 2002; Piskareva 

et al., 2003; Piskareva and Schmatchenko, 2006). Similar to ORF1p, ORF2p 

preferentially binds back to its encoding RNA in cis, contributing to L1-RNP formation 

(Doucet et al., 2010; Doucet et al., 2015; Kulpa and Moran, 2005, 2006). Furthermore, 

isolated L1-RNPs can reverse transcribe L1 RNA in vitro, demonstrating the presence 

of ORF2p RT activity within the L1-RNPs (Doucet et al., 2010; Kopera et al., 2016a; 

Kulpa and Moran, 2006). 

 A cysteine-rich (C) domain with unknown function resides within the carboxyl-

terminus of ORF2p (Fanning and Singer, 1987; Moran et al., 1996). Mutations within the 

ORF2p C-domain hinder L1 retrotransposition efficiency in human cells (Clements and 

Singer, 1998; Doucet et al., 2010; Moran et al., 1996). A study using a synthetic codon 
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optimized L1 (ORFeus-Hs) demonstrated that replacement of the native ORF2p C-

domain with ORFeus-HS sequence increased ORF2p activity, suggesting more efficient 

translation of ORF2p from the chimeric construct (An et al., 2011). Therefore, 

sequences within the region of L1 RNA encoding the C-domain may influence ORF2p 

translational efficiency, perhaps by generating RNA structures that impede ribosome 

processivity.  

L1 3’UTR 

 The L1 3’UTR is ~206 bp and contains a evolutionarily conserved polypurine tract, 

which is dispensable for L1 retrotransposition in human cultured cells (Moran et al., 

1996), as well as a functional RNA polymerase II polyadenylation (poly(A)) signal 

(Dombroski et al., 1991; Lander et al., 2001). The polypurine tract is predicted to fold 

into a G-quadruplex structure (Howell and Usdin, 1997; Sahakyan et al., 2017; Usdin 

and Furano, 1989). Recently, the gamma interferon inhibitor of translation (GAIT) 

complex was demonstrated to restrict L1 retrotransposition in human cells (Ward et al., 

2017). The GAIT complex binds structured RNA stem-loops in the 3’UTR of interferon-

related mRNAs (Arif et al., 2018). Thus, the conserved polypurine tract within the L1 

3’UTR may interact with host factors that modulate ORF2p translation.  

 The L1 3’UTR also contains a weak RNA polymerase II poly(A) signal. 

Transcriptional bypassing of the L1 poly(A) signal and using a fortuitous poly(A) signal 

present in 3’ flanking genomic DNA can result in the formation L1-mediated 3’ 

transductions upon retrotransposition (Holmes et al., 1994; Moran et al., 1999; Moran et 

al., 1996). Replacement of the L1 poly(A) tail with a stable RNA structure that lacks a 

poly(A) tract (i.e., the 3’ end of Metastasis Associated Lung Adenocarcinoma Transcript 
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1 [MALAT 1] non-coding RNA) allows for the production of a stable L1 RNA and efficient 

ORF2p translation, but prevents L1 retrotransposition. Thus, the L1 poly(A) tract is 

necessary for ORF2p to bind, either directly or indirectly, to its encoding L1 RNA in cis 

(Doucet et al., 2015) to mediate retrotransposition. 

L1 Retrotransposition Cycle 

 Retrotransposition requires reverse transcription of L1 RNA into cDNA and 

integration of the copied element into the genome. The L1 retrotransposition cycle 

commences with transcription of L1 RNA from an internal promoter located within the 

5’UTR of a full-length genomic L1 (Figure 1.2). The bicistronic polyadenylated mRNA is 

exported to the cytoplasm, where it undergoes translation (Figure 1.2). The L1-encoded 

proteins ORF1p and ORF2p exert cis-preference and preferentially bind their encoding 

RNA (Esnault et al., 2000; Wei et al., 2001), forming L1-RNPs (Hohjoh and Singer, 

1996; Kulpa and Moran, 2005, 2006; Martin, 1991) (Figure 1.2). Components of the L1-

RNP enter the nucleus by a process that may or may not require cell division (Kubo et 

al., 2006; Mita et al., 2018) (Figure 1.2). Upon nuclear entry, L1 undergoes genomic 

integration by target-primed reverse transcription (TPRT), which minimally requires 

ORF2p and L1 RNA (Figure 1.2).  

 During TPRT, the ORF2p EN makes a single-strand endonucleolytic nick of 

chromosomal DNA at the EN consensus cleavage site 5’-TTTTT/AA-3’ (Cost and 

Boeke, 1998; Cost et al., 2001; Feng et al., 1996; Flasch et al., 2019; Gilbert et al., 

2002; Morrish et al., 2002; Symer et al., 2002; Szak et al., 2002). ORF2p-mediated 

cleavage liberates a 3’ hydroxyl group that can be used as a primer by ORF2p RT to 

initiate L1 cDNA synthesis (Cost et al., 2002; Feng et al., 1996; Kulpa and Moran, 2006; 
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Luan et al., 1993). Although the downstream steps of TPRT are not completely 

understood, a second endonucleolytic nick likely generates a 3’ hydroxyl group that 

primes DNA-dependent DNA synthesis of second-strand L1 cDNA by the L1 RT using 

the (-) strand L1 cDNA as a template (Christensen and Eickbush, 2005). The 

completion of TPRT likely requires cellular factors that mediate DNA repair. As a result 

of TPRT, L1s typically are flanked by variable-length TSDs that range from ~7-20 bp in 

length (Figure 1.2) (Gilbert et al., 2005; Gilbert et al., 2002; Symer et al., 2002).  

 ORF2p can be used to retrotranspose other cellular RNAs in trans (Ahl et al., 2015; 

Doucet et al., 2015; Wei et al., 2001). This process, termed trans-complementation, is 

required to mediate the retrotransposition of non-autonomous SINEs, including Alu 

(Deininger et al., 1981; Dewannieux et al., 2003) and SVA elements (Hancks et al., 

2011; Ostertag et al., 2003; Raiz et al., 2012). With over one million copies, Alu is the 

most abundant transposable element in the human genome, comprising ~11% of 

human DNA (Lander et al., 2001). Alu elements are short (~300 bp) RNA polymerase III 

transcribed sequences derived from 7SL RNA, which is part of the signal recognition 

particle (SRP) that recognizes proteins destined for co-translational import into the 

endoplasmic reticulum (Ahl et al., 2015; Bennett et al., 2008; Chu et al., 1995; Deininger 

et al., 1981; Kriegs et al., 2007; Sinnett et al., 1991; Ullu and Tschudi, 1984; 

Weichenrieder et al., 2001). Thus, localization to the ribosome may allow Alu to 

efficiently steal ORF2p during translational elongation arrest (Ahl et al., 2015; Doucet et 

al., 2015; Doudna and Rath, 2002; Walter and Blobel, 1983). ORF2p also can 

retrotranspose other cellular mRNAs, leading to the formation of processed 

pseudogenes (Buzdin et al., 2002; Esnault et al., 2000; Garcia-Perez et al., 2007a; 
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Gilbert et al., 2005; Moldovan et al., 2019; Wei et al., 2001). Thus, in aggregate, L1-

mediated retrotransposition events are responsible one-third of the human genome 

(Lander et al., 2001; Richardson et al., 2015).  

 L1s containing missense mutations in the active sites of the L1 EN domain can 

undergo endonuclease-independent (ENi) retrotransposition in cultured XRCC4- and 

XRCC7-deficient Chinese hamster ovary (CHO) cells. Unlike canonical TPRT-mediated 

insertions, ENi L1 retrotransposition events typically lack TSDs and exhibit genomic 

deletions and other rearrangements at the site of L1 integration (Morrish et al., 2002). 

ENi L1 retrotransposition is thought to utilize genomic lesions (e.g., DNA lesions and 

dysfunctional telomeres) to prime ORF2p RT activity (Kopera et al., 2011; Morrish et al., 

2007; Morrish et al., 2002). Recently, intermediates of DNA replication (i.e., lagging 

strand 3’-hydroxyl groups) were proposed to facilitate ENi L1 retrotransposition (Flasch 

et al., 2019). The above data suggest that ENi may be an ancestral mechanism of 

retrotransposition prior to the acquisition of a functional L1 ORF2p EN domain (Flasch 

et al., 2019).  

A Cell Culture Assay for L1 Retrotransposition  

 The L1 retrotransposition assay (Figure 1.3) (Moran et al., 1996) was developed 

based on earlier assays to detect Saccharomyces cerevisiae Ty1 and mouse IAP 

retrotransposition events (Boeke et al., 1985; Garfinkel et al., 1989; Heidmann and 

Heidmann, 1991). In the L1 retrotransposition assay, an engineered L1 containing a 

retrotransposition reporter cassette is transiently transfected into cultured cells. Each 

retrotransposition reporter cassette is cloned into the LINE-1 3’ UTR to not disrupt 

ORF1p and ORF2p expression (Figure 1.3). The retrotransposition reporter cassettes 
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contain an antisense selectable (neomycin or blasticidin) or screenable (EGFP) reporter 

gene whose transcription is driven by an exogenous promoter and terminates at a 

heterologous polyadenylation signal (Freeman et al., 1994; Moran et al., 1996; Morrish 

et al., 2002; Ostertag et al., 2000). The reporter gene is interrupted by an intron cloned 

in the same transcriptional orientation as the L1 sequence. This arrangement ensures 

that a functional reporter gene is only expressed after successful round of 

retrotransposition, where the engineered L1 is transcribed from an episomal expression 

vector (pCEP4), the intron is spliced from sense strand L1 mRNA containing the 

“backward” reporter gene, and L1 is integrated into genomic DNA by TPRT (Figure 1.3) 

(Kopera et al., 2016b; Moran et al., 1996; Ostertag et al., 2000; Wei et al., 2001). 

Quantification of retrotransposed reporter gene expression (e.g., using a focus 

formation assay or flow cytometry) then can be used to quantify the L1 

retrotransposition efficiency (Figure 1.3) (Kopera et al., 2016b; Moran et al., 1996; 

Ostertag et al., 2000; Wei et al., 2001).  

Consequences of L1 Retrotransposition 

Disease 

 In 1988, de novo L1 retrotransposition was demonstrated to cause hemophilia A 

(Kazazian et al., 1988). Kazazian and colleagues conducted a screen in 240 male 

patients with X-linked hemophilia A. Two unrelated patients contained mutagenetic 

truncated L1 insertions disrupting the factor VIII gene. Detailed characterization of one 

mutation revealed that the L1 insertion in the factor VIII gene was absent in both 

parents and was not somatic mosaic in the patient, suggesting that a de novo L1 
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retrotransposition occurred in the mother’s germline or during early embryonic 

development.  

 The full-length L1 responsible for the mutagenic insertion in one patient (L1.2) was 

subsequently identified and demonstrated to be capable of retrotransposition in cultured 

mammalian cells (Dombroski et al., 1991; Moran et al., 1996). Since this time, over 130 

pathogenic L1-mediated (i.e., L1, Alu, SVA, or processed pseudogene) 

retrotransposition events have been implicated in human disease (Hancks and 

Kazazian, 2016; Kazazian and Moran, 2017). Indeed, L1-mediated  retrotransposition 

events are estimated to account for 1 in 250 disease-causing mutations in humans 

(Wimmer et al., 2011).  

 L1-mediated retrotransposition has also been implicated in the etiology of various 

cancers (Burns, 2017, 2020; Scott and Devine, 2017). In 1992, the first documented 

somatic L1 retrotransposition event was discovered in a patient with colorectal cancer 

(Miki et al., 1992). This 750 bp insertion was located within the APC tumor suppressor 

gene and exhibited characteristics of TPRT-mediated integration (i.e., it ended in a 3’ 

poly (A) tail followed by a short 3’ transduction and was flanked by variable length 

TSDs) (Miki et al., 1992; Moran, 1999). Subsequent studies demonstrated that somatic 

L1 retrotransposition predominantly occurs in human epithelial cell derived cancers 

(Doucet-O'Hare et al., 2015; Doucet-O'Hare et al., 2016; Ewing et al., 2015; Iskow et al., 

2010; Scott and Devine, 2017) and that the rate of L1 retrotransposition is highly 

variable among tumors (Doucet-O'Hare et al., 2015; Lee et al., 2012; Rodic et al., 2015; 

Tubio et al., 2014). Furthermore, hypomethylation of full-length genomic L1s also was 

common in malignant cells, suggesting that L1 expression can become derepressed in 
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tumor cells (Burns, 2017; Iskow et al., 2010; Scott and Devine, 2017). Thus, L1-

mediated retrotransposition may produce driver or passenger mutations in cancers. 

Future studies are necessary to determine the extent to which L1 driver mutations play 

a role in promoting tumorigenesis and/or tumor progression. 

Structural Variation 

 L1-mediated retrotransposition events can lead to genomic structural variation (Beck 

et al., 2011). Structural analysis of engineered L1 retrotransposition events in somatic 

cancer cell lines demonstrated that DNA recombination processes such as single-strand 

annealing (SSA), synthesis-dependent strand annealing (SDSA), or nonhomologous 

end joining (NHEJ) may generate chromosomal rearrangements such as deletions, 

duplications, and perhaps, translocations upon retrotransposition (Beck et al., 2011; 

Gilbert et al., 2005; Gilbert et al., 2002; Symer et al., 2002). Moreover, comparative 

analyses between the human and chimpanzee genomes revealed nonallelic 

homologous event recombination events between L1 or Alu sequences can lead to 

human-specific structural variation either during or after L1 integration (Callinan et al., 

2005; Han et al., 2008; Han et al., 2005; Hayakawa et al., 2001).  

 Aberrant L1 transcription can result in the addition of 5’ or 3’ genomic DNA to the L1 

mRNA transcript. Subsequent retrotransposition of these mRNAs can result in L1-

mediated transductions (Beck et al., 2011; Richardson et al., 2015). L1 5’-transductions 

are rare given that most L1s are 5’ truncated. However, approximately 1 in 5 human-

specific L1s contain 3’ transductions, which likely is due to the ability of RNA 

polymerase II to bypass the weak L1 poly(A) signal (Beck et al., 2010; Goodier et al., 

2000; Holmes et al., 1994; Kidd et al., 2010; Moran, 1999; Moran et al., 1999; Pickeral 
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et al., 2000; Tubio et al., 2014). Consequently, L1-mediated transductions can serve as 

molecular tags to identify actively expanding L1 subfamilies as well as tools to infer 

progenitor/offspring L1s relationships (Beck et al., 2010). Indeed, LRE2, LRE3, and 

L1RP are disease-producing retrotransposition-competent L1s that each contain L1-

mediated 3’-transductions (Brouha et al., 2002; Holmes et al., 1994; Kimberland et al., 

1999; Tubio et al., 2014).  

Gene Evolution 

 L1-mediated 3’-transduction can provide a vehicle to promote exon shuffling and 

possibly the formation of new genes (Moran, 1999; Moran et al., 1999; Xing et al., 

2006). L1 retrotransposition assays in cultured human cells provided proof-of-principle 

evidence that L1 can transduce 3’ DNA sequences to new genomic locations, thereby 

offering the potential to create novel cellular genes (Moran et al., 1999). Similarly, L1 

retrotransposition into a cellular gene can generate cryptic poly(A) or cryptic splicing 

sequences, resulting in the premature polyadenylation or mis-splicing of a genic 

transcript (Han et al., 2004; Perepelitsa-Belancio and Deininger, 2003). Moreover, 

mobilization of cellular mRNAs in trans can result in expressed fusion genes such as 

TRIM/Cyp, which arose by retrotransposition of the CypA gene into the 3’UTR of the 

macaque TRIM5 gene (Liao et al., 2007; Virgen et al., 2008). Interestingly, TRIM5α was 

recently reported to recognize cytoplasmic L1-RNPs, leading to the induction of innate 

immune signaling and restriction of L1 retrotransposition (Volkmann et al., 2020). In 

addition to L1, other transposable elements have been co-opted for gene regulation 

(Chuong et al., 2017). For example, ERVs contain interferon-inducible enhancers that 

facilitate the mammalian innate immune response (Chuong et al., 2016). Thus, 
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transposable elements may serve as a system to distribute regulatory sequences to 

new genomic locations, supporting the prescient hypothesis that sequences within 

mobile elements can be co-opted by the host over evolutionary time to regulate gene 

expression and create transcriptional networks (Davidson and Britten, 1979). 

L1 Retrotransposition During Human Development 

Germline and Early Development  

 In order to survive, L1s must retrotranspose in cells that contribute genetic material 

to future generations such as germ cells or during early embryonic development. 

Pedigree-based estimations of germline retrotransposition rates using whole-genome 

sequencing suggests that 1 in 63 human births contain a de novo L1 retrotransposition 

event (Feusier et al., 2019), which is consistent with previous estimates (1:20-1:200 

births) (Kazazian, 1999; Xing et al., 2009). Similarly, 1 in 63 births contained a SVA 

retrotransposition event, whereas 1 in 40 contained an Alu retrotransposition event 

(Feusier et al., 2019). Interestingly, de novo Alu retrotransposition events exhibited a 

paternal bias (Feusier et al., 2019).  

 An example of a heritable L1 retrotransposition event was discovered in the CMH 

gene of a male patient with X-linked choroideremia, a form of hereditary retinal 

degeneration (van den Hurk et al., 2003). Further work revealed that the mother of the 

patient was both a somatic and germline mosaic with respect to this L1 insertion, 

suggesting that L1 retrotransposition event occurred post-zygotically during early 

embryonic development in the mother of the patient (van den Hurk et al., 2007).  

 Experiments in mice demonstrated that L1 can retrotranspose in the germline and 

during early embryonic development (Ostertag et al., 2002; Richardson et al., 2017). An 
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engineered L1 transgene containing an EGFP retrotransposition indicator cassette was 

shown to retrotranspose in the germ cells of male and female transgenic mice (Ostertag 

et al., 2002). Similarly, pedigree-based analyses using mouse retrotransposon capture 

and whole-genome sequencing revealed an endogenous L1 retrotransposition rate of 

~1 in 8 births (Richardson et al., 2017). Heritable insertions were identified in both 

primordial germ cells and pluripotent embryonic cells (Richardson et al., 2017). 

Moreover, 1 in 3 transgenic mice harboring a synthetic mouse L1 (ORFeus) exhibited a 

germline L1 retrotransposition event (An et al., 2006; Han and Boeke, 2004).  

 In humans, germline L1 expression has been observed in both testis (Ergun et al., 

2004) and oocytes (Georgiou et al., 2009). Cell culture experiments demonstrated high 

levels of endogenous L1 expression in human embryonic stem cells (hESCs) (Garcia-

Perez et al., 2007b) and human embryonic carcinoma cells (hECs) (Garcia-Perez et al., 

2010; Skowronski et al., 1988; Skowronski and Singer, 1985), along with high levels of 

engineered L1 retrotransposition (Garcia-Perez et al., 2007b; Garcia-Perez et al., 2010). 

Finally, de novo L1 retrotransposition events were identified in both hESCs (Wissing et 

al., 2011) and induced pluripotent stem cells (iPSCs) (Klawitter et al., 2016; Wissing et 

al., 2012). Thus, these data suggest that both endogenous (native) and engineered L1s 

can retrotranspose in germ cells and during early embryogenesis. 

Somatic Retrotransposition 

 Somatic L1 retrotransposition events that occur after the formation of the germline 

cannot be transmitted to future generations. However, Muotri and colleagues found that 

engineered human L1 retrotransposition events could be detected in cultured rat neural 

precursor cells (NPCs) as well as neurons in the brains of transgenic mice (Muotri et al., 
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2005). Subsequent studies revealed that cultured human neural precursor cells (NPCs) 

also supported engineered human L1 retrotransposition (Coufal et al., 2009). 

Furthermore, an increase in endogenous L1 DNA copy number was detected by qPCR 

in human hippocampal samples compared to matched heart or liver samples (Coufal et 

al., 2009). This increase in copy number could be due to a number of factors, including 

increases in neuronal aneuploidy, the generation of single-strand L1 cDNAs, and/or 

increases in L1 retrotransposition (Zhu et al., 2021). In addition to NPCs, nondividing 

human neurons also appear to support somatic engineered L1 retrotransposition (Macia 

et al., 2017). Thus, these studies suggest that L1 retrotransposition can generate 

considerable somatic mosaicism in the brain.  

 Somatic variation is difficult to detect given that the mutation is only present in a 

subset, or even a single, cell. Advancements in DNA sequencing technologies, such as 

whole genome single-cell sequencing, provides an avenue to identify rare somatic 

variants. Current estimates of endogenous L1 retrotransposition rates in human 

neuronal cells range from 0.32 to 13.7 L1 insertions per neuron (Faulkner and Garcia-

Perez, 2017). A study using single-cell retrotransposon capture sequencing (RC-seq) 

estimated a rate of ~13.7 somatic L1 insertions per hippocampal neuron (Upton et al., 

2015). A conflicting estimate of ~0.32 somatic L1 insertions per neuron was reported 

using single-cell whole genome sequencing (Evrony et al., 2015). Lastly, single-cell 

sequencing using a machine learning approach estimated that ~0.58 of neurons 

contained a somatic L1-associated variant (SLAV) (Erwin et al., 2016). Although L1 

retrotransposition rates in the brain remain hotly debated, an extrapolation of these 

rates to the ~80 billion neurons in the human brain suggests that L1 retrotransposition 
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can perhaps generate millions of somatic mosaic L1 insertions in the brains of healthy 

individuals, leading to intra-individual genetic variation.  

 Neuropsychiatric disorders such as schizophrenia (Bundo et al., 2014; Doyle et al., 

2017) and neurodevelopmental disorders like Rett syndrome (Muotri et al., 2010; Zhao 

et al., 2019) and autism (Shpyleva et al., 2018; Tangsuwansri et al., 2018) have been 

associated with L1 expression (Terry and Devine, 2019). The Brain Somatic Mosaicism 

Network (BSMN) was founded to investigate the role of somatic genomic variation in the 

development of mental illness (McConnell et al., 2017). Recent work by the BSMN has 

improved the methodology to detect rare somatic variation (Rodin et al., 2021; Wang et 

al., 2021; Zhou et al., 2020; Zhu et al., 2021). Future studies will develop and refine 

tools that will help to elucidate the consequences of neurological somatic mosaicism in 

human health and disease. 

Cellular Restriction of L1 Retrotransposition 

 The vast majority of L1 retrotransposition events are inactive due to 5’ truncation 

and/or structural rearrangements that are generated upon TPRT-mediated 

retrotransposition (Beck et al., 2011; Kazazian and Moran, 1998; Lander et al., 2001; 

Ostertag and Kazazian, 2001; Richardson et al., 2015). Most of the remaining insertions 

are eventually disabled due to mutations that accumulate during evolutionary time (Beck 

et al., 2011; Kazazian and Moran, 2017; Richardson et al., 2015). However, each 

human genome contains ~80-100 active L1 sequences capable of retrotransposition 

(Brouha et al., 2003; Moran et al., 1996; Sassaman et al., 1997). Given the mutagenic 

potential of L1 retrotransposition, it is evident that the host has evolved numerous 

restrictive mechanisms to inhibit endogenous L1 retrotransposition and that L1 has 
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evolved to evade these mechanisms (Figure 1.4) (Goodier, 2016; Levin and Moran, 

2011).  

Transcriptional Regulation 

 Transcriptional regulatory sequences (i.e., promoters and enhancers) are necessary 

for L1 expression and its subsequent retrotransposition. Various epigenetic silencing 

mechanisms have evolved to restrain L1 expression. DNA methylation is a heritable 

epigenetic mark that is established when a methyl group is transferred to DNA 

(Robertson, 2005). DNA methylation at 5’-CpG residues present in gene promoters 

typically represses gene transcription (Jones, 2012). Typically, L1 sequences exhibit a 

high degree of methylated CpG residues in somatic cells, which likely represses their 

expression (Figure 1.4) (Goll and Bestor, 2005). However, many cancers exhibit 

decreased CpG methylation within endogenous L1 5’UTRs, which correlates with 

increased L1 expression (Alves et al., 1996; Bratthauer and Fanning, 1993; Iskow et al., 

2010; Suter et al., 2004; Thayer et al., 1993; Tubio et al., 2014).  

 DNA methyltransferases are cellular proteins that mediate DNA methylation (Chen 

and Zhang, 2020). Loss of DNMT3L in mice decreased endogenous L1 methylation, 

increased endogenous L1 expression, and led to failures in spermatogenesis (Bourc'his 

and Bestor, 2004). Knockout of DNMT3C in mice resulted in a similar increase in L1 

expression (Barau et al., 2016). The knockout of both de novo (DNMT3A and DNMT3B) 

and maintenance (DNMT1) methyltransferases in hESCs also increased expression of 

endogenous L1s (Castro-Diaz et al., 2014). Methyl CpG binding protein 2 (MECP2) 

recognizes and binds methylated DNA. Expression of MECP2 repressed L1 

retrotransposition in HeLa cells (Yu et al., 2001), whereas knockout of MECP2 in 
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rodents promoted L1 retrotransposition in neurons (Muotri et al., 2010). Together, these 

studies have established that DNA methylation can actively repress L1 transcription 

(Figure 1.4). 

 Post-translational modifications of histone tails such as methylation, acetylation, 

phosphorylation, and ubiquitination can modulate gene activity (Kornberg and Lorch, 

2020; Kouzarides, 2007). A study using a CRISPR/Cas9-based screening strategy to 

identify factors that restrict L1 retrotransposition in human somatic cancer cells 

identified MORC2 and components of the human silencing hub (HUSH) complex (Liu et 

al., 2018). The authors concluded that these proteins bind evolutionarily young (i.e., 

primate specific) L1s to promote transcriptional silencing through deposition of histone 

methylation (H3K9me3) (Liu et al., 2018). Similarly, the HUSH complex and KAP1 were 

required to repress L1 expression in NTERA-2 human embryonic carcinoma cells 

(Robbez-Masson et al., 2018). Notably, HUSH and KAP1 were required for H3K9me3 

maintenance, which mediated L1 repression (Robbez-Masson et al., 2018). Additionally, 

ChIP-seq experiments identified Suv39h-dependent H3K9me3 at transcriptionally 

repressed L1s in mouse ESCs (Bulut-Karslioglu et al., 2014). Together, these results 

suggest that histone modifications, particularly H3K9me3, are necessary to maintain L1 

repression (Figure 1.4).  

 Kruppel-associated box zinc finger proteins (KRAB-ZFPs) can repress transcription 

by binding directly to DNA or through heterochromatin formation by associating with 

histone modifying proteins (Iyengar and Farnham, 2011). The KRAB-ZFPs KAP1 and 

ZNF93 were necessary to transcriptionally repress older L1 subfamilies (L1PA7-L1PA3) 

in human ESCs (Castro-Diaz et al., 2014; Jacobs et al., 2014). Furthermore, KRAB-
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ZFPs are rapidly evolving in mammals, revealing a continuous evolutionary “arms race” 

between KRAB-ZFPs and L1s (Yang et al., 2017). In sum, the cell has evolved 

numerous ways to inhibit L1 transcription.  

RNA Interference 

 Small RNA-based interference (RNAi) utilizes short RNA sequences that are loaded 

onto Argonaute proteins, forming the RNA-induced silencing complex (RISC) (Wilson 

and Doudna, 2013). The P-element induced wimpy testis (PIWI) proteins are germline-

specific Argonaute family members (Wilson and Doudna, 2013). One study 

demonstrated that the piwi-interacting RNA pathway (piRNA) was required to maintain 

H3K9me3 and transcriptional repression at endogenous L1s in mouse germ cells (Pezic 

et al., 2014). Additionally, a similar study in mouse germ cells found that G9a-mediated 

H3K9me2 repressed endogenous L1s (Di Giacomo et al., 2014).  

 The microprocessor complex (Drosha/DGCR8), a regulator of microRNA (miRNA) 

biosynthesis, associates with L1 RNA in human cells and is thought to cleave L1 RNA 

(Heras et al., 2014; Heras et al., 2013). Subsequent studies demonstrated that miR128 

associated with Argonaute to target and degrade L1 RNA (Hamdorf et al., 2015). 

Recently, the tumor suppressor miRNA let-7 was found to bind L1 mRNA and repress 

ORF2p translation (Tristan-Ramos et al., 2020). Thus, multiple steps within the miRNA 

pathway may regulate L1 retrotransposition.  

 Dicer-dependent small interfering RNAs (siRNAs) have been demonstrated to 

silence transposons (Castel and Martienssen, 2013). One report suggests that L1-

derived siRNAs exist in mouse oocytes (Watanabe et al., 2008). In human cultured 

cells, expression of sense and antisense L1 transcripts generated siRNAs thought to 
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target and degrade L1 RNA (Yang and Kazazian, 2006). In sum, the above studies 

show that multiple small RNA-mediated mechanisms (i.e., piRNA, miRNA, and siRNA) 

can restrict L1 retrotransposition (Figure 1.4). 

Post-Transcriptional Regulation 

 L1 can undergo tissue-specific post-transcriptional splicing at splice donor and splice 

acceptor sites within human and mouse L1 RNA (Belancio et al., 2006; Belancio et al., 

2008; Belancio et al., 2010). Recently, splicing was demonstrated to inhibit L1 

retrotransposition in cultured human cells (Larson et al., 2018). Furthermore, L1 splicing 

facilitated spliced integrated retrotransposed element (SpIRE) formation in the human 

genome (Larson et al., 2018). Thus, even if full-length L1 RNA is expressed, tissue-

specific splicing of L1 RNA may prevent retrotransposition of a functional L1 (Figure 

1.4).  

 Northern blot analyses revealed that human and mouse L1s transfected into cultured 

mouse cells exhibited premature polyadenylation (Perepelitsa-Belancio and Deininger, 

2003). Removal of the predicted poly(A) sites promoted full-length L1 RNA expression 

(Perepelitsa-Belancio and Deininger, 2003). The lack of prematurely polyadenylated 

L1s in the human genome suggests that premature polyadenylation inhibits L1 

retrotransposition, possibly due to the absence of functional ORF2p in cis.  

L1-RNP Formation 

 Several reports have identified cellular factors that associate with the L1 RNP 

(Goodier et al., 2013; Moldovan and Moran, 2015; Taylor et al., 2018; Taylor et al., 

2016; Taylor et al., 2013). Components of the L1 RNP have been demonstrated to 

associate with stress granules (SGs), which are cytoplasmic aggregations of proteins 
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and mRNAs that influence mRNA decay and protein translation (Decker and Parker, 

2012; Doucet et al., 2010). The zinc-finger antiviral protein (ZAP) colocalizes with the L1 

RNP and stress granules (Goodier et al., 2015; Moldovan and Moran, 2015). 

Furthermore, overexpression of ZAP inhibits engineered L1 and Alu retrotransposition 

events in cultured human cells (Goodier et al., 2015; Moldovan and Moran, 2015). ZAP 

also inhibits Moloney and murine leukemia virus (MMLV) and human immunodeficiency 

virus type 1 (HIV-1) by initiating degradation of the viral mRNA (Gao et al., 2002; Zhu et 

al., 2011). Thus, similar mechanisms of action may restrict L1.  

 Moloney Leukemia Virus 10 protein (MOV10) is an ATP-dependent RNA helicase 

implicated in L1 restriction. Similar to ZAP, overexpressed Moloney Leukemia Virus 10 

protein (MOV10) localizes to cytoplasmic L1 foci and inhibits non-LTR retrotransposition 

in cultured human cells (Goodier et al., 2012; Moldovan and Moran, 2015). Recently, 

MOV10 was demonstrated to cooperate with TUT4/TUT7 to facilitate 3’ uridylation of L1 

RNA, inhibiting L1 retrotransposition (Warkocki et al., 2018). The authors propose a 

multifaceted mechanism of inhibition, where TUT7-mediated uridylation inhibits the 

initiation of reverse transcription, whereas TUT4-mediated uridylation acts to destabilize 

L1 mRNA (Warkocki et al., 2018). Future studies will be important to determine whether 

cytoplasmic foci formation plays a role in restricting L1 retrotransposition.  

 SAM domain and HD domain 1 (SAMHD1) is a dNTPase that inhibits viral cDNA 

synthesis by diminishing the pool of available dNTPs (Lahouassa et al., 2012). 

SAMHD1 also restricts L1 retrotransposition in human and mouse cultured cells (Zhao 

et al., 2013). SAMHD1 mutants deficient in dNTPase activity also inhibited L1 

retrotransposition, suggesting that SAMHD1 may utilize a different mechanism to 
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restrict L1 (Zhao et al., 2013). Later studies demonstrated that overexpression of 

SAMHD1 resulted in colocalization of the L1 RNP and SGs (Hu et al., 2015). Another 

confounding report implicated SAMHD1 RNase activity in restricting retroviruses (Choi 

et al., 2015). Thus, cellular antiviral proteins have likely evolved to inhibit L1 and viral 

proliferation through distinct mechanisms of action (Figure 1.4).  

 An accumulation of cytoplasmic L1 nucleic acid has been implicated in autoimmune 

disorders (Thomas et al., 2017). Aicardi-Goutières syndrome (AGS) is a rare disorder 

that affects the immune system. AGS genes such as TREX1 and SAMHD1 have been 

associated with restricting L1 retrotransposition. TREX1 is an exonuclease that 

degrades single-stranded DNA replication intermediates (Yang et al., 2007). Lack of 

TREX1 results in an accumulation of single-stranded L1 DNA in cultured human and 

mouse cells (Thomas et al., 2017). Recent reports suggest that the interferon response 

is activated by single-strand ORF2p-mediated cytoplasmic L1 cDNA (De Cecco et al., 

2019) and Alu cDNA (Fukuda et al., 2021). Lastly, the interferon response was 

demonstrated to promote condensin II and GAIT mediated restriction of L1 

retrotransposition in cultured human cells (Ward et al., 2017). Thus, current literature 

supports a potential role for L1 in autoimmunity.  

TPRT Regulation 

 TPRT-mediated genomic integration is unique to non-LTR retrotransposons. TPRT 

exploits endonuclease and reverse transcriptase enzymatic activities that may suscept 

L1 to restriction by the host. APOBEC3 (apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide-like3, A3) proteins encode cytidine deaminase activity. There are 

seven APOBEC3 proteins in humans (A3A-D, A3F, A3G and A3H) that can deaminate 
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single-strand nucleic acid substrates to generate cytidine to uridine mutations (Chiu and 

Greene, 2008). A3 proteins may also inhibit reverse transcriptase activity (Koito and 

Ikeda, 2013). Transient expression of A3A and A3B inhibited both L1 and Alu 

retrotransposition in cultured human cells (Bogerd et al., 2006; Muckenfuss et al., 2006; 

Richardson et al., 2014; Stenglein and Harris, 2006). Catalytically inactive A3B and A3C 

mutants efficiently repressed L1 retrotransposition in cultured human cells, suggesting a 

deaminase-independent mechanism (Bogerd et al., 2006). Subsequent studies 

demonstrated that A3A can inhibit L1 retrotransposition by deaminating nascent L1 

cDNA during TPRT, suggesting that exposed single-stranded cDNA becomes 

accessible to deamination during TPRT (Richardson et al., 2014).  

 A previous study suggests that TPRT-mediated retrotransposition can instigate an 

epigenetic silencing response in hECs (Garcia-Perez et al., 2010). TPRT-mediated 

delivery of an EGFP retrotransposition-indicator cassette (mEFGPI) by a human L1, a 

synthetic mouse L1, or a zebrafish L2 (a L1-like element) was efficiently silenced in PA-

1 cells (Garcia-Perez et al., 2010). However, similar selectable or screenable reporter 

genes were not efficiently silenced when integrated into PA-1 genomic DNA using 

stable transfection or retroviral vectors. These results suggest that structures generated 

during TPRT may target L1 retrotransposition events for epigenetic silencing. 

 Intriguingly, class I histone deacetylase inhibitors (HDACi) reversed L1-delivered 

reporter gene silencing, whereas subsequent removal of HDACi resulted in re-

establishment of reporter gene silencing over time. Thus, the mechanism of L1-

delivered reporter gene silencing in PA-1 cells exhibits the characteristics of an 

epigenetic system: (1) silencing is mitotically stable; (2) silencing does not alter the 
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primary DNA sequence (3) silencing is reversible; and (4) silencing is reestablished 

after drug removal, suggesting an epigenetic mark, or memory, to the system. Together, 

these results established that L1-delivered reporter genes are efficiently and stably 

silenced in hECs upon TPRT-mediated genomic integration (Garcia-Perez et al., 2010). 

Future studies are necessary to elucidate the substrates that mediate this epigenetic 

silencing mechanism in hECs.   

Thesis Overview 

 This thesis examines an epigenetic silencing mechanism that mediates 

transcriptional repression of L1 retrotransposition events during embryonic 

development. In Chapter two we harness CRISPR/Cas9 technology to perform a 

genome-wide forward genetic screen to identify cellular factors that mediate epigenetic 

repression of L1-delivered reporter genes in PA-1 human embryonic carcinoma cells. 

We also develop an adaptable system to test candidate genes in a cell culture-based 

assay. In Chapter 3 we demonstrate that the tumor suppressor gene neurofibromin 2 

(NF2) is necessary for efficient transcriptional repression of L1-delivered reporter genes 

in PA-1 cells. We further demonstrate that exogenous expression of NF2/merlin is 

sufficient to reinstate efficient silencing of L1-delivered reporter genes in PA-1 cells 

lacking function NF2/merlin expression. In Chapter four we summarize our findings and 

consider possible implications for NF2/merlin in L1 biology and propose avenues for 

future studies. 
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Figure 1.1: Human Long INterspersed Element-1 (LINE-1 or L1). 

L1 is an autonomous non-LTR retrotransposon and is currently the only active element 
in the human genome. Full-length human L1s are ~6 kilobases (kb) in length and 
comprise a 5’ untranslated region (UTR) containing an internal RNA polymerase II 
promoter, two ORFs separated by a 63 bp inter-ORF region, and a 3’UTR ending in a 
poly-(A) tract. Genomic L1s also exhibit characteristic ~7-20 bp target site duplications 
(TSDs). ORF1 encodes a ~40 kilodalton (kD) protein (ORF1p) with nucleic acid binding 
and chaperone activities. ORF2 encodes a ~150 kD protein (ORF2p) with endonuclease 
and reverse transcriptase activities.   
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Figure 1.2: L1 retrotransposition cycle. 

Schematic of the L1 retrotransposition cycle. L1 RNA is transcribed from an internal 
promoter located within the 5’UTR. The bicistronic polyadenylated mRNA is exported to 
the cytoplasm, where it undergoes translation of the L1-encoded proteins ORF1p and 
ORF2p, which bind their encoding RNA by cis-preference, forming L1-RNP. 
Components of the L1-RNP enter the nucleus and undergo genomic integration by 
target-primed reverse transcription (TPRT); the L1 EN makes a single-strand 
endonucleolytic nick at the EN consensus cleavage site 5’-TTTTT/AA-3’, which liberates 
a 3’ hydroxyl group (OH) that primes L1 RT cDNA synthesis. The completion of TPRT 
typically results in a 5’ truncated insertion flanked by variable-length target site 
duplications (TSDs) at a new genomic location.  
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Figure 1.3: The L1 retrotransposition assay.  

(A) Schematic of the L1 retrotransposition assay. Depicted is an engineered L1 
containing a retrotransposition reporter cassette cloned into the 3’ untranslated region 
(UTR). Notably, the retrotransposition reporter cassette contains an antisense reporter 
gene (REP) driven by its own promoter. The reporter gene is interrupted by an intron 
cloned in the same transcriptional orientation as the L1 sequence. This arrangement 
ensures that a functional reporter gene is only expressed after successful 
retrotransposition. The vector is transfected into cultured cells, the intron is spliced from 
sense strand L1 mRNA, and the L1 is integrated into genomic DNA by TPRT. 
Expression of the reporter gene indicates successful retrotransposition. (B) Results of 
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the indicated L1 retrotransposition assay using selectable (neomycin or blasticidin) or 
screenable (EGFP) reporter genes. Drug resistant foci were stained with crystal violet 
for visualization. 
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Figure 1.4: Cellular processes that restrict L1 retrotransposition.  

Schematic showing the cellular processes that restrict L1 retrotransposition. The cell 
has evolved to restrict L1 at virtually every step of the L1 retrotransposition cycle. 
Restrictive processes are indicated in red.  
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Chapter 2  

 

A Genome-Wide Screen Identifies Cellular Factors that Mediate Silencing of L1-

Delivered Reporter Genes in PA-1 Human Embryonic Carcinoma Cells 

 

The initial experiments and analyses for GeCKO screen 1 were performed in 

collaboration with Dr. Peter Larson and Dr. Jacob Kitzman. Illumina sequencing was 

performed in collaboration with the Kitzman laboratory and the University of Michigan 

Sequencing CORE. Viral packaging was performed by the University of Michigan Vector 

CORE. I performed all other experiments and analyses discussed in this chapter.  

Abstract 

 Long Interspersed Element-1 (LINE-1 or L1) comprises approximately 17% of 

human genomic DNA. L1 can mobilize (i.e., retrotranspose) in the germline, during early 

development, and in select somatic cells. The resultant insertions can alter gene 

expression, generate structural variation, and create pathogenic mutations. The 

average human genome contains ~100 retrotransposition-competent L1s that can “copy 

and paste” themselves into new genomic locations by a mechanism termed target-

primed reverse transcription (TPRT). Given the mutagenic potential of L1 

retrotransposition, it is no surprise that a variety of cellular mechanisms have evolved to 

restrict each stage of the L1 retrotransposition cycle.  
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 Previous studies established that human embryonic carcinoma-derived cell lines 

(hECs) differ from many somatic-derived cell lines in their ability to epigenetically 

silence reporter genes integrated into the genome by L1 retrotransposition. Specifically, 

L1 retrotransposition-delivered reporter genes were efficiently and stably silenced in 

hECs upon TPRT-mediated genomic integration, a process we have termed L1-REPEL 

(L1-delivered REPorter gEne siLencing). Interestingly, histone deacetylase inhibitors 

(HDACi) reversed L1-REPEL in hECs, suggesting an epigenetic silencing mechanism 

dependent upon changes in chromatin status at the L1 integration site. Here, we 

designed and implemented an unbiased genome-wide CRISPR/Cas9-based genetic 

knockout screen to identify host factors that may facilitate L1-REPEL in hECs. We 

identify 489 candidate L1-REPEL factors for subsequent investigation, including the top 

candidates neurofibromin 2 (NF2) and Exportin 7 (XPO7). Our results provide insight 

into L1 biology and the L1-REPEL silencing mechanism in human embryonic cells. 

Introduction 

 Long Interspersed Element-1 (LINE-1 or L1) is an endogenous non-LTR 

retrotransposon that has proliferated throughout mammalian evolution to comprise 

approximately 17% of human genomic DNA (Lander et al., 2001). Human L1s are ~6 kb 

in length and contain a 5’-untranslated region (UTR) with RNA polymerase II activity 

(Athanikar et al., 2004; Olovnikov et al., 2007; Swergold, 1990). A retrotransposition-

competent L1 encodes two open reading frames (ORF1 and ORF2) separated by a 63 

bp inter-ORF spacer (Dombroski et al., 1991; Scott et al., 1987). Following ORF2 is a 

3’-UTR and poly (A) tail (Dombroski et al., 1991; Scott et al., 1987). L1 insertions are 

typically flanked by short (4-16 bp) target-site duplications within genomic DNA. The 
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vast majority L1 sequences in the human genome are inactive due to 5’ truncations or 

inversion deletion structures generated during genomic integration and/or the 

accumulation of deleterious point mutations over time (Grimaldi et al., 1984; Ostertag 

and Kazazian, 2001).  

 L1s can mobilize (i.e., retrotranspose) in the germline, during early development, 

and in select somatic cells (Coufal et al., 2009; Faulkner and Billon, 2018; Faulkner and 

Garcia-Perez, 2017; Garcia-Perez et al., 2007b; Garcia-Perez et al., 2010; Kano et al., 

2009; Kazazian, 2004; Kubo et al., 2006; Muotri et al., 2005; Richardson et al., 2017; 

Scott and Devine, 2017). The L1-encoded proteins (ORF1p and ORF2p) are necessary 

for L1 retrotransposition and preferentially associate with their encoding RNA by a 

process termed cis preference (Doucet et al., 2015; Feng et al., 1996; Kulpa and Moran, 

2005, 2006; Martin et al., 2005; Moran et al., 1996; Wei et al., 2001). ORF2p can be 

“hijacked” by other cellular RNAs to mediate their mobility in trans (Dewannieux et al., 

2003; Garcia-Perez et al., 2007a; Gilbert et al., 2005; Hancks et al., 2011; Moldovan et 

al., 2019; Weber, 2006; Wei et al., 2001). L1 mediated retrotransposition events can 

alter gene expression, generate structural variation, and create pathogenic mutations 

(Beck et al., 2011; Gilbert et al., 2005; Gilbert et al., 2002; Kazazian and Moran, 2017; 

Kazazian et al., 1988; Richardson et al., 2015; Scott and Devine, 2017; Solyom et al., 

2012; Symer et al., 2002). 

 The average human genome contains ~100 retrotransposition-competent L1s that 

can “copy and paste” themselves into new genomic locations by a mechanism termed 

target-primed reverse transcription (TPRT) (Beck et al., 2010; Brouha et al., 2003; Cost 

et al., 2002; Feng et al., 1996; Kulpa and Moran, 2006; Luan et al., 1993; Sassaman et 
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al., 1997).  TPRT is unique to non-LTR retrotransposons and differs from integration 

mechanisms used by LTR retrotransposons, DNA transposons, and retroviruses (Beck 

et al., 2011; Feschotte and Pritham, 2007; Kazazian and Moran, 2017; Lewinski and 

Bushman, 2005; Luan et al., 1993; Schorn et al., 2017). Although the mechanism of L1 

retrotransposition requires elucidation, it is clear that at least two ORF2p enzymatic 

activities are utilized for TPRT. One is an endonuclease activity that generates a single-

strand nick at the consensus 5’-TTTTT/AA-3’ site of genomic integration (Cost et al., 

2002; Feng et al., 1996; Flasch et al., 2019; Jurka, 1997; Morrish et al., 2002). The 

other is an RNA-dependent DNA polymerase activity that utilizes the 3’OH of the nicked 

genomic DNA as a primer to initiate reverse transcription of the L1 RNA (Cost et al., 

2002; Dombroski et al., 1994; Doucet et al., 2015; Kulpa and Moran, 2006; Luan et al., 

1993; Mathias et al., 1991; Monot et al., 2013; Piskareva et al., 2003; Piskareva and 

Schmatchenko, 2006). 

 Given the mutagenic potential of L1 retrotransposition, it is no surprise that a variety 

of cellular mechanisms have evolved to restrict L1 mobilization (Goodier, 2016; Levin 

and Moran, 2011). Previous studies established that human embryonic carcinoma-

derived cell lines (hECs) differ from many somatic cancer cell lines in their ability to 

epigenetically silence reporter genes delivered by L1 retrotransposition (Garcia-Perez et 

al., 2010). For example, PA-1 hECs cells are a euploid human ovarian teratocarcinoma-

derived cell line containing a single reciprocal translocation between chromosomes 15 

and 20 (Sarraf et al., 2005; Zeuthen et al., 1980). PA-1 cells, like many hEC cell lines, 

express early developmental gene profiles similar to human embryonic stem cells (Abu 

Dawud et al., 2012; Sperger et al., 2003). Additionally, endogenous L1s are efficiently 
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expressed in human embryonic cell lines (Garcia-Perez et al., 2007b; Garcia-Perez et 

al., 2010; Hohjoh and Singer, 1996; Leibold et al., 1990). However, despite high levels 

of expression, engineered L1 elements are efficiently and stably silenced upon 

retrotransposition in hEC cells, which has uncovered an additional mechanism that 

restricts L1 retrotransposition in cell lines that serve as proxies for early human 

development (Garcia-Perez et al., 2010).  

 Previous studies demonstrated that an EGFP retrotransposition-indicator cassette 

(mEGFPI) delivered by a human L1 synthetic mouse L1, and zebrafish L2 (a L1 like 

element) are efficiently silenced in PA-1 cells (Garcia-Perez et al., 2010). However, 

similar selectable or screenable reporter genes were not efficiently silenced when 

integrated into PA-1 genomic DNA using stable transfection or retroviral vectors, 

suggesting that structures generated during TPRT may play a role in LINE-reporter 

gene mediated silencing (Garcia-Perez et al., 2010). These results established that L1-

delivered reporter genes are efficiently and stably silenced in hECs upon TPRT-

mediated genomic integration, a process we have termed L1-REPEL (L1-delivered 

REPorter gEne siLencing).  

 Interestingly, class I histone deacetylase inhibitors (HDACi) reversed L1-REPEL in a 

clonal PA-1-derived cell line (i.e., pk5 cells) harboring a single, silenced L1-delivered 

reporter gene (EGFP), suggesting that reporter gene reactivation was dependent upon 

changes in chromatin status at the L1 integration site. Subsequent removal of HDACi 

resulted in re-establishment of L1-REPEL over time. Thus, the mechanism of L1-

REPEL in PA-1 cells exhibits the characteristics of an epigenetic system: (1) silencing is 

mitotically stable; (2) silencing does not alter the primary DNA sequence (3) silencing is 
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reversible; and (4) silencing is reestablished after drug treatment, suggesting an 

epigenetic mark, or memory, to the system. Thus, L1-delivered reporter genes are 

efficiently and stably silenced in hECs upon TPRT-mediated genomic integration 

(Garcia-Perez et al., 2010).  

 To investigate L1-REPEL in PA-1 cells, we took advantage of recent advancements 

in CRISPR/Cas9-based gene knockout technology (Cong et al., 2013; Hsu et al., 2014; 

Jinek et al., 2012; Mali et al., 2013; Pyzocha et al., 2014). We hypothesized that cellular 

factors are necessary to initiate and/or maintain L1-REPEL in PA-1 cells. Thus, we 

employed a genome-wide scale (GeCKO) CRISPR/Cas9-based genome editing 

platform to identify genes that may play a role in L1-REPEL (Sanjana et al., 2014; 

Shalem et al., 2014).  

 The GeCKO platform is based on lentiviral delivery of Cas9 and a single-guide RNA 

(sgRNA). The sgRNA-guided Cas9 nuclease is targeted to genic coding regions, where 

it introduces a double-strand DNA break, which upon DNA repair, can result in a 

knockout (i.e., the generation of a null mutation) in either one or both alleles of a target 

gene. We reasoned that knockout of genes involved in L1-REPEL would permit 

expression of reporter genes integrated into PA-1 genomic DNA via L1 

retrotransposition.  

 We implemented the GeCKO system in PA-1 cells to knockout individual genes in a 

high-throughput manner. We then subjected the population of GeCKO-treated cells to 

L1 retrotransposition assays, using various retrotransposition indicator cassettes (Moran 

et al., 1996; Morrish et al., 2002; Ostertag et al., 2000; Wei et al., 2000), to identify cells 

expressing the L1 delivered reporter gene. Identification of the sgRNA-targeted genes 
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within cells that expressed the L1 delivered reporter gene allowed us to infer cellular 

factors that may mediate L1-REPEL. Through this screen, we identified 489 factors that 

may be necessary to establish and/or maintain L1-REPEL. My preliminary results 

suggest that knockout of our top candidate genes, NF2, XPO7, TADA2B and ZC3H12B, 

may be necessary for efficient L1-REPEL in PA-1 cells. Together, our data demonstrate 

that a genome-wide CRISPR/Cas9 gene knockout system was able to identify human 

factors necessary for efficient L1-REPEL in PA-1 cells, providing insight into L1 biology 

and the L1-REPEL mechanism in human embryonic cells.  

Results 

PA-1 human embryonic carcinoma cells exhibit L1-REPEL 

 To confirm that L1 delivered reporter genes are subject to L1-REPEL in PA-1 hECs 

(Garcia-Perez et al., 2010), we performed L1 retrotransposition assays using 

engineered L1 expression vectors containing three different reporter gene 

retrotransposition indicator cassettes (mneoI, mblastI, and mEGFPI) (Moran et al., 

1996; Morrish et al., 2002; Ostertag et al., 2000; Wei et al., 2000). Each 

retrotransposition indicator cassette is cloned into the L1 3’ UTR to not disrupt ORF1p 

and ORF2p expression. The retrotransposition indicator cassettes consist of an 

antisense selectable (NEO or blasticidin) or screenable (EGFP) reporter gene whose 

transcription is driven by an exogenous promoter and terminates at a heterologous 

polyadenylation signal (Moran et al., 1996; Morrish et al., 2002; Ostertag et al., 2000; 

Wei et al., 2000). The reporter gene also is interrupted by an intron cloned in the same 

transcriptional orientation as the L1 sequence. This arrangement ensures that a 

functional reporter gene only is expressed after a successful round of retrotransposition, 
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where the L1 is transcribed from an episomal expression vector (pCEP4), the intron is 

spliced from sense strand L1 mRNA containing the “backward” reporter gene, and L1 is 

integrated into genomic DNA by TPRT (Kopera et al., 2016b; Moran et al., 1996; 

Morrish et al., 2002; Ostertag et al., 2000; Wei et al., 2001). Thus, reporter gene 

expression (i.e., the resultant number of G418- or blasticidin-resistant foci or EGFP-

positive cells) provides a quantitative readout of L1 retrotransposition. 

 We first transiently transfected PA-1 hEC cells with pJM101/L1.3, a pCEP4 episomal 

expression vector that contains a retrotransposition-competent L1 (L1.3) (Sassaman et 

al., 1997) marked with the mneoI retrotransposition indicator cassette, to assay for 

retrotransposition (Kopera et al., 2016b; Moran et al., 1996; Wei et al., 2001). In 

agreement with previous reports (Garcia-Perez et al., 2010), we did not observe G418-

resistant foci in PA-1 hECs (Figure 2.1A: top panel 1). However, G418-resistant foci 

readily were observed when PA-1 cells were transfected with a pCDNA3 expression 

vector that constitutively expresses a neomycin phosphotransferase resistance gene 

(Figure 2.1A: top panel 2).  

 Similar results were found for PA-1 cells transiently transfected with pJJ101/L1.3, a 

pCEP4 episomal expression vector that contains a retrotransposition-competent L1 

(L1.3) (Sassaman et al., 1997) marked with the mblastI retrotransposition indicator 

cassette (Figure 2.1A: top panel 3) (Goodier et al., 2007; Morrish et al., 2002). Again, 

control experiments revealed blasticidin-resistant foci when PA-1 cells were transfected 

with a pCDNA6 expression vector that constitutively expresses a blasticidin resistance 

gene (Figure 2.1A: top panel 4). 
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 Finally, L1-REPEL was observed in PA-1 cells transfected with p99EGFP/LRE3, a 

pCEP4-based episomal expression vector that contains a retrotransposition-competent 

L1 (LRE3) (Brouha et al., 2002) marked with the mEGFPI retrotransposition indicator 

cassette (Ostertag et al., 2000). We only observed low levels of EGFP expressing cells 

(~0.3% by flow cytometry) 7-days post-transfection (Figure 2.1A: top panel 5).  

 Notably, for in experiments performed with each of the above retrotransposition 

indicator cassettes, we performed parallel experiments with somatic cervical carcinoma-

derived HeLa JVM cells. As expected, we observed robust reporter gene expression in 

the L1-neo, L1-blast and L1-GFP retrotransposition assays (Figure 2.1A: bottom panels) 

(Garcia-Perez et al., 2010).  

 To confirm that L1 delivered reporter genes are epigenetically silenced in hECs we 

treated a clonal PA-1-derived cell line, harboring a full-length silenced L1-GFP 

retrotransposition event (pk5 cells), with a pan histone deacetylase inhibitor, trichostatin 

A (TSA), and then assessed whether this treatment led to reactivation of EGFP 

expression (Garcia-Perez et al., 2010). As expected, TSA treatment induced EGFP 

expression in ~80% of pk5 cells after 18 hours (Figure 2.1 B), demonstrating that TSA 

treatment could efficiently reverse L1-REPEL in pk5 cells. Subsequent removal of TSA 

from the cell culture media resulted in complete re-establishment of EGFP silencing 

after 5 days (Figure 2.1 C), suggesting epigenetic memory to the mitotically stable 

silencing mechanism. Together, these results suggest that L1-delivered reporter genes 

are epigenetically silenced upon retrotransposition in hEC cells, a mechanism we have 

labeled L1-REPEL (Figure 2.1 D). 
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Overview of a genome-wide CRISPR/Cas9 strategy to identify L1-REPEL factors 

 We hypothesized that cellular proteins are necessary for L1-REPEL in hEC cells. To 

investigate this hypothesis, we utilized an unbiased genome-wide CRISPR/Cas9-based 

gene knockout system (Sanjana et al., 2014; Shalem et al., 2014), in conjunction with 

the L1 retrotransposition assay, to identify host factors that may mediate L1-REPEL 

(Figure 2.2 B). Briefly, hECs we transduced with lentiviral vectors that express the Cas9 

nuclease, a single-guide RNA (sgRNA), and puromycin resistance. The sgRNA-guided 

Cas9 nuclease is targeted to genic coding regions, where it introduces a double-strand 

DNA break, which upon repair, can generate mutations that may result in a loss-of-

function allele. We then performed the L1 retrotransposition assay, where the 

puromycin-resistant hECs expressing Cas9 and a sgRNA were transfected with an 

engineered human L1 vector to identify cells that expressed the L1-delivered reporter 

gene. Genomic DNAs from the population of drug-resistant cells then were harvested to 

identify sgRNAs within cells that escaped L1-REPEL via next generation sequencing. 

We then use Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout 

(MAGeCK) and sgRNA counts to infer statistically enriched genes that may facilitate L1-

REPEL.  

Implementation of the GeCKO system 

 The GeCKO system is based on lentiviral delivery of Cas9 and a single-guide RNA 

(sgRNA). The GeCKO system can be delivered by a single lentiviral vector 

(lentiCRISPRv2) or though serial infection of two independent lentiviral vectors 

(lentiCas9-Blast and lentiGuide-Puro) (Figure 2.2 A). Notably, lentiCRISPRv2 and 

lentiGuide-Puro each contain the puromycin N-acetyltransferase (pac) gene that confers 
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resistance to the antibiotic puromycin (Sanjana et al., 2014; Shalem et al., 2014). The 

sgRNA libraries are cloned into lentiCRISPRv2 or lentiGuide-Puro to generate a pool of 

lentiviral vectors, where each virus contains a single sgRNA sequence from the sgRNA 

library. 

 We utilized two different sgRNA libraries. First, the GeCKOv2 sgRNA library 

contains 123,411 guide sequences (sgRNAs) divided equally between two libraries (A 

and B), which are designed to target 19,050 human genes and 1,864 miRNAs; 2000 

non-targeting control sgRNAs are included in the library as controls. Importantly, the 

GeCKOv2 library has 6 sgRNAs per gene and 4 sgRNAs per miRNA (Sanjana et al., 

2014). Second, the Brunello sgRNA library contains 76,441 sgRNAs targeting 19,114 

human genes, along with 1000 non-targeting control sgRNAs. Notably, the Brunello 

library is more optimized and has 4 sgRNAs per gene (Doench et al., 2016). 

 To ensure efficient cloning and coverage of sgRNAs into lentiviral vectors, we 

sequenced the sgRNA-containing lentiCRISPRv2 vectors on the Illumina Hi-Seq 2000 

platform (performed by the University of Michigan Sequencing Core). We verified that 

99.13% of the GeCKOv2 “A” sgRNAs were represented in the final vector pool 

(performed in collaboration with the Kitzman Laboratory), suggesting efficient 

amplification and cloning of sgRNAs into the lentiviral vectors. LentiCRISPRv2 “A” and 

“B” vectors, along with lentiCa9-Blast and lentiGuide-Puro “Brunello” vectors, were 

separately packaged into a self-inactivating lentivirus expressing the vesicular stomatitis 

virus glycoprotein (VSV-G) by the University of Michigan Vector Core.  

 We first aimed to determine a timeframe for efficient gene editing in transduced PA-1 

cells. Previous studies suggest that efficient CRISPR/Cas9 editing of human genes 
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requires ~12 cell doublings (Cross et al., 2016; Sanjana et al., 2014; Shalem et al., 

2014). We reasoned that sgRNAs targeting critical cell survival genes would be lost 

over time due to cell death (Blomen et al., 2015; Hart et al., 2014; Hart et al., 2015) and 

that we could infer overall editing efficiency within our population of transduced PA-1 

cells by identifying the dropout of sgRNAs targeting essential genes.  

 We first transduced lentiCRISPRv2 containing the GeCKOv2 sgRNA library into PA-

1 cells. We infected 1.2x108 PA-1 cells at a multiplicity of infection (MOI) of 0.35 to 

ensure that each cell was infected by only one viral particle. This strategy ensured that 

each sgRNA had sufficient representation (~340x) in the transduced population of cells. 

Cultures of cells transduced with the “A” and “B” GeCKOv2 sgRNA libraries were 

maintained separately. Transduced PA-1 cells were cultured in puromycin-

supplemented media for 31 days. Transduced PA-1 cells were collected at 7-, 14-, 21-, 

24-, 28- and 31-days post-transduction. At each timepoint, cells were re-plated at high-

density to maintain representation of sgRNAs.  

Cas9 is expressed in LentiCRISPRv2 transduced PA-1 cells 

 To determine whether Cas9 was efficiently expressed in transduced PA-1 cells, we 

performed western blot analyses using whole cell lysates derived from puromycin-

resistant lentiCRISPRv2 transduced PA-1 cells at each timepoint post-transduction (Day 

7, 14, 21, 24, 28, 31). We used an anti-FLAG mouse monoclonal antibody (Sigma-

Aldrich, F1804) to detect FLAG-tagged Cas9 protein expression from lentiCRISPRv2. 

An ~160 kD band representing Cas9 protein was detected in whole cell lysates at each 

timepoint (Figure 2.2 C). These data demonstrate efficient expression of lentiviral-

delivered Cas9 protein for at least 31 days post-transduction in PA-1 cells. Furthermore, 
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in agreement with previous studies (Garcia-Perez et al., 2010), these data demonstrate 

that both Cas9 and puromycin resistance are continuously expressed over 31 days, 

indicating that lentiviral-delivered sequences are not silenced in PA-1 cells.  

Efficient CRISPR/Cas9 editing occurs 21 days post-transduction in PA-1 cells 

 To determine editing efficiency in PA-1 cells, we analyzed sgRNA representation at 

multiple timepoints post-transduction. Genomic DNA was collected and sgRNA 

sequences were PCR amplified for day 7, day 21, and day 31 timepoints post-

transduction. The first round of PCR uses primers that flank the sgRNA within 

lentiCRISPRv2. The second round of PCR adds Illumina barcodes that allows 

simultaneous multiplex sequencing. PCR products from each timepoint were sequenced 

using the Illumina MiSeq platform. We identified 45,599 unique sgRNAs at timepoint 

day 7, 49,017 unique sgRNAs at timepoint day 21, and 51,124 unique sgRNAs at 

timepoint day 31.  

 To determine dropout of sgRNAs, we compared sgRNA representation at each 

timepoint to the initial sgRNA representation within the lentiCRISPRv2 “A” vector pool. 

We used a pipeline called model-based analysis of genome-wide CRISPR/Cas9 

knockout (MAGeCK) (Li et al., 2014) to analyze sgRNA dropout and to identify depleted 

signaling pathways at each timepoint. We looked at several essential KEGG signaling 

pathways to determine dropout of essential genes (Figure 2.2 D). At timepoint day 7, we 

did not find significant (p<1X10-4) depletion of genes associated with the KEGG 

ribosome, proteasome, spliceosome, or RNA polymerase pathways. At timepoint day 

21, we found significant depletion of genes associated with the KEGG_RIBSOME 

(42/88), KEGG_PROTEASOME (17/46), KEGG_RNA_POLYMERASE (9/29), and 
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KEGG_SPLICESOME (44/127) pathways (Figure 2.2 D). Similarly, at day 31, we found 

significant depletion of genes associated with the KEGG_RIBSOME (38/88), 

KEGG_PROTEASOME (18/46), KEGG_RNA_POLYMERASE (10/29), and 

KEGG_SPLICESOME (54/127) pathways (Figure 2.2 D). These data demonstrate that 

21 days after lentiCRISPRv2 transduction, many genes within pathways critical for cell 

survival effectively contain null mutations.  

 To help identify true candidate genes, we implemented the GeCKO system using an 

alternative sgRNA library (Brunello). We reasoned that candidate genes identified using 

both GeCKOv2 and Brunello sgRNA libraries were more likely to be true candidate 

genes. We delivered the Brunello sgRNA library into PA-1 cells using the two-vector 

lentiviral system. First, we transduced lentiCas9-Blast into 8x106 PA-1 cells at a 

multiplicity of infection (MOI) of 0.35. Transduced cells were cultured in blasticidin-

supplemented media for 5 days. Subsequently, we transduced lentiGuide-Puro, 

containing the Brunello sgRNA library, into 7.6x107 blasticidin-resistant PA-1 cells at a 

multiplicity of infection (MOI) of 0.35. Our strategy ensured that each sgRNA had 

sufficient representation (~500x) in the transduced population of cells. Cells were 

cultured in puromycin-supplemented media for 21 days. Blasticidin/puromycin-resistant 

PA-1 cells were collected and cryo-frozen 21 days post-transduction for future analyses. 

We found significant depletion of genes associated with the KEGG_RIBSOME (28/88), 

KEGG_PROTEASOME (15/46), KEGG_RNA_POLYMERASE (14/29), and 

KEGG_SPLICESOME (47/127) pathways, suggesting efficient gene editing 21 days 

post-transduction (Figure 2.2 D).  
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L1-REPEL screen in PA-1 cells  

 To screen for factors necessary to initiate and/or maintain L1-REPEL in PA-1 cells, 

we performed the L1 retrotransposition assay in day 21 transduced cells containing 

either the GeCKOv2 (21G) or Brunello (21B) sgRNA libraries. Although both day-21 and 

day-31 cells exhibited efficient editing, using the earlier timepoint reduces the potential 

for off-target effects caused by prolonged sgRNA/Cas9 expression (Sanjana et al., 

2014; Shalem et al., 2014).  

 For GeCKOv2-based experiments, we combined 21G cells from both the “A” and “B” 

libraries. Approximately 8.4x106 d21-GeCKO cells were plated in 15 cm plates and 

subjected to the L1-neo retrotransposition assay (see methods). We performed two 

independent GeCKOv2-based screens: GeCKO screen 1; containing 10 biological 

replicates of cells transfected with pJM101/L1.3; and GeCKO screen 2; containing 7 

biological replicates of cells transfected with pJM101/L1.3. As a transfection control, one 

15 cm plate was transfected with pCDNA3, a vector that constitutively expresses a 

neomycin resistance expression cassette. As a negative control, we transfected an 

additional 15 cm plate with pJM105/L1.3, which contains an inactivating missense 

mutation in the ORF2p reverse transcriptase domain that abolishes L1 

retrotransposition in cis, to ensure the efficacy of G418 selection. Notably, if the 

knockout of a particular gene results in G418-resistance independent of L1-delivered 

reporter gene expression, we would expect to see G418-resistant foci formation in cells 

transfected with pJM105/L1.3.  

 For Brunello-based experiments, approximately 8x106 21B cells were plated and 

subjected to the L1-neo retrotransposition assay. The Brunello screen contained 5 
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biological replicates of cells transfected with pJM101/L1.3. To generate our control 

population for enrichment analysis, 5 additional 15 cm plates were transfected with 

pCDNA3, a vector that constitutively expresses a neomycin resistance expression 

cassette. To determine if lentiviral transduction alone influenced L1-REPEL, transduced 

PA-1 cells lacking a sgRNA library (lenti-Cas9-Blast only) were transfected with 

pJM101/L1.3 and subjected to the L1-neo retrotransposition assay in parallel. 

 Approximately 3 days post-transfection, 200 µg/ml G418 was added to PA-1 culture 

media to select for cells expressing the L1-delivered reporter gene. After 14 days in 

G418-media, all of the untransfected and pJM105/L1.3 transfected cells had died, 

indicating efficient G418 selection. By comparison, d21-GeCKO and d21-Brunello cells 

transfected with pJM101/L1.3 contained ~300-500 visible G418-resistant foci per 15 cm 

plate (Figure 2.3 A: top). These colonies represent possible L1-neo retrotransposition 

events that escaped L1-REPEL due to the knockout of a cellular gene. In contrast, 

transduced cells lacking sgRNAs that were transfected with pJM101/L1.3 presented ~40 

G418-resistant foci (Figure 2.3 A: bottom). These results indicate that there is a low 

level of background G418-resistant foci that apparently escape L1-REPEL independent 

of gene knockout. This level of background is expected given that previous experiments 

demonstrated that a low-level of PA-1 cells escape L1-REPEL in the L1-neo based 

(e.g., ~ 1-2 G418-resistant colonies per well of 6-well plate) and L1-GFP based  (~0.3% 

EGFP positive cells) cultured cell retrotransposition assays (Garcia-Perez et al., 2010).  

 For GeCKO screens 1 and 2, the resultant G418-resistant foci were pooled from 

each 15 cm plate, genomic DNA was prepared from the pooled foci, and sgRNAs were 

PCR amplified and sequenced as described above. Surprisingly, sequencing and 



 78 

analysis of sgRNA profiles revealed that each biological replicate contained ~3,000-

5,000 unique sgRNA sequences. Interestingly, the top ~500 sgRNAs represented the 

majority (~50-70%) of the total reads per replicate (discussed below). Thus, we suspect 

that sgRNAs within large visible colonies comprise the majority of our reads and that 

small colonies or even single cells contribute low sgRNA read counts.   

 For the Brunello screen, G418-resistant foci were pooled from each replicate and 

replated in 15 cm plates. Based on results from the GeCKO experiments, we reasoned 

that replating the G418-resistant foci would help reduce the background of sgRNAs that 

could be attributed to non-colony forming G418-resistant cells. Three days after 

replating, the resultant G418-resistant cells were collected, genomic DNA was prepared 

from the cells, and sgRNAs were PCR amplified and sequenced as described above. 

Sequencing and analysis of sgRNA profiles revealed that each biological replicate 

contained ~1,500 unique sgRNA sequences, with the top ~500 sgRNAs representing 

the vast majority (~95%) of total reads per replicate. Thus, replating G418-resistant cells 

likely reduced the number of small colonies or even single cells that were no longer 

growing, diminishing low read count sgRNAs.  

Identification of L1-REPEL candidate genes 

 To identify enriched genes within each L1-REPEL screen, we first employed model-

based analysis of genome-wide CRISPR/Cas9 knockout (MAGeCK) (Li et al., 2014). 

Briefly, sgRNA read counts were averaged across replicates (each 15cm plate 

subjected to the L1-neo retrotransposition assay) for each L1-REPEL screen. The 

average sgRNA read count for pJM101/L1.3 transfected replicates represented the 

“treatment” population (see Figure 2.2 B). For GeCKO screens 1 and 2, we tested the 
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average sgRNA read counts in the “treatment” population vs. the average sgRNA read 

counts in the unselected day 21 transduced “control” population. For the Brunello 

screen, we tested sgRNA read counts in the pJM101/L1.3 transfected “treatment” 

population vs. sgRNA read counts in pCDNA3 transfected “control” population. 

 MAGeCK ranks sgRNAs based on p-values calculated from a negative binomial 

distribution; a modified robust ranking aggregation (RRA) algorithm then is used to rank 

candidate genes (Li et al., 2014). We used MAGeCK to plot the distribution of gene 

RRA scores from the combined GeCKO screens (Figure 2.3 B). We then used 

MAGeCK to generate a ranked list of candidate genes for each L1-REPEL screen: 

GeCKO 1, GeCKO 2, and Brunello (Figure 2.3 C, top 10 genes). Based on the RRA 

distribution, we then searched for common genes that were ranked within the top 100 of 

GeCKO 1 and GeCKO 2. Neurofibromin 2 (NF2) and Exportin 7 (XPO7) were the only 

common candidate genes ranked within the top 100 of each GeCKO screen.  

 The MAGeCK algorithm is not optimized to analyze data from a selection-based 

screen with low numbers of sgRNAs. Thus, we implemented an alternative method to 

better distinguish true candidate genes from false negatives. Briefly, we reasoned that if 

the knockout of a gene reduced L1-REPEL, then the candidate gene sgRNA profile 

would contain: (1) individual sgRNAs in multiple biological replicates (Figure 2.3 D: gene 

B) and/or (2) biological replicates with multiple unique sgRNAs (Figure 2.3 D: gene B).  

 We applied a binary readout for each sgRNA (based on its presence or absence) 

that was independent of sgRNA read depth. To reduce background, we limited our 

analysis to the top ~500 sgRNAs identified within each pJM101/L1.3 transfected 

replicate; this cutoff value ~500 was chosen based on the number of visible G418-
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resistant colonies in the L1-REPEL screens (see above). Using these criteria, we 

identified 228 individual sgRNAs that were present in two or more biological replicates 

within GeCKO screen 1. The only gene with multiple sgRNAs was NF2: sgRNA NF2_19 

was present in 8/10 replicates and sgRNA NF2_60 was present in 6/10 replicates 

(Figure 2.3 E). In GeCKO screen 2, we identified 113 individual sgRNAs that were 

present in two or more biological replicates. The only genes with multiple sgRNAs were 

NF2 and XPO7 (Figure 2.3 E). NF2 was targeted by 4 sgRNAs: NF2_19 (7/7 biological 

replicates); NF2_60 (3/7 biological replicates); NF2_17 (2/7 biological replicates); and 

NF2_18 (2/7 biological replicates) (Figure 2.3 E). XPO7 was targeted by 3 sgRNAs: 

XPO7_06 (3/7 biological replicates); XPO7_07 (2/7 biological replicates); and XPO7_08 

(2/7 biological replicates) (Figure 2.3 E). Of the 59 sgRNAs identified within the Brunello 

screen, none targeted the same gene. Thus, this alternative method of analysis similarly 

identified NF2 and XPO7 as our top candidate genes.  

 Finally, using a less stringent but similar strategy, we next aimed to identify 

candidates that had at least two unique sgRNAs targeting a gene across all biological 

replicates. We identified a list of 400 genes in GeCKO screen 1,181 genes in GeCKO 

screen 2, and 251 genes in the Brunello screen. Only 14 genes were common between 

GeCKO screen 1 and GeCKO screen 2 (Figure 2.3 E). Of the 14 genes found in both 

GeCKO screens, only NF2 had multiple sgRNAs in the Brunello screen. Thus, like the 

previous analyses, these results clearly identify NF2 as our top candidate L1-REPEL 

factor.  
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Validation of L1-REPEL candidate genes 

 We next sought to perform proof-of-principle experiments to test whether the top 

candidate genes identified in our screens are necessary for L1-REPEL in PA-1 cells. 

Briefly, we used an orthogonal plasmid-based approach to knockout single candidate 

genes in a wild-type population of PA-1 cells and then performed L1 retrotransposition 

assays to test whether the sgRNA-mediated knockouts affect L1 REPEL (Figure 2.4 A).  

 We used the PX459 expression plasmid, which allows the cloning of individual 

candidate sgRNAs into a vector that expresses the Cas9 protein and a puromycin 

resistance selectable marker (Ran et al., 2013a; Ran et al., 2013b). We designed and 

subcloned sgRNA sequences into PX459 targeting our top three L1 REPEL genes as 

well as a cohort of six “hand-picked” candidate genes that we hypothesize may affect L1 

REPEL in PA-1 cells. These genes include: NF2, XPO7, TADA2B, ZC3H12B, EZH1, 

HES5, TRIM46, WBP5, and TRIM49C (Figure 2.4 B). Notably, the sgRNA sequence 

used in these experiments are identical to the recovered sgRNA sequences from the 

L1-REPEL GeCKO screens.  

Wild-type PA-1 cells were plated and subsequently transfected with the candidate 

knockout vectors. As a control, we also transfected an empty PX459 vector into PA-1 

cells in parallel experiments. Approximately 24 hours post-transfection, the cell growth 

media was supplemented with puromycin (2 µg/mL) to select for the PX459 derivative 

vectors. After 48 hours, when all of the untransfected cells had died, we replaced the 

puromycin-containing media with fresh PA-1 cell growth media. The resultant cells were 

passaged upon reaching high density. At 12 days post-transfection, the resultant 

population of PA-1 cells transfected with the relevant PX459 derivative vector was 
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subjected to the L1-neo assay (Figure 2.4). Herein we refer to this assay as the 

“population knockout assay.” As a negative control, we transfected cells with 

pJM105/L1.3, which contains an inactivating missense mutation in the ORF2p reverse 

transcriptase domain. When G418-selection was complete (after ~14 days in G418-

containing media), the resultant foci were fixed and stained for visualization (Figure 2.4 

C). G418-resistant foci were evident in wells transfected with candidate knockout 

vectors targeting NF2, XPO7, TADA2B and ZC3H12B (Figure 2.5 C), but were not 

observed in wild-type PA-1 cells or cells transfected with an empty PX459 vector. 

To further validate our top candidate gene, NF2, we repeated this assay using 

multiple sgRNAs (NF2_19 and NF2_60) (Figure 2.4 D). Importantly, cells transfected 

with pJM105/L1.3 did not yield G418 resistant foci, suggesting that NF2 knockout does 

not simply confer G418-resistance in PA-1 cells by activating a multi-drug resistant 

response or another mechanism (Figure 2.4 D). Together, these results suggest that 

“population knockout” of NF2, XPO7, TADA2B and ZC3H12B allows a subset of cells to 

escape L1-REPEL. Additional experiments to further characterize how NF2 affects L1 

REPEL are presented in Chapter 3. 

 In sum, we implemented a genome-wide CRISPR/Cas9 gene knockout screen in 

PA-1 human embryonic carcinoma cells to identify cellular factors mediating L1-REPEL. 

We identified NF2 and XPO7 as top candidate genes using multiple method analyses. 

Preliminary validation experiments in PA-1 cells suggest that CRISPR-Cas9-based 

knockout of NF2, XPO7, TADA2B and ZC3H12B may alleviate L1-REPEL. Together, 

our results suggest that a genome-wide CRISPR/Cas9 gene knockout system can 

identify putative factors that mediate L1-REPEL in PA-1 cells.  
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Discussion 

PA-1 cells exhibit L1-REPEL 

 Previous studies demonstrated that human L1s are expressed in PA-1 human 

embryonic carcinoma cells lines (Garcia-Perez et al., 2007b). However, despite the high 

levels of expression, engineered L1s are efficiently and stably silenced upon 

retrotransposition in hEC cells, thereby uncovering a mechanism that may restrict the 

expression of L1 retrotransposition events during early human development (Garcia-

Perez et al., 2010).  

 We verified previous reports that L1-delivered reporter genes are efficiently silenced 

in PA-1 cells by a process that we have termed L1-REPEL (Figure 2.1). We 

demonstrated that PA-1 cells efficiently silence three different L1-delivered reporter 

genes, including a previously untested blasticidin resistance gene (Figure 2.1 A). 

Notably, each of the reporter genes were efficiently expressed in somatic HeLa cells 

upon L1 retrotransposition, agreeing with previous reports that L1-REPEL is peculiar to 

hEC cells (Garcia-Perez et al., 2010).  

 We also replicated previously reported data and demonstrated that TSA treated pk5 

cells efficiently reactivated a silenced L1-GFP retrotransposition event (Figure 2.1 B) 

and that the subsequent removal of TSA resulted in re-establishment of L1-REPEL 

(Figure 2.1 C) (Garcia-Perez et al., 2010). These data are consistent with our working 

model that L1-REPEL is an epigenetic mechanism that leads to stable, and reversible, 

silencing of the L1-delivered EGFP reporter gene either during or immediately after 

TPRT-mediated integration into the genome of PA-1 cells.  Notably, the current L1-

REPEL model posits that the silencing of L1-delivered reporter genes involves both 
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initiation and maintenance steps to establish and maintain reporter gene silencing 

(Figure 2.1 D). 

A genome-wide CRISPR/Cas9 screen to identify L1-REPEL factors 

 To gain insight into the L1-REPEL mechanism, we sought to identify cellular factors 

that mediate L1-REPEL. We designed and implemented a forward genetic screen, 

utilizing a lentiviral-delivered CRISPR/Cas9-based system (GeCKO), to knockout genes 

on a genome-wide scale (Shalem et al., 2014). The GeCKO system relies on lentiviral-

delivered expression of Cas9, a single-guide RNA (sgRNA), and a puromycin selectable 

marker (Figure 2.2 A) (Sanjana et al., 2014; Shalem et al., 2014). The sgRNA-guided 

Cas9 nuclease then is targeted to genic coding regions, where it induces a double-

strand DNA break, which upon repair, can result in the generation of a loss-of-function 

allele(s). We then performed L1 retrotransposition assays, where puromycin-resistant 

PA-1 cells are transfected with an engineered human L1 vector and subjected to drug 

selection to identify cells that express the L1-delivered reporter gene (Figure 2.2 B). We 

hypothesized that knockout of genes involved in the initiation and/or maintenance of L1-

REPEL would result in L1-delivered reporter gene expression.  

The GeCKO system efficiently edits genes within 21 days 

 To implement the GeCKO system in PA-1 cells, we utilized two different sgRNA 

libraries, GeCKOv2 and Brunello, to target Cas9 to cellular genes. We demonstrated 

that the Cas9 protein is continuously expressed after implementing the GeCKO system 

(Figure 2.2 C). Thus, in agreement with previous reports, our results confirm that 

lentiviral-delivered sequences are not efficiently silenced in PA-1 cells (Garcia-Perez et 
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al., 2010), consistent with the model that L1 REPEL may recognize structural features 

generated during TPRT that are particular to non-LTR retrotransposition. 

 To determine the kinetics of gene knockout in PA-1 cells, we used MAGeCK (Li et 

al., 2014) to identify sgRNA within essential cellular pathways that were depleted in 

transduced PA-1 cells as a function of time. We demonstrated that sgRNAs targeting 

genes within the KEGG-ribosome, -proteasome, -spliceosome, and -RNA polymerase 

pathways were significantly depleted by 21 days post-transduction (Figure 2.2 D). 

Similar sgRNA depletion was observed 31 days post-transduction. These results 

demonstrate that efficient gene knockout occurs by day 21 post-transduction in PA-1 

cells; this data is consistent with previous reports that demonstrated GeCKOv2-

mediated drop out of “gold standard” essential genes by ~20 cell doublings (Hart et al., 

2014; Hart et al., 2015).  

L1-REPEL screen in PA-1 cells 

 We performed the L1 retrotransposition assay in day-21 transduced PA-1 cells to 

identify genes involved in either the initiation and/or maintenance of L1-REPEL. We 

performed three independent L1-REPEL screens: GeCKO screens 1 and 2 utilized the 

GeCKOv2 sgRNA library delivered by lentiCRISPRv2: GeCKO screen 1 consisted of 10 

biological replicates, whereas GeCKO screen 2 consisted of 7 biological replicates. A 

third L1-REPEL screen, using the Brunello sgRNA library, delivered by a two-vector 

system (lentiCas9-Blast and lentiGuide-Puro), consisted of 5 biological replicates.  

 Genome-scale CRISPR/Cas9 gene knockout resulted in a ~10-fold increase in 

G418-resistant colonies per 15 cm plate transfected with pJM101/L1.3 when compared 

to wild-type PA-1 cells or Cas9-transduced PA-1 cells lacking the sgRNA library (Figure 
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2.3A). This increase in G418-resistant cells, presumably due to gene knockout, then 

allowed an unbiased way to identify sgRNAs and, in turn, genes that may be necessary 

for L1 REPEL.  

 We used various strategies to identify candidate sgRNAs that knockout genes 

required for L1 REPEL. First, we used MAGeCK to plot the distribution of candidate 

gene RRA scores for the GeCKO screens (Figure 2.3 B) and to generate ranked lists of 

candidate genes based on sgRNA enrichment within each L1-REPEL screen (Figure 

2.3 C: top 10 genes shown). We identified two genes, NF2 and XPO7, that were ranked 

in the top 100 of GeCKO screen 1 and GeCKO screen 2. Although MAGeCK calculates 

p-values and false discovery rates (FDR) for each gene, it was difficult to set a threshold 

for significance. For example, 232 genes within GeCKO screen 1 had a p-value <0.01; 

however, only 4 genes had an FDR <30%, and 0 genes had an FDR <10%. It is 

noteworthy that MAGeCK was not optimized to analyze data from a selection-based 

screen with low numbers of sgRNAs.  

 The analysis of sgRNA profiles revealed that each biological replicate contained an 

unexpectedly high number (~3,000-5,000) of unique sgRNA sequences when 

considering the ~300-500 G418-resistant colonies we obtained per biological replicate. 

Clearly, there are more sgRNAs in our population than visible colonies, but what could 

account for such a result? Intriguingly, in our initial screens, we consistently observed 

several small colonies (<10 cells) and many single cells throughout the plates upon 

microscopic analysis. Thus, we posit these cells likely contributed to the high number of 

unique sgRNAs per biological replicate.  
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 To further prioritize our list of candidate genes, we implemented an alternative 

strategy to identify L1-REPEL candidate genes that utilized the power of biological 

replicates. We reasoned that the knockout of a gene involved in L1 REPEL should 

consistently be present in more than one biological replicate with perhaps a greater 

representation of different sgRNAs targeting that gene (Figure 2.3 D, see gene B). To 

further increase stringency, we limited our analysis to the top ~500 sgRNAs within each 

GeCKO biological replicate. A cutoff of ~500 was chosen based on the maximum 

number of visible G418-resistant colonies, reasoning that sgRNAs derived from G418-

resistant foci would comprise the majority of total sgRNA reads, as opposed to 

microscopic foci and single cells, where sgRNAs would be predicted to have low read 

counts. Indeed, the top ~500 sgRNAs represented the majority (~50-70%) of the total 

reads per replicate.  

 We next conducted a Brunello screen based on what we learned from the GeCKO 

screens. We hypothesized that some single G418-resistant cells arising in the GeCKO 

screens might be post-mitotic. Thus, after the completion of G418 selection, we 

trypsinized and replated cells in the presence of G418. The top 500 sgRNAs within the 

Brunello screen represented >95% of the total reads, suggesting that replating G418-

resistant cells may help reduce background of low read count sgRNAs.  

 We consistently identified NF2 and XPO7 as the only genes with two or more 

sgRNAs in multiple biological replicates. We also identified genes that had at least two 

different sgRNAs targeting a gene across all biological replicates. Only 14 genes were 

found in both GeCKO screen 1 and GeCKO screen 2 (Figure 2.3 E). Of the 14 genes, 
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only NF2 had multiple sgRNAs identified within the Brunello screen (Figure 2.3 E). 

These results clearly identified NF2 and XPO7 as our top candidate L1-REPEL factors.  

Validation of L1-REPEL candidate genes 

 To establish a candidate gene list, we started with the top 50 genes ranked by 

MAGeCK in each L1-REPEL screen, then looked for common genes with sgRNA 

profiles exhibiting either: (1) 2 or more sgRNAs within 2 or more screens or (2) a single 

sgRNA within 3 or more biological replicates within a single screen. These analyses 

resulted in a list of 20 highly enriched candidate genes.  

 To identify additional genes with moderate enrichment, we started with the top 100 

genes ranked by MAGeCK in each L1-REPEL screen, then looked for common genes 

with sgRNA profiles exhibiting either: (1) 2 or more sgRNAs in a single screen or (2) a 

single sgRNA within 3 or more biological replicates across all L1-REPEL screens. 

These analyses resulted in the addition of 384 moderately enriched genes to our 

candidate gene list.  

 Finally, we then screened for candidate genes targeted by 2 or more sgRNAs with 

annotated functions that may be relevant for the epigenetic regulation or other cellular 

processes related to TPRT and L1 biology. An additional 85 enriched candidate genes 

were added to our final candidate gene list based on biological relevance. Together, our 

final candidate gene list includes 489 genes: 20 are highly enriched, 384 are moderately 

enriched, and 85 “hand-picked” genes (Table 2.1).  

 To attempt to validate a subset of our top candidate genes, we employed a transient 

“population knockout assay” using the PX459 vector in conjunction with the L1 

retrotransposition assay (Figure 2.4 A) (Ran et al., 2013a; Ran et al., 2013b). Cas9 
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nuclease specificity is determined by the 20-nucleotide guide sequence within the 

sgRNA. For S. pyogenes Cas9, the target sequence must precede a 5′-NGG PAM 

sequence. We used CRISPick software (https://portals.broadinstitute.org/gppx/crispick/public) to 

identify sgRNAs targeted to our candidate genes and then designed oligonucleotides 

containing the sgRNA sequence flanked by BbsI restriction sites (Figure 2.4 B) targeting 

the following genes: NF2, XPO7, TADA2B, HES5, TRIM46, TRIM49C, ZC3H12B, 

EZH1, and WBP5.  

 The resultant PX459-based knockout vectors then were transfected into PA-1 cells 

to generate “population knockout” cells that were subjected to the L1 retrotransposition 

assay. We observed G418-resistant foci in wells transfected with knockout vectors 

targeting NF2, XPO7, TADA2B and ZC3H12B (Figure 2.4 C). To further validate our top 

candidate gene, NF2, we replicated this experiment using two NF2-targeting sgRNAs 

(NF2_19 and NF2_60) (Figure 2.4 D). Importantly, cells transfected with the 

retrotransposition-defective pJM105/L1.3 mutant L1 expression construct were 

susceptible to G418 selection, suggesting that knockout of NF2 does not simply confer 

G418-resistance in PA-1 cells (Figure 2.4 C). These data suggest that “population 

knockout” of NF2, XPO7, TADA2B and ZC3H12B allows a subset of cells to escape L1-

REPEL. A brief description of the documented functions of each of the genes/proteins is 

provided below:  

Neurofibromin 2 (NF2): is a tumor suppressor gene that encodes the membrane-

cytoskeletal scaffold protein NF2/merlin (moesin-ezrin-radixin-like protein). Loss 

of function mutations in human NF2 cause neurofibromatosis type 2 (NF2) 

(Cooper and Giancotti, 2014; Rouleau et al., 1993; Trofatter et al., 1993). 

NF2/merlin is an upstream regulator of the Hippo signaling pathway and has 

been implicated in a variety of cellular processes, including embryonic 
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development and the cellular stress response (Laulajainen et al., 2008; Perrimon 

et al., 2012; Stamenkovic and Yu, 2010). Furthermore, NF2/merlin can localize to 

the nucleus where it binds DCAF1 (VPRBP) and modulates CRL4DCAF1 E3 

ubiquitin ligase activity (Li et al., 2010). Possible roles for NF2/merlin in L1-

REPEL are further discussed below. 

Exportin 7 (XPO7): encodes a protein that mediates the bidirectional nuclear 

transport of cargo molecules in a Ran GTP-dependent manner (Aksu et al., 

2018). XPO7 is thought to export histones H2A, H3, and H4 and is necessary for 

nuclear condensation during erythroid differentiation (Cantu et al., 2019; 

Hattangadi et al., 2014). Thus, XPO7 may facilitate import of histone variants 

associated with transcriptional repression. Intriguingly, one of our highly enriched 

candidate genes was H2AFY, a H2A variant associated with transcriptional 

repression and heterochromatin formation (Costanzi and Pehrson, 1998; Douet 

et al., 2017). Moreover, H2AFY was identified as an L1 ORF2p-interacting 

protein by IP-coupled mass spectrometry (Miyoshi et al., 2019). Thus, loss of 

XPO7 may prevent H2AFY from entering the nucleus, preventing 

heterochromatin formation at the site of L1 integration. Recently, XPO7 was 

classified as a tumor suppressor protein that regulates cellular senescence 

(Innes et al., 2021). Senescence is a type of cellular stress response that alters 

transcription, metabolism, and chromatin organization, ultimately causing cell 

cycle arrest (Gorgoulis et al., 2019). Activation of the DNA damage response and 

the production of reactive oxygen species also can induce cellular senescence 

(Correia-Melo et al., 2016; Takahashi et al., 2006; Victorelli and Passos, 2017). 

Thus, the loss of XPO7 may hinder the DNA damage response during target-

primed reverse transcription (TPRT), preventing DDR-mediated cellular 

senescence. 

Transcriptional adapter 2B (TADA2B): encodes a protein that is part of the 

chromatin-modifying SAGA (Spt-Ada-Gcn5 acetyltransferase) complex. Recent 

work suggests that TADA2B and the SAGA complex regulate pluripotency, 

growth, and differentiation (Naxerova et al., 2021). Interestingly, the SAGA 
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complex contains both histone acetyltransferase (HAT) and histone 

deubiquitinase (DUB) activities. Histone ubiquitination plays critical roles in 

transcription, DNA replication, and DNA repair (Cheon et al., 2020; Fleming et 

al., 2008; Shilatifard, 2006). Thus, the loss of TADA2B may attenuate L1-REPEL 

by disrupting SAGA complex activity.  

Zinc Finger CCCH-Type Containing 12B (ZC3H12B): encodes a cytoplasmic 

RNA-binding protein. ZC3H12B binds motifs similar to the splice donor 

sequence, suggesting it may function in the recognition and degradation of 

unspliced cytoplasmic cellular or viral RNAs (Jolma et al., 2020). Intriguingly, the 

ZC3H12 family of proteins have been linked to viral immunity (Fu and 

Blackshear, 2017). Furthermore, the ZC3H protein ZAP has been implicated in 

restricting L1 retrotransposition (Goodier et al., 2015; Moldovan and Moran, 

2015). Thus, ZC3H12B may influence post-transcriptional regulation of L1 RNA 

in the cytoplasm.  

Additional experiments are required to determine CRISPR-Cas9 editing efficiency in 

“population knockout” cells. It also will be important to confirm whether genomic edits for 

each candidate gene generate loss-of-function alleles and affect protein expression 

and/or establish “clonal” knockout cell lines to rigorously evaluate each candidate gene 

in L1-REPEL. We further assess the role of our top candidate gene, NF2, in Chapter 3.  

Interestingly, both NF2 and TADA2B were top hits within the original published 

GeCKO screen (Shalem et al., 2014). Here, the authors sought to identify genes whose 

loss resulted in resistance to Vemurafenib (PLX). PLX is a BRAF inhibitor used to treat 

melanoma (Bollag et al., 2010). Notably, NRAS activation confers resistance to PLX 

(Nazarian et al., 2010; Romano et al., 2013) and PA-1 cells typically contain activated 

NRAS (Tainsky et al., 1984), providing a possible link as to why we also identified NF2 

in our screen.  
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TADA2B is a chromatin-modifying protein involved in transcription and is a member 

of the STAGA (SPT3-TAF9-GCN5-acetylase) complex (Barlev et al., 2003), which 

recruits Mediator complex proteins to the c-MYC oncogene to activate proliferation (Liu 

et al., 2008). An increase in cell proliferation could explain why NF2 and TADA2B were 

found in the PLX screen. However, in our L1-REPEL screen, if knockout of a particular 

gene results in G418-resistance independent of L1-delivered reporter gene expression, 

we would predict to see G418-resistant foci formation in plates transfected with the 

retrotransposition-defective pJM105/L1.3 mutant L1 expression construct. Because we 

only see G418-resistant foci in plates transfected with the WT pJM101/L1.3 L1 

expression construct, it is unlikely that knockouts of NF2 or TADA2B confer a 

proliferative advantage that allows cells to survive G418 selection. 

Conclusion 

 In sum, we designed and executed a genome-wide CRISPR/Cas9 gene knockout 

screen in PA-1 human embryonic carcinoma cells to identify putative cellular factors 

mediating L1-REPEL. We identified 489 candidate genes for further investigation, which 

includes our top candidate genes NF2 and XPO7. Preliminary validation experiments in 

PA-1 cells suggest that CRIPR-Cas9-based knockout of NF2, XPO7, TADA2B and 

ZC3H12B may allow a subset of cells to escape L1-REPEL. Together, our results 

suggest that a genome-wide CRISPR/Cas9 gene knockout system can identify putative 

factors necessary for efficient L1-REPEL in PA-1 cells. Future studies are required to 

assess the role of the identified candidate genes in L1-REPEL.   
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Materials and Methods 

Cell lines and cell culture conditions 

PA-1 cells were purchased from American Type Culture Collection and cultured as 

previously described (Garcia-Perez et al., 2010). Briefly, cells were cultured in Minimum 

Essential Media (MEM) supplemented with 10% heat-inactivated fetal bovine serum, 2 

mM Glutamax, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.1 mM non-essential 

amino acids. We found that heat inactivating the fetal bovine serum was critical for 

conducting assays in PA-1 cells. HeLa-JVM cells (Moran et al., 1996) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) high glucose supplemented with 10% fetal 

bovine serum (FBS), 2 mM Glutamax, 100 U/ml penicillin and 0.1mg/ml streptomycin. 

All cell lines were grown at 37ºC in a humidified 7% CO2 incubator. 

Expression vectors 

All vectors were propagated in Escherichia coli strain DH5a (F-f80lacZDM15D[lacZYA-

argF] U169 recA1 endA1 hsdR17 [rk-, mk+] phoA supE44 l- thi-1 gyrA96 relA1) 

(Invitrogen). Competent E. coli were prepared and transformed using previously 

described methods (Inoue et al., 1990; Moran et al., 1996). Plasmids were prepared 

using the Qiagen Plasmid Midi Kit according to the manufacturer’s instructions. 

pJM101/L1.3: contains a full-length L1 (L1.3, GenBank: L19088) that includes the 

neomycin retrotransposition indicator cassette within its 3’UTR (Sassaman et al., 1997; 

Wei et al., 2001). A CMV promoter and SV40 polyadenylation signal in the pCEP4 

plasmid backbone facilitate L1.3 expression. This vector was used in our L1 neo-based 

retrotransposition assays. 
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pJM105/L1.3: is identical to pJM101/L1.3 except for the presence of a missense 

mutation (D702A) in the L1.3 ORF2p reverse transcriptase (RT) domain, which renders 

L1.3 retrotransposition-defective (Wei et al., 2001). This vector was used as a negative 

control in L1 neo-based retrotransposition assays. 

pCDNA3: expresses a neomycin resistance gene from the vector backbone (Invitrogen). 

This vector was used as a positive control for transfection and G418 drug selection in 

the L1 neo-based retrotransposition assays. 

pJJ101/L1.3: is similar to pJM101/L1.3, but contains an mblastI retrotransposition 

indicator cassette within its 3’UTR (Goodier et al., 2007; Kopera et al., 2011; Morrish et 

al., 2002). A CMV promoter and SV40 polyadenylation signal in the pCEP4 plasmid 

backbone facilitate L1.3 expression. This vector was used in our L1-blast 

retrotransposition assays. 

pJJ105/L1.3: is identical to pJJ101/L1.3 except for the presence of a missense mutation 

(D702A) in the L1.3 ORF2p reverse transcriptase (RT) domain, which renders L1.3 

retrotransposition-defective (Goodier et al., 2007; Kopera et al., 2011; Morrish et al., 

2002). This vector was used as a negative control in our L1-blast retrotransposition 

assays. 

pCDNA6: expresses a blasticidin resistance gene from the vector backbone 

(Invitrogen). This vector was used as a positive control for transfection and blasticidin 

drug selection in the L1-blast retrotransposition assays. 

p99EGFP/LRE3: contains a full-length RC-L1 (LRE3) with an mEGFPI 

retrotransposition indicator cassette within its 3’UTR. LRE3 expression is driven from its 



 95 

native 5’UTR (Ostertag et al., 2000). The LRE3 expression construct was cloned into a 

version of pCEP4 that lacks the CMV promoter. A puromycin-resistance selectable 

marker replaced the hygromycin-resistance selectable marker in pCEP4 (Garcia-Perez 

et al., 2010). This vector was used in our L1-GFP retrotransposition assays. 

p99EGFP/LRE3-111: is identical to p99EGFP/LRE3 except that it contains two 

missense mutations in LRE3 ORF1p (RR261-262AA), which renders LRE3 

retrotransposition-defective (Zhang et al., 2014). This vector was used as a negative 

control in our L1-GFP retrotransposition assays. 

pCEP4/GFP: contains the coding sequence of the humanized Renilla reniformis green 

fluorescent protein (hrGFP) from phrGFP-C (Stratagene). GFP expression is driven by a 

cytomegalovirus (CMV) immediate early promoter and terminated at a simian virus 40 

(SV40) late polyadenylation signal present in the pCEP4 plasmid backbone (Alisch et 

al., 2006). This vector was used to calculate transfection efficiencies. 

sgRNA libraries and lentiviral vectors 

GeCKOv2 library: The human GeCKOv2 sgRNA library has been previously described 

(Sanjana et al., 2014). Briefly, the GeCKOv2 library contains 123,411 single-guide 

sequences (sgRNAs) divided equally between two libraries (A and B). The GeCKOv2 

library targets 19,050 genes (six sgRNAs per gene), 1,864 miRNAs (four sgRNAs per 

miRNA), and has 1000 control non-targeting sgRNAs. The GeCKOv2 library was 

purchased from Addgene.  

Brunello library: The human Brunello sgRNA library has been previously described 

(Doench et al., 2016). Briefly, the improved Brunello library contains 76,441 single-guide 
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sequences (sgRNAs). The Brunello library targets 19,114 genes (four sgRNAs per 

gene) and has 1000 non-targeting control sgRNAs.  

LentiCRISPRv2: LentiCRISPRv2 is a single vector lentiviral system containing both 

Cas9 and candidate sgRNA (Sanjana et al., 2014; Shalem et al., 2014). The plasmid 

contains a psi+ packaging signal, a rev response element (RRE), central polypurine 

tract (cPPT), which are necessary for packaging RNA into lentiviral virus-like particles, 

and a human U6 snRNA promoter driving expression of the sgRNA sequence. The 

elongation factor 1α (EFS) short promoter drives expression of Streptococcus pyogenes 

Cas9-FLAG as well as a puromycin resistance marker. A P2A self-cleaving peptide 

separates Cas9-FLAG from the puromycin resistance selectable marker. A woodchuck 

hepatitis virus posttranscriptional regulatory element (WPRE) is present at the 3’ end of 

the EFS transcriptional unit to enhance expression.  

LentiCas9-Blast: LentiCas9-Blast is part of a two-vector lentiviral system. LentiCas9-

Blast delivers the Cas9 coding sequence (Sanjana et al., 2014; Shalem et al., 2014). 

The plasmid contains a psi+ packaging signal, a rev response element (RRE), central 

polypurine tract (cPPT), which are necessary for packaging RNA into lentiviral virus-like 

particles. The elongation factor 1α (EFS) short promoter drives expression of 

Streptococcus pyogenes Cas9-FLAG as well as a blasticidin resistance marker. A P2A 

self-cleaving peptide separates Cas9-FLAG from the blasticidin resistance selectable 

marker. A woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) is 

at the 3’ end of the EFS transcriptional unit to enhance expression.  

LentiGuide-Puro: LentiGuide-Puro is part of a two-vector lentiviral system. LentiGuide-

Puro delivers the sgRNA (Sanjana et al., 2014; Shalem et al., 2014). The plasmid 
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contains a psi+ packaging signal, a rev response element (RRE), a central polypurine 

tract (cPPT), which are necessary for packaging RNA into lentiviral virus-like particles, 

and a human U6 snRNA promoter driving expression of the sgRNA. The elongation 

factor 1α promoter drives expression of a puromycin resistance marker. A woodchuck 

hepatitis virus posttranscriptional regulatory element (WPRE) is at the 3’ end of the 

transcript to enhance expression. 

Cloning of sgRNA libraries into lentiviral vectors: the plasmid libraries (GeCKOv2 and 

Brunello) were digested with BsmBI to excise the sgRNA sequences. The sgRNA 

sequences were PCR amplified, digested with BsmBI, and ligated into BsmBI digested 

lentiviral vectors (lentiCRISPRv2 and lentiGuide-Puro) (Doench et al., 2016; Sanjana et 

al., 2014; Shalem et al., 2014).  

Lentiviral production and packaging 

Lentivirus packaging was performed at the University of Michigan Vector Core, which is 

directed by Dr. Thomas Lannigan. For each preparation, 650 μg of the purified proviral 

vector was packaged into lentiviral particles using the psPAX2 vector. Human 

embryonic kidney A293T cells were used for lentiviral production. Supernatants 

containing mature viral particles were collected and frozen at -80ºC.  

GeCKOv2 lentiviral infection of PA-1 and pk5 cells 

A single viral vector (lentiCRISPRv2) delivered Cas9 and the GeCKOv2 sgRNA library. 

Wild-type PA-1 or pk5 cells were plated in 15 cm dishes (BD Biosciences) at a density 

of 6X106 cells/plate. Twenty-four hours post-plating 15 cm dishes were transduced with 

GeCKOv2-lentiCRISPRv2 viral supernatant at a multiplicity of infection (MOI) of 0.3 with 
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8 μg/ml Polybrene (Sigma). Transduced cells from each sub-library, A and B, were 

maintained separately. Twenty-four hours post-transduction, the media was replaced 

with fresh PA-1 media. Forty-eight hours post-transduction, puromycin (2 ug/ml) was 

added to the media. Transduced PA-1 cells were collected and reseeded 7-, 14-, 21-, 

24-, 28-, and 31-days post-transduction. Transduced pk5 cells were collected and 

reseeded 7-,14- and 21-days post-transduction. At each time point we collected ~1X109 

cells; 1X108 cells from each sub-library were reseeded into 15 cm dishes, 1X108 cells 

were cryopreserved as cell stocks and 1X108 cells were frozen at -30ºC for gDNA 

collection. 

Brunello lentiviral infection of PA-1 cells 

Separate viral vectors delivered Cas9 (lentiCas9-Blast) and the Brunello sgRNA library 

(lentiGuide-Puro). Wild-type PA-1 cells were plated in 15 cm dishes (BD Biosciences) at 

a density of 6X106 cells/plate. Twenty-four hours after plating, 15 cm dishes were 

transduced with media containing lentiCas9-Blast viral supernatant at an MOI of 0.3 

with 8 μg/ml Polybrene (Sigma). Twenty-four hours post-transduction, media was 

replaced with fresh PA-1 media. Forty-eight hours post transduction, blasticidin (10 

µg/ml) was supplemented to the media. 5 days post-transduction blast-media was 

replaced with fresh PA-1 media. 7 days post-transduction, cells were collected and re-

plated in 15 cm dishes (BD Biosciences) at a density of 6X106 cells/plate. Twenty-four 

hours later, 15 cm dishes were transduced with viral supernatant containing lentiGuide-

Puro with the Brunello sgRNA library. Cells were transduced at an MOI of 0.3 with 8 

μg/ml Polybrene (Sigma). Twenty-four hours post-transduction, media was replaced 

with fresh PA-1 media. Forty-eight hours post-transduction, puromycin (2 µg/ml) was 
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added to the media. Cells were collected 7- and 14-days after lentiGuide-Puro 

transduction. At each time point we collected ~1X109 cells; 1X108 cells were reseeded 

into 15 cm dishes and 1X108 cells were cryopreserved as cell stocks.  

Genomic DNA collection 

For drug selection-based experiments, genomic DNA was extracted using the QIAGEN 

DNeasy Blood and Tissue Kit (QIAGEN, 12145) per the manufacturer 

recommendations. For the pk5 L1-REPEL maintenance screen, genomic DNA was 

extracted using the Wizard Genomic DNA Purification Kit (Promega, A1120).  

PCR amplification of genomic sgRNA sequences 

Genomic DNA was subjected to two rounds of PCR amplification as previously 

described (Sanjana et al., 2014; Shalem et al., 2014) using the KAPA HiFi PCR kit 

(KapaBiosystems). To ensure complete coverage of sgRNA sequences, we performed 

eight PCR reactions using 2.5 µg gDNA per timepoint (7-, 21- and 31-days). A single 

PCR reaction using 0.5 µg gDNA was performed for each L1-neo biological replicate. 

An initial denaturation time of 5 minutes at 95 °C was followed by 27 cycles of 

amplification (20 second annealing at 60°C, 30 second elongation at 72°C). PCR_1 

added sequences necessary for the MiSEQ platform (primers available upon request). 

For PCR_ 2, we used 5 ul of PCR_1 product, an initial denaturation of 2 minutes, and 

only 7 amplification cycles. P5 and P7 adapters (Illumina) were used to add 8 bp 

barcodes onto the PCR_1 product allowing multiplexing and sequencing of numerous 

samples on a single MiSEQ run. PCR products were size selected for products greater 

than 300 bp using the SPRI-cleanup (Beckman Coulter Agencourt AMPure XP 

purification system) following the manufacturers recommendations. 
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MiSEQ sequencing 

Sequencing of sgRNA sequences was performed on the MiSEQ (Illumina) platform 

using MiSEQ Reagent Kits V3 with a 2 X 75 output, following the manufacturers 

recommendations. The final concentration of the multiplexed PCR products was 12 

pmol per MiSeq run.  

MAGeCK data analysis 

Raw FASTQ files were sorted, trimmed, and mapped to an indexed reference of all 

sgRNA sequences. The MAGeCK -count command was used to generate normalized 

sgRNA read counts from FASTQ files. The MAGeCK -test command was used to rank 

sgRNAs and genes from read count tables. The MAGeCK -plot command was used to 

generate RRA score distribution graphs. MAGeCK version 0.5.8 was downloaded from 

(https://sourceforge.net/p/mageck/wiki/Home/). Analysis was performed as previously 

described (Li et al., 2014).  

Western blotting 

The following protocol contains minor changes from the original protocol developed by 

Dr. John Moldovan and Dr. Peter Larson (Moldovan and Moran, 2015). Cells were 

washed with PBS, trypsinized (0.25% Trypsin-EDTA) and pelleted at 500×g for 2 

minutes. Whole cell lysates were prepared by incubating cell pellets in ~500 µL (1 mL 

lysis buffer per 100 mg of cell pellet) of lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 10% glycerol, 1 mM EDTA, 0.1% NP-40 (Sigma), 1X complete EDTA-free 

protease inhibitor cocktail (Roche) on ice for 30 minutes. Lysates were cleared at 

15,000×g for 10 minutes at 4°C and supernatants were transferred to a clean tube. 
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Protein concentration was determined using the Bradford reagent assay (BioRad). For 

SDS-PAGE, samples were diluted in 4x Laemmli buffer (BioRad) containing 10% BME 

and incubated at 95°C for 5 minutes. 30µg of protein was loaded per well of a 4–15% 

precast mini-PROTEAN TGX gel (BioRad) run at 200V for 35 minutes in 1X 

Tris/Glycine/SDS (25 mM Tris-HCL, 192 mM glycine, 0.1% SDS, pH 8.3) buffer (Bio-

Rad Laboratories). Protein was transferred using the Trans-Blot Turbo Mini PVDF 

Transfer Packs (BioRad) with the Trans-Blot Turbo Transfer System (BioRad 

Laboratories) at 2.5A and 25V for 3 minutes. The membranes then were incubated at 

room temperature in Intercept blocking buffer (LI-COR) for 1 hour. Following blocking, 

fresh blocking buffer containing 0.1% Tween 20 (Sigma) was added with the following 

primary antibodies: FLAGM2 (Agilent, 200472) at 1:2000; b-actin (ThermoFisher, MA1-

744) at 1:2000. The membrane was incubated overnight at 4°C in a sealed container. 

The next day, the membrane was washed 5X with 1X PBS and fresh blocking solution 

containing 0.1% Tween 20 (Sigma) and 0.02% SDS was added with the following 

secondary antibodies: Anti-Mouse IRDye 680LT (LICOR, 925-68022) at 1:15,000, and 

anti-Rabbit IRDye 800CW (LI-COR, 925-32213) at 1:15,000. The membrane was 

incubated for 1 hour at room temperature. Then the membrane was washed 5X with 1X 

PBS and scanned using the Odyssey CLx scanner (LI-COR). 

PA-1 GeCKOv2 L1-REPEL screen 

Day 21 lentiCRISPRv2-GeCKOv2 transduced PA-1 cells (21G) were thawed and 

cultured in 15 cm dishes (BD Biosciences). When cells reached 90% confluency, cells 

were collected and re-plated in 15 cm dishes at 8x106 cells/dish in 25 mL of PA-1 

media. Eighteen hours later, each 15 cm dish was transfected with a FuGENE 6 mix 
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containing 16.8 µg JM101/L1.3 plasmid DNA and 50.4 µl FuGENE 6 (Promega, E2692) 

up to a final volume of 1.68 mL Opti-MEM (Life Technologies). Twenty-four hours post-

transfection, the media was replaced with fresh PA-1 media. Three days post-

transfection, media was supplemented with 200 μg/mL of geneticin (G418) (Gibco, 

10131-035) to select for L1 retrotransposition events expressing the L1-delivered 

reporter gene. After 14 days of drug selection, G418-resistant foci were washed with ice 

cold 1X Phosphate-Buffered Saline (PBS), trypsinized (0.25% Trypsin-EDTA, Gibco, 

25200-056) and pelleted at 500×g for gDNA extraction. Each plate was collected 

independently as a biological replicate. 

PA-1 Brunello L1-REPEL screen 

Day 21 lentiGuide-Brunello transduced PA-1 cells (21B) were thawed and cultured in 15 

cm dishes (BD Biosciences). When cells reached 90% confluency, cells were collected 

and re-plated in 15 cm dishes at 8x106 cells/dish in 25 mL of PA-1 media. Eighteen 

hours later, each 15 cm dish was transfected with a FuGENE HD mix containing 20 µg 

JM101/L1.3 or pCDNA3 plasmid DNA and 50 µl FuGENE HD (Promega, E2312) up to a 

final volume of 1.68 mL Opti-MEM (Life Technologies). Twenty-four hours post-

transfection, the media was replaced with fresh PA-1 media. Three days post-

transfection, media was supplemented with 200 μg/mL of geneticin (G418) (Gibco, 

10131-035) to select for L1 retrotransposition events expressing the reporter gene. After 

14 days of drug selection, G418-resistant cells were collected and re-plated in 25 mL 

G418-supplemented PA-1 media. After 18 days of drug selection, G418-resistant cells 

were washed with ice cold 1X Phosphate-Buffered Saline (PBS), trypsinized (0.25% 
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Trypsin-EDTA, Gibco, 25200-056) and pelleted at 500×g for gDNA extraction. Each 

plate was collected independently as a biological replicate.  

Candidate gene sgRNA oligonucleotides 

sgRNAs were identified using CRISPick software (Broad Institute) with the following 

parameters: Human GRCh38 reference genome, CRISPRko mechanism, SpyoCas9 

enzyme. (https://portals.broadinstitute.org/gppx/crispick/public). sgRNA-containing 

oligonucleotides were designed so they could be easily cloned into BbsI-digested 

PX459 plasmid (Ran et al., 2013a; Ran et al., 2013b). Sense (forward) and antisense 

(reverse) oligos were ordered from Integrated DNA Technologies (IDT) (Figure 2.5 B).  

Cloning of candidate gene sgRNA vectors 

Candidate gene sgRNAs were cloned into the PX459 vector for plasmid-based 

expression of Cas9 and the sgRNA. Cloning of oligos into the PX459 vector was 

performed as previously described (Ran et al., 2013a; Ran et al., 2013b). Sense and 

antisense oligos were phosphorylated using T4 PNK (NEB) and annealed. PX459 was 

digested by BbsI (NEB), then the phosphorylated-and-annealed oligos were ligated into 

the BbsI-digested PX459 vector. Digestion-ligation reactions were treated with 

PlasmidSafe exonuclease (Lucigen) and transformed into competent bacteria. Bacterial 

transformations were plated on LB-ampicillin plates and individual clones were picked 

and cultured overnight in LB-ampicillin broth at 37°C. Plasmid DNA was extracted, and 

sanger sequenced to confirm the sgRNA insert.  
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Candidate gene “population knockout” in PA-1 cells  

PA-1 cells were plated at 3x105 cells/well of a six-well dish. Twenty-four hours later, 

each well was transfected with a FuGENE 6 mix containing 1 µg candidate knockout 

vector DNA and 3 µl FuGENE 6 (Promega, E2692) up to a final volume of 105 µL Opti-

MEM (Life Technologies). One day later, the transfection-media was replaced with PA-1 

media containing 2 µg/mL puromycin to select for vector expression. Three days post-

selection, puro-media was replaced with fresh PA-1 media. Once cells reached 90% 

confluency, ~6 days post-transfection, cells were passaged until reaching day 12 post-

transfection. “Population knockout” cells were collected for cryopreservation and re-

plated for the L1 retrotransposition assay. 

L1 retrotransposition assay in “population” knockout PA-1 cells  

The L1 retrotransposition assay was conducted as previously described (Garcia-Perez 

et al., 2010). Briefly, “population knockout” cells, were plated at 3x105 cells/well of a six-

well dish. Eighteen hours after plating, each well was transfected with a FuGENE 6 mix 

containing 1 µg pJM101/L1.3 or pJM105/L1.3 plasmid DNA and 3 µl FuGENE 6 

(Promega, E2692) up to a final volume of 105 µL Opti-MEM (Life Technologies). One 

day post-transfection, the media was replaced with fresh PA-1 media. Three days post-

transfection, media was supplemented with 200 μg/mL of geneticin (G418) (Gibco, 

10131-035) to select for L1 retrotransposition events expressing the neomycin 

resistance gene. After ~14 days of drug selection, G418-resistant foci were washed with 

PBS, then fixed for 30 minutes at room temperature in a 1X PBS solution containing 2% 

paraformaldehyde (Sigma Aldrich) and 0.4% glutaraldehyde (Sigma Aldrich). Fixed foci 
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were then stained with a 0.1% crystal violet solution for 1 hours with gentle rotation at 

room temperature to visualize G418-resistant foci.   
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Figure 2.1: L1 reporter gene silencing in human embryonic carcinoma cells.  

(A) Results of the L1 retrotransposition assay in PA-1 human embryonic carcinoma cells 
(top) and HeLa JVM cells (bottom) transfected with engineered L1 reporter constructs. 
G418-resistant (L1-neo assay) or blasticidin-resistant (L1-blast assay) colonies that 
expressed the L1-delivered reporter gene were fixed and stained with crystal violet for 
visualization. Cells expressing the L1-delivered EGFP (L1-GFP assay) reporter gene 
were imaged at 20x. Shown is a merged GFP/bright-field image. (B) pk5 cells were 
treated with a HDAC inhibitor (200nM TSA) or vehicle (DMSO) for eighteen hours. EGFP-
expressing cells were imaged at 20x. (C) EGFP-expressing cells 1 day (left panel), 3 days 
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(middle panel) and 5 days (right panel) after removing TSA from the media (wash). EGFP-
expressing cells were imaged at 10x. (D) L1-REPEL working model. Please see text for 
details. 
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Figure 2.2: L1-REPEL screen in PA-1 hECs. 

(A) Schematic of the lentiviral vectors used to deliver the genome-wide sgRNA libraries. 
LentiCRISPRv2 delivers both Cas9-FLAG and the sgRNA in one-vector. LentiCas9-
Blast and lentiGuide-Puro are used in a two-vector system to deliver Cas9-FLAG and 
the sgRNA. P2A is a self-cleaving peptide. (B) Schematic of the L1-REPEL screen in 
PA-1 human embryonic carcinoma cells. (C) Western blot showing Cas9-FLAG protein 
expression at 7-, 14-, 24-, 28- and 31-days post lentiCRISPRv2 infection. CDK9 is 
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shown as a protein loading control. (D) MAGeCK-based identification of depleted genes 
with essential cellular pathways. The number of depleted genes, based on sgRNA read 
counts, is shown for 7-, 21- and 31-days post lentiCRISPRv2 infection containing the 
GeCKOv2 sgRNA library.  
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Figure 2.3: Identification of L1-REPEL candidate genes. 

(A) Results of the L1-neo assay in Cas9 + sgRNA expressing cells (top) or Cas9-only 
expressing cells (bottom). Unfixed 15 cm plates were imaged at 1x before genomic DNA 
collection. (B) MAGeCK-based Robust Rank Aggregation (RRA) distribution for GeCKO 
screens 1 and 2. The x-axis indicates all genes targeted within the GeCKOv2 sgRNA 
library. The y-axis indicates RRA score. (C) MAGeCK-based candidate gene rankings 
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from three independent L1-REPEL screens. GeCKO screen 1 (left) was based on 10 
biological replicates. GeCKO screen 2 (middle) was based on 7 biological replicates. The 
Brunello screen (right) was based on 5 biological replicates. The top 10 genes and the 
indicated number of enriched sgRNAs are shown. The GeCKO sgRNA library has 6 
sgRNAs per gene. The Brunello sgRNA library has 4 sgRNAs per gene. (D) Schematic 
of the simplified method for L1-REPEL candidate gene ranking. G418-resistant cells are 
collected and sequenced to determine sgRNA read counts per biological replicate. Only 
the top ~500 sgRNAs per replicate were included in the analysis. Genes were ranked 
based on sgRNA presence or absence across biological replicates. Gene B demonstrates 
a more enriched and higher ranked candidate compared to gene A. (E) Manual 
identification of genes with 2 or more sgRNAs represented in two or more biological 
replicates. The number of biological replicates is indicated (F) Manual identification of 
genes with two or more sgRNAs in two or more screens. The number of identified sgRNAs 
is indicated.  
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NF2_19 CACCGTGAGCCTACCTTGGCCTGGA AAACTCCAGGCCAAGGTAGGCTCAC
NF2_18 CACCGATTCCACGGGAAGGAGATCT AAACAGATCTCCTTCCCGTGGAATC
NF2_60 CACCGCCTGGCTTCTTACGCCGTCC AAACGGACGGCGTAAGAAGCCAGGC
XPO7 CACCGAGACACAACCACTCGACTCC AAACGGAGTCGAGTGGTTGTGTCTC
TADA2B CACCGCGAGCTGAAGCGCGCCCACG AAACCGTGGGCGCGCTTCAGCTCGC
HES5 CACCGCGGCGCATCTTCTCCACCAC AAACGTGGTGGAGAAGATGCGCCGC
TRIM46 CACCGGTGTGATCTTGTGCCCGCTG AAACCAGCGGGCACAAGATCACACC
TRIM49C CACCGAGGACTAACCTTCCAGCATC AAACGATGCTGGAAGGTTAGTCCTC
ZC3H12B CACCGCTTGGGCCGTGGCGTCCTAA AAACTTAGGACGCCACGGCCCAAGC
EZH1 CACCGACAGGCTTCATTGACTGAAC AAACGTTCAGTCAATGAAGCCTGTC
WBP5 CACCGTTTGGCTCTTCCTCATGCTT AAACAAGCATGAGGAAGAGCCAAAC
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Figure 2.4: L1-REPEL candidate gene validation. 

(A) Candidate gene validation strategy. PA-1 cells were transfected with a Cas9 + sgRNA 
expressing vector (PX459) targeting a single candidate gene. Then, puromycin-resistant 
“population knockout” cells were subjected to the L1-neo retrotransposition assay to 
determine L1-REPEL efficiency. (B) Summary table showing the oligos used to generate 
the candidate knockout vectors. Red nucleotides indicate the sgRNA-flanking restriction 
sites for PX459 cloning. C) Results of the candidate gene validation L1-neo 
retrotransposition assays. NF2_19 and NF2_18 are different sgRNAs targeting NF2. 
G418-resistant cells, expressing the L1-delivered reporter gene, were fixed and stained 
with crystal violet for visualization. (D) Results of the secondary NF2 validation L1-neo 
retrotransposition assays. NF2_19 and NF2_60 are different sgRNAs targeting NF2. 
G418-resistant cells, expressing the L1-delivered reporter gene, were fixed and stained 
with crystal violet for visualization. Cells were transfected with wild-type L1 (pJM101/L1.3) 
or a retrotransposition deficient L1 (pJM105/L1.3) as indicated.  
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Table 2.1: Candidate gene list  

Annotations provided by https://string-db.org (Szklarczyk et al., 2021). 

Link: L1-REPEL candidate gene annotations 

 

  

Gene Description
Highly enriched 1 NF2 Merlin; Probable regulator of the Hippo/SWH (Sav/Wts/Hpo) signaling pathway, a signaling pathway that plays a pivotal role in tumor suppression by restricting proliferation and promoting apoptosis. Along with WWC1 can synergistically induce the phosphorylation of LATS1 and LATS2 and can probably function in the regulation of the Hippo/SWH (Sav/Wts/Hpo) signaling pathway. May act as a membrane stabilizing protein. May inhibit PI3 kinase by binding to AGAP2 and impairing its stimulating activity. Suppresses cell proliferation and tumorigenesis by inhibiting the CUL4A-RBX1-DDB1-VprBP/DCAF [...] 

2 XPO7 Exportin-7; Mediates the nuclear export of proteins (cargos) with broad substrate specificity. In the nucleus binds cooperatively to its cargo and to the GTPase Ran in its active GTP-bound form. Docking of this trimeric complex to the nuclear pore complex (NPC) is mediated through binding to nucleoporins. Upon transit of a nuclear export complex into the cytoplasm, disassembling of the complex and hydrolysis of Ran-GTP to Ran-GDP (induced by RANBP1 and RANGAP1, respectively) cause release of the cargo from the export receptor. XPO7 then return to the nuclear compartment and mediate ano [...] 
3 TADA2B Transcriptional adapter 2-beta; Coactivates PAX5-dependent transcription together with either SMARCA4 or GCN5L2; Myb/SANT domain containing
4 ST6GALNAC1 ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 1; Sialyltransferases
5 H2AFY Core histone macro-H2A.1; Variant histone H2A which replaces conventional H2A in a subset of nucleosomes where it represses transcription. Nucleosomes wrap and compact DNA into chromatin, limiting DNA accessibility to the cellular machineries which require DNA as a template. Histones thereby play a central role in transcription regulation, DNA repair, DNA replication and chromosomal stability. DNA accessibility is regulated via a complex set of post-translational modifications of histones, also called histone code, and nucleosome remodeling. Involved in stable X chromosome inactivation [...] 
6 DYNC1H1 Cytoplasmic dynein 1 heavy chain 1; Cytoplasmic dynein 1 acts as a motor for the intracellular retrograde motility of vesicles and organelles along microtubules. Dynein has ATPase activity; the force-producing power stroke is thought to occur on release of ADP. Plays a role in mitotic spindle assembly and metaphase plate congression; Belongs to the dynein heavy chain family
7 RTBDN Retbindin; Riboflavin-binding protein which might have a role in retinal flavin transport
8 SCN7A Sodium channel protein type 7 subunit alpha; Mediates the voltage-dependent sodium ion permeability of excitable membranes. Assuming opened or closed conformations in response to the voltage difference across the membrane, the protein forms a sodium-selective channel through which Na(+) ions may pass in accordance with their electrochemical gradient
9 MMAA Methylmalonic aciduria type A protein, mitochondrial; GTPase, binds and hydrolyzes GTP. Involved in intracellular vitamin B12 metabolism, mediates the transport of cobalamin (Cbl) into mitochondria for the final steps of adenosylcobalamin (AdoCbl) synthesis. Functions as a G-protein chaperone that assists AdoCbl cofactor delivery from MMAB to the methylmalonyl-CoA mutase (MUT) and reactivation of the enzyme during catalysis

10 TAOK1 Serine/threonine-protein kinase TAO1; Serine/threonine-protein kinase involved in various processes such as p38/MAPK14 stress-activated MAPK cascade, DNA damage response and regulation of cytoskeleton stability. Phosphorylates MAP2K3, MAP2K6 and MARK2. Acts as an activator of the p38/MAPK14 stress-activated MAPK cascade by mediating phosphorylation and subsequent activation of the upstream MAP2K3 and MAP2K6 kinases. Involved in G-protein coupled receptor signaling to p38/MAPK14. In response to DNA damage, involved in the G2/M transition DNA damage checkpoint by activating the p38/MAPK1 [...] 
11 GGH Gamma-glutamyl hydrolase; Hydrolyzes the polyglutamate sidechains of pteroylpolyglutamates. Progressively removes gamma-glutamyl residues from pteroylpoly-gamma-glutamate to yield pteroyl-alpha- glutamate (folic acid) and free glutamate. May play an important role in the bioavailability of dietary pteroylpolyglutamates and in the metabolism of pteroylpolyglutamates and antifolates; Belongs to the peptidase C26 family
12 OR10V1 Olfactory receptor 10V1; Odorant receptor; Olfactory receptors, family 10
13 TMEM86B Lysoplasmalogenase; Enzyme catalyzing the degradation of lysoplasmalogen. Lysoplasmalogens are formed by the hydrolysis of the abundant membrane glycerophospholipids plasmalogens. May control the respective levels of plasmalogens and lysoplasmalogens in cells and modulate cell membrane properties; Belongs to the TMEM86 family
14 SORCS1 Sortilin related VPS10 domain containing receptor 1; Belongs to the VPS10-related sortilin family. SORCS subfamily
15 TBC1D4 TBC1 domain family member 4; May act as a GTPase-activating protein for RAB2A, RAB8A, RAB10 and RAB14. Isoform 2 promotes insulin-induced glucose transporter SLC2A4/GLUT4 translocation at the plasma membrane, thus increasing glucose uptake
16 BMF Bcl-2-modifying factor; May play a role in apoptosis. Isoform 1 seems to be the main initiator; BCL2 homology region 3 only
17 LMAN2 Vesicular integral-membrane protein VIP36; Plays a role as an intracellular lectin in the early secretory pathway. Interacts with N-acetyl-D-galactosamine and high-mannose type glycans and may also bind to O-linked glycans. Involved in the transport and sorting of glycoproteins carrying high mannose-type glycans (By similarity)
18 NMBR Neuromedin-B receptor; Receptor for neuromedin-B; Bombesin receptors
19 CHSY3 Chondroitin sulfate synthase 3; Has both beta-1,3-glucuronic acid and beta-1,4-N- acetylgalactosamine transferase activity. Transfers glucuronic acid (GlcUA) from UDP-GlcUA and N-acetylgalactosamine (GalNAc) from UDP-GalNAc to the non-reducing end of the elongating chondroitin polymer. Specific activity is much reduced compared to CHSY1
20 LPAR2 Lysophosphatidic acid receptor 2; Receptor for lysophosphatidic acid (LPA), a mediator of diverse cellular activities. Seems to be coupled to the G(i)/G(o), G(12)/G(13), and G(q) families of heteromeric G proteins. Plays a key role in phospholipase C-beta (PLC-beta) signaling pathway. Stimulates phospholipase C (PLC) activity in a manner that is independent of RALA activation

Moderately enriched 21 APOL1 Apolipoprotein L1; May play a role in lipid exchange and transport throughout the body. May participate in reverse cholesterol transport from peripheral cells to the liver
22 C11orf68 UPF0696 protein C11orf68; Chromosome 11 open reading frame 68; Belongs to the UPF0696 family
23 SEPTIN6 Septin-6; Filament-forming cytoskeletal GTPase. Required for normal organization of the actin cytoskeleton. Involved in cytokinesis. May play a role in HCV RNA replication. Forms a filamentous structure with SEPT12, SEPT6, SEPT2 and probably SEPT4 at the sperm annulus which is required for the structural integrity and motility of the sperm tail during postmeiotic differentiation; Septins
24 ABL2 Abelson tyrosine-protein kinase 2; Non-receptor tyrosine-protein kinase that plays an ABL1- overlapping role in key processes linked to cell growth and survival such as cytoskeleton remodeling in response to extracellular stimuli, cell motility and adhesion and receptor endocytosis. Coordinates actin remodeling through tyrosine phosphorylation of proteins controlling cytoskeleton dynamics like MYH10 (involved in movement); CTTN (involved in signaling); or TUBA1 and TUBB (microtubule subunits). Binds directly F-actin and regulates actin cytoskeletal structure through its F-actin- bundli [...] 
25 LAMB4 Laminin subunit beta-4; Binding to cells via a high affinity receptor, laminin is thought to mediate the attachment, migration and organization of cells into tissues during embryonic development by interacting with other extracellular matrix components
26 OR3A1 Olfactory receptor 3A1; Odorant receptor; Olfactory receptors, family 3
27 TRIM46 Tripartite motif-containing protein 46; Microtubule-associated protein that is involved in the formation of parallel microtubule bundles linked by cross-bridges in the proximal axon. Required for the uniform orientation and maintenance of the parallel microtubule fascicles, which are important for efficient cargo delivery and trafficking in axons. Thereby also required for proper axon specification, the establishment of neuronal polarity and proper neuronal migration; Belongs to the TRIM/RBCC family
28 PMPCA Mitochondrial-processing peptidase subunit alpha; Cleaves presequences (transit peptides) from mitochondrial protein precursors; Belongs to the peptidase M16 family
29 FAM115C TRPM8 channel-associated factor 2; Isoform 2: Negatively regulates the plasma membrane cation channel TRPM8 activity. Involved in the recruitment of TRPM8 to the cell surface. Promotes prostate cancer cell migration stimulation in a TRPM8-dependent manner
30 GPATCH8 G-patch domain containing 8
31 LRRC37A Leucine-rich repeat-containing protein 37A; Leucine rich repeat containing 37A
32 OST4 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 4; Acts as component of the N-oligosaccharyl transferase (OST) complex which catalyzes the transfer of a high mannose oligosaccharide from a lipid-linked oligosaccharide donor to an asparagine residue within an Asn-X-Ser/Thr consensus motif in nascent polypeptide chains. Required for efficient N- glycosylation. Specifically involved in maintaining stability of STT3A-containing OST complexes; Belongs to the OST4 family
33 SEMA4D Semaphorin-4D; Cell surface receptor for PLXN1B and PLXNB2 that plays an important role in cell-cell signaling. Promotes reorganization of the actin cytoskeleton and plays a role in axonal growth cone guidance in the developing central nervous system. Regulates dendrite and axon branching and morphogenesis. Promotes the migration of cerebellar granule cells and of endothelial cells. Plays a role in the immune system; induces B-cells to aggregate and improves their viability (in vitro). Promotes signaling via SRC and PTK2B/PYK2, which then mediates activation of phosphatidylinositol 3-k [...] 
34 GAGE12C G antigen 12C; Belongs to the GAGE family
35 PEX13 Peroxisomal membrane protein PEX13; Component of the peroxisomal translocation machinery with PEX14 and PEX17. Functions as a docking factor for the predominantly cytoplasmic PTS1 receptor (PAS10/PEX5). Involved in the import of PTS1 and PTS2 proteins; Peroxins
36 NCK2 Cytoplasmic protein NCK2; Adapter protein which associates with tyrosine- phosphorylated growth factor receptors or their cellular substrates. Maintains low levels of EIF2S1 phosphorylation by promoting its dephosphorylation by PP1. Plays a role in ELK1- dependent transcriptional activation in response to activated Ras signaling; SH2 domain containing
37 AJAP1 Adherens junction-associated protein 1; Plays a role in cell adhesion and cell migration
38 POU6F2 POU domain, class 6, transcription factor 2; Probable transcription factor likely to be involved in early steps in the differentiation of amacrine and ganglion cells. Recognizes and binds to the DNA sequence 5'-ATGCAAAT-3'. Isoform 1 does not bind DNA; Belongs to the POU transcription factor family. Class- 6 subfamily
39 CCL19 G1/S-specific cyclin-D2; Regulatory component of the cyclin D2-CDK4 (DC) complex that phosphorylates and inhibits members of the retinoblastoma (RB) protein family including RB1 and regulates the cell-cycle during G(1)/S transition. Phosphorylation of RB1 allows dissociation of the transcription factor E2F from the RB/E2F complex and the subsequent transcription of E2F target genes which are responsible for the progression through the G(1) phase. Hypophosphorylates RB1 in early G(1) phase. Cyclin D-CDK4 complexes are major integrators of various mitogenenic and antimitogenic signals. A [...] 
40 GALNT12 Polypeptide N-acetylgalactosaminyltransferase 12; Catalyzes the initial reaction in O-linked oligosaccharide biosynthesis, the transfer of an N-acetyl-D- galactosamine residue to a serine or threonine residue on the protein receptor. Has activity toward non-glycosylated peptides such as Muc5AC, Muc1a and EA2, and no detectable activity with Muc2 and Muc7. Displays enzymatic activity toward the Gal-NAc- Muc5AC glycopeptide, but no detectable activity to mono-GalNAc- glycosylated Muc1a, Muc2, Muc7 and EA2. May play an important role in the initial step of mucin-type oligosaccharide biosy [...] 
41 COPG2 Coatomer subunit gamma-2; The coatomer is a cytosolic protein complex that binds to dilysine motifs and reversibly associates with Golgi non- clathrin-coated vesicles, which further mediate biosynthetic protein transport from the ER, via the Golgi up to the trans Golgi network. Coatomer complex is required for budding from Golgi membranes, and is essential for the retrograde Golgi-to-ER transport of dilysine-tagged proteins. In mammals, the coatomer can only be recruited by membranes associated to ADP-ribosylation factors (ARFs), which are small GTP-binding proteins; the complex also i [...] 
42 CASP2 Caspase-2; Involved in the activation cascade of caspases responsible for apoptosis execution. Might function by either activating some proteins required for cell death or inactivating proteins necessary for cell survival; Caspase recruitment domain containing
43 ACOT8 Acyl-coenzyme A thioesterase 8; Acyl-coenzyme A (acyl-CoA) thioesterases are a group of enzymes that catalyze the hydrolysis of acyl-CoAs to the free fatty acid and coenzyme A (CoASH), providing the potential to regulate intracellular levels of acyl-CoAs, free fatty acids and CoASH. Competes with bile acid CoA:amino acid N-acyltransferase (BAAT) for bile acid-CoA substrate (such as chenodeoxycholoyl-CoA). Shows a preference for medium-length fatty acyl-CoAs (C2 to C20). Inactive towards substrates with more than C20 aliphatic chains. Involved in the metabolic regulation of peroxisome p [...] 
44 CAMK2N2 Calcium/calmodulin-dependent protein kinase II inhibitor 2; Potent and specific cellular inhibitor of CaM-kinase II (CAMK2). Traps Ca(2+)/calmodulin on CAMK2. May play an important role in the regulation of cell growth when overexpressed in colon adenocarcinoma LoVo cells. Traps Ca(2+)/calmodulin on CAMK2
45 MBL2 Mannose-binding protein C; Calcium-dependent lectin involved in innate immune defense. Binds mannose, fucose and N-acetylglucosamine on different microorganisms and activates the lectin complement pathway. Binds to late apoptotic cells, as well as to apoptotic blebs and to necrotic cells, but not to early apoptotic cells, facilitating their uptake by macrophages. May bind DNA; Collectins
46 DDOST Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit; Essential subunit of the N-oligosaccharyl transferase (OST) complex which catalyzes the transfer of a high mannose oligosaccharide from a lipid-linked oligosaccharide donor to an asparagine residue within an Asn-X-Ser/Thr consensus motif in nascent polypeptide chains. Required for the assembly of both SST3A- and SS3B-containing OST complexes. Required for efficient N-glycosylation; Glutamine amidotransferase like class 1 domain containing
47 NDUFB5 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5, mitochondrial; Accessory subunit of the mitochondrial membrane respiratory chain NADH dehydrogenase (Complex I), that is believed not to be involved in catalysis. Complex I functions in the transfer of electrons from NADH to the respiratory chain. The immediate electron acceptor for the enzyme is believed to be ubiquinone
48 VAV2 Guanine nucleotide exchange factor VAV2; Guanine nucleotide exchange factor for the Rho family of Ras-related GTPases. Plays an important role in angiogenesis. Its recruitment by phosphorylated EPHA2 is critical for EFNA1-induced RAC1 GTPase activation and vascular endothelial cell migration and assembly (By similarity); Pleckstrin homology domain containing
49 PCDHGB5 Protocadherin gamma-B5; Potential calcium-dependent cell-adhesion protein. May be involved in the establishment and maintenance of specific neuronal connections in the brain; Clustered protocadherins
50 USP28 Ubiquitin carboxyl-terminal hydrolase 28; Deubiquitinase involved in DNA damage response checkpoint and MYC proto-oncogene stability. Involved in DNA damage induced apoptosis by specifically deubiquitinating proteins of the DNA damage pathway such as CLSPN. Also involved in G2 DNA damage checkpoint, by deubiquitinating CLSPN, and preventing its degradation by the anaphase promoting complex/cyclosome (APC/C). In contrast, it does not deubiquitinate PLK1. Specifically deubiquitinates MYC in the nucleoplasm, leading to prevent MYC degradation by the proteasome: acts by specifically intera [...] 
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51 ZNF771 Zinc finger protein 771; May be involved in transcriptional regulation; Zinc fingers C2H2-type

52 MLL4 Histone-lysine N-methyltransferase 2D; Histone methyltransferase. Methylates 'Lys-4' of histone H3 (H3K4me). H3K4me represents a specific tag for epigenetic transcriptional activation. Acts as a coactivator for estrogen receptor by being recruited by ESR1, thereby activating transcription; Belongs to the class V-like SAM-binding methyltransferase superfamily. Histone-lysine methyltransferase family. TRX/MLL subfamily

53 DCBLD2 Discoidin, CUB and LCCL domain containing 2

54 KLK8 Kallikrein-8; Kallikrein related peptidase 8; Kallikreins

55 NUCB1 Nucleobindin-1; Major calcium-binding protein of the Golgi. May have a role in calcium homeostasis (By similarity); Belongs to the nucleobindin family

56 PIP4K2B Phosphatidylinositol 5-phosphate 4-kinase type-2 beta; Participates in the biosynthesis of phosphatidylinositol 4,5-bisphosphate

57 ARIH2 E3 ubiquitin-protein ligase ARIH2; E3 ubiquitin-protein ligase, which catalyzes ubiquitination of target proteins together with ubiquitin- conjugating enzyme E2 UBE2L3. Acts as an atypical E3 ubiquitin-protein ligase by working together with cullin-5-RING ubiquitin ligase complex (ECS complex, also named CRL5 complex) and initiating ubiquitination of ECS substrates: associates with ECS complex and specifically mediates addition of the first ubiquitin on ECS targets (By similarity). The initial ubiquitin is then elongated (By similarity). E3 ubiquitin-protein ligase activity is activate [...] 

58 KRTAP4-2 Keratin-associated protein 4-2; In the hair cortex, hair keratin intermediate filaments are embedded in an interfilamentous matrix, consisting of hair keratin-associated proteins (KRTAP), which are essential for the formation of a rigid and resistant hair shaft through their extensive disulfide bond cross-linking with abundant cysteine residues of hair keratins. The matrix proteins include the high- sulfur and high-glycine-tyrosine keratins

59 TMC6 Transmembrane channel-like protein 6; Probable ion channel; Transmembrane channel likes

60 B9D2 B9 domain-containing protein 2; Component of the tectonic-like complex, a complex localized at the transition zone of primary cilia and acting as a barrier that prevents diffusion of transmembrane proteins between the cilia and plasma membranes; B9 domain containing

61 PTAR1 Protein prenyltransferase alpha subunit repeat containing 1

62 THSD7B Thrombospondin type-1 domain-containing protein 7B; Thrombospondin type 1 domain containing 7B

63 HOXB1 Homeobox protein Hox-B1; Sequence-specific transcription factor which is part of a developmental regulatory system that provides cells with specific positional identities on the anterior-posterior axis. Acts on the anterior body structures; HOXL subclass homeoboxes

64 ZFP62 Zinc finger protein 62 homolog; May play a role in differentiating skeletal muscle; Zinc fingers C2H2-type

65 HNF1A Hepatocyte nuclear factor 1-alpha; Transcriptional activator that regulates the tissue specific expression of multiple genes, especially in pancreatic islet cells and in liver. Required for the expression of several liver specific genes. Binds to the inverted palindrome 5'- GTTAATNATTAAC-3'; Belongs to the HNF1 homeobox family

66 THEM5 Acyl-coenzyme A thioesterase THEM5; Has acyl-CoA thioesterase activity towards long-chain (C16 and C18) fatty acyl-CoA substrates, with a preference for linoleoyl-CoA and other unsaturated long-chain fatty acid-CoA esters. Plays an important role in mitochondrial fatty acid metabolism, and in remodeling of the mitochondrial lipid cardiolipin. Required for normal mitochondrial function

67 SLC17A6 Vesicular glutamate transporter 2; Mediates the uptake of glutamate into synaptic vesicles at presynaptic nerve terminals of excitatory neural cells. May also mediate the transport of inorganic phosphate; Belongs to the major facilitator superfamily. Sodium/anion cotransporter family. VGLUT subfamily

68 THBS1 Thrombospondin-1; Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions. Binds heparin. May play a role in dentinogenesis and/or maintenance of dentin and dental pulp (By similarity). Ligand for CD36 mediating antiangiogenic properties. Plays a role in ER stress response, via its interaction with the activating transcription factor 6 alpha (ATF6) which produces adaptive ER stress response factors (By similarity)

69 PKDCC Extracellular tyrosine-protein kinase PKDCC; Secreted tyrosine-protein kinase that mediates phosphorylation of extracellular proteins and endogenous proteins in the secretory pathway, which is essential for patterning at organogenesis stages. Mediates phosphorylation of MMP1, MMP13, MMP14, MMP19 and ERP29. Probably plays a role in platelets: rapidly and quantitatively secreted from platelets in response to stimulation of platelet degranulation. May also have serine/threonine protein kinase activity. Required for longitudinal bone growth through regulation of chondrocyte differentiation [...] 

70 RD3L Protein RD3-like; Retinal degeneration 3-like

71 SAP25 Histone deacetylase complex subunit SAP25; Involved in the transcriptional repression mediated by the mSIN3A but not the N-CoR corepressor complex

72 ANKRD32 SMC5-SMC6 complex localization factor protein 1; Plays a role in the DNA damage response (DDR) pathway by regulating postreplication repair of UV-damaged DNA and genomic stability maintenance. The SLF1-SLF2 complex acts to link RAD18 with the SMC5-SMC6 complex at replication- coupled interstrand cross-links (ICL) and DNA double-strand breaks (DSBs) sites on chromatin during DNA repair in response to stalled replication forks. Promotes the recruitment of SLF2 and the SMC5-SMC6 complex to DNA lesions

73 HBA1 Hemoglobin subunit alpha; Involved in oxygen transport from the lung to the various peripheral tissues; Belongs to the globin family

74 FAT4 Protocadherin Fat 4; Cadherins are calcium-dependent cell adhesion proteins. FAT4 plays a role in the maintenance of planar cell polarity as well as in inhibition of YAP1-mediated neuroprogenitor cell proliferation and differentiation (By similarity)

75 HRH4 Histamine H4 receptor; The H4 subclass of histamine receptors could mediate the histamine signals in peripheral tissues. Displays a significant level of constitutive activity (spontaneous activity in the absence of agonist); Belongs to the G-protein coupled receptor 1 family

76 RPS12 Ribosomal protein S12

77 KMT2E Histone-lysine N-methyltransferase 2E; Histone methyltransferase that specifically mono- and dimethylates 'Lys-4' of histone H3 (H3K4me1 and H3K4me2). H3 'Lys- 4' methylation represents a specific tag for epigenetic transcriptional activation. Key regulator of hematopoiesis involved in terminal myeloid differentiation and in the regulation of hematopoietic stem cell (HSCs) self-renewal by a mechanism that involves DNA methylation. Plays an essential role in retinoic- acid-induced granulopoiesis by acting as a coactivator of RAR- alpha (RARA) in target gene promoters. Also acts as an im [...] 

78 AMICA1 Junctional adhesion molecule-like; Transmembrane protein of the plasma membrane of leukocytes that control their migration and activation through interaction with CXADR, a plasma membrane receptor found on adjacent epithelial and endothelial cells. The interaction between both receptors mediates the activation of gamma-delta T-cells, a subpopulation of T-cells residing in epithelia and involved in tissue homeostasis and repair. Upon epithelial CXADR-binding, JAML induces downstream cell signaling events in gamma-delta T-cells through PI3-kinase and MAP kinases. It results in proliferat [...] 

79 TMEM184A Transmembrane protein 184A; Acts as a heparin receptor in vascular cells (By similarity). May be involved in vesicle transport in exocrine cells and Sertoli cells (By similarity)

80 PPP3CA Serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform; Calcium-dependent, calmodulin-stimulated protein phosphatase. Many of the substrates contain a PxIxIT motif. This subunit may have a role in the calmodulin activation of calcineurin. Dephosphorylates DNM1L, HSPB1 and SSH1; Belongs to the PPP phosphatase family. PP-2B subfamily

81 TNFRSF9 Tumor necrosis factor receptor superfamily member 9; Receptor for TNFSF9/4-1BBL. Possibly active during T cell activation; CD molecules

82 LRRC8D Volume-regulated anion channel subunit LRRC8D; Non-essential component of the volume-regulated anion channel (VRAC, also named VSOAC channel), an anion channel required to maintain a constant cell volume in response to extracellular or intracellular osmotic changes. The VRAC channel conducts iodide better than chloride and may also conduct organic osmolytes like taurine. Channel activity requires LRRC8A plus at least one other family member (LRRC8B, LRRC8C, LRRC8D or LRRC8E); channel characteristics depend on the precise subunit composition. LRRC8A and LRRC8D are required for the uptak [...] 

83 hsa-mir-4436a microRNA

84 ZNF648 Zinc finger protein 648; May be involved in transcriptional regulation; Zinc fingers C2H2-type

85 hsa-mir-223 microRNA ZC3H12B, TAOK1, SEPTIN6, SIAH1, PARP1

86 SLCO3A1 Solute carrier organic anion transporter family member 3A1; Mediates the Na(+)-independent transport of organic anions such as estrone-3-sulfate. Mediates transport of prostaglandins (PG) E1 and E2, thyroxine (T4), deltorphin II, BQ-123 and vasopressin, but not DPDPE (a derivative of enkephalin lacking an N-terminal tyrosine residue), estrone-3- sulfate, taurocholate, digoxin nor DHEAS; Belongs to the organo anion transporter (TC 2.A.60) family

87 C10orf99 Protein GPR15L; Chemotactic factor that mediates lymphocytes recruitement to epithelia through binding and activation of the G- protein coupled receptor GPR15. May be a tumor suppressor; together with SUSD2 has a growth inhibitory effect on colon cancer cells which includes G1 cell cycle arrest

88 PAWR PRKC apoptosis WT1 regulator protein; Pro-apoptopic protein capable of selectively inducing apoptosis in cancer cells, sensitizing the cells to diverse apoptotic stimuli and causing regression of tumors in animal models. Induces apoptosis in certain cancer cells by activation of the Fas prodeath pathway and coparallel inhibition of NF-kappa-B transcriptional activity. Inhibits the transcriptional activation and augments the transcriptional repression mediated by WT1. Down- regulates the anti-apoptotic protein BCL2 via its interaction with WT1. Seems also to be a transcriptional repress [...] 

89 ENTPD2 Ectonucleoside triphosphate diphosphohydrolase 2; In the nervous system, could hydrolyze ATP and other nucleotides to regulate purinergic neurotransmission. Hydrolyzes ADP only to a marginal extent. The order of activity with different substrates is ATP > GTP > CTP = ITP > UTP >> ADP = UDP

90 RABGAP1 Rab GTPase-activating protein 1; May act as a GTPase-activating protein of RAB6A. May play a role in microtubule nucleation by centrosome. May participate in a RAB6A-mediated pathway involved in the metaphase- anaphase transition

91 hsa-mir-1307 microRNA

92 KCNQ1 Potassium voltage-gated channel subfamily KQT member 1; Potassium channel that plays an important role in a number of tissues, including heart, inner ear, stomach and colon (By similarity). Associates with KCNE beta subunits that modulates current kinetics (By similarity). Induces a voltage-dependent by rapidly activating and slowly deactivating potassium-selective outward current (By similarity). Promotes also a delayed voltage activated potassium current showing outward rectification characteristic (By similarity). During beta- adrenergic receptor stimulation participates in cardiac  [...] 

93 RPS6KA2 Ribosomal protein S6 kinase alpha-2; Serine/threonine-protein kinase that acts downstream of ERK (MAPK1/ERK2 and MAPK3/ERK1) signaling and mediates mitogenic and stress-induced activation of transcription factors, regulates translation, and mediates cellular proliferation, survival, and differentiation. May function as tumor suppressor in epithelial ovarian cancer cells; Mitogen-activated protein kinase-activated protein kinases

94 MAGEF1 Melanoma-associated antigen F1; May enhance ubiquitin ligase activity of RING-type zinc finger-containing E3 ubiquitin-protein ligases. Proposed to act through recruitment and/or stabilization of the Ubl-conjugating enzyme (E2) at the E3:substrate complex; MAGE family

95 hsa-mir-4268 microRNA

96 ALDH1L1 Cytosolic 10-formyltetrahydrofolate dehydrogenase; Aldehyde dehydrogenase 1 family member L1; In the N-terminal section; belongs to the GART family

97 NIPSNAP3A Nipsnap homolog 3A; Belongs to the NipSnap family

98 OR6B2 Olfactory receptor 6B2; Odorant receptor; Olfactory receptors, family 6

99 TTC31 Tetratricopeptide repeat domain containing

100 DRC1 Dynein regulatory complex protein 1; Key component of the nexin-dynein regulatory complex (N- DRC), essential for N-DRC integrity. Required for the assembly and regulation of specific classes of inner dynein arm motors. May also function to restrict dynein-driven microtubule sliding, thus aiding in the generation of ciliary bending
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101 LIMCH1 LIM and calponin homology domains 1
102 C15orf57 Coiled-coil domain-containing protein 32; Chromosome 15 open reading frame 57
103 RAC3 Ras-related C3 botulinum toxin substrate 3; Plasma membrane-associated small GTPase which cycles between an active GTP-bound and inactive GDP-bound state. In active state binds to a variety of effector proteins to regulate cellular responses, such as cell spreading and the formation of actin-based protusions including lamellipodia and membrane ruffles. Promotes cell adhesion and spreading on fibrinogen in a CIB1 and alpha-IIb/beta3 integrin-mediated manner; Endogenous ligands
104 DET1 DET1 homolog; Component of the E3 ubiquitin ligase DCX DET1-COP1 complex, which is required for ubiquitination and subsequent degradation of target proteins. The complex is involved in JUN ubiquitination and degradation
105 C3orf18 Uncharacterized protein C3orf18; Chromosome 3 open reading frame 18
106 STS Steryl-sulfatase; Conversion of sulfated steroid precursors to estrogens during pregnancy; Sulfatases
107 RNF186 E3 ubiquitin protein ligase that is part of an apoptotic signaling pathway activated by endoplasmic reticulum stress . In that process, stimulates the expression of proteins specific of the unfolded protein response (UPR), ubiquitinates BNIP1 and regulates its localization to the mitochondrion and induces calcium release from the endoplasmic reticulum that ultimately leads to cell apoptosis 
108 ZNF570 Zinc finger protein 570; May be involved in transcriptional regulation; Zinc fingers C2H2-type
109 GSK3A Glycogen synthase kinase-3 alpha; Constitutively active protein kinase that acts as a negative regulator in the hormonal control of glucose homeostasis, Wnt signaling and regulation of transcription factors and microtubules, by phosphorylating and inactivating glycogen synthase (GYS1 or GYS2), CTNNB1/beta-catenin, APC and AXIN1. Requires primed phosphorylation of the majority of its substrates. Contributes to insulin regulation of glycogen synthesis by phosphorylating and inhibiting GYS1 activity and hence glycogen synthesis. Regulates glycogen metabolism in liver, but not in muscle. M [...] 
110 WWP2 NEDD4-like E3 ubiquitin-protein ligase WWP2; E3 ubiquitin-protein ligase which accepts ubiquitin from an E2 ubiquitin-conjugating enzyme in the form of a thioester and then directly transfers the ubiquitin to targeted substrates. Polyubiquitinates POU5F1 by 'Lys-63'-linked conjugation and promotes it to proteasomal degradation; in embryonic stem cells (ESCs) the ubiquitination is proposed to regulate POU5F1 protein level. Ubiquitinates EGR2 and promotes it to proteasomal degradation; in T-cells the ubiquitination inhibits activation- induced cell death. Ubiquitinates SLC11A2; the ubiqu [...] 
111 TMOD3 Tropomodulin-3; Blocks the elongation and depolymerization of the actin filaments at the pointed end. The Tmod/TM complex contributes to the formation of the short actin protofilament, which in turn defines the geometry of the membrane skeleton (By similarity); Belongs to the tropomodulin family
112 TAF5L TAF5-like RNA polymerase II p300/CBP-associated factor-associated factor 65 kDa subunit 5L; Functions as a component of the PCAF complex. The PCAF complex is capable of efficiently acetylating histones in a nucleosomal context. The PCAF complex could be considered as the human version of the yeast SAGA complex; WD repeat domain containing
113 GJA1 Gap junction alpha-1 protein; Gap junction protein that acts as a regulator of bladder capacity. A gap junction consists of a cluster of closely packed pairs of transmembrane channels, the connexons, through which materials of low MW diffuse from one cell to a neighboring cell. May play a critical role in the physiology of hearing by participating in the recycling of potassium to the cochlear endolymph. Negative regulator of bladder functional capacity: acts by enhancing intercellular electrical and chemical transmission, thus sensitizing bladder muscles to cholinergic neural stimuli a [...] 
114 C4A Complement C4-A; Non-enzymatic component of C3 and C5 convertases and thus essential for the propagation of the classical complement pathway. Covalently binds to immunoglobulins and immune complexes and enhances the solubilization of immune aggregates and the clearance of IC through CR1 on erythrocytes. C4A isotype is responsible for effective binding to form amide bonds with immune aggregates or protein antigens, while C4B isotype catalyzes the transacylation of the thioester carbonyl group to form ester bonds with carbohydrate antigens
115 CHRNB2 Neuronal acetylcholine receptor subunit beta-2; After binding acetylcholine, the AChR responds by an extensive change in conformation that affects all subunits and leads to opening of an ion-conducting channel across the plasma membrane permeable to sodiun ions; Cholinergic receptors nicotinic subunits
116 FAM195A MAPK regulated corepressor interacting protein 2; Family with sequence similarity 195, member A
117 KCNK7 Potassium channel subfamily K member 7; Probable potassium channel subunit. No channel activity observed in vitro as protein remains in the endoplasmic reticulum. May need to associate with an as yet unknown partner in order to reach the plasma membrane; Belongs to the two pore domain potassium channel (TC 1.A.1.8) family
118 GRM1 Metabotropic glutamate receptor 1; G-protein coupled receptor for glutamate. Ligand binding causes a conformation change that triggers signaling via guanine nucleotide-binding proteins (G proteins) and modulates the activity of down-stream effectors. Signaling activates a phosphatidylinositol-calcium second messenger system. May participate in the central action of glutamate in the CNS, such as long-term potentiation in the hippocampus and long-term depression in the cerebellum
119 MTMR2 Myotubularin-related protein 2; Phosphatase that acts on lipids with a phosphoinositol headgroup. Has phosphatase activity towards phosphatidylinositol 3-phosphate and phosphatidylinositol 3,5-bisphosphate; Myotubularins
120 GPR101 Probable G-protein coupled receptor 101; Orphan receptor; G protein-coupled receptors, Class A orphans
121 CMIP C-Maf-inducing protein; Plays a role in T-cell signaling pathway. Isoform 2 may play a role in T-helper 2 (Th2) signaling pathway and seems to represent the first proximal signaling protein that links T-cell receptor-mediated signal to the activation of c-Maf Th2 specific factor
122 ZNF513 Zinc finger protein 513; Transcriptional regulator that plays a role in retinal development and maintenance; Zinc fingers C2H2-type
123 WDR1 WD repeat-containing protein 1; Induces disassembly of actin filaments in conjunction with ADF/cofilin family proteins. Enhances cofilin-mediated actin severing (By similarity). Involved in cytokinesis. Involved in chemotactic cell migration by restricting lamellipodial membrane protrusions. Involved in myocardium sarcomere organization. Required for cardiomyocyte growth and maintenance (By similarity). Involved in megakaryocyte maturation and platelet shedding. Required for the establishment of planar cell polarity (PCP) during follicular epithelium development and for cell shape chan [...] 
124 COX8A Cytochrome c oxidase subunit 8A, mitochondrial; This protein is one of the nuclear-coded polypeptide chains of cytochrome c oxidase, the terminal oxidase in mitochondrial electron transport
125 DNAJA3 DnaJ homolog subfamily A member 3, mitochondrial; Modulates apoptotic signal transduction or effector structures within the mitochondrial matrix. Affect cytochrome C release from the mitochondria and caspase 3 activation, but not caspase 8 activation. Isoform 1 increases apoptosis triggered by both TNF and the DNA-damaging agent mytomycin C; in sharp contrast, isoform 2 suppresses apoptosis. Can modulate IFN-gamma- mediated transcriptional activity. Isoform 2 may play a role in neuromuscular junction development as an effector of the MUSK signaling pathway; DNAJ heat shock proteins
126 IL36B Interleukin-36 beta; Cytokine that binds to and signals through the IL1RL2/IL-36R receptor which in turn activates NF-kappa-B and MAPK signaling pathways in target cells linked to a pro-inflammatory response. Part of the IL-36 signaling system that is thought to be present in epithelial barriers and to take part in local inflammatory response; similar to the IL-1 system with which it shares the coreceptor IL1RAP. Stimulates production of interleukin-6 and interleukin-8 in synovial fibrobasts, articular chondrocytes and mature adipocytes. Induces expression of a number of antimicrobial  [...] 
127 hsa-mir-127 microRNA WWP2
128 RNF7 RING-box protein 2; Probable component of the SCF (SKP1-CUL1-F-box protein) E3 ubiquitin ligase complex which mediates the ubiquitination and subsequent proteasomal degradation of target proteins involved in cell cycle progression, signal transduction and transcription. CRLs complexes and ARIH1 collaborate in tandem to mediate ubiquitination of target proteins, ARIH1 mediating addition of the first ubiquitin on CRLs targets (By similarity). Through the RING-type zinc finger, seems to recruit the E2 ubiquitination enzyme to the complex and brings it into close proximity to the substrate [...] 
129 hsa-mir-4445 microRNA RNF43, PPP3CA
130 NEFL Neurofilament light polypeptide; Neurofilaments usually contain three intermediate filament proteins: L, M, and H which are involved in the maintenance of neuronal caliber
131 SLC6A13 Sodium- and chloride-dependent GABA transporter 2; Sodium-dependent GABA and taurine transporter. In presynaptic terminals, regulates GABA signaling termination through GABA uptake. May also be involved in beta-alanine transport; Solute carriers
132 NTRK3 NT-3 growth factor receptor; Receptor tyrosine kinase involved in nervous system and probably heart development. Upon binding of its ligand NTF3/neurotrophin-3, NTRK3 autophosphorylates and activates different signaling pathways, including the phosphatidylinositol 3-kinase/AKT and the MAPK pathways, that control cell survival and differentiation; I-set domain containing
133 RBMY1D RNA-binding protein which may be involved in spermatogenesis. Required for sperm development, possibly by participating in pre-mRNA splicing in the testis.
134 P2RY4 P2Y purinoceptor 4; Receptor for UTP and UDP coupled to G-proteins that activate a phosphatidylinositol-calcium second messenger system. Not activated by ATP or ADP
135 CCDC19 WASH complex subunit 3; Acts at least in part as component of the WASH core complex whose assembly at the surface of endosomes seems to inhibit WASH nucleation-promoting factor (NPF) activity in recruiting and activating the Arp2/3 complex to induce actin polymerization, and which is involved in regulation of the fission of tubules that serve as transport intermediates during endosome sorting; Belongs to the CCDC53 family
136 CNTN3 Contactin-3; Contactins mediate cell surface interactions during nervous system development. Has some neurite outgrowth-promoting activity (By similarity); Belongs to the immunoglobulin superfamily. Contactin family
137 LMO7 LIM domain only protein 7; LIM domain containing
138 PCED1B PC-esterase domain containing 1B; Belongs to the PC-esterase family
139 hsa-mir-4701 microRNA YWHAZ, XPO7
140 SHISA6 Protein shisa-6 homolog; Shisa family member 6
141 DMKN Dermokine; May act as a soluble regulator of keratinocyte differentiation
142 UBE3B Ubiquitin-protein ligase E3B; E3 ubiquitin-protein ligase which accepts ubiquitin from an E2 ubiquitin-conjugating enzyme in the form of a thioester and then directly transfers the ubiquitin to targeted substrates
143 CCDC53 C-C motif chemokine 19; May play a role not only in inflammatory and immunological responses but also in normal lymphocyte recirculation and homing. May play an important role in trafficking of T-cells in thymus, and T-cell and B-cell migration to secondary lymphoid organs. Binds to chemokine receptor CCR7. Recombinant CCL19 shows potent chemotactic activity for T-cells and B-cells but not for granulocytes and monocytes. Binds to atypical chemokine receptor ACKR4 and mediates the recruitment of beta-arrestin (ARRB1/2) to ACKR4; Belongs to the intercrine beta (chemokine CC) family
144 SNCG Gamma-synuclein; Plays a role in neurofilament network integrity. May be involved in modulating axonal architecture during development and in the adult. In vitro, increases the susceptibility of neurofilament-H to calcium-dependent proteases (By similarity). May also function in modulating the keratin network in skin. Activates the MAPK and Elk-1 signal transduction pathway (By similarity); Belongs to the synuclein family
145 EGLN2 Egl nine homolog 2; Cellular oxygen sensor that catalyzes, under normoxic conditions, the post-translational formation of 4-hydroxyproline in hypoxia-inducible factor (HIF) alpha proteins. Hydroxylates a specific proline found in each of the oxygen-dependent degradation (ODD) domains (N-terminal, NODD, and C-terminal, CODD) of HIF1A. Also hydroxylates HIF2A. Has a preference for the CODD site for both HIF1A and HIF2A. Hydroxylated HIFs are then targeted for proteasomal degradation via the von Hippel-Lindau ubiquitination complex. Under hypoxic conditions, the hydroxylation reaction is  [...] 
146 TMEM64 Transmembrane protein 64; Positively regulates TNFSF11-induced osteoclast differentiation. Acts as a regulator of TNFSF11-mediated Ca(2+) signaling pathways via its interaction with SERCA2 which is critical for the TNFSF11-induced CREB1 activation and mitochondrial ROS generation necessary for proper osteoclast generation. Association between TMEM64 and SERCA2 in the ER leads to cytosolic Ca (2+) spiking for activation of NFATC1 and production of mitochondrial ROS, thereby triggering Ca (2+) signaling cascades that promote osteoclast differentiation and activation. Negatively regulates [...] 
147 MOS Belongs to the protein kinase superfamily. Ser/Thr protein kinase family
148 hsa-mir-7641-2 microRNA
149 APH1B Gamma-secretase subunit APH-1B; Probable subunit of the gamma-secretase complex, an endoprotease complex that catalyzes the intramembrane cleavage of integral proteins such as Notch receptors and APP (amyloid-beta precursor protein). It probably represents a stabilizing cofactor for the presenilin homodimer that promotes the formation of a stable complex. Probably present in a minority of gamma-secretase complexes compared to APH1A
150 CANX Calnexin; Calcium-binding protein that interacts with newly synthesized glycoproteins in the endoplasmic reticulum. It may act in assisting protein assembly and/or in the retention within the ER of unassembled protein subunits. It seems to play a major role in the quality control apparatus of the ER by the retention of incorrectly folded proteins. Associated with partial T-cell antigen receptor complexes that escape the ER of immature thymocytes, it may function as a signaling complex regulating thymocyte maturation. Additionally it may play a role in receptor- mediated endocytosis at  [...] 
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151 LDLRAD1 Low density lipoprotein receptor class A domain containing 1
152 CTSA Lysosomal protective protein; Protective protein appears to be essential for both the activity of beta-galactosidase and neuraminidase, it associates with these enzymes and exerts a protective function necessary for their stability and activity. This protein is also a carboxypeptidase and can deamidate tachykinins
153 TSHB Thyrotropin subunit beta; Indispensable for the control of thyroid structure and metabolism; Endogenous ligands
154 ZNF638 Zinc finger protein 638; Early regulator of adipogenesis that works as a transcription cofactor of CEBPs, controlling the expression of PPARG and probably of other proadipogenic genes, such as SREBF1 (By similarity). Binds to cytidine clusters in double-stranded DNA. May also regulate alternative splicing of target genes during adipogenesis (By similarity); RNA binding motif containing
155 MGST2 Microsomal glutathione S-transferase 2; Can catalyze the production of LTC4 from LTA4 and reduced glutathione. Can catalyze the conjugation of 1-chloro-2,4- dinitrobenzene with reduced glutathione; Microsomal glutathione S-transferases
156 DST Dystonin; Cytoskeletal linker protein. Acts as an integrator of intermediate filaments, actin and microtubule cytoskeleton networks. Required for anchoring either intermediate filaments to the actin cytoskeleton in neural and muscle cells or keratin- containing intermediate filaments to hemidesmosomes in epithelial cells. The proteins may self-aggregate to form filaments or a two- dimensional mesh. Regulates the organization and stability of the microtubule network of sensory neurons to allow axonal transport. Mediates docking of the dynein/dynactin motor complex to vesicle cargos for  [...] 
157 MICU3 Calcium uptake protein 3, mitochondrial; May play a role in mitochondrial calcium uptake; EF-hand domain containing
158 MRPL4 Mitochondrial ribosomal protein L4; Belongs to the universal ribosomal protein uL4 family
159 SLC16A14 Monocarboxylate transporter 14; Proton-linked monocarboxylate transporter. May catalyze the transport of monocarboxylates across the plasma membrane; Solute carriers
160 CERK Ceramide synthase 3; Has (dihydro)ceramide synthesis activity with relatively broad substrate specificity, but a preference for C18:0 and other middle- to long-chain fatty acyl-CoAs (By similarity). It is crucial for the synthesis of very long-chain ceramides in the epidermis, to maintain epidermal lipid homeostasis and terminal differentiation; CERS class homeoboxes
161 RSL24D1 Probable ribosome biogenesis protein RLP24; Involved in the biogenesis of the 60S ribosomal subunit. Ensures the docking of GTPBP4/NOG1 to pre-60S particles (By similarity); Belongs to the eukaryotic ribosomal protein eL24 family
162 CETN3 Cilia and flagella associated protein 45; Belongs to the CFAP45 family
163 RAB5B Ras-related protein Rab-5B; Protein transport. Probably involved in vesicular traffic (By similarity); Belongs to the small GTPase superfamily. Rab family
164 KRTAP17-1 Keratin-associated protein 17-1; In the hair cortex, hair keratin intermediate filaments are embedded in an interfilamentous matrix, consisting of hair keratin-associated proteins (KRTAP), which are essential for the formation of a rigid and resistant hair shaft through their extensive disulfide bond cross-linking with abundant cysteine residues of hair keratins. The matrix proteins include the high- sulfur and high-glycine-tyrosine keratins
165 TOM1L2 TOM1-like protein 2; Probable role in protein transport. May regulate growth factor-induced mitogenic signaling
166 RIMBP3 RIMS-binding protein 3A; Component of the manchette, a microtubule-based structure which plays a key role in sperm head morphogenesis during late stages of sperm development. Important for male fertility; Belongs to the RIMBP family
167 TCEA2 Transcription elongation factor A protein 2; Necessary for efficient RNA polymerase II transcription elongation past template-encoded arresting sites. The arresting sites in DNA have the property of trapping a certain fraction of elongating RNA polymerases that pass through, resulting in locked ternary complexes. Cleavage of the nascent transcript by S-II allows the resumption of elongation from the new 3'-terminus; Belongs to the TFS-II family
168 HLA-DMB HLA class II histocompatibility antigen, DM beta chain; Plays a critical role in catalyzing the release of class II-associated invariant chain peptide (CLIP) from newly synthesized MHC class II molecules and freeing the peptide binding site for acquisition of antigenic peptides. In B-cells, the interaction between HLA-DM and MHC class II molecules is regulated by HLA-DO
169 PARD6G Partitioning defective 6 homolog gamma; Adapter protein involved in asymmetrical cell division and cell polarization processes. May play a role in the formation of epithelial tight junctions. The PARD6-PARD3 complex links GTP- bound Rho small GTPases to atypical protein kinase C proteins (By similarity); PDZ domain containing
170 TNKS Tankyrase-1; Poly-ADP-ribosyltransferase involved in various processes such as Wnt signaling pathway, telomere length and vesicle trafficking. Acts as an activator of the Wnt signaling pathway by mediating poly-ADP-ribosylation (PARsylation) of AXIN1 and AXIN2, 2 key components of the beta-catenin destruction complex: poly-ADP-ribosylated target proteins are recognized by RNF146, which mediates their ubiquitination and subsequent degradation. Also mediates PARsylation of BLZF1 and CASC3, followed by recruitment of RNF146 and subsequent ubiquitination. Mediates PARsylation of TERF1, the [...] 
171 NARFL Cytosolic Fe-S cluster assembly factor NARFL; Component of the cytosolic iron-sulfur protein assembly (CIA) complex, a multiprotein complex that mediates the incorporation of iron-sulfur cluster into extramitochondrial Fe/S proteins. Seems to negatively regulate the level of HIF1A expression, although this effect could be indirect; Belongs to the NARF family
172 WDPCP WD repeat-containing and planar cell polarity effector protein fritz homolog; Probable effector of the planar cell polarity signaling pathway which regulates the septin cytoskeleton in both ciliogenesis and collective cell movements. Together with FUZ and WDPCP proposed to function as core component of the CPLANE (ciliogenesis and planar polarity effectors) complex involved in the recruitment of peripheral IFT-A proteins to basal bodies (By similarity); Bardet-Biedl syndrome associated
173 BROX BRO1 domain-containing protein BROX; BRO1 domain and CAAX motif containing; Belongs to the BROX family
174 OR51B6 Olfactory receptor 51B6; Odorant receptor; Olfactory receptors, family 51
175 PP2D1 Protein phosphatase 2C like domain containing 1
176 CT45A7 Cancer/testis antigen family 45 member A5; Belongs to the CT45 family
177 KCNK2 Potassium channel subfamily K member 2; Ion channel that contributes to passive transmembrane potassium transport. Reversibly converts between a voltage-insensitive potassium leak channel and a voltage- dependent outward rectifying potassium channel in a phosphorylation-dependent manner. In astrocytes, forms mostly heterodimeric potassium channels with KCNK1, with only a minor proportion of functional channels containing homodimeric KCNK2. In astrocytes, the heterodimer formed by KCNK1 and KCNK2 is required for rapid glutamate release in response to activation of G-protein coupled rece [...] 
178 LALBA Alpha-lactalbumin; Regulatory subunit of lactose synthase, changes the substrate specificity of galactosyltransferase in the mammary gland making glucose a good acceptor substrate for this enzyme. This enables LS to synthesize lactose, the major carbohydrate component of milk. In other tissues, galactosyltransferase transfers galactose onto the N-acetylglucosamine of the oligosaccharide chains in glycoproteins; Belongs to the glycosyl hydrolase 22 family
179 IGF2BP2 Insulin-like growth factor 2 mRNA-binding protein 2; RNA-binding factor that recruits target transcripts to cytoplasmic protein-RNA complexes (mRNPs). This transcript 'caging' into mRNPs allows mRNA transport and transient storage. It also modulates the rate and location at which target transcripts encounter the translational apparatus and shields them from endonuclease attacks or microRNA-mediated degradation (By similarity). Binds to the 5'-UTR of the insulin-like growth factor 2 (IGF2) mRNAs. Binding is isoform-specific. Binds to beta- actin/ACTB and MYC transcripts; Belongs to the  [...] 
180 ATP2C2 Calcium-transporting ATPase type 2C member 2; This magnesium-dependent enzyme catalyzes the hydrolysis of ATP coupled with the transport of calcium; ATPases Ca2+ transporting
181 EXOSC1 Exosome complex component CSL4; Non-catalytic component of the RNA exosome complex which has 3'->5' exoribonuclease activity and participates in a multitude of cellular RNA processing and degradation events. In the nucleus, the RNA exosome complex is involved in proper maturation of stable RNA species such as rRNA, snRNA and snoRNA, in the elimination of RNA processing by-products and non-coding 'pervasive' transcripts, such as antisense RNA species and promoter-upstream transcripts (PROMPTs), and of mRNAs with processing defects, thereby limiting or excluding their export to the cytop [...] 
182 NLN Neurolysin, mitochondrial; Hydrolyzes oligopeptides such as neurotensin, bradykinin and dynorphin A; Belongs to the peptidase M3 family
183 FAM46A Putative nucleotidyltransferase FAM46A; Probable nucleotidyltransferase that may act as a non- canonical poly(A) RNA polymerase; Belongs to the FAM46 family
184 ATG4C Cysteine protease ATG4C; Cysteine protease required for the cytoplasm to vacuole transport (Cvt) and autophagy. Is not essential for autophagy development under normal conditions but is required for a proper autophagic response under stressful conditions such as prolonged starvation (By similarity). Cleaves the C-terminal amino acid of ATG8 family proteins MAP1LC3 and GABARAPL2, to reveal a C-terminal glycine. Exposure of the glycine at the C-terminus is essential for ATG8 proteins conjugation to phosphatidylethanolamine (PE) and insertion to membranes, which is necessary for autophagy [...] 
185 RIPK1 Receptor-interacting serine/threonine-protein kinase 1; Serine-threonine kinase which transduces inflammatory and cell-death signals (programmed necrosis) following death receptors ligation, activation of pathogen recognition receptors (PRRs), and DNA damage. Upon activation of TNFR1 by the TNF-alpha family cytokines, TRADD and TRAF2 are recruited to the receptor. Phosphorylates DAB2IP at 'Ser-728' in a TNF-alpha-dependent manner, and thereby activates the MAP3K5-JNK apoptotic cascade. Ubiquitination by TRAF2 via 'Lys-63'-link chains acts as a critical enhancer of communication with do [...] 
186 WTAP Pre-mRNA-splicing regulator WTAP; Regulatory subunit of the WMM N6-methyltransferase complex, a multiprotein complex that mediates N6-methyladenosine (m6A) methylation of some adenosine residues of some mRNAs and plays a role in the efficiency of mRNA splicing, processing and mRNA stability. Required for accumulation of METTL3 and METTL14 to nuclear speckle. Acts as a mRNA splicing regulator. Regulates G2/M cell-cycle transition by binding to the 3' UTR of CCNA2, which enhances its stability. Impairs WT1 DNA-binding ability and inhibits expression of WT1 target genes
187 SERPINB10 Serpin B10; Protease inhibitor that may play a role in the regulation of protease activities during hematopoiesis and apoptosis induced by TNF. May regulate protease activities in the cytoplasm and in the nucleus; Serpin peptidase inhibitors
188 ABCC1 Multidrug resistance-associated protein 1; Mediates export of organic anions and drugs from the cytoplasm. Mediates ATP-dependent transport of glutathione and glutathione conjugates, leukotriene C4, estradiol-17-beta-o- glucuronide, methotrexate, antiviral drugs and other xenobiotics. Confers resistance to anticancer drugs. Hydrolyzes ATP with low efficiency; Belongs to the ABC transporter superfamily. ABCC family. Conjugate transporter (TC 3.A.1.208) subfamily
189 SPATA31D3 Spermatogenesis-associated protein 31D1; May play a role in spermatogenesis
190 XYLB Xylulose kinase; Phosphorylates D-xylulose to produce D-xylulose 5- phosphate, a molecule that may play an important role in the regulation of glucose metabolism and lipogenesis
191 TFCP2 Alpha-globin transcription factor CP2; Binds a variety of cellular and viral promoters including fibrinogen, alpha-globin, SV40 and HIV-1 promoters. Activation of the alpha-globin promoter in erythroid cells is via synergistic interaction with UBP1 (By similarity). Functions as part of the SSP (stage selector protein) complex. Facilitates the interaction of the gamma-globin genes with enhancer elements contained in the locus control region in fetal erythroid cells. Interacts by binding to the stage selector element (SSE) in the proximal gamma-globin promoter; Belongs to the grh/CP2 fam [...] 
192 LY6D Lymphocyte antigen 6D; May act as a specification marker at earliest stage specification of lymphocytes between B- and T-cell development. Marks the earliest stage of B-cell specification; LY6/PLAUR domain containing
193 TREM1 Triggering receptor expressed on myeloid cells 1; Stimulates neutrophil and monocyte-mediated inflammatory responses. Triggers release of pro-inflammatory chemokines and cytokines, as well as increased surface expression of cell activation markers. Amplifier of inflammatory responses that are triggered by bacterial and fungal infections and is a crucial mediator of septic shock; CD molecules
194 GSDMD Gasdermin-D; Gasdermin-D, N-terminal: Promotes pyroptosis in response to microbial infection and danger signals. Produced by the cleavage of gasdermin-D by inflammatory caspases CASP1 or CASP4 in response to canonical, as well as non-canonical (such as cytosolic LPS) inflammasome activators. After cleavage, moves to the plasma membrane where it strongly binds to inner leaflet lipids, including monophosphorylated phosphatidylinositols, such as phosphatidylinositol 4-phosphate, bisphosphorylated phosphatidylinositols, such as phosphatidylinositol (4,5)- bisphosphate, as well as phosphati [...] 
195 AMOT Angiomotin; Plays a central role in tight junction maintenance via the complex formed with ARHGAP17, which acts by regulating the uptake of polarity proteins at tight junctions. Appears to regulate endothelial cell migration and tube formation. May also play a role in the assembly of endothelial cell-cell junctions; Belongs to the angiomotin family
196 IVL Involucrin; Part of the insoluble cornified cell envelope (CE) of stratified squamous epithelia; Belongs to the involucrin family
197 NCAPG Condensin complex subunit 3; Regulatory subunit of the condensin complex, a complex required for conversion of interphase chromatin into mitotic-like condense chromosomes. The condensin complex probably introduces positive supercoils into relaxed DNA in the presence of type I topoisomerases and converts nicked DNA into positive knotted forms in the presence of type II topoisomerases; Armadillo-like helical domain containing
198 TREH Trehalase; Intestinal trehalase is probably involved in the hydrolysis of ingested trehalose; Belongs to the glycosyl hydrolase 37 family
199 ZNF197 Zinc finger protein 197; May be involved in transcriptional regulation; SCAN domain containing
200 ZNF227 Zinc finger protein 227; May be involved in transcriptional regulation; Belongs to the krueppel C2H2-type zinc-finger protein family
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201 SAC3D1 SAC3 domain-containing protein 1; Involved in centrosome duplication and mitotic progression; Belongs to the SAC3 family

202 MCM10 Protein MCM10 homolog; Acts as a replication initiation factor that brings together the MCM2-7 helicase and the DNA polymerase alpha/primase complex in order to initiate DNA replication. Additionally, plays a role in preventing DNA damage during replication. Key effector of the RBBP6 and ZBTB38-mediated regulation of DNA-replication and common fragile sites stability; acts as a direct target of transcriptional repression by ZBTB38; Belongs to the MCM10 family

203 LINGO1 Leucine-rich repeat and immunoglobulin-like domain-containing nogo receptor-interacting protein 1; Functional component of the Nogo receptor signaling complex (RTN4R/NGFR) in RhoA activation responsible for some inhibition of axonal regeneration by myelin-associated factors. Is also an important negative regulator of oligodentrocyte differentiation and axonal myelination. Acts in conjunction with RTN4 and RTN4R in regulating neuronal precursor cell motility during cortical development (By similarity); I-set domain containing

204 CERS3 Centrin-3; EF-hand domain containing

205 SCLY Selenocysteine lyase; Catalyzes the decomposition of L-selenocysteine to L- alanine and elemental selenium; Belongs to the class-V pyridoxal-phosphate-dependent aminotransferase family

206 hsa-mir-3186 microRNA

207 ANGPTL4 Angiopoietin-related protein 4; Protein with hypoxia-induced expression in endothelial cells. May act as a regulator of angiogenesis and modulate tumorigenesis. Inhibits proliferation, migration, and tubule formation of endothelial cells and reduces vascular leakage. May exert a protective function on endothelial cells through an endocrine action. It is directly involved in regulating glucose homeostasis, lipid metabolism, and insulin sensitivity. In response to hypoxia, the unprocessed form of the protein accumulates in the subendothelial extracellular matrix (ECM). The matrix-associa [...] 

208 hsa-mir-6759 microRNA H2AFZ, 

209 CSPG5 Chondroitin sulfate proteoglycan 5; May function as a growth and differentiation factor involved in neuritogenesis. May induce ERBB3 activation

210 ADORA2B Adenosine receptor A2b; Receptor for adenosine. The activity of this receptor is mediated by G proteins which activate adenylyl cyclase

211 TMEM14B Primate-specific protein involved in cortical expansion and folding in the developing neocortex. May drive neural progenitor proliferation through nuclear translocation of IQGAP1, which in turn promotes G1/S cell cycle transitions

212 SLC35A3 UDP-N-acetylglucosamine transporter; Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) transporter in the Golgi apparatus. May supply UDP-GlcNAc as substrate for Golgi-resident glycosyltransferases that generate branching of diantennary oligosaccharides; Belongs to the nucleotide-sugar transporter family. SLC35A subfamily

213 RBP3 Retinol-binding protein 3; IRBP shuttles 11-cis and all trans retinoids between the retinol isomerase in the pigment epithelium and the visual pigments in the photoreceptor cells of the retina

214 NARS2 Probable asparagine--tRNA ligase, mitochondrial; asparaginyl-tRNA synthetase 2, mitochondrial; Belongs to the class-II aminoacyl-tRNA synthetase family

215 ZNF133 Zinc finger protein 133; May be involved in transcriptional regulation as a repressor; Zinc fingers C2H2-type

216 TMEM215 Transmembrane protein 215

217 C2CD4A C2 calcium-dependent domain-containing protein 4A; May be involved in inflammatory process. May regulate cell architecture and adhesion; Belongs to the C2CD4 family

218 MON1B MON1 homolog B, secretory trafficking associated; Belongs to the MON1/SAND family

219 TCF25 Transcription factor 25; May play a role in cell death control. Acts as a transcriptional repressor. Has been shown to repress transcription of SRF in vitro and so may play a role in heart development; Belongs to the TCF25 family

220 FAM209A Protein FAM209A; Family with sequence similarity 209 member A

221 FAM129A Protein Niban; Regulates phosphorylation of a number of proteins involved in translation regulation including EIF2A, EIF4EBP1 and RPS6KB1. May be involved in the endoplasmic reticulum stress response (By similarity)

222 SHOX_X This gene belongs to the paired homeobox family and is located in the pseudoautosomal region 1 (PAR1) of X and Y chromosomes.

223 NPPB Natriuretic peptides B; Cardiac hormone which may function as a paracrine antifibrotic factor in the heart. Also plays a key role in cardiovascular homeostasis through natriuresis, diuresis, vasorelaxation, and inhibition of renin and aldosterone secretion. Specifically binds and stimulates the cGMP production of the NPR1 receptor. Binds the clearance receptor NPR3; Belongs to the natriuretic peptide family

224 GON4L GON-4-like protein; Has transcriptional repressor activity, probably as part of a complex with YY1, SIN3A AND HDAC1. Required for B cell lymphopoiesis; Myb/SANT domain containing

225 BTBD17 BTB/POZ domain-containing protein 17; BTB domain containing 17

226 TRIM72 Tripartite motif-containing protein 72; Muscle-specific protein that plays a central role in cell membrane repair by nucleating the assembly of the repair machinery at injury sites. Specifically binds phosphatidylserine. Acts as a sensor of oxidation: upon membrane damage, entry of extracellular oxidative environment results in disulfide bond formation and homooligomerization at the injury site. This oligomerization acts as a nucleation site for recruitment of TRIM72-containing vesicles to the injury site, leading to membrane patch formation. Probably acts upstream of the Ca(2+)-depend [...] 

227 TRMT112 Multifunctional methyltransferase subunit TRM112-like protein; Acts as an activator of both rRNA/tRNA and protein methyltransferases. Together with methyltransferase BUD23, methylates the N(7) position of a guanine in 18S rRNA. The heterodimer with HEMK2/N6AMT1 catalyzes N5-methylation of ETF1 on 'Gln-185', using S-adenosyl L- methionine as methyl donor. The heterodimer with ALKBH8 catalyzes the methylation of 5-carboxymethyl uridine to 5- methylcarboxymethyl uridine at the wobble position of the anticodon loop in target tRNA species. Involved in the pre-rRNA processing steps leading t [...] 

228 MYO5B Unconventional myosin-Vb; May be involved in vesicular trafficking via its association with the CART complex. The CART complex is necessary for efficient transferrin receptor recycling but not for EGFR degradation. Required in a complex with RAB11A and RAB11FIP2 for the transport of NPC1L1 to the plasma membrane. Together with RAB11A participates in CFTR trafficking to the plasma membrane and TF (transferrin) recycling in nonpolarized cells. Together with RAB11A and RAB8A participates in epithelial cell polarization. Together with RAB25 regulates transcytosis; Belongs to the TRAFAC cla [...] 

229 C8orf48 Uncharacterized protein C8orf48; Chromosome 8 open reading frame 48

230 NEK6 Serine/threonine-protein kinase Nek6; Protein kinase which plays an important role in mitotic cell cycle progression. Required for chromosome segregation at metaphase-anaphase transition, robust mitotic spindle formation and cytokinesis. Phosphorylates ATF4, CIR1, PTN, RAD26L, RBBP6, RPS7, RPS6KB1, TRIP4, STAT3 and histones H1 and H3. Phosphorylates KIF11 to promote mitotic spindle formation. Involved in G2/M phase cell cycle arrest induced by DNA damage. Inhibition of activity results in apoptosis. May contribute to tumorigenesis by suppressing p53/TP53-induced cancer cell senescence; [...] 

231 ZNF747 KRAB domain-containing protein ZNF747; Zinc finger protein 747; Zinc fingers C2H2-type

232 TFAP2D Transcription factor AP-2-delta; Sequence-specific DNA-binding protein that interacts with inducible viral and cellular enhancer elements to regulate transcription of selected genes. AP-2 factors bind to the consensus sequence 5'-GCCNNNGGC-3' and activate genes involved in a large spectrum of important biological functions including proper eye, face, body wall, limb and neural tube development. They also suppress a number of genes including MCAM/MUC18, C/EBP alpha and MYC (By similarity)

233 hsa-mir-3166 microRNA TTC31, YWHAZ, OGT

234 LENG8 Leukocyte receptor cluster member 8

235 GRIA3 Glutamate receptor 3; Receptor for glutamate that functions as ligand-gated ion channel in the central nervous system and plays an important role in excitatory synaptic transmission. L-glutamate acts as an excitatory neurotransmitter at many synapses in the central nervous system. Binding of the excitatory neurotransmitter L- glutamate induces a conformation change, leading to the opening of the cation channel, and thereby converts the chemical signal to an electrical impulse. The receptor then desensitizes rapidly and enters a transient inactive state, characterized by the presence of [...] 

236 GPR124 Adhesion G protein-coupled receptor A2; Endothelial receptor which functions as a WNT7-specific coactivator of canonical Wnt signaling (By similarity). Required for normal endothelial cell sprouting and migration in the forebrain and neural tube (By similarity). Has a major role in establishing the blood-brain barrier (By similarity). Binds to the glycosaminoglycans heparin, heparin sulfate, chondroitin sulfate and dermatan sulfate; Belongs to the G-protein coupled receptor 2 family. Adhesion G-protein coupled receptor (ADGR) subfamily

237 FAM104A Protein FAM104A; Family with sequence similarity 104 member A

238 APOF Apolipoprotein F; Minor apolipoprotein that associates with LDL. Inhibits cholesteryl ester transfer protein (CETP) activity and appears to be an important regulator of cholesterol transport. Also associates to a lesser degree with VLDL, Apo-AI and Apo-AII

239 TMED3 Transmembrane emp24 domain-containing protein 3; Potential role in vesicular protein trafficking, mainly in the early secretory pathway. Contributes to the coupled localization of TMED2 and TMED10 in the cis-Golgi network; Belongs to the EMP24/GP25L family

240 MARCKS Myristoylated alanine-rich C-kinase substrate; MARCKS is the most prominent cellular substrate for protein kinase C. This protein binds calmodulin, actin, and synapsin. MARCKS is a filamentous (F) actin cross-linking protein

241 KIAA0907 Protein BLOM7; RNA-binding protein involved in pre-mRNA splicing. Interacts with the PRP19C/Prp19 complex/NTC/Nineteen complex which is part of the spliceosome. Involved in regulating splice site selection. Binds preferentially RNA with A/C rich sequences and poly-C stretches; Belongs to the BLOM7 family

242 FNIP2 Folliculin-interacting protein 2; Acts as a co-chaperone of HSP90AA1. Inhibits the ATPase activity of HSP90AA1 leading to reduction in its chaperone activity. Facilitates the binding of client protein FLCN to HSP90AA1. May play a role in the signal transduction pathway of apoptosis induced by O6-methylguanine- mispaired lesions (By similarity). May be involved in energy and/or nutrient sensing through the AMPK and mTOR signaling pathways. May regulate phosphorylation of RPS6KB1; DENN/MADD domain containing

243 MS4A4A Membrane-spanning 4-domains subfamily A member 4A; May be involved in signal transduction as a component of a multimeric receptor complex; Membrane spanning 4-domains

244 SLC25A4 ADP/ATP translocase 1; Involved in mitochondrial ADP/ATP transport. Catalyzes the exchange of cytoplasmic ADP with mitochondrial ATP across the mitochondrial inner membrane; Belongs to the mitochondrial carrier (TC 2.A.29) family

245 C17orf64 Uncharacterized protein C17orf64; Chromosome 17 open reading frame 64

246 TRABD2A Metalloprotease TIKI1; Metalloprotease that acts as a negative regulator of the Wnt signaling pathway by mediating the cleavage of the 8 N- terminal residues of a subset of Wnt proteins. Following cleavage, Wnt proteins become oxidized and form large disulfide-bond oligomers, leading to their inactivation. Able to cleave WNT3A, WNT5, but not WNT11. Required for head formation

247 ATP6V0C V-type proton ATPase 16 kDa proteolipid subunit; Proton-conducting pore forming subunit of the membrane integral V0 complex of vacuolar ATPase. V-ATPase is responsible for acidifying a variety of intracellular compartments in eukaryotic cells; V-type ATPases

248 HECTD3 E3 ubiquitin-protein ligase HECTD3; E3 ubiquitin ligases accepts ubiquitin from an E2 ubiquitin-conjugating enzyme in the form of a thioester and then directly transfers the ubiquitin to targeted substrates. Mediates ubiquitination of TRIOBP and its subsequent proteasomal degradation, thus faciliting cell cycle progression by regulating the turn-over of TRIOBP. Mediates also ubiquitination of STX8 (By similarity)

249 FUCA1 Tissue alpha-L-fucosidase; Alpha-L-fucosidase is responsible for hydrolyzing the alpha-1,6-linked fucose joined to the reducing-end N- acetylglucosamine of the carbohydrate moieties of glycoproteins

250 ZNF853 Zinc finger protein 853; Zinc fingers C2H2-type
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251 TDGF1 Teratocarcinoma-derived growth factor 1; GPI-anchored cell membrane protein involved in Nodal signaling. Cell-associated TDGF1 acts as a Nodal coreceptor in cis. Shedding of TDGF1 by TMEM8A modulates Nodal signaling by allowing soluble TDGF1 to act as a Nodal coreceptor on other cells. Could play a role in the determination of the epiblastic cells that subsequently give rise to the mesoderm
252 hsa-mir-3606 microRNA YWHAZ,
253 MAGOH Protein mago nashi homolog; Core component of the splicing-dependent multiprotein exon junction complex (EJC) deposited at splice junctions on mRNAs. The EJC is a dynamic structure consisting of core proteins and several peripheral nuclear and cytoplasmic associated factors that join the complex only transiently either during EJC assembly or during subsequent mRNA metabolism. The EJC marks the position of the exon-exon junction in the mature mRNA for the gene expression machinery and the core components remain bound to spliced mRNAs throughout all stages of mRNA metabolism thereby infl [...] 
254 XAGE1D X antigen family member 1A
255 IGFBP4 Insulin-like growth factor-binding protein 4; IGF-binding proteins prolong the half-life of the IGFs and have been shown to either inhibit or stimulate the growth promoting effects of the IGFs on cell culture. They alter the interaction of IGFs with their cell surface receptors
256 FOXJ1 Forkhead box protein J1; Transcription factor specifically required for the formation of motile cilia. Acts by activating transcription of genes that mediate assembly of motile cilia, such as CFAP157. Binds the DNA consensus sequences 5'-HWDTGTTTGTTTA-3' or 5'- KTTTGTTGTTKTW-3' (where H is not G, W is A or T, D is not C, and K is G or T); Belongs to the FOXJ1 family
257 SLC25A35 Solute carrier family 25 member 35; Belongs to the mitochondrial carrier (TC 2.A.29) family
258 ARHGEF35 Rho guanine nucleotide exchange factor 35
259 CSNK2B Casein kinase II subunit beta; Participates in Wnt signaling (By similarity). Plays a complex role in regulating the basal catalytic activity of the alpha subunit; Belongs to the casein kinase 2 subunit beta family
260 HHIPL1 HHIP-like protein 1; Scavenger receptor cysteine rich domain containing
261 PARD6A Partitioning defective 6 homolog alpha; Adapter protein involved in asymmetrical cell division and cell polarization processes. Probably involved in the formation of epithelial tight junctions. Association with PARD3 may prevent the interaction of PARD3 with F11R/JAM1, thereby preventing tight junction assembly. The PARD6-PARD3 complex links GTP-bound Rho small GTPases to atypical protein kinase C proteins. Regulates centrosome organization and function. Essential for the centrosomal recruitment of key proteins that control centrosomal microtubule organization; Belongs to the PAR6 family
262 SNURF SNRPN upstream reading frame
263 COX6A1 Cytochrome c oxidase subunit 6A1, mitochondrial; This protein is one of the nuclear-coded polypeptide chains of cytochrome c oxidase, the terminal oxidase in mitochondrial electron transport
264 GPR17 Uracil nucleotide/cysteinyl leukotriene receptor; Dual specificity receptor for uracil nucleotides and cysteinyl leukotrienes (CysLTs). Signals through G(i) and inhibition of adenylyl cyclase. May mediate brain damage by nucleotides and CysLTs following ischemia; Belongs to the G-protein coupled receptor 1 family
265 LURAP1L Leucine rich adaptor protein 1 like
266 FSTL3 Follistatin-related protein 3; Isoform 1 or the secreted form is a binding and antagonizing protein for members of the TGF-beta family, such us activin, BMP2 and MSTN. Inhibits activin A-, activin B-, BMP2- and MSDT-induced cellular signaling; more effective on activin A than on activin B. Involved in bone formation; inhibits osteoclast differentiationc. Involved in hematopoiesis; involved in differentiation of hemopoietic progenitor cells, increases hematopoietic cell adhesion to fibronectin and seems to contribute to the adhesion of hematopoietic precursor cells to the bone marrow st [...] 
267 TCF7 Transcription factor 7; Transcriptional activator involved in T-cell lymphocyte differentiation. Necessary for the survival of CD4(+) CD8(+) immature thymocytes. Isoforms lacking the N-terminal CTNNB1 binding domain cannot fulfill this role. Binds to the T- lymphocyte-specific enhancer element (5'-WWCAAAG-3') found in the promoter of the CD3E gene. May also act as feedback transcriptional repressor of CTNNB1 and TCF7L2 target genes. TLE1, TLE2, TLE3 and TLE4 repress transactivation mediated by TCF7 and CTNNB1; TCF/LEF transcription factor family
268 RSL1D1 Ribosomal L1 domain-containing protein 1; Regulates cellular senescence through inhibition of PTEN translation. Acts as a pro-apoptotic regulator in response to DNA damage; Belongs to the universal ribosomal protein uL1 family. Highly divergent
269 LDOC1 Protein LDOC1; May have an important role in the development and/or progression of some cancers; Belongs to the LDOC1 family
270 DEFB110 Beta-defensin 110; Has antibacterial activity; Defensins, beta
271 LNX1 E3 ubiquitin-protein ligase LNX; E3 ubiquitin-protein ligase that mediates ubiquitination and subsequent proteasomal degradation of NUMB. E3 ubiquitin ligases accept ubiquitin from an E2 ubiquitin-conjugating enzyme in the form of a thioester and then directly transfers the ubiquitin to targeted substrates. Mediates ubiquitination of isoform p66 and isoform p72 of NUMB, but not that of isoform p71 or isoform p65; PDZ domain containing
272 ZNF485 Zinc finger protein 485; May be involved in transcriptional regulation; Zinc fingers C2H2-type
273 RBM15 Putative RNA-binding protein 15; May function as an mRNA export factor, stimulating export and expression of RTE-containing mRNAs which are present in many retrotransposons that require to be exported prior to splicing. High affinity binding of pre-mRNA to RBM15 may allow targeting of the mRNP to the export helicase DBP5 in a manner that is independent of splicing-mediated NXF1 deposition, resulting in export prior to splicing. May be implicated in HOX gene regulation; Belongs to the RRM Spen family
274 IZUMO4 Izumo sperm-egg fusion protein 4; IZUMO family member 4; Belongs to the Izumo family
275 CCDC12 Coiled-coil domain containing 12; Spliceosomal Bact complex
276 MSRB3 Methionine-R-sulfoxide reductase B3; Catalyzes the reduction of free and protein-bound methionine sulfoxide to methionine. Isoform 2 is essential for hearing; Deafness associated genes
277 ALOX5 Arachidonate 5-lipoxygenase; Catalyzes the first step in leukotriene biosynthesis, and thereby plays a role in inflammatory processes; Belongs to the lipoxygenase family
278 SMPD4 Sphingomyelin phosphodiesterase 4; Catalyzes the hydrolysis of membrane sphingomyelin to form phosphorylcholine and ceramide
279 FAS Tumor necrosis factor receptor superfamily member 6; Receptor for TNFSF6/FASLG. The adapter molecule FADD recruits caspase-8 to the activated receptor. The resulting death- inducing signaling complex (DISC) performs caspase-8 proteolytic activation which initiates the subsequent cascade of caspases (aspartate-specific cysteine proteases) mediating apoptosis. FAS- mediated apoptosis may have a role in the induction of peripheral tolerance, in the antigen-stimulated suicide of mature T-cells, or both. The secreted isoforms 2 to 6 block apoptosis (in vitro); CD molecules
280 PIN1 Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1; Peptidyl-prolyl cis/trans isomerase (PPIase) that binds to and isomerizes specific phosphorylated Ser/Thr-Pro (pSer/Thr- Pro) motifs. By inducing conformational changes in a subset of phosphorylated proteins, acts as a molecular switch in multiple cellular processes. Displays a preference for acidic residues located N-terminally to the proline bond to be isomerized. Regulates mitosis presumably by interacting with NIMA and attenuating its mitosis-promoting activity. Down-regulates kinase activity of BTK. Can transactivate multiple [...] 
281 PIWIL3 Piwi-like protein 3; May play a role during spermatogenesis by repressing transposable elements and preventing their mobilization, which is essential for the germline integrity. Acts via the piRNA metabolic process, which mediates the repression of transposable elements during meiosis by forming complexes composed of piRNAs and Piwi proteins and govern the methylation and subsequent repression of transposons. Directly binds piRNAs, a class of 24 to 30 nucleotide RNAs that are generated by a Dicer-independent mechanism and are primarily derived from transposons and other repeated sequen [...] 
282 FAM163A Protein FAM163A; Family with sequence similarity 163 member A; Belongs to the FAM163 family
283 OGFOD2 2-oxoglutarate and iron dependent oxygenase domain containing 2
284 AKR1B15 Aldo-keto reductase family 1 member B15; Isoform 1: Mainly acts as a reductive enzyme that catalyzes the reduction of androgens and estrogens with high positional selectivity (shows 17-beta-hydroxysteroid dehydrogenase activity) as well as 3-keto-acyl-CoAs. Has a strong selectivity towards NADP(H); Belongs to the aldo/keto reductase family
285 MT3 Metallothionein-3; Binds heavy metals. Contains three zinc and three copper atoms per polypeptide chain and only a negligible amount of cadmium. Inhibits survival and neurite formation of cortical neurons in vitro; Metallothioneins
286 CTF1 Cardiotrophin-1; Induces cardiac myocyte hypertrophy in vitro. Binds to and activates the ILST/gp130 receptor; Interleukin 6 type cytokine family
287 USPL1 SUMO-specific isopeptidase USPL1; SUMO-specific isopeptidase involved in protein desumoylation. Specifically binds SUMO proteins with a higher affinity for SUMO2 and SUMO3 which it cleaves more efficiently. Also able to process full-length SUMO proteins to their mature forms. Plays a key role in RNA polymerase-II- mediated snRNA transcription in the Cajal bodies. Is a component of complexes that can bind to U snRNA genes
288 ACOT2 Acyl-coenzyme A thioesterase 2, mitochondrial; Acyl-CoA thioesterases are a group of enzymes that catalyze the hydrolysis of acyl-CoAs to the free fatty acid and coenzyme A (CoASH), providing the potential to regulate intracellular levels of acyl-CoAs, free fatty acids and CoASH. Displays high levels of activity on medium- and long chain acyl CoAs
289 IER3 Radiation-inducible immediate-early gene IEX-1; May play a role in the ERK signaling pathway by inhibiting the dephosphorylation of ERK by phosphatase PP2A- PPP2R5C holoenzyme. Acts also as an ERK downstream effector mediating survival. As a member of the NUPR1/RELB/IER3 survival pathway, may provide pancreatic ductal adenocarcinoma with remarkable resistance to cell stress, such as starvation or gemcitabine treatment
290 LILRA2 Leukocyte immunoglobulin-like receptor subfamily A member 2; Part of the innate immune responses against microbial infection. Specifically recognizes a set of N-terminally truncated immunoglobulins that are produced via cleavage by proteases from a range of pathogenic bacteria and fungi, including L.pneumophila, M.hyorhinis, S.pneumoniae, S.aureus and C.albicans. Recognizes epitopes that are in part in the variable region of the immunoglobulin light chains, but requires also the constant region for signaling. Binds to a subset of cleaved IgM, IgG3 and IgG4 molecules, but does not bind  [...] 
291 PAX1 Paired box protein Pax-1; This protein is a transcriptional activator. It may play a role in the formation of segmented structures of the embryo. May play an important role in the normal development of the vertebral column (By similarity); Paired boxes
292 B4GALT2 Beta-1,4-galactosyltransferase 2; Responsible for the synthesis of complex-type N-linked oligosaccharides in many glycoproteins as well as the carbohydrate moieties of glycolipids. Can produce lactose; Beta 4-glycosyltransferases
293 SPHK1 Sphingosine kinase 1; Catalyzes the phosphorylation of sphingosine to form sphingosine 1-phosphate (SPP), a lipid mediator with both intra- and extracellular functions. Also acts on D-erythro- sphingosine and to a lesser extent sphinganine, but not other lipids, such as D,L-threo-dihydrosphingosine, N,N- dimethylsphingosine, diacylglycerol, ceramide, or phosphatidylinositol
294 SIPA1L1 Signal-induced proliferation-associated 1-like protein 1; Stimulates the GTPase activity of RAP2A. Promotes reorganization of the actin cytoskeleton and recruits DLG4 to F- actin. Contributes to the regulation of dendritic spine morphogenesis (By similarity); PDZ domain containing
295 USP17L19 Ubiquitin carboxyl-terminal hydrolase 17-like protein 19; Deubiquitinating enzyme that removes conjugated ubiquitin from specific proteins to regulate different cellular processes that may include cell proliferation, progression through the cell cycle, apoptosis, cell migration, and the cellular response to viral infection
296 MCAM Cell surface glycoprotein MUC18; Plays a role in cell adhesion, and in cohesion of the endothelial monolayer at intercellular junctions in vascular tissue. Its expression may allow melanoma cells to interact with cellular elements of the vascular system, thereby enhancing hematogeneous tumor spread. Could be an adhesion molecule active in neural crest cells during embryonic development. Acts as surface receptor that triggers tyrosine phosphorylation of FYN and PTK2/FAK1, and a transient increase in the intracellular calcium concentration; C2-set domain containing
297 CALY Neuron-specific vesicular protein calcyon; Interacts with clathrin light chain A and stimulates clathrin self-assembly and clathrin-mediated endocytosis
298 CLRN2 Clarin-2; Clarin 2; Clarins
299 POFUT2 GDP-fucose protein O-fucosyltransferase 2; Catalyzes the reaction that attaches fucose through an O-glycosidic linkage to a conserved serine or threonine residue in the consensus sequence C1-X(2,3)-S/T-C2-X(2)-G of thrombospondin type 1 repeats where C1 and C2 are the first and second cysteines, respectively. O-fucosylates members of several protein families including the ADAMTS family, the thrombosporin (TSP) and spondin families. The O-fucosylation of TSRs is also required for restricting epithelial to mesenchymal transition (EMT), maintaining the correct patterning of mesoderm and l [...] 
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300 RNF43 E3 ubiquitin-protein ligase RNF43; E3 ubiquitin-protein ligase that acts as a negative regulator of the Wnt signaling pathway by mediating the ubiquitination, endocytosis and subsequent degradation of Wnt receptor complex components Frizzled. Acts on both canonical and non-canonical Wnt signaling pathway. Acts as a tumor suppressor in the intestinal stem cell zone by inhibiting the Wnt signaling pathway, thereby resticting the size of the intestinal stem cell zone; Ring finger proteins
301 OR6Y1 Olfactory receptor 6Y1; Odorant receptor; Olfactory receptors, family 6
302 GLI3 Transcriptional activator GLI3; Has a dual function as a transcriptional activator and a repressor of the sonic hedgehog (Shh) pathway, and plays a role in limb development. The full-length GLI3 form (GLI3FL) after phosphorylation and nuclear translocation, acts as an activator (GLI3A) while GLI3R, its C-terminally truncated form, acts as a repressor. A proper balance between the GLI3 activator and the repressor GLI3R, rather than the repressor gradient itself or the activator/repressor ratio gradient, specifies limb digit number and identity. In concert with TRPS1, plays a role in reg [...] 
303 ENOPH1 Enolase-phosphatase E1; Bifunctional enzyme that catalyzes the enolization of 2,3-diketo-5-methylthiopentyl-1-phosphate (DK-MTP-1-P) into the intermediate 2-hydroxy-3-keto-5-methylthiopentenyl-1-phosphate (HK-MTPenyl-1-P), which is then dephosphorylated to form the acireductone 1,2-dihydroxy-3-keto-5-methylthiopentene (DHK- MTPene); HAD Asp-based non-protein phosphatases
304 COL13A1 Collagen alpha-1(XIII) chain; Involved in cell-matrix and cell-cell adhesion interactions that are required for normal development. May participate in the linkage between muscle fiber and basement membrane. May play a role in endochondral ossification of bone and branching morphogenesis of lung. Binds heparin. At neuromuscular junctions, may play a role in acetylcholine receptor clustering; Collagens
305 ZMAT3 Zinc finger matrin-type protein 3; Acts as a bona fide target gene of p53/TP53. May play a role in the TP53-dependent growth regulatory pathway. May contribute to TP53-mediated apoptosis by regulation of TP53 expression and translocation to the nucleus and nucleolus; Zinc fingers matrin-type
306 ANGPT1 Angiopoietin-1; Binds and activates TEK/TIE2 receptor by inducing its dimerization and tyrosine phosphorylation. Plays an important role in the regulation of angiogenesis, endothelial cell survival, proliferation, migration, adhesion and cell spreading, reorganization of the actin cytoskeleton, but also maintenance of vascular quiescence. Required for normal angiogenesis and heart development during embryogenesis. After birth, activates or inhibits angiogenesis, depending on the context. Inhibits angiogenesis and promotes vascular stability in quiescent vessels, where endothelial cells [...] 
307 NLRX1 NLR family member X1; Participates in antiviral signaling. Acts as a negative regulator of MAVS-mediated antiviral responses, through the inhibition of the virus-induced RLH (RIG-like helicase)-MAVS interaction. Has no inhibitory function on NF- Kappa-B and type 1 interferon signaling pathways, but enhances NF- Kappa-B and JUN N-terminal kinase dependent signaling through the production of reactive oxygen species; NLR family
308 LHX1 LIM/homeobox protein Lhx1; Potential transcription factor. May play a role in early mesoderm formation and later in lateral mesoderm differentiation and neurogenesis; LIM class homeoboxes
309 NANOGNB NANOG neighbor homeobox
310 ZNF775 Zinc finger protein 775; May be involved in transcriptional regulation; Zinc fingers C2H2-type
311 MSL2 E3 ubiquitin-protein ligase MSL2; Component of histone acetyltransferase complex responsible for the majority of histone H4 acetylation at lysine 16 which is implicated in the formation of higher-order chromatin structure. Acts as an E3 ubiquitin ligase that promotes monoubiquitination of histone H2B at 'Lys-35' (H2BK34Ub), but not that of H2A. This activity is greatly enhanced by heterodimerization with MSL1. H2B ubiquitination in turn stimulates histine H3 methylation at 'Lys-4' (H3K4me) and 'Lys-79' (H3K79me) and leads to gene activation, including that of HOXA9 and MEIS1
312 MOXD1 Monooxygenase DBH like 1; Belongs to the copper type II ascorbate-dependent monooxygenase family
313 UGT2A2 UDP glucuronosyltransferase 2 family, polypeptide A2; UDP-glucuronosyltransferases catalyze phase II biotransformation reactions in which lipophilic substrates are conjugated with glucuronic acid to increase water solubility and enhance excretion. They are of major importance in the conjugation and subsequent elimination of potentially toxic xenobiotics and endogenous compounds. Active on odorants and seems to be involved in olfaction; it could help clear lipophilic odorant molecules from the sensory epithelium
314 LATS2 Serine/threonine-protein kinase LATS2; Negative regulator of YAP1 in the Hippo signaling pathway that plays a pivotal role in organ size control and tumor suppression by restricting proliferation and promoting apoptosis. The core of this pathway is composed of a kinase cascade wherein STK3/MST2 and STK4/MST1, in complex with its regulatory protein SAV1, phosphorylates and activates LATS1/2 in complex with its regulatory protein MOB1, which in turn phosphorylates and inactivates YAP1 oncoprotein and WWTR1/TAZ. Phosphorylation of YAP1 by LATS2 inhibits its translocation into the nucleus  [...] 
315 BCMO1 Beta,beta-carotene 15,15'-dioxygenase; Symmetrically cleaves beta-carotene into two molecules of retinal using a dioxygenase mechanism; Belongs to the carotenoid oxygenase family
316 CT47B1 Cancer/testis antigen family 47, member B1
317 C7orf57 Uncharacterized protein C7orf57; Chromosome 7 open reading frame 57
318 CD80 Cyclin-dependent kinase inhibitor 2A; Acts as a negative regulator of the proliferation of normal cells by interacting strongly with CDK4 and CDK6. This inhibits their ability to interact with cyclins D and to phosphorylate the retinoblastoma protein
319 SPRY1 Protein sprouty homolog 1; May function as an antagonist of fibroblast growth factor (FGF) pathways and may negatively modulate respiratory organogenesis
320 RNASE3 Eosinophil cationic protein; Cytotoxin and helminthotoxin with low-efficiency ribonuclease activity. Possesses a wide variety of biological activities. Exhibits antibacterial activity, including cytoplasmic membrane depolarization of preferentially Gram-negative, but also Gram-positive strains. Promotes E.coli outer membrane detachment, alteration of the overall cell shape and partial loss of cell content
321 PEA15 Astrocytic phosphoprotein PEA-15; Blocks Ras-mediated inhibition of integrin activation and modulates the ERK MAP kinase cascade. Inhibits RPS6KA3 activities by retaining it in the cytoplasm (By similarity). Inhibits both TNFRSF6- and TNFRSF1A-mediated CASP8 activity and apoptosis. Regulates glucose transport by controlling both the content of SLC2A1 glucose transporters on the plasma membrane and the insulin-dependent trafficking of SLC2A4 from the cell interior to the surface; Death effector domain containing
322 PREB Prolactin regulatory element-binding protein; Guanine nucleotide exchange factor that specifically activates the small GTPase SAR1B. Mediates the recruitement of SAR1B and other COPII coat components to endoplasmic reticulum membranes and is therefore required for the formation of COPII transport vesicles from the ER; WD repeat domain containing
323 THBS4 Thrombospondin-4; Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions and is involved in various processes including cellular proliferation, migration, adhesion and attachment, inflammatory response to CNS injury, regulation of vascular inflammation and adaptive responses of the heart to pressure overload and in myocardial function and remodeling. Binds to structural extracellular matrix (ECM) proteins and modulates the ECM in response to tissue damage, contributing to cardioprotective and adaptive ECM remodeling. Plays a role in ER stress response, via its [...] 
324 HCN2 Potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 2; Hyperpolarization-activated ion channel exhibiting weak selectivity for potassium over sodium ions. Contributes to the native pacemaker currents in heart (If) and in neurons (Ih). Can also transport ammonium in the distal nephron. Produces a large instantaneous current. Modulated by intracellular chloride ions and pH; acidic pH shifts the activation to more negative voltages (By similarity); Cyclic nucleotide gated channels
325 HPCAL1 Hippocalcin-like protein 1; May be involved in the calcium-dependent regulation of rhodopsin phosphorylation; Belongs to the recoverin family
326 LATS1 Serine/threonine-protein kinase LATS1; Negative regulator of YAP1 in the Hippo signaling pathway that plays a pivotal role in organ size control and tumor suppression by restricting proliferation and promoting apoptosis. The core of this pathway is composed of a kinase cascade wherein STK3/MST2 and STK4/MST1, in complex with its regulatory protein SAV1, phosphorylates and activates LATS1/2 in complex with its regulatory protein MOB1, which in turn phosphorylates and inactivates YAP1 oncoprotein and WWTR1/TAZ. Phosphorylation of YAP1 by LATS1 inhibits its translocation into the nucleus  [...] 
327 ITFG3 Protein FAM234A; Integrin alpha FG-GAP repeat containing 3; Belongs to the FAM234 family
328 COL6A5 Collagen alpha-5(VI) chain; Collagen VI acts as a cell-binding protein; Collagens
329 SLC24A4 Sodium/potassium/calcium exchanger 4; Transports 1 Ca(2+) and 1 K(+) in exchange for 4 Na(+). Controls the rapid response termination and proper regulation of adaptation in olfactory sensory neurons (OSNs) which subsequently influences how odor information is encoded and perceived. May play a role in calcium transport during amelogenesis (By similarity); Belongs to the Ca(2+):cation antiporter (CaCA) (TC 2.A.19) family. SLC24A subfamily
330 IER5 Immediate early response gene 5 protein; Plays a role as a transcription factor. Mediates positive transcriptional regulation of several chaperone genes during the heat shock response in a HSF1- dependent manner. Mediates negative transcriptional regulation of CDC25B expression. Plays a role in the dephosphorylation of the heat shock factor HSF1 and ribosomal protein S6 kinase (S6K) by the protein phosphatase PP2A. Involved in the regulation of cell proliferation and resistance to thermal stress. Involved in the cell cycle checkpoint and survival in response to ionizing radiation. Asso [...] 
331 TRIM39 E3 ubiquitin-protein ligase TRIM39; E3 ubiquitin-protein ligase. May facilitate apoptosis by inhibiting APC/C-Cdh1-mediated poly-ubiquitination and subsequent proteasome-mediated degradation of the pro-apoptotic protein MOAP1; Ring finger proteins
332 KIAA0922 Transmembrane protein 131-like; Isoform 1: Membrane-associated form that antagonizes canonical Wnt signaling by triggering lysosome-dependent degradation of Wnt-activated LRP6. Regulates thymocyte proliferation
333 AP3S1 AP-3 complex subunit sigma-1; Part of the AP-3 complex, an adaptor-related complex which is not clathrin-associated. The complex is associated with the Golgi region as well as more peripheral structures. It facilitates the budding of vesicles from the Golgi membrane and may be directly involved in trafficking to lysosomes. In concert with the BLOC-1 complex, AP-3 is required to target cargos into vesicles assembled at cell bodies for delivery into neurites and nerve terminals; Belongs to the adaptor complexes small subunit family
334 C19orf54 UPF0692 protein C19orf54; Chromosome 19 open reading frame 54; Belongs to the UPF0692 family
335 TST Thiosulfate sulfurtransferase; Formation of iron-sulfur complexes, cyanide detoxification or modification of sulfur-containing enzymes. Other thiol compounds, besides cyanide, can act as sulfur ion acceptors. Also has weak mercaptopyruvate sulfurtransferase (MST) activity (By similarity). Together with MRPL18, acts as a mitochondrial import factor for the cytosolic 5S rRNA. Only the nascent unfolded cytoplasmic form is able to bind to the 5S rRNA
336 FCRL5 Fc receptor-like protein 5; May be involved in B-cell development and differentiation in peripheral lymphoid organs and may be useful markers of B-cell stages. May have an immunoregulatory role in marginal zone B-cells; CD molecules
337 LRRC8B Volume-regulated anion channel subunit LRRC8B; Non-essential component of the volume-regulated anion channel (VRAC, also named VSOAC channel), an anion channel required to maintain a constant cell volume in response to extracellular or intracellular osmotic changes. The VRAC channel conducts iodide better than chloride and may also conduct organic osmolytes like taurine. Channel activity requires LRRC8A plus at least one other family member (LRRC8B, LRRC8C, LRRC8D or LRRC8E); channel characteristics depend on the precise subunit composition
338 MAFG Transcription factor MafG; Since they lack a putative transactivation domain, the small Mafs behave as transcriptional repressors when they dimerize among themselves. However, they seem to serve as transcriptional activators by dimerizing with other (usually larger) basic-zipper proteins and recruiting them to specific DNA-binding sites. Small Maf proteins heterodimerize with Fos and may act as competitive repressors of the NF-E2 transcription factor. Transcription factor, component of erythroid-specific transcription factor NF- E2. Activates globin gene expression when associated with [...] 
339 UNC5D Netrin receptor UNC5D; Receptor for the netrin NTN4 that promotes neuronal cell survival (By similarity). Plays a role in cell-cell adhesion and cell guidance. Receptor for netrin involved in cell migration. Plays a role in axon guidance by mediating axon repulsion of neuronal growth cones in the developing nervous system upon ligand binding (By similarity). May play a role in apoptosis in response to DNA damage. It also acts as a dependence receptor required for apoptosis induction when not associated with netrin ligand. Mediates cell-cell adhesion via its interaction with FLRT3 on an [...] 
340 ATXN1 Ataxin-1; Chromatin-binding factor that repress Notch signaling in the absence of Notch intracellular domain by acting as a CBF1 corepressor. Binds to the HEY promoter and might assist, along with NCOR2, RBPJ-mediated repression. Binds RNA in vitro. May be involved in RNA metabolism. In concert with CIC and ATXN1L, involved in brain development (By similarity)
341 LIPJ Lipase family member J; Belongs to the AB hydrolase superfamily. Lipase family
342 USP5 Ubiquitin carboxyl-terminal hydrolase 5; Cleaves linear and branched multiubiquitin polymers with a marked preference for branched polymers. Involved in unanchored 'Lys-48'-linked polyubiquitin disassembly. Binds linear and 'Lys- 63'-linked polyubiquitin with a lower affinity. Knock-down of USP5 causes the accumulation of p53/TP53 and an increase in p53/TP53 transcriptional activity because the unanchored polyubiquitin that accumulates is able to compete with ubiquitinated p53/TP53 but not with MDM2 for proteasomal recognition; Ubiquitin specific peptidases
343 QSOX1 Sulfhydryl oxidase 1; Catalyzes the oxidation of sulfhydryl groups in peptide and protein thiols to disulfides with the reduction of oxygen to hydrogen peroxide. May contribute to disulfide bond formation in a variety of secreted proteins. In fibroblasts, it may have tumor- suppressing capabilities being involved in growth regulation; Belongs to the quiescin-sulfhydryl oxidase (QSOX) family
344 ZNF488 Zinc finger protein 488; May be involved in transcriptional regulation; Belongs to the krueppel C2H2-type zinc-finger protein family
345 FPR2 N-formyl peptide receptor 2; Low affinity receptor for N-formyl-methionyl peptides, which are powerful neutrophils chemotactic factors. Binding of FMLP to the receptor causes activation of neutrophils. This response is mediated via a G-protein that activates a phosphatidylinositol-calcium second messenger system. The activation of LXA4R could result in an anti-inflammatory outcome counteracting the actions of proinflammatory signals such as LTB4 (leukotriene B4)
346 HDAC10 Histone deacetylase 10; Responsible for the deacetylation of lysine residues on the N-terminal part of the core histones (H2A, H2B, H3 and H4). Histone deacetylation gives a tag for epigenetic repression and plays an important role in transcriptional regulation, cell cycle progression and developmental events. Histone deacetylases act via the formation of large multiprotein complexes
347 ACD Adrenocortical dysplasia protein homolog; Component of the shelterin complex (telosome) that is involved in the regulation of telomere length and protection. Shelterin associates with arrays of double-stranded TTAGGG repeats added by telomerase and protects chromosome ends. Without its protective activity, telomeres are no longer hidden from the DNA damage surveillance and chromosome ends are inappropriately processed by DNA repair pathways. Promotes binding of POT1 to single-stranded telomeric DNA. Modulates the inhibitory effects of POT1 on telomere elongation. The ACD-POT1 heterodim [...] 
348 POMC Pro-opiomelanocortin; Met-enkephalin: Endogenous opiate; Belongs to the POMC family
349 FAM193B Protein FAM193B; Family with sequence similarity 193 member B; Belongs to the FAM193 family
350 ZNF860 Zinc finger protein 860; May be involved in transcriptional regulation; Zinc fingers C2H2-type
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351 ZC3H15 Zinc finger CCCH domain-containing protein 15; Protects DRG1 from proteolytic degradation; Zinc fingers CCCH-type
352 ZNF233 Zinc finger protein 233; May be involved in transcriptional regulation; Zinc fingers C2H2-type
353 CDKN2A Ceramide kinase; Catalyzes specifically the phosphorylation of ceramide to form ceramide 1-phosphate. Acts efficiently on natural and analog ceramides (C6, C8, C16 ceramides, and C8-dihydroceramide), to a lesser extent on C2-ceramide and C6-dihydroceramide, but not on other lipids, such as various sphingosines. Binds phosphoinositides
354 KCNJ16 Inward rectifier potassium channel 16; Inward rectifier potassium channels are characterized by a greater tendency to allow potassium to flow into the cell rather than out of it. Their voltage dependence is regulated by the concentration of extracellular potassium; as external potassium is raised, the voltage range of the channel opening shifts to more positive voltages. The inward rectification is mainly due to the blockage of outward current by internal magnesium. KCNJ16 may be involved in the regulation of fluid and pH balance. In the kidney, together with KCNJ10, mediates basolater [...] 
355 APITD1 Centromere protein S; DNA-binding component of the Fanconi anemia (FA) core complex. Required for the normal activation of the FA pathway, leading to monoubiquitination of the FANCI-FANCD2 complex in response to DNA damage, cellular resistance to DNA cross-linking drugs, and prevention of chromosomal breakage. In complex with CENPX (MHF heterodimer), crucial cofactor for FANCM in both binding and ATP-dependent remodeling of DNA. Stabilizes FANCM. In complex with CENPX and FANCM (but not other FANC proteins), rapidly recruited to blocked forks and promotes gene conversion at blocked rep [...] 
356 KIF3C Kinesin-like protein KIF3C; Microtubule-based anterograde translocator for membranous organelles; Kinesins
357 LPCAT1 Lysophosphatidylcholine acyltransferase 1; Possesses both acyltransferase and acetyltransferase activities. Activity is calcium-independent (By similarity). Mediates the conversion of 1- acyl-sn-glycero-3-phosphocholine (LPC) into phosphatidylcholine (PC). Displays a clear preference for saturated fatty acyl-CoAs, and 1-myristoyl or 1-palmitoyl LPC as acyl donors and acceptors, respectively. May synthesize phosphatidylcholine in pulmonary surfactant, thereby playing a pivotal role in respiratory physiology. Involved in the regulation of lipid droplet number and size
358 TUBB1 Tubulin beta-1 chain; Tubulin is the major constituent of microtubules. It binds two moles of GTP, one at an exchangeable site on the beta chain and one at a non-exchangeable site on the alpha chain (By similarity); Belongs to the tubulin family
359 ERC1 ELKS/Rab6-interacting/CAST family member 1; Regulatory subunit of the IKK complex. Probably recruits IkappaBalpha/NFKBIA to the complex. May be involved in the organization of the cytomatrix at the nerve terminals active zone (CAZ) which regulates neurotransmitter release. May be involved in vesicle trafficking at the CAZ. May be involved in Rab-6 regulated endosomes to Golgi transport
360 ANXA11 Annexin A11; Binds specifically to calcyclin in a calcium-dependent manner (By similarity). Required for midbody formation and completion of the terminal phase of cytokinesis; Belongs to the annexin family
361 PDLIM5 PDZ and LIM domain protein 5; May play an important role in the heart development by scaffolding PKC to the Z-disk region. May play a role in the regulation of cardiomyocyte expansion. Overexpression promotes the development of heart hypertrophy. Contributes to the regulation of dendritic spine morphogenesis in neurons. May restrain postsynaptic growth of excitatory synapses (By similarity); LIM domain containing
362 SLC6A17 Sodium-dependent neutral amino acid transporter SLC6A17; Functions as a sodium-dependent vesicular transporter selective for proline, glycine, leucine and alanine. In contrast to other members of this neurotransmitter transporter family, does not appear to be chloride-dependent (By similarity); Solute carriers
363 PMS2 Mismatch repair endonuclease PMS2; Component of the post-replicative DNA mismatch repair system (MMR). Heterodimerizes with MLH1 to form MutL alpha. DNA repair is initiated by MutS alpha (MSH2-MSH6) or MutS beta (MSH2- MSH6) binding to a dsDNA mismatch, then MutL alpha is recruited to the heteroduplex. Assembly of the MutL-MutS-heteroduplex ternary complex in presence of RFC and PCNA is sufficient to activate endonuclease activity of PMS2. It introduces single-strand breaks near the mismatch and thus generates new entry points for the exonuclease EXO1 to degrade the strand containing t [...] 
364 UGT3A2 UDP-glucuronosyltransferase 3A2; UDP-glucuronosyltransferases catalyze phase II biotransformation reactions in which lipophilic substrates are conjugated with glucuronic acid to increase water solubility and enhance excretion. They are of major importance in the conjugation and subsequent elimination of potentially toxic xenobiotics and endogenous compounds (By similarity); Belongs to the UDP-glycosyltransferase family
365 HES5 Transcription factor HES-5; Transcriptional repressor of genes that require a bHLH protein for their transcription. Plays an important role as neurogenesis negative regulator (By similarity); Basic helix-loop-helix proteins
366 OR4C46 Olfactory receptor 4C46; Odorant receptor; Olfactory receptors, family 4
367 LUZP1 Leucine zipper protein 1
368 FSCB Fibrous sheath CABYR-binding protein; May be involved in the later stages of fibrous sheath biogenesis and spermatozoa capacitation. Inhibits ROPN1 and ROPN1L SUMOylation. Binds calcium
369 GTF2F2 General transcription factor IIF subunit 2; TFIIF is a general transcription initiation factor that binds to RNA polymerase II and helps to recruit it to the initiation complex in collaboration with TFIIB. It promotes transcription elongation. This subunit shows ATP-dependent DNA- helicase activity
370 MRC2 C-type mannose receptor 2; May play a role as endocytotic lectin receptor displaying calcium-dependent lectin activity. Internalizes glycosylated ligands from the extracellular space for release in an endosomal compartment via clathrin-mediated endocytosis. May be involved in plasminogen activation system controlling the extracellular level of PLAUR/PLAU, and thus may regulate protease activity at the cell surface. May contribute to cellular uptake, remodeling and degradation of extracellular collagen matrices. May play a role during cancer progression as well as in other chronic tissu [...] 
371 FLYWCH2 FLYWCH family member 2
372 IBSP Bone sialoprotein 2; Binds tightly to hydroxyapatite. Appears to form an integral part of the mineralized matrix. Probably important to cell-matrix interaction. Promotes Arg-Gly-Asp-dependent cell attachment; SIBLING family
373 INTS3 Integrator complex subunit 3; Component of the Integrator (INT) complex. The Integrator complex is involved in the small nuclear RNAs (snRNA) U1 and U2 transcription and in their 3'-box-dependent processing. The Integrator complex is associated with the C-terminal domain (CTD) of RNA polymerase II largest subunit (POLR2A) and is recruited to the U1 and U2 snRNAs genes (Probable). Mediates recruitment of cytoplasmic dynein to the nuclear envelope, probably as component of the INT complex
374 L1CAM Neural cell adhesion molecule L1; Neural cell adhesion molecule involved in the dynamics of cell adhesion and in the generation of transmembrane signals at tyrosine kinase receptors. During brain development, critical in multiple processes, including neuronal migration, axonal growth and fasciculation, and synaptogenesis. In the mature brain, plays a role in the dynamics of neuronal structure and function, including synaptic plasticity; CD molecules
375 EPHA3 Ephrin type-A receptor 3; Receptor tyrosine kinase which binds promiscuously membrane-bound ephrin family ligands residing on adjacent cells, leading to contact-dependent bidirectional signaling into neighboring cells. The signaling pathway downstream of the receptor is referred to as forward signaling while the signaling pathway downstream of the ephrin ligand is referred to as reverse signaling. Highly promiscuous for ephrin-A ligands it binds preferentially EFNA5. Upon activation by EFNA5 regulates cell-cell adhesion, cytoskeletal organization and cell migration. Plays a role in car [...] 
376 AXL Tyrosine-protein kinase receptor UFO; Receptor tyrosine kinase that transduces signals from the extracellular matrix into the cytoplasm by binding growth factor GAS6 and which is thus regulating many physiological processes including cell survival, cell proliferation, migration and differentiation. Ligand binding at the cell surface induces dimerization and autophosphorylation of AXL. Following activation by ligand, ALX binds and induces tyrosine phosphorylation of PI3- kinase subunits PIK3R1, PIK3R2 and PIK3R3; but also GRB2, PLCG1, LCK and PTPN11. Other downstream substrate candidate [...] 
377 hsa-mir-3191 microRNA NRAS
378 HOXB4 Homeobox protein Hox-B4; Sequence-specific transcription factor which is part of a developmental regulatory system that provides cells with specific positional identities on the anterior-posterior axis; HOXL subclass homeoboxes
379 TCTEX1D4 Tctex1 domain containing 4
380 CLPX ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial; ATP-dependent specificity component of the Clp protease complex. Hydrolyzes ATP. Targets specific substrates for degradation by the Clp complex. Can perform chaperone functions in the absence of CLPP. Enhances the DNA-binding activity of TFAM and is required for maintaining a normal mitochondrial nucleoid structure. ATP- dependent unfoldase that stimulates the incorporation of the pyridoxal phosphate cofactor into 5-aminolevulinate synthase, thereby activating 5-aminolevulinate (ALA) synthesis, the first step in h [...] 
381 GLS Glutaminase kidney isoform, mitochondrial; Catalyzes the first reaction in the primary pathway for the renal catabolism of glutamine. Plays a role in maintaining acid-base homeostasis. Regulates the levels of the neurotransmitter glutamate in the brain. Isoform 2 lacks catalytic activity; Ankyrin repeat domain containing
382 OR52E8 Olfactory receptor 52E8; Odorant receptor; Olfactory receptors, family 52
383 TNFSF14 Tumor necrosis factor ligand superfamily member 14; Cytokine that binds to TNFRSF3/LTBR. Binding to the decoy receptor TNFRSF6B modulates its effects. Activates NFKB, stimulates the proliferation of T-cells, and inhibits growth of the adenocarcinoma HT-29. Acts as a receptor for Herpes simplex virus; CD molecules
384 GPR39 G-protein coupled receptor 39; Zn(2+) acts as an agonist. This receptor mediates its action by association with G proteins that activate a phosphatidylinositol-calcium second messenger system. Its effect is mediated mainly through G(q)-alpha and G(12)/G(13) proteins. Involved in regulation of body weight, gastrointestinal mobility, hormone secretion and cell death (By similarity); G protein-coupled receptors, Class A orphans
385 BAIAP2 Brain-specific angiogenesis inhibitor 1-associated protein 2; Adapter protein that links membrane-bound small G- proteins to cytoplasmic effector proteins. Necessary for CDC42- mediated reorganization of the actin cytoskeleton and for RAC1- mediated membrane ruffling. Involved in the regulation of the actin cytoskeleton by WASF family members and the Arp2/3 complex. Plays a role in neurite growth. Acts syngeristically with ENAH to promote filipodia formation. Plays a role in the reorganization of the actin cytoskeleton in response to bacterial infection. Participates in actin bundling  [...] 
386 RAC2 Ras-related C3 botulinum toxin substrate 2; Plasma membrane-associated small GTPase which cycles between an active GTP-bound and inactive GDP-bound state. In active state binds to a variety of effector proteins to regulate cellular responses, such as secretory processes, phagocytose of apoptotic cells and epithelial cell polarization. Augments the production of reactive oxygen species (ROS) by NADPH oxidase
387 DDX53 Probable ATP-dependent RNA helicase DDX53; DEAD-box helicase 53
388 GRIK2 Glutamate receptor ionotropic, kainate 2; Ionotropic glutamate receptor. L-glutamate acts as an excitatory neurotransmitter at many synapses in the central nervous system. Binding of the excitatory neurotransmitter L- glutamate induces a conformation change, leading to the opening of the cation channel, and thereby converts the chemical signal to an electrical impulse. The receptor then desensitizes rapidly and enters a transient inactive state, characterized by the presence of bound agonist. May be involved in the transmission of light information from the retina to the hypothalamus.  [...] 
389 MANF Mesencephalic astrocyte-derived neurotrophic factor; Selectively promotes the survival of dopaminergic neurons of the ventral mid-brain. Modulates GABAergic transmission to the dopaminergic neurons of the substantia nigra. Enhances spontaneous, as well as evoked, GABAergic inhibitory postsynaptic currents in dopaminergic neurons (By similarity). Inhibits cell proliferation and endoplasmic reticulum (ER) stress-induced cell death
390 GAS2L3 GAS2-like protein 3; Cytoskeletal linker protein. May promote and stabilize the formation of the actin and microtubule network; Belongs to the GAS2 family
391 SNX13 Sorting nexin-13; May be involved in several stages of intracellular trafficking. May play a role in endosome homeostasis (By similarity). Acts as a GAP for Galphas; Belongs to the sorting nexin family
392 LOC100130357
393 KCNK1 Potassium channel subfamily K member 1; Ion channel that contributes to passive transmembrane potassium transport and to the regulation of the resting membrane potential in brain astrocytes, but also in kidney and in other tissues. Forms dimeric channels through which potassium ions pass in accordance with their electrochemical gradient. The channel is selective for K(+) ions at physiological potassium concentrations and at neutral pH, but becomes permeable to Na(+) at subphysiological K(+) levels and upon acidification of the extracellular medium. The homodimer has very low potassium  [...] 
394 PRDM13 PR domain zinc finger protein 13; May be involved in transcriptional regulation; PR/SET domain family
395 SH3TC1 SH3 domain and tetratricopeptide repeats 1
396 ALKBH4 Alpha-ketoglutarate-dependent dioxygenase alkB homolog 4; Dioxygenase that mediates demethylation of actin monomethylated at 'Lys-84' (K84me1), thereby acting as a regulator of actomyosin-processes. Demethylation of actin K84me1 is required for maintaining actomyosin dynamics supporting normal cleavage furrow ingression during cytokinesis and cell migration. May be involved in transcription regulation; Belongs to the alkB family
397 DGKK Diacylglycerol kinase kappa; Phosphorylates diacylglycerol (DAG) to generate phosphatidic acid (PA)
398 TTC19 Tetratricopeptide repeat protein 19, mitochondrial; Required for the preservation of the structural and functional integrity of mitochondrial respiratory complex III by allowing the physiological turnover of the Rieske protein UQCRFS1. Involved in the clearance of UQCRFS1 N-terminal fragments, which are produced upon incorporation of UQCRFS1 into the complex III and whose presence is detrimental for its catalytic activity; Tetratricopeptide repeat domain containing
399 HELT Hairy and enhancer of split-related protein HELT; Transcriptional repressor which binds preferentially to the canonical E box sequence 5'-CACGCG-3'; Belongs to the HEY family
400 OR52I2 Olfactory receptor 52I2; Odorant receptor; Olfactory receptors, family 52
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401 FBLN7 Fibulin-7; An adhesion molecule that interacts with extracellular matrix molecules in developing teeth and may play important roles in differentiation and maintenance of odontoblasts as well as in dentin formation; Fibulins
402 GAREM GRB2-associated and regulator of MAPK protein 1; Isoform 1: Acts as an adapter protein that plays a role in intracellular signaling cascades triggered either by the cell surface activated epidermal growth factor receptor and/or cytoplasmic protein tyrosine kinases. Promotes activation of the MAPK/ERK signaling pathway. Plays a role in the regulation of cell proliferation; Belongs to the GAREM family
403 SNRNP200 U5 small nuclear ribonucleoprotein 200 kDa helicase; RNA helicase that plays an essential role in pre-mRNA splicing as component of the U5 snRNP and U4/U6-U5 tri-snRNP complexes. Involved in spliceosome assembly, activation and disassembly. Mediates changes in the dynamic network of RNA-RNA interactions in the spliceosome. Catalyzes the ATP-dependent unwinding of U4/U6 RNA duplices, an essential step in the assembly of a catalytically active spliceosome
404 FASTKD1 FAST kinase domain-containing protein 1, mitochondrial; FASTK mitochondrial RNA binding family

Enriched (biology) 405 ZRANB3 DNA annealing helicase and endonuclease ZRANB3; DNA annealing helicase and endonuclease required to maintain genome stability at stalled or collapsed replication forks by facilitating fork restart and limiting inappropriate recombination that could occur during template switching events. Recruited to the sites of stalled DNA replication by polyubiquitinated PCNA and acts as a structure-specific endonuclease that cleaves the replication fork D-loop intermediate, generating an accessible 3'-OH group in the template of the leading strand, which is amenable to extension by DNA polymerase.  [...] 
406 RASSF9 Ras association domain-containing protein 9; May play a role in regulating vesicuar trafficking in cells; Ras association domain family
407 DDB2 DNA damage-binding protein 2; Required for DNA repair. Binds to DDB1 to form the UV- damaged DNA-binding protein complex (the UV-DDB complex). The UV- DDB complex may recognize UV-induced DNA damage and recruit proteins of the nucleotide excision repair pathway (the NER pathway) to initiate DNA repair. The UV-DDB complex preferentially binds to cyclobutane pyrimidine dimers (CPD), 6-4 photoproducts (6-4 PP), apurinic sites and short mismatches. Also appears to function as the substrate recognition module for the DCX (DDB1- CUL4-X-box) E3 ubiquitin-protein ligase complex DDB1-CUL4-ROC1  [...] 
408 DNMT3B DNA (cytosine-5)-methyltransferase 3B; Required for genome-wide de novo methylation and is essential for the establishment of DNA methylation patterns during development. DNA methylation is coordinated with methylation of histones. May preferentially methylates nucleosomal DNA within the nucleosome core region. May function as transcriptional co- repressor by associating with CBX4 and independently of DNA methylation. Seems to be involved in gene silencing (By similarity). In association with DNMT1 and via the recruitment of CTCFL/BORIS, involved in activation of BAG1 gene expression b [...] 
409 CHD1L Chromodomain-helicase-DNA-binding protein 1-like; DNA helicase which plays a role in chromatin-remodeling following DNA damage. Targeted to sites of DNA damage through interaction with poly(ADP-ribose) and functions to regulate chromatin during DNA repair. Able to catalyze nucleosome sliding in an ATP-dependent manner. Helicase activity is strongly stimulated upon poly(ADP-ribose)-binding; Belongs to the SNF2/RAD54 helicase family
410 SUV420H2 Histone-lysine N-methyltransferase KMT5C; Histone methyltransferase that specifically trimethylates 'Lys-20' of histone H4. H4 'Lys-20' trimethylation represents a specific tag for epigenetic transcriptional repression. Mainly functions in pericentric heterochromatin regions, thereby playing a central role in the establishment of constitutive heterochromatin in these regions. KMT5C is targeted to histone H3 via its interaction with RB1 family proteins (RB1, RBL1 and RBL2) (By similarity); Belongs to the class V-like SAM-binding methyltransferase superfamily. Histone-lysine methyltransf [...] 
411 MPHOSPH8 M-phase phosphoprotein 8; Heterochromatin component that specifically recognizes and binds methylated 'Lys-9' of histone H3 (H3K9me) and promotes recruitment of proteins that mediate epigenetic repression. Mediates recruitment of the HUSH complex to H3K9me3 sites: the HUSH complex is recruited to genomic loci rich in H3K9me3 and is probably required to maintain transcriptional silencing by promoting recruitment of SETDB1, a histone methyltransferase that mediates further deposition of H3K9me3. Binds H3K9me and promotes DNA methylation by recruiting DNMT3A to target CpG sites; these can [...] 
412 HDAC3 Histone deacetylase 3; Responsible for the deacetylation of lysine residues on the N-terminal part of the core histones (H2A, H2B, H3 and H4), and some other non-histone substrates. Histone deacetylation gives a tag for epigenetic repression and plays an important role in transcriptional regulation, cell cycle progression and developmental events. Histone deacetylases act via the formation of large multiprotein complexes. Participates in the BCL6 transcriptional repressor activity by deacetylating the H3 'Lys- 27' (H3K27) on enhancer elements, antagonizing EP300 acetyltransferase activ [...] 
413 XPC DNA repair protein complementing XP-C cells; Involved in global genome nucleotide excision repair (GG-NER) by acting as damage sensing and DNA-binding factor component of the XPC complex. Has only a low DNA repair activity by itself which is stimulated by RAD23B and RAD23A. Has a preference to bind DNA containing a short single-stranded segment but not to damaged oligonucleotides. This feature is proposed to be related to a dynamic sensor function: XPC can rapidly screen duplex DNA for non-hydrogen-bonded bases by forming a transient nucleoprotein intermediate complex which matures int [...] 
414 APOBEC3C DNA dC->dU-editing enzyme APOBEC-3C; DNA deaminase (cytidine deaminase) which acts as an inhibitor of retrovirus replication and retrotransposon mobility via deaminase-dependent and -independent mechanisms. After the penetration of retroviral nucleocapsids into target cells of infection and the initiation of reverse transcription, it can induce the conversion of cytosine to uracil in the minus-sense single-strand viral DNA, leading to G-to-A hypermutations in the subsequent plus-strand viral DNA. The resultant detrimental levels of mutations in the proviral genome, along with a deamina [...] 
415 MBD4 Methyl-CpG-binding domain protein 4; Mismatch-specific DNA N-glycosylase involved in DNA repair. Has thymine glycosylase activity and is specific for G:T mismatches within methylated and unmethylated CpG sites. Can also remove uracil or 5-fluorouracil in G:U mismatches. Has no lyase activity. Was first identified as methyl-CpG-binding protein
416 ZC3H12B Probable ribonuclease ZC3H12B; May function as RNase and regulate the levels of target RNA species; Zinc fingers CCCH-type
417 ZSCAN10 Zinc finger and SCAN domain-containing protein 10; Embryonic stem (ES) cell-specific transcription factor required to maintain ES cell pluripotency. Can both activate and /or repress expression of target genes, depending on the context. Specifically binds the 5'-[GA]CGCNNGCG[CT]-3' DNA consensus sequence. Regulates expression of POU5F1/OCT4, ZSCAN4 and ALYREF/THOC4 (By similarity); SCAN domain containing
418 ZNF354B Zinc finger protein 354B; May be involved in transcriptional regulation; Zinc fingers C2H2-type
419 ZFP14 Zinc finger protein 14 homolog; May be involved in transcriptional regulation; Zinc fingers C2H2-type
420 PRDM5 PR domain zinc finger protein 5; Sequence-specific DNA-binding transcription factor. Represses transcription at least in part by recruitment of the histone methyltransferase EHMT2/G9A and histone deacetylases such as HDAC1. Regulates hematopoiesis-associated protein-coding and microRNA (miRNA) genes. May regulate the expression of proteins involved in extracellular matrix development and maintenance, including fibrillar collagens, such as COL4A1 and COL11A1, connective tissue components, such as HAPLN1, and molecules regulating cell migration and adhesion, including EDIL3 and TGFB2. Ma [...] 
421 TDRD9 ATP-dependent RNA helicase TDRD9; ATP-binding RNA helicase required during spermatogenesis. Required to repress transposable elements and prevent their mobilization, which is essential for the germline integrity. Acts via the piRNA metabolic process, which mediates the repression of transposable elements during meiosis by forming complexes composed of piRNAs and Piwi proteins and governs the methylation and subsequent repression of transposons. Acts downstream of piRNA biogenesis: exclusively required for transposon silencing in the nucleus, suggesting that it acts as a nuclear effecto [...] 
422 DOT1L Histone-lysine N-methyltransferase, H3 lysine-79 specific; Histone methyltransferase. Methylates 'Lys-79' of histone H3. Nucleosomes are preferred as substrate compared to free histones. Binds to DNA; Lysine methyltransferases
423 EHMT1 Histone-lysine N-methyltransferase EHMT1; Histone methyltransferase that specifically mono- and dimethylates 'Lys-9' of histone H3 (H3K9me1 and H3K9me2, respectively) in euchromatin. H3K9me represents a specific tag for epigenetic transcriptional repression by recruiting HP1 proteins to methylated histones. Also weakly methylates 'Lys-27' of histone H3 (H3K27me). Also required for DNA methylation, the histone methyltransferase activity is not required for DNA methylation, suggesting that these 2 activities function independently. Probably targeted to histone H3 by different DNA-binding [...] 
424 ATF7IP Activating transcription factor 7-interacting protein 1; Recruiter that couples transcriptional factors to general transcription apparatus and thereby modulates transcription regulation and chromatin formation. Can both act as an activator or a repressor depending on the context. Mediates MBD1-dependent transcriptional repression, probably by recruiting complexes containing SETDB1. Required to stimulate histone methyltransferase activity of SETDB1 and facilitate the conversion of dimethylated to trimethylated H3 'Lys-9' (H3K9me3). The complex formed with MBD1 and SETDB1 represses trans [...] 
425 PRDM8 PR domain zinc finger protein 8; Probable histone methyltransferase, preferentially acting on 'Lys-9' of histone H3 (By similarity). Involved in the control of steroidogenesis through transcriptional repression of steroidogenesis marker genes such as CYP17A1 and LHCGR (By similarity). Forms with BHLHE22 a transcriptional repressor complex controlling genes involved in neural development and neuronal differentiation (By similarity). In the retina, it is required for rod bipolar and type 2 OFF-cone bipolar cell survival (By similarity); Belongs to the class V-like SAM-binding methyltrans [...] 
426 KIAA1328 Protein hinderin; Competes with SMC1 for binding to SMC3. May affect the availability of SMC3 to engage in the formation of multimeric protein complexes
427 ZBED9 SCAN domain-containing protein 3; Zinc finger BED-type containing 9; SCAN domain containing
428 BEND3 BEN domain-containing protein 3; Transcriptional repressor which associates with the NoRC (nucleolar remodeling complex) complex and plays a key role in repressing rDNA transcription. The sumoylated form modulates the stability of the NoRC complex component BAZ2A/TIP5 by controlling its USP21-mediated deubiquitination. Binds to unmethylated major satellite DNA and is involved in the recruitment of the Polycomb repressive complex 2 (PRC2) to major satellites (By similarity). Stimulates the ERCC6L translocase and ATPase activities; BEN domain containing
429 SLX1B Structure-specific endonuclease subunit SLX1; Catalytic subunit of the SLX1-SLX4 structure-specific endonuclease that resolves DNA secondary structures generated during DNA repair and recombination. Has endonuclease activity towards branched DNA substrates, introducing single-strand cuts in duplex DNA close to junctions with ss-DNA. Has a preference for 5'-flap structures, and promotes symmetrical cleavage of static and migrating Holliday junctions (HJs). Resolves HJs by generating two pairs of ligatable, nicked duplex products
430 DTX3L E3 ubiquitin-protein ligase DTX3L; E3 ubiquitin-protein ligase which, in association with ADP-ribosyltransferase PARP9, plays a role in DNA damage repair and in interferon-mediated antiviral responses. Monoubiquitinates several histones, including histone H2A, H2B, H3 and H4. In response to DNA damage, mediates monoubiquitination of 'Lys-91' of histone H4 (H4K91ub1). The exact role of H4K91ub1 in DNA damage response is still unclear but it may function as a licensing signal for additional histone H4 post-translational modifications such as H4 'Lys-20' methylation (H4K20me). PARP1-depen [...] 
431 TP53 Cellular tumor antigen p53; Acts as a tumor suppressor in many tumor types; induces growth arrest or apoptosis depending on the physiological circumstances and cell type. Involved in cell cycle regulation as a trans-activator that acts to negatively regulate cell division by controlling a set of genes required for this process. One of the activated genes is an inhibitor of cyclin-dependent kinases. Apoptosis induction seems to be mediated either by stimulation of BAX and FAS antigen expression, or by repression of Bcl-2 expression. In cooperation with mitochondrial PPIF is involved in  [...] 
432 TP53BP1 TP53-binding protein 1; Double-strand break (DSB) repair protein involved in response to DNA damage, telomere dynamics and class-switch recombination (CSR) during antibody genesis. Plays a key role in the repair of double-strand DNA breaks (DSBs) in response to DNA damage by promoting non-homologous end joining (NHEJ)-mediated repair of DSBs and specifically counteracting the function of the homologous recombination (HR) repair protein BRCA1. In response to DSBs, phosphorylation by ATM promotes interaction with RIF1 and dissociation from NUDT16L1/TIRR, leading to recruitment to DSBs si [...] 
433 FAM111A Protein FAM111A; Chromatin-associated protein required for PCNA loading on replication sites. Promotes S-phase entry and DNA synthesis. May directly function at replication forks, explaining why Simian virus 40 (SV40) interacts with FAM111A to overcome host range restriction
434 TRIM49C Tripartite motif containing 49C; Ring finger proteins
435 TSN Translin; DNA-binding protein that specifically recognizes consensus sequences at the breakpoint junctions in chromosomal translocations, mostly involving immunoglobulin (Ig)/T-cell receptor gene segments. Seems to recognize single-stranded DNA ends generated by staggered breaks occurring at recombination hot spots; Belongs to the translin family
436 HELB DNA helicase B; 5'-3' DNA helicase involved in DNA damage response by acting as an inhibitor of DNA end resection. Recruitment to single-stranded DNA (ssDNA) following DNA damage leads to inhibit the nucleases catalyzing resection, such as EXO1, BLM and DNA2, possibly via the 5'-3' ssDNA translocase activity of HELB. As cells approach S phase, DNA end resection is promoted by the nuclear export of HELB following phosphorylation. Acts independently of TP53BP1. Unwinds duplex DNA with 5'-3' polarity. Has single-strand DNA-dependent ATPase and DNA helicase activities. Prefers ATP and dATP [...] 
437 RAD1 Cell cycle checkpoint protein RAD1; Component of the 9-1-1 cell-cycle checkpoint response complex that plays a major role in DNA repair. The 9-1-1 complex is recruited to DNA lesion upon damage by the RAD17-replication factor C (RFC) clamp loader complex. Acts then as a sliding clamp platform on DNA for several proteins involved in long-patch base excision repair (LP-BER). The 9-1-1 complex stimulates DNA polymerase beta (POLB) activity by increasing its affinity for the 3'-OH end of the primer-template and stabilizes POLB to those sites where LP-BER proceeds; endonuclease FEN1 cleavag [...] 
438 APEX2 DNA-(apurinic or apyrimidinic site) lyase 2; Function as a weak apurinic/apyrimidinic (AP) endodeoxyribonuclease in the DNA base excision repair (BER) pathway of DNA lesions induced by oxidative and alkylating agents. Initiates repair of AP sites in DNA by catalyzing hydrolytic incision of the phosphodiester backbone immediately adjacent to the damage, generating a single-strand break with 5'-deoxyribose phosphate and 3'-hydroxyl ends. Displays also double-stranded DNA 3'-5' exonuclease, 3'-phosphodiesterase activities. Shows robust 3'-5' exonuclease activity on 3'-recessed heteroduple [...] 
439 FANCE Fanconi anemia group E protein; As part of the Fanconi anemia (FA) complex functions in DNA cross-links repair. Required for the nuclear accumulation of FANCC and provides a critical bridge between the FA complex and FANCD2
440 POLL DNA polymerase lambda; DNA polymerase that functions in several pathways of DNA repair. Involved in base excision repair (BER) responsible for repair of lesions that give rise to abasic (AP) sites in DNA. Also contributes to DNA double-strand break repair by non-homologous end joining and homologous recombination. Has both template-dependent and template-independent (terminal transferase) DNA polymerase activities. Has also a 5'-deoxyribose-5- phosphate lyase (dRP lyase) activity; Belongs to the DNA polymerase type-X family
441 NCBP2 Nuclear cap-binding protein subunit 2; Component of the cap-binding complex (CBC), which binds co-transcriptionally to the 5' cap of pre-mRNAs and is involved in various processes such as pre-mRNA splicing, translation regulation, nonsense-mediated mRNA decay, RNA-mediated gene silencing (RNAi) by microRNAs (miRNAs) and mRNA export. The CBC complex is involved in mRNA export from the nucleus via its interaction with ALYREF/THOC4/ALY, leading to the recruitment of the mRNA export machinery to the 5' end of mRNA and to mRNA export in a 5' to 3' direction through the nuclear pore. The CBC [...] 
442 SRSF12 Serine/arginine-rich splicing factor 12; Splicing factor that seems to antagonize SR proteins in pre-mRNA splicing regulation; RNA binding motif containing
443 ZBP1 Z-DNA-binding protein 1; Participates in the detection by the host's innate immune system of DNA from viral, bacterial or even host origin. Plays a role in host defense against tumors and pathogens. Acts as a cytoplasmic DNA sensor which, when activated, induces the recruitment of TBK1 and IRF3 to its C-terminal region and activates the downstream interferon regulatory factor (IRF) and NF-kappa B transcription factors, leading to type-I interferon production. ZBP1-induced NF-kappaB activation probably involves the recruitment of the RHIM containing kinases RIPK1 and RIPK3 (By similarity)
444 MIR3179-3 microRNA RARG
445 FAM46C Putative nucleotidyltransferase FAM46C; Probable nucleotidyltransferase that may act as a non- canonical poly(A) RNA polymerase; Belongs to the FAM46 family
446 RNF146 E3 ubiquitin-protein ligase RNF146; E3 ubiquitin-protein ligase that specifically binds poly-ADP-ribosylated (PARsylated) proteins and mediates their ubiquitination and subsequent degradation. May regulate many important biological processes, such as cell survival and DNA damage response. Acts as an activator of the Wnt signaling pathway by mediating the ubiquitination of PARsylated AXIN1 and AXIN2, 2 key components of the beta-catenin destruction complex. Acts in cooperation with tankyrase proteins (TNKS and TNKS2), which mediate PARsylation of target proteins AXIN1, AXIN2, BLZF1, CAS [...] 
447 RNF14 E3 ubiquitin-protein ligase RNF14; Might act as an E3 ubiquitin-protein ligase which accepts ubiquitin from specific E2 ubiquitin-conjugating enzymes and then transfers it to substrates, which could be nuclear proteins. Could play a role as a coactivator for androgen- and, to a lesser extent, progesterone-dependent transcription; Belongs to the RBR family. RNF14 subfamily
448 USP20 Ubiquitin carboxyl-terminal hydrolase 20; Deubiquitinating enzyme involved in beta-2 adrenergic receptor (ADRB2) recycling. Acts as a regulator of G-protein coupled receptor (GPCR) signaling by mediating the deubiquitination beta-2 adrenergic receptor (ADRB2). Plays a central role in ADRB2 recycling and resensitization after prolonged agonist stimulation by constitutively binding ADRB2, mediating deubiquitination of ADRB2 and inhibiting lysosomal trafficking of ADRB2. Upon dissociation, it is probably transferred to the translocated beta-arrestins, possibly leading to beta-arrestins de [...] 
449 DCAF11 DDB1- and CUL4-associated factor 11; May function as a substrate receptor for CUL4-DDB1 E3 ubiquitin-protein ligase complex; DDB1 and CUL4 associated factors
450 PTPN14 Tyrosine-protein phosphatase non-receptor type 14; Protein tyrosine phosphatase which may play a role in the regulation of lymphangiogenesis, cell-cell adhesion, cell- matrix adhesion, cell migration, cell growth and also regulates TGF-beta gene expression, thereby modulating epithelial- mesenchymal transition. Mediates beta-catenin dephosphorylation at adhesion junctions. Acts as a negative regulator of the oncogenic property of YAP, a downstream target of the hippo pathway, in a cell density-dependent manner. May function as a tumor suppressor; Belongs to the protein-tyrosine phospha [...] 
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451 LIMD1 LIM domain-containing protein 1; Adapter or scaffold protein which participates in the assembly of numerous protein complexes and is involved in several cellular processes such as cell fate determination, cytoskeletal organization, repression of gene transcription, cell-cell adhesion, cell differentiation, proliferation and migration. Positively regulates microRNA (miRNA)-mediated gene silencing and is essential for P-body formation and integrity. Acts as a hypoxic regulator by bridging an association between the prolyl hydroxylases and VHL enabling efficient degradation of HIF1A. Acts [...] 
452 TP73 Tumor protein p73; Participates in the apoptotic response to DNA damage. Isoforms containing the transactivation domain are pro-apoptotic, isoforms lacking the domain are anti-apoptotic and block the function of p53 and transactivating p73 isoforms. May be a tumor suppressor protein
453 AJUBA LIM domain-containing protein ajuba; Adapter or scaffold protein which participates in the assembly of numerous protein complexes and is involved in several cellular processes such as cell fate determination, cytoskeletal organization, repression of gene transcription, mitosis, cell-cell adhesion, cell differentiation, proliferation and migration. Contributes to the linking and/or strengthening of epithelia cell- cell junctions in part by linking adhesive receptors to the actin cytoskeleton. May be involved in signal transduction from cell adhesion sites to the nucleus. Plays an import [...] 
454 SETD7 Histone-lysine N-methyltransferase SETD7; Histone methyltransferase that specifically monomethylates 'Lys-4' of histone H3. H3 'Lys-4' methylation represents a specific tag for epigenetic transcriptional activation. Plays a central role in the transcriptional activation of genes such as collagenase or insulin. Recruited by IPF1/PDX-1 to the insulin promoter, leading to activate transcription. Has also methyltransferase activity toward non-histone proteins such as p53/TP53, TAF10, and possibly TAF7 by recognizing and binding the [KR]-[STA]-K in substrate proteins. Monomethylates 'Lys-18 [...] 
455 YWHAQ 14-3-3 protein theta; Adapter protein implicated in the regulation of a large spectrum of both general and specialized signaling pathways. Binds to a large number of partners, usually by recognition of a phosphoserine or phosphothreonine motif. Binding generally results in the modulation of the activity of the binding partner. Negatively regulates the kinase activity of PDPK1; Belongs to the 14-3-3 family
456 ARHGAP17 Rho GTPase-activating protein 17; Rho GTPase-activating protein involved in the maintenance of tight junction by regulating the activity of CDC42, thereby playing a central role in apical polarity of epithelial cells. Specifically acts as a GTPase activator for the CDC42 GTPase by converting it to an inactive GDP-bound state. The complex formed with AMOT acts by regulating the uptake of polarity proteins at tight junctions, possibly by deciding whether tight junction transmembrane proteins are recycled back to the plasma membrane or sent elsewhere. Participates in the Ca(2+)-dependent  [...] 
457 TAOK3 Serine/threonine-protein kinase TAO3; Serine/threonine-protein kinase that acts as a regulator of the p38/MAPK14 stress-activated MAPK cascade and of the MAPK8/JNK cascade. Acts as an activator of the p38/MAPK14 stress- activated MAPK cascade. In response to DNA damage, involved in the G2/M transition DNA damage checkpoint by activating the p38/MAPK14 stress-activated MAPK cascade, probably by mediating phosphorylation of upstream MAP2K3 and MAP2K6 kinases. Inhibits basal activity of MAPK8/JNK cascade and diminishes its activation in response epidermal growth factor (EGF)
458 ABL1 Tyrosine-protein kinase ABL1; Non-receptor tyrosine-protein kinase that plays a role in many key processes linked to cell growth and survival such as cytoskeleton remodeling in response to extracellular stimuli, cell motility and adhesion, receptor endocytosis, autophagy, DNA damage response and apoptosis. Coordinates actin remodeling through tyrosine phosphorylation of proteins controlling cytoskeleton dynamics like WASF3 (involved in branch formation); ANXA1 (involved in membrane anchoring); DBN1, DBNL, CTTN, RAPH1 and ENAH (involved in signaling); or MAPT and PXN (microtubule-bindin [...] 
459 MOB1A MOB kinase activator 1A; Activator of LATS1/2 in the Hippo signaling pathway which plays a pivotal role in organ size control and tumor suppression by restricting proliferation and promoting apoptosis. The core of this pathway is composed of a kinase cascade wherein STK3/MST2 and STK4/MST1, in complex with its regulatory protein SAV1, phosphorylates and activates LATS1/2 in complex with its regulatory protein MOB1, which in turn phosphorylates and inactivates YAP1 oncoprotein and WWTR1/TAZ. Phosphorylation of YAP1 by LATS1/2 inhibits its translocation into the nucleus to regulate cellu [...] 
460 SAV1 Protein salvador homolog 1; Regulator of STK3/MST2 and STK4/MST1 in the Hippo signaling pathway which plays a pivotal role in organ size control and tumor suppression by restricting proliferation and promoting apoptosis. The core of this pathway is composed of a kinase cascade wherein STK3/MST2 and STK4/MST1, in complex with its regulatory protein SAV1, phosphorylates and activates LATS1/2 in complex with its regulatory protein MOB1, which in turn phosphorylates and inactivates YAP1 oncoprotein and WWTR1/TAZ. Phosphorylation of YAP1 by LATS1/2 inhibits its translocation into the nucleu [...] 
461 RB1 Retinoblastoma-associated protein; Key regulator of entry into cell division that acts as a tumor suppressor. Promotes G0-G1 transition when phosphorylated by CDK3/cyclin-C. Acts as a transcription repressor of E2F1 target genes. The underphosphorylated, active form of RB1 interacts with E2F1 and represses its transcription activity, leading to cell cycle arrest. Directly involved in heterochromatin formation by maintaining overall chromatin structure and, in particular, that of constitutive heterochromatin by stabilizing histone methylation. Recruits and targets histone methyltransfer [...] 
462 RBBP4 Histone-binding protein RBBP4; Core histone-binding subunit that may target chromatin assembly factors, chromatin remodeling factors and histone deacetylases to their histone substrates in a manner that is regulated by nucleosomal DNA. Component of several complexes which regulate chromatin metabolism. These include the chromatin assembly factor 1 (CAF-1) complex, which is required for chromatin assembly following DNA replication and DNA repair; the core histone deacetylase (HDAC) complex, which promotes histone deacetylation and consequent transcriptional repression; the nucleosome re [...] 
463 RBBP7 Histone-binding protein RBBP7; Core histone-binding subunit that may target chromatin remodeling factors, histone acetyltransferases and histone deacetylases to their histone substrates in a manner that is regulated by nucleosomal DNA. Component of several complexes which regulate chromatin metabolism. These include the type B histone acetyltransferase (HAT) complex, which is required for chromatin assembly following DNA replication; the core histone deacetylase (HDAC) complex, which promotes histone deacetylation and consequent transcriptional repression; the nucleosome remodeling and [...] 
464 TET1 Methylcytosine dioxygenase TET1; Dioxygenase that catalyzes the conversion of the modified genomic base 5-methylcytosine (5mC) into 5- hydroxymethylcytosine (5hmC) and plays a key role in active DNA demethylation. Also mediates subsequent conversion of 5hmC into 5- formylcytosine (5fC), and conversion of 5fC to 5-carboxylcytosine (5caC). Conversion of 5mC into 5hmC, 5fC and 5caC probably constitutes the first step in cytosine demethylation. Methylation at the C5 position of cytosine bases is an epigenetic modification of the mammalian genome which plays an important role in transcripti [...] 
465 H2AFV Histone H2A.V; Variant histone H2A which replaces conventional H2A in a subset of nucleosomes. Nucleosomes wrap and compact DNA into chromatin, limiting DNA accessibility to the cellular machineries which require DNA as a template. Histones thereby play a central role in transcription regulation, DNA repair, DNA replication and chromosomal stability. DNA accessibility is regulated via a complex set of post-translational modifications of histones, also called histone code, and nucleosome remodeling. May be involved in the formation of constitutive heterochromatin. May be required for ch [...] 
466 DPPA2 Developmental pluripotency-associated protein 2; Binds to target gene promoters, including NKX2-5 and SYCE1, but not GATA4, and may be involved in the maintenance of the active epigenetic status of these genes
467 PRMT7 Protein arginine N-methyltransferase 7; Arginine methyltransferase that can both catalyze the formation of omega-N monomethylarginine (MMA) and symmetrical dimethylarginine (sDMA), with a preference for the formation of MMA. Specifically mediates the symmetrical dimethylation of arginine residues in the small nuclear ribonucleoproteins Sm D1 (SNRPD1) and Sm D3 (SNRPD3); such methylation being required for the assembly and biogenesis of snRNP core particles. Specifically mediates the symmetric dimethylation of histone H4 'Arg-3' to form H4R3me2s. Plays a role in gene imprinting by being [...] 
468 SUPT20H SPT20 homolog, SAGA complex component
469 DMBX1 Diencephalon/mesencephalon homeobox protein 1; Functions as a transcriptional repressor. May repress OTX2-mediated transactivation by forming a heterodimer with OTX2 on the P3C (5'-TAATCCGATTA-3') sequence. Required for brain development (By similarity); PRD class homeoboxes and pseudogenes
470 EZH1 Histone-lysine N-methyltransferase EZH1; Polycomb group (PcG) protein. Catalytic subunit of the PRC2/EED-EZH1 complex, which methylates 'Lys-27' of histone H3, leading to transcriptional repression of the affected target gene. Able to mono-, di- and trimethylate 'Lys-27' of histone H3 to form H3K27me1, H3K27me2 and H3K27me3, respectively. Required for embryonic stem cell derivation and self-renewal, suggesting that it is involved in safeguarding embryonic stem cell identity. Compared to EZH2-containing complexes, it is less abundant in embryonic stem cells, has weak methyltransferase a [...] 
471 EPC1 Enhancer of polycomb homolog 1; Component of the NuA4 histone acetyltransferase (HAT) complex which is involved in transcriptional activation of select genes principally by acetylation of nucleosomal histones H4 and H2A. This modification may both alter nucleosome - DNA interactions and promote interaction of the modified histones with other proteins which positively regulate transcription. This complex may be required for the activation of transcriptional programs associated with oncogene and proto-oncogene mediated growth induction, tumor suppressor mediated growth arrest and replica [...] 
472 AEBP2 Zinc finger protein AEBP2; DNA-binding transcriptional repressor. May interact with and stimulate the activity of the PRC2 complex, which methylates 'Lys-9' and 'Lys-27' residues of histone H3
473 CCND2 T-lymphocyte activation antigen CD80; Involved in the costimulatory signal essential for T- lymphocyte activation. T-cell proliferation and cytokine production is induced by the binding of CD28, binding to CTLA-4 has opposite effects and inhibits T-cell activation; C2-set domain containing
474 ZNF688 Zinc finger protein 688; May be involved in transcriptional regulation; Zinc fingers C2H2-type
475 SAP130 Histone deacetylase complex subunit SAP130; Acts as a transcriptional repressor. May function in the assembly and/or enzymatic activity of the mSin3A corepressor complex or in mediating interactions between the complex and other regulatory complexes
476 LBR Lamin-B receptor; Anchors the lamina and the heterochromatin to the inner nuclear membrane; Tudor domain containing
477 HBP1 HMG box-containing protein 1; Transcriptional repressor that binds to the promoter region of target genes. Plays a role in the regulation of the cell cycle and of the Wnt pathway. Binds preferentially to the sequence 5'-TTCATTCATTCA-3'. Binding to the H1F0 promoter is enhanced by interaction with RB1. Disrupts the interaction between DNA and TCF4
478 KRBA2 KRAB-A domain containing 2
479 ZNF768 Zinc finger protein 768; May be involved in transcriptional regulation; Zinc fingers C2H2-type
480 ZFP92 Zinc finger protein 92 homolog; May be involved in transcriptional regulation; Zinc fingers C2H2-type
481 ZNF2 Zinc finger protein 2; May be involved in transcriptional regulation; Belongs to the krueppel C2H2-type zinc-finger protein family
482 ZNF630 Zinc finger protein 630; May be involved in transcriptional regulation; Zinc fingers C2H2-type
483 EID1 EP300-interacting inhibitor of differentiation 1; Interacts with RB1 and EP300 and acts as a repressor of MYOD1 transactivation. Inhibits EP300 and CBP histone acetyltransferase activity. May be involved in coupling cell cycle exit to the transcriptional activation of genes required for cellular differentiation. May act as a candidate coinhibitory factor for NR0B2 that can be directly linked to transcription inhibitory mechanisms
484 XRCC4 DNA repair protein XRCC4; Involved in DNA non-homologous end joining (NHEJ) required for double-strand break repair and V(D)J recombination. Binds to DNA and to DNA ligase IV (LIG4). The LIG4-XRCC4 complex is responsible for the NHEJ ligation step, and XRCC4 enhances the joining activity of LIG4. Binding of the LIG4-XRCC4 complex to DNA ends is dependent on the assembly of the DNA-dependent protein kinase complex DNA-PK to these DNA ends
485 TDP1 Tyrosyl-DNA phosphodiesterase 1; DNA repair enzyme that can remove a variety of covalent adducts from DNA through hydrolysis of a 3'-phosphodiester bond, giving rise to DNA with a free 3' phosphate. Catalyzes the hydrolysis of dead-end complexes between DNA and the topoisomerase I active site tyrosine residue. Hydrolyzes 3'-phosphoglycolates on protruding 3' ends on DNA double-strand breaks due to DNA damage by radiation and free radicals. Acts on blunt-ended double-strand DNA breaks and on single-stranded DNA. Has low 3'exonuclease activity and can remove a single nucleoside from the  [...] 
486 APOBEC3H DNA dC->dU-editing enzyme APOBEC-3H; DNA deaminase (cytidine deaminase) which acts as an inhibitor of retrovirus replication and retrotransposon mobility via deaminase-dependent and -independent mechanisms. The A3H- var/haplotype 2 exhibits antiviral activity against vif-deficient HIV-1. After the penetration of retroviral nucleocapsids into target cells of infection and the initiation of reverse transcription, it can induce the conversion of cytosine to uracil in the minus-sense single-strand viral DNA, leading to G-to-A hypermutations in the subsequent plus-strand viral DNA. The resu [...] 
487 PAIP2 Polyadenylate-binding protein-interacting protein 2; Acts as a repressor in the regulation of translation initiation of poly(A)-containing mRNAs. Its inhibitory activity on translation is mediated via its action on PABPC1. Displaces the interaction of PABPC1 with poly(A) RNA and competes with PAIP1 for binding to PABPC1. Its association with PABPC1 results in disruption of the cytoplasmic poly(A) RNP structure organization
488 RRP7A Ribosomal RNA processing 7 homolog A; UTPc subcomplex
489 IL17RD Interleukin-17 receptor D; Feedback inhibitor of fibroblast growth factor mediated Ras-MAPK signaling and ERK activation. May inhibit FGF-induced FGFR1 tyrosine phosphorylation. Regulates the nuclear ERK signaling pathway by spatially blocking nuclear translocation of activated ERK without inhibiting cytoplasmic phosphorylation of ERK. Mediates JNK activation and may be involved in apoptosis. Might have a role in the early stages of fate specification of GnRH-secreting neurons (By similarity); Interleukin receptors
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Chapter 3  

 

NF2/merlin is Necessary for Efficient Silencing of L1 Retrotransposition in Human 

PA-1 EC Cells 

 

This chapter is the product of a continued collaboration with Dr. Peter Larson and 

Dr. Jacob Kitzman. Illumina sequencing was performed in collaboration with the 

Kitzman laboratory. I performed all experiments and analyses discussed in this chapter. 

 

Abstract 

 An average human genome contains approximately 100 Long Interspersed Element-

1 (LINE-1 or L1) sequences capable of retrotransposition. Human embryonic 

carcinoma-derived cell lines (hECs) initiate and maintain epigenetic silencing of reporter 

genes delivered by L1 retrotransposition, a process termed L1-REPEL (L1-delivered 

REPorter gEne siLencing). In Chapter 2, we performed a genome-wide screen that 

identified NF2 as our top candidate gene necessary for efficient L1-REPEL in PA-1 

hECs. Here, we demonstrate that population-based and clonal CRISPR/Cas9-mediated 

knockout of NF2 attenuates L1-REPEL, suggesting that the NF2/merlin protein is 

necessary for efficient L1-REPEL in PA-1 cells. Expression of the predominant 

NF2/merlin isoform 1 cDNA efficiently restored L1-REPEL in NF2 knockout cells. 
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However, NF2 knockout is not sufficient to reactivate a previously silenced L1-delivered 

reporter gene in a clonal PA-1 cell line containing a single, silenced L1 insertion (pk5 

cells), suggesting that NF2/merlin may be necessary to initiate L1-REPEL in PA-1 cells. 

Finally, we found that culturing NF2 knockout cells in differentiation media further 

suppressed L1-REPEL, suggesting that NF2 knockout and culturing cells in 

differentiation medium may act independently or in combination to attenuate L1-REPEL. 

Our data indicate that NF2/merlin is necessary to establish efficient L1 REPEL in PA-1 

hECs, suggesting that a tumor suppressor gene implicated in human disease may also 

play a role in silencing L1 retrotransposition events during early human development.  

Introduction 

 Long Interspersed Element-1 (LINE-1 or L1) is an endogenous non-LTR 

retrotransposon that has proliferated throughout mammalian evolution (Lander et al., 

2001; Smit, 1996). Retrotransposition-competent human L1s (RC-L1s) are ~6 kb in 

length and encode two proteins (ORF1p and ORF2p) necessary for autonomous 

retrotransposition (Ergun et al., 2004; Holmes et al., 1992; Kulpa and Moran, 2005, 

2006; Leibold et al., 1990; Martin et al., 2005; Moran et al., 1996; Wei et al., 2001).  

The average human genome contains ~100 retrotransposition-competent L1s that can 

retrotranspose by target-primed reverse transcription (TPRT) (Beck et al., 2010; Brouha 

et al., 2003; Cost et al., 2002; Feng et al., 1996; Kulpa and Moran, 2006; Luan et al., 

1993). Notably, TPRT is unique to non-LTR retrotransposons and differs from 

integration mechanisms used by LTR retrotransposons, DNA transposons, and 

retroviruses (Beck et al., 2011; Feschotte and Pritham, 2007; Kazazian and Moran, 

2017; Lewinski and Bushman, 2005; Schorn et al., 2017).  
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 L1 can retrotranspose in the germline, during early development, and in select 

somatic cells (Coufal et al., 2009; Faulkner and Billon, 2018; Faulkner and Garcia-

Perez, 2017; Garcia-Perez et al., 2007; Garcia-Perez et al., 2010; Kano et al., 2009; 

Kazazian, 2004; Kubo et al., 2006; Muotri et al., 2005; Richardson et al., 2017). The 

resultant L1-mediated retrotransposition events can alter gene expression, generate 

structural variation either upon or after integration, and, on occasion, can create 

pathogenic mutations (Beck et al., 2011; Kazazian and Moran, 2017; Kazazian et al., 

1988; Richardson et al., 2015; Scott and Devine, 2017; Solyom et al., 2012).  

 Previous studies established that human embryonic carcinoma-derived cell lines 

(hECs) differ from many somatic cancer cell lines in their ability to epigenetically silence 

reporter genes delivered by L1 retrotransposition (Garcia-Perez et al., 2010). PA-1 cells 

are a human ovarian teratocarcinoma-derived cell line containing a single reciprocal 

translocation between chromosomes 15 and 20 (Sarraf et al., 2005; Zeuthen et al., 

1980). PA-1 cells, like many hEC cell lines, exhibit early developmental gene 

expression profiles (Abu Dawud et al., 2012; Sperger et al., 2003) and efficiently 

express a cohort of endogenous L1s (Garcia-Perez et al., 2007; Garcia-Perez et al., 

2010; Hohjoh and Singer, 1996; Skowronski and Singer, 1985). Despite high levels of 

endogenous L1 expression, engineered L1s are efficiently and stably silenced upon 

retrotransposition in hEC cells by a process that we have termed L1-REPEL (L1-

delivered REPorter gEne siLencing) (Garcia-Perez et al., 2010). Importantly, the 

following data suggest that L1-REPEL appears to involve both initiation and 

maintenance phases: (1) L1-REPEL results in the stable mitotic silencing of reporter 

gene expression; (2) treating cells with the histone deacetylase inhibitor TSA reverses 
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L1-REPEL; (3) L1-REPEL status correlates with histone modifications at the L1 

integration site; and (4) the removal of TSA results in re-establishment of L1-REPEL, 

suggesting an epigenetic memory to the system.  

 PA-1 cells preferentially differentiate into an ectodermal-like lineage and, in a way, 

can be considered as immortalized neural progenitor cells (Garcia-Perez et al., 2010). 

Culturing PA-1 cells in differentiation media (DM) during the L1 retrotransposition assay 

led to a significant decrease in L1-REPEL efficiency (i.e., ~30-fold increase in EGFP 

expressing cells) compared to PA-1 cells cultured in FBS-containing media (Garcia-

Perez et al., 2010). The subsequent treatment of cells grown in DM with TSA led to an 

additional ~3-fold increase in EGFP expression, as opposed to the ~20-30-fold increase 

observed in PA-1 cells grown in FBS-containing media (Garcia-Perez et al., 2010). By 

comparison, culturing pk5 cells in DM media was not sufficient to reactivate a previously 

silenced L1-REPEL event (Garcia-Perez et al., 2010). Together, these results led to the 

hypothesis that host factors required for the initiation of L1-REPEL are efficiently 

expressed in PA-1 hECs, then undergo downregulation during cellular differentiation.  

 In Chapter 2, we implemented a genome-wide CRISPR/Cas9-based knockout 

screen to identify cellular factors necessary for L1-REPEL in PA-1 cells and identified 

NF2 as our top candidate gene. Neurofibromin 2 (NF2) is a known tumor suppressor 

gene that encodes the NF2/merlin (moesin-ezrin-radixin-like) protein (Rouleau et al., 

1993; Trofatter et al., 1993). Loss-of-function mutations in human NF2 lead to 

neurofibromatosis type 2 (NF2), which is a benign tumor forming disease of the nervous 

system (Petrilli and Fernandez-Valle, 2016). Studies using animal models demonstrated 

that rat Nf2 is widely expressed during embryogenesis, but is restricted to nervous 
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tissue and the testis in adult animals (Gutmann et al., 1995). Subsequent studies 

revealed that mouse embryos containing homozygous Nf2 mutations lacked an 

organized extraembryonic ectoderm, resulting in embryonic lethality at approximately 

day E7 of gestation (McClatchey et al., 1997).  

 NF2 comprises 17 exons; NF2/merlin isoform 1 encodes the predominant 595 amino 

acid isoform of NF2/merlin, which lacks exon 16 due to exon skipping (Bianchi et al., 

1994; Golovnina et al., 2005; Gutmann et al., 1995). The amino-terminus of NF2/merlin 

encodes a conserved FERM (4.1, ezrin, radixin, moesin) domain, which is followed by a 

helical domain and a carboxyl-terminal domain (Figure 3.1A).  

 NF2/merlin can form homodimers as well as heterodimers with other ERM proteins 

(Gronholm et al., 1999; Pearson et al., 2000; Shimizu et al., 2002; Stokowski and Cox, 

2000). Merlin homodimers exhibit a head-to-tail intramolecular arrangement that is 

critical for its tumor suppressor activity (Gronholm et al., 1999; Nguyen et al., 2001; Xu 

and Gutmann, 1998). NF2/merlin has various activities, which upon its loss, are thought 

to contribute to tumor suppressor activity. NF2/merlin is thought to function as: (1) a 

membrane-cytoskeleton scaffold protein that regulates receptor mediated signaling; (2) 

an important factor implicated in embryonic developmental gene expression pathways 

(e.g.,  the Hippo, WNT/β-catenin, TGF-β, receptor tyrosine kinase, Notch, and 

Hedgehog pathways (Perrimon et al., 2012; Stamenkovic and Yu, 2010); and (3) a 

factor necessary for contact-dependent inhibition of cell proliferation (Lallemand et al., 

2003; Morrison et al., 2001; Okada et al., 2005; Rouleau et al., 1993; Shaw et al., 1998; 

Trofatter et al., 1993; Xiao et al., 2005).  
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 Post-translational modifications also are implicated in regulating NF2/merlin 

conformation and function. For example, phosphorylation of NF2/merlin at Ser10, 

Thr230, and/or Ser315 by protein kinase B (PKB or Akt) promotes its proteasomal 

degradation (Laulajainen et al., 2011; Tang et al., 2007). Phosphorylation of Ser10 by 

protein kinase A (PKA) can influence actin cytoskeleton dynamics (Laulajainen et al., 

2008). Phosphorylation at Ser518 by the p21-activated kinase (PAK) is reported to 

hinder NF2/merlin intramolecular complex formation and promotes an “open” 

conformation of the protein, which allows NF2/merlin to function as a  cytoplasmic 

scaffold protein (Alfthan et al., 2004; Rong et al., 2004; Shaw et al., 2001; Surace et al., 

2004; Xiao et al., 2002). Dephosphorylation of Ser518 by myosin phosphatase (MYPT1) 

is thought to promote the formation of a “closed” conformation of NF2/merlin that allows 

it to localize to the nucleus in confluent and growth factor-deprived cells, which is 

necessary for NF2/merlin tumor suppressor activity (Jin et al., 2006). Intriguingly, the 

dephosphorylated Ser518 form of NF2/merlin can bind DDB1 and CUL4 associated 

factor 1 (DCAF1), also known as vpr binding protein (VPRBP), and is thought to inhibit 

CRL4DCAF1 E3 ubiquitin ligase activity (Li et al., 2010).  

 Here, we investigate the role of NF2/merlin in L1-REPEL. We demonstrate that NF2 

knockout attenuates L1-REPEL in PA-1 cells and that the subsequent expression of 

NF2/merlin isoform 1 can efficiently restore L1-REPEL in NF2 knockout PA-1 cells. 

Furthermore, we demonstrate that knockout of NF2 is not sufficient to reactivate L1-

REPEL in a clonal PA-1 derivative cell line (pk5), which contains a stably silenced L1-

delivered EGFP gene. Finally, we report that L1-REPEL is less efficient in PA-1 cells 

undergoing active differentiation in culture. Together, this work suggests that NF2/merlin 
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is necessary to establish efficient L1 REPEL in PA-1 hECs, revealing a potential role for 

NF2/merlin in silencing de novo engineered L1 retrotransposition events in PA-1 cells.  

Results 

“Population knockout” of NF2 decreases L1-REPEL in PA-1 cells 

 To determine whether NF2 was necessary for efficient silencing of L1-delivered 

reporter genes, we transfected PA-1 cells with PX459-derived vectors (Ran et al., 

2013a; Ran et al., 2013b) containing sgRNAs targeting NF2. The NF2 encoded protein, 

merlin, contains an amino-terminal FERM (4.1, ezrin, radixin and moesin) domain, 

which is followed by a helical domain and a carboxyl-terminal domain (Figure 3.1 A).  

 To generate NF2 knockouts, we used three different sgRNAs that target exons 

encoding the FERM domain (Figure 3.1 A). NF2_sgRNA_1 and NF2_sgRNA_2 target 

the 3’ end of exon 4, whereas NF2_sgRNA_3 targets exon 8 (Figure 3.1 A). As a 

control, we also transfected PA-1 cells with an empty PX459 vector. Transfected PA-1 

cells were selected with puromycin to isolate a population of cells containing potential 

NF2 mutations. This population of knockout cells then was subjected to the L1-neo 

retrotransposition assay using a wild-type (WT) L1 expression vector (Figure 3.1B; 

pJM101/L1.3; see Chapter 2 and Methods for details).  

 We transiently transfected pJM101/L1.3 into separate populations of PA-1 cells that 

either express the sgRNAs mentioned above or an empty PX459 vector (Figure 3.1 B) 

(Wei et al., 2001). As controls, we also transfected each population of putative NF2 

knockout cells with pCDNA3, an expression vector that constitutively expresses the 

neomycin phosphotransferase resistance gene, or pJM105/L1.3, a retrotransposition-
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defective derivative of pJM101/L1.3 that contains and inactivating missense mutation in 

the ORF2p reverse-transcriptase domain (D702A).  

 Consistent with the data presented at the end of Chapter 2, puromycin-resistant PA-

1 cell populations expressing the PX459 empty vector, and then transfected 

pJM101/L1.3, generally had fewer than 1 G418-resistant focus per well of a six well 

tissue culture plate (Figure 3.1 C). By comparison, individual puromycin-resistant PA-1 

cell populations expressing one of the three different sgRNAs targeting NF2, and then 

transfected pJM101/L1.3, generally contained greater than 20 G418-resistant foci per 

well. As controls, we demonstrated that transfection of the above cell populations with 

pCDNA3 yielded similar numbers of G418-resistant foci, whereas cell populations 

transfected with pJM105/L1.3 did not result in G418-resistant foci. Thus, sgRNAs that 

target the FERM domain of NF2 allow a subset of PA-1 cells to escape L1-REPEL 

(Figure 3.1 C).  

 As additional controls, we also performed the above assays in other immortalized 

non-hEC derived cell lines that do not appear to silence engineered L1 

retrotransposition events by L1-REPEL (Figure 3.2 A). Briefly, we transfected either the 

NF2_sgRNA_1, NF2_sgRNA_2, or PX459 vectors into HeLa-JVM (Figure 3.2 B) and 

HAP1 (Figure 3.2 C) cells (near-haploid, leukemia-derived human cells) and then 

conducted the pJM101/L1.3 retrotransposition assay as described above. We observed 

a ~3-fold decrease in G418-resistant foci in cells transfected with the NF2 sgRNAs in 

both HeLa-JVM and HAP1 cells transfected with pJM101/L1.3 when compared to the 

PX459 control population of cells. Thus, as opposed to PA-1 cells, population knockout 

of NF2 in HeLa-JVM or HAP1 cells lead to slightly reduced L1 retrotransposition levels 
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when compared to PX459 cells, suggesting that NF2/merlin may differentially influence 

L1-REPEL and/or L1 retrotransposition efficiency in human embryonic cells compared 

to other immortalized somatic cell types  

Generation of clonal PA-1 NF2 knockout cell lines 

 To investigate the role of NF2/merlin in L1-REPEL we aimed to generate clonal PA-1 

cell lines lacking functional NF2/merlin expression. To generate clonal NF2 knockout 

cells, we first generated a population of puromycin-resistant PA-1 NF2 knockout cells, 

and then performed dilution cloning (Figure 3.3 A) to isolate candidate single cells that 

may contain a knockout of the NF2 gene. We then tested whether the resultant single 

cell-derived clonal cell lines express NF2/merlin. Briefly, as described in the above 

section, PA-1 cells were transfected with the PX459-derived vectors expressing either 

the NF2_sgRNA_1 or the NF2_sgRNA_2 and were subjected to puromycin selection to 

produce a population of NF2 sgRNA-expressing cells. The resultant cell lines then were 

collected, counted, and plated at dilutions of 0.5-, 1-, 2- and 5-cells per well in 96-well 

cloning plates. Light microscopy was used to identify individual wells containing a single 

cell and the resultant cells were monitored throughout clonal outgrowth. Upon reaching 

confluency, the clonal cell lines were trypsinized and serially transferred to increasingly 

larger tissue culture plates (i.e., 24-well, 6-well, and then 10cm). The cells from the 

10cm tissue culture plates were trypsinized and aliquots were either cryo-frozen to 

create clonal cell stocks or subjected to further analyses to characterize NF2/merlin 

expression. We generated 15 clones using NF2_sgRNA_1 (N19) and 12 clones using 

NF2_sgRNA_2 (N60).  
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 To identify clonal cell lines that lacked functional NF2/merlin expression, we 

screened clones for stable expression of the NF2-encoded protein, merlin. Briefly, 

whole cell lysates (WCLs) from the candidate clonal cell lines were collected and 

subjected to western blot analysis to assay for NF2/merlin protein expression. We used 

three different antibodies to detect the expression of the endogenous human NF2/merlin 

protein: (1) a NF2 (B-12) mouse monoclonal antibody raised against amino acids 336-

595 (Santa Cruz, sc-55575); (2) a NF2 rabbit polyclonal antibody raised against amino 

acids 465-590 (Sigma-Aldrich, HPA003097); and (3) a NF2 rabbit polyclonal antibody 

raised against amino acids 65-95 (Invitrogen, PA535316). We repeatedly detected a 

robust 70 kD band in wild-type PA-1 cells using the C-terminal Santa Cruz antibody 

(Figure 3.3 B). Similar results were obtained using the Sigma-Aldrich C-terminal and 

Invitrogen N-terminal antibodies (not shown). Clones N19_7, N19_11, N19_13, N60_4, 

N60_9, N60_10, N60_11 and N60_12 lacked the 70 kD NF2/merlin band, suggesting 

knockout of NF2. We detected NF2/merlin in clones N60_3 and N60_8 at levels similar 

to wild-type PA-1 cells (Figure 3.3 B). Thus, some of the single-cell derived clonal PA-1 

cell lines appear to lack full-length stable NF2/merlin expression.  

 To further characterize the clonal NF2 knockout cell lines, we examined the 

predicted CRISPR/Cas-9 sgRNA-targeting sites to determine whether a mutation(s) had 

occurred at the NF2 locus. Briefly, genomic DNA was collected from the candidate 

clonal PA-1 cell lines and PCR was conducted using two primer sets (A and B) that 

flank the predicted sgRNA-target site within NF2 (Figure 3.3 C). Because both sgRNAs 

(N19 and N60) target the 3’ end of NF2 exon 4, we were able to amplify either of the 

sgRNA-targets sites using the A and B primer sets.  
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 PCR amplification using primer set B yielded the predicted ~312bp product in clones 

N60_4, N60_9, N60_12, N19_11 and N19_7, as well as products of greater than 312bp 

for clones N60_4 and N60_9, suggesting the presence of an insertion mutation at the 

sgRNA-targeting site in clones N60_4 and N60_9 (Figure 3.3 C). Cloning and 

sequencing the PCR products revealed that clone N60_4 contained a 254 bp insertion 

mapping to NF2 exon 3, whereas clone N60_9 contained a 60 bp insertion mapping to 

Cas9 sequence within the PX459 vector (Figure 3.3 D). Each clone lacking stable 

NF2/merlin protein expression contained genomic edits in the vicinity of the sgRNA-

target site in both alleles of NF2 (Figure 3.3 D); some edits resulted in frameshift 

mutations, whereas others resulted in an in-frame insertion or deletion (Figure 3.3 D). 

For example, examination of the amino acid conservation at the sgRNA-target site using 

the UCSC genome browser revealed that the AVQ amino acids that are deleted in clone 

N19_7 are conserved throughout Zebrafish, which spans ~450 million years of evolution 

(Figure 3.3 E). Further analysis revealed that every recovered insertion or deletion 

mutation disrupted the conserved AVQ site. Thus, these results suggest that the AVQ 

residues encoded at the 3’ end of exon 4 are necessary for the structural integrity of the 

FERM domain and NF2/merlin protein stability. In sum, we identified 12 NF2 knockout 

clones lacking functional NF2/merlin expression.  

The NF2 knockout clones N19_7 and N60_4 do not exhibit increased proliferation  

 Previous reports have demonstrated that loss of the NF2 tumor suppressor gene 

can result in increased cell proliferation (Lallemand et al., 2003; Morrison et al., 2001; 

Okada et al., 2005; Rouleau et al., 1993; Trofatter et al., 1993; Xiao et al., 2005). Thus, 

we performed a cell growth assay to determine if our NF2 knockout clones exhibited a 
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proliferative advantage when compared to PA-1 cells. We plated wild-type PA-1 cells 

along with select NF2 knockout clones at 5x104 cells per well in a 6-well plate. Cells 

then were microscopically imaged (Figure 3.4 A) and counted (Figure 3.4 B) daily. As 

expected, wild-type PA-1 cells and clone N60_3 cells, which expresses the NF2/merlin 

protein, grew at similar rates during the course of our assay (Figure 3.4 B). By 

comparison, NF2 knockout clones N19_7 and N60_4 proliferated at slower rates when 

compared to wild-type PA-1 cells (Figure 3.4 B), suggesting that NF2 knockout does 

confer a proliferative advantage for the N19_7 and N60_4 clonal cell lines. 

NF2 is necessary for efficient silencing of L1-delivered reporter genes 

 We next performed the L1 retrotransposition assay in clonal NF2 knockout cells to 

assess L1-REPEL efficiency. We transiently transfected pJM101/L1.3 into clonal NF2 

knockout cells and performed the L1-neo retrotransposition assay (Figure 3.5 A). We 

also transfected clonal NF2 knockout cells with pCDNA3, to control for transfection 

efficiency, and the negative control pJM105/L1.3 (RT-defective) L1 expression vector. 

We observed robust levels of G418-resistant foci in the clonal NF2 knockout cells that 

exhibited a loss of NF2/merlin protein expression (Figures 3.3 and 3.5), indicating that 

the loss of NF2/merlin expression attenuates L1-REPEL. By comparison, wild-type PA-1 

cells and clone N60_3, which express the NF2/merlin protein (Figure 3.3), did not show 

any evidence of G418-resistant foci. As expected, controls revealed the absence of 

G418-resistant foci in cells transfected with pJM105/L1.3 (Figure 3.5 A). Notably, all cell 

lines exhibited G418-resistant foci, albeit at various efficiencies (which likely is due to 

differences in transfection efficiencies), in cells transfected with pCDNA3.  
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 To further examine the efficiency of L1-REPEL in clonal NF2 knockout cells we next 

used the L1-GFP retrotransposition assay. Unlike the L1-neo assay, the L1-GFP assay 

allows us to reactivate silenced L1-delivered EGFP reporter genes to measure the L1-

REPEL efficiency. Previous studies have demonstrated that treating cells with 

trichostatin A (TSA) a class-one pan histone deacetylase inhibitor efficiently reactivated 

silenced L1-delivered EGFP reporter genes (Garcia-Perez et al., 2010). Briefly, we 

transiently transfected p99EGFP/LRE3 (which contains a puromycin resistance gene on 

the vector backbone) into clonal NF2 knockout cell lines, selected for puromycin 

resistant (2 µg/mL) cells 24 hours post-transfection, incubated the cells for five more 

days, and then treated the cell in either the presence of TSA (500 nM) or vehicle 

(DMSO) for 18 hours. The TSA-treated and untreated cells then were collected and 

subjected to flow cytometry to identify EGFP expressing (+) cells (Figure 3.5 B). As a 

negative control, we also independently transfected the clonal NF2 knockout cell lines 

with p99EGFP/LRE3_111, a retrotransposition-deficient L1 mutant that contains two 

missense mutations within the carboxyl-terminal RNA binding domain of ORF1p 

(RR261-262AA). Flow cytometry revealed that untreated N19_7 and N60_4 cells 

exhibited a 6-fold and 7-fold increase in EGFP-positive cells, respectively, when 

compared to control wild-type PA-1 cells (Figure 3.5 C), suggesting that the clonal 

knockout of NF2 attenuated L1-REPEL.  

 To determine if NF2 knockout led to a complete abolition of L1-REPEL, we next 

compared the numbers of EGFP-positive cells in TSA-treated vs. untreated cell lines. 

Consistent with previous reports, TSA treatment of wild-type PA-1 cells induced a ~24-

fold increase in the number of EGFP-positive cells (Figure 3.5 D). In contrast, TSA 
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treatment of the N19_7 or N60_4 clonal NF2 knockout cell lines only resulted in a 

modest increase (~2.5-fold and ~3-fold, respectively) in the number of EGFP-positive 

cells (Figure 3.5 D). Thus, these results demonstrate that loss of NF2/merlin diminishes, 

but does not abolish, L1-REPEL in PA-1 cells. 

The generation of NF2/merlin expression vectors to rescue L1-REPEL  

 We next sought to determine if the reintroduction of NF2/merlin into select clonal 

NF2 knockout cell lines was sufficient to rescue efficient L1-REPEL. Because our 

results demonstrate that NF2/merlin is necessary for efficient L1-REPEL (Figure 3.5), 

we hypothesized that re-expressing wild-type NF2 from a cDNA may be sufficient to re-

establish efficient L1-REPEL in clonal NF2 knockout cells (Figure 3.6 A).  

 The human NF2 gene encodes 17 exons that are subject to alternative splicing and 

previous studies revealed that two predominant NF2 isoforms, and several minor 

isoforms, are expressed in human cells (Golovnina et al., 2005; Gutmann et al., 1995; 

Meng et al., 2000; Zoch et al., 2015). Isoform 1 and isoform 2 represent the most 

abundant, full-length, NF2 isoforms and can be differentiated by the presence or 

absence of exon 16; skipping of exon 16 leads to isoform 1 formation, whereas the 

retention of exon 16 leads to isoform 2 formation.  

 We first analyzed published PA-1 RNA-seq datasets (Flasch et al., 2019) to 

determine which NF2 isoform is predominantly expressed in PA-1 hEC cells. Although 

we identified ~400 sequence reads at exons 14, 15, and 17, we only observed a 

background sequence level of reads at exon 16, indicating that NF2 isoform 1 is 

predominantly expressed in PA-1 cells (Figure 3.6 B). Intriguingly, the predicted 
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AlphaFold structure of the NF2/merlin isoform 1 exhibits head-to-tail intramolecular 

association (Figure 3.6 C) (AlphaFold: NF2/merlin).  

 To gain preliminary insight into regions of NF2/merlin that may be required for 

efficient L1-REPEL, we used site-directed to generate a panel of mutant NF2 isoform 1 

cDNAs based upon the published literature about NF2/merlin biology. We then 

expressed these cDNAs in NF2 knockout cells using a mammalian expression vector 

(OriGene, SC124024) (Figure 3.7 A; also see text below) (Alfthan et al., 2004; Gutmann 

et al., 1995; Kim et al., 1997; Laulajainen et al., 2008; Laulajainen et al., 2011; Rong et 

al., 2004; Shaw et al., 2001; Surace et al., 2004; Tang et al., 2007; Xiao et al., 2002).  

 We first introduced the NF2 patient derived L64P mutation into the NF2 isoform 1 

cDNA. This mutation is thought to alter the conformation of the NF2/merlin amino-

terminus, thereby eliminates self-association between the amino- and carboxyl termini, 

and is thought to promote an “open” protein confirmation NF2/merlin that  inhibits its 

tumor suppressor function (Gutmann et al., 1998).  

 We also introduced putative phosphorylation-deficient (S518A) or phospho-mimetic 

(S518D) mutations at serine 518 into the NF2 isoform 1 cDNA. Previous studies 

revealed that serine 518 dephosphorylation is thought to promote a closed conformation 

necessary for NF2/merlin tumor suppressor activity (Alfthan et al., 2004; Rong et al., 

2004; Shaw et al., 2001; Surace et al., 2004; Xiao et al., 2002), whereas serine 518 

phosphorylation inhibits intramolecular complex formation, promoting an “open” 

confirmation of the protein, allowing it to serve as a scaffold protein at the plasma 

membrane for receptor-mediated signal transduction. 
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 PKA also phosphorylates NF2/merlin at serine 10 (Laulajainen et al., 2008; 

Laulajainen et al., 2011). Thus, we introduced S10A and S10D substitutions into the 

isoform 1 NF2 cDNA. Previous studies suggest that NF2/merlin phosphorylation by PKA 

may be important for the cyclic AMP-PKA signaling axis (Kim et al., 1997). Furthermore, 

AKT phosphorylates at threonine 230 and serine 315, which promotes formation of the 

NF2/merlin “open” conformation, decreases NF2/merlin binding to phosphoinositides, 

and decreases NF2/merlin ubiquitination (Tang et al., 2007). Thus, we introduced the 

following substitutions into NF2 isoform 1 cDNA: T230A, T230D, S315A and S315D.  

 Using a similar approach, we also generated truncating mutations throughout 

NF2/merlin to identify protein domains important in re-establishing L1-REPEL. We 

introduced the following nonsense mutations into NF2 isoform 1 cDNA: A145X, R310X, 

N371X, Y481XX, K510X and L580X (Figure 3.7 A). The A145X mutation is located at 

the conserved AVQ sgRNA-target site and could mimic a potential nonsense mutation 

generated by the CRISPR/Cas9 knockout system. The AVQdel mutant lacks 9 bp at the 

sgRNA-target site present in clone N19_7 (see Figure 3.3 E). The 1bpins mutant 

contains a single adenine nucleotide insertion at the sgRNA-target site present in clone 

N19_7 (see Figure 3.3 E), resulting in a nonsense mutation 5 residues downstream of 

the insertion. The R310X mutant produces a nonsense mutation at the FERM-helical 

domain border. The Y481X mutant produces two nonsense mutations in exon 13 of the 

helical domain. The K510X mutant produces a nonsense mutation at the border of the 

helical domain and C-terminal domain. The L580X mutant lacks 15 carboxyl-terminal 

amino acid residues specific to NF2 isoform 1.  
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Transient expression of NF2/merlin cDNAs in NF2 knockout cells  

 We transiently transfected wild-type and mutant NF2 cDNAs into N19_7 cells to 

assess stable expression of NF2/merlin protein (Figure 3.7 B). Briefly, whole cell lysates 

(WCLs) were collected and subjected to western blot analysis for NF2/merlin protein 

expression using the Invitrogen polyclonal N-terminal antibody raised against residues 

65-95. We observed a robust 70 kD band in WCLs derived from cells transected with 

the wild-type NF2 isoform 1 cDNA (Figure 3.7 B), but not in WCLs derived from cells 

transfected with the mutant AVQdel, 1bpins, or A145X constructs (Figure 3.7 B). These 

results indicate that the highly conserved residues at the 3’ end of exon 4 likely are 

necessary for NF2/merlin protein stability. We also observed weak bands in WCLs 

derived from cells transfected with FERM domain mutants L64P and R310X, suggesting 

that these mutations within the highly organized FERM domain disrupt protein stability.  

By comparison, we observed robust NF2/merlin expression in WCLs derived from cells 

transfected with the Y481XX, K510X and L580X mutant cDNAs, indicating stable 

expression of the truncated NF2/merlin proteins. We also detected stable expression of 

the Ser518 mutant proteins, S518A and S518D.  

Expression of full-length NF2 cDNA rescues L1-REPEL in NF2 knockout cells 

 To determine whether NF2/merlin expression could re-establish L1-REPEL, we 

transiently co-transfected N19_7 NF2 knockout cells with candidate NF2 isoform 1 

cDNAs and p99EGFP/LRE3 and performed the L1-GFP retrotransposition assay 

(Figure 3.8 A: top). The co-transfection of wild-type NF2, L580X, or S518A resulted in 

similarly low levels of EGFP-positive cells, suggesting their expression efficiently 

restored L1 REPEL. By comparison, expression of the other NF2 mutants cDNAs 
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showed varying levels of EFGP-positive cells (ranging from no suppression [R310X] to 

milder degrees of suppression [L64P, AVQdel, 1bpins, A145X, Y481X, K510X, and 

S518D]). The variation in this assay suggests that the expression of some isoform 1 

NF2/merlin cDNAs did not or only mildly allowed the re-establishment of L1-REPEL 

(Figure 3.8 A: bottom).  

 To gain an independent evaluation of whether NF2/merlin isoform 1 cDNA 

expression could re-establish L1-REPEL, we transiently transfected pJM101/L1.3 or 

pJJ101/L1.3, a retrotransposition-competent L1 equipped with a mblastI 

retrotransposition indicator cassette, into clonal NF2 knockout cells (Figure 3.8). For the 

L1-neo assays, the NF2 knockout cell lines were co-transfected with a vector 

expressing EGFP (pCEP-GFP) as a transfection control and either wild-type NF2 or 

mutant R310X NF2 isoform 1 cDNAs. We observed robust levels of G418-resistant foci 

in clonal NF2 knockout cells co-transfected with pCEP4-GFP and mutant NF2 R310X. 

By comparison, expression of the wild-type NF2 isoform 1 cDNA led to ~3-fold fewer 

G418-resistant foci when compared to the results from the pCEP-GFP and NF2 R310X 

co-transfection experiments (Figure 3.8 B).  

 For the L1blast assays, knockout NF2 cell lines were co-transfected with 

pJJ101/L1.3 and either wild-type NF2, mutant NF2 A145X, or mutant NF2 Y481XX 

isoform 1 cDNAs. We observed robust levels of blasticidin-resistant foci in clonal NF2 

knockout cells co-transfected with pJJ101/L1.3 and mutant NF2 A145X or mutant NF2 

Y481XX isoform 1 cDNAs (Figure 3.8 B). By comparison, expression of the wild-type 

NF2 isoform 1 cDNA led to ~5-fold fewer blasticidin-resistant foci when compared to the 

results from the NF2 A145X and NF2 Y481XX co-transfection experiments (Figure 3.8 
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B). Notably, blasticidin selection occurs much quicker than G418 selection (~5 days vs 

~12 days). Together, the above results suggest that transient expression of wild-type 

NF2 is sufficient to partially re-establish L1-REPEL in clonal NF2 knockout cells.  

 In an effort to more efficiently re-establish L1-REPEL in clonal NF2 knockout cells, 

we modified our experimental approach (Figure 3.8 C). We reasoned that L1-

retrotransposition events occurring before the NF2/merlin protein is adequately 

expressed may escape L1-REPEL. Thus, to ensure that NF2/merlin protein is 

adequately expressed before the onset of L1-retrotransposition, we initially co-

transfected clonal NF2 knockout cells with a NF2 isoform 1 cDNA expression vector and 

pCDNA6 (blastR) and then subjected cells to blasticidin selection for two days (Figure 

3.8 C: A). The resultant blasticidin-resistant cells then were co-transfected with 

pJM101/L1.3 and a NF2 isoform 1 cDNA expression vector and subjected to the L1-neo 

retrotransposition assay (Figure 3.8 C: B). The serial transfection (A+B) approach 

resulted in a more severe reduction of G418-resistant foci (i.e., 0 to 1 focus per well) 

when compared to our prior experiments (Figures 3.8B and 3.8 C: A), indicating an 

efficient re-establishment of L1-REPEL. Consistent with our previous results, the serial 

transfection approach using the NF2 Y481XX or NF2 R310X isoform 1 did not change 

the levels of G418-reistant foci. Control co-transfection experiments further indicated 

that the expression of NF2 isoform 1 cDNA and pCDNA3 (neoR) exhibited similar levels 

of G418-resistant foci, suggesting that NF2 over-expression does not result in cell 

toxicity or decreased cellular proliferation in clonal NF2 knockout cells.  
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Expression of NF2 cDNA does not influence L1-retrotransposition in somatic cells 

 We next tested whether the expression of NF2/merlin influenced levels of L1-

delivered reporter gene expression in other representative immortalized somatic cell 

types (Figure 3.9). Briefly, we co-transfected HeLa-JVM and HAP1 cells with 

pJM101/L1.3 and either pCEP-GFP, wild-type NF2, or mutant NF2 R310X isoform 1 

cDNAs. We observed similar levels of G418-resistant foci in each transfection condition, 

suggesting that overexpression of NF2/merlin isoform 1 cDNA not influence L1-

delivered reporter gene expression in these cell lines.  

NF2/merlin is not required to maintain L1-REPEL 

 We next tested whether NF2/merlin expression affects the initiation and/or 

maintenance steps of L1-REPEL. We utilized clonal pk5 and pc39 cells, which harbor 

mitotically stable silenced L1-GFP retrotransposition events, to assess whether 

knocking out NF2 led to an increase in the numbers of EGFP-positive cells. We 

reasoned that if NF2/merlin is necessary to maintain L1-REPEL, knockout of NF2 in 

both the clonal pk5 and pc39 cell lines would result in the reactivation of EGFP 

expression.  

 To determine whether NF2 was necessary to maintain L1-REPEL, we transfected 

pk5 and pc39 cells with PX459-derived vectors containing sgRNAs targeting NF2 (N_19 

and N_60) (Figure 3.10 A). As controls, we also transfected pk5 and pc39 cells with an 

empty PX459 vector or a vector containing a sgRNA targeting XPO7. Briefly, the 

transfected pk5 and pc39 cells were selected with puromycin to generate a population 

of knockout cells. Six days post-transfection, the cells then were treated with TSA (500 

nM) or left untreated. Eighteen hours later, TSA-treated, and untreated cells were 
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collected and subjected to flow cytometry to quantify the numbers of EGFP-positive 

cells (Figure 3.10 A). Flow cytometry analyses revealed similar levels of EGFP-positive 

cells in untreated “population knockout” pk5 cells independent of the sgRNA used in 

these experiments (Figure 3.10 B: blue bars). Similarly, TSA treatment efficiently 

reactivated EGFP expression in all the “population knockout” pk5 cells (Figure 3.10 B: 

red bars). Similar trends also were observed in pc39 cells (Figure 3.10 C). Together, 

these results suggest that knockout of NF2 is not sufficient to reactivate a previously 

silenced L1-GFP retrotransposition event in pk5 or pc39 cells.  

Differentiation reduces L1-REPEL in clonal NF2 knockout cells 

 Previous studies demonstrated that L1-REPEL is more efficient in PA-1 cells than in 

actively differentiating PA-1 cells (Garcia-Perez et al., 2010). To determine if 

differentiation influenced L1-REPEL in clonal NF2 knockout cells, we performed the L1-

GFP-based retrotransposition assay in the presence of differentiation media. Briefly, we 

transfected p99EGFP/LRE3 into wild-type PA-1 and clonal NF2 knockout cells. Twenty-

four hours post-transfection, cells were selected in puromycin (2 µg/mL) and the L1-

GFP-based retrotransposition assay was conducted the presence of either normal FBS-

containing media (FBS) or differentiation media (DM) (Figure 3.11 A). On day 6 post-

transfection, the cells were treated with TSA (500 nM) or left untreated. Eighteen hours 

later, the TSA-treated and untreated cells were collected and subjected to flow 

cytometry to quantify the number of EGFP-positive cells (Figure 3.11 A).  

 Consistent with previous results (Garcia-Perez et al., 2010), we observed a ~10-fold 

increase in the number of EGFP-positive cells when PA-1 cells where cultured in DM 

vs. FBS media (Figure 3.11 B). Furthermore, PA-1 cells cultured in DM only exhibited a 
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~3-fold increase in EGFP-positive cells upon TSA treatment when compared to the ~24-

fold increase observed in TSA-treated PA-1 cells cultured in FBS (Figure 3.11 B).  

Clonal N60_4 NF2 knockout cells exhibited a ~6-fold increase in the number of 

EGFP-positive cells when PA-1 cells where cultured in FBS vs. DM media (Figure 3.13 

C). Furthermore, N60_4 cells cultured in FBS only exhibited a ~3-fold increase in the 

number of EGFP-positive cells upon TSA treatment when compared to untreated N60_4 

cells (Figure 3.11 C). By comparison, N60_4 NF2 knockout cells cultured in DM only 

exhibited a mild increase in the number of EGFP-positive cells upon TSA treatment 

(~32% untreated vs. ~42% TSA) (Figure 3.11 C). These data suggest that L1-REPEL is 

less efficient in actively differentiating NF2 knockout cells.  

 Previous fluorescent microscopy studies demonstrated that culturing PA-1 cells in 

DM media decreased the expression of the pluripotency marker OCT3/4 (Garcia-Perez 

et al., 2010). To evaluate OCT3/4 expression in our differentiation experiments, whole 

cell lysates were collected and subjected to western blot analysis using a OCT3/4 

monoclonal N-terminal antibody raised against residues 1-134 (Santa Cruz, sc-5279) 

(Figure 3.11 D). Ribosomal protein S6 was used as a loading control (Cell Signaling, 

2217). Consistent with previous results (Garcia-Perez et al., 2010), PA-1 cells cultured 

in DM media expressed less OCT3/4 compared to wild-type PA-1 cells cultured in FBS 

media. Intriguingly, N60_4 NF2 knockout cells cultured in FBS media expressed less 

OCT3/4 compared to wild-type PA-1 cells cultured in FBS media (Figure 3.11 D). 

However, and somewhat paradoxically, N60_4 cells cultured in DM media expressed 

more OCT3/4 compared to N60_4 cells cultured in FBS media (Figure 3.11 D). 

Together, these results demonstrate that culturing wild-type PA-1 cells, but not N60_4 
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NF2 knockout cells, in DM media reduces the expression of the pluripotency marker 

OCT3/4.  

Discussion 

“Population knockout” of NF2 decreases L1-REPEL in PA-1 cells 

 We previously identified NF2/merlin as a candidate host factor necessary for efficient 

L1-REPEL in PA-1 hEC cells (Chapter 2). To validate that NF2 was necessary for 

efficient L1-REPEL, we generated a population of NF2 knockout cells by transiently 

expressing plasmid vectors containing NF2-targeting sgRNAs and the Cas9 protein. We 

demonstrated that knocking out NF2 in a population of PA-1 cells resulted in increased 

L1-delivered reporter gene expression, suggesting that NF2 is necessary for efficient 

L1-REPEL (Figure 3.1). Importantly, control L1-neo retrotransposition assays revealed 

that a population of NF2 knockout cells transfected with pJM105/L1.3 did not lead to the 

formation of G418-resistant foci, demonstrating that G418-resistant foci only arise upon 

bona fide L1-mediated retrotransposition. By comparison, knocking out NF2 in a 

population of HeLa JVM or HAP1 cells actually led to a mild decrease in the levels L1-

delivered reporter gene expression (Figure 3.2). Together, these results suggest that 

NF2/merlin expression is necessary for efficient L1-REPEL in PA-1 hECs and 

potentially could differentially impact L1 biology in human embryonic-derived cells vs. 

other somatic-cell types. 

Generation of clonal NF2 knockout cell lines 

 We used CRISPR/Cas9-based approaches with two different sgRNAs (N19 and 

N60), in conjunction with dilution cloning, to generate several NF2 knockout clonal cell 
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lines lacking functional NF2/merlin expression (Figure 3.3). Western blot analysis 

revealed the absence of NF2/merlin protein expression in several clonal cell lines 

(N19_7, N19_11, N19_13, N60_4, N60_9, N60_10, N60_11 and N60_12), whereas two 

clonal cell lines (N60_3 and N60_8) exhibited stable NF2/merlin expression (Figure 3.3 

B). PCR followed by Sanger sequencing of the resultant products revealed that cell 

lines lacking NF2/merlin protein expression contained two mutant NF2 alleles (Figure 

3.3 D). Interestingly, clones N60_4 and N60_9 contained large insertions of 254 bp and 

60 bp, respectively, at one allele of NF2. The 254 bp insertion within N60_4 mapped to 

NF2 intron 3, suggesting that local sequences were used as a template to repair the 

Cas9-induced double strand break (Morrish et al., 2002). The 60bp insertion within 

N60_9 mapped to the Cas9 coding sequence encoded by the PX459 vector. Notably, 

some cell lines contained in-frame deletions (N19_7, N19_11, N60_4 and N60_12), 

which led to the deletion of amino acids in the NF2 protein that have been conserved 

over the last ~450 million years of evolution (Figure 3.3 E), suggesting that these amino 

acids are necessary for the structural integrity and/or stability of NF2/merlin.  

NF2 knockout clones do not exhibit increased proliferation  

 Cell growth and survival is regulated by a variety of environmental cues, including 

intercellular and matrix adhesions as well as growth factor signaling (Brizzi et al., 2012; 

DeMali et al., 2014) Proliferating cells typically undergo growth arrest after contacting 

adjacent cells and form intercellular junctions (McClatchey and Yap, 2012). Cancer cells 

typically evade contact inhibition, leading to abnormal growth and tumor formation 

(Hanahan and Weinberg, 2011). The NF2 tumor suppressor gene encodes the FERM-

containing domain protein merlin, which has been implicated in intercellular adhesion 
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and attachment to the cell membrane (Cooper and Giancotti, 2014; Shaw et al., 1998). 

Previous reports have demonstrated that loss of the NF2 tumor suppressor gene can 

result in increased cell proliferation (Lallemand et al., 2003; Morrison et al., 2001; 

Okada et al., 2005; Rouleau et al., 1993; Trofatter et al., 1993; Xiao et al., 2005). Thus, 

to determine if loss of NF2 increased cell proliferation, we performed a cell growth 

assay in NF2 knockout clones (Figure 3.4). Interestingly, NF2 knockout clones actually 

exhibited a decrease in cell proliferation when compared to wild-type PA-1 cells, 

suggesting that NF2 knockout does not lead to a proliferative advantage in PA-1 cells.  

 Although NF2 knockout did not confer a proliferative advantage to PA-1 cells, we 

did notice microscopically visible differences in cell volume, which possibly could be 

attributed to disrupted organization of the actin cytoskeleton (Laulajainen et al., 2008). 

Intriguingly, cell volume and cytoskeletal remodeling are hallmarks of the osmotic stress 

response. Indeed, a recent study demonstrated that osmotic stress promoted 

NF2/merlin lipid-binding at the plasma membrane, which, in turn, activated Hippo 

signaling (Hong et al., 2020). However, NF2/merlin mutants unable to bind PI (4,5)P2 did 

not activate Hippo signaling in response to osmotic stress. In addition, hypo-osmotic 

cellular conditions have been implicated in the loosening of chromatin loosening and 

increased RNA polymerase II activity (Lima et al., 2018). Thus, it is reasonable to 

speculate that prolonged osmotic stress in NF2 knockout cells may influence L1-

REPEL.  

 It is noteworthy that a small molecule drug screen identified cardiac glycosides as 

candidate drugs that reversed L1-REPEL in pc39 cells (unpublished, Aurelien Doucet). 

Cardiac glycosides inhibit the sodium-potassium pump, leading to intracellular sodium 
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accumulation (Smith, 1989). These changes in ion homeostasis typically affect the 

osmotic regulation of cell volume. Thus, these preliminary results may further support a 

role for osmotic stress in maintaining L1-REPEL.  

NF2 is necessary for efficient L1-REPEL 

 We performed the L1 retrotransposition assay in clonal NF2 knockout cell lines to 

assess the efficiency of L1-REPEL. NF2 knockout clonal cell lines subjected to the L1-

neo retrotransposition assay resulted in an increase in G418-resistant foci (Figure 3.5 

A). Notably, multiple NF2 knockout clones, which were derived using two different NF2-

targeting sgRNAs (N19 and N60), exhibited similar trends in L1-delivered reporter 

expression. Thus, these data indicate that NF2 is necessary for efficient L1-REPEL in 

hECs. Moreover, these results further validate the utility of the transient Cas9-sgRNA-

mediated knockout system in generating a population of NF2 knockout cells to study L1-

REPEL. We imagine that similar approaches will allow the identification of other 

candidate genes affecting L1-REPEL. 

 To examine the efficiency of L1-REPEL we subjected clonal NF2 knockout cells to 

the L1-GFP retrotransposition assay (Figure 3.5 B). NF2 knockout clones exhibited a 

~6-fold (N19_7) and ~7-fold (N60_4) increase, respectively, in the number of EGFP-

positive cells when compared wild-type PA-1 cells when grown in normal FBS-

containing culture medium (Figure 3.5 C). Treatment of cells with TSA resulted in a ~2.5 

to 3-fold increase in the number of EGFP-positive cell in the NF2 19_7 and 60_4 

knockout cells as compared to a ~24-fold increase in the number of EGFP-positive PA-1 

cells when the cells were grown in normal FBS-containing culture medium (Figure 3.5 

D: compare blue and red bars). It is noteworthy that the TSA-treatment experiments 
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indicate that only a subset of L1-GFP retrotransposition events appear to be subjected 

to L1-REPEL in PA-1 cells; indeed, we speculate that redundant silencing mechanisms 

may act to ensure efficient silencing of L1-delivered reporter genes. Moreover, if we 

assume the number of TSA-treated EGFP-positive cells represent the total number of 

cells containing L1-GFP retrotransposition events, we can conclude that NF2 knockout 

does not lead to more retrotransposition in PA-1 cells. In sum, our results demonstrate 

that loss of NF2/merlin significantly diminishes L1-REPEL in PA-1 cells.  

Expression of full-length NF2 cDNA rescues L1-REPEL in NF2 knockout cells 

 Previous studies identified two predominant and several minor NF2 isoforms 

expressed in human cells (Golovnina et al., 2005; Gutmann et al., 1995; Meng et al., 

2000; Zoch et al., 2015). RNA-seq analysis revealed isoform 1 as the predominant NF2 

isoform expressed in PA-1 cells (Figure 3.6 B). Although we did not identify appreciable 

difference in RNA-seq read-depth indicative of other NF2 isoforms, it remains possible 

that the low-level expression of other NF2 isoforms could impact L1-REPEL. However, 

based on our RNA-seq analysis, we decided to test NF2 isoform 1 in the L1-REPEL 

NF2 rescue experiment (3.6 A).  

 We generated wild-type NF2 isoform 1 as well as a variety mutant NF2 isoform 1 

cDNA expression constructs (Figure 3.7 A). We demonstrated that mutations disrupting 

the FERM domain generally depleted NF2/merlin expression. Intriguingly, transient 

expression of the AVQ mutant cDNA did not produce stable NF2/merlin protein (Figure 

3.7 B), supporting our hypothesis that highly conserved residues at the NF2 sgRNA-

target site are necessary for protein stability (see Figure 3.3 E).  
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 We tested wild-type NF2 along with several mutants in the L1-REPEL NF2 rescue 

assay. Expression of wild-type NF2 in clonal NF2 knockout cells decreased the number 

of EGFP-positive cells ~6-fold (Figure 3.8: pCMV6-empty vs. WT NF2) in the L1-GFP 

assay and led to a ~3-fold and ~5-fold decrease in the number of drug resistant foci in 

the L1-neo and L1-blast assays, respectively. Blasticidin selection occurs more quickly 

than G418 selection in PA-1 cells (~5 days vs. ~12 days). Thus, the timing and duration 

of selection could explain the increased levels of drug-resistant foci in the L1-blast 

assay compared to the L1-neo assay. By comparison, the expression of the A145X, 

R310X, and Y481XX truncation mutants did not drastically alter the levels of drug 

resistant cells in the L1 retrotransposition assay (Figure 3.8). Because A145X, R310X, 

and Y481XX mutant cDNAs were expressed at similar levels as the wild-type NF2 

cDNA in PA-1 cells, these data argue that these mutants do not act via a dominant-

negative mechanism. In sum, the above data suggest that transient expression of wild-

type NF2 is sufficient to partially re-establish L1-REPEL in a subset of clonal NF2 

knockout cells.  

 We hypothesized that incomplete rescue of L1-REPEL observed in the above 

experiments was, at least in part, due to L1 retrotransposition events occurring before 

adequate levels of NF2/merlin protein were expressed in NF2 knockout cell lines. 

Consistent with this interpretation, a serial transfection approach, which allowed the 

establishment of NF2/merlin protein before assaying for retrotransposition, allowed the 

efficient re-establishment (a.k.a., rescue) of L1-REPEL (Figure 3.8 D). Furthermore, 

control experiments revealed that NF2 cDNA expression did not result in toxicity or 

decreased proliferation of clonal NF2 knockout cells (Figure 3.8 D) and did not alter L1-
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neo retrotransposition in HeLa-JVM and HAP1 cells did not influence levels of G418-

resistant foci in the L1-neo assay (Figure 3.9). Thus, the expression of NF2/merlin 

cannot simply establish L1-REPEL in non-hEC cell lines. Together, these data suggest 

that NF2/merlin isoform 1 cDNA expression is sufficient to re-establish efficient L1-

REPEL in NF2 knockout PA-1 cells. Future studies using the serial transfection 

approach should allow a rigorous means to test additional NF2 mutant cDNAs to identify 

aspects of NF2/merlin biology necessary for L1-REPEL.  

 Intramolecular association between the NF2/merlin amino-terminal FERM domain 

and its carboxyl-terminus tail is necessary for NF2/merlin to adopt a “closed” 

conformation that is critical for its nuclear localization and tumor suppressor activity. 

Intriguingly, NF2 isoform 1 has an extended carboxyl-terminal tail when compared to 

NF2 isoform 2. Moreover, isoform 2 lacks carboxyl-terminal amino acids necessary for 

intramolecular binding, leading to an open conformation (Gonzalez-Agosti et al., 1999; 

Sherman et al., 1997). Thus, it is tempting to speculate that the ability of NF2 isoform 1 

to adopt a “closed” conformation may be necessary for L1-REPEL. Interestingly, 

“closed” NF2/merlin can translocate to the nucleus where it binds to DCAF1 (VPRBP) 

and modulates CRL4DCAF1 E3 ubiquitin ligase activity (Li et al., 2010). DCAF1 has been 

implicated in regulating histones (H2A and H3) and HDACs, which appear to be key 

components of the L1-REPEL silencing mechanism (Kim et al., 2012; Kim et al., 2013). 

Thus, the NF2/merlin-mediated inhibition of CRL4DCAF1 might be necessary for efficient 

L1-REPEL in PA-1 cells.  
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NF2 is not required to maintain L1-REPEL 

 Our working model predicts that L1-REPEL requires both initiation and maintenance 

phases to efficiently and stably silence L1-delivered reporter genes in PA-1, and 

perhaps other, hEC cells. Thus, we investigated the role of NF2/merlin in the 

maintenance step of L1-REPEL by knocking out NF2 in clonal pk5 and pc39 cell lines 

(Figure 3.10). The pk5 cell line harbors a single full-length silenced L1-GFP 

retrotransposition event, whereas the pc39 cell line harbors three silenced L1-GFP 

retrotransposition events (Flasch et al., 2019; Garcia-Perez et al., 2010). We reasoned 

that if NF2/merlin is necessary to maintain L1-REPEL, knockout of NF2 in pk5 and pc39 

cells would result in the reactivation of EGFP reporter gene expression.  

 To test the above hypothesis, we used the N19 and N60 sgRNAs to knockout NF2 

expression in a population of pk5 or pc39 cells. The knockout of NF2 using this 

approach did not lead to an increase the number of EGFP-positive pk5 or pc39 cells 

when compared to the background levels observed in PX459-empty vector transfected 

cells (Figures 3.10 B and C). Importantly, TSA treatment efficiently reactivated EGFP 

expression in the pk5 and pc39 “population knockout” cells independent of the sgRNAs 

used in our experiments (Figure 3.10 B and C: red bars). These data suggest that the 

knockout of NF2 is not sufficient to reactivate previously silenced L1-GFP 

retrotransposition events in pk5 or pc39 cells and argue against a role of NF2 in the 

maintenance of L1-REPEL. Instead, we propose that NF2 may be necessary to directly 

or indirectly establish and/or initiate efficient L1-REPEL in PA-1 hEC cells.  
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Differentiation reduces L1-REPEL in clonal NF2 knockout cells 

 Previous studies demonstrated that L1-REPEL is attenuated in PA-1 cells 

undergoing differentiation (Garcia-Perez et al., 2010). The differentiation media used in 

those studies consisted of knockout serum replacement (in the place of FBS) 

supplemented with the addition of all-trans retinoic acid (1µM); differentiation could not 

reactivate a previously silenced L1-GFP retrotransposition event in pk5 cells (Garcia-

Perez et al., 2010).  

 We confirmed that PA-1 cells subjected to the L1-GFP-based assay exhibited a ~10-

fold increase in the number of EGFP-positive cells when cultured in DM vs. FBS-

containing media. If we assume that TSA treatment reactivates all L1-GFP 

retrotransposition events, we estimate that ~30% of actively differentiating cells escape 

L1-REPEL (Figure 3.11 B: DM blue bar vs DM red bar). Strikingly, these results are 

similar to those observed in NF2 knockout cell lines cultured in FBS media (Figure 3.11 

C), raising the possibility that NF2 knockout potentially may, in part, phenocopy the 

effect of differentiation on L1-REPEL. However, we must state that culturing NF2 

knockout cells in DM led to an even further reduction of L1-REPEL and that under the 

conditions used in our assays ~75% of actively differentiating NF2 knockout cells 

escaped L1-REPEL (Figure 3.11 C: DM blue bar vs DM red bar). These data suggest 

that L1-REPEL is less efficient in actively differentiating NF2 knockout cells and that 

NF2 knockout and differentiation may act in combination and/or synergistically to 

alleviate L1-REPEL.  

 OCT3/4 (POU5F1) is a critical “Yamanaka factor” that functions in the self-renewal 

of undifferentiated embryonic stem cells (Takahashi and Yamanaka, 2006). Previous 
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fluorescence microscopy studies demonstrated that PA-1 hEC cells express OCT3/4 

(Garcia-Perez et al., 2010) and that culturing PA-1 cells in DM media resulted in 

decreased OCT3/4 expression (Garcia-Perez et al., 2010). Consistent with previous 

results (Garcia-Perez et al., 2010), we demonstrated that wild-type PA-1 cells cultured 

in DM media downregulated OCT3/4 expression when compared to PA-1 cells cultured 

in FBS-containing media (Figure 3.11 D). OCT3/4 expression was also decreased in 

NF2 knockout cells cultured in FBS-containing media, but somewhat paradoxically, 

OCT3/4 expression was increased when cultured in DM media (Figure 3.11 D). 

Whether these results are peculiar to the individual NF2 knockout cell line used in this 

study requires further investigation. However, to date, these results provide preliminary 

prima facie evidence that culturing PA-1 cells, but not NF2 knockout cells, in DM media 

reduces the expression of the pluripotency marker OCT3/4. Notably, it also is possible 

that retinoic acid signaling is differentially regulated in NF2 knockout cells when 

compared to PA-1 cells.  

Conclusion 

 We demonstrated that NF2/merlin protein expression is necessary for efficient L1-

REPEL in PA-1 cells. Additionally, we determined that the expression of the NF2/merlin 

isoform 1 cDNA efficiently re-established L1-REPEL, indicating that NF2/merlin 

expression is sufficient to rescue L1-REPEL in NF2 knockout cells. We further 

demonstrated that NF2 knockout is not sufficient to reactivate L1-REPEL in clonal pk5 

and pc39 cells, suggesting that NF2/merlin is required, either directly or indirectly, L1-

REPEL initiation. Finally, we found that culturing cells in differentiation media attenuated 

L1-REPEL, suggesting that NF2 knockout and culturing cells in differentiation medium 
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may act independently or, perhaps, synergistically to attenuate L1-REPEL. In sum, our 

data indicate that the NF2/merlin tumor suppressor may contribute to L1-REPEL in PA-

1 cells. 
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Materials and Methods 

Cell lines and cell culture conditions 

PA-1 cells were purchased from American Type Culture Collection and cultured as 

previously described (Garcia-Perez et al., 2010). All PA-1-derived cells were cultured in 

Minimum Essential Media (MEM) supplemented with 10% heat-inactivated fetal bovine 

serum, 2 mM Glutamax, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.1 mM non-

essential amino acids. Controlled heat inactivation of the fetal bovine serum was critical 

for conducting assays in PA-1 cells. HeLa JVM cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) high glucose supplemented with 10% fetal bovine 

serum (FBS), 2 mM Glutamax, 100 U/ml penicillin and 0.1mg/ml streptomycin. HAP1 

cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 

10% fetal bovine serum (FBS), 2 mM Glutamax, 100 U/ml penicillin and 0.1mg/ml 

streptomycin. All cell lines were grown at 37ºC in a humidified 7% CO2 incubator.  

Conditioned media for dilution cloning 

PA-1 media was supplemented with 25% conditioned media. Conditioned media was 

harvested from wild-type PA-1 cell cultures at 70% confluence within 48 hours of the 

previous passage. Conditioned media was clarified by centrifugation at 1000 x g for 10 

minutes in a bench top centrifuge and then passed through a 0.2 μm sterile filter. 

Conditioned media was stored at 4ºC for up to 1 week. 

Expression vectors 

All vectors were propagated in Escherichia coli strain DH5a (F-f80lacZDM15D[lacZYA-

argF] U169 recA1 endA1 hsdR17 [rk-, mk+] phoA supE44 l- thi-1 gyrA96 relA1) 
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(Invitrogen). Competent E. coli were prepared and transformed using previously 

described methods (Inoue et al., 1990; Moran et al., 1996). Plasmids were prepared 

using the Qiagen Plasmid Midi Kit according to the manufacturer’s instructions. 

pJM101/L1.3: contains a full-length L1 (L1.3, GenBank: L19088) that includes the 

mneoI retrotransposition indicator cassette within its 3’UTR (Sassaman et al., 1997; Wei 

et al., 2001). A CMV promoter and SV40 polyadenylation signal in the pCEP4 plasmid 

backbone facilitate L1.3 expression. This vector was used to assay for L1-neo 

retrotransposition. 

pJM105/L1.3: is identical to pJM101/L1.3 except for the presence of a missense 

mutation (D702A) in the L1.3 ORF2p reverse transcriptase (RT) domain, which renders 

L1.3 retrotransposition-defective (Wei et al., 2001). This vector was used as a negative 

control in L1-neo retrotransposition assays. 

pCDNA3: expresses a neomycin resistance gene from the vector backbone This vector 

was used as a positive control for transfection and G418 drug selection in the L1-neo 

retrotransposition assays. 

pJJ101/L1.3: is similar to pJM101/L1.3, but contains an mblastI retrotransposition 

indicator cassette within its 3’UTR (Goodier et al., 2007; Kopera et al., 2011; Morrish et 

al., 2002). A CMV promoter and SV40 polyadenylation signal in the pCEP4 plasmid 

backbone facilitate L1.3 expression. This vector was used to assay for L1-blast 

retrotransposition assays. 

pJJ105/L1.3: is identical to pJJ101/L1.3 except for the presence of a missense mutation 

(D702A) in the L1.3 ORF2p reverse transcriptase (RT) domain, which renders L1.3 
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retrotransposition-defective (Goodier et al., 2007; Kopera et al., 2011; Morrish et al., 

2002). This vector was used as a negative control for L1-blast retrotransposition assays. 

pCDNA6: expresses a blasticidin resistance gene from the vector backbone This vector 

was used as a positive control for transfection and blasticidin drug selection in the L1-

blast retrotransposition assays. 

p99EGFP/LRE3: contains a full-length RC-L1 (LRE3) with an mEGFPI 

retrotransposition indicator cassette within its 3’UTR. LRE3 expression is driven from its 

native 5’UTR (Ostertag et al., 2000). The LRE3 expression construct was cloned into a 

version of pCEP4 that lacks the CMV promoter. A puromycin-resistance selectable 

marker replaced the hygromycin-resistance selectable marker in pCEP4 (Garcia-Perez 

et al., 2010). This vector was used to assay for L1-GFP retrotransposition.  

p99EGFP/LRE3_111: is identical to p99EGFP/LRE3 except that it contains two 

missense mutations in LRE3 ORF1p (RR261-262AA), which renders LRE3 

retrotransposition-defective(Zhang et al., 2014). This vector was used as a negative 

control in L1-GFP retrotransposition assays. 

pCEP4/GFP: contains the coding sequence of the humanized Renilla reniformis green 

fluorescent protein (hrGFP) from phrGFP-C (Stratagene). GFP expression is driven by a 

cytomegalovirus (CMV) immediate early promoter and terminated at a simian virus 40 

(SV40) late polyadenylation signal present in the pCEP4 plasmid backbone (Alisch et 

al., 2006). This vector was used to calculate transfection efficiencies. 
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Generation of candidate gene knockout vectors 

The sgRNAs used in this study were identified using CRISPick software (Broad 

Institute) with the following parameters: Human GRCh38 reference genome; CRISPRko 

mechanism; SpyoCas9 enzyme. (https://portals.broadinstitute.org/gppx/crispick/public). 

BbsI restriction sites were appended to sgRNA-containing oligonucleotides for cloning 

into BbsI-digested PX459 plasmid (Ran et al., 2013a; Ran et al., 2013b). Sense 

(forward) and antisense (reverse) oligonucleotides were ordered from Integrated DNA 

Technologies (Table 3.1). Cloning of oligonucleotides into the PX459 vector was 

performed as previously described (Ran et al., 2013a; Ran et al., 2013b). Sense and 

antisense oligonucleotides were phosphorylated using T4 PNK (NEB) and then were 

annealed to create double stranded DNA. PX459 was digested by BbsI (NEB), then the 

phosphorylated-and-annealed oligonucleotides were ligated into the BbsI-digested 

PX459 vector. Digestion-ligation reactions were treated with PlasmidSafe exonuclease 

(Lucigen) and transformed into competent bacteria. Bacterial transformations were 

plated on LB-ampicillin plates and individual clones were picked and cultured overnight 

in LB-ampicillin broth at 37°C. Plasmid DNA was extracted, and Sanger sequenced to 

confirm the sgRNA insert.  

Candidate gene “population knockout” 

Cells were plated at 3x105 (PA-1), 2x104 (HeLa JVM) or 1x106 (HAP1) cells/well of a six-

well dish. Twenty-four hours later, each well was transfected with a FuGENE 6 mix 

containing 1 µg candidate knockout vector DNA and 3 µl FuGENE 6 (Promega, E2692) 

up to a final volume of 105 µL Opti-MEM (Life Technologies). One day later, the 

transfection-media was replaced with fresh media containing puromycin (2 µg/mL: PA-1 
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and HAP1; 5 µg/mL HeLa JVM) to select for vector expression. Once untransfected 

control cells died, puro-media was replaced with fresh PA-1 media. Cells were cultured 

and passaged once reaching confluency. 12 days post-transfection, “population 

knockout” cells were collected for cryopreservation and re-plated for the L1 

retrotransposition assay. 

L1 retrotransposition assay in “population knockout” cells  

The L1 retrotransposition assay was conducted as previously described (Garcia-Perez 

et al., 2010; Kopera et al., 2016; Moran et al., 1996; Wei et al., 2001). “Population 

knockout” cells were plated at 3x105 (PA-1), 2x104 (HeLa JVM) or 1x106 (HAP1) 

cells/per well of a six-well dish. Eighteen hours after plating, each well was transfected 

with a FuGENE 6 mix containing 1 µg plasmid DNA and 3 µl FuGENE 6 (Promega) up 

to a final volume of 105 µL Opti-MEM (Gibco, 31985062). One day later, the 

transfection-media was replaced with fresh media. Three days post-transfection, media 

was supplemented with 210 μg/mL of (G418) (Gibco, 10131035) to select for L1 

retrotransposition events expressing the neomycin resistance reporter gene. After ~14 

days of G418 selection, G418-resistant foci were washed with PBS and then fixed for 

30 minutes at room temperature in a 1X PBS solution containing 2% paraformaldehyde 

(Sigma Aldrich) and 0.4% glutaraldehyde (Sigma Aldrich). Fixed foci were then stained 

with a 0.1% crystal violet solution for 2 hours with gentle rotation at room temperature 

for visualization.  

Dilution cloning; generation of clonal NF2 knockout cell lines 

“Population knockout” cells were counted using the Countess hemocytometer 

(Invitrogen, C10227) following the manufactures recommendations. Cells were diluted 
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to concentrations of 0.5-, 1-, 2- and 5-cells per 200µl of conditioned PA-1 media. 200µl 

of volume was dispensed into each well of two 96-well plates for each dilution. 5 days 

after plating, wells were visually inspected daily for established colonies. Wells 

containing single colonies were maintained in conditioned media during clonal 

outgrowth. Once cells reached confluency, cells were trypsinized and moved to larger 

plates (96-well, 24-well, 6-well, 10 cm dish). After reaching confluency in 10cm plates, 

cells were collected for cryopreservation.  

Western blotting 

The following protocol contains minor changes from the original protocol developed by 

Dr. John Moldovan and Dr. Peter Larson (Moldovan and Moran, 2015). Cells were 

washed with PBS, trypsinized (0.25% Trypsin-EDTA) and pelleted at 500×g for 2 

minutes. Whole cell lysates were prepared by incubating cell pellets in ~500 µL (1 mL 

lysis buffer per 100 mg of cell pellet) of lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 10% glycerol, 1 mM EDTA, 0.1% NP-40 (Sigma), 1X complete EDTA-free 

protease inhibitor cocktail (Roche) on ice for 30 minutes. Lysates were centrifuged at 

15,000×g for 10 minutes at 4°C and supernatants were transferred to a clean tube. 

Protein concentration was determined using the Bradford reagent assay (BioRad). For 

SDS-PAGE, samples were diluted in 4x Laemmli buffer (BioRad) containing 10% BME 

and incubated at 95°C for 5 minutes. 30µg of protein was loaded per well of a 4–15% 

precast mini-PROTEAN TGX gel (Bio-Rad) run at 200V for 35 minutes in 1X 

Tris/Glycine/SDS (25 mM Tris-HCL, 192 mM glycine, 0.1% SDS, pH 8.3) buffer 

(BioRad). Protein was transferred using the Trans-Blot Turbo Mini PVDF Transfer 

Packs (BioRad) with the Trans-Blot Turbo Transfer System (BioRad) at 2.5A and 25V 
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for 3 minutes. The membranes then were incubated at room temperature in Intercept 

blocking buffer (LI-COR) for 1 hour. Following blocking, fresh blocking buffer containing 

0.1% Tween 20 (Sigma) was added with the following primary antibodies: NF2 (B-12) 

mouse monoclonal (Santa Cruz, sc-55575) at 1:1000; NF2 rabbit polyclonal (Sigma, 

HPA003097), at 1:1000; NF2 rabbit polyclonal (Invitrogen, PA535316), 1:1000; S6 

Ribosomal Protein (5G10) rabbit monoclonal (Cell Signaling, 2217) at 1:2000; b-actin 

mouse monoclonal (ThermoFisher, MA1-744) at 1:2000. The membrane was incubated 

overnight at 4°C. The next day, the membrane was washed 5X with 1X PBS and fresh 

blocking solution containing 0.1% Tween 20 (Sigma) and 0.02% SDS was added with a 

combination of the following secondary antibodies: Anti-Mouse or anti-Rabbit IRDye 

680LT (LICOR) at 1:15,000, and anti-Rabbit or anti-Mouse IRDye 800CW (LI-COR) at 

1:15,000. The membrane was incubated for 1 hour at room temperature. Lastly, the 

membrane was washed 5X with 1X PBS and scanned using the Odyssey CLx scanner 

(LI-COR). 

Genomic sequencing of clonal NF2 mutations 

Genomic DNA was extracted from ~1x106 cells using the Wizard Genomic DNA 

Purification Kit (Promega, A1120) per the manufacturer recommendations. 200ng of 

genomic DNA was subjected to PCR amplification using Phusion High-Fidelity DNA 

polymerase (M0530L) following the manufacturers recommendations. Primer set A 

(Forward: 5’-ctggcagccctcattagaac-3’; Reverse: 5’-caaattaacgcccaggaaaa-3’) 

amplification utilized a 61°C annealing temperature, whereas Primer set B (Forward: 5’-

gagtgatcccatgacccaaat-3’; Reverse: 5’-ccacctgtctgcatcagtaaa-3’) utilized a 63°C 

annealing temperature. PCR products were subjected to electrophoresis using a 1% 
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agarose gel. PCR products were TOPO cloned using the Zero Blunt TOPO PCR 

Cloning Kit (Invitrogen, 450245) and submitted for sanger sequencing.  

Cell proliferation assay 

Wild-type PA-1 and clonal NF2 knockout cells were plated at 5x104 cells/well of a 6-well 

plate in 2 mL of PA-1 media. Each day following plating, cells were imaged at 20x and 

counted using the Countess hemocytometer (Invitrogen, C10227) following the 

manufactures recommendations. All cell counts achieved >95% viability as determined 

by trypan blue staining. PA-1 media was replaced daily. 

L1-neo and L1-blast retrotransposition assays in clonal NF2 knockout cells 

The transient L1 retrotransposition assay was conducted as previously described 

(Garcia-Perez et al., 2010; Kopera et al., 2016; Moran et al., 1996; Wei et al., 2001). 

Cells were plated at 3x105 cells/per well of a six-well dish. Eighteen hours after plating, 

each well was transfected with a FuGENE 6 mix containing 1 µg plasmid DNA and 3 µl 

FuGENE 6 (Promega) up to a final volume of 105 µL Opti-MEM (Gibco, 31985062). 

One day later, the transfection-media was replaced with fresh media. For L1-neo 

assays, media was supplemented with 210 μg/mL of geneticin (G418) (Gibco, 

10131035) three days post-transfection to select for L1 retrotransposition events 

expressing the neomycin resistance reporter gene. For L1-blast assays, media was 

supplemented with 10 μg/mL of blasticidin (Gibco, A1113903) three days post-

transfection to select for L1 retrotransposition events expressing the blasticidin 

resistance gene. After ~10 days (G418) or 5 days (blasticidin) of selection, drug-

resistant foci were washed with PBS and then fixed for 30 minutes at room temperature 

in a 1X PBS solution containing 2% paraformaldehyde (Sigma Aldrich) and 0.4% 
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glutaraldehyde (Sigma Aldrich). Fixed foci were then stained with a 0.1% crystal violet 

solution for 2 hours with gentle rotation at room temperature for visualization.  

NF2 rescue L1 retrotransposition assays 

The transient L1 retrotransposition assay was conducted as previously described with 

the following modification: cells were co-transfected with the indicated NF2/merlin 

expression vector and a retrotransposition-competent L1-reporter construct 

(p99EGFP/LRE3, pJM101/L1.3 or pJJ101/L1.3). HeLa JVM cells were plated at 2x104 

and HAP1 at 1x106 cells/well.  For serial NF2 rescue experiments, NF2 knockout cells 

were co-transfected with the indicated NF2/merlin expression vector along with 

pCDNA6. Cells were selected with 10 µg/mL blasticidin until untransfected cells died, 

typically 48-72 hours post-transfection. Blasticidin-resistant cells were collected, 

counted, and plated at 3x105 cells/well of a 6-well plate. Eighteen hours later, cells were 

co-transfected with the indicated NF2/merlin expression vector and pJM101/L1.3 or 

pcDNA3, then subjected to the L1-neo retrotransposition assay.  

L1-GFP retrotransposition assays in clonal NF2 knockout cells 

The L1-GFP retrotransposition assays was conducted as previously described (Garcia-

Perez et al., 2010) Cells were plated at 3x105 cells/per well of a six-well dish. Eighteen 

hours after plating, each well was transfected with a FuGENE 6 mix containing 1 µg 

plasmid DNA (p99EGFP/LRE3 or p99EGFP/LRE3 _111) and 3 µl FuGENE 6 

(Promega) up to a final volume of 105 µL Opti-MEM (Gibco, 31985062). One day later, 

the transfection-media was replaced with puromycin (Gibco, A1113803) supplemented 

media (2 µg/mL). Once all untransfected cells died (~48 hours), puro-media was 

replaced with normal PA-1 media. 6 days post-transfection, cells were left untreated or 
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were treated for 18 hours with 500 nM Trichostatin A (TSA, Sigma). Flow cytometry 

determined the percentage of EGFP expressing cells in both the untreated and TSA-

treated samples. The percentage of EGFP expressing cells obtained with a 

retrotransposition-defective L1 (p99EGFP/LRE3_111) was used as a negative control. 

Experiments were conducted. 

Site-directed mutagenesis 

The QuikChange II XL Site-Directed Mutagenesis Kit (Agilent, 200521) was used to 

generate mutations in a NF2/merlin expression vector (OriGene, SC124024). Mutant 

primers are listed in Table 3.2.  

L1-REPEL maintenance assay 

NF2 “population knockout” pk5 and pc39 cells were generated as previously described 

(Chapter 2: validation assays). Cells were plated at 3x105 cells/well of a six-well plate in 

PA-1 media. Twenty-four hours later, cells were transfected with a FuGENE 6 mix 

containing 1 µg PX459 vector containing the indicated sgRNA (Table 3.1). 24 hours 

later, the transfection-media was replaced with puromycin (Gibco, A1113803) 

supplemented media (2 µg/mL). Once all untransfected cells died (~48 hours), puro-

media was replaced with normal PA-1 media. 6 days post-transfection, cells were 

treated with or without 500 nM Trichostatin A (TSA, Sigma) for 18 hours. Flow cytometry 

determined the percentage of EGFP expressing cells in both the untreated and TSA-

treated samples. The percentage of EGFP expressing cells obtained with a 

retrotransposition-defective L1 (p99EGFP/LRE3_111) served as our negative control. 

Experiments were conducted in triplicate. 
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Differentiation of PA-1 and NF2 knockout cells 

PA-1 or NF2 knockout cells were cultured in differentiation media containing 10% 

knockout serum replacement (KOSR, Invitrogen), substituting for 10% FBS, with the 

addition of 1 µM all-trans retinoic acid (RA, Sigma). Notably, in differentiation 

experiments, cells were plated and transfected in normal PA-1 media. 24 hours after 

transfection, media was replaced with differentiation media for the duration of the assay.  
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Figure 3.1: NF2 “population knockout” attenuates L1-REPEL in hEC PA-1 cells. 

(A) Schematic of NF2/merlin isoform 1. The N-terminus of NF2/merlin encodes a 
conserved FERM (4.1, ezrin, radixin, moesin) domain followed by an a-helical domain 
and a C-terminal domain. sgRNA target-sites are indicated by . (B) PA-1 cells were 
transfected with PX459-derived vectors expressing sgRNAs targeting NF2 and Cas9. 
Transfected cells were selected with puromycin generate NF2 “population knockout” cells 
that were subjected to the L1-neo retrotransposition assay. (C) Results of the L1-neo 
retrotransposition assay in NF2 “population knockout” cells. pJM101/L1.3, a 
retrotransposition-competent L1; pJM105/L1.3, a retrotransposition-defective L1; 
pCDNA3, a vector that constitutively expresses the neomycin resistance gene. G418-
resistant colonies that expressed the retrotransposed neomycin resistance gene were 
fixed and stained with crystal violet for visualization.  
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Figure 3.2: NF2 “population knockout” does not reduce L1-REPEL in somatic HeLa 
JVM and HAP1 cells. 

(A) Schematic of NF2/merlin isoform 1 illustrating the sgRNA target-sites ( ). (B) 
Results of the L1-neo retrotransposition assay in NF2 “population knockout” HeLa JVM 
cells. (C) Results of the L1-neo retrotransposition assay in NF2 “population knockout” 
HAP1 cells. pJM101/L1.3, a retrotransposition-competent L1; pJM105/L1.3, a 
retrotransposition-defective L1; pCDNA3, a vector that constitutively expresses the 
neomycin resistance gene. G418-resistant colonies that expressed the retrotransposed 
neomycin resistance gene were fixed and stained with crystal violet for visualization.  
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Figure 3.3: Generation of clonal NF2 knockout cell lines. 

(A) Workflow for generating clonal NF2 knockout cell lines. PA-1 cells were transfected 
with PX459-derived vectors expressing NF2-targeting sgRNAs and Cas9 to generate NF2 
“population knockout” cells. NF2 population knockout cells were subjected to dilution 
cloning to establish clonal cell lines for characterization of NF2/merlin. (B) Western blot 
showing NF2/merlin protein expression (70 kD band) in established clonal cell lines. 
Ribosomal S6 protein expression (32 kD band) is shown as a loading control. NF2-
targeting sgRNAs used to generate clonal cell lines are indicated (N19, ; N60, ). 
(C) PCR assay for genomic edits at the NF2 sgRNA-target locus. Two primer sets (A and 
B) flanking the sgRNA-target sites were used to amplify genomic edits. PCR products 
were run on a 1% agarose gel for visualization. (D) Summary of allelic mutations identified 
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by Sanger sequencing of TOPO cloned PCR products. (E) Genomic edits within the 
N19_7 clonal cell line. Allele 1 contains a single nucleotide insertion at the sgRNA-target 
site, resulting in a frameshift mutation. Allele 2 contains a 9-nucleotide deletion, resulting 
in an in-frame deletion. Sequence conservation analysis (UCSC genome browser) of the 
deleted nucleotides within allele 2 (bottom panel). The AVQ residues at the sgRNA-target 
site are conserved back to Zebrafish, or ~450 million years.  
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Figure 3.4: NF2 knockout cells do not exhibit increased proliferation.  

(A) NF2 knockout cell proliferation assay. Cells were plated at 5x104 cells/well of a 6-well 
plate. Bright-field images were taken daily at 20x magnification. (B) Quantification of the 
NF2 knockout cell proliferation assay. Cells were collected and counted daily using the 
Countess hemocytometer. Notably, N60_3 cells contain wild-type NF2 alleles. All cell 
counts achieved >95% viability as determined by trypan blue staining.  
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Figure 3.5: NF2/merlin is necessary for efficient L1-REPEL. 

(A) L1 retrotransposition assays in NF2 knockout clones. Results of the L1-neo and L1-
blast retrotransposition assays in clonal NF2 knockout cell lines. Notably, N60_3 cells 
contain wild-type NF2 alleles. pJM101/L1.3 and pJJ101/L1.3, retrotransposition-
competent L1s; pJM105/L1.3 and pJJ105/L1.3, retrotransposition-defective L1s; 
pCDNA3, a vector that constitutively expresses the neomycin resistance gene; pCDNA6, 
a vector that constitutively expresses the blasticidin resistance gene. Drug-resistant 
colonies were fixed and stained with crystal violet for visualization. (B) Schematic of the 
L1-GFP assay. 6 days post-transfection, puromycin-resistant cells are treated with TSA 
or left untreated, then subjected to flow cytometry 18 hours later. Puromycin was used to 
select for the episomal plasmid. (C) Results of the L1-GFP retrotransposition assay in 
untreated cells transfected with p99EGFP/LRE3, a retrotransposition competent L1. The 
percentage of EGFP expressing cells (GFP +) and standard deviation (n=3) is indicated. 
(D) Results of the L1-GFP retrotransposition assay in untreated and TSA-treated cells 
transfected with p99EGFP/LRE3. The percentage of EGFP expressing cells (GFP +) and 
standard deviation (n=3) is indicated. Fold-change indicates the L1-REPEL efficiency.    
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Figure 3.6: NF2/merlin isoform 1 is predominantly expressed in PA-1 cells. 

(A) NF2 rescue assay schematic. NF2 knockout cells are co-transfected with NF2 cDNA 
and L1-neo (pJM101/L1.3) or L1-blast (pJJ101/L1.3). (B) PA-1 RNA-seq datasets were 
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viewed using the Integrative Genomics Viewer (IGV). NF2 isoforms are represented by 
NCBI RefSeq gene tracks (blue tracks). The bottom track illustrates read depth. Notably, 
NF2 isoform 1 lacks exon 16, whereas isoform 2 retains exon 16. The lack of read depth 
at exon 16 suggests exon skipping in the majority of mature RNA (red box). (C) AlphaFold 
predicted structure of NF2/merlin isoform 1 exhibiting intramolecular association between 
the N-terminal FERM domain and the C-terminal domain.  
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Figure 3.7: Generation of NF2/merlin mutants.  

(A) Schematic illustrating site-directed mutations within NF2/merlin. (B) Western blot 
showing NF2/merlin protein expression (70 kD band) in N19_7 cells transfected with the 
indicated NF2 cDNAs. Notably, an antibody raised against the N-terminus (residues 65-
95) was used to detect NF2/merlin protein expression. b-actin protein expression (42 kD 
band) is shown as a loading control.  
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Figure 3.8: NF2/merlin expression rescues L1-REPEL in NF2 knockout cells. 

(A) Top: Schematic of the NF2 rescue L1-GFP assay. NF2 knockout cells are co-
transfected with NF2 cDNA expression vectors and p99EGFP/LRE3. 6 days post-
transfection, cells are subjected to flow cytometry. Bottom: results of the L1-GFP NF2 
rescue assay in N19_7 NF2 knockout cells. The percentage of EGFP expressing cells 
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(GFP +) and standard deviation (error bars, n=3) is indicated. (B) Results of the NF2 
rescue L1-neo and L1-blast retrotransposition assays in clonal NF2 knockout cell lines. 
Notably, N60_3 cells contain wild-type NF2 alleles. pJM101/L1.3 (L1-neo) and 
pJJ101/L1.3 (L1-blast), retrotransposition-competent L1s. Drug-resistant colonies were 
fixed and stained with crystal violet for visualization. (C) Schematic of the serial NF2 
rescue assay. NF2 knockout cells are co-transfected with NF2 cDNA expression vectors 
and pCDNA6 (A), selected, then co-transfected with NF2 cDNA expression vectors and 
pJM101/L1.3 or pCDNA3 (B) and subjected to the L1-neo assay. (D) Results of the NF2 
rescue L1-neo retrotransposition assay in N19_7 NF2 knockout cells. pJM101/L1.3 (L1-
neo), retrotransposition-competent L1; pCDNA3, a vector that expresses neomycin 
resistance. G418-resistant colonies were fixed and stained with crystal violet for 
visualization. 
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Figure 3.9: NF2/merlin expression does not hinder L1 retrotransposition in somatic 
cells. 

Results of the NF2 rescue L1-neo retrotransposition assays in somatic HeLa JVM and 
HAP1 cells. Cells were co-transfected with pJM101/L1.3 and NF2 cDNA expression 
vectors or pCEP-GFP. pJM101/L1.3 (L1-neo), retrotransposition-competent L1. pCEP4-
GFP serves as a control expression vector. G418-resistant colonies were fixed and 
stained with crystal violet for visualization. 
 
  

HeLa JVM

HAP1

pCEP4-GFP NF2 WT NF2 R310X

JM101/L1.3 (Neo)

51 4453

ND NDND



 195 

 
 
 
  

2 3 4 5 6Day

sg
RNA +

 C
as

9 
ve

cto
r

+ 
Pur

o

10

pk5/pc39 cells

- Pur
o

7
+ 0.5µM TSA (18h)

Untreated FACS

Treated FACS

PX459-empty NF2_19 NF2_60 XPO7
Untreated 2.68% 1.78% 2.60% 2.82%

TSA (500nM) 93.61% 86.01% 91.73% 85.75%

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

G
F

P
 +

 

sgRNA target

PX459-empty NF2_19 NF2_60 XPO7
Untreated 8.03% 4.16% 3.70% 7.48%
TSA (500nM) 96.21% 92.07% 91.99% 89.75%

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

pk5

pc39

C

B

A



 196 

Figure 3.10: NF2 knockout is not sufficient to reverse L1-REPEL. 

(A) Schematic of the L1-REPEL maintenance assay. pk5 or pc39 are transfected with 
NF2 (N19, N60) or XPO7 knockout vectors. 6 days post-transfection, puromycin-resistant 
pk5 or pc39 cells are treated with TSA or left untreated, then subjected to flow cytometry 
18 hours later. Results of the L1-REPEL maintenance assay in pk5 (B) or pc39 (C) cells. 
The percentage of EGFP expressing cells (GFP +) and standard deviation (error bars, 
n=3) is indicated.  
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Figure 3.11: L1-REPEL is attenuated in differentiation media. 

(A) Schematic of the L1-REPEL L1-GFP retrotransposition assays in differentiation 
media. 24 hours after transfection, cells are cultured in either 10% FBS or Differentiation 
media (DM) containing 10% KnockOut Serum Replacement (KOSR) plus 1µM all-trans 
retinoic acid for the duration of the L1-GFP assay. 6 days post-transfection, puromycin-
resistant cells are treated with TSA or left untreated, then subjected to flow cytometry 18 
hours later. Puromycin was used to select for the episomal plasmid. Results of the L1-
REPEL L1-GFP retrotransposition assays in wild-type PA-1 (B) or N60_4 NF2 knockout 
(C) cells. White filled bars indicate samples cultured in 10% FBS. Grey filled bars indicate 
samples cultured in DM. (D) Western blot showing protein expression of the pluripotency 
marker OCT3/4 (~43 kD band) in wild-type PA-1 or N60_4 NF2 knockout cells. Ribosomal 
S6 protein expression (32 kD band) is shown as a loading control. DM indicates that cells 
were cultured in differentiation media.  
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Table 3.1: Candidate gene sgRNA oligonucleotides.  

 

 
 
  

sgRNA Forward oligo (5'-3') Reverse oligo (5'-3')
NF2 _sgRNA_1 (N19) CACCGTGAGCCTACCTTGGCCTGGA AAACTCCAGGCCAAGGTAGGCTCAC
NF2 _sgRNA_2 (N60) CACCGCCTGGCTTCTTACGCCGTCC AAACGGACGGCGTAAGAAGCCAGGC
NF2 _sgRNA_3 (N18) CACCGATTCCACGGGAAGGAGATCT AAACAGATCTCCTTCCCGTGGAATC
XPO7 CACCGAGACACAACCACTCGACTCC AAACGGAGTCGAGTGGTTGTGTCTC
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Table 3.2: Site-directed mutagenesis primers.  

 

 
 

mutant mutant primer sequence wild-type sequence
L64P aacctggttctttggaccgcagtacacaatcaagg aacctggttctttggactgcagtacacaatcaagg
1bpins cttcttacgccgtcctaggccaagtatggtg cttcttacgccgtccaggccaagtatggtg
AVQdel gctcctggcttcttacgccaagtatggtgact gctcctggcttcttacgccgtccaggccaagtatggtgact
A145X gtgctcctggcttcttactgagtccaggccaagtatgg gtgctcctggcttcttacgccgtccaggccaagtatgg
R310X accatgatctatttatgaggtgaaggaaagccgattctttg accatgatctatttatgaggagaaggaaagccgattctttg
Y481XX gattgccaccaagcccacgtagtagcccatgaacccaatt gattgccaccaagcccacgtacccgcccatgaacccaatt
K510X cagcctgtctttcgacttctgagatactgacatgaagcgg cagcctgtctttcgacttcaaagatactgacatgaagcgg
L580X gcagcaagcacaataccattaaaaagtgaaccttgcagagcgccaag gcagcaagcacaataccattaaaaagctcaccttgcagagcgccaag
S518A actgacatgaagcggcttgccatggagatagaga actgacatgaagcggctttccatggagatagaga
S518D aagatactgacatgaagcggcttgacatggagatagagaaagaaaaag aagatactgacatgaagcggctttccatggagatagagaaagaaaaag
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Chapter 4  

 

Conclusions 

Overview 

 My dissertation research has focused on elucidating the mechanism(s) of L1-

delivered reporter gene silencing (L1-REPEL) in human embryonic-derived cells known 

to accommodate endogenous L1 expression. Previous studies hypothesized that host 

factors recognize L1 TPRT intermediates to epigenetically silence L1-delivered reporter 

genes either during or immediately after retrotransposition (Garcia-Perez et al., 2010). 

In Chapter 2, we demonstrated that genome-wide CRISPR/Cas9-based gene knockout 

screens, in conjunction with validation assays, can efficiently lead to the identification of 

candidate genes that may be involved in L1-REPEL. We optimized the GeCKO 

CRISPR/Cas9 knockout system in PA-1 cells and established methods to prioritize 

candidate genes necessary for L1-REPEL. We identified 489 putative candidate genes 

that may affect L1-REPEL, including 20 that were highly enriched in our screens, and 

arrived at our top candidate gene, NF2 (Neurofibromin 2). We also established a 

transient sgRNA/Cas9 plasmid-based assay to validate several candidate L1-REPEL 

genes. Thus, the successful application of CRISPR/Cas9 technology uncovered 

putative host factors responsible for L1-REPEL.  
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 In Chapter 3, we investigated the role of the tumor suppressor protein NF2/merlin in 

L1-REPEL. We demonstrated that clonal- and population-based knockout of NF2 in PA-

1 cells attenuated L1-REPEL, suggesting that the NF2/merlin protein is necessary for 

efficient L1-REPEL. We further demonstrated that expression of the NF2/merlin isoform 

1 cDNA efficiently restored L1-REPEL in NF2 knockout cells, indicating NF2/merlin 

expression is sufficient to re-establish L1-REPEL. In contrast, knocking out NF2 in two 

clonal PA-1 derivative clonal cell lines (pk5 and pc39) that contain silenced L1 

retrotransposition events was not sufficient to alleviate L1-REPEL, implying that 

NF2/merlin may be necessary for the initiation, but not the maintenance step, of L1-

REPEL. Finally, we found that L1-REPEL was less efficient in NF2 knockout cells 

cultured in differentiation media vs. FBS-containing media, suggesting that NF2 

knockout and culturing cells in differentiation medium may act independently or in 

combination to attenuate L1-REPEL. The above results indicate that NF2/merlin is 

necessary to establish efficient L1-REPEL in PA-1 hECs and suggest that a known 

tumor suppressor gene that plays a role in human disease may act to silence 

endogenous L1 retrotransposition events in cell lines that serve as proxies for early 

stages of embryonic development. Below, I discuss the significance of the data 

presented in this dissertation and suggest possible future directions for ensuing 

research. 

PA-1 cells exhibit L1-REPEL 

 Endogenous human LINE-1 elements are expressed at relatively high levels in 

human embryonic carcinoma-derived cells lines (hESCs) when compared to other 

immortalized cell lines (Garcia-Perez et al., 2007; Hohjoh and Singer, 1996; Skowronski 
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and Singer, 1985). However, despite their high levels of expression, reporter genes 

integrated into the genome using engineered L1s are efficiently and stably silenced 

upon retrotransposition in hECs (Garcia-Perez et al., 2010) by a mechanism termed L1-

REPEL. Importantly, L1-REPEL appears to be peculiar to the TPRT mechanism used 

by non-LTR retrotransposons (see below), leading us to speculate that L1-REPEL may 

represent a mechanism to silence endogenous de novo LINE-1 retrotransposition 

events that occur during early human development (Garcia-Perez et al., 2010). 

 We confirmed previous reports that various L1-delivered reporter genes are subject 

to L1-REPEL in PA-1 embryonic carcinoma cells (Figure 2.1), but not somatic HeLa or 

HAP1 cells (Figure 3.2) (Garcia-Perez et al., 2010). We further confirmed that treating 

PA-1 cells with histone deacetylase inhibitors efficiently reactivates retrotransposition 

events subject to L1-REPEL and that subsequent removal of histone deacetylase 

inhibitors reestablishes L1-REPEL (Figure 2.1 B and C) (Garcia-Perez et al., 2010). 

 These results demonstrate that L1-REPEL is likely an epigenetic mechanism that is 

both mitotically stable and reversible. Our L1-REPEL working model posits that both 

initiation and maintenance steps are required for efficient epigenetic silencing of L1-

delivered reporter genes (Figure 2.1 D). Given that L1-REPEL appears to be specific to 

TPRT-mediated retrotransposition (Garcia-Perez et al., 2010), we hypothesize that 

cellular factors recognize TPRT intermediates leading to the establishment of an 

epigenetic mark required for L1-REPEL in PA-1 cells. Moreover, we hypothesize that 

the same or different cellular factors are required to both initiate and maintain L1-

REPEL in PA-1 cells.  
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Genome-wide CRISPR/Cas9-based gene knockout screens identify candidate L1-

REPEL factors 

 We designed and implemented a forward genetic screen utilizing a lentiviral-

delivered CRISPR/Cas9-based system (GeCKO) to knockout genes on a genome-wide 

scale (Sanjana et al., 2014; Shalem et al., 2014), then performed L1 retrotransposition 

assays to identify genes necessary for L1-REPEL (Figure 2.2 B). These L1-REPEL 

screens yielded a candidate gene list comprising 489 genes, including 20 highly 

enriched candidates (Table 2.1). We then validated a subset of our candidate genes, 

including NF2, XPO7, TADA2B, and ZC3H12B, using a plasmid-based gene knockout 

assay (Figure 2.4). Subsequent validation assays revealed DDB2, NCBP2, TP53, 

NCAPG, MPHOSPH8, ATF7IP, DOT1L, EHMT1, and TAF5L as additional genes 

necessary for efficient L1-REPEL (Figure A.2). Together, our screening and validation 

strategies identified several L1-REPEL factors that might be involved in the initiation 

and/or maintenance of L1-REPEL. Future experiments are necessary to distinguish 

factors that mediate initiation vs maintenance phases of L1-REPEL.  

Is TPRT recognized by cellular factors? 

 During Target-Primed Reverse Transcription (TPRT), ORF2p EN makes a single-

strand endonucleolytic nick in DNA, liberating a 3’ hydroxyl group that can be used as a 

primer by ORF2p RT to initiate L1 cDNA synthesis (see Chapter 1). Although the 

downstream steps of TPRT are not completely understood, the completion of TPRT 

likely requires cellular factors that facilitate retrotransposition. For example, the single-

strand endonucleolytic nick induced by ORF2p EN can trigger the recruitment and 

activation of poly(ADP-ribose) polymerase 2 (PARP2) leading to the subsequent 
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recruitment of the replication protein A (RPA) complex to facilitate retrotransposition 

(Miyoshi et al., 2019). Additionally, core members of the nucleotide excision repair 

(NER) pathway, including XPC, can recognize 3’ DNA flap structures generated during 

TPRT, limiting L1 retrotransposition (Servant et al., 2017). Together, these results 

demonstrate that cellular factors can recognize TPRT.  

 We propose that host factors necessary to initiate L1-REPEL may be recruited to the 

site of L1 integration via direct interaction with ORF2p and/or may recognize DNA 

structures generated during TPRT, resulting in the direct or indirect establishment of an 

epigenetic mark and transcriptional repression of the L1-delivered retrotransposition 

indicator cassette and perhaps sequences within the de novo engineered L1 insertion 

(Figure 4.1 A). For example, DDB2 encodes a protein that recognizes DNA damage 

when complexed with DDB1, CUL4A, and PARP1 (Appendix) (Luijsterburg et al., 2007; 

Pines et al., 2012). Interestingly, DDB2 interacts with histone deacetylases (HDAC1 and 

HDAC2) to decrease H3K56 acetylation after DNA damage (Zhu et al., 2015). Thus, 

knockout of DDB2 might hinder the DNA damage response at sites of TPRT, resulting 

in escape from L1-REPEL. Intriguingly, NF2/merlin also interacts with DDB1 and 

CUL4A as part of an E3 ubiquitin ligase complex, suggesting a possible connection 

between NF2/merlin and DDB2. 

 Host factors necessary to maintain L1-REPEL may be recruited to the site of L1 

integration via the epigenetic mark established during the initiation phase. These factors 

likely mediate HDAC-containing corepressor complex formation and transcriptional 

repression of the L1-delivered retrotransposition indicator cassette (Figure 4.1 B). For 

example, MPHOSPH8 and ATF7IP encode proteins that are members of the 
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heterochromatin-forming HUSH complex, which previously was implicated in 

retrotransposon silencing (Liu et al., 2018; Robbez-Masson et al., 2018; Seczynska et 

al., 2021; Zhu et al., 2018). The HUSH complex spreads heterochromatin via deposition 

of H3K9me3, acting to maintain transcriptional repression (Tchasovnikarova et al., 

2015). Thus, knockout of MPHOSPH8 or ATF7IP may result in the loss of H3K9 

methylation at sites of L1 retrotransposition, resulting in escape from L1-REPEL. 

Intriguingly, chaetocin, an inhibitor of the H3K9 histone methyltransferase SU(VAR)3-9 

(Cherblanc et al., 2013; Greiner et al., 2005), also led to the reactivation of EGFP 

expression in pk5 and pc39 cells at levels comparable to TSA-treatment (Figure A.3, 

see Appendix). Hence, MPHOSPH8 and ATF7IP may promote a stable and reversible 

epigenetic mark (H3K9 methylation) that promotes L1-REPEL.  

NF2/merlin is necessary for efficient L1-REPEL in PA-1 cells 

 In Chapter 3, we established that knockout of NF2 in PA-1 cells attenuated L1-

REPEL (Figure 3.5). We further demonstrated that expression of NF2/merlin isoform 1 

efficiently restored L1-REPEL in clonal NF2 knockout cells (Figure 3.8). Our working 

model posits that L1-REPEL occurs through a two-step initiation and maintenance 

process to efficiently and stably silence L1-delivered reporter genes in PA-1 cells. 

Maintenance assays revealed that knockout of NF2 in pc39 cells did not influence L1-

REPEL, implying that NF2/merlin may be necessary to initiate L1-REPEL (Figure 3.10). 

Lastly, we found that L1-REPEL was less efficient in NF2 knockout cells cultured in 

differentiation media, suggesting that L1-REPEL is further attenuated during cellular 

differentiation (Figure 3.11).  
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 The above results have led to a working model where I propose that NF2/merlin 

regulates the availability of embryonic cellular host factors that are necessary to initiate 

L1-REPEL in PA-1 cells (Figure 4.2). These factors likely recognize DNA structures 

generated by ORF2p during TPRT, resulting in the direct or indirect establishment of an 

epigenetic mark, leading to transcriptional silencing of the L1-delivered reporter gene 

(Figure 4.2 A and B). Based on my and previous studies (Garcia-Perez et al., 2010), I 

posit that transcriptional repression could be achieved through the recruitment of 

corepressor complexes containing histone deacetylase and histone methyltransferase 

activity (Figure 4.2 B). In this model, cells containing functional NF2/merlin exhibit 

efficient L1-REPEL (Figure 4.2 B: left and right panels), whereas cells lacking functional 

NF2/merlin exhibit downregulation of cellular factors necessary for efficient L1-REPEL 

(Figure 4.2 B: middle panel). One question remains, how does NF2/merlin regulate the 

availability of cellular factors that mediate L1-REPEL? 

Does E3 ubiquitin ligase activity regulate the availability of L1-REPEL factors? 

 Intra-molecular association of NF2/merlin promotes a “closed” conformation, which 

allows its translocation to the nucleus (Rong et al., 2004; Shimizu et al., 2002). Nuclear 

NF2/merlin can bind DCAF1 (VPRBP) and modulate CRL4DCAF1 E3 ubiquitin ligase 

activity (Li et al., 2010). Polyubiquitination typically marks proteins for proteasomal 

degradation, whereas addition of single ubiquitin molecule often modifies protein 

localization and function (Rape, 2018). These data suggest that NF2/merlin can alter 

CRL4DCAF1 E3 ubiquitin ligase activity in the nucleus. Intriguingly, a recent report 

demonstrated that retroviral silencing is regulated by a similar mechanism involving E3 

ubiquitin ligase activity (Wang and Goff, 2017).  
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 In embryonic cells, ZFP809 binds the retroviral tRNA binding site and blocks viral 

DNA synthesis. In differentiated cells, ZFP809 is modified by polyubiquitin chains, 

resulting in proteasomal degradation of the ZFP809 protein, which allows tRNA priming 

of viral DNA synthesis. The E3 ubiquitin ligase TRIM28 was found to promote the 

degradation of ZFP809 in differentiated cells (Wang and Goff, 2017). Furthermore, 

these findings illustrate that the proteasomal degradation pathway can regulate the 

availability of cellular factors in the embryonic state, and that E3 ubiquitin ligase activity 

coincides with cellular differentiation.  

 These findings have led me to speculate that NF2/merlin controls the availability of 

L1-REPEL factors through regulation of CRL4DCAF1 E3 ubiquitin ligase activity (Figure 

4.3). Activation of NF2/merlin promotes its nuclear translocation and binding to DCAF1. 

NF2/merlin binding to DCAF1 inhibits CRL4DCAF1 E3 ubiquitin ligase activity, preventing 

degradation of DCAF1 substrates that promote L1-REPEL (Figure 4.3). In the absence 

of NF2/merlin, CRL4DCAF1 can ubiquitinate DCAF1 substrates, resulting in protein 

degradation. Thus, in NF2 knockout cells, CRL4DCAF1-mediated degradation of L1-

REPEL factors results in attenuation of L1-REPEL (Figure 4.3). For example, TP53 is a 

CRL4DCAF1 substrate that is highly expressed in embryonic cells, then undergoes 

downregulation during cellular differentiation (Klijn et al., 2015; Lutzker and Levine, 

1996). Therefore, NF2/merlin may inhibit CRL4DCAF1-mediated degradation of TP53 in 

embryonic cells, allowing TP53 to mediate L1-REPEL. However, during cellular 

differentiation NF2/merlin would be confined to the cytoplasm allowing CRL4DCAF1-

mediated degradation of TP53 and attenuation of L1-REPEL. Ultimately, all CRL4DCAF1 
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substrates that are downregulated in NF2 knockout cells would be primary L1-REPEL 

candidates. 

Does Hippo signaling influence L1-REPEL? 

 Previous reports suggest that loss of NF2/merlin results in CRL4DCAF1-mediated 

ubiquitination of core Hippo proteins LATS1 and LATS2, thereby inhibiting the Hippo 

signaling pathway (Li et al., 2014a). Originally identified in Drosophila, Hippo signaling is 

an evolutionarily conserved pathway implicated in the regulation of stem cell self-

renewal, cell proliferation, and cell fate determination (Zheng and Pan, 2019). The 

mammalian Hippo pathway comprises a kinase cascade that negatively regulates the 

downstream effector Yes-associated protein (YAP). Canonical Hippo signaling in 

mammals is initiated by TAO kinase (TAOK1-3), which directly phosphorylates and 

activates MST1/2, the mammalian homolog of Drosophila hippo kinase (Boggiano et al., 

2011). Activated MST1/2 subsequently phosphorylates and activates LATS1/2. 

Phosphorylated LATS1/2 then mediates the phosphorylation and inactivation of the 

Hippo effector YAP. Inactivated YAP is sequestered to the cytoplasm by 14-3-3 

proteins, inhibiting downstream regulation of YAP-target genes (Zhao et al., 2007). 

When Hippo signaling is active, or “on,” YAP-mediated signaling is repressed. When 

Hippo is inactive, or “off,” YAP translocates to the nucleus and associates with a diverse 

set of cofactors involved in transcriptional activation and repression (Zhao et al., 2007). 

 Hippo signaling can mediate a variety of cellular responses; thus, elucidating the 

upstream regulators of Hippo signaling is of primary interest. Many reports have 

implicated NF2/merlin as a biochemical and biomechanical sensor, promoting Hippo 

pathway activation (Cooper and Giancotti, 2014; Zheng and Pan, 2019). Furthermore, 
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PTM of NF2/merlin acts as a switch to control its tumor suppressor activity and 

subcellular localization. In addition to phosphorylation (see Chapter 3), sumoylation, and 

ubiquitination have been implicated in NF2/merlin regulation. For example, NEDD4L-

mediated ubiquitination of NF2/merlin was reported to activate Hippo signaling (Wei et 

al., 2020), which was dependent upon serine 518 dephosphorylation in response to 

calcium (Liu et al., 2019) or cell detachment (Zhao et al., 2012). These data 

demonstrate that NF2/merlin can act as a versatile upstream regulator of Hippo 

signaling in response to cellular stimuli.  

 We postulate that NF2/merlin-mediated activation of the Hippo pathway may be 

necessary for L1-REPEL in PA-1 cells. We reasoned that if Hippo pathway activation is 

necessary for L1-REPEL, factors mediating Hippo signaling would be enriched in the 

L1-REPEL screens. Indeed, within our 20 highly enriched candidate genes, we 

identified TAOK1, a serine/threonine protein kinase that directly phosphorylates MST1/2 

and activates Hippo signaling (Boggiano et al., 2011). Like NF2/merlin, TAOK1 has 

been implicated in the cellular stress response and cytoskeleton regulation (Fang et al., 

2020). We also identified several moderately enriched candidates, including the core 

Hippo members LATS1 and LATS2 (Table 4.1). 

 Given these findings, we propose a model where NF2/merlin regulates Hippo-

dependent availability of L1-REPEL factors in PA-1 cells (Figure 4.4). Cells lacking 

NF2/merlin cannot activate Hippo signaling in response to cellular stimuli or cell stress. 

This lack of Hippo signaling promotes nuclear translocation of YAP, where it can 

associate with co-repressor complexes, such as NuRD (Nucleosome Remodeling and 

Deacetylase) and SWI/SNF (SWItch/Sucrose Non-Fermentable), resulting in 
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transcriptional silencing of YAP-target genes (Chang et al., 2018; Hillmer and Link, 

2019). 

Future Directions 

Candidate gene validation assays  

 Our validations assays assume that we have a high knockout efficiency in a 

population of cells. Candidate gene knockout vectors contain a puromycin selectable 

marker, which should promote efficient editing within the puromycin resistant cell 

population. However, to arrive at rigorous conclusions regarding the necessity of cellular 

factors in maintaining L1-REPEL, we need to ensure that a functional protein is 

significantly diminished or absent in our cell populations by western blot analyses. 

Quantification of endogenous protein would then serve as a proxy for overall editing 

efficiency.  

 To assess editing efficiency more accurately, genomic DNA from the puromycin 

resistant cell population could be subjected to PCR amplification using primers flanking 

the sgRNA-target site followed by high throughput sequencing. The percentage of reads 

containing mutations (i.e., the number of indel reads vs. reference reads) could then be 

used to assess the resultant editing efficiency. Notably, the half-life of the candidate 

protein must be considered to account for protein turnover when generating “population 

knockout” cells. Therefore, validation assays should include collecting cells several days 

post transfection to assess editing efficiency and/or stable protein expression. An 

alternative, but perhaps more time consuming, approach to the population-based assay 

would be to generate independent knockout clones. Characterization of sgRNA-target 

alleles and endogenous protein expression in several knockout cell lines would then 
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provide a complementary and rigorous approach to determine whether a candidate 

factor is necessary for L1-REPEL in cells. 

Knockout LATS1/2 in PA-1 cells 

 To determine if Hippo signaling is necessary for L1-REPEL, population- and clonal-

based knockouts of core Hippo components LATS1 and LATS2 would be characterized 

following the above guidelines, then subjected to L1 retrotransposition assays. Notably, 

I previously generated knockout vectors containing LATS1 and LATS2 sgRNAs.  

RNA sequencing of NF2 knockout cells 

 L1-REPEL is downregulated during cellular differentiation of PA-1 cells (Figure 3.11) 

(Garcia-Perez et al., 2010). We found that knockout of NF2 in PA-1 cells similarly 

attenuated L1-REPEL (Figure 3.11). Therefore, it is possible that NF2 knockout in PA-1 

cells disrupts the embryonic cell state, leading to cellular differentiation and indirect 

attenuation of L1-REPEL. Intriguingly, we found that culturing NF2 knockout cells in 

differentiation medium further attenuated L1-REPEL, however, these cells continued to 

express the pluripotency marker OCT3/4 (Figure 3.11).  

 To characterize the cell state and define the extent of cellular differentiation, RNA 

sequencing would be performed in NF2 knockout cells. Expression of genes associated 

with cell stemness and/or differentiation would be analyzed to determine if NF2 

knockout cells are in a state of intermediate differentiation— i.e., differentially 

expressing a subset of genes associated with cellular differentiation compared to PA-1 

cells.  
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Inhibition of ubiquitin-dependent proteasomal degradation  

 To test whether E3 ubiquitin ligase activity influences L1-REPEL, NF2 knockout cells 

would be subjected to the L1 retrotransposition assay in the presence of MG132, a 

potent membrane-permeable proteasome inhibitor. MG132 treatment would be carried 

out following a previously established protocol with minor modifications (Wang and Goff, 

2017). NF2 knockout cells would be treated with ~10 µM MG132 twenty-four hours prior 

to L1 transfection, then treated daily for three days or until L1-reporter drug selection 

commences. 

 An alternative approach to assess E3 ubiquitin ligase activity in L1-REPEL would be 

to inhibit specific components of the E3 ubiquitin ligase complexes. For example, 

multiple studies have shown that genetic perturbation of DCAF1 can abolish CRL4DCAF1 

substrate recognition (Li et al., 2010; Nakagawa et al., 2015). To determine if CRL4DCAF1 

activity effects L1-REPEL, CRISPR/Cas9-mediated knock-in of a DCAF1 mutant lacking 

the C-terminal substrate recognition domain would be generated in NF2 knockout cells, 

then subjected to the L1 retrotransposition assay. An increase in L1-REPEL would 

suggest that CRL4DCAF1 E3 ubiquitin ligase activity likely facilitates proteasomal 

degradation of cellular factors that mediate L1-REPEL.  

ORF2p pulldown in PA-1 cells 

 ORF2p immunoprecipitation (IP)-coupled mass spectrometry would be carried out 

as previously described (Miyoshi et al., 2019) to identify L1 ORF2p interacting proteins. 

Our model proposes that L1-REPEL factors recognize DNA structures generated by 

ORF2p during TPRT. Thus, Flag-tagged ORF2p would be expressed (via pTMF3 and 
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pTMO2F3 vectors) and immunoprecipitated in PA-1 cells to identify factors associated 

with TPRT.  

Is L1-REPEL specific to TPRT? 

 We hypothesize that L1-REPEL factors recognize DNA structures generated by 

ORF2p during TPRT, resulting in the establishment of an epigenetic mark and 

transcriptional silencing of the L1-delivered reporter gene. However, many DNA 

structures generated during TPRT are not unique to L1 integration. For example, 

naturally occurring single-strand and double-strand breaks in DNA can generate 

intermediates similar to ORF2p EN activity. Therefore, it is possible that the embryonic 

state promotes a global silencing mechanism at sites of DNA damage. To test this, 

reporter genes would be delivered into the genome of PA-1 cells using a variety of 

mechanisms. Then, PA-1 cells would be assessed for expression of the delivered 

reporter gene. Notably, previous reports established that retroviral delivered EGFP 

reporter genes are efficiently expressed in PA-1 cells (Garcia-Perez et al., 2010).  

 First, an EGFP reporter gene would be delivered by CRISPR/Cas9-mediated knock-

in at a genomic location specific to the pk5 L1-EGFP insertion on chromosome 12. The 

Cas9 nuclease generates a double-strand break, allowing homologous recombination of 

a DNA donor template containing EGFP flanked by homology arms. If the double-strand 

break induced by Cas9 recruits silencing factors, we would expect transcriptional 

silencing of the EGFP reporter gene. This result would support a global silencing 

mechanism at sites of DNA damage.   

 Second, an EGFP reporter gene would be delivered by the Sleeping Beauty 

transposon system (see Chapter 1). The sleeping beauty system utilizes a transposase 
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enzyme to mediate genomic integration of a transposon containing genetic cargo, or the 

EGFP reporter gene. If transposase activity recruits silencing factors, we would expect 

transcriptional silencing of the EGFP reporter gene. This result would support a global 

silencing mechanism.   

 Lastly, a Neo reporter gene would be delivered by Alu retrotransposition. Alu 

retrotransposons steal ORF2p from L1 to facilitate TPRT (see Chapter 1). Therefore, we 

would expect transcriptional silencing of the neo reporter gene in PA-1 cells subjected 

to the Alu retrotransposition assay. PA-1 cells express high levels of endogenous L1s. 

Therefore, Alu retrotransposition assays would be done with or without cotransfection of 

ORF2p.  

Summary 

 My thesis has examined an epigenetic silencing phenomenon that restricts the 

expression of L1-delivered reporter genes (L1-REPEL) in a cell line that serves as a 

proxy for early stages of human development. We designed and implemented a 

genome-wide CRISPR-Cas9-based genetic screen that identified cellular factors 

influencing L1-REPEL in PA-1 cells. We developed an adaptable transient plasmid-

based workflow that efficiently allowed the validation of candidate genes mediating L1-

REPEL. We demonstrated that NF2/merlin was necessary for efficient L1-REPEL by 

establishing and characterizing clonal NF2 knockout cell lines and that reintroduction of 

NF2/merlin was sufficient to reestablish L1-REPEL in NF2 knockout cells. We also 

generated preliminary data that should allow a future assessment of the role(s) of 

NF2/merlin in regulating CRL4DCAF1 E3 ubiquitin ligase activity and/or Hippo signaling in 

relation to L1-REPEL. Finally, we utilized small molecule inhibitors to interrogate 
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epigenetic regulation of L1-REPEL. My preliminary results suggest that histone 

methyltransferase and DNA methyltransferase activity may possibly contribute to L1-

REPEL. In sum, this work has led to a better understanding of how cellular factors and 

epigenetic regulation mediate the repression of L1-delivered reporter genes in PA-1 

cells. We speculate that a similar mechanism acts to suppress de novo L1 

retrotransposition events during human embryonic development.  
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Figure 4.1: Candidate factors may affect different steps of L1-REPEL. 

A schematic illustrating the two phases of L1-REPEL. TPRT-mediated genomic 
integration triggers L1-REPEL, resulting in the transcriptional repression of the L1-
delived reporter gene and perhaps the retrotransposed L1 itself. (A) Indicated are 
candidate genes necessary for efficient (A) initiation or (B) maintenance of L1-REPEL. 
The blue circle represents ORF2p. The X represents transcriptional repression. TSD 
indicates target site duplications flanking the L1 insertions.  
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Figure 4.2: NF2/merlin is necessary for efficient L1-REPEL in PA-1 cells. 

(A) A working model of L1-REPEL. NF2/merlin-dependent availability of factors that 
recognize TPRT determines L1-REPEL efficiency in PA-1 cells. The blue circle 
represents ORF2p. (B) Wild-type PA-1 cells expressing NF2/merlin exhibit efficient L1-
REPEL (left panel). NF2 knockout PA-1 cells lacking NF2/merlin expression exhibit 
attenuated L1-REPEL (middle panel). Transient expression of NF2/merlin is sufficient to 
reestablish L1-REPEL in NF2 knockout cells (right panel). The X represents 
transcriptional repression via factor-dependent recruitment of co-repressor complexes 
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containing histone deacetylase (HDAC) activity. The gradient bars at the bottom of each 
panel represent L1-REPEL efficiency. TSD; target site duplications.  
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Figure 4.3: NF2/merlin regulates CRL4DCAF1-dependent degradation of L1-REPEL 
factors in PA-1 cells. 

Activation of NF2/merlin promotes its nuclear translocation and binding to DCAF1. 
NF2/merlin binding to DCAF1 inhibits CRL4DCAF1 E3 ubiquitin ligase activity, preventing 
degradation of DCAF1 substrates that promote L1-REPEL. In the absence of 
NF2/merlin, CRL4DCAF1 can ubiquitinate DCAF1 substrates. Ubiquitination can alter 
protein function or mark the protein for degradation. Thus, CRL4DCAF1-mediated down-
regulation of L1-REPEL factors results in attenuation of L1-REPEL. P indicates 
phosphorylation. UB indicates ubiquitination.  
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Figure 4.4: Hippo-dependent L1-REPEL in PA-1 cells. 

NF2/merlin activates the Hippo kinase cascade in response to cellular stimuli, possibly 
through TAOK1-mediated phosphorylation of MST1/2. Hippo signaling results in 
sequestration of YAP to the cytoplasm by a 14-3-3 protein. In the absence of functional 
NF2/merlin, Hippo signaling is inhibited, promoting the nuclear translocation of YAP. 
Nuclear YAP associates with co-repressor complexes, mediating down-regulation of L1-
REPEL factors. The X represents transcriptional repression.  

5’
3’

3’
5’

Nucleus

L1-REPEL factor

14-3-3

Cytoplasm

LATS1/2

MST1/2

YAP
P

P

P

Hippo
Core

LATS1/2

MST1/2

YAP
YAP

P

NF2

TAOK1
TAOK1

?

YAP

corepressor Attenuation of L1-REPEL

Nuclear Translocation

wild-type PA-1
Hippo ”ON”

NF2 knockout PA-1
Hippo ”OFF”

Biochemical Stimuli
Biomechanical Stimuli

Cell stress

X

Transcriptional Repression



 231 

Table 4.1: Hippo pathway genes identified in the L1-REPEL screen. 

 
 

 

Gene GeCKO 1 GeCKO 2 Brunello
NF2 4 4 2
TAOK1 2 1 1
LATS2 1 2 1
LATS1 1 2 0
FAT4 1 1 1
PARD6G 0 1 2
PARD6A 1 1 1
TCF7 1 1 1
WWP2 2 0 1
PTPN14 1 1 0

# filtered sgRNAs
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Appendix 

 

 The data presented in the Appendix remain preliminary and require follow-up 

experiments. Optimization of viral transduction efficiency for the L1-REPEL 

maintenance screen was performed in collaboration with Maria Virgilio. Preliminary 

small molecule screens were performed by Dr. Aurelien Doucet and Dr. Peter Larson. I 

performed all experiments and analyses discussed in the Appendix.  

A GeCKO-based Screen to Identify L1-REPEL Maintenance Factors  

 To identify factors necessary to maintain L1-REPEL, we performed a preliminary 

GeCKO screen in pk5 cells for L1-GFP reactivation (Figure A.1). We reasoned that 

knockout of factors required to maintain L1-REPEL would result in expression of the 

EGFP reporter gene in pk5 cells. Consequently, genes necessary to initiate L1-REPEL 

might not be identified in the L1-REPEL maintenance screen. We sequenced EGFP 

expressing pk5 cells and used MAGeCK software to generate a ranked list of candidate 

genes (Figure A.1: C). Using a simplified count-based analysis, we identified nine 

candidate genes that each had two sgRNAs in multiple replicate samples (Figure A.1: 

D). Of the nine candidate genes, none were identified within multiple replicates of the 

GeCKO or Brunello screens. We also identified 417 candidates that had at least two 

different sgRNAs targeting a single gene across all four L1-REPEL maintenance 

experiments. Of the 417 genes, 32 genes were also identified within the GeCKO or 
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Brunello L1-REPEL screens (Figure A.1: E). Intriguingly, we did not find NF2 in the L1-

REPEL maintenance screen. This may suggest that NF2 is necessary to initiate L1-

REPEL in PA-1 cells. Also, since pk5 cells are derived from PA-1 cells, these results 

strongly argue against the false-positive identification of NF2 in the L1-REPEL screens 

due to a cell-type specific phenotype caused by NF2 knockout, such as a proliferative 

advantage.  

 There were several technical issues that contributed to low sorting efficiency within 

the L1-REPEL maintenance screen, including: (1) a high background of EGFP 

expressing cells; (2) cell deterioration and damage due to the lengthy sorting process; 

and (3) inefficient genomic DNA yield from the low numbers of sorted EGFP-positive 

cells. Consequently, the L1-REPEL maintenance screen lacked adequate power to 

identify robust candidate genes.  

 Future studies should aim to generate a cell line harboring a silenced, drug-

selectable, L1-REPEL event, which could then be used to screen for L1-REPEL 

maintenance factors. To generate this cell line, it may be necessary to design an 

engineered L1 containing a dual function EGFP/neomycinR reporter gene (L1-

neo/GFP). PA-1 cells would be transfected with the engineered L1-neo/GFP construct 

to generate a population of cells containing silenced L1-neo/GFP retrotransposition 

events. Cells would then be treated with TSA to reverse L1-REPEL, and EGFP-positive 

cells would be FACS sorted into plates for clonal outgrowth. After clonal cell lines 

containing silenced L1-neo/GFP retrotransposition events are established, the cells 

would be transduced with lentiviral vectors with either the GeCKOv2 or Brunello sgRNA 

libraries. Once efficiently edited, the resultant cells would be subjected to G418-
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selection to identify cells that are stably expressing the L1-delivered reporter gene. 

Notably, G418-resistant cells should also express the EGFP reporter gene. This 

approach addresses many of the technical issues hampering the initial L1-REPEL 

maintenance screen in pk5 cells.  

L1-REPEL Candidate Gene Validation Assays 

 To validate other candidate genes identified in the GeCKO-based L1-REPEL 

screens (see Chapter 2), we cloned ~80 additional sgRNA-Cas9 knockout vectors and 

performed population “knockout” validation assays (Figure A.2). Population “knockout” 

of DDB2, NCBP2, TP53, NCAPG, MPHOSPH8, and ATF7IP promoted drug-resistant 

colony formation above background levels in the L1 retrotransposition assay, 

suggesting that some of these candidate genes may be necessary for efficient L1-

REPEL (Figure A.2: B and C). Notably, these NF2 validation assays utilized an sgRNA 

targeting exon 11 within the helical domain, whereas the previous sgRNAs, N19 and 

N60, target exon 4 within the FERM domain (see Figure 3.1). As knockout efficiency 

was not determined for these preliminary assays, this negative result is likely due to an 

inefficient sgRNA.  It will be important to determine the editing efficiency and include 

N19 or N60 sgRNAs in future validation assays as a positive control (see below).  

 Furthermore, we also performed L1-REPEL maintenance assays in pc39 cells 

(Figure A.2: D). Population “knockout” of MPHOSPH8, ATF7IP, NCBP2, TP53, DOT1L, 

EHMT1, and TAF5L reactivated EGFP expression in pc39 cells above background 

levels, suggesting a role for these genes in maintaining L1-REPEL (Figure A.2: E). 

Together, these preliminary validation assays have identified several L1-REPEL factors 

that might be involved in the initiation and/or maintenance of L1-REPEL. A brief 
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description of the documented functions of each of the genes/proteins is provided 

below:  

MPP8 (MPHOSPH8) and ATF7IP: encode proteins that are members of the 

heterochromatin-forming HUSH complex, which previously was implicated in 

retrotransposon silencing (Liu et al., 2018; Robbez-Masson et al., 2018; 

Seczynska et al., 2021; Zhu et al., 2018). The HUSH complex spreads 

heterochromatin via deposition of H3K9me3, acting to maintain transcriptional 

repression (Tchasovnikarova et al., 2015). As expected, “population knockout” of 

MPHOSPH8 and ATF7IP in pc39 cells reactivated EGFP expression above 

background levels, suggesting a possible role in the maintenance of L1-REPEL 

(Figure A.2: E). Intriguingly, chaetocin, an inhibitor of the H3K9 histone 

methyltransferase SU(VAR)3-9 (Cherblanc et al., 2013; Greiner et al., 2005), 

also led to the reactivation of EGFP expression in pk5 and pc39 cells at levels 

comparable to TSA-treatment (see below). 

DNA damage-binding protein 2 (DDB2): encodes a protein that recognizes DNA 

damage when complexed with DDB1, CUL4A, and PARP1 (Luijsterburg et al., 

2007; Pines et al., 2012). Interestingly, DDB2 interacts with histone deacetylases 

(HDAC1 and HDAC2) to decrease H3K56 acetylation after UV-induced DNA 

damage (Zhu et al., 2015). Thus, the loss of DDB2 might hinder the DNA 

damage response at sites of TPRT, resulting in escape from L1-REPEL. 

Intriguingly, NF2/merlin also interacts with DDB1 and CUL4A, suggesting a 

possible interaction with DDB2.  

Nuclear cap binding protein subunit 2 (NCBP2): encodes a member of the cap-

binding complex (CBC), which co-transcriptionally binds to the 5’-m7G cap of pre-

mRNAs and is involved in splicing, translation, nonsense-mediated decay (NMD), 

miRNA-mediated gene silencing, and mRNA nuclear export. If L1-REPEL is 

dependent upon RNA-mediated gene silencing, it is plausible that loss of NCBP2 

could impede efficient L1-REPEL in PA-1 cells. Interestingly, NCBP2 was 

previously identified as an L1 ORF1p-interacting protein by LC-MS/MS 

(Moldovan and Moran, 2015).   
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Condensin complex subunit 3 (NCAPG): encodes a subunit of condensin I, which 

mediates chromosome condensation (Robellet et al., 2017; Thadani et al., 2012). 

Recent work suggests that NCAPG acts as an oncogene by regulating the 

PI3K/AKT signaling pathway (Zhang et al., 2020). Intriguingly, condensin I and 

condensing II cooperate with the GAIT complex to restrict L1 retrotransposition in 

human colon adenocarcinoma cells (Ward et al., in preparation; Ward et al., 

2017). Furthermore, studies using fetal bovine tissue revealed that NCAPG is 

involved in myoblast differentiation and chromatin accessibility (Hu et al., 2020). 

Thus, the loss of NCAPG may disrupt chromatin organization and accessibility, 

mitigating L1-REPEL in PA-1 cells.  

Tumor protein 53 (TP53): encodes a tumor suppressor protein and is considered 

to be the “guardian of the genome” due to its roles in DNA damage repair, the 

cellular stress response, cell cycle progression, genomic stability, and stem cell 

maintenance (Toufektchan and Toledo, 2018). Embryonic carcinoma cells, 

including PA-1, express the TP53 protein several-fold higher than differentiated 

cells (Klijn et al., 2015; Lutzker and Levine, 1996). TP53 regulation is vital to 

maintain an epigenetic environment that promotes stem cell renewal (Levine and 

Berger, 2017). Notably, when retinoic acid is added to embryonic stem cell 

cultures, differentiation coincides with the acetylation of TP53 lysine residues 

(Jain et al., 2012; Zhang et al., 2014b). These data highlight TP53 as a possible 

L1-REPEL candidate because TP53 is highly expressed in multipotent embryonic 

carcinoma cells and undergoes down-regulation and/or modification in 

differentiated cells. 

Intriguingly, tp53 knockout in zebrafish increased the retrotransposition efficiency 

of engineered L1s (Wylie et al., 2016). Moreover, tp53 knockout increased 

endogenous ORF1p expression and decreased H3K9me3 at endogenous L1 

loci. More recently, TP53 was demonstrated to repress human L1s through direct 

interactions with the L1 5’ UTR (Tiwari et al., 2020). TP53 mutation also 

correlated with increased expression of endogenous L1s in human colon cancer 

tissues (Wylie et al., 2016). Intriguingly, TP53 exhibits both sequence-dependent 
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and sequence-independent DNA-binding activities, suggesting that it may be 

recruited to structures associated with DNA damage and repair (Liu and Kulesz-

Martin, 2001). Thus, it is plausible that TP53 may be recruited to TPRT 

intermediates, which might be recognized as DNA lesions, to promote L1-REPEL 

in PA-1 cells. Future studies should determine whether TP53 influences L1 

expression in human embryonic cells.  

 In sum, we performed a series of L1-REPEL validation assays that identified several 

high-confidence L1-REPEL factors involved in the initiation and/or maintenance of L1-

REPEL. Our working model posits that L1-REPEL occurs through a two-step initiation 

and maintenance process to efficiently and stably silence L1-delivered reporter genes in 

PA-1 cells. Notably, our maintenance assay assumes that we are efficiently “knocking 

out” the candidate gene in a population of pk5 or pc39 cells. It is notable that we 

exploited a puromycin marker to select for cells expressing sgRNAs and Cas9, which 

should promote efficient editing within the puromycin resistant cell populations. 

However, to arrive at rigorous conclusions regarding the necessity of cellular factors in 

maintaining L1-REPEL, we need to ensure that functional protein is significantly 

diminished or absent in our pk5 or pc39 cell populations by western blot analyses. 

Quantification of endogenous protein would then serve as a proxy for editing efficiency.  

 Alternatively, genomic DNA from the puromycin resistant population of cells could be 

subjected to PCR amplification using primers flanking the sgRNA-target site followed by 

next-generation sequencing. The percentage of indel vs reference reads would 

represent the editing efficiency. Notably, the half-life of the candidate protein must be 

considered to account for protein turnover when generating “population knockout” pk5 

or pc39 cells. An alternative, but perhaps more time consuming, approach to the 

population-based assay would be to generate independent pk5 or pc39 knockout 
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clones. Assessing EGFP expression in several knockout pk5 or pc39 cell lines then 

would provide a complementary and rigorous approach to determine whether a 

candidate factor is necessary to maintain L1-REPEL in PA-1 cells. 

Epigenetic Marks Associated with L1-REPEL 

 To elucidate epigenetic marks associated with L1-REPEL, we performed a small 

molecule screen with drugs that specifically target epigenetic modifications associated 

with transcriptional regulation (Figure A.3). Pk5 and pc39 cells were treated with a 

variety of compounds that inhibit marks associated with transcriptional repression 

(Figure A.3: A). For example, histone deacetylation and methylation are two 

modifications associated with transcriptional repression. Histone deacetylase (HDAC) 

and histone methyltransferase (HMT) inhibitors are drugs that inhibit these repressive 

histone marks. DNA methylation at gene promoters is linked to transcriptional 

repression. DNA methyltransferase (DNMT) inhibitors block the deposition of DNA 

methylation. Thus, pk5 and pc39 cells were treated with HDAC, HMT, and DNMT 

inhibitors, then analyzed for EGFP expression (Figure A.3: A and B).  

 Pk5 and pc39 cells treated with HDAC inhibitors trichostatin A (TSA), valproic acid 

(VPA), and sodium butyrate (NaB) efficiently expressed EGFP, suggesting that class I 

HDAC activity may play a role in L1-REPEL (Figure A.3: B). Pk5 and pc39 treated with 

the HMT inhibitor chaetocin (Cha) expressed EGFP at levels similar to cells treated with 

HDAC inhibitors, suggesting that H3K9 histone methylation may play a role in L1-

REPEL (See Chapter 4). Pk5 and pc39 cells treated with DNMT inhibitor 5-Azacytidine, 

but not 5-aza-2’-deoxycytidine, expressed EGFP in a dose dependent manner. The 

cytidine analog 5-azacytidine incorporates into RNA, whereas 5-aza-2’-deoxycytidine 
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incorporates into DNA. These results may suggest an RNA-dependent component to 

L1-REPL. In sum, these results suggest that redundant epigenetic silencing 

mechanisms may act to maintain transcriptional repression of L1-delivered reporter 

genes. 



 253 

 

 
  

pk5 cells

Genome-wide 
sgRNA library

Lentiviral 
infection

Puromycin-resistant 
sgRNA-Cas9 

expressing cells Untreated
FACS

Split

lentiCRISPRv2

sgRNA

EFSU6

Cas9 P2
A PuroR

Control population500nM TSA
FACS

A

PA-1

pk5

FITC

BS
C-

A

BS
C

-A

B

Rank Gene # sgRNAs
1 VAV2 2
2 CSPG5 1
3 ANGPTL4 1
4 SCLY 1
5 PCDHGB5 2
6 MS4A4A 2
7 mir-3186 1
8 NPPB 3
9 ATP6V0C 2
10 MYO5B 2
11 TRABD2A 3
12 SAC3D1 1
13 ZNF227 1
14 CAMK2N2 3
15 FAM129A 3
16 MON1B 2
17 METTL14 1
18 SLC35A3 1
19 CHSY3 3
20 USP28 2
21 FAM209A 2
22 ZNF747 3
23 TMEM14B 1
24 SEMA3D 1
25 MBL2 2

C

pk5 GeCKO

BS
C-

A

FITC

FITC

pk5 GeCKO screen



 254 

 
 
 
 
 
Figure A.1: GeCKO-based L1-REPEL maintenance screen in pk5 cells.  

(A) Schematic of the L1-REPEL maintenance screen. Day 21 lentiCRISPRv2-GeCKO 
transduced pk5 cells were FACS sorted for cells expressing the L1-GFP reporter. (B) 
Single, DAPI negative, cells were sorted based on EGFP expression in wild-type PA-1 
cells (left), pk5 cells (middle) or pk5 lentiCRISPRv2-GeCKO infected cells (right). Green 
box: sorted EGFP (+) cells. Red box: sorted EGFP (-) cells. (C) MAGeCK-based 
identification of candidate genes from four independent L1-REPEL maintenance 
experiments. The top 25 genes are shown with the indicated number of enriched sgRNAs. 
The GeCKOv2 sgRNA library has 6 sgRNAs per gene. (D) Simplified-based identification 
of genes with 2 or more sgRNAs represented in two or more biological replicates. The 
number of sgRNAs and biological replicates is indicated (E) Simplified-based 
identification of genes with two or more sgRNAs in two or more screens. The number of 
identified sgRNAs is indicated. 
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1 TMC6 2 2 1 1
2 RD3L 2 1 1 2
3 NMBR 2 1 0 2
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9 SEPTIN6 2 2 1 0

10 PTAR1 2 2 1 0
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14 KRTAP4-2 2 1 2 0
15 ZFP62 2 1 2 0
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Figure A.2: Candidate gene validation assays.  

(A) Schematic of the candidate gene validation strategy. PA-1 cells were transfected 
with a Cas9 + sgRNA expressing vector targeting a specific candidate gene. Population 
“knockout” cells were then subjected to the L1 retrotransposition assay to determine L1-
REPEL efficiency. (B) Summary table showing all the tested candidate genes. 
Population “knockout” of highlighted candidate genes exhibited a clear increase in 
neomycin-resistant or blasticidin-resistant foci formation. C) Results of the L1-neo (top) 
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and L1-blast (bottom) retrotransposition assays. Cells subjected to the L1-neo assay 
were transfected with JM101/L1.3. Cells subjected to the L1-blast assay were 
transfected with JJ101/L1.3. (D) Schematic of the candidate gene L1-REPEL 
maintenance assay. pc39 cells were transfected with a Cas9 + sgRNA expressing 
vector targeting a specific candidate gene. “Population knockout” cells were then 
subjected to flow cytometry to assess L1-GFP reporter gene expression. (E) Results of 
the candidate gene L1-REPEL maintenance assay. The y-axis indicates the percentage 
of EGFP-expressing cells. The x-axis indicates the sgRNA-targeted candidate gene.  
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Figure A.3: Small molecule compounds that reverse L1-REPEL. 

Small molecule compounds that inhibit histone deacetylase (HDAC), histone 
methyltransferase (HMT), and DNA methyltransferase (DNMT) activity were added to 
culture media for 18 hours. (A) Table describing small molecule compounds and their 
associated activities. (B) EGFP reactivation in pk5 and pc39 cells after 18 hours of 
treatment with the indicated compound. EGFP expression was determined by flow 
cytometry. (C) 20x images of pk5 cells after 18 hours of treatment with the indicated 
compound. 
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