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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.



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



“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 | retrotransposons mobilize (i.e., retrotranspose)
using an RNA intermediate by “copy-and-paste” mechanisms. Class || DNA
transposons can mobilize (i.e., transpose) using a DNA intermediate by a “cut-and-
paste” mechanism. In aggregate, Class | and Class Il 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 DD3sE-type



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 DD3sE 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 (lvics and lzsvak, 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



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. (lvics 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 (lvics 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.



Retrotransposons

Class | 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



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 Il 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).



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 frans, 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



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 |l 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



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).

L15 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 Il 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).



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
RUNXS 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
(Zf12-1), 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 Il 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 3UTR

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 Il 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 Il 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 Il
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 mMRNAs, leading to the formation of processed

pseudogenes (Buzdin et al., 2002; Esnault et al., 2000; Garcia-Perez et al., 20073;
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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 VIl gene. Detailed characterization of one
mutation revealed that the L1 insertion in the factor VIl 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
mMRNA 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 Il 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

19



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, LREZ2, 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 mMRNAs 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 TRIMS5 gene (Liao et al., 2007; Virgen et al., 2008). Interestingly, TRIM5a 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
~1in 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 gPCR
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,
ChlIP-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 (lyengar 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/DGCRS8), 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 Requlation

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 mMRNA (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,
MOV 10 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-Goutiéres 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 |l 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 Regqgulation

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 APOBECS3 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 | 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 |l
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. lllumina 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. | 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 Il 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 frans (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 | 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 (mneol, mblastl, 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 mneol 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 mblastl 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 pCDNAG 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/LRES3, 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 strateqy 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
(lentiCRISPRvV2) 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 Illlumina 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 lllumina barcodes that allows
simultaneous multiplex sequencing. PCR products from each timepoint were sequenced
using the lllumina 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 8x10° 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 8.4x10¢ 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 pCDNAS3, 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 8x108 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
pCDNAS, 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 pg/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
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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

78



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 pCDNAGZ 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 XPQO?7 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,
HESS, 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 ug/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 XPQO7 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 HelLa 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,

87



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 Bbsl restriction sites (Figure 2.4 B) targeting
the following genes: NF2, XPO7, TADA2B, HES5, TRIM46, TRIM49C, ZC3H12B,
EZH1, and WBPS.

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 CRL4PCAF! 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 (TADAZ2B): 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 TADAZ2B 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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TADAZ2B is a chromatin-modifying protein involved in transcription and is a member
of the STAGA (SPT3-TAF9-GCNb5-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 TADAZ2B 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 XPO?7. 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 37°C in a humidified 7% CO2 incubator.

Expression vectors

All vectors were propagated in Escherichia coli strain DH5a (F-f80lacZDM15D[lacZY A-
argF] U169 recA1 endA1 hsdR17 [rk-, mk+] phoA supE44 |- 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
neomyecin 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.

pCDNAS: 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 mblast/ 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.

pCDNAG: 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/LRES: contains a full-length RC-L1 (LRE3) with an mEGFPI

retrotransposition indicator cassette within its 3’UTR. LRE3 expression is driven from its
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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.

SqQRNA 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 1a (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 1a (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 1a 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 ug 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 -80°C.

GeCKOv?2 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 6X10° 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 ug/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 ~1X10°
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 -30°C 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 6X10° 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 pg/ml Polybrene (Sigma). Twenty-four hours post-transduction, media was
replaced with fresh PA-1 media. Forty-eight hours post transduction, blasticidin (10
Mg/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 6X108 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
Mg/ml Polybrene (Sigma). Twenty-four hours post-transduction, media was replaced

with fresh PA-1 media. Forty-eight hours post-transduction, puromycin (2 pg/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 ~1X10° 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 ampilification 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 ug gDNA per timepoint (7-, 21- and 31-days). A single
PCR reaction using 0.5 uyg 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 (lllumina) 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 (lllumina) platform
using MiISEQ 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 500xg for 2
minutes. Whole cell lysates were prepared by incubating cell pellets in ~500 uL (1 mL
lysis buffer per 100 mg of cell pellet) of lysis buffer (20 mM Tris-HCI (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

15,000x%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. 30ug 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 8x10° 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 ug JM101/L1.3 plasmid DNA and 50.4 pyl 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 ug/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 500xg 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 8x108 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 ug
JM101/L1.3 or pCDNAS3 plasmid DNA and 50 yl 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 ug/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 500xg 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 Bbsl-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 Bbsl (NEB), then the phosphorylated-and-annealed oligos were ligated into
the Bbsl-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 3x10° cells/well of a six-well dish. Twenty-four hours later,
each well was transfected with a FUGENE 6 mix containing 1 ug candidate knockout
vector DNA and 3 ul FUGENE 6 (Promega, E2692) up to a final volume of 105 uL Opti-
MEM (Life Technologies). One day later, the transfection-media was replaced with PA-1
media containing 2 ug/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 3x10° cells/well of a six-
well dish. Eighteen hours after plating, each well was transfected with a FUGENE 6 mix
containing 1 ug pJM101/L1.3 or pJM105/L1.3 plasmid DNA and 3 yl FUGENE 6
(Promega, E2692) up to a final volume of 105 uL 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 ug/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 HelLa 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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D # genes in pathway Day 7 depleted Day 21 depleted Day 31 depleted Brunello depleted
KEGG_RIBOSOME 88 2 42 38 28
KEGG_PROTEASOME 46 1 17 18 15
KEGG_RNA_POLYMERASE 29 3 9 10 14
KEGG_SPLICEOSOME 127 16 44 54 47

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.

109
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3 GGH 3 3 UBE3B 3 3 CT45A7 2
4 RAC3 4 4 LMO7 3 4 FAM46A 2
5 SEMG2 2 5 GMNN 2 5 CKAP2 1
6 mir-223 2 6 GPATCHS8 4 6 ISYNA1 1
7 ® XPO7 5 7 TADA2B 4 7 HELB 1
8 LAMB4 2 8 SLC1A3 3 8 MRPL4 2
9 TMOD3 3 9 TBC1D4 2 9 PARD6G 2
10 WWP2 4 10 Pl4KB 4 10 MRPS11 1
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D Biological Replicates E Genes with 2+ sgRNAs in 2+ replicates

sgRNA  GeCKO 1reps GeCKO 2 reps
NF2_19 8/10 7/7
sgRNA 1 — — — NF2_60 6/10 3/7
2 — — — NF2_18 1/10 2/7
GeneA 3 — — — NF2_17 0/10 2/7
g — — — XPO7_06 1/10 3/7
5 XPO7_07 2/10 2/7
.......................................................................... XPO7_08 0/10 2/7
1 — — —
2 — —— —
Gene B 2 — — —
5 — — —
6 — — —

== = sgRNA present

F Genes with 2+ sgRNAs in 2+ screens

Gene GeCKO1 GeCKO2 Brunello
NF2 4 4 2
XPO7 3 3 0
RAC2 3 2 0
TADA2B 2 3 0
DCBLD2 2 2 0
DDX53 2 2 0
DGKK 2 2 0
H2AFY 2 2 0
HELT 2 2 0
LOC100130357 2 2 0
OR10V1 2 2 0
OR52I12 2 2 0
B9D2 2 2 1
HNF1A 2 2 1
SLC17A6 2 1 2
THEMS 2 0 2
HOXB1 1 2 2
SNX13 0 2 2
PRDM13 0 2 2
FASTKD1 0 2 2

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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sgRNA target Forward oligo (5'-3") Reverse oligo (5'-3")
B NF2_19 CACCGTGAGCCTACCTTGGCCTGGA  AAACTCCAGGCCAAGGTAGGCTCAC
NF2_18 CACCGATTCCACGGGAAGGAGATCT  AAACAGATCTCCTTCCCGTGGAATC
NF2_60 CACCGCCTGGCTTCTTACGCCGTCC  AAACGGACGGCGTAAGAAGCCAGGC
XPO7 CACCGAGACACAACCACTCGACTCC  AAACGGAGTCGAGTGGTTGIGTCTC
TADA2B CACCGCGAGCTGAAGCGCGCCCACG  AAACCGTGGGCGCGCTTCAGCTCGC
HES5 CACCGCGGCGCATCTTCTCCACCAC  AAACGTGGTGGAGAAGATGCGCCGC
TRIM46 CACCGGTGTGATCTTGTGCCCGCTG  AAACCAGCGGGCACAAGATCACACC
TRIM49C CACCGAGGACTAACCTTCCAGCATC  AAACGATGCTGGAAGGTTAGTCCTC
ZC3H12B CACCGCTTGGGCCGTGGCGTCCTAA  AAACTTAGGACGCCACGGCCCAAGC
EZH1 CACCGACAGGCTTCATTGACTGAAC  AAACGTTCAGTCAATGAAGCCTGTC
WBP5 CACCGTTTGGCTICTTCCTCATGCTT  AAACAAGCATGAGGAAGAGCCAAAC
PX459-
C WT PA-1 empty NF2_19 NF2_18 XPO7 TADA2B
JM101/L1.3
HES5 TRIM46 TRIM49C ZC3H12B EZH1 WBP5
JM101/L1.3
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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

Highly enriched

Moderately enriched

O 00 N O U WN

N R R R R R R R R R
O Lo NOOULL b WN KL O

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Gene
NF2
XPO7
TADA2B
ST6GALNACL
H2AFY
DYNC1H1
RTBDN
SCN7A
MMAA
TAOK1
GGH
OR10V1
TMEMS86B
SORCS1
TBC1D4
BMF
LMAN2
NMBR
CHSY3
LPAR2
APOL1
Cllorf68
SEPTING
ABL2
LAMB4
OR3A1
TRIM46
PMPCA
FAM115C
GPATCH8
LRRC37A
OST4
SEMA4D
GAGE12C
PEX13
NCK2
AJAP1
POU6F2
CCL19
GALNT12
COPG2
CASP2
ACOT8
CAMK2N2
MBL2
DDOST
NDUFB5
VAV2
PCDHGBS
UsP28

Description

Merlin; Probable regulator of the Hippo/SWH (Sav/Wts/Hpo) signaling pathway, a signaling
Exportin-7; Mediates the nuclear export of proteins (cargos) with broad substrate specificity.
Transcriptional adapter 2-beta; Coactivates PAX5-dependent transcription together with eith
ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 1; Sialyltransferases

Core histone macro-H2A.1; Variant histone H2A which replaces conventional H2A in a subset
Cytoplasmic dynein 1 heavy chain 1; Cytoplasmic dynein 1 acts as a motor for the intracellula
Retbindin; Riboflavin-binding protein which might have a role in retinal flavin transport
Sodium channel protein type 7 subunit alpha; Mediates the voltage-dependent sodium ion pe
Methylmalonic aciduria type A protein, mitochondrial; GTPase, binds and hydrolyzes GTP. Inv
Serine/threonine-protein kinase TAO1; Serine/threonine-protein kinase involved in various pr
Gamma-glutamyl hydrolase; Hydrolyzes the polyglutamate sidechains of pteroylpolyglutama
Olfactory receptor 10V1; Odorant receptor; Olfactory receptors, family 10
Lysoplasmalogenase; Enzyme catalyzing the degradation of lysoplasmalogen. Lysoplasmalog
Sortilin related VPS10 domain containing receptor 1; Belongs to the VPS10-related sortilin fa
TBC1 domain family member 4; May act as a GTPase-activating protein for RAB2A, RABS8A, |
Bcl-2-modifying factor; May play a role in apoptosis. Isoform 1 seems to be the main initiatc
Vesicular integral-membrane protein VIP36; Plays a role as an intracellular lectin in the early
Neuromedin-B receptor; Receptor for neuromedin-B; Bombesin receptors

Chondroitin sulfate synthase 3; Has both beta-1,3-glucuronic acid and beta-1,4-N- acetylgala:
Lysophosphatidic acid receptor 2; Receptor for lysophosphatidic acid (LPA), a mediator of div
Apolipoprotein L1; May play a role in lipid exchange and transport throughout the body. May
UPF0696 protein C11orf68; Chromosome 11 open reading frame 68; Belongs to the UPF0696
Septin-6; Filament-forming cytoskeletal GTPase. Required for normal organization of the act
Abelson tyrosine-protein kinase 2; Non-receptor tyrosine-protein kinase that plays an ABL1- ¢
Laminin subunit beta-4; Binding to cells via a high affinity receptor, laminin is thought to me
Olfactory receptor 3A1; Odorant receptor; Olfactory receptors, family 3

Tripartite motif-containing protein 46; Microtubule-associated protein that is involved in the
Mitochondrial-processing peptidase subunit alpha; Cleaves presequences (transit peptides) f
TRPMB8 channel-associated factor 2; Isoform 2: Negatively regulates the plasma membrane ¢
G-patch domain containing 8

Leucine-rich repeat-containing protein 37A; Leucine rich repeat containing 37A
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 4; Acts as componeni
Semaphorin-4D; Cell surface receptor for PLXN1B and PLXNB2 that plays an important role ir
G antigen 12C; Belongs to the GAGE family

Peroxisomal membrane protein PEX13; Component of the peroxisomal translocation machin
Cytoplasmic protein NCK2; Adapter protein which associates with tyrosine- phosphorylated g
Adherens junction-associated protein 1; Plays a role in cell adhesion and cell migration

POU domain, class 6, transcription factor 2; Probable transcription factor likely to be involvec
G1/S-specific cyclin-D2; Regulatory component of the cyclin D2-CDK4 (DC) complex that phos
Polypeptide N-acetylgalactosaminyltransferase 12; Catalyzes the initial reaction in O-linked ¢
Coatomer subunit gamma-2; The coatomer is a cytosolic protein complex that binds to dilysi
Caspase-2; Involved in the activation cascade of caspases responsible for apoptosis executior
Acyl-coenzyme A thioesterase 8; Acyl-coenzyme A (acyl-CoA) thioesterases are a group of en
Calcium/calmodulin-dependent protein kinase Il inhibitor 2; Potent and specific cellular inhib
Mannose-binding protein C; Calcium-dependent lectin involved in innate immune defense. Bi
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit; Essential sub
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5, mitochondrial; Accessory st
Guanine nucleotide exchange factor VAV2; Guanine nucleotide exchange factor for the Rho f
Protocadherin gamma-B5; Potential calcium-dependent cell-adhesion protein. May be involv
Ubiquitin carboxyl-terminal hydrolase 28; Deubiquitinase involved in DNA damage response «
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ZNF771
MLL4
DCBLD2
KLK8
NUCB1
PIP4K2B
ARIH2
KRTAP4-2
TMC6

B9D2
PTAR1
THSD7B
HOXB1
ZFP62
HNF1A
THEMS
SLC17A6
THBS1
PKDCC
RD3L
SAP25
ANKRD32
HBA1

FAT4

HRH4
RPS12
KMT2E
AMICA1
TMEM184A
PPP3CA
TNFRSF9
LRRC8D
hsa-mir-4436a
ZNF648
hsa-mir-223
SLCO3A1
C100rf99
PAWR
ENTPD2
RABGAP1
hsa-mir-1307
KCNQ1
RPS6KA2
MAGEF1
hsa-mir-4268
ALDH1L1
NIPSNAP3A
OR6B2
TTC31
DRC1

Zinc finger protein 771; May be involved in transcriptional regulation; Zinc fingers C2H2-type
Histone-lysine N-methyltransferase 2D; Histone methyltransferase. Methylates 'Lys-4' of his1
Discoidin, CUB and LCCL domain containing 2

Kallikrein-8; Kallikrein related peptidase 8; Kallikreins

Nucleobindin-1; Major calcium-binding protein of the Golgi. May have a role in calcium homt
Phosphatidylinositol 5-phosphate 4-kinase type-2 beta; Participates in the biosynthesis of pht
E3 ubiquitin-protein ligase ARIH2; E3 ubiquitin-protein ligase, which catalyzes ubiquitination
Keratin-associated protein 4-2; In the hair cortex, hair keratin intermediate filaments are em
Transmembrane channel-like protein 6; Probable ion channel; Transmembrane channel likes
B9 domain-containing protein 2; Component of the tectonic-like complex, a complex localize:
Protein prenyltransferase alpha subunit repeat containing 1

Thrombospondin type-1 domain-containing protein 7B; Thrombospondin type 1 domain contz
Homeobox protein Hox-B1; Sequence-specific transcription factor which is part of a developn
Zinc finger protein 62 homolog; May play a role in differentiating skeletal muscle; Zinc fingei
Hepatocyte nuclear factor 1-alpha; Transcriptional activator that regulates the tissue specific
Acyl-coenzyme A thioesterase THEMS; Has acyl-CoA thioesterase activity towards long-chain
Vesicular glutamate transporter 2; Mediates the uptake of glutamate into synaptic vesicles ¢
Thrombospondin-1; Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix intere
Extracellular tyrosine-protein kinase PKDCC; Secreted tyrosine-protein kinase that mediates
Protein RD3-like; Retinal degeneration 3-like

Histone deacetylase complex subunit SAP25; Involved in the transcriptional repression media
SMC5-SMC6 complex localization factor protein 1; Plays a role in the DNA damage response
Hemoglobin subunit alpha; Involved in oxygen transport from the lung to the various periphel
Protocadherin Fat 4; Cadherins are calcium-dependent cell adhesion proteins. FAT4 plays a r«
Histamine H4 receptor; The H4 subclass of histamine receptors could mediate the histamine
Ribosomal protein S12

Histone-lysine N-methyltransferase 2E; Histone methyltransferase that specifically mono- ar
Junctional adhesion molecule-like; Transmembrane protein of the plasma membrane of leuk
Transmembrane protein 184A; Acts as a heparin receptor in vascular cells (By similarity). Mz
Serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform; Calcium-dependen
Tumor necrosis factor receptor superfamily member 9; Receptor for TNFSF9/4-1BBL. Possibl
Volume-regulated anion channel subunit LRRC8D; Non-essential component of the volume-rt
microRNA

Zinc finger protein 648; May be involved in transcriptional regulation; Zinc fingers C2H2-type
microRNA  ZC3H12B, TAOK1, SEPTING, SIAH1, PARP1

Solute carrier organic anion transporter family member 3A1; Mediates the Na(+)-independel
Protein GPR15L; Chemotactic factor that mediates lymphocytes recruitement to epithelia thr
PRKC apoptosis WT1 regulator protein; Pro-apoptopic protein capable of selectively inducing
Ectonucleoside triphosphate diphosphohydrolase 2; In the nervous system, could hydrolyze A’
Rab GTPase-activating protein 1; May act as a GTPase-activating protein of RAB6A. May pla®
microRNA

Potassium voltage-gated channel subfamily KQT member 1; Potassium channel that plays ar
Ribosomal protein S6 kinase alpha-2; Serine/threonine-protein kinase that acts downstream
Melanoma-associated antigen F1; May enhance ubiquitin ligase activity of RING-type zinc fir
microRNA

Cytosolic 10-formyltetrahydrofolate dehydrogenase; Aldehyde dehydrogenase 1 family meml
Nipsnap homolog 3A; Belongs to the NipSnap family

Olfactory receptor 6B2; Odorant receptor; Olfactory receptors, family 6

Tetratricopeptide repeat domain containing

Dynein regulatory complex protein 1; Key component of the nexin-dynein regulatory complex
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148 hsa-mir-7641-2

149
150

LIMCH1
C150rf57
RAC3
DET1
C3orf18
STS
RNF186
ZNF570
GSK3A
WWP2
TMOD3
TAF5L
GJAl
C4A
CHRNB2
FAM195A
KCNK7
GRM1
MTMR2
GPR101
CMIP
ZNF513
WDR1
COX8A
DNAJA3
IL36B
hsa-mir-127
RNF7
hsa-mir-4445
NEFL
SLC6A13
NTRK3
RBMY1D
P2RY4
CCDC19
CNTN3
LMO7
PCED1B
hsa-mir-4701
SHISA6
DMKN
UBE3B
CCDC53
SNCG
EGLN2
TMEM64
MOS

APH1B
CANX

LIM and calponin homology domains 1

Coiled-coil domain-containing protein 32; Chromosome 15 open reading frame 57
Ras-related C3 botulinum toxin substrate 3; Plasma membrane-associated small GTPase wh
DET1 homolog; Component of the E3 ubiquitin ligase DCX DET1-COP1 complex, which is requ
Uncharacterized protein C3orf18; Chromosome 3 open reading frame 18

Steryl-sulfatase; Conversion of sulfated steroid precursors to estrogens during pregnancy; Su
E3 ubiquitin protein ligase that is part of an apoptotic signaling pathway activated by endopl.
Zinc finger protein 570; May be involved in transcriptional regulation; Zinc fingers C2H2-type
Glycogen synthase kinase-3 alpha; Constitutively active protein kinase that acts as a negative
NEDD4-like E3 ubiquitin-protein ligase WWP2; E3 ubiquitin-protein ligase which accepts ubic
Tropomodulin-3; Blocks the elongation and depolymerization of the actin filaments at the pc
TAF5-like RNA polymerase Il p300/CBP-associated factor-associated factor 65 kDa subunit 5|
Gap junction alpha-1 protein; Gap junction protein that acts as a regulator of bladder capacit
Complement C4-A; Non-enzymatic component of C3 and C5 convertases and thus essential f
Neuronal acetylcholine receptor subunit beta-2; After binding acetylcholine, the AChR respon
MAPK regulated corepressor interacting protein 2; Family with sequence similarity 195, men
Potassium channel subfamily K member 7; Probable potassium channel subunit. No channel
Metabotropic glutamate receptor 1; G-protein coupled receptor for glutamate. Ligand bindin
Myotubularin-related protein 2; Phosphatase that acts on lipids with a phosphoinositol headg
Probable G-protein coupled receptor 101; Orphan receptor; G protein-coupled receptors, Clas
C-Maf-inducing protein; Plays a role in T-cell signaling pathway. Isoform 2 may play a role in
Zinc finger protein 513; Transcriptional regulator that plays a role in retinal development anc
WD repeat-containing protein 1; Induces disassembly of actin filaments in conjunction with /
Cytochrome c oxidase subunit 8A, mitochondrial; This protein is one of the nuclear-coded pol
DnalJ homolog subfamily A member 3, mitochondrial; Modulates apoptotic signal transductic
Interleukin-36 beta; Cytokine that binds to and signals through the IL1RL2/IL-36R receptor wt
microRNA  WWP2

RING-box protein 2; Probable component of the SCF (SKP1-CUL1-F-box protein) E3 ubiquitin |
microRNA  RNF43, PPP3CA

Neurofilament light polypeptide; Neurofilaments usually contain three intermediate filamen
Sodium- and chloride-dependent GABA transporter 2; Sodium-dependent GABA and taurine -
NT-3 growth factor receptor; Receptor tyrosine kinase involved in nervous system and probat
RNA-binding protein which may be involved in spermatogenesis. Required for sperm develog
P2Y purinoceptor 4; Receptor for UTP and UDP coupled to G-proteins that activate a phospha
WASH complex subunit 3; Acts at least in part as component of the WASH core complex whc
Contactin-3; Contactins mediate cell surface interactions during nervous system developmen
LIM domain only protein 7; LIM domain containing

PC-esterase domain containing 1B; Belongs to the PC-esterase family

microRNA  YWHAZ, XPO7

Protein shisa-6 homolog; Shisa family member 6

Dermokine; May act as a soluble regulator of keratinocyte differentiation

Ubiquitin-protein ligase E3B; E3 ubiquitin-protein ligase which accepts ubiquitin from an E2 1
C-C motif chemokine 19; May play a role not only in inflammatory and immunological respor
Gamma-synuclein; Plays a role in neurofilament network integrity. May be involved in modul
Egl nine homolog 2; Cellular oxygen sensor that catalyzes, under normoxic conditions, the po
Transmembrane protein 64; Positively regulates TNFSF11-induced osteoclast differentiation.
Belongs to the protein kinase superfamily. Ser/Thr protein kinase family

microRNA

Gamma-secretase subunit APH-1B; Probable subunit of the gamma-secretase complex, an e
Calnexin; Calcium-binding protein that interacts with newly synthesized glycoproteins in the |
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151 LDLRAD1
152 CTSA
153 TSHB
154 ZNF638
155 MGST2
156 DST

157 MICU3
158 MRPL4
159 SLC16A14
160 CERK
161 RSL24D1
162 CETN3
163 RAB5B
164 KRTAP17-1
165 TOM1L2
166 RIMBP3
167 TCEA2
168 HLA-DMB
169 PARD6G
170 TNKS
171 NARFL
172 WDPCP
173 BROX
174 OR51B6
175 PP2D1
176 CT45A7
177 KCNK2
178 LALBA
179 IGF2BP2
180 ATP2C2
181 EXOSC1
182 NLN

183 FAM46A
184 ATGAC
185 RIPK1
186 WTAP
187 SERPINB10
188 ABCC1
189 SPATA31D3
190 XYLB

191 TFCP2
192 LY6D
193 TREM1
194 GSDMD
195 AMOT
196 IVL

197 NCAPG
198 TREH
199 ZNF197
200 ZNF227

Low density lipoprotein receptor class A domain containing 1

Lysosomal protective protein; Protective protein appears to be essential for both the activity
Thyrotropin subunit beta; Indispensable for the control of thyroid structure and metabolism;
Zinc finger protein 638; Early regulator of adipogenesis that works as a transcription cofactol
Microsomal glutathione S-transferase 2; Can catalyze the production of LTC4 from LTA4 and
Dystonin; Cytoskeletal linker protein. Acts as an integrator of intermediate filaments, actin a
Calcium uptake protein 3, mitochondrial; May play a role in mitochondrial calcium uptake; EF
Mitochondrial ribosomal protein L4; Belongs to the universal ribosomal protein uL4 family
Monocarboxylate transporter 14; Proton-linked monocarboxylate transporter. May catalyze tt
Ceramide synthase 3; Has (dihydro)ceramide synthesis activity with relatively broad substrat
Probable ribosome biogenesis protein RLP24; Involved in the biogenesis of the 60S ribosoma
Cilia and flagella associated protein 45; Belongs to the CFAP45 family

Ras-related protein Rab-5B; Protein transport. Probably involved in vesicular traffic (By simil;
Keratin-associated protein 17-1; In the hair cortex, hair keratin intermediate filaments are er
TOMZ1-like protein 2; Probable role in protein transport. May regulate growth factor-induced
RIMS-binding protein 3A; Component of the manchette, a microtubule-based structure whict
Transcription elongation factor A protein 2; Necessary for efficient RNA polymerase Il transc
HLA class Il histocompatibility antigen, DM beta chain; Plays a critical role in catalyzing the re
Partitioning defective 6 homolog gamma; Adapter protein involved in asymmetrical cell divis
Tankyrase-1; Poly-ADP-ribosyltransferase involved in various processes such as Wnt signaling
Cytosolic Fe-S cluster assembly factor NARFL; Component of the cytosolic iron-sulfur protein
WD repeat-containing and planar cell polarity effector protein fritz homolog; Probable effect
BRO1 domain-containing protein BROX; BRO1 domain and CAAX motif containing; Belongs t
Olfactory receptor 51B6; Odorant receptor; Olfactory receptors, family 51

Protein phosphatase 2C like domain containing 1

Cancer/testis antigen family 45 member A5; Belongs to the CT45 family

Potassium channel subfamily K member 2; lon channel that contributes to passive transmem
Alpha-lactalbumin; Regulatory subunit of lactose synthase, changes the substrate specificity
Insulin-like growth factor 2 mRNA-binding protein 2; RNA-binding factor that recruits target
Calcium-transporting ATPase type 2C member 2; This magnesium-dependent enzyme cataly:
Exosome complex component CSL4; Non-catalytic component of the RNA exosome complex '
Neurolysin, mitochondrial; Hydrolyzes oligopeptides such as neurotensin, bradykinin and dync
Putative nucleotidyltransferase FAM46A; Probable nucleotidyltransferase that mayactasar
Cysteine protease ATGA4C; Cysteine protease required for the cytoplasm to vacuole transport
Receptor-interacting serine/threonine-protein kinase 1; Serine-threonine kinase which transc
Pre-mRNA-splicing regulator WTAP; Regulatory subunit of the WMM N6-methyltransferase
Serpin B10; Protease inhibitor that may play a role in the regulation of protease activities du
Multidrug resistance-associated protein 1; Mediates export of organic anions and drugs from
Spermatogenesis-associated protein 31D1; May play a role in spermatogenesis

Xylulose kinase; Phosphorylates D-xylulose to produce D-xylulose 5- phosphate, a molecule tt
Alpha-globin transcription factor CP2; Binds a variety of cellular and viral promoters including
Lymphocyte antigen 6D; May act as a specification marker at earliest stage specification of I
Triggering receptor expressed on myeloid cells 1; Stimulates neutrophil and monocyte-medi:
Gasdermin-D; Gasdermin-D, N-terminal: Promotes pyroptosis in response to microbial infect
Angiomotin; Plays a central role in tight junction maintenance via the complex formed with /
Involucrin; Part of the insoluble cornified cell envelope (CE) of stratified squamous epithelia;
Condensin complex subunit 3; Regulatory subunit of the condensin complex, a complex requi
Trehalase; Intestinal trehalase is probably involved in the hydrolysis of ingested trehalose; Be
Zinc finger protein 197; May be involved in transcriptional regulation; SCAN domain containir
Zinc finger protein 227; May be involved in transcriptional regulation; Belongs to the krueppe
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248
249
250

SAC3D1
MCM10
LINGO1
CERS3
SCLY
hsa-mir-3186
ANGPTL4
hsa-mir-6759
CSPG5
ADORA2B
TMEM14B
SLC35A3
RBP3
NARS2
ZNF133
TMEM215
C2CD4A
MON1B
TCF25
FAM209A
FAM129A
SHOX_X
NPPB
GON4L
BTBD17
TRIM72
TRMT112
MYO5B
C8orfa8
NEK6
ZNF747
TFAP2D
hsa-mir-3166
LENG8
GRIA3
GPR124
FAM104A
APOF
TMED3
MARCKS
KIAA0907
FNIP2
MS4A4A
SLC25A4
Cl7orf64
TRABD2A
ATP6VOC
HECTD3
FUCA1
ZNF853

SAC3 domain-containing protein 1; Involved in centrosome duplication and mitotic progressic
Protein MCM10 homolog; Acts as a replication initiation factor that brings together the MCV
Leucine-rich repeat and immunoglobulin-like domain-containing nogo receptor-interacting pi
Centrin-3; EF-hand domain containing

Selenocysteine lyase; Catalyzes the decomposition of L-selenocysteine to L- alanine and elen
microRNA

Angiopoietin-related protein 4; Protein with hypoxia-induced expression in endothelial cells.
microRNA  H2AFzZ,

Chondroitin sulfate proteoglycan 5; May function as a growth and differentiation factor invol
Adenosine receptor A2b; Receptor for adenosine. The activity of this receptor is mediated by
Primate-specific protein involved in cortical expansion and folding in the developing neocorte
UDP-N-acetylglucosamine transporter; Uridine diphosphate-N-acetylglucosamine (UDP-GIcN
Retinol-binding protein 3; IRBP shuttles 11-cis and all trans retinoids between the retinol iso
Probable asparagine--tRNA ligase, mitochondrial; asparaginyl-tRNA synthetase 2, mitochonc
Zinc finger protein 133; May be involved in transcriptional regulation as a repressor; Zinc fing
Transmembrane protein 215

C2 calcium-dependent domain-containing protein 4A; May be involved in inflammatory proce
MON1 homolog B, secretory trafficking associated; Belongs to the MON1/SAND family
Transcription factor 25; May play a role in cell death control. Acts as a transcriptional repress
Protein FAM209A; Family with sequence similarity 209 member A

Protein Niban; Regulates phosphorylation of a number of proteins involved in translation reg
This gene belongs to the paired homeobox family and is located in the pseudoautosomal reg
Natriuretic peptides B; Cardiac hormone which may function as a paracrine antifibrotic facto
GON-4-like protein; Has transcriptional repressor activity, probably as part of a complex with
BTB/POZ domain-containing protein 17; BTB domain containing 17

Tripartite motif-containing protein 72; Muscle-specific protein that plays a central role in cel
Multifunctional methyltransferase subunit TRM112-like protein; Acts as an activator of both
Unconventional myosin-Vb; May be involved in vesicular trafficking via its association with tr
Uncharacterized protein C8orf48; Chromosome 8 open reading frame 48
Serine/threonine-protein kinase Nek6; Protein kinase which plays an important role in mitoti
KRAB domain-containing protein ZNF747; Zinc finger protein 747; Zinc fingers C2H2-type
Transcription factor AP-2-delta; Sequence-specific DNA-binding protein that interacts with in
microRNA  TTC31, YWHAZ, OGT

Leukocyte receptor cluster member 8

Glutamate receptor 3; Receptor for glutamate that functions as ligand-gated ion channel in 1
Adhesion G protein-coupled receptor A2; Endothelial receptor which functions as a WNT7-sp
Protein FAM104A; Family with sequence similarity 104 member A

Apolipoprotein F; Minor apolipoprotein that associates with LDL. Inhibits cholesteryl ester tre
Transmembrane emp24 domain-containing protein 3; Potential role in vesicular protein traff
Myristoylated alanine-rich C-kinase substrate; MARCKS is the most prominent cellular substr
Protein BLOM7; RNA-binding protein involved in pre-mRNA splicing. Interacts with the PRP1¢
Folliculin-interacting protein 2; Acts as a co-chaperone of HSP90AAL. Inhibits the ATPase act
Membrane-spanning 4-domains subfamily A member 4A; May be involved in signal transduc
ADP/ATP translocase 1; Involved in mitochondrial ADP/ATP transport. Catalyzes the exchange
Uncharacterized protein C17orf64; Chromosome 17 open reading frame 64

Metalloprotease TIKI1; Metalloprotease that acts as a negative regulator of the Wnt signalin
V-type proton ATPase 16 kDa proteolipid subunit; Proton-conducting pore forming subunit of
E3 ubiquitin-protein ligase HECTD3; E3 ubiquitin ligases accepts ubiquitin from an E2 ubiquiti
Tissue alpha-L-fucosidase; Alpha-L-fucosidase is responsible for hydrolyzing the alpha-1,6-lin
Zinc finger protein 853; Zinc fingers C2H2-type
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TDGF1
hsa-mir-3606
MAGOH
XAGE1D
IGFBP4
FOXJ1
SLC25A35
ARHGEF35
CSNK2B
HHIPL1
PARD6A
SNURF
COX6A1
GPR17
LURAPIL
FSTL3
TCF7
RSL1D1
LDOC1
DEFB110
LNX1
ZNF485
RBM15
IZUMOo4
CCDC12
MSRB3
ALOX5
SMPD4
FAS

PIN1
PIWIL3
FAM163A
OGFOD2
AKR1B15
MT3

CTF1
USPL1
ACOT2
IER3
LILRA2
PAX1
B4GALT2
SPHK1
SIPA1L1
USP17L19
MCAM
CALY
CLRN2
POFUT2

Teratocarcinoma-derived growth factor 1; GPl-anchored cell membrane protein involved in N
microRNA YWHAZ,

Protein mago nashi homolog; Core component of the splicing-dependent multiprotein exon ji
X antigen family member 1A

Insulin-like growth factor-binding protein 4; IGF-binding proteins prolong the half-life of the
Forkhead box protein J1; Transcription factor specifically required for the formation of motile
Solute carrier family 25 member 35; Belongs to the mitochondrial carrier (TC 2.A.29) family
Rho guanine nucleotide exchange factor 35

Casein kinase Il subunit beta; Participates in Wnt signaling (By similarity). Plays a complex rc
HHIP-like protein 1; Scavenger receptor cysteine rich domain containing

Partitioning defective 6 homolog alpha; Adapter protein involved in asymmetrical cell divisio
SNRPN upstream reading frame

Cytochrome c oxidase subunit 6A1, mitochondrial; This protein is one of the nuclear-coded p¢
Uracil nucleotide/cysteinyl leukotriene receptor; Dual specificity receptor for uracil nucleotide
Leucine rich adaptor protein 1 like

Follistatin-related protein 3; Isoform 1 or the secreted form is a binding and antagonizing prt
Transcription factor 7; Transcriptional activator involved in T-cell lymphocyte differentiation.
Ribosomal L1 domain-containing protein 1; Regulates cellular senescence through inhibition
Protein LDOC1; May have an important role in the development and/or progression of some
Beta-defensin 110; Has antibacterial activity; Defensins, beta

E3 ubiquitin-protein ligase LNX; E3 ubiquitin-protein ligase that mediates ubiquitination and
Zinc finger protein 485; May be involved in transcriptional regulation; Zinc fingers C2H2-type
Putative RNA-binding protein 15; May function as an mRNA export factor, stimulating export
Izumo sperm-egg fusion protein 4; IZUMO family member 4; Belongs to the lzumo family
Coiled-coil domain containing 12; Spliceosomal Bact complex

Methionine-R-sulfoxide reductase B3; Catalyzes the reduction of free and protein-bound met
Arachidonate 5-lipoxygenase; Catalyzes the first step in leukotriene biosynthesis, and thereb
Sphingomyelin phosphodiesterase 4; Catalyzes the hydrolysis of membrane sphingomyelin tc
Tumor necrosis factor receptor superfamily member 6; Receptor for TNFSF6/FASLG. The ad:
Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1; Peptidyl-prolyl cis/trans isomerase (F
Piwi-like protein 3; May play a role during spermatogenesis by repressing transposable elem
Protein FAM163A; Family with sequence similarity 163 member A; Belongs to the FAM163 f.
2-oxoglutarate and iron dependent oxygenase domain containing 2

Aldo-keto reductase family 1 member B15; Isoform 1: Mainly acts as a reductive enzyme tha
Metallothionein-3; Binds heavy metals. Contains three zinc and three copper atoms per poly;
Cardiotrophin-1; Induces cardiac myocyte hypertrophy in vitro. Binds to and activates the ILS1
SUMO-specific isopeptidase USPL1; SUMO-specific isopeptidase involved in protein desumo
Acyl-coenzyme A thioesterase 2, mitochondrial; Acyl-CoA thioesterases are a group of enzym
Radiation-inducible immediate-early gene IEX-1; May play a role in the ERK signaling pathwe
Leukocyte immunoglobulin-like receptor subfamily A member 2; Part of the innate immune r
Paired box protein Pax-1; This protein is a transcriptional activator. It may play a role in the fi
Beta-1,4-galactosyltransferase 2; Responsible for the synthesis of complex-type N-linked olig
Sphingosine kinase 1; Catalyzes the phosphorylation of sphingosine to form sphingosine 1-ph
Signal-induced proliferation-associated 1-like protein 1; Stimulates the GTPase activity of RA
Ubiquitin carboxyl-terminal hydrolase 17-like protein 19; Deubiquitinating enzyme that remo
Cell surface glycoprotein MUC18; Plays a role in cell adhesion, and in cohesion of the endotht
Neuron-specific vesicular protein calcyon; Interacts with clathrin light chain A and stimulates
Clarin-2; Clarin 2; Clarins

GDP-fucose protein O-fucosyltransferase 2; Catalyzes the reaction that attaches fucose throt
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RNF43
OR6Y1
GLI3
ENOPH1
COL13A1
ZMAT3
ANGPT1
NLRX1
LHX1
NANOGNB
ZNF775
MSL2
MOXD1
UGT2A2
LATS2
BCMO1
CT47B1
C7orf57
CD80
SPRY1
RNASE3
PEA15
PREB
THBS4
HCN2
HPCAL1
LATS1
ITFG3
COL6AS
SLC24A4
IERS
TRIM39
KIAA0922
AP3S1
C190rf54
TST
FCRL5
LRRC8B
MAFG
UNC5D
ATXN1
LIPJ
USP5
QSOX1
ZNF488
FPR2
HDAC10
ACD
POMC
FAM193B
ZNF860

E3 ubiquitin-protein ligase RNF43; E3 ubiquitin-protein ligase that acts as a negative regulat
Olfactory receptor 6Y1; Odorant receptor; Olfactory receptors, family 6

Transcriptional activator GLI3; Has a dual function as a transcriptional activator and a repres:
Enolase-phosphatase E1; Bifunctional enzyme that catalyzes the enolization of 2,3-diketo-5-1
Collagen alpha-1(XIll) chain; Involved in cell-matrix and cell-cell adhesion interactions that ar
Zinc finger matrin-type protein 3; Acts as a bona fide target gene of p53/TP53. May play a rc
Angiopoietin-1; Binds and activates TEK/TIE2 receptor by inducing its dimerization and tyrosi
NLR family member X1; Participates in antiviral signaling. Acts as a negative regulator of M/
LIM/homeobox protein Lhx1; Potential transcription factor. May play a role in early mesoderr
NANOG neighbor homeobox

Zinc finger protein 775; May be involved in transcriptional regulation; Zinc fingers C2H2-type
E3 ubiquitin-protein ligase MSL2; Component of histone acetyltransferase complex responsik
Monooxygenase DBH like 1; Belongs to the copper type Il ascorbate-dependent monooxygen:
UDP glucuronosyltransferase 2 family, polypeptide A2; UDP-glucuronosyltransferases catalyz
Serine/threonine-protein kinase LATS2; Negative regulator of YAP1 in the Hippo signaling pa
Beta,beta-carotene 15,15'-dioxygenase; Symmetrically cleaves beta-carotene into two mole«
Cancer/testis antigen family 47, member B1

Uncharacterized protein C7orf57; Chromosome 7 open reading frame 57

Cyclin-dependent kinase inhibitor 2A; Acts as a negative regulator of the proliferation of norr
Protein sprouty homolog 1; May function as an antagonist of fibroblast growth factor (FGF) ¢
Eosinophil cationic protein; Cytotoxin and helminthotoxin with low-efficiency ribonuclease ac
Astrocytic phosphoprotein PEA-15; Blocks Ras-mediated inhibition of integrin activation and
Prolactin regulatory element-binding protein; Guanine nucleotide exchange factor that specit
Thrombospondin-4; Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix intere
Potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 2; Hyperpolar
Hippocalcin-like protein 1; May be involved in the calcium-dependent regulation of rhodopsin
Serine/threonine-protein kinase LATS1; Negative regulator of YAP1 in the Hippo signaling pa
Protein FAM234A; Integrin alpha FG-GAP repeat containing 3; Belongs to the FAM234 family
Collagen alpha-5(VI) chain; Collagen VI acts as a cell-binding protein; Collagens
Sodium/potassium/calcium exchanger 4; Transports 1 Ca(2+) and 1 K(+) in exchange for 4 N:
Immediate early response gene 5 protein; Plays a role as a transcription factor. Mediates po:
E3 ubiquitin-protein ligase TRIM39; E3 ubiquitin-protein ligase. May facilitate apoptosis by ir
Transmembrane protein 131-like; Isoform 1: Membrane-associated form that antagonizes c:
AP-3 complex subunit sigma-1; Part of the AP-3 complex, an adaptor-related complex which
UPF0692 protein C190rf54; Chromosome 19 open reading frame 54; Belongs to the UPF0692
Thiosulfate sulfurtransferase; Formation of iron-sulfur complexes, cyanide detoxification or r
Fc receptor-like protein 5; May be involved in B-cell development and differentiation in perip
Volume-regulated anion channel subunit LRRC8B; Non-essential component of the volume-r
Transcription factor MafG; Since they lack a putative transactivation domain, the small Mafs
Netrin receptor UNC5D; Receptor for the netrin NTN4 that promotes neuronal cell survival (B
Ataxin-1; Chromatin-binding factor that repress Notch signaling in the absence of Notch intr:
Lipase family member J; Belongs to the AB hydrolase superfamily. Lipase family

Ubiquitin carboxyl-terminal hydrolase 5; Cleaves linear and branched multiubiquitin polymer:
Sulfhydryl oxidase 1; Catalyzes the oxidation of sulfhydryl groups in peptide and protein thiol:
Zinc finger protein 488; May be involved in transcriptional regulation; Belongs to the krueppe
N-formyl peptide receptor 2; Low affinity receptor for N-formyl-methionyl peptides, which ai
Histone deacetylase 10; Responsible for the deacetylation of lysine residues on the N-termin
Adrenocortical dysplasia protein homolog; Component of the shelterin complex (telosome) tl
Pro-opiomelanocortin; Met-enkephalin: Endogenous opiate; Belongs to the POMC family
Protein FAM193B; Family with sequence similarity 193 member B; Belongs to the FAM193 f.
Zinc finger protein 860; May be involved in transcriptional regulation; Zinc fingers C2H2-type
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351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400

ZC3H15
ZNF233
CDKN2A
KCNJ16
APITD1
KIF3C
LPCAT1
TUBB1
ERC1
ANXA11l
PDLIM5
SLC6A17
PMS2
UGT3A2
HES5
OR4C46
LUZP1
FSCB
GTF2F2
MRC2
FLYWCH2
IBSP
INTS3
L1CAM
EPHA3
AXL
hsa-mir-3191
HOXB4
TCTEX1D4
CLPX
GLS
OR52E8
TNFSF14
GPR39
BAIAP2
RAC2
DDX53
GRIK2
MANF
GAS2L3
SNX13
LOC100130357
KCNK1
PRDM13
SH3TC1
ALKBH4
DGKK
TTC19
HELT
OR5212

Zinc finger CCCH domain-containing protein 15; Protects DRG1 from proteolytic degradation;
Zinc finger protein 233; May be involved in transcriptional regulation; Zinc fingers C2H2-type
Ceramide kinase; Catalyzes specifically the phosphorylation of ceramide to form ceramide 1-
Inward rectifier potassium channel 16; Inward rectifier potassium channels are characterizec
Centromere protein S; DNA-binding component of the Fanconi anemia (FA) core complex. Re
Kinesin-like protein KIF3C; Microtubule-based anterograde translocator for membranous org:
Lysophosphatidylcholine acyltransferase 1; Possesses both acyltransferase and acetyltransfel
Tubulin beta-1 chain; Tubulin is the major constituent of microtubules. It binds two moles of
ELKS/Rab6-interacting/CAST family member 1; Regulatory subunit of the IKK complex. Proba
Annexin A11; Binds specifically to calcyclin in a calcium-dependent manner (By similarity). R
PDZ and LIM domain protein 5; May play an important role in the heart development by scafi
Sodium-dependent neutral amino acid transporter SLC6A17; Functions as a sodium-depende
Mismatch repair endonuclease PMS2; Component of the post-replicative DNA mismatch rep:
UDP-glucuronosyltransferase 3A2; UDP-glucuronosyltransferases catalyze phase Il biotransfc
Transcription factor HES-5; Transcriptional repressor of genes that require a bHLH protein for
Olfactory receptor 4C46; Odorant receptor; Olfactory receptors, family 4

Leucine zipper protein 1

Fibrous sheath CABYR-binding protein; May be involved in the later stages of fibrous sheath
General transcription factor IIF subunit 2; TFIIF is a general transcription initiation factor tha'
C-type mannose receptor 2; May play a role as endocytotic lectin receptor displaying calcium
FLYWCH family member 2

Bone sialoprotein 2; Binds tightly to hydroxyapatite. Appears to form an integral part of the
Integrator complex subunit 3; Component of the Integrator (INT) complex. The Integrator cor
Neural cell adhesion molecule L1; Neural cell adhesion molecule involved in the dynamics of
Ephrin type-A receptor 3; Receptor tyrosine kinase which binds promiscuously membrane-bo
Tyrosine-protein kinase receptor UFO; Receptor tyrosine kinase that transduces signals from
microRNA  NRAS

Homeobox protein Hox-B4; Sequence-specific transcription factor which is part of a developn
Tctex1 domain containing 4

ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial; ATP-dependent sp
Glutaminase kidney isoform, mitochondrial; Catalyzes the first reaction in the primary pathw
Olfactory receptor 52E8; Odorant receptor; Olfactory receptors, family 52

Tumor necrosis factor ligand superfamily member 14; Cytokine that binds to TNFRSF3/LTBR.
G-protein coupled receptor 39; Zn(2+) acts as an agonist. This receptor mediates its action b
Brain-specific angiogenesis inhibitor 1-associated protein 2; Adapter protein that links memt
Ras-related C3 botulinum toxin substrate 2; Plasma membrane-associated small GTPase wh
Probable ATP-dependent RNA helicase DDX53; DEAD-box helicase 53

Glutamate receptor ionotropic, kainate 2; lonotropic glutamate receptor. L-glutamate acts a:
Mesencephalic astrocyte-derived neurotrophic factor; Selectively promotes the survival of do
GAS2-like protein 3; Cytoskeletal linker protein. May promote and stabilize the formation of -
Sorting nexin-13; May be involved in several stages of intracellular trafficking. May play a rol

Potassium channel subfamily K member 1; lon channel that contributes to passive transmem
PR domain zinc finger protein 13; May be involved in transcriptional regulation; PR/SET dom:
SH3 domain and tetratricopeptide repeats 1

Alpha-ketoglutarate-dependent dioxygenase alkB homolog 4; Dioxygenase that mediates der
Diacylglycerol kinase kappa; Phosphorylates diacylglycerol (DAG) to generate phosphatidic ac
Tetratricopeptide repeat protein 19, mitochondrial; Required for the preservation of the struc
Hairy and enhancer of split-related protein HELT; Transcriptional repressor which binds prefe
Olfactory receptor 5212; Odorant receptor; Olfactory receptors, family 52
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Enriched (biology)

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
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417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

FBLN7
GAREM
SNRNP200
FASTKD1
ZRANB3
RASSF9
DDB2
DNMT3B
CHD1L
SUV420H2
MPHOSPH8
HDAC3
XPC
APOBEC3C
MBD4
ZC3H12B
ZSCAN10
ZNF354B
ZFP14
PRDM5
TDRD9
DOT1L
EHMT1
ATF71P
PRDMS
KIAA1328
ZBEDS
BEND3
SLX1B
DTX3L
TP53
TP53BP1
FAM111A
TRIMA49C
TSN

HELB
RAD1
APEX2
FANCE
POLL
NCBP2
SRSF12
ZBP1
MIR3179-3
FAMA46C
RNF146
RNF14
USP20
DCAF11
PTPN14

Fibulin-7; An adhesion molecule that interacts with extracellular matrix molecules in develog
GRB2-associated and regulator of MAPK protein 1; Isoform 1: Acts as an adapter protein tha
U5 small nuclear ribonucleoprotein 200 kDa helicase; RNA helicase that plays an essential rc
FAST kinase domain-containing protein 1, mitochondrial; FASTK mitochondrial RNA binding f
DNA annealing helicase and endonuclease ZRANB3; DNA annealing helicase and endonuclea
Ras association domain-containing protein 9; May play a role in regulating vesicuar traffickin
DNA damage-binding protein 2; Required for DNA repair. Binds to DDB1 to form the UV- dan
DNA (cytosine-5)-methyltransferase 3B; Required for genome-wide de novo methylation anc
Chromodomain-helicase-DNA-binding protein 1-like; DNA helicase which plays a role in chroi
Histone-lysine N-methyltransferase KMT5C; Histone methyltransferase that specifically trim¢
M-phase phosphoprotein 8; Heterochromatin component that specifically recognizes and bin
Histone deacetylase 3; Responsible for the deacetylation of lysine residues on the N-termina
DNA repair protein complementing XP-C cells; Involved in global genome nucleotide excision
DNA dC->dU-editing enzyme APOBEC-3C; DNA deaminase (cytidine deaminase) which acts a
Methyl-CpG-binding domain protein 4; Mismatch-specific DNA N-glycosylase involved in DN/
Probable ribonuclease ZC3H12B; May function as RNase and regulate the levels of target RN
Zinc finger and SCAN domain-containing protein 10; Embryonic stem (ES) cell-specific transc
Zinc finger protein 354B; May be involved in transcriptional regulation; Zinc fingers C2H2-typ
Zinc finger protein 14 homolog; May be involved in transcriptional regulation; Zinc fingers C2
PR domain zinc finger protein 5; Sequence-specific DNA-binding transcription factor. Repress
ATP-dependent RNA helicase TDRD9; ATP-binding RNA helicase required during spermatoge
Histone-lysine N-methyltransferase, H3 lysine-79 specific; Histone methyltransferase. Methy
Histone-lysine N-methyltransferase EHMT1; Histone methyltransferase that specifically mon
Activating transcription factor 7-interacting protein 1; Recruiter that couples transcriptional
PR domain zinc finger protein 8; Probable histone methyltransferase, preferentially acting or
Protein hinderin; Competes with SMC1 for binding to SMC3. May affect the availability of SV
SCAN domain-containing protein 3; Zinc finger BED-type containing 9; SCAN domain containi
BEN domain-containing protein 3; Transcriptional repressor which associates with the NoRC
Structure-specific endonuclease subunit SLX1; Catalytic subunit of the SLX1-SLX4 structure-sg
E3 ubiquitin-protein ligase DTX3L; E3 ubiquitin-protein ligase which, in association with ADP-
Cellular tumor antigen p53; Acts as a tumor suppressor in many tumor types; induces growttr
TP53-binding protein 1; Double-strand break (DSB) repair protein involved in response to DN/
Protein FAM111A; Chromatin-associated protein required for PCNA loading on replication sit
Tripartite motif containing 49C; Ring finger proteins

Translin; DNA-binding protein that specifically recognizes consensus sequences at the breaky
DNA helicase B; 5'-3' DNA helicase involved in DNA damage response by acting as an inhibit
Cell cycle checkpoint protein RAD1; Component of the 9-1-1 cell-cycle checkpoint response cc
DNA-(apurinic or apyrimidinic site) lyase 2; Function as a weak apurinic/apyrimidinic (AP) en
Fanconi anemia group E protein; As part of the Fanconi anemia (FA) complex functions in DN
DNA polymerase lambda; DNA polymerase that functions in several pathways of DNA repair.
Nuclear cap-binding protein subunit 2; Component of the cap-binding complex (CBC), which t
Serine/arginine-rich splicing factor 12; Splicing factor that seems to antagonize SR proteins i
Z-DNA-binding protein 1; Participates in the detection by the host's innate immune system o
microRNA  RARG

Putative nucleotidyltransferase FAM46C; Probable nucleotidyltransferase that may actas an
E3 ubiquitin-protein ligase RNF146; E3 ubiquitin-protein ligase that specifically binds poly-AL
E3 ubiquitin-protein ligase RNF14; Might act as an E3 ubiquitin-protein ligase which accepts
Ubiquitin carboxyl-terminal hydrolase 20; Deubiquitinating enzyme involved in beta-2 adrene
DDB1- and CUL4-associated factor 11; May function as a substrate receptor for CUL4-DDB1 E
Tyrosine-protein phosphatase non-receptor type 14; Protein tyrosine phosphatase which may
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451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

LIMD1
TP73
AJUBA
SETD7
YWHAQ
ARHGAP17
TAOK3
ABL1
MOB1A
SAV1
RB1
RBBP4
RBBP7
TET1
H2AFV
DPPA2
PRMT7
SUPT20H
DMBX1
EZH1
EPC1
AEBP2
CCND2
ZNF688
SAP130
LBR
HBP1
KRBA2
ZNF768
ZFP92
ZNF2
ZNF630
EID1
XRCC4
TDP1
APOBEC3H
PAIP2
RRP7A
IL17RD

LIM domain-containing protein 1; Adapter or scaffold protein which participates in the assen
Tumor protein p73; Participates in the apoptotic response to DNA damage. Isoforms containi
LIM domain-containing protein ajuba; Adapter or scaffold protein which participates in the a:
Histone-lysine N-methyltransferase SETD7; Histone methyltransferase that specifically monc
14-3-3 protein theta; Adapter protein implicated in the regulation of a large spectrum of bot
Rho GTPase-activating protein 17; Rho GTPase-activating protein involved in the maintenanc
Serine/threonine-protein kinase TAO3; Serine/threonine-protein kinase that acts as a regulat
Tyrosine-protein kinase ABL1; Non-receptor tyrosine-protein kinase that plays a role in many
MOB kinase activator 1A; Activator of LATS1/2 in the Hippo signaling pathway which plays a
Protein salvador homolog 1; Regulator of STK3/MST2 and STK4/MST1 in the Hippo signaling
Retinoblastoma-associated protein; Key regulator of entry into cell division that acts as a tun
Histone-binding protein RBBP4; Core histone-binding subunit that may target chromatin asse
Histone-binding protein RBBP7; Core histone-binding subunit that may target chromatin rem
Methylcytosine dioxygenase TET1; Dioxygenase that catalyzes the conversion of the modifiec
Histone H2A.V; Variant histone H2A which replaces conventional H2A in a subset of nucleoso
Developmental pluripotency-associated protein 2; Binds to target gene promoters, including
Protein arginine N-methyltransferase 7; Arginine methyltransferase that can both catalyze tt
SPT20 homolog, SAGA complex component

Diencephalon/mesencephalon homeobox protein 1; Functions as a transcriptional repressor.
Histone-lysine N-methyltransferase EZH1; Polycomb group (PcG) protein. Catalytic subunit of
Enhancer of polycomb homolog 1; Component of the NuA4 histone acetyltransferase (HAT) ¢
Zinc finger protein AEBP2; DNA-binding transcriptional repressor. May interact with and stim
T-lymphocyte activation antigen CD80; Involved in the costimulatory signal essential for T- ly
Zinc finger protein 688; May be involved in transcriptional regulation; Zinc fingers C2H2-type
Histone deacetylase complex subunit SAP130; Acts as a transcriptional repressor. May functi
Lamin-B receptor; Anchors the lamina and the heterochromatin to the inner nuclear membre
HMG box-containing protein 1; Transcriptional repressor that binds to the promoter region of
KRAB-A domain containing 2

Zinc finger protein 768; May be involved in transcriptional regulation; Zinc fingers C2H2-type
Zinc finger protein 92 homolog; May be involved in transcriptional regulation; Zinc fingers C2
Zinc finger protein 2; May be involved in transcriptional regulation; Belongs to the krueppel C
Zinc finger protein 630; May be involved in transcriptional regulation; Zinc fingers C2H2-type
EP300-interacting inhibitor of differentiation 1; Interacts with RB1 and EP300 and acts asa r
DNA repair protein XRCC4; Involved in DNA non-homologous end joining (NHEJ) required for
Tyrosyl-DNA phosphodiesterase 1; DNA repair enzyme that can remove a variety of covalent
DNA dC->dU-editing enzyme APOBEC-3H; DNA deaminase (cytidine deaminase) which acts ¢
Polyadenylate-binding protein-interacting protein 2; Acts as a repressor in the regulation of t
Ribosomal RNA processing 7 homolog A; UTPc subcomplex

Interleukin-17 receptor D; Feedback inhibitor of fibroblast growth factor mediated Ras-MAPk
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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. lllumina sequencing was performed in collaboration with the

Kitzman laboratory. | 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/B-catenin, TGF-B, 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

CRL4PCAF 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 pCDNAS3, 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 5x10* 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 pCDNAS3, 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 pCDNAS3.
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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 pg/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/LRES3 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 mblast/
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
pCDNAG (blast®) 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 XPO?7. 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/LRES into wild-type PA-1 and clonal NF2 knockout cells. Twenty-
four hours post-transfection, cells were selected in puromycin (2 ug/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)P 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 Il 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 CRL4PCAF! 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 CRL4PCAF" 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 (1uM); 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 L 1-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 L7-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 (POU5SF1) 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.

165



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 37°C 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 pm sterile filter.

Conditioned media was stored at 4°C 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 |- 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
mneol 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.

pCDNAS: 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 mblast/ 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.

pCDNAG: 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/LRES: 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).

Bbsl restriction sites were appended to sgRNA-containing oligonucleotides for cloning
into Bbsl-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 Bbsl (NEB), then the
phosphorylated-and-annealed oligonucleotides were ligated into the Bbsl-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 3x10° (PA-1), 2x10* (HeLa JVM) or 1x108 (HAP1) cells/well of a six-
well dish. Twenty-four hours later, each well was transfected with a FUGENE 6 mix
containing 1 ug candidate knockout vector DNA and 3 ul FUGENE 6 (Promega, E2692)
up to a final volume of 105 pL Opti-MEM (Life Technologies). One day later, the

transfection-media was replaced with fresh media containing puromycin (2 pg/mL: PA-1
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and HAP1; 5 ug/mL HelLa 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 “bopulation 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 3x10° (PA-1), 2x10* (HeLa JVM) or 1x10° (HAP1)
cells/per well of a six-well dish. Eighteen hours after plating, each well was transfected
with a FUGENE 6 mix containing 1 ug plasmid DNA and 3 pl FUGENE 6 (Promega) up
to a final volume of 105 uL Opti-MEM (Gibco, 31985062). One day later, the
transfection-media was replaced with fresh media. Three days post-transfection, media
was supplemented with 210 ug/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 200ul of conditioned PA-1 media. 200yl
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 500xg for 2
minutes. Whole cell lysates were prepared by incubating cell pellets in ~500 uL (1 mL
lysis buffer per 100 mg of cell pellet) of lysis buffer (20 mM Tris-HCI (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
15,000x%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. 30ug 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,
HPAO003097), 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 ~1x108 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 5x10* 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 3x10° cells/per well of a six-well dish. Eighteen hours after plating,
each well was transfected with a FUGENE 6 mix containing 1 ug plasmid DNA and 3 pl
FuGENE 6 (Promega) up to a final volume of 105 yL Opti-MEM (Gibco, 31985062).
One day later, the transfection-media was replaced with fresh media. For L1-neo
assays, media was supplemented with 210 pg/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 ug/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 2x10*
and HAP1 at 1x10° cells/well. For serial NF2 rescue experiments, NF2 knockout cells
were co-transfected with the indicated NF2/merlin expression vector along with
pCDNAG. Cells were selected with 10 ug/mL blasticidin until untransfected cells died,
typically 48-72 hours post-transfection. Blasticidin-resistant cells were collected,
counted, and plated at 3x10° 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

pcDNAS3, 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 3x10° cells/per well of a six-well dish. Eighteen
hours after plating, each well was transfected with a FUGENE 6 mix containing 1 ug
plasmid DNA (p99EGFP/LRE3 or p99EGFP/LRE3 _111) and 3 pyl FUGENE 6
(Promega) up to a final volume of 105 uL Opti-MEM (Gibco, 31985062). One day later,
the transfection-media was replaced with puromycin (Gibco, A1113803) supplemented
media (2 ug/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 Il 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 3x10° 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 ug PX459 vector containing the indicated sgRNA (Table 3.1). 24 hours
later, the transfection-media was replaced with puromycin (Gibco, A1113803)
supplemented media (2 ug/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 yM 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 4~ . (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;
pCDNAS3, 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 (4 ). (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, 4™ ; 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 5x10* 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;
pCDNAS, a vector that constitutively expresses the neomycin resistance gene; pCDNAG,
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/LRES, 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 pCDNAG (A), selected, then co-transfected with NF2 cDNA expression vectors and
pJM101/L1.3 or pPCDNAS3 (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; pCDNAS3, 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.
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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 1uM 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 cttcttacgccgtcecctaggccaagtatggtyg cttcttacgccgtccaggccaagtatggtg
AVQdel gctcctggcecttcttacgccaagtatggtgact gctcctggcttcttacgececgtecaggecaagtatggtgact
A145X gtgctcctggcttcttactgagtccaggeccaagtatgg gtgctcctggcecttcttacgeegtccaggecaagtatgg
R310X accatgatctatttatgaggtgaaggaaagccgattctttg accatgatctatttatgaggagaaggaaagccgattctttyg
Y481XX gattgccaccaagcccacgtagtagcccatgaacccaatt gattgccaccaagcccacgtacecegcccatgaacccaatt
K510X cagcctgtctttcgacttctgagatactgacatgaagegg cagcctgtctttcgacttcaaagatactgacatgaagcgg
L580X gcagcaagcacaataccattaaaaagtgaaccttgcagagcgccaag gcagcaagcacaataccattaaaaagetecaccttgcagagcgeccaag
S518A actgacatgaagcggcttgccatggagatagaga actgacatgaagcggctttecatggagatagaga
S$518D aagatactgacatgaagcggcttgacatggagatagagaaagaaaaag aagatactgacatgaagcggctttececatggagatagagaaagaaaaag
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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, | 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.

212



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, MPHOSPHS8, 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
HDAC?2) 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
CULA4A 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, MPHOSPHS8 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 MPHOSPHS8 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, MPHOSPHS8 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 | 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), |
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 CRL4PCAF! 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
CRL4PCAF 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 CRL4PCAF! 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 CRL4PCAF! E3 ubiquitin ligase activity, preventing
degradation of DCAF1 substrates that promote L1-REPEL (Figure 4.3). In the absence
of NF2/merlin, CRL4PCA"" can ubiquitinate DCAF1 substrates, resulting in protein
degradation. Thus, in NF2 knockout cells, CRL4PCAF'-mediated degradation of L1-
REPEL factors results in attenuation of L1-REPEL (Figure 4.3). For example, TP53 is a
CRLA4PCAF gybstrate 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 CRL4PCA'-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 CRL4PCAF1-

mediated degradation of TP53 and attenuation of L1-REPEL. Ultimately, all CRL4PCAF
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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 CRL4DCAF 1-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, NEDDA4L-
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,

| previously generated knockout vectors containing LATS7 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 uM 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 CRL4DPCAF!
substrate recognition (Li et al., 2010; Nakagawa et al., 2015). To determine if CRL4PCAF!
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 CRL4PCAF! 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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pTMOZ2F3 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 CRL4PCA"" 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.

228



Biochemical Stimuli
Biomechanical Stimuli
Cell stress

"Inactive” l "Active”

| Q
| 4

- -~

-

/’ -
-
//
e CRL4DCAF1
7’
4
7
4

CRL4DCAF1
/ﬂ v \\
/ DNA damage? \
h \, Cytoplasm
DCAF1
Substrates

~~~._ | Nuclear translocation

| Ubiquitination /
1 Degradation

e Nucleus |
DCAF1 :
Substrates p
1
\\ l

s Attenuation of L1-REPEL L1-REPEL L7

~
“““““

Figure 4.3: NF2/merlin regulates CRL4PCAF'.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 CRL4PCAF! E3 ubiquitin ligase activity, preventing
degradation of DCAF1 substrates that promote L1-REPEL. In the absence of
NF2/merlin, CRL4PCAF! can ubiquitinate DCAF1 substrates. Ubiquitination can alter
protein function or mark the protein for degradation. Thus, CRL4PAF'-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.
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Table 4.1: Hippo pathway genes identified in the L1-REPEL screen.

# filtered sgRNAs

Gene GeCKO 1 GeCKO 2 Brunello
NF2
TAOK1
LATS2
LATS1
FAT4
PARD6G
PARD6A
TCF7
WWP2
PTPN14

P O R R P PR NNPRBDN

P N R P O R R RN
O R P P NP O K BN
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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. |

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/neomycin® 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 L 1-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, MPHOSPHS8, 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 MPHOSPHS8, ATF7IP, NCBP2, TP53, DOTI1L,
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 (MPHOSPHS8) 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
MPHOSPHS8 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 (DDBZ2): 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 HDAC?2) 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 (NCBPZ2): encodes a member of the cap-

binding complex (CBC), which co-transcriptionally binds to the 5-m’G 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 |, 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 | and
condensing Il 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 |
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.
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D E

Genes with 2+ sgRNAs in 2+ replicates Genes with 2+ sgRNAs in 2+ screens
Gene sgRNAs  Replicates Rank Gene pk5 GeCKO PA-1GeCKO1 PA-1GeCKO2 PA-1Brunello
SALL4 2 2 1 TMC6 2 2 1 1
UsP28 2 2 2 RD3L 2 1 1 2
ATP6VOC 2 2 3 NMBR 2 1 0 2
C8orf48 2 2 4 SAP25 2 2 0 1
ECE2 2 2 5 PIP4AK2B 2 0 2 1
MLL4 2 2 6 THSD7B 2 0 2 1
MS4A4A 2 2 7 CHSY3 3 2 1 0|
POU3F1 2 2 8 ARIH2 2 2 1 0|
PPIL4 2 2 9 SEPTING 2 2 1 0
10 PTAR1 2 2 1 0|
11 THBS1 2 2 1 0|
12 KLK8 2 1 2 0
13 NUCB1 2 1 2 0|
14 KRTAP4-2 2 1 2 0|
15 ZFP62 2 1 2 0
16 PKDCC 2 1 2 0
17 ANKRD32 2 1 2 0|
18 HBA1 2 1 2 0
19 GRIK2 2 2 0 0
20 KCNK1 2 2 0 0|
21 SH3TCL 2 2 0 0
22 LPAR2 2 2 0 0
23 GGH 2 2 0 0|
24 TTC19 2 2 0 0
25 SNRNP200 2 0 2 0
26 ST6GALNAC1 2 0 2 0|
27 MANF 2 0 0 2
28 GAS2L3 2 0 0 2
29 ALKBH4 2 0 0 2|
30 FBLN7 2 0 0 2
31 RTBDN 2 0 0 2|
32 GAREM 2 0 0 2|

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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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- (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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TSA Trichostatin A HDAC inhibitor (I & I)
A VPA Valproic acid HDAC inhibitor
NaB Sodium butyrate HDAC inhibitor
Cha Chaetocin HMT inhibitor (H3K9)
baza 5-Azacytidine DNMT inhibitor cytidine analog (RNA)
b5aza 2deoxy 5-aza-2'-deoxycytidine DNMT inhibitor cytidine analog (DNA)

100.00%

B 90.00%
80.00%
70.00%
. 60.00%
k)
& 50.00%
O]
Y 40.00%
30.00%
20.00%
10.00%
0.00% Hm l . I - l .
DMSO TSA TSA VPA NaB Cha Cha 5aza 5aza 5aza 5aza 5aza 5aza 2
100nM 500nM 1M 1M 200nM 500nM  12.5uM 25uM 50uM 2deoxy  2deoxy deoxy
12.5uM  25uM 50uM
mpk5 mpc39
5aza
C DMSO TSA VPA NaB Cha 5aza 2deoxy
EGFP
EGFP
BF

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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