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ABSTRACT OF THE THESIS

Modeling MeCP2 loss-of-function in human iPSC-derived astrocytes highlights LINE-1
retrotransposon as contributor to neuroinflammation

by
Aurian Saleh
Master of Science in
Biology

University of California San Diego, 2020

Professor Alysson R. Muotri, Chair
Professor Douglass Forbes, Co-Chair

Long interspersed nuclear element-1 (LINE-1) are endogenous, self-propagating
genomic sequences that comprise ~17% of the human genome. Retrotransposons play a
critical role in genomic and cellular instability, particularly in various forms of human
disease. In the diseased state, there is mounting evidence that endogenous retroelements
play a role in etiopathogenesis of inflammatory diseases. Mutations in methyl-CpG-
binding protein 2 (MeCP2), widely regarded as a global methylator and transcriptional
repressor, result in increased LINE-1 expression and activity. Patients with mutations in
MeCP2 have subclinical inflammatory phenotypes and cytokine dysregulation. Although de

novo LINE-1 activity seems to occur frequently in neurons, little is known about the
Xiii



contribution of this element in glial cells. Astrocytes with mutations in MECP2
are abnormal in several key functions, thus we sought to investigate astrocyte-mediated
inflammation caused by MeCP2 loss-of-function mutations. We generated iPSC-derived
astrocytes from MeCP2-KO and healthy controls to observe whether LINE-1, which we
know to be upregulated, contributes to the inflammatory phenotype observed. We
chronically treated our cells with reverse transcriptase inhibitors (RTi) to reduce
endogenous LINE-1 activity. Interestingly, we found upregulation of neuroinflammatory-
related genes, increased levels of the proinflammatory cytokine IL-6 as well as an
increase in reactive oxygen species, extracellular glutamate and glutathione levels in
MeCP2-mutant astrocyte cultures when compared to control cells. Remarkably,
inhibition of LINE-1 with RTis improved most of these pathological phenotypes in
mutated cells. We hope our work brings further attention to mobile genetic elements, as

they contribute more to disease pathologies than previously thought.
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INTRODUCTION



1. Transposable elements (TE)

1.1 Classes of TE

Less than 2% of the human genome is protein coding. About 30% is contained within intronic
sequences and 45-50% is comprised of repetitive sequences, some of which are capable of mobilizing
into novel positions within chromosomes, referred to as transposable elements (TE) (Lander, Linton
et al. 2001). These endogenous retroelements have had substantial impact on the evolution of the
human genome, ranging from small scale changes induced by insertional mutagenesis to larger scale
gene expression changes induced by alterations in splicing and epigenetic modifications (Cordaux
and Batzer 2009). Thought to mediate normal neuronal somatic mosaicism in typically developing
individuals, retroelements in the diseased state can sustain increased activity and contribute to
pathophysiology.

Transposons can be categorized as DNA or RNA transposons. Activity of DNA transposons,
also known as Class Il transposable elements, no longer contributes to mutagenesis in humans as
they are unable to mobilize (Pace and Feschotte 2007). Class | RNA transposons (retrotransposons)
are further categorized based on the presence or absence of flanking long terminal repeats (LTR).
Retrotransposons use a “copy and paste” mechanism whereby the original sequence is copied via an
RNA intermediate and subsequently chaperoned, copied and integrated into a separate location
within the genome. Elements such as Mammalian apparent LTR-retrotransposons (MaLR) and
human endogenous retroviruses (HERV) both contain LTR sequences that flank internal coding
regions (Smit 1993). LTR retrotransposons comprise about 8% of the human genome (Cordaux and
Batzer 2009).

Non-LTR retrotransposons are by far the most active TEs during recent human evolution and
can be further classified into two subtypes: LINE (Long Interspersed Nuclear Elements) and SINE

(Short Interspersed Nuclear Elements) (Lander, Linton et al. 2001, Dewannieux, Esnault et al. 2003).



Together, LINE and SINE comprise ~33% of the human genome (SINEs, including Alu and SVA
elements, are non-autonomous sequences transcribed by RNA Polymerase 111 (Dewannieux, Esnault
et al. 2003). Alu sequences are present in over 1 million copies in the human genome while SINE-
R/VNTR/Alu (SVA) elements together constitute more than 10% of the human genome (Lander,

Linton et al. 2001).
1.2 LINE-1 retrotransposons

LINE-1 elements are ubiquitous, autonomous retrotransposons with an estimated 500,000
copies contained within the human genome (Lander, Linton et al. 2001, Goodier and Kazazian
2008)). A majority of LINE-1 copies are immobile and unable to retrotranspose, due either to 5’
truncations or inversions introduced into the sequence (Boissinot, Entezam et al. 2001, Ostertag and
Kazazian 2001). Approximately 80-100 copies are mobile (labeled retrotransposition- competent
LINE-1 or RC-L1) (Brouha, Schustak et al. 2003).

Full length, RC LINE-1 are 6kb in length and contain a 5’ untranslated region (5’UTR), two
open reading frames (ORF1, 2), and a 3’UTR followed with a poly-A tract (Swergold 1990). The
LINE-1 promoter region has no TATA-box and displays both sense and antisense activity within the
5> UTR (Swergold 1990, Speek 2001). The LINE- 1 ORF1 encodes for a protein that has nucleic
acid chaperone activities and an RNA binding domain (Martin and Bushman 2001, Martin, Cruceanu
et al. 2005). ORF2 encodes for a protein with enzymatic activity required for LINE-1
retrotransposition. ORF2p has both endonuclease (EN) and reverse transcriptase (RT) activities;

equally critical for target site cleavage and integration (Mathias, Scott et al. 1991).
1.3 LINE-1 retrotransposition cycle
LINE-1 transcription begins within the first 100 base pairs of the 5’UTR, (Swergold 1990,

Lavie, Maldener et al. 2004). Once transcribed, the full-length capped and polyadenylated LINE-1

MRNA is exported into the cytoplasm where it combines in cis with ORF1 and ORF2 proteins to
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form a ribonucleoparticle (RNP) complex (Schematic 1) reviewed in (Doucet, Hulme et al. 2010,
Macia, Blanco-Jimenez et al. 2015, Elbarbary, Lucas et al. 2016). In a more traditional model, the
RNA-protein complex can be imported back into the nucleus by a mechanism not fully understood,
where target-primed reverse transcription (TPRT) takes place. The RNP complex binds preferentially
to an AT rich consensus target (5’TTTT/AA 3’ and variants) (Jurka 1997, Cost and Boeke 1998,

Monot, Kuciak et al. 2013).
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Schematic 1. LINE-1 Retrotransposition Cycle and Host Factor
Regulation. RNA  polymerase Il mediates transcription of
retrotransposition-competent LINE-1 sequence. This transcript is exported
from the nucleus where it forms an RNP complex with ORF1p and ORF2p.
This complex may begin reverse transcription in the cytoplasm. Through a
mechanism not well understood, the RNP is imported into the nucleus to
begin integration through TPRT. LINE-1 is regulated at distinct
intermediates of retrotransposition, indicated in red boxes.

The EN nicks the bottom DNA strand, exposing a 3° OH which primes the reverse

transcription of the LINE-1 mRNA template into cDNA (Schematic 1). Recent observations have
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suggested that unfinished retrotransposition events may be unable to re-enter the nucleus,
accumulating in the cytoplasm, leading to a diseased phenotype (Thomas, Tejwani et al. 2017). The

complete mechanism of second DNA strand cleavage and subsequent cDNA synthesis is unknown.
1.4 LINE-1 activity and cellular impact

LINE-1 insertional mutagenesis has resulted in over 120 cases of spontaneous or inherited
disease; including diseases such as hemophilia A, cystic fibrosis, and breast cancer; reviewed in
(Chen, Stenson et al. 2005). Apart from mutations caused by insertions, DNA recombination of
chimeric LINE-1 can lead to large scale structural variation, such as retrotransposition-mediated

deletions, duplications, or rearrangements (Gilbert, Lutz-Prigge et al. 2002, Slotkin and Martienssen

Impact of LINE-1 Retrotransposition

Functional splice sites

located within LINE-1 5" UTR  Changes to DNA methylation and
can lead to alternatively epigenetic patterning

spliced transcripts

Premature polyadenlyation signals

Gene

Sense and antisense LINE-1
promoter activity may result in
aberrant gene expression

Insertions, deletions,
and inversions disrupt
gene function

Schematic 2. Consequences of LINE-1 Retrotransposition. Ongoing retrotransposition generates
genomic instability and consequently interferes with host gene expression at many levels. Consequences
include disruption of gene function due to LINE-1 insertions, as well as generation of mis-spliced or
prematurely truncated transcripts. Insertions have been shown to impact host gene expression through
changes in epigenetic patterning and LINE-1 promoter activity.

2007).
The presence of both sense and antisense promoter within the 5’UTR of LINE-1 elements
can activate upstream or downstream transcription (Nigumann, Redik et al. 2002, Macia, Munoz-

Lopez etal. 2011, Elbarbary, Lucas et al. 2016) (Schematic 2). Among all the transcriptionally active
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elements present in the human genome, the strength of LINE-1 promoters have been shown to be
sequence and context-dependent. Lavie et al. tested various LINE-1 5 UTR constructs to test for
observable differences in promoter strength. Although there was no clear link between nucleotide
variations and transcriptional activity, deletion of 5’ genomic flanking sequences from the constructs
resulted in both enhanced and diminished promoter activity, depending on whether the sequence
acted as an enhancer or repressor (Lavie, Maldener et al. 2004). In addition to LINE-1 promoters’
contribution to aberrant host gene expression, LINE-1 insertions have been shown to create splicing
variants; generating either mis-spliced or prematurely truncated transcripts, promoting
transcriptional termination or changes to our epigenome by the methylation of LINE-1 CpG islands
leading to “epigenetic patterning” and subsequent silencing of neighboring gene promoters (Estecio,

Gallegos et al. 2012).
1.5 Cellular response to LINE-1 activity

Given that retrotransposons can impact the cell in a myriad of ways, the host genome has
coevolved to employ a variety of responses to repress activity (Schematic 1). Transcriptional
repression, in the form of 5-methylcytosine (5mC) and N6-methyladenine (6mA) DNA methylation
and repressive histone markers are widely used to regulate TE activity (Hatanaka, Inoue et al. 2015,
Deniz, Frost et al. 2019). TE’s also harbor binding sites for many transcription factors; the Kruppel-
associated box (KRAB)-containing zinc finger proteins (KZFPs) are key regulators of TE activity—
often repressing TEs expressed in early embryos (Chuong, Elde et al. 2017, Guo, von Meyenn et al.
2018). LINE-1 activity can be regulated post-transcriptionally by microRNAs (miRNA) and PIWI-
interacting RNAs (piRNAs). The role of RNA interference (RNAI) effectors in regulating TE
transcripts is substantial; RNA-induced silencing complex (RISC) pathways are common cellular
processes that utilize endonucleolytic cleavage to degrade TE transcripts (Yang and Kazazian 2006).

If the LINE-1 transcript is not targeted for degradation, the cell will employ other host factors to



target downstream complexes within the retrotransposition cycle. The LINE-1 RNP complex is
commonly targeted for degradation and destabilization by various zinc finger and APOBEC enzymes
(Kulpa and Moran 2005, Goodier, Zhang et al. 2007, Warkocki, Krawczyk et al. 2018) (Schematic
1). Even with the plethora of host mechanisms put in place to repress endogenous retroelements, de
novo insertions still take place within somatic tissues, with higher rates of LINE-1 retrotransposition

occurring in neural lineages and during development.

1.6 LINE-1 activity during embryogenesis and early brain development

LINE-1 elements are active in germ cells within the testes and ovaries, demonstrating their
role in genome evolution, as germline insertions are inherited by progeny (Huang, Burns et al.
2012). (Schematic 3) Waves of hypomethylation during embryogenesis have been linked with
higher rates of retrotransposition; retrotransposition events were shown to occur in embryos pre-

implantation onto the uterus (Kano, Godoy et al. 2009).

a) Somatic Insertion b) Germline Insertion
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Schematic 3. Somatic vs Germline Insertions. Differences between the heritability of germline vs somatic
retrotransposon insertions. a. Somatic insertions lead to mosaicism within the individual but are not inherited
b. Generally, germline or early embryonic insertions are incorporated into the three germ layers and are present
in all tissue types. c. Example of polymorphisms across different populations based on the presence or absence
of an insertion.



Somatic insertions (Schematic 3), on the other hand, occur later in development and are not
inherited by progeny. They accumulate over time within an individual and are restricted to the cell
or tissue type in which the insertion occurred. This leads to a phenomenon known as somatic
mosaicism, whereby large differences in genetic content exist from cell to cell within an individual
(Baillie, Barnett et al. 2011). Through the use of an engineered LINE-1 element tagged to a
retrotransposition-indicator cassette, retrotransposition events were shown to occur in vitro with
adult rat neural progenitor cells (NPCs) and in the brains of mice in vivo. This was one of the earliest
documented cases of somatic retrotransposition occurrence in vivo (Muotri, Chu et al. 2005). New
retrotransposition events may alter gene expression and ultimately influence cellular phenotype; in
the healthy brain this is thought to contribute to neuronal somatic diversification. A few years later,
endogenous LINE-1 mRNA was shown to be detectable in NPCs isolated from human fetal brain
cells (Coufal, Garcia-Perez et al. 2009). To investigate endogenous LINE-1 activity, a copy number
variant (CNV)-based gPCR assay was performed on genomic DNA extracted from various tissue
types of healthy human adults. Interestingly, it was reported that ORF2 content in the hippocampus
was consistently higher when compared to heart or liver samples from the same individual (Coufal,
Garcia-Perez et al. 2009). The hippocampus, being one of the few brain regions consisting of a
neurogenic niche, is ubiquitous with genomic LINE-1 mosaicism. Because LINE-1
retrotransposition events have increased occurrence during neurogenesis (Muotri, Chu et al. 2005,
Salvador-Palomeque, Sanchez-Luque et al. 2019), it is likely that LINE-1 activity rises in a region
like the hippocampus (Coufal, Garcia-Perez et al. 2009). A recent analysis of 24 hippocampal
neurons using RC-seq, whole genome sequencing (WGS), and LINE-1 insertion profiling revealed
that somatic insertions which occur during neurodifferentiation in hESCs may occur due to mutations
at the Ying Yang 1 (Y'Y1) transcription factor binding site (Sanchez-Luque, Kempen et al. 2019).

Retrotransposition events occurring during neural development may contribute to “genome



plasticity” and neuronal diversity by allowing for variations in genomic DNA from cell to cell.
1.7 Retrotransposons and Inflammatory Disease Phenotypes

Intrinsic immune responses to viral pathogens are co-opted to restrict retroviruses and
retrotransposons as well. Endogenous transposon activity can elicit the same interferon responses
that are associated with retroviral infections (Crow 2010, Chuong, Elde et al. 2016). Accumulation
of endogenous nucleic acids in the cytoplasm can induce activation of toll-like receptors and type |
interferon proteins (IFN) (Crow and Rehwinkel 2009, Crow 2010) Similarly, when viral DNA is
present in the cytoplasm, it triggers activation of the cGAS (cyclic GMP-AMP synthase)/STING
(stimulator of interferon genes) pathway, resulting in an interferon-mediated response.

Endogenous retroelements have been linked as key effectors of inflammation in various
autoimmune and neurodegenerative disorders, reviewed in (Saleh, Macia et al. 2019). This can be
seen in the case of Aicardi-Goutieres syndrome (AGS), which features a progressive inflammatory
encephalopathy, resulting in severe mental and physical handicap as well as greatly reduced lifespan.
AGS can result from mutations in the antiviral enzyme three-prime repair exonuclease 1 (TREX1),
which functions to cleave nucleic acids in the cytosol. In TREX-1 deficient NPCs, neurons and
astrocytes, single-stranded DNA (ssDNA) species in the cytosol were demonstrated to be
significantly increased. Sequencing data suggests that most of the ssDNA found was derived from
cis LINE-1 reverse transcription (Thomas, Tejwani et al. 2017). This is correlated with higher

expression of IFN- a in astrocytes, which was reduced to near control levels with chronic treatment

of reverse transcriptase inhibitors (RTis).

Similarly, LINE-1 was demonstrated to contribute to age-associated-inflammation, due to a
failure of host surveillance mechanisms in senescent cells (De Cecco, Ito et al. 2019). Cellular
senescence was associated with downregulation of LINE-1 surveillance factors such as TREX1 and

RB-1 (Retino-blastoma transcriptional corepressor-1). Loss of TREX-1 comprised the removal of
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cytoplasmic LINE-1 DNA while loss of RB-1 relieved heterochromatin repression. Increased LINE-
1 copies in the cytoplasm triggered IFN-I response, a phenotype that improved with inhibition of
LINE-1 RT (De Cecco, Ito et al. 2019). Elevated LINE-1 copies in human cells can modulate cellular
phenotypes and contribute to inflammation-related pathologies. There is mounting evidence that
endogenous retroelements play a large role in initiating neuroinflammation. This has been shown to
occur through a variety of mechanisms, generally involving context-specific derepression of LINE-
1 activity. Consequently, we wondered whether LINE-1 elements engage the pathophysiological

pathways leading to features of the disease pathology.

2. Methyl-CpG Binding Protein 2 (MeCP2) and LINE-1

2.1 Human Diseases associated with MeCP2

One of the main forms of LINE-1 inhibition occurs through transcriptional-mediated

repression. MeCP2 binds to methylated CpG islands within the LINE-1 5° UTR, recruits various
scaffolding proteins to induce chromatin remodeling. When MECP2 is mutated, LINE-1 activity
and expression is increased in the brain (Muotri, Marchetto et al. 2010). De novo mutations in the
X-linked gene MECP2 are strongly linked to Rett Syndrome (RTT). RTT a severe progressive
neurological disorder with no known cure and an incidence of 1 in 10,000 to 1 in 15,000 females.
Individuals with mutations in the MECP2 gene results in a mosaic of symptoms and symptom
severities in affected females due to MeCP2 dosage compensation through X chromosome

inactivation (Amir et al., 1999).

Although recently removed from the umbrella of Autism Spectrum Disorders (ASD), patients
with RTT display autistic phenotypes such as early infantile hypotonia and profound psychomotor
delays including a regression of language and motor skills (Zhao, Wu et al. 2019). Symptoms may

also include microcephaly, epilepsy and apraxia. Progressive microcephaly is a classic clinical
10



feature for patients with Rett (Ahmed 2007). The decrease in brain volume is associated with
abnormally small neurons containing less complex dendritic branching, all densely packed together
(Armstrong, Dunn et al. 1995). Brain volume was shown to be selectively reduced in the parietal
and temporal lobes of RTT patients (Carter, Lanham et al. 2008). Indeed, cortical dendritic spines,
which transmit excitatory glutamatergic input into electrical signals, are reduced in number and
density in Mecp2 null mice (Belichenko, Wright et al. 2009) leading to deficits in synaptic contacts.
Mutations in MECP2 are not only linked to RTT, but also to multiple neurological diseases such as
Huntington’s disease, Autism, Angelman Syndrome, as well as non-neurological diseases such as
breast and liver cancer (Ezeonwuka and Rastegar 2014). The widespread and diverse function of

MeCP2 underscores its role in many disorders.

2.2 MECP2 gene and function

MeCP2 is a multifunctional nuclear protein with two functional domains: a methyl DNA
binding domain and a transcription repression domain (Chahrour, Jung et al. 2008, Hite, Adams et
al. 2009). This protein modulates neuronal chromatin architecture and organization; once bound to
methylated CpG islands, it recruits a variety of interacting machinery such as various histone
deacetylases and methyltransferases (Martinez de Paz and Ausio 2017). MECP2 is widely regarded
as a global histone methylator and transcriptional repressor, however, it has been shown to associate
with transcriptional activators and so functions as both an activator and repressor of transcription.
MECP2 RNA is present in all mouse and human tissues, and is highly expressed in the brain when
compared to other tissues (https://www.proteinatlas.org/ENSG00000169057-MECP2/tissue). It is
not fully understood how MECP2 functions at a cellular level; one murine study mapped neuronal
Mecp2 binding sites via ChlP-chip analysis and found a majority of the promoters which bound
Mecp2 were on active genes, not silenced ones, as one would expect (Chahrour, Jung et al. 2008).
Interestingly, many MECP2 binding sites were found in intronic regions outside of transcription

11
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units (Yasui, Peddada et al. 2007). MeCP2 is localized to both synaptic terminals and the nucleus
and acts on multiple loci, suggesting that its mis regulation can affect multiple molecular and signal

transduction pathways (Aber, Nori et al. 2003).

MeCP2 is a multifunctional epigenetic regulator that can induce transcriptional repression,
activation, chromatin remodeling and RNA splicing (Young, Hong et al. 2005, Nikitina, Shi et al.
2007, Yasui, Peddada et al. 2007). As mentioned previously, the widespread and diverse epigenetic
processes of MeCP2 emphasize its role in many disorders. In the next section, we address how

MECP2 mutations effect LINE-1 expression.

2.3 MeCP2 loss of function and LINE-1

MeCP2 loss of function increases susceptibility for LINE-1 mobilization because the
promoter region within the LINE-1 5’UTR are targets of MeCP2-mediated transcriptional repression
(Muotri, Marchetto et al. 2010). Post-mortem brain tissue from patients with RTT show higher
genomic LINE-1 ORF2 sequences when compared to controls (Muotri, Marchetto et al. 2010). In
vivo experiments performed on transgenic mice containing a human LINE-1-eGFP reporter cassette,
illustrates that Mecp2-KO mice display on average, a 3.5 fold increase EGFP positive cells in regions
such as the cerebellum, striatum, cortex, and hippocampus (Moran, Holmes et al. 1996, Muotri,
Marchetto et al. 2010). This trend is CNS-specific as LINE-1 copy numbers are not significantly
increased in fibroblast cells isolated from Mecp2-KO mice.

LINE-1 retrotransposition, which we know to be modulated by MECP2 and upregulated in
MECP2-KO cells, has been shown to contribute to morphological and synaptogenic deficits in
patient iPSC-derived neurons (unpublished data). Chronic treatment of nucleoside analogs, which
efficiently inhibit LINE-1 reverse transcriptase activity, lead to a rescue of neural morphology,
synaptogenesis, and partial rescue of spontaneous neural activity defects. In addition, the observed

microcephalic-like reduction in RTT 3D cortical organoids was significantly rescued with RTi
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treatment. These drugs have huge therapeutic potential not only in RTT, but also in other disorders
where endogenous retroelements are mis regulated. In fact, there are clinical trials currently
underway utilizing RTi therapy for disorders such as AGS or ALS (amyotrophic lateral sclerosis)

patients.

2.4 Astrocyte Influence in MECP2-deficient cells

It is becoming increasingly evident that under pathological conditions, there is a non-cell
autonomous effect in the CNS, in which glial cells are as vulnerable as neurons (Okabe, Takahashi
et al. 2012, Serio, Bilican et al. 2013, Song, Feodorova et al. 2014, Williams, Zhong et al. 2014,
Russo, Freitas et al. 2018). The effect of MECP2 mutations on astrocyte function is profound. The
extent to which astrocytes, the most abundant cell type in the CNS, can contribute to the pathology
of the disease has been studied (Maezawa, Swanberg et al. 2009, Lioy, Garg et al. 2011, Delepine,
Meziane et al. 2016, Dong, Liu et al. 2018). When Mecp? is restored to astrocytes in otherwise null
mice, there is a delay in the progression of disease phenotypes. Specifically, there are significant
improvements to locomotion and anxiety levels as well as a prolonged lifespan (Lioy, Garg et al.
2011). Mecp2-expressing astrocytes were also shown to exert a non-cell autonomous effect on
neighboring neurons, increasing dendritic branching and levels of transporter VGLUT, involved in
excitatory neurotransmission (Lioy et al., 2011). Even more, mutant astrocytes were shown to
negatively influence MeCP2 expression in neighboring cells, in part through intercellular gap
junctions (Maezawa, Swanberg et al. 2009, Williams, Zhong et al. 2014). From a functional
standpoint, it was shown that MeCP2 mutant astrocytes display abnormal spontaneous oscillations
in cytoplasmic Caz+. These cells show higher frequencies and peak amplitudes than wildtype
astrocytes. Mechanistically, this was linked to abnormal Caz+ load in the endoplasmic recticulum,
resulting in leaking Caz+ and excessive activation of NMDA receptors on neighboring neurons

(Dong, Liu et al. 2018).
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Accumulating evidence links the cytokine dysregulation and persistent inflammatory
phenotypes seen in mice and iPSC-derived models with astrocyte functional abnormalities
(Cortelazzo, De Felice et al. 2014, Colombo and Farina 2016, Cortelazzo, De Felice et al. 2017).
Astrocytes are key mediators of neuroinflammation, either through exacerbating inflammatory
reactions or promoting immunosuppression and tissue repair (Serio, Bilican et al. 2013, Colombo
and Farina 2016). Patients with mutations in MECP2 display subclinical inflammation profiles and
dysregulation of chemokine and cytokine expression (Cortelazzo, De Felice et al. 2014, Cortelazzo,
De Felice et al. 2017). Evidence supports immunological defects and immunodeficiency in patients,
resulting from mis regulated internal inflammatory responses (van der Vaart, Svoboda et al. 2017).

We consistently see an activation of retroelements in the diseased state and more prominently
in cases of neurodegenerative disease. It is not fully understood how this is initiated or whether it
directly contributes to disease pathology. Recent studies have demonstrated that in the diseased state,
LINE-1 activity is derepressed, which can lead to accumulation of cytoplasmic LINE-1 DNA
(Schematic 4). This triggers various innate immune responses such as interferon-mediated
inflammation (Thomas, Tejwani et al. 2017, De Cecco, Ito et al. 2019, Simon, Van Meter et al. 2019,
Tharp, Malki et al. 2020). Although de novo LINE-1 insertions seem to occur frequently in neurons,
little is known about the contribution of this element in glial cells (Singer, McConnell et al. 2010,
Upton, Gerhardt et al. 2015).

For this thesis, we sought to investigate astrocyte mediated inflammation in MeCP2 loss-of-
function mutations through treatments with reverse- transcriptase inhibitors (RTis). Thus, using
human iPSC derived astrocytes as a model, we generated control (CTRL) and MECP2-KO astrocytes

to observe whether LINE-1, which we know to be upregulated, contributes to the inflammatory

14



Reactive .
Astrocyte Degenerating

Neuron

Environmental Trigger

*

————
ﬁmelement

s N \
¥ Activation tcious

HERV LINE-1 .
Activation Activation @ Interleukins

okines
'%"' ¢ l ° &;‘emokines
ERV Transcript | INE-1 mRNA R/\/\/
\ ANV

°® [ I : é
HERV Env L
Protein 6%@@\ ROS .: : v
o LINE-1 ssDNA
VaVAVAVAVAN S~—

\ CGAS

Neuronal
Toxicity

Schematic 4. Hypothesized Model of Retroelement-mediated Neuroinflammation.
Environmental or cellular triggers may activate retrotransposon transcription. Production of
pathogenic HERV Envelope proteins (Env) or cytoplasmic accumulation of LINE-1 ssDNA
activates an innate immune response. Astrocytes become activated, releasing
proinflammatory cytokines and reactive oxidative species (ROS). This has toxic effects on
neighboring neurons and could promote morphological and synaptogenic defects,
subsequently promoting neuropathophysiological effects.

phenotype observed in MeCP2-deficient astrocytes. We also asked whether astrocyte-related
pathologies could be reduced by inhibiting LINE-1 elements. We report significant dysregulation of
genes involved in interleukin signaling, toll-like receptor signaling and cytoplasmic DNA sensing

pathways between CTRL and MECP2-KO astrocytes. We then examined the effects of this mutation
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downstream by looking at cytokine release and extracellular glutamate levels. Additionally, we took
measures of astrocyte oxidative stress with assays measuring glutathione and ROS (reactive
oxidative species) levels. We find significant improvements to gene expression and downstream
responses in astrocytes treated with RTis. These results indicate that LINE-1 activation contributes
to the pathologies observed in MECP2-KO astrocytes. We hope these results bring more attention
mobile genetic elements, as they play a larger role in initiating disease pathogenesis than previously

thought.
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MATERIALS AND METHODS
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Patient consent
Informed consent was obtained from patients who donated control (CTRL) and MECP2-
KO fibroblasts. Fibroblasts were collected from dermal biopsies under protocols approved by

the University of California, San Diego Institutional Review Board (#141223ZF).

Astrocyte Generation

iIPSCs were differentiated into NPCs as described in (Marchetto, Carromeu et al. 2010). NPCs
were cultured on 20 pug/mL poly-L-ornithine (Sigma-Aldrich, P3655) and 5 pg/mL laminin (Life
Technologies, 23017015) coated plates and seeded at a density of 1.6 million cells per
100mmx20mm plates (Corning, 430167). Media was changed every other day with NG medium
(DMEM/F12 50/50 1X (Gibco 11330-032), 0.5% penicillin/streptomycin (Life Technologies,
15140163), 1 % N2 NeuroPlex (Gemini Bio-Products, 400163) and 1% SM1 (StemCell, 05711)
supplemented with 20 ng/mL human fibroblast growth factor basic (bFGF) (R&D Systems, 414-TE).
For differentiation into neurons, the bFGF was withdrawn from the NG media and Rock inhibitor
(Y27632) was added at a concentration of 10ng/mL for 48 hours; cells matured and remained in
culture for 6-9 weeks.

Astrocyte differentiation was followed as described in (Serio, Bilican et al. 2013).
Monolayer NPCs were dissociated into single cell suspension using StemPro Accutase (Life
Technologies, A1110501). To form astrospheres, cells were seeded at density of 4-5 million cells
per well in a 6-well plate (Genesee, 25-105) shaking at 95 r.p.m. at 37°C in NSCR EL medium
containing DMEM/F12 (Gibco) with 1% N2 supplement (Gibco) and 0.1% SM1 supplement, 1%
nonessential amino acids (Gibco 11140-050), 1% penicillin/streptomycin (Gibco, 15140-122), 1%
GlutaMAX solution (Gibco, 35050-061), 20 ng/mL EGF (Peprotech AF-100-15-1MG) and 20

ng/mL LIF (Peprotech 3000-05). Following 2-4 weeks in the NSCR EL media, the astrospheres
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were expanded in NSCR media now supplemented with 20 ng/mL EGF and 20 ng/mL FGF (NSCR
EF) for 2-4 weeks.

Following this expansion phase, astrospheres were plated on 20 pg/mL poly-L-ornithine
and 5 pg/mL laminin and remained in NSCR EF media allowing astrocyte progenitor cells to
migrate outward until 70% confluency. For astrocyte assays, progenitors were passaged and seeded
at 50,000 cells/well in a 96 well plate. For differentiation into mature astrocytes, media was
changed to contain half of the NSCR basal media and half Astromed CNTF media. Astromed
media contained Neurobasal media (Gibco) with 0.2% SM1, 1% NEAA, 1%
penicillin/streptomycin, 1% Glutamax supplemented with 10ng/mL CNTF (Peprotech 450-13).
After 48hrs, cells were transitioned into full Astromed CNTF media for 14 days. Media was

conditioned for 48 hours prior to assays.

RTi preparation

The reverse-transcriptase inhibitors were prepared as follows: Lamivudine (3TC, Sigma-
Aldrich, L1295) was prepared in dimethyl sulfoxide (DMSO, Sigma Aldrich, D2650) and 10 uM
of 3TC was used in media. Stavudine (d4T, Sigma-Aldrich, D1413) was re-suspended in water and
1uM of d4T was used in media in combination with 3TC. Nevirapine (Sigma Aldrich, SML0097)
was re- suspended in DMSO and 400nM nevirapine was used in media. CTRL cells contained 10

MM of DMSO as a vehicular control.

RNA extraction

RNA was extracted by using RNAse Plus Mini Kit (Qiagen). Briefly, adherent cells were
washed with DPBS and further lysed using RLT buffer with b-mercaptoethanol and dissociated
using a ImL syringe (Fisher Scientific, 1482330) and a needle (VWR, BD- 305196). RNA from

lysates was extracted following manufacturer’s instructions. cDNA was generated using the Qiagen
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Quantitect Reverse Transcription Kit.

PCR array

PCR array was performed by using RT2 Profiler PCR Array 384 format (Qiagen), following
manufacturer’s instructions. Briefly, 400ng of total RNA was used for reverse transcription by using
the RT2 First Strand Kit (Qiagen). Genomic DNA was eliminated prior to reverse transcription. Real-
Time PCR was performed by using RT2 SYBR Green Mastermix and cDNA mix, divided into 384
wells. Plates were sealed with Optical Adhesive Film and run into a CFX384 (BioRad). Run
conditions: 1 cycle of 10 min at 95°C, followed by 40 cycles of 15s at 95°C and 1 minute at 60°C,

where data collection was performed. For data analysis, GeneGlobe Data Analysis Center was used.

Extrachromosomal DNA extraction and LINE-1 gPCR

Extrachromosomal DNA was extracted from 7w old neurons using Modified Hirt protocol
described previously (Arad 1998). Neurons (10e) were washed with Ca2+ and Mg2+ free phosphate
buffered saline and dissociated with Accutase at 37C for 20-30 minutes. Samples were counted with
Via-1 cell counter and pelleted. Pellets were resuspended in Buffer 1 (50mM Tris-HCI, 10mM
EDTA, supplemented with 100 ug/mL RNase A. Cells were lysed with Buffer 2 (1.2% SDS) and
inverted to mix. High molecular weight chromosomal DNA was precipitated with Buffer 3 (3M
CsCl, 1M potassium acetate, and 0.67M acetic acid). The resultant supernatant was column purified
following the ssDNA protocol (Macherey-Nagel 740609.250) gPCR was run with the following
LINE-1 probes. We generated a standard curve to extrapolate absolute number of copies with given

Ct. Both were normalized relative to their own internal control.

ORF1 -
ATGGGGAAAAAACAGAACAGAAAAACTGGAAACTCTAAAACGCAGAGCGCCT
CTCCTCCTCCAAAGGAACGCAGTTCCTC
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ORF2 _
GCTCATGGGTAGGAAGAATCAATATCGTGAAAATGGCCATACTGCCCAAGGTA
ATTTACAGATTCAATGCCATCCCCATC

ORF2-3'UTR -
TGGAAACCATCATTCTCAGTAAACTATCGCAAGAACAAAAAACCAAACACCGC
ATATTCTCACTCATAGGTGGGAATTGA

Immunofluorescence

For adherent cells, cells were washed with DPBS, fixed in 4% paraformaldehyde (PFA,
Core Bio, 19943) for 20 minutes at room temperature. For IF, cells were permeabilized with 0.1%
Triton X-100 (Promega, H5142) for 10 minutes at room temperature. Cells were placed in a
blocking solution (DPBS, 10% donkey or goat serum (Fisher Scientific, 50413115, 50413116),

and 0.005% Triton X-100) and incubated for 30 minutes at room temperature.

Primary and secondary antibodies were diluted in solution containing DPBS, 1% donkey or
goat serum, and 0.005% Triton X-100. Cells were incubated with the primary antibody overnight at
4°C. The next day, cells were washed with DPBS three times for 5 minutes and incubated with
primary antibody: overnight. Cells were washed 2X with DPBS and secondary antibody was
incubated for 30 min at room temperature. After 2X wash with PBS, DAPI was added (VWR
International, 80051-386, 1:10,000) for 10 minutes at room temperature. Prolong Gold antifade
mountant (Life Technologies, P36930) was added to preserve fluorophore intensity.

Primary antibody dilutions are as followed: anti-GFAP (1:1000) (ab4674), anti-S100B
(1:500) (ab868), anti-MAP2 (ab5392) (1:1000), anti-NF1A (1:1000) (ab228897), anti-Vimentin
1:100 (Invitrogen OMA106001)

Secondary antibodies conjugated to Alexa Fluor 488, 555, and 647 were diluted 1:1000

(Life Technologies).
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IL-6 ELISA

Following 14 days of differentiation, astrocyte media was conditioned for 48 hours and tested
for presence of IL-6 without exogenous stimulation (R&D Systems D6050). All samples were
assayed in triplicate following the cell culture supernatant protocol. To observe functionality of
astrocytes, cells were stimulated with 10ng/ml of proinflammatory cytokine IL-1p
for 48 hours and resultant media was assayed, and corresponding plate was fixed and stained for
normalization. Optical density was measured at 450nm with wavelength correction set to 540nm
using Tecan Infinite Pro 200 plate reader. Standards were assayed in duplicates and samples were
assayed in triplicates. Values were normalized to number of GFAP+ cells. About 8-10 images were

taken per condition and counted using Image J.

Glutamate Assay

Medium from astrocytes differentiated for 14 days with CNTF was conditioned for 48 hours.
Glutamate assay (ab83389) was specific to detect levels of glutamate not glutamine or glutamic acid.
The “Serum/urine” protocol was followed for cell culture supernatant samples. Extracellular

concentrations of glutamate were extrapolated from a standard curve.

ROS Assay

Astrocyte progenitors were plated at a density of 50,000 cells/ well in a white-walled, clear
bottomed 96 well plate (Corning) and differentiated for 14 days with CNTF. ROS-Glo H202
(Promega G8820) Homogenous Lytic protocol was followed according to manufacturer’s
instructions. Astrocytes and RTi treatments were conditioned in the Astromed media for 48 hours.
The H20:2 substrate solution was added to the plate and treated for 4 hours before ROS Glo

detection solution was added. Relative luminescence was recorded using Tecan Infinite Pro 200
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plate reader. Six replicates were run per condition. n=3/4

Glutathione Assay

GSH-GLO Glutathione Assay (Promega V6911) protocol for adherent mammalian cells
was followed according to manufacturer’s instructions on D14 astrocytes to measure glutathione
levels present in astroglial cells. Cells were seeded at 50000 cells/well on a white-walled 96 well
plate. Medium was removed from multiwell plate and 1X GSH-Glo reagent was added and
incubated for 30 minutes at room temperature. Following addition of Luciferin Detection reagent,
relative luminescence was recorded using Tecan Infinite Pro 200 luminometer. Values were

normalized to GFAP+ expressing cells.

Caz+ Flux Assay

Rhod-4 No Wash Calcium Assay Kit was performed following manufacturer’s instructions.
iIPSCs-derived neurons were grown a in 96-well plate and cultured in NG media. Media was changed
48 hours prior to the experiment.100ul of Rhod-4 Dye-Loading Solution was added per well and
incubated at room temperature for Lhour. Calcium flux assay was run by monitoring the fluorescence
intensity at EX/Em = 540/590 nm. Images were acquired for 20 seconds (approximately 600 frames)
per field. For analysis, calcium fluorescence traces were retrieved using customized software, Netcal
(Orlandi et al., 2017) based on MatLab software®. First, a manual selection of Regions of Interest
(ROIs) was carried out to track the activity of all the cells in the culture, both neurons and astrocytes.
After analyzing the recording, further post-processing allow the division of the traces in 2 groups
with different firing behavior: neurons that display sharp and fast increase of fluorescence followed
by a rapid decline in the wave function, astrocytes that have a slow progression in the florescence

intensity and a similar slow decrease in intensity. The classification of the traces was done training
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Netcal program with the same parameters for each experiment. The analysis of each group highlights
specific characteristics that all the traces in the group share together: Average fluorescence trace,

Average number of bursts, Burst intensity and Duration of bursts

Statistical Analysis
Technical replicates were used to determine standard error. N is displayed in each figure
legend. Microsoft Excel was used to organize data. Error bars for figures are standard error of the
mean (S.E.M.) using GraphPad Prism v7 (Graphpad Software Inc. version 7.0). For t-test analysis,
two-tailed unpaired tests with a = 0.05 was used. For multiple comparisons, significance was
determined with ANOVA, using Tukey’s multiple comparisons test. Grabbs’ test with a = 0.05

was performed to determine outliers, and significant values were excluded from analysis.
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RESULTS
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RTi treatment reduces cytoplasmic LINE-1 DNA in MECP2-KO neurons and increases the

number of GFAP expressing cells in MECP2-KO astrocytes.

The cells used in this thesis are derived from fibroblasts from a male patient with a de
novo mutation in the methyl-CpG binding domain within Exon 3 of the methyl-CpG binding
protein 2 (MECP2) gene. This results in a nonsense point- mutation altering a glutamine reside to
a premature stop codon (Q83X), resulting truncated, non-functional protein (MECP2-KO).
Control cells (CTRL) were obtained using the respective father (Zhang, Freitas et al. 2016, de

Souza, Carromeu et al. 2017).

Mutations in MeCP2 result in widespread clinical symptoms and severities due to its high
expression in most cell types within the brain and role as a global epigenetic regulator
(Ezeonwuka and Rastegar 2014). MeCP2 has been demonstrated to mediate transcriptional
repression of LINE-1 elements (Muotri, Marchetto et al. 2010). MeCP2 mutant neurons were
confirmed to have elevated levels of LINE-1 ORF 2 transcript as well as an increase in
endogenous copy number within the genomic DNA in accordance with previous research. Recent
studies have linked diseased states with accumulation of cytoplasmic LINE-1 cDNA and
interferon-mediated inflammation (Thomas, Tejwani etal. 2017, De Cecco, Ito et al. 2019, Simon,
Van Meter et al. 2019, Tharp, Malki et al. 2020). This is due to activation of innate immune
components that respond to the presence of cytosolic DNA, such as various cGAS (cyclic GMP-
AMP synthase) /STING (stimulator of interferon genes) proteins. Thus, we wanted to investigate
whether the lack of MeCP2 in our cells would result not only in an increase of LINE-1 mRNA,
but also in an accumulation of LINE-1 cytoplasmic DNA. We generated iPSC-derived neurons
from CTRL and MECP2-KO cells as previously described (Marchetto, Carromeu et al. 2010).

Extrachromosomal DNA was extracted and purified using a modified HIRT protocol previously
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described (Arad 1998). We detected elevated levels of LINE-1 Hs species in the
extrachromosomal fraction of MECP2-KO neurons when compared to CTRL neurons (Fig 1a.)
We report significantly higher levels of LINE-1 ORF1 and ORF2 cytoplasmic DNA in the mutant
neurons. The LINE-1 reverse transcriptase (RT) was targeted using a combination of reverse
transcriptase inhibitors. Lamivudine (3TC) and Stavudine (d4T) are nucleoside analog reverse-
transcriptase inhibitors that have been shown to prevent LINE-1 reverse transcription; while
Nevirapine (NVP) is a non-nucleoside analog reverse-transcriptase inhibitor that has been
demonstrated to have no effect on LINE-1 reverse transcriptase (Dai, Huang et al. 2011). DMSO
was used as a vehicular control. Chronic RTi (3TC + d4T) treatment partially decreased ORF1
cytoplasmic copies while significantly reducing ORF2 copies (Fig 1a). These results indicate that
cells lacking MeCP2 LINE-1 species are accumulated in the extrachromosomal fraction that can

be controlled by the use of inhibitors of LINE-1 reverse transcription.

Due to the findings of previous studies, which link LINE cytoplasmic DNA accumulation
as contributors to inflammation, as well as reports that link cytokine dysregulation and persistent
inflammatory phenotypes with astrocyte functional abnormalities, we sought to investigate the
role of LINE-1 in MECP2-KO astrocytes (Cortelazzo, De Felice et al. 2014, Thomas, Tejwani et
al. 2017, De Cecco, Ito et al. 2019). We generated iPSC-derived astrocytes with multiple clones
from CTRL and MECP2-KO cell lines (Serio, Bilican et al. 2013). NPCs were cultured in
suspension in media containing epidermal growth factor (EGF) and leukemia inhibitory factory
(LIF) for 2-4w (Fig 1b). Both factors have been shown to increase glial fate specification in the
absence of fibroblast growth factor (FGF) or fetal bovine serum (FBS) (Namihira, Kohyama et
al. 2009, Sanalkumar, Vidyanand et al. 2010). Following this enrichment phase, the cells are
expanded in medium containing EGF and FGF for 2w. The spheres were plated and propagated

as monolayer culture for 2 w, with progenitors growing radially from the sphere (Fig 1b). APCs
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were differentiated in media containing ciliary derived neurotropic factor (CNTF) for 14d to form
GFAP+, S100B+, MAP2- astrocytes (Fig 1c). Across multiple rounds of differentiation there was
an observable difference in the number of GFAP + astrocytes across the different genotypes.
When quantified, we found a significant decrease in the number of GFAP+ cells from the
MECP2-KO genotype when compared to CTRL. Interestingly, chronic RTi treatment
significantly increased the number of GFAP expressing cells (Fig 1d). This data suggests that

treatment with RTi resulted in increased differentiation efficiency into GFAP+ cells.

Genes involved in cytokine expression and innate immunity are upregulated in mutant

astrocytes and decreased with RTi and NVP treatment.

There is increasing evidence that immune dysregulation may play arole in the development
of RTT (Cortelazzo et al., 2014; Leoncini et al., 2015; Pecorelli et al., 2016), with evidence of
altered cytokine levels in blood/plasma, and significant correlations between levels of several
specific cytokines and clinical severity. Thus, we performed gene expression analysis in CTRL
and MECP2-KO astrocytes to investigate inflammation signatures with and without RTi treatment.
We performed a PCR array were 96 genes related to inflammation, immunity, apoptosis and cell
differentiation markers were evaluated (see Table 1 for a full list of genes). When we compared
the gene expression signature of MECP2-KO vs CTRL astrocytes, 30 genes were differentially
expressed at least two-fold. Various cytokines, interferons, and chemokine receptors such as I1L-6
and CXCR2, CCL2, CXCL10 were all significantly upregulated in MECP2 KO astrocytes when
compared to CTRL cells (Fig 2e-h and Fig S1). Volcano plots show the spread of differentially
expressed genes (Fig 2a). Chronic treatment with RTi significantly decrease the expression of
upregulated transcripts and the number of differentially expressed genes (Fig 2b). Interestingly,
we observe a 39-fold increase in expression of TMEM173, a stimulator of interferon protein that

detects cytosolic DNA and promotes production of type | interferon (IFN-I) innate immune
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response. Inhibition of LINE-1 RT significantly reduces the levels of this transcript in MECP2-
KO astrocytes (Fig. 2e and Fig S1). Suppressor of cytokine signaling (SOCS1) was also
upregulated in mutant astrocytes with significantly reduced expression in RTi treatment (Fig. 2h).
NVP treatment also reduces the number of differentially expressed transcripts but to a lesser extent
(Fig 2c). We then sought to explore which biological processes and pathways were associated with
the dysregulated genes using enrichment analysis in multiple databases. Databases Panter 2016
and BioPlanet 2019 identified similar processes including pathways involved in cytokine-cytokine
receptor interactions, JAK/STAT signaling, cytosolic DNA sensing pathways as well as
interleukin and toll-like receptor signaling (Fig 2d). This data suggests that LINE-1 activation,
induced by lack of MeCP2, results in aberrant cytokine and immune signaling in astrocytes.
Whether these changes in gene expression alter astrocyte functionality is explored in the next

section.
RTi treatment reduces 1L-6 cytokine levels in astrocyte conditioned medium.

Following the gene expression data, we performed a variety of functional assays to observe
the role LINE-1 elements on astrocyte inflammation processes. Astrocytes are proven to be
important players in the in the pathology of many neurodegenerative disorders such as Alzheimer
and Parkinson’s Disease (Maragakis and Rothstein 2006, Colombo and Farina 2016, Kery, Chen
et al. 2020). Excessive activation from astrocytes can cause neurotoxicity and progression of
inflammation associated phenotypes. Thus, we aimed to investigate if the activation of LINE-1
elements contributes to a cytokine dysregulation at the protein level in MECP2-KO astrocytes,
leading to a neurotoxic phenotype. We performed an ELISA (enzyme-linked immunosorbent
assay) designed to detect levels of the proinflammatory cytokine IL-6 in the cell culture
supernatant 48 hours after the last media change. We found a six-fold increase in IL-6 levels in

medium conditioned from MeCP2-KO astrocytes. Although not statistically significant, chronic
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treatment with RTi partially decreases IL-6 levels (Fig. 3a). These results suggest LINE-1
activation as a potential contributor to astrocyte mediated cytokine release, but further analysis is

needed to reach a comprehensive understanding.

RTi treatment rescues extracellular glutamate, ROS and glutathione levels in MECP2-

KO astrocytes.

Astrocytes function to take up glutamate from synaptic space; excess glutamate can cause
degeneration of neurons, excitotoxicity and seizures in various CNS diseases (Dong, Wang et al.
2009). Previous studies have reported high levels of excitatory neurotransmitter glutamate in the
cerebrospinal fluid of patients with mutations in MECP2 (Lappalainen and Riikonen 1996, Pan,
Lane et al. 1999). Animal studies have shown contradicting results, with accelerated glutamate
clearance in mutant astrocytes. MeCP2 has been shown to modulate glutamate clearance through
regulation of various astroglia genes (Okabe, Takahashi et al. 2012) We corroborate the findings
in humans as we observe significantly higher levels of extracellular glutamate in media
conditioned from MeCP2-KO astrocytes when compared to control astrocytes (Fig. 3b). Inhibition
of LINE-1 RT significantly decreases these levels whereas this rescue is not observed in the NVP
condition (Fig. 3b). Interestingly, one study reports that glutamate uptake by astrocytes is inhibited
by a reactive oxygen species (ROS) intermediate (Piani, Frei et al. 1993). We analyzed the levels
of ROS in our cultures and found a 5.5-fold increase in ROS levels coming from mutant astrocytes
(Fig. 3c). Again, MECP2-KO astrocytes treated with LINE-1 RTi showed significantly lower
levels of ROS. There was a reduction in ROS in the NVP treatment, but these were still

significantly higher than the RTi treatment (Fig. 3c).

Glutathione is an antioxidant synthesized by glutathione synthetase and released by
astrocytes in response to conditions of oxidative stress, inflammation or infection (Miller, Lawrence

et al. 2009, Robinson, Lee et al. 2015). Glutathione pathways catalyze the reduction of ROS and so
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we would expect to see elevated production of glutathione in mutant astrocytes. We found elevated
levels of intracellular glutathione in MECP2-KO astrocytes, indicative of oxidative stress (Fig. 3d).
These levels are significantly reduced with RTi treatment. Treatment with NVP results in some
reduction, but not to the same extent (Fig. 3d). Taken together, these results suggest that
derepression of LINE-1 elements, caused by mutations in MECP2, contribute to altered glutamate
levels and an increase of oxidative stress in astrocytes. Additionally, these phenotypes can be
rescued with chronic RTi treatment, possible leading to an improvement of the neural phenotype in

vitro.

Rate of Caz+ flux in in MECP2-KO neurons and astrocytes are improved with RTi

treatments.

Early in neural development, spontaneous electrical activity leads to an increase in
intracellular calcium levels important in regulating neuronal processes (Spitzer et al., 2004).
Aberrant calcium signaling has been demonstrated in MeCP2 loss-of-function neurons and
astrocytes (Marchetto, Carromeu et al. 2010, Dong, Liu et al. 2018). In order to investigate whether
LINE-1 activation plays a role in abnormal calcium signaling, we measured the rate of spontaneous
calcium flux using Rhod-4 dye and measuring fluorescence intensity at Ex/Em = 540/590 nm in a
coculture of neurons and astrocytes. Images were acquired for 20 seconds (approximately 600
frames) per field. Region of interests (ROI) were selected manually by analyzing the cells
waveform, a representative example of calcium tracing in neurons and astrocytes is depicted (Fig
3e-f). We quantified the average number of calcium burst in 5 min and found a significant decrease
in calcium event frequency in MECP2-KO astrocytes when compared to CTRL. Mutant astrocytes
treated with RTi trend towards an increased rate of flux, but this did not reach significance. (Fig
3h). There is a significant improvement in the NVP treated conditions although total number of

ROIs found per field was reduced in the UNT and NVP condition. Rate of calcium flux between
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MECP2-KO and CTRL neurons were not significantly different, although we do observe a
significant increase in rate of flux in both chronic RTi and NVP treatment (Fig 3g). Our data
indicates an altered calcium activity associated with the MeCP2 deficiency, suggesting a potential

imbalance in the neuronal networks.
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DISCUSSION
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Cellular models, such as the one represented here, can be used to study the altered
physiology of various cell types derived from patients with neurological disorders.
Neuroinflammation is a hallmark of many neurodegenerative disorders; abnormal activation of
innate immune responses and subsequent secretion of neuroinflammatory markers have been
shown to exacerbate disease pathologies. Mutations in MECP2 and subsequent morphological and
functional deficits observed in neurons and astrocytes has been extensively studied in vivo and in
vitro. Patients with mutations in MECP2 display subclinical inflammation profiles and
dysregulation of chemokine and cytokine expression (Cortelazzo, De Felice et al. 2014,
Cortelazzo, De Felice et al. 2017). Evidence supports immunological defects and
immunodeficiency in patients, resulting from mis regulated internal inflammatory responses (van
der Vaart, Svoboda et al. 2017). The driving mechanisms behind these phenotypes, be it genetic,
epigenetic, or cellular influence, is not fully understood. Here we propose LINE-1 activation as a

contributor to MeCP2 loss of function phenotypes.

Barbara McClintock laid the foundation for transposable element (TE) research with her
discoveries in maize almost 80 years ago. The Human Genome Project then estimated that up to
45% of the genome is derived from TE sequences. Since then, research has focused on
understanding how these elements become active and how they initiate and/or contribute to
disease (Hancks and Kazazian 2016). Aberrant activation of LINE-1 retrotransposons have been
implicated many diseased states, and accumulating evidence also reports LINE-1 intermediates as
contributors to interferon- mediated inflammation. Endogenous retroelements have been linked as
key effectors of inflammation in various autoimmune and neurodegenerative disorders, reviewed
in (Saleh, Macia et al. 2019). When host mechanisms that work to repress LINE-1 fail, as seen in
aging and cellular senescence, there is an accumulation of cytoplasmic LINE-1 DNA, resulting in
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persistent inflammation (Thomas, Tejwani et al. 2017, De Cecco, Ito et al. 2019, Simon, Van Meter

et al. 2019, Tharp, Malki et al. 2020).

In this thesis, we corroborate these findings. We report elevated LINE-1 ORF1 and ORF2
sequences in the extrachromosomal fractions of MECP2-KO neurons. We speculate that LINE- RT
activity may be occurring preemptively outside of the nucleus, generating cDNA copies in the
cytoplasm. Treatment with RTi successfully reduce the levels of LINE-1 cytoplasmic DNA. LINE-
1 copies are likely accumulated due to the fact that MeCP2 is no longer repressing the transcription
of the element. Previous research from our lab has shown improvements to MECP2-KO neuronal
phenotypes with chronic RTi treatment (unpublished). We generated astrocytes with and without
chronic RTi treatment in order to study the effects of these elements in a neuroinflammatory
context. We report improvements in inflammatory gene expression signature of mutant astrocytes
treated with RTis. Biological processes associated with the observed gene expression differences
involve cytokine-cytokine receptor interactions, JAK/STAT signaling, cytoplasmic-DNA sensing
(TMEM173), as well as interleukin and toll-like receptor signaling. Our evidence suggests LINE-1
retrotransposons as triggers for adaptive and innate immune responses in MECP2 loss-of-function

astrocytes.

We followed our gene expression results with a variety of functional assays to investigate
the connection between LINE-1 activation and astrocyte neurotoxicity and oxidative stress.
Glutamate, a major excitatory neurotransmitter, is taken up by astrocytes to prevent prolonged
exposure and neuronal excitotoxicity. Our results corroborate studies done in humans, which report
elevated glutamate concentration in the CSF of patients with MECP2 mutations. Mutant astrocytes
cultures showed elevated extracellular glutamate concentrations, potentially due to disrupted
clearance from mutant astrocytes. MeCP2 has been shown to modulate glutamate clearance through

regulation of various astroglia genes (Okabe, Takahashi et al. 2012). RTi treatments rescue
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glutamate concentrations to near control levels, likely due by preventing of activation of DNA-
sensing pathways in the cell cytoplasm. Interestingly, due to the elevated levels of glutamate, we
would expect an increase of calcium influx. However, the data matches observations made in
(Marchetto, Carromeu et al. 2010). A possible explanation could be that our in vitro model mimics
the early stages of brain development and this disturbance in calcium homeostasis could indicate a

failure of astrocytic maturation in the cells.

In addition, previous studies report glutamate uptake by astrocytes is inhibited by a reactive
oxygen species (ROS) intermediate (Piani, Frei et al. 1993). Strikingly, we detected 5.5-fold
increase in ROS levels from mutant astrocyte cultures. This could potentially explain deficits in
glutamate uptake. Both ROS and glutathione levels were rescued with RTi treatment, indicating

LINE-1 activity as a contributor to oxidative stress.

Taken together, we uncovered for the first time an accumulation of cytoplasmic LINE-1
copies in a model for Rett Syndrome and found that the mis regulation of these elements promotes
inflammatory and toxic effects in human astrocytes. In addition, we found that by treating the
affected cells with FDA-approved RT inhibitors, we are able to rescue the observed phenotype,
suggesting the finding of a novel target for future effective treatments. To further confirm the results
found in this study, targeted LINE-1 inhibition through multiple modalities should be performed in
future experiments. Apart from RTi treatment, which provides an effective potential therapy,
astrocyte phenotypes in MECP-KO cells should be explored by targeting the LINE-1 transcript
using short hairpin or short interfering RNA tools (sShRNA/siRNA), as previously described
(Thomas, Tejwani et al. 2017). In sum, this system provides a platform to further investigate the
relationship between LINE-1 activity as a contributor to neurodevelopmental disorders, cytosolic

DNA response and neuroinflammation.
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Figure 1. RTi treatment decreases cytoplasmic LINE-1 DNA in neurons and increases the
number of GFAP expressing cells in astrocytes.

a. qPCR of cytoplasmic extrachromosomal DNA extracted from CTRL and MECP2-KO neurons
with or without chronic RTi treatment. Primers against ORF1 and ORF2 sequences were used.
Error bars represent s.e.m. Expression is normalized to CTRL equaling one. b. iPSC-derived
astrocytes. NPCs were cultured in suspension in media containing EGF and LIF for 2-4w.
Spheres were expanded in medium containing EGF and FGF for 2w. Monolayer culture of
astrocyte progenitors (APC) were obtained by plating the spheres and allowing progenitors to
grow radially. Astrocytes were generated after 14 d of CNTF containing medium. c.
Differentiation with CNTF generated astrocytes that were GFAP+, S100B+. Cultures were
negative for neuronal marker MAP2. Scale bar, 50 um d. Quantification of number of GFAP+
astrocytes from MECP2-KO and CTRL cell line with and without RTi and NVP treatment.
*p<0.05,***p< 0.001,****p< 0.0001, One-way ANOVA and Tukey’s multiple comparisons test.
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Figure 2. Genes involved in cytokine expression and innate immunity are upregulated in
mutant astrocytes and decreased with RTi and NVP treatment.

a-c Volcano plot of statistical significance (p-value, -log10) against fold-change (FC, log2)
differential gene expression between CTRL and MECP2-KO, CTRL and MECP2-RTi, and
CTRL and NVP treated astrocytes. Minimum 2-fold change. Horizontal bar represents statistical
significance p value <0.05. d. Pathway analysis with differentially expressed genes between
CTRL and MECP2-KO. The length of the bar represents the significance of that specific gene-
set or pathway. In addition, the brighter the color, the more significant that term is. e-h. Bar
graph quantification of upregulated genes TMEM173, 11-6, CXCL10, SOCS1. n=3. error bars
represent = s.e.m. *p<0.05,***p< 0.001,****p< 0.0001, n.s not significant. One-way ANOVA
and Tukey’s multiple comparisons test.
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Figure 3. Chronic treatment with RTis improves measures of astrocyte neurotoxicity,
oxidative stress, and Caz+event frequency.

a. CTRL and MECP2-KO astrocytes were cultured for 14 days with CNTF and conditioned
media was collected 48h after last media change. ELISA detecting levels of proinflammatory
cytokine IL-6 secreted from CTRL and MECP2-KO astrocytes with and without RTi treatment.
b. Extracellular glutamate levels of astrocytes treated with RTi represented with fold increase.
c. Fold increase for levels of reactive oxygen species (ROS) in astrocyte cultures. d. Fold-
change differences in levels of intracellular glutathione from CTRL and MECP2-KO astrocytes
with and without RTi treatment. Data are shown as mean + s.e.m.. *p<0.05, ***p<
0.001,****p< 0.0001, n.s not significant. One-way ANOVA and Tukey’s multiple comparisons
test. e. Classification of neuron and astrocyte traces with Netcal program. f. Corresponding
waveforms of Caz+ fluorescence intensity in neurons and astrocytes. g-h. Calcium flux events in
neuron and astrocytes from CTRL and MECP2-KO backgrounds. MECP2-KO cells were
treated with RTi and NVP. Fluorescence intensity at EX/Em = 540/590 nm. Images were
acquired for 20 seconds (approximately 600 frames) per field. Data is number of bursts/ 5min.
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Table 1. PCR array gene list

Position | Unigene Refseq Symbol Description

1 | Hs.200716 | NM_004992 MECP2 Methyl CpG binding protein 2 (Rett syndrome)

2 | Hs.514227 | NM_002055 GFAP Glial fibrillary acidic protein

3 | Hs.422181 | NM_006272 S100B $100 calcium binding protein B

4 | Hs.455493 | NM_003380 VIM Vimentin

5 | Hs.315369 | NM_001650 AQP4 Aquaporin 4

6 | Hs.62886 NM_004684 SPARCL1 SPARC-like 1 (hevin)

7 | Hs.654458 | NM_000600 1L6 Interleukin 6 (interferon, beta 2)

8 | Hs.135087 | NM_000565 IL6R Interleukin 6 receptor

9 | Hs.624 NM_000584 CXCL8 Interleukin 8
10 | Hs.194778 | NM_000634 CXCR1 Chemokine (C-X-C motif) receptor 1
11 | Hs.846 NM_001557 CXCR2 Chemokine (C-X-C motif) receptor 2
12 | Hs.83077 NM_001562 1L18 Interleukin 18 (interferon-gamma-inducing factor)
13 | Hs.740757 | NM_005595 NFIA Nuclear factor I/A
14 | Hs.644095 | NM_005596 NFIB Nuclear factor I/B
15 | Hs.170131 | NM_005597 NFIC Nuclear factor 1/C (CCAAT-binding transcription factor)
16 | Hs.257970 | NM_002501 NFIX Nuclear factor I/X (CCAAT-binding transcription factor)
17 | Hs.207538 | NM_002227 JAK1 Janus kinase 1
18 | Hs.656213 | NM_004972 JAK2 Janus kinase 2
19 | Hs.591967 | NM_00103965 1L18BP Interleukin 18 binding protein
20 | Hs.529400 | NM 000629 IFNAR1 Interferon (alpha, beta and omega) receptor 1
21 | Hs.37026 NM_024013 IFNA1 Interferon, alpha 1
22 | Hs.708195 | NM_000874 IFNAR2 Interferon (alpha, beta and omega) receptor 2
23 | Hs.93177 NM_002176 IFNB1 Interferon, beta 1, fibroblast
24 | Hs.520414 | NM_000416 IFNGR1 Interferon gamma receptor 1
25 | Hs.642990 | NM_007315 STAT1 Signal transducer and activator of transcription 1, 91kDa
26 | Hs.530595 | NM 005419 STAT?2 Signal transducer and activator of transcription 2, 113kDa
27 | Hs.524518 | NM 003153 STAT6 Signal transducer and activator of transcription 6, interleukin-4 induced
28 | Hs.241570 | NM_000594 TNF Tumor necrosis factor
29 | Hs.658405 | NM 138441 MB21D1 Mab-21 domain containing 1
30 | Hs.126256 | NM 000576 1IL1B Interleukin 1, beta
31 | Hs.634632 | NM_005534 IFNGR2 Interferon gamma receptor 2 (interferon gamma transducer 1)
32 | Hs.248114 | NM_000514 GDNF Glial cell derived neurotrophic factor
33 | Hs.524760 | NM_002534 OAS1 2'-5'-oligoadenylate synthetase 1, 40/46kDa

Myxovirus (influenza virus) resistance 1, interferon-inducible protein p78

34 | Hs.517307 | NM_002462 MX1 (mouse)
35 | Hs.436061 | NM_002198 IRF1 Interferon regulatory factor 1
36 | Hs.1706 NM_006084 IRF9 Interferon regulatory factor 9
37 | Hs.618430 | NM_003998 NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1
38 | Hs.166120 | NM_001572 IRF7 Interferon regulatory factor 7
39 | Hs.289052 | NM_001571 IRF3 Interferon regulatory factor 3
40 | Hs.505874 | NM_013254 TBK1 TANK-binding kinase 1
41 | Hs.303649 | NM_002982 CCL2 Chemokine (C-C motif) ligand 2
42 | Hs.75498 NM_004591 CCL20 Chemokine (C-C motif) ligand 20
43 | Hs.77367 NM_002416 CXCL9 Chemokine (C-X-C motif) ligand 9
44 | Hs.375129 | NM_002422 MMP3 Matrix metallopeptidase 3 (stromelysin 1, progelatinase)
45 | Hs.707026 | NM_016381 TREX1 Three prime repair exonucl ease 1
46 | Hs.163484 NM_004496 FOXA1 Forkhead box Al
47 | Hs.408528 | NM_000321 RB1 Retinoblastoma 1
48 | Hs.370771 | NM_000389 CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cipl)
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49 | Hs.463059 NM_003150 | STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor)
50 | Hs.211575 NM_00605
51 | Hs.926 NM_002463 | MX2 Myxovirus (influenza virus) resistance 2 (mouse)
52 | Hs.50640 NM_003745 | SOCS1 Suppressor of cytokine signaling 1
53 | Hs.527973 NM_003955 | SOCS3 Suppressor of cytokine signaling 3
54 | Hs.160562 NM_000618 | IGF1 Insulin-like growth factor 1 (somatomedin C)
55 | Hs.643447 NM_000201 | ICAM1 Intercellular adhesion molecule 1
56 | Hs.459642 NM_021098 | CACNA1H Calcium channel, voltage-dependent, T type, alpha 1H subunit
57 | Hs.141125 NM_004346 | CASP3 Caspase 3, apoptosis-related cysteine peptidase
58 | Hs.733411 NM_004833 | AIM2 Absent in melanoma 2
59 | Hs.87968 NM 017442 | TLR9 Toll-like receptor 9
60 | Hs.632586 NM_001565 | CXCL10 Chemokine (C-X-C motif) ligand 10
61 | Hs.643120 NM_000875 | IGF1R Insulin-like growth factor 1 receptor
62 | Hs.645227 NM_000660 | TGFB1 Transforming growth factor, beta 1
63 | Hs.133379 NM_003238 | TGFB2 Transforming growth factor, beta 2
64 | Hs.524920 NM_000614 | CNTF Ciliary neurotrophic factor
65 | Hs.129966 NM 001842 | CNTFR Ciliary neurotrophic factor receptor
66 | Hs.481918 NM_004172 | SLC1A3 Solute carrier family 1 (glial high affinity glutamate transporter), member 3
67 | Hs.436896 NM_007055 | POLR3A Polymerase (RNA) I11 (DNA directed) polypeptide A, 155kDa
68 | Hs.270017 NM_000937 | POLR2A Polymerase (RNA) Il (DNA directed) polypeptide A, 220kDa
69 | Hs.657724 NM_003265 | TLR3 Toll-like receptor 3
70 | Hs.659215 NM_016562 | TLR7 Toll-like receptor 7
71 | Hs.660543 NM 138636 | TLR8 Toll-like receptor 8
72 | Hs.514821 NM_002985 | CCL5 Chemokine (C-C motif) ligand 5
73 | Hs.502338 NM_004171 | SLC1A2 Solute carrier family 1 (glial high affinity glutamate transporter), member 2
74 | Hs.132016 NM_002065 | GLUL Glutamate-ammonia ligase
75 | Hs.434435 NM_012190 | ALDH1L1 Aldehyde dehydrogenase 1 family, member L1
76 | Hs.502328 NM_000610 | CD44 CD44 molecule (Indian blood group)
77 | Hs.379754 NM_ 198282 | TMEM173 Transmembrane protein 173
Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta,
78 | Hs.2490 NM_033292 | CASP1 convertase)
79 | Hs.193717 NM_000572 | IL10 Interleukin 10
80 | Hs.709191 NM_000625 | NOS2 Nitric oxide synthase 2, inducible
81 | Hs.36 NM_000595 | LTA Lymphotoxin alpha (TNF superfamily, member 1)
82 | Hs.701982 NM_000877 | IL1R1 Interleukin 1 receptor, type |
83 | Hs.502182 NM_001709 | BDNF Brain-derived neurotrophic factor
84 | Hs.574626 NM_002500 | NEUROD1 Neurogenic differentiation 1
85 | Hs.367437 NM_000051 | ATM Ataxia telangiectasia mutated
86 | Hs.437460 NM_000546 | TP53 Tumor protein p53
87 | Hs.502328 NM_000610 | CD44 CD44 molecule (Indian blood group)
88 | Hs.109225 NM_001078 | VCAM1 Vascular cell adhesion molecule 1
89 | Hs.729213 NM_006347 | PPIH Peptidylprolyl isomerase H (cyclophilin H)
90 | Hs.592355 NM_002046 | GAPDH Glyceraldehyde-3-phosphate dehydrogenase
91 | Hs.533282 NM_007363 | NONO Non-POU domain containing, octamer-binding
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92 | Hs.2795 NM_005566 | LDHA Lactate dehydrogenase A
93 | Hs.520640 NM_001101 | ACTB Actin, beta
94 | N/A SA_00104 RTC Reverse Transcription Control
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