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ABSTRACT OF THE THESIS 

 

 

Understanding the impact of L1 activity in Rett Syndrome using an iPSC-derived 3D model 

 

by 

Nicole Ashley Suarez 

Master of Science in Biology 

University of California, San Diego, 2018 

 

Professor Alysson R. Muotri, Chair 

Professor Terrence Sejnowski, Co-Chair 

 

 

Long interspersed element-1 (L1) is a retrotransposon that contributes to approximately 

17% of the human genome. L1s can self-mobilize by retrotransposition using their reverse 

transcriptase and integrate in a new region in the genome. Increased L1 activity is associated 

with Rett Syndrome (RTT), a neurological disorder that arises due to a mutation in the methyl-

CpG-binding protein 2 (MECP2) gene. Affected individuals develop seizures, microcephaly, and 

a regression in motor function and developmental skills. MeCP2 is known to represses L1 

expression, however when MeCP2 is absent, like in individuals with RTT, L1 retrotransposition 

increases. To model the role L1 has on RTT neuropathology, we used induced pluripotent stem 



 xii

cells (iPSCs) to generate human cortical neurons. We show that L1 retrotransposition plays a 

role in the abnormal neuronal morphology and decreased synaptogenesis seen in RTT. 

Furthermore, chronic treatment with reverse-transcriptase inhibitors (RTis), known for limiting 

L1 activity, shows a rescue of these phenotypes. We also utilized iPSCs to generate 3D 

neurospheres and cortical organoids to better mimic neuronal architecture and investigate L1’s 

role in synaptogenesis. In RTT cells, we report a significant decrease in neural activity that is 

improved when treated with RTis. Additionally, RTT organoids exhibited a microcephaly-like 

reduction in size that was rescued with chronic treatment of RTis. Our results demonstrate that 

L1 plays a role in the altered neuronal phenotypes seen in RTT and is one of many contributors 

to the pathophysiology of this disorder.  
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Long interspersed element-1  

 Long interspersed element-1 (LINE-1 or L1) is a transposable element (TE), also known 

as a “jumping gene” due to its ability to move, or transpose, within a genome. L1 is considered a 

retrotransposon because of its ability to “copy and paste” itself throughout a genome, undergoing 

an RNA intermediate during its amplification process (Moran and Gilbert 2002). L1s are under 

the category of non-long terminal repeat (LTR) because of its lack of LTR and are known to be 

active in the human genome (Mills et al. 2007). L1s contribute to approximately 17% of the 

human genome (Mills et al. 2007) and are the only known active transposons with the necessary 

enzymatic machinery to mobilize themselves, making them autonomous (Lander et al. 2001). 

Brouha and colleagues (2003) studied 90 L1s with intact open reading frames (ORFs) and 

determined that 44% of them were polymorphic across the human population. Through 

retrotransposition assays, which determined L1’s ability to mobilize in cultured cells, the authors 

discovered six highly active L1s, termed “hot L1s”, that were responsible for 84% of the total 

retrotransposition capability observed. Five full-length L1s are known to be involved in disease-

causing insertions (Dombroski et al. 1991; Holmes et al. 1994; Schwahn et al. 1998; Brouha et 

al. 2002), possibly playing a role in the predisposition to certain disorders. Indeed, Kazazian and 

colleagues (1988) reported the first L1 insertion in a patient with hemophilia A, but who had no 

familial history of the disorder. A new exonic L1 insertion was observed in X-linked gene factor 

VIII (Kazazian et al. 1988), and since then, over 100 cases of human genetic disorders have been 

reported caused by de novo L1 insertions has occurred (Chen et al. 2005; Belancio et al. 2009; 

Cordaux and Batzer 2009; Kazazian and Moran 2017). 
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Retrotransposition of active LINE-1 

 L1s are able to insert themselves into new locations within the human genome through a 

copy and paste mechanism as previously mentioned. 500,000 L1 copies are present within the 

genome (Booth et al. 1996; Lander et al. 2001), however 99% of them are unable to move due to 

5’ truncation, rearrangement, or mutation (Scott et al. 1987; Dombroski et al. 1991; Goodier 

2014; Beck et al. 2010). The 80-100 L1s that are mobile are called retrotransposition competent 

L1s (RC-L1s) (Brouha et al. 2003; Beck et al. 2010), and contain a promoter within its 5’ 

untranslated region (UTR) with sense and antisense activities, a short 3’ UTR, and a poly(A) tail 

(Dombroski et al. 1991; Scott et al. 1987; Speek 2001). L1 contains two open reading frames, 

ORF1 and ORF2 that will encode ORF1 and ORF2 proteins in the cytoplasm (ORF1p and 

ORF2p, respectively) (Moran et al. 1996). ORF1 encodes an RNA binding protein with nucleic 

acid chaperon activity (Hohjoh and Singer 1997b, a; Martin and Bushman 2001; Khazina and 

Weichenrieder 2009), while ORF2 produces a protein with enzymatic activities, including an 

apurinic/apyrimidinc (AP)-like endonuclease (EN) (Martin et al. 1995; Feng et al. 1996) and a 

reverse-transcriptase (RT) domains, which are both necessary for L1 retrotransposition (Mathias 

et al. 1991). An ORF0 was recently discovered in the human antisense L1 5’ UTR and has the 

ability to enhance L1 activity, possibly contributing to somatic variation (Denli et al. 2015). 

 To begin retrotransposition, a full-length L1 messenger RNA (mRNA) is generated using 

the sense internal promoter in the 5’ UTR. The RNA is relocated to the cytoplasm where ORF1p 

and ORF2p are translated (Alisch et al. 2006; Dmitriev et al. 2007) and binds to the mRNA 

through a process called cis-preference (Wei et al. 2001). The binding of the L1-encoded 

proteins to the L1-encoding mRNA forms a ribonucleoprotein particle (RNP), which is an 

essential intermediate for the retrotransposition process (Martin 1991; Kulpa and Moran 2005; 
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Goodier et al. 2007; Doucet et al. 2010). The L1-RNP is imported back into the nucleus and a 

new L1 copy is integrated through a process called target-primed reverse transcription (TPRT) 

(Luan et al. 1993; Cost et al. 2002). In TPRT, the EN domain nicks the bottom strand of the 

deoxyribonucleic acid (DNA) at a degenerate consensus sequence (5’-TTTT/A-3’), exposing a 3’ 

OH (Jurka 1997; Luan et al. 1993; Cost et al. 2002). The exposed 3’OH is used as a primer for 

the RT domain (Monot et al. 2013) and the L1 mRNA serves as a template (Luan et al. 1993) to 

generate complementary DNA (cDNA). While TPRT serves as a model for L1 

retrotransposition, alternative mechanisms can exist with the possibility of RT activity occurring 

in the cytoplasm (Telesnitsky and Goff 1997; Garcia Perez and Alarcon-Riquelme 2017; Thomas 

et al. 2017).  

Regulation of LINE-1 retrotransposition 

 Throughout mammalian evolution, host factors have tried to prevent retrotransposition at 

different points of the cycle. Methylation can be considered one host factor that inhibits L1 

expression.  L1 promoters contain a CpG island with the potential to be methylated, resulting in a 

reduction of expression (Thayer et al. 1993; Bourc'his and Bestor 2004; Coufal et al. 2009).  

Early embryogenesis is often associated with hypomethylation, which could possibly explain 

why there is an accumulation of L1 copies during this period (Munoz-Lopez et al. 2011). In fact, 

the hypomethylation of L1 promoters is also seen as a defining characteristic of mouse and 

human embryonic stem cells and induced pluripotent stem cells (iPSCs) (Shen et al. 2006; 

Garcia-Perez et al. 2007; Munoz-Lopez et al. 2011; Wissing et al. 2012).  

At the mRNA level, splicing is considered a regulator of L1 mobilization in somatic 

tissues and cell cultures due to the generation of non-functional L1 transcripts (Perepelitsa-

Belancio and Deininger 2003; Belancio et al. 2006; Sokolowski et al. 2017). Additionally, PIWI 
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proteins can interact with PIWI-interacting small RNAs (piRNAs) to degrade TE RNA. It has 

been shown that the piRNA pathway is associated with DNA methylation patterns on repeated 

elements in mice in order to inhibit L1 expression (Aravin et al. 2007; Aravin et al. 2008; 

Brennecke et al. 2007; Heras et al. 2014; Xiol et al. 2014; Newkirk et al. 2017). The 

Microprocessor (Drosha-DGCR8), which is required for microRNA biogenesis, has also been 

suggested to regulate L1 activity by binding to RC-L1 mRNAs and cleaving hairpin structures 

within the L1 mRNA, thus reducing L1 encoded proteins and retrotransposition.  (Heras et al. 

2013). Additionally, Ribonuclease L has been shown to degrade L1 RNA produced by the sense 

and antisense L1 promoters to reduce retrotransposition (Yang and Kazazian 2006; Zhang et al. 

2014). 

Lastly, at the post-translational level, many host factors have been described to inhibit L1 

mobilization. TEX19.1 has been described to directly interact with and stimulate the degradation 

of L1 ORF1p in mouse embryonic stem cells (MacLennan et al. 2017). A cytidine deaminase 

enzyme called APOBEC3 was discovered to have the ability to deaminate and edit L1 

sequences, thus inhibiting L1 retrotransposition during the generation of a new cDNA strand 

(Schumann 2007; Wissing et al. 2011; Marchetto et al. 2013; Richardson et al. 2014). Although 

many host factors have been described, research continues to be conducted to better understand 

the evolution and mechanisms of these regulators.  

LINE-1 impact in the brain 

 L1 expression and activity has been observed in the human brain (Muotri et al. 2005; 

Coufal et al. 2009; Baillie et al. 2011; Evrony et al. 2012; Evrony 2015; Upton et al. 2015). A 

wide variety of models, ranging from post-mortem brain tissue to rat and human neural cells, 

have provided evidence to an accumulation of L1 insertions in the brain. In 2005, Muotri and 
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colleagues demonstrated that an engineered human L1 element had the ability to retrotranspose 

in rat hippocampal NPCs in vitro and in the mouse brain in vivo. Additionally, in 2009, Coufal et 

al. used human fetal brain derived NPCs and human embryonic stem cell (hESC)-derived NPCs 

to demonstrate the ability for the human brain to support L1 retrotransposition. Researchers in 

this field have extended beyond the healthy human brain and revealed that certain disease-related 

genetic mutations can increase the susceptibility for L1 retrotransposition. Recently, researchers 

studying Aicardi-Goutieres Syndrome, which is a severe neuroinflammatory disorder that often 

arises due to a mutation in the anti-viral DNase three-prime repair exonuclease 1 (TREX1), used 

human iPSC-derived neural cells to determine that L1 retroelements significantly contributed to 

intracellular DNA species within cells, resulting in neurotoxicity (Thomas et al. 2017). 

Additionally, the accumulation of intracellular DNA consequently causes TREX1-deficient 

astrocytes to increase type I interferon secretion and increase neurotoxicity (Thomas et al. 2017). 

Another example is in Ataxia-Telangiectasia, a progressive neurodegenerative disease caused by 

the mutation in ataxia telangiectasia mutated (ATM) gene. Researchers observed a striking 

increase in retrotransposition events in the hippocampus of ATM knockout (KO) mice and a 

twofold increase in ATM-deficient, hESC-derived NPCs (Coufal et al. 2011). Furthermore, the 

researchers analyzed copy number of endogenous, human specific L1s in hippocampal sections 

from Ataxia-Telangiectasia patients and observed an increase in ORF2 copy numbers, indicating 

an increase in L1 retrotransposition. Patients with schizophrenia, a neuropsychiatric disorder 

often associated with microdeletions in chromosome 22q11.2, have also been shown to be more 

susceptible to L1 retrotransposition (Guffanti et al. 2016; Bundo et al. 2014). One study observed 

high L1 copy numbers in postmortem brain tissue from patients with schizophrenia, specifically 

from neurons from the prefrontal cortex; as well as an increase in L1 copy number in iPSC-
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derived neurons from schizophrenic patients with the 22q11.2 deletion when compared to 

controls (Bundo et al. 2014). Moreover, another study analyzed 36 postmortem brain tissues of 

individuals with schizophrenia and reported an increase in intragenic novel L1s in the 

schizophrenia brains, specifically in dorsolateral prefrontal cortex neurons, when compared to 

controls (Doyle et al. 2017). Researchers observed that many L1 insertions were found in genes 

responsible for “cell projection” and “postsynaptic membrane” in the affected individuals and 

not in control (CTRL) (Doyle et al. 2017). 

The existing literature provides evidence for L1 activity in the human brain, however, in 

order to gain a better understanding of its mechanism and role, a human neurodevelopmental 

model is necessary, thus iPSC technology provides researchers an optimal model to study human 

disease, 

iPSC disease modeling  

 

The ability to reprogram a somatic cell into an embryonic state has only emerged within 

recent years (Takahashi and Yamanaka 2006; Takahashi et al. 2007), but this new tool has 

revolutionized the way scientists study disease. Although human embryonic stem cells can 

successfully differentiate into various cell types (Thomson et al. 1998), proper disease modeling 

demanded patient-specific cell lines in order to discover patient-specific cures. The development 

of iPSCs, along with differentiation protocols for different cell types, has given the scientific 

field the opportunity to produce “diseased” cells. The neuroscience field is one example that has 

greatly benefitted from the development of iPSCS. iPSCs have allowed for the study of neural 

networks from patients with a specific neurological disorder, resulting in the establishment of 

neurological phenotypes, the discovery of disease mechanisms, and possible treatments 

(Marchetto et al. 2010; Kang et al. 2014). 
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iPSC technology has proven its revolutionary ability in the neuroscience field through the 

recent development of organoids. Organoids are complex, self-organized, 3-dimensional (3D) 

structures that aggregate from pluripotent stem cells. They can form different regions of the 

brain, terming them cerebral organoids, and can alternatively be generated to resemble a specific 

brain region. Lancaster and colleagues (2013) generated the first brain-like organoids from 

iPSCs that developed cortical-like regions paralleling the organization of an early developing 

human cortex. Organoids offer the benefit of studying a disease in a 3D structure and 

investigating the progress of a diseased cell line throughout the structure’s recapitulation during 

neural development. Since 2013, organoids have been used as models for numerous neurological 

disorders including microcephaly (Lancaster et al. 2013), Miller-Dieker syndrome (Bershteyn et 

al. 2017; Iefremova et al. 2017), autism spectrum disorder (ASD) (Mariani et al. 2015), and 

Alzheimer disease (Choi et al. 2014). Additionally, organoids have also shown its potential to 

study viral infections from its use to study the Zika virus infection during the 2016 Zika virus 

outbreak (Garcez et al. 2016; Cugola et al. 2016). The ability for organoids to self-organize and 

recapitulate human neurodevelopment make them the ideal model to study human brain 

development and human neurological disorders. In this project, we utilize iPSC technology to 

model Rett Syndrome and investigate the contribution L1 activity has on this disorder. 

Rett syndrome  

 Rett syndrome (RTT) is a progressive neurological disorder associated with the mutation 

of the X-linked gene methyl-CpG binding-protein 2 (MeCP2) (Amir et al. 1999). MeCP2 acts as 

a transcriptional repressor by binding to methylated CpG dinucletides within promoters to 

epigenetically regulate its targets (Yasui et al. 2007; Chahrour et al. 2008). RTT is often caused 

by the X-linked dominant pattern of inheritance. Due to its effect on the X-chromosome, 
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individuals living with RTT are predominantly female, and a spectrum of phenotypes are noted 

due to mutant MeCP2 X-inactivation or the severity of the mutation. Hemizygous males have 

more severe phenotypes and are known to rarely live past birth. Patients with RTT are often 

considered a part of the ASD population due to their autistic characteristics (Hammer et al. 2002; 

Samaco et al. 2005; Samaco et al. 2004; Zappella et al. 2003). These individuals follow typical 

development until 6-18 months of age, when an impairment of motor function, a regression of 

developmental skills, hypotonia, and seizures occur (Amir et al. 1999). Although there is 

currently no cure for RTT, many researchers have utilized RTT patient cell lines to better 

understand the disorder.  

 Marchetto and colleagues (2010) introduced the first iPSC culture system to model RTT 

using reprogrammed RTT patients’ fibroblasts. The iPSCs were differentiated into neurons and 

the authors showed a neuronal morphological difference between RTT neurons and controls 

(CTRL).  By measuring glutamatergic neurons through vesicular glutamate transporter 1 

(VGLUT1) antibodies, the researchers discovered a reduction in VGLUT1 puncta on 

microtubule associated protein 2 (MAP2)-labelled RTT neuron dendrites, suggesting a decrease 

in excitatory synapses. Additionally, by infecting neurons with a lentivirus expressing the 

enhanced green fluorescent protein (EGFP) gene under the control of Synapsin 1 (SYN) 

(SYN::EGFP), the authors revealed smaller soma sizes and a reduction in the number of spines 

in RTT neurites. SYN::EGFP-infected RTT neurons also displayed electrophysiological defects 

when whole-cell recordings were performed. Insulin-like growth factor 1 (IGF-1), which has 

been previously shown to reverse RTT-like symptoms in mice (Tropea et al. 2009), was 

administered to RTT neurons and authors observed an increase in glutamatergic synapse number, 

suggesting a potential drug treatment to correct RTT neuronal phenotypes. 
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 These results show that iPSC-derived neural cells can be used as a tool to study RTT and 

screen for potential drug treatments through its ability to recapitulate the disorder. However, the 

underlying cause of RTT is still not completely known. RTT is not solely an inherited disorder 

and only 1% of RTT cases are caused by inherited mutations, while the remaining 99% of cases 

are considered to be a spontaneous genetic change (Schollen et al. 2003). A possible contributor 

to these mutations that have recently been explored is L1 and its ability to retrotranspose in the 

brain.  

LINE-1 and Rett Syndrome  

As previously mentioned, MeCP2 binds to methylated CpG dinucleotides within 

promoters of its target genes and transcriptionally represses them (Yasui et al. 2007; Chahrour et 

al. 2008). L1 5’ UTR sequences are known MeCP2 targets and result in methylation-dependent 

repression (Yu et al. 2001; Klose et al. 2005; Muotri et al. 2010). In order to demonstrate this 

regulation, Muotri and colleagues (2010) compared CTRL and MeCP2 KO brains of L1-EGFP 

transgenic mice. L1-EGFP mice have a human RC-L1 tagged with a reporter cassette and an 

antisense copy of EGFP disrupted by an intron. Because the RC-L1 and the intron are in the 

same transcriptional orientation but the reporter cassette is not, the expression marker is only 

detected when the transcript is reverse transcribed, integrated, and expressed by the heterologous 

promoter (Moran et al. 1996). The researchers observed an increase in EGFP-positive cells in the 

MeCP2 KO mice brains when compared to CTRLs, proposing an increase in retrotransposition 

events in the KO mice. Furthermore, this increase was twofold when researchers analyzed 

human RTT iPSC-derived NPCs, suggesting an association between the loss of function of 

MeCP2 and the accumulation of L1 insertions in. Lastly, to support these observations in vivo, 

researchers used postmortem human tissues from RTT patients and CTRLs and analyzed the 
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amount of L1 retrotransposition in the brain and in the heart. Using quantitative polymerase 

chain reaction (qPCR), the authors quantified the number of L1 ORF2 sequences. Overall, a 

higher number of ORF2 sequences were observed in brain tissues from both CTRL and RTT 

patients when compared to heart tissue. In addition, there was a significant increase in the 

amount of L1 ORF2 sequences in the brains of RTT patients when compared to their CTRLs.  

In this thesis, we show that L1 retrotransposition contributes to the altered morphology 

and synaptogenesis of 2D, iPSC-derived RTT neurons observed in previous studies, and there we 

observed a rescue of these phenotypes when cells were chronically treated with reverse-

transcriptase inhibitors (RTis). Using iPSC-derived 3D neurospheres and cortical organoids, we 

discovered a partial rescue of spontaneous neural activity of RTT cells when chronically treated 

with RTis. Lastly, we observed a microcephaly-like reduction in cortical organoid size in RTT 

cells, but saw a significant rescue in size when the RTT organoids were chronically treated with 

RTis. Our data demonstrate that L1 retrotransposition plays a role in the reduction of 

synaptogenesis in RTT, and it is one of many factors that contribute to the disorder.  
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MATERIALS AND METHODS 
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Patient consent 

 

Informed consent was obtained from patients who donated CTRL and RTT fibroblasts. 

Fibroblasts were collected from dermal biopsies under protocols approved by the University of 

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

Cell culture, neural differentiation, and conditions 

iPSCs were cultured on plates coated with matrigel (Corning, CB40234) and fed daily 

with mTESR1 (StemCell Technologies, 5850). iPSCs were differentiated into NPCs as described 

in Marchetto et al. (2010). NPCs were cultured on 10 µg/mL poly-L-ornithine (Sigma-Aldrich, 

P3655) and 2.5 µg/mL laminin (Life Technologies, 23017015) coated plates and the media was 

changed every other day with NG medium (DMEM/F12 50/50 1X (Corning Cellgro, 15-090-

CV), 1% HEPES (VWR International, 45000-694), 0.5% Penicillin Streptomycin (Pen-Strep) 

(Life Technologies, 15140163), 1X GlutaMAX (Life Technologies, 35050061), 0.5% N2 

NeuroPlex (Gemini Bio-Products, 400163) and 1% Gem21 NeuroPlex (Gemini Bio-Products, 

400160)), 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 cells were cultured for 5-8 weeks. For differentiation into neurospheres, NPCs were lifted off 

from the plate and dissociated using StemPro Accutase (Life Technologies, A1110501), and 3-5 

million cells were cultured in suspension on 6-well plates (Genesee, 25-105) while shaking at 95 

r.p.m. at 37˚C for 48 hours in NG medium, supplemented with bFGF. The bFGF was withdrawn 

after 48 hours and the neurospheres were kept in NG medium for two weeks.  

iPSC-derived cortical organoids were differentiated using a protocol previously described 

(Pasca et al. 2015) with slight modifications. iPSCs were cultured, dissociated using a 1:1 

Dulbecco’s phosphate-buffered saline (DPBS, Fisher Scientific, MT21-031CV) and StemPro 
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Accutase solution, transferred to 6-well plates, and kept in suspension. Neural induction media 

consisted of DMEM/F12, 1% Glutamax, 1% N2 Neuroplex, 1% non-essential amino acids 

(Gibco, 11140-050), 1% Pen-Strep, 1µM of Dorsomorphin (Tocris, 309310), and 10µM 

SB431542 (SB, Stemgent, 04-0010-10). Neural proliferation media consisted of Neurobasal 

media (Life Technologies, 21103049), 2% Gem21 Neuroplex, 1% non-essential amino acids, 1% 

Glutamax, 20 ng/mL epidermal growth factor (EGF, Peprotech, AF-100-15), and 20 ng/mL 

bFGF. For neuronal maturation, the cells were kept in the same media but the growth factors 

were withdrawn. Organoid results are combined from four separate batches of differentiation. 

 The reverse-transcriptase inhibitors were prepared as follows: Lamivudine (3TC, Sigma-

Aldrich, L1295) was re-suspended in dimethyl sulfoxide (DMSO, Sigma Aldrich, D2650) and 10 

µM of 3TC was used in media. Stavudine (d4T, Sigma-Aldrich, D1413) was re-suspended in 

water and 1µM of d4T was used in media. Nevirapine (Toronto Research, N391275) was re-

suspended in DMSO and 400 nM of nevirapine was used in media. CTRL cells contained a 

dilution of 10 µM of DMSO.  

Immunocytochemistry  

 

 For adherent cells, cells were washed with DPBS, fixed in 4% paraformaldehyde (PFA, 

Core Bio, 19943) for 15 minutes at room temperature, and were permeabilized with a solution of 

DPBS and 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 



 15

secondary antibodies for 30 minutes at room temperature. Cells were washed again with DPBS 

two times for 5 minutes and the nuclei were stained using DAPI (VWR International, 80051-386, 

1:10,000) for 10 minutes. Finally, the cells were washed once with DPBS for 5 minutes and the 

coverslips were mounted using Prolong Gold antifade mountant (Life Technologies, P36930) 

onto glass slides (Fisher Scientific, 1255015).  

 For cells cultured in suspension, cells were washed with DPBS and placed in a 1.5 mL 

microcentrifuge tube (Fisher Scientific, 7200210) with 4% PFA overnight at 4˚C. Cortical 

organoids were washed with DPBS and incubated in 30% sucrose (Sigma-Aldrich, S0389) for 48 

hours at 4˚C. The tissue was removed from the sucrose solution, placed with optimal cutting 

temperature compound (OCT, VWR, 25608-930) within an embedding mold (Fisher Scientific, 

50465347), and incubated at -80˚C overnight. Using a cryostat (Leica, CM3050S), the molds 

containing the organoids were sliced at 10.0 µm and placed onto a glass slide which was left to 

dry at room temperature for at least 4 hours. The slides were lined with a hydrophobic barrier 

pen (Vector Laboratories, H-4000). Organoid slides were permeabilized, stained and mounted as 

explained above.  

Primary antibody for immunocytochemistry dilutions was used as follows: anti-Synapsin 

I (Millipore, AB1543P, 1:500), anti-PSD 95 (Antibodies Inc., 75-028, 1:500), anti-MAP2 

(Abcam, ab5392, 1:1000), anti-CTIP2 (Abcam, ab18465, 1:350), anti-MECP2 (Diagenode, 

C15410052, 1:500), anti-GFP (Abcam, ab13970,1:2000), anti-SOX2 (Cell Signaling 

Technology, 2748S, 1:400), anti-TBR1 (Abcam, ab31940, 1:300), anti-NeuN (Millipore, 

MAB377, 1:100). Secondary antibodies conjugated to Alexa Fluor 488, 555, and 647 were 

diluted 1:1000 (Life Technologies). 
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Retrotransposition assay 

 CTRL and RTT NPCs were treated with 10 µM of rock inhibitor (Tocris, 125410) for 

one hour and then were dissociated using StemPro Accutase. 4-5 million cells were nucleofected 

using the Rat Neural Stem Cell Nucleofection kit (Lonza, VPG-1005) and program A-33 on the 

Amaxa Nucleofector (Lonza). Cells were transfected with 10 µg of p99-GFP-LRE3-Cherry, 

which contains a full-length RC-L1 element (LRE3) tagged with a mEGFP1 retrotransposition 

indicator cassette (Ostertag et al. 2000) within a pCEP4 expression vector (Invitrogen, V04450) 

which lacks a CMV promoter, but contains an mCherry cassette instead of the puromycin 

resistance marker. After the transfection, the cells were plated on 6-well plates coated with Poly-

L-ornithine and Laminin, and media was changed daily.  

 To determine the amount of eGFP-positive cells, cells were analyzed by fluorescence 

active cell sorting (FACS) 7 days post-transfection. Selected cells were treated with 500nM 

Trichostatin A (Cell Signaling Technology, 9950S) 16 hours before FACS analysis to determine 

if L1 retrotransposition events were affected by epigenetic silencing (Coufal et al. 2009; Garcia-

Perez et al. 2010). The cells were lifted using StemPro Accutase, centrifuged for 4 minutes at 0.2 

rpm, and resuspended in FACS buffer (DPBS, 2.5 mM of ethylenediaminetetraacetic acid 

(EDTA, Life Technologies, 5892791001), 25 mM of HEPES and 5% fetal bovine serum (FBS, 

Gemini, 900208). Retrotransposition rate was calculated by normalizing the percentage of eGFP-

positive cells by the transfection efficiency, determined by the mCherry reporter and by live cell 

number count. 

Morphological analysis of iPSC-derived neurons 

 

NPCs were transduced with a lentivirus backbone containing a Synapsin 1 (SYN) 

promoter upstream of an EGFP reporter (Nageshappa et al. 2016). The transduction multiplicity 



 17

of infection (M.O.I.) was equal to 2. Cells transduced with a SYN::GFP lentivirus were 

differentiated into neurons for 5-6 weeks, fixed, and stained with GFP and CTIP2 (refer to 

Immunocytochemistry for protocol). Differentiated neurons were traced using Neurolucida 

version 2017 (MBF Bioscience, Williston, VT) connected to a Zeiss Axio Imager 2 microscope 

at a 40X oil objective. Only neurons that were both GFP- and CTIP2-positive were included in 

this analysis. The morphology of the neurons was quantified using Neurolucida Explorer version 

11 (MBF Bioscience, Williston, VT) and the results reflect summed length of all neurites and 

dendrites per traced neuron. 

 Sholl analysis was performed using Neurolucida Explorer’s sholl analysis option. This 

analysis specified a center point within the soma and created a grid of concentric rings around it 

with radii increasing in 10 µm increments. Neuronal complexity was determined by recording 

the number of intersections within each ring. 

Synaptic puncta quantification 

 

 5-6-week-old neurons were fixed, and stained for the following markers: SYN1, 

postsynaptic density protein 95 (PSD-95), and MAP2 (refer to Immunocytochemistry for 

protocol). Using a fluorescence microscope (Z1 Axio Observer Apotome Zeiss), the slides were 

imaged by compiling Z stack images taken from incremental focus distances. Co-localized 

SYN1 (presynpatic) and PSD-95 (postsynaptic) were quantified using the compiled Z stack 

image.  Only co-localized puncta that were in proximity of a MAP2-positive neurite were 

included in this analysis. 

 

 

 



 18

Measurement of cortical organoid diameter 

 30-day-old cortical organoids were imaged on an Evos FL Imagine System 

(ThermoFisher) using a 4X magnification. The images were uploaded to Image J and the 

diameter of each organoid was determined by the program’s length measurement.  

RNA extraction 

 

Cells in suspension were washed with DPBS for 5 minutes and placed in Trizol (Life 

Technologies, 15596018) in a 1.5 mL microcentrifuge tube and dissociated using a 1mL syringe 

(Fisher Scientific, 1482330) and a needle (VWR, BD- 305196). 24:1 chloroform: isoamyl 

solution (Invitrogen, 15593031) was added to the tube, shook by hand for 15 seconds, and left at 

room temperature for 3 minutes. The tube was centrifuged at 12,000 x g for 15 minutes at 4˚C. 

The aqueous phase was transferred to a new 1.5 mL microcentrifuge tube and one volume of 

isopropanol (Sigma Aldrich, I9516) was added. The tube was incubated at -80˚C for 60 minutes 

and centrifuged at 12,000 x g for 15 minutes at 4˚C. The supernatant was removed and cold 70% 

ethanol (Sigma Aldrich, E7023) was added to the RNA pellet. The tube was centrifuged at 7,500 

x g for 7 minutes at 4˚C and the supernatant was removed. The pellet was centrifuged once more 

and left to dry at room temperature. The pellet was re-suspended in RNase-free water (Lifetech, 

10977023), incubated for 10 minutes at 55˚C, and quantified.  

qRT-PCR  

 

To obtain complementary DNA (cDNA), the Qiagen Quantitect Reverse Transcription 

Kit (205310) protocol was followed on 1µg of the RNA samples. A master mix of the primers 

and SybrGreen (Qiagen, 330500) was generated and placed in ice and away from light. A 96-

well or 384-well plate (BioRad) was kept on ice, and the master mix were added to the wells. 

The cDNA was diluted (1:4) with water and pipetted into the wells. An adhesive film was 
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applied and the plate was run on a BioRad CFX machine. PCR conditions were as follows: initial 

cycle of 95ºC for 32 min, followed by 40 cycles of 15s at 95ºC, 30s at 58ºC, 30s at 72ºC, with a 

final step of 5s at 57ºC and 5s at 95ºC for the melting curve. The following primers were used: 

N-55 FWD: GAATGATTTTGACGAGCTGAGAGA; N-55 REV: 

GTCCTCCCGTAGCTCAGAGTAATT; N-22 FWD: CAAACACCGCATATTCTCACTCA; N-

22 REV: CTTCCTGTGTCCATGTGATCTC; CTIP2 FWD: 

CTCCCTTTGGATGCCAGTGTCA; CTIP2 REV: GGCTCCAGGTAGATGCGGAAG; MAP2 

FWD: CAACGGAGAGCTGACCTCA; MAP2 REV: CTACAGCCTCAGCAGTGACTA. 

Multi-electrode array (MEA) 

 

12-well MEA plates (Axion Biosystems, M768-GL1-30Pt200-5) were coated with poly-

L-ornithine and laminin. Depending on size, 4-7 neurospheres or organoids were placed in the 

center of the MEA well to fully cover the electrodes. Neurospheres were plated in NG media 

supplemented by 1% FBS. One week after plating, neurospheres were changed to media 

containing 1:1 NG + 1% FBS in neurobasal. Two weeks after plating, the neurosphere media 

was changed to only neurobasal and kept in this media for the rest of the recordings. Cortical 

organoids were plated in neuronal maturation media and kept in this media for the rest of the 

recordings. Both the neurospheres and organoid media was changed twice a week and recordings 

were measured one day after the media was changed.  

Recordings were performed once a week using a Maestro MEA System and AxIS 

Software (Axion Biosystems). A band-pass filter with 10 Hz and 2.5 kHz cutoff frequencies 

were used and a spike detector threshold was set to 5.5 times the standard deviation. For each 

recording, the plate was left untouched in the Maestro for 3 minutes prior to recording, then 3 

minutes of data were recorded. Analysis was performed using Axion Biosystems Neural Metrics 
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Tool. The criteria to detect an active electrode was set to 5 spikes per minute and criteria to 

detect a burst electrode was set to 5 bursts per minute.  

TUNEL Assay 

NPCs were cultured on 96-well plates coated with poly-L-ornithine and laminin. Once 

confluent, the cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 for 15 

minutes, and were blocked with 3% bovine serum album (Gemini, 700-110) for 60 minutes. 

Cells were incubated with primary antibodies of Nestin and TUNEL (Click-iT TUNEL assay kit, 

Life Technologies, C10247) overnight at 4˚C. The following day, the cells were incubated with 

secondary antibodies for 30 minutes at room temperature, then with DAPI for 5 minutes at room 

temperature. The cells were mounted using Prolong Gold Antifade mountant and images were 

taken and quantified.    

Statistical Analysis 

 

 Technical replicates were used to determine standard error. N is displayed in each figure 

legend. Standard spreadsheet software (Microsoft Excel version 15.33) was used to organize 

data. Error bars for figures are standard error of the mean (S.E.M.) using GraphPad Prism v6 

(Graphpad Software Inc. version 6.0e). For t-test analysis two-tailed unpaired tests with α = 0.05 

was used. For multiple comparisons, significance was determined with ANOVA, using Tukey’s 

multiple comparisons test. Grabbs’ test with α = 0.05 was performed to determine outliers, and 

significant values were excluded from analysis. 
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RESULTS 
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Increased L1 retrotransposition events are detected in iPSC-derived RTT NPCs 

 The cells used in this thesis project were derived from fibroblasts from a RTT patient 

with a MECP2 mutation in the Methyl-CpG binding domain within Exon 3. This point-nonsense 

mutation changed a glutamine to a premature stop codon, which resulted in the truncation of the 

MECP2 protein (Fig. 1A-C).  

Existing research has shown an increased susceptibility for L1 activity in iPSC-derived 

RTT NPCs. In 2010, Muotri and colleagues found higher L1 expression in mouse neural stem 

cells as well as L1 retrotransposition. In addition, researchers electroporated human iPSC- 

derived CTRL and RTT NPCs with an L1-LRE3-EGFP reporter. This allowed EGFP expression 

only after retrotransposition was complete. The authors observed a twofold increase in the 

number of EGFP-positive cells in RTT NPCs when compared to CTRL, suggesting an increase 

in L1 retrotransposition in RTT cells. In a similar retrotransposition assay, we generated NPCs 

from iPSCs (Fig. 1D) and used a modified reporter construct (p99-GFP-LRE3-Cherry) to 

transfect CTRL and RTT NPCs. We quantified L1 retrotransposition events using FACS since 

GFP was only expressed after retrotransposition was complete and integrated (Fig. 1E). We 

observed a significant increase in the number of EGFP-positive cells in RTT, suggesting our 

RTT cell line indeed has an increased susceptibility for L1 retrotransposition (Fig. 1F). 

Altered morphology and synaptogenesis in RTT iPSC-derived 2D neurons is rescued 

through chronic treatment with reverse-transcriptase inhibitors. 

Since it has been shown that iPSC-derived NPCs support high rates of L1 

retrotransposition when MeCP2 is mutated (Muotri et al. 2010), we decided to differentiate 

CTRL and RTT NPCs into neurons as described in Marchetto el al. (2010). This protocol 

predominantly gives rise to cortical neurons of mid-fetal maturity (Marchetto et al. 2010). 
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Indeed, the human cortex has previously been shown to be more prone to L1 retrotransposition 

(Muotri et al. 2010), and Marchetto and colleagues (2010) demonstrated that RTT neurons had 

fewer synapses, smaller soma size, and altered calcium signaling and electrophysiology, so we 

sought to investigate neuronal morphology in RTT cortical neurons treated with reverse-

transcriptase inhibitors (RTis) in order to better grasp the role L1 plays on this phenotype. The 

RTis used in this study (3TC and d4T) are anti-HIV-1 drugs, but have been shown to inhibit both 

HIV and L1 reverse transcription (Jones et al. 2008; Thomas et al. 2017). We additionally used 

another anti-HIV-1 drug (NVP) as a control because no effect on L1 reverse transcription has 

been demonstrated with the use of this drug (Dai et al. 2011; Jones et al. 2008). 

iPSCs were chronically treated with their respective treatments and differentiated into 

NPCs. TUNEL assay was performed to measure apoptosis and we confirmed that the chronic 

treatment was not toxic to the cells (Supp. Fig. 1A-B). NPCs were transduced with a 

SYN::EGFP lentivirus to better visualize the neuron for analysis. Transduced NPCs were 

differentiated for 5-6 weeks, fixed, and stained for GFP to enhance visualization of the labelled 

neurons. The neurons were also stained for COUP-TF-interacting protein-2 (CTIP2), a cortical 

neuronal marker, and only GFP and CTIP2 double positive neurons were traced to ensure a 

cortical neuron analysis (Fig. 2A). Morphometric analysis was performed and showed that RTT 

neurons had smaller cell body areas, fewer branch points, and decreased dendritic length when 

compared to CTRL neurons (Fig. 2B-C, 2E-F, Tukey’s multiple comparisons test, *p<0.05, 

***p<0.001, ****p<0.0001). This corroborates the observations made by Marchetto et al. 

(2010). Analysis of RTi-treated RTT neurons displayed a statistically significant increase in cell 

body area and number of branch points when compared to RTT, whereas this rescue was not 

seen in NVP-treated RTT neurons (Fig. 2B-C, 2E, Tukey’s multiple comparisons test, *p<0.05, 
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***p<0.001, ****p<0.0001). Additionally, although not statistically significant, there is a 

tendency to increase dendrite length in RTi-treated RTT neurons when compared to RTT, with a 

mean dendrite length of 744 µm and 408 µm, respectively (Fig. 2B, 2F). No differences were 

observed in the number of dendrites between all the treatments (Fig. 2D). In order to assess if the 

RTis treatment was affecting CTRL cells, we also chronically treated them and performed 

morphometric analysis. We did not find differences when CTRL cells were treated with RTis, 

suggesting that these retroviral drugs are only improving RTT phenotypes (Supp. Fig. 2A-E). 

Sholl analysis was used to investigate differences between dendritic complexity among the 

different conditions (Fig. 2G-H). According to our analysis, CTRL neurons are significantly 

more complex when compared to RTT (Fig. 2G-H, Tukey’s multiple comparisons test, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). Additionally, RTi-treated neurons were more complex 

when compared to RTT (Fig. 2H), not seen in the NVP-treated RTT neurons (Fig. 2H).  

A decrease in glutamatergic synaptogenesis has previously been described in iPSC-

derived RTT neurons (Marchetto et al. 2010). In order to determine if treatment with RTis can 

rescue synapse formation, iPSC-derived NPCs from CTRL and RTT lines were differentiated 

into neurons for 5-6 weeks. The cell lines were chronically treated with their respective 

treatments since the iPSC stage and into the NPC and neuronal stages. The neurons were then 

stained with neuron-specific marker MAP2, pre-synaptic marker SYN1, and post-synaptic 

marker PSD95 (Fig. 2I). Co-localization of SYN1 and PSD95 on a MAP2 positive neurite was 

quantified. As expected, the RTT neurons exhibited a significant decrease in co-localized puncta 

when compared to CTRL neurons (Fig. 2J, Tukey’s multiple comparisons test, ****p<0.0001), 

as observed in Marchetto et al. (2010). Additionally, RTi-treated RTT neurons displayed a 

significant increase in co-localized puncta when compared to RTT, which is not seen in NVP-
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treated RTT neurons (Fig. 2J, Tukey’s multiple comparisons test, ****p<0.0001). In addition, 

we did not find an increase in co-localized puncta in CTRL cells were treated with RTis (Supp. 

Fig. 2F), attributing RTis for the improvement in synaptogenesis.  

Reduction of neural activity in RTT iPSC-derived 3D neurospheres is improved through 

chronic treatment with RTis. 

 Due to the rescue seen in morphology and synaptogenesis in a 2D neuronal culture, we 

decided to pursue a more complex model to study synaptogenesis. We differentiated NPCs into 

3D neurospheres as described in Nageshappa et al. (2016) (Fig. 3A). The NPCs used to generate 

neurospheres were chronically treated with their respective treatments since the iPSC stage and 

continued to be treated throughout the experiment. The neurospheres were kept in suspension for 

2 weeks and plated on multi-electrode array (MEA) plates to measure synaptogenesis (Fig. 3B). 

The MEA plates were recorded weekly and analysis of spontaneous neural activity was 

performed after 4 weeks. The raster plots display time stamps of spikes across multiple channels 

and show that CTRL neurospheres exhibited higher spontaneous neural activity when compared 

to RTT neurospheres (Fig. 3C-D). This significance is also measured by the number of spikes 

per second (Fig. 3E, Tukey’s multiple comparisons test, ***p<0.001). A trend was seen in RTi-

treated RTT neurospheres exhibiting a higher number of spikes per second when compared to 

untreated RTT neurospheres (0.010 Hz and 0.0035 Hz, respectively), although this was not 

statistically significant (Fig. 3E). However, when compared to NVP-treated RTT neurospheres, 

the number of spikes per second was not increased (Fig. 3E). No differences were observed 

when CTRL cells were treated with RTis (Supp. Fig. 3). Together, this data suggests there is a 

decrease in spontaneous neural activity in RTT when compared to CTRL. 
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Chronic treatment with RTis partially rescued size reduction and neural activity in RTT 

iPSC-derived 3D cortical organoids.  

 3D cortical organoids, differentiated from human iPSCs, allows for a spontaneous, self-

assembled structure similar to a human neocortex and a transcriptionally similar profile to a mid-

fetal prenatal human brain (Lancaster et al. 2013; Pasca et al. 2015) (Fig 4B-D). RTT has often 

been associated with microcephalic phenotype, in which the brain does not develop properly 

resulting in a smaller than normal head (Hagberg et al. 1983; Hagberg et al. 1993; Hagberg and 

Skjeldal 1994; Hagberg et al. 1985), so we further utilized iPSC technology to investigate the 

cytoarchitectural differences using cortical organoids. Indeed, this 3D model has previously been 

used to study microcephaly in diseases such as Zika Virus or AGS (Lancaster et al. 2013; Cugola 

et al. 2016; Thomas et al. 2017). We generated cerebral organoids with a cortical fate starting 

from iPSCs as described in Thomas et al. (2017). Since the iPSC stage, these organoids were 

chronically treated with their respective treatments. The three main steps of the organoid 

protocol are neural induction, neural proliferation, and neuronal maturation (Fig. 4A). After 34 

days of the differentiation process, when the organoids are mature (Thomas et al. 2017), we 

detected higher L1 expression in RTT organoids using primers in the 5’ and the ORF2 domains 

of the L1 element (Supp. Fig. 4). Additionally, the size of the mature organoids was assessed by 

measuring the diameter. At this stage, the RTT organoids exhibited a statistically significant 

reduction in diameter when compared to CTRL organoids, however there was a partial rescue 

with RTis treatment, which was not seen with NVP (Fig. 4E-F, Supp. Fig. 5, Tukey’s multiple 

comparisons test, *p<0.05, ***p<0.001). No significant changes were observed when treating 

CTRL cells with RTis (Supp. Fig. 6).  
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 Because the organoids produced a more mature structure and more complex neural 

networks, we plated 30-day-old organoids to plate on MEA plates to investigate differences in 

neural activity (Fig. 4G). MEA recordings were performed weekly and analysis of spontaneous 

neural activity was performed when the organoids were approximately 54 days old. Similar to 

the neurospheres analysis, the raster plots show that CTRL organoids displayed higher 

spontaneous neural activity when compared to RTT organoids (Fig 4H). This was also 

represented by looking at the number of spikes per second, where the mean for CTRL organoids 

was 0.045 Hz and for RTT organoids was 0.012 Hz, yet this was not statistically significant (Fig 

4H-I). Corroborating the neurospheres analysis, the same trend was seen where the RTi-treated 

RTT organoids exhibited a higher number of spikes per second when compared to untreated RTT 

organoids (0.040 Hz and 0.012 Hz, respectively), but this was not statistically significant (Fig 

4I). The NVP-treated RTT organoids did not exhibit this same increase and only displayed a 

mean of 0.010 spikes per second. In combination with the neurospheres and organoids analysis, 

the data continues to suggest a decrease in spontaneous neural activity in RTT and a possible 

partial rescue of this activity with RTi treatment. 
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DISCUSSION 
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 Existing literature has shown morphological alterations in human RTT neurons 

(Marchetto et al. 2010; Armstrong et al. 1995; Kishi and Macklis 2004). Moreover, RTT neurons 

have also been associated with altered synaptic activity (Marchetto et al. 2010). An upregulation 

of neuronal L1 retrotransposition in the absence of MeCP2 in rodents and in the presence of 

MeCP2 mutations in humans has previously been described (Muotri et al. 2010). Here, we 

corroborate the previous findings, but we additionally suggest that L1 and its ability to reverse 

transcribe in the brain might contribute to the differences previously observed. We investigated 

the impact of this retroelement by controlling L1 retrotransposition in a tissue-specific manner, 

treating human neural cells with reverse-transcriptase inhibitors, 3TC and d4T. Under our 

experimental conditions, we observed an improvement in RTT neuronal morphology and 

spontaneous neural activity when treated with these RTis. 

 The effect of 3TC and d4T on L1 retrotranposition has previously been tested in human 

L1 RT expressing E. coli (Dai et al. 2011), in HeLa cells (Dai et al. 2011; Jones et al. 2008), and 

more recently, in human three-prime repair exonuclease 1 (TREX1) mutant neural cells (Thomas 

et al. 2017). It was determined that both of these RTis efficiently inhibited L1 reverse 

transcription. Additionally, we used treatment with NVP on RTT cells as a control since it has 

been shown to have no effect on L1 reverse transcription (Dai et al. 2011; Jones et al. 2008). 

With this promising evidence and its ability to cross the blood brain barrier, we decided to utilize 

iPSC technology and these antiretroviral drugs to determine L1’s role in neuronal RTT 

phenotypes. The cells were chronically treated with their respective treatments since the iPSC 

stage and throughout the different stages of differentiation. 

 In order to determine if the RTis could rescue the altered neuronal morphology 

previously described, we conducted morphometric analysis on iPSC-derived neurons and 
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determined that cell body area and neuronal complexity was decreased in RTT-derived neurons. 

Strikingly, this phenotype was rescued with RTi treatment. Additionally, we quantified co-

localized pre-synaptic (SYN1) and post-synaptic (PSD95) markers to represent synapse 

formation. As expected, the RTT-derived neurons had a lower amount of co-localized synaptic 

puncta when compared to CTRL neurons, however, we discovered that treatment with RTis 

increased the number of synaptic puncta, implying a partial rescue in synaptogenesis in RTT.   

 The generation of iPSC-derived neurons has allowed for the ability to study human 

neurodevelopment and neurological disorders in vitro. The advantage to using iPSC-derived 

neurons is the model’s ability to retain the genetic profile from patients with particular mutations 

throughout the differentiation process, however these neurons are limited in their maturity state 

and only reach maturity levels to that of a mid-fetus. With the advent of iPSC-derived 3D 

structures, we utilized these models to determine if the increase in synaptogenesis seen in a 

monolayer culture translates to an increase in neural activity of these more mature, complex 3D 

structures. Both RTT neurospheres and cortical organoids exhibited a significant decrease in 

spontaneous neural activity when compared to the CTRL. RTT neurospheres and cortical 

organoids treated with RTis exhibited a trend displaying a higher number of spikes when 

compared to untreated RTT, although this was not statistically significant. This suggests that L1 

retrotransposition possibly plays a role in inhibiting synaptogenesis, but there are other aspects 

that need to be considered in order to generate a full rescue of neural activity.     

 Additionally, a common phenotype associated with Rett Syndrome is microcephaly 

(Hagberg et al. 1983; Hagberg et al. 1993; Hagberg and Skjeldal 1994; Hagberg et al. 1985). It 

has previously been shown that 3TC and d4T have rescued the microcephaly-like reduction in 

TREX1-deficient organoids, with the authors attributing the rescue to the drugs’ effect on 
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reducing accumulated ssDNA species and consequently lessening apoptosis during neuronal 

maturation (Thomas et al. 2017). Here, we also measure the diameter of organoids post-neuronal 

maturation and also observe a decrease in size when RTT organoids are chronically treated with 

RTis. The results from our study suggest that the morphologically smaller body areas and 

dendrite length in RTT neurons could contribute to the smaller 3D structure observed in cortical 

organoids.  

 Although RTT has no cure, there have been many drugs that have described partial 

rescues of phenotypes associated with MeCP2 mutations and RTT. In 2009, Tropea and 

colleagues observed a partial reversal of RTT-like symptoms, including life span, locomotor 

function, breathing patterns, heart rate, and brain weight, in a mouse model using IGF1 

treatment. Furthermore, Marchetto et al. (2010) described an increase in glutamatergic synapse 

numbers and MeCP2 protein levels in iPSC-derived RTT neurons when they were treated with 

IGF1. IGF1 was also seen to rescue neuron-specific potassium-chloride cotransporter-2 (KCC2) 

expression, which is an MeCP2 target and a regulator of GABA functions in the brain, in RTT 

neurons (Tang et al. 2016). Tang et al. have also suggested further investigation on KCC2 as a 

potential drug target to rescue delayed GABA functions and treat RTT. Drug candidates that 

inhibit protein tyrosine phosphatase PTP1B, which is also an MeCP2 target, has also been 

another therapeutic target for RTT treatment (Krishnan et al. 2015). Increased levels of PTP1B 

has been associated in MeCP2 dysfunction RTT models, but treatment with PTP1B inhibitors 

improved survival in male mice and improved behavior in female heterozygous mice (Krishnan 

et al. 2015). More recently, Na and colleagues (2017) administered FDA-approved drug, D-

cycloserine, to a RTT mice model and rescued presynaptic function. D-cycloserine is an amino 

acid analog of D-alanine which causes an increase in calcium influx when responding to N-
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methyl-D-aspartate (NMDA)-mediated glutamatergic signaling (Sheinin et al. 2001) and is 

known to enhance efficacy of exposure therapies for maladaptive fear (Na et al. 2017; Ressler et 

al. 2004; Hofmann et al. 2006; Guastella et al. 2008; Kushner et al. 2007; Wilhelm et al. 2008; 

Otto et al. 2010). The variety of drugs that improve RTT phenotypes, including the RTis used in 

this study, demonstrate how complex RTT is and establish that there are many contributors to 

this disorder. Our data suggests that 3TC and d4T could be a beneficial therapeutic approach, but 

to see a more impactful treatment, should be used in combination with other drugs exhibited to 

ameliorate RTT phenotypes. 

 In summary, we have determined that L1 retrotransposition indeed plays a role in 

morphological differences in RTT-derived neurons. Furthermore, taking advantage of MEA 

technology, we have demonstrated a decrease in spontaneous neural activity in a 3D organoid 

model for Rett Syndrome.  L1 retrotransposition’s role in synaptogenesis remains to be 

determined, but our results suggest a partial contribution to neural activity. Ultimately, we hope 

our study will open the discussion and encourage the investigation of L1 and its role in other 

neurological disorders.   
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Figure 1. Increased L1 retrotransposition events are detected in iPSC-derived RTT NPCs. 

A. Schematic representation of MECP2 gene structure and mutation used in this study. B. DNA 

sequence alignment displaying the nucleotide and amino acid change in the MECP2 sequence in 

the RTT line. A red box denotes the nucleotide mutation and a * denotes a stop codon. C. 

Representative immunofluorescence images detecting the presence or absence of MeCP2 

expression in CTRL (top) or RTT (bottom) induced pluripotent stem cells (iPSCs), respectively. 

Scale bar, 50 µm. D. NPC differentiation protocol. iPSCs were differentiated into neural rosettes. 

Neural rosettes were isolated and re-plated to obtain NPCs. Scale bar, 1000 µm for iPSCs and 

neural rosettes; Scale bar, 400 µm for NPCs. E. Schematic of retrotransposition assay. NPCs 

were transfected with 99-GFP-LRE3-mCherry reporter construct and the number of EGFP+ cells 

were measured using FACS 7 days post-transfection. F. Quantification of neural progenitor cells 

(NPCs) with EGFP-positive cells, which reports the number of de novo retrotransposition events 

normalized by transfection efficiency and live cell number, **p<0.001, Unpaired t-test.  
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Figure 2. Altered morphology and synaptogenesis in RTT iPSC-derived 2D neurons is 

rescued through chronic treatment with RTis. 
A. Neuronal maturation summary and preparation of neurons for morphometric analysis. iPSCs 

were differentiated into NPCs. The NPCs were infected with a SYN::EGFP lentivirus and 

differentiated into neurons for 5-6 weeks. Scale bar, 1000 µm for iPSCs and neurons; Scale bar, 

400 µm for NPCs; Scale bar, 100 µm for CTIP+ and EGFP+ neurons. B. Representative images 

of tracings from CTRL, RTT, and RTT treated with RTi or NVP (RTT-treated) neurons. C-F. 

Morphometric analyses of neurons from CTRL, RTT, and RTT-treated. Data are shown as mean 

± s.e.m. CTRL, n=22; RTT, n=21; RTT+RTi, n=23; RTT+NVP, n=15. n, number of traced 

neurons per condition. *p<0.05,***p< 0.001,****p< 0.0001, One-way ANOVA and Tukey’s 

multiple comparisons test. G. Representative images of sholl analysis diagrams of neuron  
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Figure 2. Continued 

tracings from the varying conditions. H. Sholl analysis of the CTRL, RTT and RTT-treated 

neurons. n=15. n, number of traced neurons per condition. *p<0.05, **p< 0.01,***p< 

0.001,****p< 0.0001, One-way ANOVA and Tukey’s multiple comparisons test. I. 

Representative immunofluorescence images of CTRL, RTT, and RTT-treated neuronal dendrites 

stained for MAP2 (gray), SYN1 (green), and PSD95 (red) from the varying conditions. J. 

Quantification of co-localized synaptic puncta (defined by SYN1+/PSD95+ on MAP2+ dendrite) 

per 20 µm on neurons from the varying conditions. Data are shown as mean ± s.e.m.,****p< 

0.0001, One-way ANOVA and Tukey’s multiple comparisons test.  
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Figure 3. Chronic treatment with RTis improves the altered neural activity in RTT iPSC-

derived 3D neurospheres.  
A. Neurosphere differentiation protocol. iPSCs were differentiated into NPCs. NPCs were lifted 

off and kept in rotation on a shaker to generate neurospheres. Scale bar, 1000 µm for iPSCs and 

neurons; Scale bar, 400 µm for NPCs. B. Representative images of day 10 neurospheres derived 

from CTRL, RTT, and RTT-treated cell lines. Scale bar, 1000 µm. C. Representative images of 

day 40 neurospheres plated on multi-electrode (MEA) plates. Scale bar, 1000 µm. D. Raster 

plots from 40-day-old CTRL, RTT, and RTT with RTi or NVP treatment neurospheres. 

Representative images of spontaneous activity are shown for a period of 160 seconds for 12 

channels. E. Number of spikes per second from the varying conditions. Data are shown as mean 

± s.e.m. CTRL, n=9; RTT, n=12; RTT+RTi, n=12; RTT+NVP, n=10. n, number of MEA wells 

measured for each condition. ***p<0.001, One-way ANOVA and Tukey’s multiple comparisons 

test.  
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Figure 4. Both size and neural activity in RTT iPSC-derived 3D organoids are partially 

rescued through chronic treatment with RTis.  
A. Cortical organoid differentiation protocol. Starting from iPSCs, the organoid differentiation 

has three main steps: neural induction, neural proliferation, and neuronal maturation. Scale bar, 

1000 µm. B. Representative immunofluorescence images of a day 40 CTRL cortical organoid  
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Figure 4. Continued  

stained for MAP2 and SOX2. Scale bar, 50 µm. Scale bar, 20 µm for last panel. C. 

Representative immunofluorescence images of a day 40 CTRL cortical organoid stained for 

MAP2, TBR1, and NeuN. Scale bar, 20 µm. D. Expression of neuronal markers MAP2 and 

CTIP2 as determined by qPCR. The error bars represent s.e.m. Expression was normalized to the 

CTRL equaling one. E. Representative images of day 34 cortical organoids from the varying 

treatment conditions used to measure organoid diameter. F. Scatterplot showing the 

quantification of the cortical organoid diameter at day 34 from the varying conditions. The error 

bars represent s.e.m. CTRL, n=60; RTT, n=60; RTT+RTi, n=55; RTT+NVP, n=60. n, number of 

cortical organoids measured. *p<0.05, ***p<0.001. One-way ANOVA and Tukey’s multiple 

comparisons test. G. Representative images of day 54 cortical organoids plated on MEA plates. 

Scale bar, 1000 µm. H. Raster plots from 54-day-old CTRL, RTT, and RTT-treated cortical 

organoids. Representative images of spontaneous activity are shown for a period of 160 seconds 

for 12 channels. I. Number of spikes per second from CTRL, RTT, and RTT-treated organoids. 

Data is shown as mean ± s.e.m. n=6. n, number of MEA wells measured for each condition.  
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Supplemental Figure 1. RTi treatments are not toxic to iPSC-derived NPCs.  

A. TUNEL assay was performed in iPSC-derived NPCs that were chronically treated with RTis. 

Representative images of immunofluorescence stainings showing TUNEL (red), Nestin (green), 

and DAPI (blue). White arrows point to TUNEL positive cells. Scale bar, 20 µm. B. 

Quantification of TUNEL positive cells. Data are shown as mean ± s.e.m. One-way ANOVA and 

Tukey’s multiple comparisons test. 
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Supplementary Figure 2. Chronic RTi treatment did not affect neuronal morphology in 2D 

CTRL neurons.  

A. Representative tracings of CTRL neurons with their respective treatments.e B-E. 

Morphometric analyses of untreated, RTi-treated, and NVP-treated CTRL neurons. Data are 

shown as mean ± s.e.m. CTRL, n=22; CTRL + RTi, n=7; CTRL + NVP, n=7. n is number of 

traced neurons per condition. One-way ANOVA and Tukey’s multiple comparisons test. F. 

Quantification of co-localized synaptic puncta per 20 µm of the CTRL and CTRL RTi-treated 

neurons. Data are shown as mean ± s.e.m. ****p<0.0001, One-way ANOVA and Tukey’s 

multiple comparisons test. 
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Supplementary Figure 3. Neural activity was not altered in chronically RTi-treated CTRL 

3D neurospheres.  

A. Representative images of CTRL and CTRL-treated neurospheres at day 10. Scale bar, 1000 

µm. B. Number of spikes per second from 40-day-old untreated and chronically RTi-treated 

CTRL neurospheres. Data are shown as mean ± s.e.m. CTRL, n=9; CTRL + RTi, n=7; CTRL + 

NVP, n=7. n, number of MEA wells measured for each condition. One-way ANOVA and 

Tukey’s multiple comparisons test. 
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Supplementary Figure 4. L1 elements are higher expressed in RTT iPSC-derived 3D 

organoids.  

L1 expression was analyzed by qRT-PCR using primers in the 5’UTR (left panel) and in the 

ORF2 domain (right panel) of the active L1 element. Data are shown as mean ± s.e.m. 

Unpaired*p<0.016 (left panel), *p<0.024 (right panel), unpaired t-test. n=3, n is number of 

technical replicates. 
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Supplementary Figure 5. Size distribution of diameter of 3D organoids.  

Quantification of the diameter of CTRL, RTT, and RTT-treated organoids at day 34 shown as 

parts of whole pie chart. CTRL, n=60; RTT, n=60; RTT+RTi, n=55; RTT+NVP, n=60. n, 

number of cortical organoids measured. 
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Supplementary Figure 6. CTRL 3D organoids size did not change when treated chronically 

with RTis.  

A. Representative images of 34-day-old CTRL organoids with their respective treatments. Scale 

bar, 1000 µm. B. Quantification of the diameter of organoids shown as a scatterplot. The error 

bars represent s.e.m. CTRL, n=85; CTRL + RTi, n=108; CTRL + NVP, n=76. n, number of 

cortical organoids measured. One-way ANOVA and Tukey’s multiple comparisons test. 
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