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ABSTRACT OF THE DISSERTATION 
 
 

On the mechanisms governing Rett syndrome severity 

 
 

by 
 
 

Jonathan Karl Merritt 
 
 

Doctor of Philosophy in Neurosciences 
 
 

University of California San Diego, 2020 
 
 

Professor Alysson Muotri, Chair 
 

Rett syndrome (RTT) is a severe neurodevelopmental disorder primarily caused by 

mutations in Methyl-CpG Binding Protein 2 (MECP2). While defined clinical features are present 

in all cases, a spectrum of disease severity exists across individuals with RTT. The work 

presented here seeks to increase understanding of the mechanisms governing phenotypic 

severity in RTT and the implications these factors hold for potential therapeutic interventions. 

These efforts are broadly divided between two investigations. The first centers upon a 

dissection of the underlying causes of variation in phenotypic severity amongst common RTT 

causing nonsense mutations in MECP2. Included in this investigation is an assessment of 

nonsense suppression therapy viability in a novel mouse model of the common R294X 

mutation. The second study explores the contribution of individual genetic variation to clinical 

severity in people with RTT. To identify genetic modifiers of RTT severity, we performed exome 

sequencing on affected individuals from both ends of a clinical severity distribution. Subsequent 

analysis revealed variants in cholesterol and terpenoid synthesis related genes are associated 

with phenotypic severity in RTT.
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INTRODUCTION 

Rett Syndrome  

Rett Syndrome (RTT) is a severe neurodevelopmental disorder first described by 

neurologist Andreas Rett in 1966 (Rett, 2016). The majority of observed cases are in females 

with an incidence of 1 in 10,000 live female births (Leonard et al., 1997). Diagnosis is based on 

a characteristic set of clinical features including apparently normal development in early life, 

developmental stagnation and regression at 18-30 months of life, and ultimately a period of late 

motor decline (Neul et al., 2015). While regression is a hallmark of RTT, it is typically 

constrained to a defined period of time during development. During this time, purposeful hand 

use and spoken language are at least partially lost, and an abnormal ataxic-dyspraxic gait 

develops (Neul et al., 2015). The regression phase is followed by a stationary period when the 

loss of skills ceases, characteristic hand stereotypies including hand wringing and hand 

mouthing develop, and a prominent eye gaze appears (Hagberg et al., 2002; Stallworth et al., 

2019). Finally, motor decline is seen in young adults with RTT and manifests as parkinsonian-

like features and hypoactivity (FitzGerald et al., 1990). Though early mortality from 

cardiorespiratory compromise is seen in a subset of individuals, typically people with RTT will 

survive into the fifth decade of life (Tarquinio et al., 2015). 

 Affected individuals may acquire a variety of additional clinical features including 

physiological and autonomic abnormalities. Breathing dysfunction is commonly observed, and 

an abnormal breathing rhythm, typified by periods of hyperventilation coupled with breath 

pauses, is seen in most individuals with the disorder (Weese-Mayer et al., 2008; Tarquinio et al., 

2018). Cardiac rhythm abnormalities are often present and characterized by tachycardia, 

bradycardia, and a long QTc interval (Rohdin et al., 2007; McCauley et al., 2011). Seizures are 

also prevalent in RTT, and ~90% of individuals will have a diagnosis of epilepsy during their life 

(Tarquinio et al., 2017). Accordingly, an abnormal electroencephalogram is commonly observed 
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in people with RTT and characterized by altered slow wave and REM sleep in addition to 

epileptiform and seizure-like activity (Glaze, 2002; Amaddeo et al., 2019). Gastrointestinal 

dysfunction is also common, and generally presents as impaired swallowing, uncoordinated 

gastric emptying, and altered motility resulting in nutritional deficits in the absence of 

intervention (Motil et al., 2012; Baikie et al., 2014). Though multiple systems are affected in 

RTT, these abnormalities are thought to primarily originate from underlying neurological 

dysfunction. 

 While RTT has distinct neurological symptoms, the brains of affected individuals do not 

show gross neuropathological abnormalities nor neurodegeneration. There is no evidence of 

cell loss in RTT suggesting the disorder is not neurodegenerative in nature (Armstrong et al., 

1995, Jellinger et al., 1988). Investigations of potential underlying neuropathology found 

affected individuals have normal overall neuroanatomical structure (Armstrong et al., 1995). 

However, acquired microcephaly is a consistent finding in RTT with most individuals having a 

normal head size at birth and decreased head growth during post-natal development (Hagberg 

et al., 1983; Tarquinio et al., 2012). Accordingly, magnetic resonance imaging of individuals with 

RTT revealed reductions in brain volume, with specific changes in the gray matter of the dorsal 

parietal lobe, and reductions in anterior frontal lobe volume dependent on disease severity 

(Carter et al., 2008). While overt changes in neural axis patterning and neural migration are not 

present in RTT, increased packing of neuronal cells, decreased synaptic density, and 

decreased dendritic arborization have been observed (Belichenko et al., 1994; Armstrong et al., 

1995; Kaufmann et al., 2000). Reductions in cell soma and nuclear size are also evident in 

neurons differentiated from induced pluripotent stem cells (iPSC) derived from RTT patients 

(Ananiev et al., 2011; Cheung et al., 2011; Yazdani et al., 2012). These observations are 

consistent with clinically observed microcephaly, and are plausibly connected to diminished 
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mTOR signaling and protein synthesis identified in cellular and mouse models of RTT (Pitcher 

et al., 2015; Rangasamy et al., 2016; Olson et al., 2018). 

 

Molecular underpinnings of Rett Syndrome 

Over three decades lapsed following the initial description of RTT prior to association of 

this disorder with mutations in the X-linked gene Methyl-CpG Binding Protein 2 (MECP2) (Fig. 

0.1) (Amir et al., 1999). Currently, de novo mutations in MECP2 are known to account for 

greater than 95% of RTT cases (Cuddapah et al., 2014). Prior to connection with a human 

disorder, MeCP2 was first identified as part of the methyl-cytosine binding protein family (Lewis 

et al., 1992). A key feature of these proteins is the presence of a conserved region that binds 

methyl-CpG dinucleotides, the Methyl Binding Domain (MBD) (Figure 0.1) (Lewis et al., 1992; 

Nan et al., 1993). In MeCP2, this domain has been shown to bind methyl-CpA and 

hydroxymethyl cytosine (5hmC) in addition to methyl-CpG marks on genomic DNA (Szulwach et 

al., 2011; Mellén et al., 2012; Gabel et al., 2015; Lagger et al., 2017). As an epigenetic mark, 

methylated cytosine promotes changes in gene expression state. The interactions between the 

MBD and these sites underscore an epigenetic mark reading function ascribed to MeCP2. 

Beyond functioning as an epigenetic reader, early work also pointed towards MeCP2 playing a 

role in transcriptional repression, which led to the identification of a second functional domain, 

the Transcriptional Repression Domain (TRD) (Fig. 0.1) (Nan, et al., 1997). MeCP2 acts as a 

transcriptional repressor through binding NCoR (nuclear receptor co-repressor) and SMRT 

(silence mediator of retinoic acid and thyroid hormone receptor) (Lyst et al., 2013). Interactions 

with the NCoR/SMRT co-repressor complex are governed by phosphorylation of amino acid 

T308 in MECP2, and occur through the NCoR-interacting Domain (NID) (Fig. 0.1) pinpointed to 

amino acids 285-309 (Ebert et al., 2013; Lyst et al., 2013). Several RTT causing mutations that 

disrupt interaction with the NCoR/SMRT co-repressor complex have been identified within this 
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domain indicating this interaction is critical for downstream functions of MeCP2 (Ebert et al., 

2013). Combined, this evidence supports a hypothesis of MeCP2 primarily operating as a bridge 

between epigenetic marks recognized by the MBD and transcriptional repression through NID 

recruitment of the NCOR/SMRT co-repressor complex to these marks. This concept has been 

supported by clinical findings that indicate most common RTT causing MECP2 missense 

mutations are localized to the MBD and NID (Fig. 0.1) (Lyst et al., 2013). However, mutations 

within the C-terminal domain also cause RTT suggesting MeCP2 may also have other 

molecular functions beyond transcriptional repression. For example, a role in transcriptional 

activation has also been established by interaction studies showing MeCP2 forms a complex 

with CREB1 at the promoters of actively expressed genes (Chahrour et al., 2008). Accordingly, 

MeCP2 dysfunction results in aberrant expression of numerous genes (Chahrour et al., 2008). 

Together, these findings indicate MeCP2 plays a complex role in governing transcriptional 

regulation. 

 

 
 
 
Figure 0.1. A schematic of Methyl-CpG Binding Protein 2 and the approximate locations of 

common Rett Syndrome causing mutations. Key functional domains include the Methyl Binding 
Domain (MBD) and Transcriptional Repression Domain (TRD). MeCP2 localizes to epigenetic 
marks by MBD binding of methylated CpG and CpA dinucleotides, and 5hmC. Transcriptional 
repression is largely governed by recruitment of the NCoR/SMRT co-repressor complex by the 
NCoR Interacting Domain (NID). Most RTT causing mutations are found within these domains 
accentuating their functional significance.  
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Beyond a role in transcriptional regulation, MeCP2 has been implicated in variety of 

other biological functions, though further investigation is needed to confirm these activities. A 

role in regulating transcript splicing has been suggested by MeCP2 interacting with YB1 and 

other splicing factors resulting in altered splicing of a subset of genes (Young et al., 2005; Li et 

al., 2016) Likewise, MeCP2 has been shown to interact with key machinery involved in miRNA 

processing, specifically the DGCR8-Drosha complex (Cheng et al., 2014). Though additional 

experimental validation of these putative roles for MeCP2 is needed, these findings suggest 

MeCP2 functions are multifaceted. Further investigation is required to identify how these 

additional functions relate to RTT pathogenesis and clinical progression of the disorder. 

 

Mechanisms of disease in Rett Syndrome 

Following the identification of mutations in MECP2 as the underlying genetic cause of 

RTT, a multitude of studies have sought to dissect how MeCP2 dysfunction results in the array 

of clinical phenotypes associated with the disorder. Mouse models of MeCP2 dysfunction have 

been essential to these investigations. While RTT is primarily diagnosed in females, 

hemizygous MeCP2 mutant male mice have seen extensive application as severe phenotypes 

develop earlier in male mice, and a defined early lethality phenotype is present. Initial studies 

demonstrated that global knockout of Mecp2 results in phenotypes similar to RTT including 

breathing dysfunction and motor abnormalities, in addition to early lethality in male mice (Guy et 

al., 2001). Conditional knockout and rescue mouse models have allowed for interrogation of the 

temporal requirements for MeCP2 during development resulting in two crucial findings. First, 

postnatal restoration of MeCP2 expression, even following the onset of symptoms, rescues 

RTT-like phenotypes in mice (Guy et al., 2007). This discovery is particularly encouraging 

because it implies the dysfunction seen in RTT may not be permanent, and suggests restoring 

MeCP2 function in affected individuals could be one route to a therapy. Second, conditional 
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removal of MeCP2 in adult mice results in phenotypes consistent with those in germline 

knockout mice (McGraw et al., 2011). This indicates MeCP2 is essential for proper neurological 

function in adulthood, and argues that therapies centered on restoring MeCP2 function would 

require lifelong application.  

Additional investigations employing conditional knockout and rescue strategies have 

informed tissue and cell type requirements for MeCP2 in relation to RTT. Though MeCP2 is 

expressed in many tissue types, removing MeCP2 from CNS neurons alone in male mice 

induces disease phenotypes including early lethality, breathing dysfunction, gait abnormalities, 

and hypoactivity (Chen et al., 2001).  In contrast, removing MeCP2 from other lineages, 

including astrocytes and oligodendrocytes, results in a mild phenotype (Lioy et al., 2011; 

Nguyen et al., 2013). This suggests RTT pathogenesis primarily stems from altered MeCP2 

function in neurons specifically. Indeed, expressing MeCP2 in postmitotic neurons alone, 

through transgenic expression under control of a Tau promoter, is sufficient to rescue disease 

phenotypes in mutant mice (Luikenhuis et al., 2004). While these findings support a neuron 

specific requirement for MeCP2, other cell types are likely involved in RTT pathogenesis. In 

crossover co-culture experiments, where WT neurons are cultured with MeCP2 deficient 

astrocytes or astrocyte conditioned media, MeCP2 dysfunction within glia results in a non-cell 

autonomous reduction of dendritic arborization in WT neurons (Ballas et al., 2009; Maezawa et 

al., 2009). Likewise, restoring MeCP2 function in astrocytes alone improves many RTT-like 

phenotypes in mutant mice (Lioy et al., 2011). Together, these results indicate that while 

MeCP2 dysfunction within neurons primarily underlies RTT, MeCP2 has key roles in cell types 

throughout the CNS.  

Further studies have revealed the regional and neuron subtype impacts of MeCP2 

dysfunction in RTT. Moreover, these investigations have pointed to complex circuit dysfunction 

in the absence of MeCP2 as a potential origin for the neurological phenotypes seen in affected 



7 
 

individuals. Regional knockout studies have shown that localized loss of MeCP2 results in 

phenotypes consistent with respective brain region functions. Removal of MeCP2 from the 

mouse forebrain elicits impaired motor coordination and abnormal social behaviors (Gemelli et 

al., 2006). Similarly, loss of MeCP2 function in the mouse spinal cord and hindbrain results in 

many autonomic dysfunction phenotypes associated with RTT including cardiac rhythm 

abnormalities and breathing disorders (Ward et al., 2011; Huang et al., 2016). Cell type specific 

knockout and rescue studies have further refined the neuron classes contributing to phenotypes 

of MeCP2 dysfunction with a general agreement between expected cell type function and 

corresponding phenotypes. Mice with MeCP2 removed specifically from cholinergic neurons 

manifest cardiac rhythm abnormalities (Herrera et al., 2016). MeCP2 dysfunction within tyrosine 

hydroxylase neurons causes abnormal motor phenotypes, while loss of MeCP2 in serotonin 

neurons results in a reduced anxiety phenotype (Samaco et al., 2009). Importantly, loss of 

MeCP2 function in tyrosine hydroxylase and serotonin neurons causes concomitant reductions 

in norepinephrine, dopamine, and serotonin levels, respectively, indicating that modulation of 

these neurotransmitters or their receptors might have therapeutic benefit (Samaco et al., 2009). 

A complex interplay between excitatory and inhibitory neuron populations has also been 

observed in mouse models of RTT. Removing MeCP2 from inhibitory GABAergic neurons alone 

recapitulates many phenotypes observed in global knockout mice including early lethality (Chao 

et al., 2010). Meanwhile, specific deletion of MeCP2 in glutamatergic neurons also results in 

early lethality; however, other phenotypes have a mild presentation (Meng et al., 2016). 

Conversely, restoring MeCP2 selectively in GABAergic neurons, or glutamatergic neurons, 

rescues only some of the distinct phenotypes respective to these cell types (Meng et al., 2016; 

Ure et al., 2016). Restoring MeCP2 in either population alone is not sufficient to fully rescue 

early lethality (Meng et al., 2016; Ure et al., 2016). These findings suggest a broader 

requirement for MeCP2 in both excitatory and inhibitory neurons to maintain the balance of 
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excitation and inhibition (E/I) at the circuit level. This is in agreement with observations of E/I 

imbalance in the hippocampus and cortex of MeCP2 mutant mice, and supports the notion that 

MeCP2 dysfunction results in complex circuit changes manifesting as distinct neurological 

phenotypes in RTT (Calfa et al., 2015; Banerjee et al., 2016; Ip et al., 2018). Accordingly, 

interventions that restore E/I balance could be one route to a therapeutic for RTT. 

 

Approaches to a Rett Syndrome targeted therapy 

RTT treatment is currently guided by existing therapies to address specific symptoms as 

they develop. There are currently no approved RTT-focused interventions that significantly 

improve the disease course. However, insights from human and animal model research has 

catalyzed investigation of new therapeutic approaches that are the focus of pre-clinical and 

clinical stage trials. These potential therapeutics can be classified into two groups: therapies 

centered on restoring MeCP2 function, and therapies targeting physiological and neurochemical 

abnormalities observed in RTT. 

Following a landmark study that demonstrated phenotypes of RTT can be reversed in 

mutant mice by restoring MeCP2 expression, much research has focused on strategies to 

restore MeCP2 function in people with RTT (Guy et al., 2007). One logical approach to restoring 

MeCP2 function in affected individuals is gene therapy. Indeed, preliminary work using AAV and 

self-complimentary AAV vectors encoding MeCP2 showed this strategy could improve 

phenotypes in mouse models of MeCP2 dysfunction (Gadalla et al., 2013, 2017; Garg et al., 

2013). However, not all phenotypes were rescued following viral transduction, and liver toxicity 

was observed with higher doses of these vectors (Gadalla et al., 2013, 2017; Garg et al., 2013). 

Based on the idea that observed hepatotoxicity was related to aberrant MeCP2 expression, new 

vectors were designed that incorporated key elements of the native Mecp2 promoter and 3’UTR 

in hopes of achieving endogenous dosage control (Gadalla et al., 2017). Likewise, localized 
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intracisternal injection of MeCP2 encoding vectors to the CNS was found to improve survival, 

but not behavioral phenotypes (Sinnett et al., 2017). Alternatively, neonatal delivery of a self-

complimentary AAV vector encoding human MeCP2 truncated to only include the MBD and 

TRD under control of a minimal Mecp2 promoter was sufficient to improve survival and reduce 

gross phenotypes of MeCP2 dysfunction in male mice (Tillotson et al., 2017). These findings are 

particularly encouraging because the use of a “minigene” allows for incorporation of more key 

regulatory elements within the packaging constrains of self-complimentary AAV vectors. Despite 

these encouraging findings, missense mutations outside the MDB and TRD are known to cause 

RTT implying a viral vector encoding these domains alone may not be sufficient to fully rescue 

all phenotypes of RTT. Moreover, there are theoretical concerns over using gene therapy for 

RTT. Most affected individuals are female, and are thus cellular mosaics due to X-chromosome 

inactivation. In general terms, half of an affected individual’s cells are expected to express 

normal levels of functional MeCP2 while the other half express mutant MeCP2. In the absence 

of methods to accommodate for proper dosage control, using viral gene therapy to introduce 

functional MeCP2 is met with the risk of effectively creating MeCP2 duplication syndrome in 

cells that actively express a functional allele (Van Esch et al., 2005). Recently, a novel way of 

circumventing excess MeCP2 protein production in gene therapy has been explored through 

use of an instability-prone MeCP2 isoform with reduced translation efficiency (Luoni et al., 

2020). When packaged in a PHP.B pseudotyped AAV vector with high neuronal tropism, 

systemic delivery of instability-prone MeCP2 improves survival, gross phenotypes of MeCP2 

dysfunction, and locomotor phenotypes in mutant mice (Luoni et al., 2020). Regardless of 

conceptual gene dosage concerns, progress has been made towards creating a clinical grade 

gene therapy for RTT. AveXis has developed a self-complementary AAV9 based vector that 

encodes human MECP2 driven by a minimal MECP2 promoter, AVXS-201 (Powers et al., 

2019). Preclinical studies in male mice have demonstrated AVXS-201 improves survival and 
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behavioral phenotypes, while safety studies in nonhuman primates have shown intrathecal 

lumbar injection of AVXS-201 is well tolerated (Powers et al., 2019). At the time of this writing, 

AVXS-201 is awaiting investigational new drug approval.   

An alternative approach to restoring MeCP2 currently under investigation is reactivation 

of the functional copy of MECP2 on the inactive X-chromosome. MECP2 is encoded on the X-

chromosome, and typically individuals with RTT will have a wild type copy of MECP2 on one X-

chromosome, and a mutant copy on the other X-chromosome. During development, female 

mammals undergo random inactivation of one X-chromosome resulting in mosaic expression of 

each X-chromosome. Accordingly, in people with Rett, cells that express mutant MECP2 have a 

healthy allele of MECP2 on the silenced X-chromosome. Conceptually, reversing X-

chromosome inactivation in these cells could be one way to restore expression of functional 

MeCP2 and improve disease symptoms. Studies in cellular models have shown that synergistic 

treatment with antisense oligonucleotides (ASOs) against Xist and the DNA methylation inhibitor 

decitabine (5-aza-2′-deoxycytidine) is sufficient to restore MECP2 expression from the inactive 

X-chromosome (Carrette et al., 2018). Likewise, combinatorial treatment with pharmacological 

inhibitors of ACVR1 and PDPK1 effectors, factors essential to maintenance of X-chromosome 

inactivation, is sufficient to restore Mecp2 transcript and protein production from the inactive X-

chromosome in cortical neurons of living mice (Przanowski et al., 2018). While these proof-of-

concept studies demonstrate the feasibility of X-chromosome reactivation strategies, concerns 

persist about the potential for off-target effects and the largely unknown consequences of 

dysregulating X-linked gene dosage.  

Because nonsense mutations in MECP2 present a high disease burden in RTT, an 

intense focus of research has been on developing strategies to suppress these mutations and 

restore MeCP2 function. Greater than 35% of affected individuals have a nonsense mutation in 

MECP2, and readthrough compounds may provide a viable intervention for these people (Neul 
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et al., 2008).  Originally described as a feature of aminoglycoside antibiotics, readthrough 

compounds are a unique drug class that destabilize translating ribosomes and promote 

translational bypass of premature termination codons thus allowing for full-length protein 

production from nonsense transcripts (Howard et al., 2000). A generalized schematic of this 

mechanism is presented in Figure 0.2. Accordingly, readthrough therapeutics hold the potential 

to treat numerous genetic disorders caused by nonsense mutations. To circumvent ototoxicity 

and nephrotoxicity associated with the relatively high doses of aminoglycosides needed to 

promote nonsense suppression, ribosomal selective glycosides have been developed (e.g. 

ELX-02) with reduced toxicity and improved readthrough function (Nudelman et al., 2009). 

Alternatively, small molecules that do not share the aminoglycoside backbone and associated 

toxicity have been developed (e.g. PTC124/Ataluren/Translarna) (Welch et al., 2007). Clinical 

trials of ELX-02 for cystic fibrosis are in progress (NCT04135495), and conditional use 

authorization has been granted by the European Medicines Agency to Translarna for the 

treatment of Duchenne muscular dystrophy. A conceptual concern of nonsense suppression 

therapeutics is the potential for these compounds to promote readthrough of native stop codons 

resulting in aberrant production of potentially deleterious fusion-like proteins. While studies are 

limited, existing evidence indicates translation termination proceeds in a proper manner at 

native stop codons in the presence of nonsense suppression agents. Ribosomal footprint 

profiling of cells treated with aminoglycoside based nonsense suppression agents did not detect 

increased ribosomal density in the 3’-UTRs of treated cells indicating translating ribosomes 

properly halt at the native stop codon (Lueck et al., 2019). Moreover, native stop codon 

reathrough protein products were not observed in proteomics profiling of human cell lines 

treated with therapeutically relevant concentrations of ELX-02 (Crawford et al., 2020). Together, 

these findings indicate nonsense suppression therapy could be viable treatment strategy for 

genetic disorders arising from nonsense mutations. 
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Figure 0.2. Nonsense suppression therapy allows for production of full length protein from 
transcripts containing nonsense mutations. Under the native state, a translating ribosome will 
stall at a premature termination codon (PTC) resulting in the production of a protein product 
truncated at this site. Alternatively, if a PTC containing transcript is targeted by the nonsense 
mediated decay pathway (NMD), the nonsense transcript will be degraded, and no significant 
protein production will occur. Readthrough compounds allow translational bypass of the PTC 
and production of full length protein. 

 

Though there is interest in applying nonsense suppression therapeutics to RTT, further 

preclinical assessment is needed. Existing readthrough compounds have demonstrated the 

ability to promote full-length MeCP2 production from nonsense transcripts in cellular models, but 

evidence of readthrough in an in vivo RTT model has been lacking (Popescu et al., 2010; 

Brendel et al., 2011; Pitcher et al., 2015). Previous investigation in cellular models has informed 

readthrough compound efficacy varies amongst common MECP2 mutations with the R294X 

allele having the greatest sensitivity to these therapeutics (Popescu et al., 2010; Brendel et al., 

2011). Chapter 1 presented here covers recent work to develop a mouse model of the R294X 

mutation, and demonstrates, to our knowledge, the first evidence of in vivo suppression of a 

RTT causing nonsense mutation. Furthermore, Chapter 2 includes an investigation into 

molecular mechanisms that might contribute to mutation specific variations in readthrough 
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compound efficacy for RTT. While the work presented here is encouraging and demonstrates 

nonsense suppression functions in vivo to partially restore full length MeCP2 in the context of a 

common nonsense mutation, further studies are needed to determine if the quantity of 

readthrough induced MeCP2 is sufficient to significantly improve disease phenotypes.  

 A variety of other strategies to restore MeCP2 function in individuals with RTT have 

been proposed; however, these methods are still in the early stages of development. Recently, 

RNA editing has been explored as a potential method to correct disease causing mutations in 

MECP2 transcripts. Specifically, use of a hybrid ADAR2 that relies on a guide RNA to recognize 

and correct the disease causing R106Q mutation has been shown to promote production of 

functional MeCP2 in primary mouse neurons (Sinnamon et al., 2017). However, this method is 

currently only amenable to G to A mutations, and application to the more common C to T 

transitions observed in RTT will necessitate the development of new methods. Protein 

replacement has also been investigated as a means to restore functional MeCP2 within 

appropriate levels. Recent efforts have shown a TAT-MeCP2 fusion protein consisting of the 

HIV-TAT transduction domain and human MeCP2 can permeate an in vitro model of the blood 

brain barrier and increase nuclear MeCP2 levels in cultured RTT patient fibroblasts (Steinkellner 

et al., 2019). While these findings are encouraging, an in vivo demonstration of the feasibility for 

TAT-MeCP2 to cross the blood brain barrier at meaningful levels and improve disease 

phenotypes is needed.  

 Beyond interventions that restore MeCP2 function, therapeutics that target observed 

physiological and neurochemical imbalances in RTT are another treatment strategy. 

Neurotrophin levels, including Brain Derived Neurotrophic Factor (BDNF), are decreased in RTT 

models, and overexpression of BDNF improves survival and disease phenotypes in mice 

(Chang et al., 2006). Because BDNF does not cross the blood brain barrier, clinically approved 

pharmacological agents that augment BDNF expression have been a focus of investigation. 
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Clinical trials of glatiramer acetate have provided mixed findings: while an initial trial showed 

potential therapeutic effect, an additional trial was terminated due to adverse effects (Djukic et 

al., 2016; Nissenkorn et al., 2017). Fingolimod has also been shown to increase BDNF levels 

and improve phenotypes in mouse models of RTT, and is currently the target of an ongoing 

clinical trial (NCT02061137) (Deogracias et al., 2012). In addition to BDNF targeted 

therapeutics, Insulin-like Growth Factor 1 (IGF1) has been proposed as a treatment option due 

to similarities in the downstream signaling axis. Specifically, the tripeptide cleavage product of 

IGF1 has shown promise as a potential therapeutic in mouse models (Tropea et al., 2009). 

Moreover, clinical trials of trofinetide (NNZ-2566), a synthetic analogue of the IGF1 tripeptide, 

have reported clinical benefit for this agent in children and adults with RTT (Glaze et al., 2017, 

2019). A phase three clinical trial of trofinetide is currently in progress (NCT04181723). Finally, 

subanesthetic ketamine treatment has also been shown to improve survival and phenotypes of 

MeCP2 dysfunction in mice (Kron et al., 2012; Patrizi et al., 2016). While the primary motivation 

for application to RTT stems from ketamine functioning as an NMDAR antagonist, ketamine has 

also been shown to promote increased translation of BDNF suggesting this drug might provide 

multifaceted benefits (Garcia et al., 2008; Autry et al., 2011). Currently, ketamine is being 

investigated as a treatment for RTT in an ongoing clinical trial (NCT03633058). 

 Alterations in neurotransmitter levels have also been observed in RTT, and methods to 

target neurotransmitters and their corresponding receptors have been a topic of interest for 

therapeutic development. Atypical levels of serotonin and dopamine have been observed in 

people and rodent models of RTT leading to investigations of therapeutics that increase levels 

of these biogenic amines (Zoghbi et al., 1985; Samaco et al., 2009). Accordingly, serotonin 

receptor agonists and reuptake inhibitors have demonstrated efficacy in mutant mice with a 

specific benefit towards respiratory dysfunction phenotypes (Toward et al., 2013; Abdala et al., 

2014). In hopes of developing a therapy to reduce breathing abnormalities in people with RTT, a 
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clinical trial of Sarizotan, a 5-HT1a and D2 agonist, has been initiated (NCT02790034); 

however, top-line results from this trial have not indicated evidence of clinical benefit.  

 Finally, therapeutics targeting other abnormalities in RTT have been examined. 

Blarcamesine (ANAVEX 2-73), a Sigma-1 receptor agonist and muscarinic receptor modulator, 

has seen recent application to RTT under the rationale this compound might restore cellular 

homeostasis and potentially balance altered circuitry underlying RTT phenotypes (Banerjee et 

al., 2019; Kaufmann et al., 2019). When treated with blarcamesine, heterozygous MeCP2 

deficient female mice showed improvements in motor phenotypes and a decreased incidence of 

apneas, the latter suggesting possible therapeutic benefit for breathing abnormalities associated 

with RTT (Kaufmann et al., 2019). A clinical trial of ANAVEX 2-73 is currently in progress for 

RTT (NCT03758924). Modifiers of MeCP2 dysfunction phenotypes also provide potential 

therapeutic targets. Previous forward genetic screening in male mice lacking MeCP2 identified a 

loss of function mutation in squalene epoxidase associated with improvement of RTT-like 

phenotypes (Buchovecky et al., 2013). This finding led to the observations that loss of MeCP2 

function results in altered cholesterol metabolism in mice; however, further investigation 

suggests this effect may depend on mouse strain (Buchovecky et al., 2013; Villani et al., 2016). 

In MeCP2 deficient male mice, statin treatment normalized cholesterol synthesis and improved 

activity, motor, and survival phenotypes indicating possible therapeutic benefit; however, these 

effects again may depend on mouse genetic background (Buchovecky et al., 2013; Villani et al., 

2016). These studies have resulted in a clinical trial of lovastatin for individuals with RTT 

(NCT02563860). Recent work towards identifying other potential therapeutic targets from 

genetic modifiers of RTT in people is discussed in Chapter 3.  

 Since the identification of the genetic basis for RTT, significant advances have been 

made in developing therapies that could provide meaningful benefit to affected individuals. A 

key consideration for RTT targeted treatments is the optimal time during disease progression for 
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therapeutic intervention. Conceivably, treatment should begin at the earliest possible stage 

before regression and symptom onset; however, this is challenging in RTT. Because diagnosis 

is based on a set of clinical features, and not all individuals with mutations in MECP2 will 

develop RTT, genetic screening of MECP2 alone is not a suitable predictor of therapeutic 

necessity (Suter et al., 2014).  Accordingly, efforts are underway to identify metabolite 

biomarkers and genetic factors influencing disease severity that could assist in early detection 

of individuals with RTT (Neul et al., 2020). 

 

Factors influencing disease severity in Rett Syndrome 

 Since the discovery of the molecular basis of RTT, over 200 mutations in MECP2 have 

been identified in affected individuals (Neul et al., 2008; Cuddapah et al., 2014). Despite this 

diversity, eight recurrent mutations (p.R106W, p.R133C, p.T158M, p.R168X, p.R255X, 

p.R270X, p.R294X, p.R306C) (Fig. 0.1) are responsible for greater than 70% of RTT cases 

(Neul et al., 2008; Cuddapah et al., 2014). While these mutations all cause RTT, some 

mutations are associated with increased disease severity (p.R106W, p.R168X, p.R255X, 

p.R270X) and others are correlated with a milder phenotype (p.R133C, p.R294X, p.R306C) 

(Neul et al., 2008; Cuddapah et al., 2014). Though these trends are well established at a 

population level, some individuals deviate from the expected phenotypic stratification suggesting 

other factors might contribute to clinical severity.  

A variety of rationales for variations in RTT clinical severity have been posited. The 

location of a mutation within the MECP2 locus is one feature thought to influence phenotypic 

outcome. As expected, large deletions and point mutations that fully abolish the activity of 

critical functional domains, like the methylated DNA binding domain or transcriptional repression 

domain, are associated with increased disease severity (Lyst et al., 2013; Cuddapah et al., 

2014; Yang et al., 2016). A second factor thought to influence disease severity is X-
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chromosome inactivation status. Favorable skewing of X-chromosome inactivation such that a 

majority of cells express a functional MECP2 allele has been correlated with a milder clinical 

presentation (Amir et al., 2000; Weaving et al., 2003). As an extreme example, relatively 

asymptotic maternal carriers of disease causing mutations have been identified in rare familial 

cases (Wan et al., 1999; Glaze, 2004). However, recent work suggests X-chromosome 

inactivation status alone does not definitively predict clinical severity (Cuddapah et al., 2014; 

Suter et al., 2014; Xiol et al., 2019). Finally, global factors beyond MECP2 have been postulated 

to influence pathogenesis.  Pioneering studies in pairs of sisters with discordant phenotypes 

have suggested individual genetic variation contributes to RTT severity (Artuso et al., 2011; 

Grillo et al., 2013a). Likewise, suppressor screens in mice have found genes related to 

cholesterol metabolism and DNA damage response influence phenotypic severity (Buchovecky 

et al., 2013; Enikanolaiye et al., 2019). Understanding what factors influence RTT severity is 

justifiably important for predicting clinical disease course, and could motivate the development 

of novel approaches to treatment. 

The work presented here seeks to increase understanding of the mechanisms governing 

phenotypic severity in RTT and how these relate to potential therapeutic interventions. These 

efforts are broadly divided between two investigations. The first centers upon a dissection of the 

underlying causes of variation in phenotypic severity amongst common RTT causing nonsense 

variants and an assessment of viable treatments for this unique class of mutation (Chapters 1 

and 2). The second study explores the contribution of individual genetic variation to clinical 

severity in individuals with RTT (Chapter 3).  
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Rett Syndrome caused by MeCP2 nonsense mutations as a special case of disease 

The common RTT causing nonsense mutations (p.R168X, p.R255X, p.R270X, and 

p.R294X) present a specialized case for studying factors that influence RTT severity. Because 

this class of mutation could potentially be treated with nonsense suppressing agents, 

understanding why certain mutations manifest with a more severe phenotype could provide 

insight on how to improve therapeutic efficacy. A previous report has suggested that the mild 

phenotype associated with p.R294X results from the increased length of the encoded truncated 

protein compared to other common nonsense mutations (Cuddapah et al., 2014). However, 

current evidence indicates truncated protein is not expressed from p.R168X, p.R255X, or 

p.R270X mutant transcripts (Brendel et al., 2011; Pitcher et al., 2015). Based on these findings, 

we hypothesized that because p.R294X is associated with reduced severity, this mutation might 

uniquely allow for truncated MeCP2 protein expression.  

To this end, we created and characterized a novel mouse model with p.R294X knocked 

into the endogenous Mecp2 locus. A full discussion of this work is presented in Chapter 1. In 

brief, p.R294X mice displayed a mild phenotype compared to an existing p.R255X mouse model 

recapitulating previous clinical reports (Merritt et al., 2020). Moreover, we found detectable 

levels of truncated MeCP2 protein in the brains of p.R294X mice (Merritt et al., 2020). These 

findings suggest the presence of truncated MeCP2 confers the reduced severity associated with 

the p.R294X mutation.  

The mechanism allowing truncated MeCP2 protein expression in the context of 

p.R294X, but not other common nonsense mutations, remains a topic of current inquiry. In 

addition to an absence of truncated protein, previous investigations in p.R168X and p.R255X 

mouse models identified reduced Mecp2 transcript levels in the presence of these mutations 

(Brendel et al., 2011; Pitcher et al., 2015).  Combined, reduced transcript expression and an 

absence of truncation product suggest that nonsense mediated decay (NMD) might target these 
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transcripts; however, NMD action against nonsense MECP2 transcripts has not been 

established. NMD is an RNA surveillance pathway that degrades nonsense mRNA transcripts 

and likely functions to prevent accumulation of antimorphic truncation products. (Kervestin and 

Jacobson, 2012; Keeling et al., 2013) By the classical mechanism, the presence of an exon 

junction complex (EJC) downstream of a nonsense mutation is thought to trigger NMD. 

Common nonsense mutations that cause RTT are located in the fourth and final exon of MECP2 

precluding them from this mechanism. However, these mutations could be targeted by an EJC-

independent NMD mechanism known to function on mammalian transcripts. EJC-independent 

NMD targets transcripts with long 3UTRs, and is catalyzed by either inefficient termination due 

to poly-A tail location, or by excessive accumulation of UPF1 in the 3UTR.(Bühler et al., 2006; 

Hogg and Goff, 2010; He and Jacobson, 2015; Hug et al., 2016) Because the dominant MeCP2 

transcript expressed in adulthood is transcribed with a long (~10 kb) 3UTR, degradation by this 

alternate NMD pathway is a possibility.(D’Esposito et al., n.d.)  

We hypothesized that differential targeting of nonsense MECP2 transcripts by non-

canonical NMD could explain why truncated protein is only observed in the context of p.R294X. 

Consequently, we surveyed the impact of inhibiting different NMD pathway components on 

Mecp2 transcript levels in cellular models derived from p.R255X and p.R294X mice. Ultimately, 

we found that blocking NMD increases Mecp2 transcript levels and promotes the expression of 

detectable quantities of truncated MeCP2 protein in p.R255X cells. A thorough discussion of this 

work is presented in Chapter 2. Together, these findings suggest the comparatively mild 

phenotype associated with the p.R294X mutation may result from the presence of truncated 

MeCP2 protein produced through p.R294X transcript evasion of nonsense mediated decay. The 

mechanism that protects p.R294X transcripts from NMD has not been determined.   
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Genetic complexity as a driver of disease severity in Rett Syndrome 

Genetic variation in the human population is one likely explanation for the spectrum of 

clinical severity observed across individuals with RTT. Accordingly, some variants could act in a 

protective manner and others in a detrimental fashion. While small scale studies based on two 

pairs of sisters with discordant phenotypes supports this notion, the sample sizes used in these 

studies were prohibitively small thereby precluding robust statistical analysis (Artuso et al., 2011; 

Grillo et al., 2013b).  Based on the hypothesis that genetic modifiers underlie variations in clinical 

severity, we performed exome sequencing on people with RTT who shared MECP2 mutations 

but had divergent clinical presentation. By selectively sequencing individuals comprising the 

phenotypic extremes of RTT severity, we estimated that adequate power could be obtained from 

a relatively small sample size. This approach has been successfully applied to a variety of 

disorders, most notably to identifying modifiers of P. aeruginosa infection in individuals with cystic 

fibrosis (Emond et al., 2012, 2015; Lange et al., 2014; Mackelprang et al., 2017). In total, we 

sequenced the exomes of 29 individuals with a mild clinical presentation, and 26 individuals with 

a severe presentation. We then classified candidate modifiers by identifying genes and gene 

pathways with differential frequency of variation between these phenotypic extremes. Through 

this analysis, we identified several candidate modifiers of RTT severity. A full description of this 

investigation and its results appears in Chapter 3. Notably, variation in genes related to terpenoid 

and cholesterol biosynthesis were found to associate with RTT severity. This finding is of 

particular interest since a forward genetic screen for suppressors of MeCP2 dysfunction 

phenotypes in mice identified cholesterol metabolism as having a role in RTT pathogenesis 

(Buchovecky et al., 2013). While further functional validation of these candidates is needed, the 

results of this investigation could aid in identifying targets for novel therapeutics. 
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Concluding remarks 

While Rett Syndrome is a devastating disorder, extensive efforts on many fronts have 

provided hope that a therapy with significant clinical benefit is possible. In the two decades since 

mutations in MECP2 were identified as the genetic cause of Rett Syndrome, key discoveries have 

dissected the molecular and cellular impacts of MeCP2 dysfunction that underlie an array of 

clinical phenotypes and a spectrum of disease severity. Though mutation specific impacts on 

MeCP2 function largely govern observed differences in disease severity, the mechanisms 

contributing to the effects of individual mutations are a focus of ongoing investigation. Accordingly, 

efforts to uncover the reason for the differential severity observed amongst common RTT causing 

nonsense mutations are discussed in Chapters 1 and 2. Beyond MeCP2 specific effects, the 

influence of human genetic variation on disease severity is currently being explored. Preliminary 

efforts to this end are covered in Chapter 3. Ultimately, uncovering the mechanisms dictating 

clinical severity in RTT will aid in further understanding of disease pathogenesis and the 

development of novel therapeutic strategies.  
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CHAPTER 1: Pharmacological readthrough of R294X Mecp2 in a novel mouse model of Rett  

syndrome 

Abstract 

Rett syndrome (RTT) is a neurodevelopmental disorder primarily caused by mutations in 

Methyl-CpG-binding Protein 2 (MECP2). More than 35% of affected individuals have nonsense 

mutations in MECP2. For these individuals, nonsense suppression has been suggested as a 

possible therapeutic approach. To assess the viability of this strategy, we created and 

characterized a mouse model with the common p.R294X mutation introduced into the 

endogenous Mecp2 locus (Mecp2R294X). Mecp2R294X mice exhibit phenotypic abnormalities 

similar to those seen in complete Null mouse models, however, these occur at a later time point 

consistent with the reduced phenotypic severity seen in affected individuals containing this 

specific mutation. The delayed onset of severe phenotypes is likely due to the presence of 

truncated MeCP2 in Mecp2R294X mice. Supplying the MECP2 transgene in Mecp2R294X mice 

rescued phenotypic abnormalities including early death and demonstrated that the presence of 

truncated MeCP2 in these mice does not interfere with wild-type MeCP2. In vitro treatment of a 

cell line derived from Mecp2R294X mice with the nonsense suppression agent G418 resulted in 

full-length MeCP2 protein production, demonstrating feasibility of this therapeutic approach. 

Intraperitoneal administration of G418 in Mecp2R294X mice was sufficient to elicit full-length 

MeCP2 protein expression in peripheral tissues. Finally, intracranial ventricular injection of G418 

in Mecp2R294X mice induced expression of full-length MeCP2 protein in the mouse brain. These 

experiments demonstrate that translational read-through drugs are able to suppress the Mecp2 

p.R294X mutation in vivo and provide a proof-of-concept for future preclinical studies of 

nonsense suppression agents in RTT. 
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Introduction 

 
Rett Syndrome (RTT, OMIM #312750) is a severe neurodevelopmental disorder 

primarily caused by mutations in the X-linked transcriptional regulator Methyl-CpG Binding 

Protein 2 (MECP2) (Amir et al., 1999). Affected individuals experience relatively normal initial 

development, but then undergo regression between 18-30 months of life (Neul et al., 2015) with 

loss of acquired spoken language and purposeful hand use, and development of characteristic 

hand stereotypies and gait abnormalities (Neul et al., 2010). People with RTT also develop a 

variety of additional clinical features including movement abnormalities, seizures, breathing 

dysfunction, and cardiac rhythm abnormalities (FitzGerald et al., 1990; Amir et al., 1999; Guideri 

et al., 2001; Tarquinio et al., 2018). While over 200 RTT causing mutations have been identified 

in MECP2, ~70% of patients have one of eight recurrent mutations (p.R106W, p.R133C, 

p.T158M, p.R168X, p.R255X, p.R270X, p.R294X, p.R306C) (Neul et al., 2008; Cuddapah et al., 

2014). Currently, there is no intervention that significantly alters the disease course, and 

treatment remains at a symptomatic basis, although recent early-stage clinical trials show some 

promise for new therapeutic approaches (Glaze et al., 2017, 2019). Studies in mouse models of 

RTT have shown postnatal activation of functional MeCP2 rescues many disease phenotypes 

providing hope that increasing functional MeCP2 levels could be a viable therapeutic strategy 

(Giacometti et al., 2007 p.2; Guy et al., 2007; Gadalla et al., 2013; Garg et al., 2013).   

More than 35% of RTT individuals have nonsense mutations in MECP2 (nmRTT) (Neul 

et al., 2008; Cuddapah et al., 2014). For these people, pharmacological suppression of 

premature termination codons in MECP2 could be a novel therapeutic approach to MeCP2 

protein expression. First observed as a feature of aminoglycosides such as gentamicin, “read-

through” compounds allow for translational bypass of premature termination codons and 

production of full-length protein from nonsense transcripts (Dabrowski et al., 2015). However, at 

therapeutic doses, canonical aminoglycosides result in ototoxicity and nephrotoxicity (Lacy et 
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al., 1998). To circumvent these off-target effects, eukaryotic ribosomal selective glycosides, e.g. 

NB54, NB84, and ELX-02, have been engineered with reduced toxicity and increased read-

through efficiency (Nudelman et al., 2009; Pokrovskaya et al., 2010). Alternatively, non-

glycoside small molecule read-through agents, e.g. PTC124/Ataluren/Translarna, have been 

developed (Welch et al., 2007). Demonstrated efficacy of these compounds in rodent models of 

numerous genetic disorders arising from nonsense mutations has spurred widespread interest 

in their clinical application (Keeling et al., 2013; Gregory-Evans et al., 2014 p.6; Xue et al., 

2014). Currently, ELX-02 is in Phase II clinical trials for cystinosis (NCT04069260) and cystic 

fibrosis (NCT04135495). Ataluren/Translarna has conditional authorization status from the 

European Medicines Agency for the treatment of Duchenne Muscular Dystrophy, and clinical 

trials against numerous other disorders are underway.  Whether these therapeutics will show 

efficacy for RTT is a topic of current inquiry. While studies in patient derived cells have shown 

treatment with read-through compounds is sufficient to elicit full-length MeCP2 from nonsense 

transcripts, in vivo evidence of molecular or therapeutic efficacy is lacking (Vecsler et al., 2011).  

The limited number of nmRTT animal models has hindered preclinical development of 

nonsense suppression therapy for RTT. Mouse models of the common p.R168X and p.R255X 

mutations have been created and recapitulate many phenotypes of MECP2 dysfunction 

(Brendel et al., 2011; Pitcher et al., 2015). Though molecular efficacy of read-through compound 

treatment has been demonstrated in cultured fibroblasts from these mice, in vivo efficacy has 

not been reported. Extended chronic dose studies in these models are complicated by reduced 

longevity in male p.R168X (median survival 57 days) and p.R255X (median survival 61 days) 

mice (Brendel et al., 2011; Pitcher et al., 2015). Likewise, other severe phenotypes observed in 

these mice may mask therapeutic effect in preclinical drug screens (Brendel et al., 2011; Pitcher 

et al., 2015). Access to a nmRTT mouse model with reduced phenotypic severity and increased 

longevity would greatly benefit the development of nonsense suppression as a viable 
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therapeutic. Clinical observation has shown that while p.R168X and p.R255X are associated 

with increased disease severity, individuals with the common p.R294X mutation have milder 

clinical features  (Neul et al., 2008; Cuddapah et al., 2014). Moreover, cellular studies have 

shown that nonsense suppression is more efficient in the context of p.R294X compared to other 

MECP2 mutations (Popescu et al., 2010; Brendel et al., 2011). Combined, these findings 

suggest an animal model of the p.R294X mutation might be ideal to test nonsense suppression 

therapies in RTT. 

To complement existing mouse models of nmRTT, we generated a new mouse model 

carrying a recurrent MECP2 nonsense mutation, p.R294X (Mecp2R294X). Validating their utility as 

a preclinical model of RTT, Mecp2R294X/Y mice display phenotypes associated with MeCP2 

dysfunction. However, Mecp2R294X/Y mice have dramatically increased longevity and a protracted 

progression of severe phenotypes compared to existing nmRTT models. Molecular 

characterization revealed the reduced severity observed in these mice is associated with the 

stable expression of a truncated MeCP2 protein in the context of p.R294X, which is not 

observed in the previously characterized nonsense mutations in MECP2. Despite having a 

milder phenotype compared to existing nmRTT models, Mecp2R294X/Y mice mimic motor, 

learning, and breathing abnormalities clinically associated with RTT. We characterized these 

behavioral and physiological phenotypes to provide metrics for assessing therapeutic effect in 

future drug studies. To assess the utility of Mecp2R294X/Y mouse for preclinical studies of 

nonsense suppression therapeutics, we determined the efficacy of the prototypic read-through 

compound G418 in vitro and in vivo. We found full-length MeCP2 protein could be expressed in 

Mecp2R294X/Y ear-tip fibroblasts and Mecp2R294X/Y mice treated with G418. These findings 

establish the Mecp2R294X mouse as a valid model of RTT and provide a basis for conducting 

preclinical studies of nonsense suppression therapeutic efficacy in this model. 
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Results  

Mecp2R294X/Y mice exhibit milder phenotypes compared to other models of nmRTT and express 

a stable truncated MeCP2 protein. 

Using CRISPR-Cas9 directed mutagenesis, we generated a mouse line with R294X 

precisely knocked into the endogenous Mecp2 locus (Fig. 1.1A) (Cong et al., 2013). Of 70 

mutagenized embryos, allele specific PCR identified 23 mice with the expected knock-in. To 

ensure scarless insertion of p.R294X, we sequenced the coding regions of Mecp2, and 

established three lines from founders that showed sequence integrity across all exons outside of 

the desired p.R294X mutation. Hemizygous males from all three lines showed similar severity 

and survival phenotypes. A single engineered mouse was selected and backcrossed to 

C57BL/6J for eight generations to ensure consistency of the background and to eliminate 

possible other off-target mutations prior to characterization. As with other models of MeCP2 

dysfunction, Mecp2R294X/Y mice show a progressive increase in phenotypic severity (Fig. 1.1B) 

and decreased longevity (Fig. 1.1C) compared with WT. However, Mecp2R294X/Y mice show a 

delayed onset of severe phenotypes (Fig. 1.1B) and increased longevity (Fig. 1.1C) compared 

with the previously reported Mecp2R255X/Y mouse model (Pitcher et al., 2015). Improvements in 

survival and phenotypic severity in Mecp2R294X/Y mice are also apparent when compared with the 

findings from a report characterizing a Mecp2R168X/Y mouse model (Brendel et al., 2011). 

Because an absence of truncated MeCP2 protein was reported in both the Mecp2R168X/Y and 

Mecp2R255X/Y mice (Brendel et al., 2011; Pitcher et al., 2015), we asked if the milder phenotype 

of Mecp2R294X/Y mice is caused by the presence of truncated protein. Immunoblotting mouse 

brain lysates with an antibody against the MeCP2 amino terminus revealed a truncation product 

at the predicted size of 45 kDa in samples from Mecp2R294X/Y mice (Fig. 1.1D). Notably, 

employing a highly sensitive biotin streptavidin signal amplification system failed to detect 

truncated MeCP2 in samples from Mecp2R255X/Y mice (Fig. 1.1D). Immunofluorescence staining 
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of mouse cortex showed strong nuclear-localized N-terminal MeCP2 signal in WT and 

Mecp2R294X/Y samples while no signal was apparent in Mecp2R255X/Y samples (Fig. 1.1E). Probing 

with an antibody specific to the MeCP2 C-terminus did not yield detectable signal in samples 

from either mutant mouse indicating a lack of full-length protein (Figs.1E). Together, these 

findings suggest the mild phenotype observed in Mecp2R294X/Y mice is associated with 

expression of truncated MeCP2 protein.  

R294X MeCP2 co-localization with heterochromatic foci (Fig. 1.1E) suggests DNA 

binding activity is preserved in the truncated protein. To interrogate the nature of this interaction, 

we purified nuclei from mouse brains for differential NaCl fractionation of DNA bound proteins 

(Fig. 1.1F). Surprisingly, R294X MeCP2 protein demonstrated an increased affinity for DNA as 

shown by decreased elution at 300 mM NaCl compared to WT (Fig. 1.1G). These results 

suggest that while DNA binding is preserved in R294X MeCP2, the affinity of this interaction is 

altered compared to the WT protein.  

 The presence of a nuclear localized truncation product with increased affinity for DNA 

could disrupt functional MeCP2 rescue. To evaluate this possibility, we asked if full-length 

MeCP2 complementation could improve gross phenotypes in Mecp2R294X/Y mice. Introducing 

transgenic MECP2 (Collins et al., 2004) in R294X mice (Mecp2R294X/Y; MECP2Tg1) was sufficient 

to rescue these phenotypes, and no significant difference in severity (Fig. 1.1H) nor survival 

(Fig. 1.1I) was seen compared to WT mice. Similarly, transgenic MECP2 was sufficient to 

rescue an underweight phenotype observed in Mecp2R294X/Y mice. While nuclear localized 

truncated MeCP2 is present in R294X mice, the phenotypic rescue by full-length MeCP2 

demonstrated here indicates the mutant protein does not significantly interfere with full-length 

MeCP2 function. Thus, Mecp2R294X/Y mice are a viable model for assessing therapeutics 

centered upon restoring functional MeCP2 activity.   
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Figure 1.1. Mecp2R294X/Y mice have a mild phenotype compared to Mecp2R255X/Y mice due to the 

presence of truncated MeCP2 protein. (A) A schematic representation of the CRISPR Cas9 
directed mutagenesis approach to introduce R294X into the endogenous Mecp2 locus. (B) 
Mecp2R294X/Y mice (red line, n=10) display progression of MeCP2 dysfunction phenotypes 
(Severity, Bird Scoring) at a slower rate compared to Mecp2R255X/Y mice (green line, n=13) while 
severe phenotypes are not observed in WT mice (blue line, n=11). (C) Mecp2R294X/Y mice (red 
line, n=61) have an early death phenotype compared to WT (blue line, n=39), but greater 
longevity compared to Mecp2R255X/Y mice (green line, n=28). (D) Western blotting of whole brain 

lysates with an antibody against the amino terminus of MeCP2 shows truncated protein is 
present in Mecp2R294X/Y mice, but not Mecp2R255X/Y mice. Full-length MeCP2 (75 kDa) is absent in 

samples from either mutant mouse. Blue arrow: full-length MeCP2; Asterix: nonspecific band; 
Red arrow: truncated MeCP2; H3: histone H3 loading control. (E) Immunofluorescence staining 
of mouse cortex with antibodies specific to either the amino or carboxy terminus of MeCP2 
confirms the presence of nuclear localized truncation product in Mecp2R294X/Y mice, but not 
Mecp2R255X/Y mice. R294X truncated MeCP2 retains DNA binding function. Differential salt 
fractionation of purified nuclei from Mecp2R294X/Y mouse brain shows truncated MeCP2 (red 
bars, n=3) has increased affinity for DNA compared to WT protein (blue bars, n=3) by reduced 
elution of the truncated protein at 300 mM NaCl. (F) A representative western of NaCl extracted 
nuclei and (G) quantification of biological replicates (n=3 per genotype) normalized to ponceau 
staining and presented as a fraction of full-length or truncated MeCP2 extracted at 600 mM 
(Total). # p<0.001, differences calculated by t-tests with Holm-Sidak correction for multiple 

comparisons. Error bars are SEM. (H) Linear regression of scattershot severity phenotyping 
from Mecp2R294X/Y,MECP2Tg1 mice (orange line, n=18) and WT mice (blue line, n=34).  
Mecp2R294X/Y,MECP2Tg1 mice do not exhibit severe phenotypes. (I) Mecp2R294X/Y,MECP2Tg1 mice 

(orange line, n=18) show similar longevity to WT mice (blue line, n=34). 
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Mecp2R294X/Y mice display motor dysfunction and deficits in learning and memory 

To establish the R294X mouse as a preclinical model, we asked if behavior 

abnormalities typified in other models of MeCP2 dysfunction were present Mecp2R294X/Y mice. 

We conducted a behavior battery in 16 week-old mice because phenotypic severity increases at 

this time (Fig. 1.1C). Mecp2R294X/Y mice had impaired motor function and decreased motor 

learning when evaluated using the accelerating rotating rod task (rotarod) (Fig. 1.2A). Similarly, 

Mecp2R294X/Y mice showed impaired motor dysfunction on the forepaw wire hanging task, with 

mutant animals falling sooner off the wire compared to wild-type (WT) control animals (Fig. 

1.2B). Mecp2R294X/Y mice were hypoactive with decreased distance traveled in the open field 

arena (Fig. 1.2C). Consistent with other mouse models of MeCP2 dysfunction, Mecp2R294X/Y 

mice had an increased preference for the center zone of the arena suggesting this mutation 

promotes reduced anxiety compared to WT (Fig. 1.2C). Deficits in hippocampal- and amygdala-

dependent learning were also apparent in Mecp2R294X/Y mice as shown by decreased freezing 

compared to WT in contextual and cued fear conditioning tasks (Fig. 1.2D) (Kim and Fanselow, 

1992; Phillips and LeDoux, 1992). Mecp2R294X/Y mice also displayed abnormal gait patterns 

characterized by decreased hind paw stride length and decreased longitudinal deviation (Fig. 

1.2E). Despite Mecp2R294X/Y mice having a milder phenotype compared to other RTT models, 

these findings indicate R294X truncated MeCP2 is not sufficient to prevent motor and learning 

dysfunction. 
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Figure 1.2. R294X mice have abnormal motor and learning phenotypes at 16 weeks of age. (A) 
Mecp2R294X/Y mice (grey bars, n=9) show impaired performance on and are unable to learn an 
accelerating rotor rod task compared to WT (black bars, n=11). (B) These mice also perform 
poorly on a forepaw wire hang assay. (C) Mecp2R294X/Y mice are hypoactive and show increased 

preference for the center of the arena on an open field assay. (D) Context and cued freeze 
responses are reduced in Mecp2R294X/Y mice (n=8) compared to WT (n=10) following fear 
conditioning. (E) Mecp2R294X/Y mice (n=7) have an abnormal gait compared to WT (n=9) 
characterized by altered stride length and longitudinal deviation (Long.D.Max). ***p < 0.001, **p 
< 0.01, *p < 0.05 differences calculated by a t-test. Error bars are SEM.  
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Mecp2R294X/Y mice have abnormal breathing and atypical EEG activity 

Because RTT patients and existing models of MeCP2 dysfunction have breathing 

irregularities and abnormal cortical EEG activity, we asked if similar traits were present in 

Mecp2R294X/Y mice. Unrestrained whole-body plethysmography revealed Mecp2R294X/Y mice have 

breathing dysfunction (Fig. 1.3A). Specifically, Mecp2R294X/Y mice have an increased breathing 

rate (Fig. 1.3B), increased breathing irregularity (Fig. 1.3C), and an elevated incidence of 

apneas compared to WT (Fig. 1.3D). The salient breathing phenotype in Mecp2R294X/Y mice 

provides a defined physiological outcome measure for future preclinical studies in this model.  

During routine handling, a subset of Mecp2R294X/Y mice were observed to have absence 

seizure-like events. While seizures were not detected in 9 week-old Mecp2R294X/Y mice, free 

moving video coupled EEG recordings repeated at 13 weeks of age revealed spontaneous 

seizure activity that was not present in WT litter mates (Fig. 1.3E). In one Mecp2R294X/Y mouse, 

three seizure-like episodes scored as 1-2 on a modified Racine scale (Gogliotti et al., 2016) with 

increased digging and head nodding were captured over a 24-hour period. In a second 

Mecp2R294X/Y mouse, two seizures persisting for more than 60 seconds and scored as 4 on the 

Racine scale with characteristic tonic body contractions and rearing were observed during the 

24-hour recording. Though further study is needed to fully characterize this apparent seizure 

phenotype, the findings reported here suggest seizures manifest in Mecp2R294X/Y mice in 

accordance with the phenotypic severity progression observed between 9 and 13 weeks of age 

(Fig. 1.1B). 
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Figure 1.3. R294X mice have breathing abnormalities and seizure-like cortical activity. (A) 
Mecp2R294X/Y mice have an altered breathing pattern compared to WT mice at 16 weeks of age. 
(B) The basal breathing rate in Mecp2R294X/Y mice (grey bars, n=9) is elevated compared to WT 
(black bars, n=11). BPM = Breaths per minute. (C) Mecp2R294X/Y mice have an elevated 

breathing irregularity score compared to WT. ISTT = instantaneous rate of change in total 
breath time. (D) Apnea events are greatly increased in Mecp2R294X/Y mice compared to WT. (E) 

Representative filtered (0.5-50 Hz bandpass) EEG traces from a period of normal awake activity 
in a 13 week-old WT mouse (top), and a period of awake activity disrupted by a seizure in a 13 
week-old MecpR294X/Y mouse (bottom). The expanded view shows baseline immediately prior to 
onset of a seizure and chaotic, high voltage discharges present during the seizure. ***p < 0.001, 
**p < 0.01, *p < 0.05 differences calculated by a t-test. Error bars are SEM. 
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Read-through compound treatment suppresses R294X and allows full-length MeCP2 production 

in murine adult fibroblasts  

A key question is whether read-through compounds are able to effectively allow the 

production of full-length MeCP2 protein from the R294X containing transcript. To aid in rapid 

scalable screening of candidate read-through therapeutics, we generated immortalized adult ear 

tip fibroblasts (iETFs) from Mecp2R294X/Y and Mecp2R255X/Y mice. When treated with the prototypic 

read-through compound G418, but not vehicle, both mutant iETFs (R255X or R294X) produced 

full-length Mecp2 protein (Fig. 1.4A); however, nonsense mutation read-through was more 

robust in Mecp2R294X/Y iETFs across all doses with a notable two-fold increase in full-length 

protein at 200 ug/ml G418 compared to Mecp2R255X/Y (Fig. 1.4B). A defined dose escalation 

response was observed in Mecp2R294X/Y iETFs with increased G418 concentration yielding 

greater full-length MeCP2 production (Fig. 1.4B), but no significant difference in full-length 

MeCP2 level was seen between G418 concentrations in Mecp2R255X/Y iETFs (Fig. 1.4B). These 

findings suggest read-through of nonsense Mecp2 transcripts is more efficient in the context of 

Mecp2R294X/Y. This is in accordance with previous studies in patient derived cells and exogenous 

constructs that showed the R294X allele was more efficiently suppressed than other common 

nonsense mutations in MECP2 (Popescu et al., 2010; Brendel et al., 2011). Combined, these 

results suggest nonsense suppression agents may show greater therapeutic effect in the R294X 

mouse indicating this model as an ideal platform for in vivo screening of read-through 

compound efficacy. 
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Figure 1.4. Read-through compound treatment promotes full-length MeCP2 expression in 
fibroblasts from Mecp2R294X/Y mice. (A) Representative western blot of Mecp2R255X/Y and 
Mecp2R294X/Y immortalized ear tip fibroblasts treated with vehicle, 100 ug/ml, 150 ug/ml, or 200 
ug/ml G418 for 48 hours. G418 treatment restores full-length MeCP2 protein expression while 
no full-length protein is detected in vehicle treated cells. Each lane corresponds to an individual 
treatment experiment. (B) Quantification of three experimental replicates of G418 treatment 
reveals the R294X allele (grey bars) is more efficiently suppressed than the R255X allele (black 
bars) across all interrogated doses. Note: the non-zero values for vehicle treated samples is due 
to background and does not suggest the presence of full length MeCP2. ****p < 0.0001, ***p < 
0.001, **p < 0.01, *p < 0.05 with differences in full-length MeCP2 between genotype and G418 
dose calculated by a two-way ANOVA with Tukey’s post hoc for multiple comparisons. Error 
bars are SEM. 
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Read-through compound treatment is sufficient to restore full-length MeCP2 in Mecp2R294X/Y 

mice in vivo 

Despite numerous publications demonstrating small molecule suppression of MECP2 

nonsense mutations in vitro, a similar demonstration of efficacy in vivo has not been reported. 

Because aminoglycosides, like G418, are not expected to cross the blood brain barrier (BBB) in 

therapeutically relevant quantities, we asked if intraperitoneal (IP) injection of G418 was 

sufficient to restore full-length MeCP2 protein in peripheral tissue targets. G418 administered at 

30 mg/kg IP for 14 days was sufficient to promote detectable levels of full-length MeCP2 protein 

in the lungs of Mecp2R294X/Y mice, but not saline treated controls (Fig. 1.5A,B). To circumvent 

BBB penetration issues, we used intracranial ventricular (ICV) injection of G418 to assess 

suppression of the R294X mutation in the mouse brain. Two ICV infusions of 80 ug G418 over 

four days resulted in full-length MeCP2 expression in treated Mecp2R294X/Y mice, but not saline 

controls (Fig. 1.5C), providing proof-of-concept this class of drugs allows read-through in the 

brain and production of full-length MeCP2 protein from the Mecp2R294X allele. The difference in 

full-length MeCP2 detected in treated mice (Fig. 1.5C) is likely due to inconsistencies in 

cannulation and infusion between mice as shown by more complete ventricular staining with 

trypan blue post euthanasia in the mouse showing a greater full-length protein level. 
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Figure 1.5. Read-through compound treatment promotes MeCP2 expression in Mecp2R294X/Y 

mice in vivo. (A) Representative western blot of lung lysates from Mecp2R294X/Y mice treated with 

30 mg/kg G418 delivered by intraperitoneal injection for 14 days and saline controls. Each lane 
corresponds to an individually treated mouse. (B) Quantification shows full-length MeCP2 is 
detected in the lungs of G418 treated mice (white bar, n=4), but not saline controls (grey bar, 
n=4). (C) Representative western blot of brain lysates from Mecp2R294X/Y mice dosed with either 

80 ug G418 (n=2) or saline (n=1) by intracranial ventricular injection twice over a four-day 
period. Full-length MeCP2 is present in the brains of treated mice while no full-length protein is 
detected in saline treated mice. ***p < 0.001, **p < 0.01, *p < 0.05 differences calculated by a t-

test. Error bars are SEM.   
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Discussion 

A key step in the development of viable nonsense suppression therapy in RTT requires 

preclinical evaluation in cell and animal models that have high construct and face validity of the 

human disease. Here we created and characterized a new mouse model of RTT arising from 

the common R294X mutation. This model has high construct validity because it represents a 

human mutation knocked into the exogenous locus, as opposed to exogenous constructs based 

on cDNA expression systems. Furthermore, these mutant mice recapitulate many phenotypes 

of the human disorder, thus showing high face validity, and are well suited for application to 

future preclinical studies and drug development. Moreover, the increased longevity and 

comparatively slow progression of phenotypic severity in Mecp2R294X/Y mice makes them a 

useful addition to the collection of existing RTT models for pathogenesis studies. Finally, we 

developed immortalized cell-lines from this mouse line that can provide the basis for expanded 

screening of compounds that are effective at read-through from the exogenous Mecp2 locus.  

Surprisingly, truncated MeCP2 protein was detected in the Mecp2R294X mouse brain. 

Previous studies of Mecp2R168X and Mecp2R255X mice did not identify truncated MeCP2 protein in 

the context of either mutation (Brendel et al., 2011; Pitcher et al., 2015). Furthermore, truncated 

MeCP2 protein was not detected in human brain lysates from patients with R168X, R255X, or 

R270X mutations (Pitcher et al., 2015). Of the common RTT-causing nonsense mutations, it 

appears that truncated MeCP2 production is unique to the R294X allele. The mechanism 

allowing for truncated MeCP2 in the context of R294X, but not other common nonsense 

mutations, is a focus of ongoing investigation. The presence of truncated MeCP2 likely explains 

the less severe phenotype observed in Mecp2R294X mice in this study. Similarly, the presence of 

truncated MeCP2 may underlie the reduced clinical severity associated with RTT patients who 

have a R294X mutation (Neul et al., 2008; Cuddapah et al., 2014). Because R294X MeCP2 

retains DNA interacting functions, neomorphic or dominant negative effects of this truncated 
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protein could interfere with gene therapy and pharmacological strategies aimed at restoring 

functional MeCP2 expression. In this study, transgenic MeCP2 supplied in conjunction with the 

R294X allele rescued gross phenotypes observed in mutant animals suggesting full-length 

MeCP2 is able to interact with its targets and execute normal functions. However, these 

methods are not sufficient to elucidate if an overexpression-like phenotype, similar to MeCP2 

duplication syndrome (Collins et al., 2004; Ramocki et al., 2009; Samaco et al., 2012), results 

from providing functional MeCP2 in the context of R294X MeCP2. Understanding the 

intersectional effects of R294X truncated and full-length MeCP2 will be critical for determining 

the viability of therapeutics aimed at fully restoring functional MeCP2 levels.  

Beyond characterizing this new mouse model, we demonstrated the utility of the R294X 

mouse in assessing nonsense suppression therapy efficacy. Importantly, we found that MeCP2 

nonsense mutations can be pharmacologically suppressed in vivo.  A key unanswered question 

is if the quantity of read-through induced full-length MeCP2 is sufficient to rescue disease 

phenotypes in the R294X mouse. Currently available read-through compounds have been 

shown to restore 20-30% of normal full-length MeCP2 levels in cellular assays (Brendel et al., 

2011). Further chronic treatment studies are needed to determine if similar levels of full-length 

MeCP2 can be achieved with nonsense suppression in vivo in the R294X mouse. While G418 

treatment in this study restored full-length MeCP2 protein in the brain and peripheral tissue, it is 

unclear if the limited quantity of full-length MeCP2 detected would modify disease phenotypes. 

The molecular efficacy demonstrated here provides a rational basis for conducting the large-

scale trials necessary for assessing therapeutic efficacy. However, the chronic dose associated 

toxicity of canonical aminoglycosides precludes use of compounds like G418 in long term 

studies. PTC124 and ELX-02 are well suited for such studies due to their reduced toxicity 

profiles and improved pharmacokinetics (Welch et al., 2007 p.125; Nudelman et al., 2009). 

Indeed, studies in a mouse model of Hurler syndrome suggest PTC124 crosses the BBB 
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(Bedwell et al., 2015), while Eloxx is currently pursuing targeted delivery strategies for their lead 

compounds that will improve BBB permeability (Eloxx Pharmaceuticals, 2017). In future studies, 

the Mecp2R294X mouse and immortalized cellular models reported here will be a valuable 

resource for developing these read-through compounds and other therapeutics as viable 

interventions for Rett syndrome. 

 

Methods 

Mice 

All methods and procedures were approved either by the University of California San 

Diego or Vanderbilt University Medical Center Animal Care and Use Program, and mice were 

housed in AALAC-approved facilities. Mecp2R294X/Y mice were derived through pronuclear 

injection of 0.5 dpf C57BL/6 embryos with in vitro transcribed sgRNA targeting p.R294 in 

Mecp2, a ssODN repair template encoding p.R294X with 50 bp homology arms on either side of 

the mutation, and Cas9 mRNA. Mosaic pups were screened for successful mutagenesis by 

restriction enzyme mediated genotyping for a unique NdeI site formed by p.R294X, and by allele 

specific PCR. Following sequencing of the Mecp2 coding regions, three founder lines were 

established that had sequence integrity across all coding exons except for the desired p.R294X 

mutation. Gross phenotyping showed no difference between offspring of these founder lines, 

and a single line was backcrossed to WT C57BL/6J mice for eight generations prior to 

characterization. Mecp2R255X/Y and MECP2TG1 mice were maintained as previously described 

(Pitcher et al., 2015).  

 

Immunoblotting for MeCP2 

Mice were humanely euthanized and perfused with PBS prior to dissection of specified 

tissues. Nuclear protein lysates were obtained by homogenizing tissue in 10 mM Hepes, 1.5 
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mM MgCl2, 10 mM KCl, 0.05% NP40, 0.5 mM DTT, and 1x Mammalian Protease Inhibitor 

Cocktail (Sigma P8340), pH 7.9. Following centrifugation to remove the cytosolic fraction, nuclei 

were suspended in 5 mM Hepes, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 1x Mammalian 

Protease Inhibitor Cocktail, 25% Glycerol, pH 7.9. Suspended nuclei were sonicated prior to a 

one-hour incubation with Benzonase (Sigma E1014). Following nuclease treatment, NaCl 

concentration was raised to 300 mM, and samples were incubated for 30 minutes prior to high 

speed centrifugation remove debris. Protein concentration was quantified with 660nm Protein 

Assay Reagent (Pierce), and 30 ug protein per lane was loaded onto house-made 7.5% or 10% 

acrylamide SDS-PAGE gels and subjected to standard western blotting procedures. An 

Odyssey CLx (Licor) imaging system was used for western blot detection, and quantification 

was performed in Image Studio (Licor). Full-length MeCP2 was detected with an antibody 

specific to the last 19 amino acids of MeCP2 (Cell Signaling D4F3; 1:1000 dilution). Truncated 

MeCP2 was detected with an antibody specific to exon 3 (Sigma Men-8; 1:500 dilution). As a 

loading control, mouse anti-TBP was used (Abcam ab51841, 1:2,000). Secondary antibodies 

used for detection were Goat anti-Rabbit 800CW (Licor 926-32211; 1:10,000) and Goat anti-

Mouse 680RD (Licor  926-68070; 1:10,000). For increased sensitivity in experiments probing 

truncation product in Mecp2R255X/Y mice, a biotinylated Goat anti-mouse secondary was used 

(Jackson Immuno Research #115-065-068; 1:5,000) followed by a tertiary incubation with Alexa 

Fluor 680 conjugated streptavidin (Invitrogen S32358; 1:5000). 

 

NaCl Fractionation of nuclear proteins 

NaCl fractionation was performed on nuclei isolated as described above. Following 

suspension in 5 mM Hepes, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 1x Mammalian 

Protease Inhibitor Cocktail, 25% Glycerol, pH 7.9, equivalent volumes of nuclei were split across 

seven 1.5 ml tubes, and NaCl concentration was adjusted to 0 mM, 100 mM, 200 mM, 300 mM, 
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400 mM, 500 mM, or 600 mM in an equivalent volume of buffer. Following a one-hour 

incubation, samples were centrifuged at high speed, and supernatants were immunoblotted for 

MeCP2 amino terminus as described above. Quantified MeCP2 levels were normalized to 

Ponceau S staining and recorded as the fraction of MeCP2 extracted with 600 mM NaCl (Total 

MeCP2). 

 

Immunohistochemistry 

Mice were humanely euthanized and perfused with PBS / 4% PFA prior to dissection of 

whole brains. Following an overnight post fixation in PBS / 4% PFA, tissue was cryoprotected in 

30% Sucrose / PBS, mounted in Optimal Cutting Temperature compound (OCT), and 40 micron 

thick cryosections were collected. Heat induced epitope retrieval (HIER) was essential for 

achieving robust Men-8 detection of the MeCP2 amino terminus. HIER was performed by 

transferring sections to 10 mM trisodium citrate, 0.05% Tween-20 pH 6.0 and heating to 80 C 

for 30 minutes. Following equilibration in PBS, floating sections were permeabilized in 0.3% 

TritonX-100 / PBS and blocked in 10% Normal Donkey Serum, 0.3% TritonX-100 / PBS. After 

blocking, sections were incubated with the following primary antibodies overnight at 4o C: mouse 

anti-MeCP2 amino terminus (Sigma Men-8; 1:250 dilution) and chicken anti-MeCP2 full-length 

(Millipore Abe171; 1:500 dilution). Sections were then washed in 0.3% TritonX-100 / PBS and 

incubated with the following secondary antibodies for four hours at room temperature: Alexa 

Fluor 488 conjugated donkey anti-mouse IgG (Jackson Immuno Research #715-545-150; 1:500 

dilution) and Alexa Fluor 594 conjugated donkey anti-chicken IgY (Jackson Immuno Research 

#703-545-155; 1:500 dilution). Nuclei were counterstained with DAPI (0.1 ug/ml in PBS) and 

mounted in ProLong Gold Antifade reagent. 63x images of the cortex were collected using a 

Zeiss LSM 710 confocal microscope available through the Vanderbilt Cell Imaging Shared 
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Resource. Exposure settings were defined using a WT sample and held constant for imaging 

R255X and R294X mutant samples. Image processing was performed in ImageJ. 

 

Mouse Characterization 

Mouse behavior and physiology experiments were all performed at the Vanderbilt 

University Neuorbehavioral Core Facility. Severity phenotyping was performed based on Bird 

Scoring (Guy et al., 2007) where mice are given a score of “0” (no phenotype), “1” (phenotype 

present), or “2” (severe phenotype) for general appearance, hindlimb clasping, activity, tremor, 

breathing abnormalities, hunched back, and gait. Gait analysis was performed using a 

Cleversys TreadScan forced gait apparatus (Gogliotti et al., 2016). For assessment of motor 

function, a wire hang assay was performed where mice were placed on a suspended wire such 

that only their forelimbs were in contact, and the latency to fall was recorded across a two 

minute two minute trial (Samaco et al., 2008). Accelerating rotating rod (rotarod) assessment of 

motor learning was performed using a two-day paradigm. Briefly, on Day 1, mice were placed 

on a rotarod apparatus (Ugo Basile) with an acceleration from 0 to 40 rpm over 5 minutes, and 

latency to fall was recorded for four repeated 5 minute trials. Twenty-four hours later (Day 2), 

the rotarod paradigm was repeated. Weight and survival metrics were calculated as previously 

described (Ward et al., 2011). 

 

Conditioned Fear 

The conditioned fear paradigm consisted of a training day where mice were allowed to 

freely explore a test chamber (square walls and a wire floor with white light) for two minutes 

before a 30 second tone was played paired with a 0.5 mA foot shock in the final two seconds of 

the tone stimulus. Following a two-minute consolidation period, the tone-shock sequence was 

repeated, and mice were allowed to recover within the chamber for one minute before being 
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returned to their home cage. The following morning, contextual memory was assayed by 

returning mice to the test chambers for four minutes while freezing events were recorded. Two 

hours later, mice were placed in novel chambers consisting of rounded walls, a flat floor, no 

light, and vanilla aroma. Following two minutes of free exploration in the novel chamber, cued 

memory was assayed by playing the tone stimulus from the training day for two minutes while 

freezing events were recorded. The change in freezing response from training to trial day 

(ΔFreezing) was calculated for each animal by subtracting the training day pre-stimulus percent 

freezing from the trial percent freezing. Differences between genotypes were calculated with a t-

test. 

 

Whole body plethysmography 

Whole body plethysmography data was captured as previously described (5). A custom 

Python script was used to analyze breathing data from calm segments where minimal physical 

activity was detected in time locked video recordings. Breathing irregularity (ISTT) was 

calculated as the instantaneous change in breath duration between adjacent breaths. Apneas 

were defined for breaths with a greater than 0.5 sec duration as pauses lasting more than two 

times the local and overall average breath duration. Apneas were reported as the number of 

pauses meeting these criteria per 10,000 breaths.  

 

In vivo EEG  

Mice were implanted with a 2 channel EEG / 1 channel EMG headmounts (Pinnacle) at 

8 weeks of age. Following seven days of recovery, 24-hour EEG recordings were captured with 

time locked video monitoring at 9 weeks of age. 24-hour recordings were repeated at 13 weeks 

of age. Seizure-like events were scored by a blinded reviewer from recorded videos using a 
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modified Racine scale (Gogliotti et al., 2016) and confirmed by inspection of EEG traces filtered 

with a second order Butterworth bandpass from 0.5 to 50 Hz. 

 

Cell Culture 

Adult ear tip fibroblasts were cultured from 2 mm ear punches collected as part of 

standard mouse tagging. In an approach similar to previously described methods, collected 

tissue was cleaned with ethanol, minced, and individual tissue pieces were transferred to a thin 

film of media in a 35mm dish for fibroblast outgrowth (Vangipuram et al., 2013). Culture media for 

fibroblast outgrowth and maintenance consisted of DMEM (Gibco 11995-065), 10% FBS 

(Gemini), 1x Mem-NEAA (Gibco), 1x Pen-strep (Gibco). Approximately two weeks after 

fibroblast outgrowth, cells were passaged with 0.05% Trypsin (Gibco) and immortalized by 

calcium phosphate transfection of pBSSVD2005 encoding the SV40 large T antigen (Addgene 

plasmid #21826). Transfected cells were serial passaged at a 1:10 split to enrich transformed 

cells as described previously (Harding et al., 2009). G418 treatment was performed by dissolving 

drug directly in media at the specified concentrations. Following 48 hrs of treatment, nuclear 

protein lysates were prepared and western blotting for full-length MeCP2 was performed as 

described above. 

 

IP and ICV G418 injection 

Intraperitoneal injection studies were conducted by dissolving G418 in sterile saline to a 

stock concentration of 5 mg/ml. Daily injections yielding 30 mg/kg G418 were given for 14 days 

prior to euthanasia and isolation of specified tissues as described above. For ICV delivery of 

G418, mice were surgically implanted with a cannula in the right lateral ventricle. Briefly, 

standard aseptic surgical techniques were followed to implant a cannula (Plastics One) at A/P 

+0.46 mm, M/L +1.00 mm, D/V -2.7 mm to bregma. Following a one-week recovery period, mice 



57 
 

were infused at a rate of 0.4 ul per minute with 0.8 ul saline as a control, or 0.8 ul of 100 mg/ml 

G418 in sterile saline (Day 1), a dose previously reported as sufficient to suppress nonsense 

mutations in the adult mouse brain (Meng et al., 2016). Infusions were repeated on Day 3, and 

mice were euthanized for tissue collection on Day 5. Following euthanasia, 5 ul of Trypan blue 

was rapidly flushed through the cannula to confirm proper placement by complete staining of the 

ventricular system. Nuclear protein lysates were prepared as described above from an ~18 mm3 

block of tissue dissected about the right lateral ventricle. Western blotting for full-length MeCP2 

was performed as described above. 

 

Statistical analysis 

All data plots were created and statistical analyses were performed with Prism 8 

(GraphPad). All bar graphs show the mean +/- standard error of the mean (SEM). Scatterplots 

of severity scores for Mecp2WT/Y, Mecp2R255X/Y, and Mecp2R294X/Y mice (Fig. 1.1B) show 

averaged scores within genotypes at each time point connected by a fitted curve. Scatterplots of 

severity scores for founder lines 1, 2, and 3 of Mecp2R294X/Y mice (Supp. Fig. 1.1B) show scores 

for individual mice at each time point with plotted lines showing within founder line linear 

regression across all time points. Scatterplots of severity scores for Mecp2WT/Y and 

Mecp2R294X/Y,MECP2Tg1 mice (Fig. 1.1H) show scores for individual mice at each time point with 

plotted lines showing within genotype linear regression across all time points. Scatterplots of 

weights for Mecp2WT/Y, Mecp2R294X/Y, and Mecp2R294X/Y,MECP2Tg1 mice (Supp. Fig. 1.2) show 

weights for individual mice at each time point with plotted lines showing within genotype 2-knot 

spline regression across all time points. Differences in efficiency of MeCP2 elution at different 

NaCl concentrations between genotypes were calculated using t-tests with Holm-Sidak 

correction for multiple comparisons. Comparisons of quantitative behavior and physiological 

data (Figs. 2 and 3) between genotypes were performed using a t-test. Comparisons between 
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genotype and G418 dose in drug treated fibroblast experiments (Fig. 1.4) were determined by a 

two-way ANOVA with Tukey’s post-hoc for multiple comparisons.  
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CHAPTER 2: Nonsense mediated decay targets Rett syndrome causing p.R255X MECP2 

transcripts 

Introduction 
 

Over 35% of individuals with Rett Syndrome have nonsense mutations in MeCP2, and 

four nonsense mutations are commonly observed in these individuals: p.R168X, p.R255X, 

p.R270X, and p.R294X (Neul et al., 2008; Cuddapah et al., 2014). While p.R168X, p.R255X, 

and p.R270X are associated with increased clinical severity, the p.R294X variant is correlated 

with a mild phenotype. Studies in patient derived tissues and mouse models did not detect 

truncated MeCP2 protein in the context of p.R168X, p.R255X, or p.R270X; however, a 

truncation product was observed in the context of the p.R294X mutation (Brendel et al., 2011; 

Pitcher et al., 2015; Merritt et al., 2020). This finding suggests that the reduced severity 

associated with the p.R294X mutation results from the presence of truncated MeCP2 protein. A 

key unanswered question is why does p.R294X yield a truncation product while other common 

MECP2 nonsense mutations do not produce truncated protein?  

Understanding the mechanism controlling stable truncation product expression in 

p.R294X has implications for therapeutic development. The p.R294X mutation is associated 

with reduced clinical severity compared to other common nonsense mutations (Neul et al., 

2008; Cuddapah et al., 2014). Because truncated MeCP2 is uniquely found in the context of 

p.R294X, the presence of truncated MeCP2 might allow a milder clinical presentation. 

Promoting truncation product expression from other MECP2 nonsense mutations might similarly 

improve clinical severity. Additionally, multiple reports have shown small molecule nonsense 

suppressors more efficiently read through the p.R294X mutation compared to other common 

RTT causing nonsense mutations (Popescu et al., 2010; Brendel et al., 2011; Merritt et al., 

2020). Potentially, the same mechanism controlling truncated protein expression could also 

regulate nonsense suppression efficiency for recurrent nonsense mutations in MECP2. 
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Accordingly, modulating this mechanism could improve the efficiency of nonsense suppression 

therapeutics for common RTT causing nonsense mutations.  

Several mechanisms could dictate the observed differences in detectable truncated 

MeCP2 expression for p.R168X, p.R255X, p.R270X, and p.R294X. Differences in transcript 

stability, improper transcript localization, or the presence of a translation block could effectively 

inhibit truncation product production. Likewise, truncated MeCP2 protein could be inherently 

unstable resulting in rapid degradation. Supporting the notion of transcript stability as the 

underlying mechanism, reports characterizing p.R168X and p.R255X mice identified Mecp2 

transcript levels are reduced to 60% of that observed in WT mice (Brendel et al., 2011; Pitcher 

et al., 2015). Alternatively, current evidence suggests MeCP2 protein truncated before amino 

acid 294 is not inherently unstable. Studies utilizing cellular models transfected with cDNA 

constructs have shown detectable levels of truncated protein can be produced from transcripts 

terminating at common RTT causing nonsense mutations (Brendel et al., 2011). Based on these 

findings, we hypothesized the observed differences in truncated MeCP2 expression between 

common nonsense mutations result from a mechanism acting at the transcript level.  

Nonsense mediated decay (NMD) is one mechanism that could explain the observed 

reductions in Mecp2 transcript levels in R168X and R255X mice. NMD is a highly conserved 

pathway in eukaryotes that results in degradation of nonsense transcripts to prevent production 

of potentially deleterious truncated proteins (He and Jacobson, 2015). The canonical NMD 

pathway functions through ribosomal stalling during the first round of translation accompanied 

by detection of a 3’ exon junction complex (EJC). Detection of an EJC downstream of the stalled 

ribosome results in phosphorylation of the RNA helicase UPF1 by SMG1 (Kervestin and 

Jacobson, 2012). This phosphorylation event catalyzes transcript degradation through phospho-

UPF1 interactions with the endonuclease SMG6 resulting in a cleavage event about the 

premature termination codon. Because the four common RTT causing nonsense mutations are 
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in the fourth and final exon of MECP2, the canonical NMD pathway should not target mRNAs 

harboring these mutations due to the lack of a 3’ EJC. However, an alternative EJC independent 

NMD mechanism has been described wherein accumulated UPF1 in long 3’ UTRs outcompetes 

Poly-A Binding Protein (PABP) for interactions with eRF3 complexed with the stalled ribosome 

(Rebbapragada and Lykke-Andersen, 2009; Hogg and Goff, 2010). Following UPF1 interaction 

with eRF3, the catalytic cascade leading to mRNA degradation is thought to proceed as in the 

canonical pathway (Rebbapragada and Lykke-Andersen, 2009; Hogg and Goff, 2010). Because 

the predominant MECP2 transcript expressed following development contains a ~10 kb 3’ UTR, 

it is logical this alternative NMD pathway could target transcripts bearing the common RTT 

causing nonsense mutations (Coy et al., 1999).  

Here, we investigate NMD targeting of MECP2 nonsense transcripts. Using 

pharmacological and genetic techniques we demonstrate p.R255X and p.R294X transcripts are 

differentially degraded. Furthermore, we show degradation of p.R255X transcripts depends on 

the central NMD factor UPF1. Finally, we show UPF1 knockdown is sufficient to promote the 

production of detectable levels of truncated MeCP2 protein from p.R255X containing transcripts. 

Together these findings implicate NMD as a novel therapeutic target for certain RTT causing 

mutations alone, and in combination with nonsense suppression agents.  
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Results 

Previous characterization of the Mecp2R255X/Y mouse model found Mecp2 transcripts 

were expressed at 60% of WT levels in the mouse brain (Pitcher et al., 2015). To validate ear tip 

fibroblasts from these mice as a suitable model for downstream investigations, we asked if a 

similar reduction in Mecp2 transcript is evident in these cells. Quantitative polymerase chain 

reaction (qPCR) for Mecp2 revealed Mecp2R255X/Y cells produce 54% of WT transcript levels (Fig 

2.1A) in agreement with previous findings (Pitcher et al., 2015). Conversely, we found 

Mecp2R294X/Y cells produce 90% of WT transcript levels (Fig. 2.1A). While a slight reduction in 

Mecp2 transcript levels was observed in cells from Mecp2R294X/Y mice compared to WT (p=0.02), 

transcript level in Mecp2R294X/Y cells was markedly increased compared to Mecp2R255X/Y cells 

(p<0.0001).  

As an initial test for the influence of NMD on nonsense MECP2 transcript levels, we 

treated ear tip fibroblasts with cycloheximide and surveyed changes in transcript abundance 

following drug treatment. Cycloheximide is a potent inhibitor of protein translation that effectively 

blocks initiation of the NMD pathway by preventing ribosomal recognition of premature 

termination codons during the pioneering round of translation (Carter et al., 1995). Accordingly, 

if a transcript is targeted by the NMD pathway, cycloheximide treatment should promote 

increased transcript levels compared to untreated samples. When treated with 100 ug/ml 

cycloheximide for 6 hours, Mecp2R255X/Y ear tip fibroblasts showed a differential increase in 

Mecp2 transcript level compared to WT or Mecp2R294X/Y cells (Fig. 2.1B). This finding suggests 

p.R255X transcripts are targeted by the NMD pathway while p.R294X transcripts avoid 

degradation.  
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Figure 2.1. Inhibiting NMD pathway components increases R255X Mecp2 transcript 
abundance. (A) Mecp2 transcript levels in R255X ear tip fibroblasts (green bar) are reduced 

from WT levels (black bar), while only a slight reduction is observed in R294X cells (red bar). 
N=6 per genotype. (B) Inhibiting NMD by blocking translation with 100 ug/ml cycloheximide 
(Chx.) for six hours substantially increased Mecp2 transcript level in R255X cells. Data is 
presented as the fold change in Mecp2 levels between treated samples and untreated controls 

normalized to WT. N=6 per genotype and treatment group. (C) Blocking SMG-1 phosphorylation 
of UPF1 with 10 uM caffeine (Caff.) for six hours increased Mecp2 transcript levels in R255X 
cells. Surprisingly, caffeine treatment similarly increased Mecp2 transcript levels in R294X cells. 
N=3 per genotype and treatment group. Data is presented as the fold change in Mecp2 levels 
between treated samples and untreated controls normalized to WT. (D) Treating cells with 10 
uM 5-Azacytidine (5-Aza C.) for 24 hours did not increase Mecp2 transcript levels in R255X 

cells compared to WT; however, a slight difference in fold change was observed between 
R255X and R294X. N=3 per genotype and treatment group. Data is presented as the fold 
change in Mecp2 levels between treated samples and untreated controls normalized to WT. ***p 
< 0.001, **p < 0.01, *p < 0.05 Between genotype differences were calculated by a one-way 
ANOVA with Tukey’s post hoc for multiple comparisons. Error bars are SEM.   
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To further establish p.R255X transcripts as a NMD target, we treated cells with caffeine 

and assessed changes in Mecp2 transcript level. Caffeine is a known inhibitor of SMG1 kinase 

effectively blocking phosphorylation of UPF1 and initiation of the NMD pathway. When treated 

with 10 mM caffeine, Mecp2R255X/Y ear tip fibroblasts again showed a differential increase in 

Mecp2 transcript level compared to WT (Fig. 2.1C).  However, caffeine treatment also increased 

Mecp2 transcript level in Mecp2R294X/Y cells (Fig. 2.1C). The implications of elevated Mecp2 

transcript level in Mecp2R294X/Y cells is not entirely clear. Plausibly, a fraction of p.R294X 

transcripts could be targeted for degradation while not interfering with overall truncation product 

expression.  

As an orthogonal approach to directly targeting components of the NMD pathway, we 

then treated cells with 5-azacytidine. 5-azacytidine is a known NMD inhibitor that does not 

directly modulate NMD factors, and instead blocks NMD through induction of Myc (Bhuvanagiri 

et al., 2014). Importantly, 5-azacytidine does not alter UPF1 nor phosphor-UPF1 levels 

(Bhuvanagiri et al., 2014). When treated with 5-azacytidine, no differential increase in Mecp2 

transcript level was seen between WT and Mecp2R255X/Y cells or WT and Mecp2R294X/Y cells. A 

slight increase in fold change was observed between Mecp2R255X/Y and Mecp2R294X/Y cells (Fig. 

2.1D); however, this might be an artifact from the small number of samples included in this 

study. Because 5-azacytidine treatment failed to increase transcript levels in Mecp2R255X/Y cells, 

transcript degradation in the context of p.R255X may center upon the key NMD factor UPF1.  

To interrogate the role of UPF1 in the context of p.R255X and p.R294X, we used 

lentiviral shRNAs to knockdown UPF1 in WT, Mecp2R255X/Y and Mecp2R294X/Y fibroblasts. 

Following transduction, UPF1 transcript levels were reduced to ~40% of levels in scrambled 

control transduced cells (Fig. 2.2A). UPF1 knockdown catalyzed a marked increase in Mecp2 

transcript level in Mecp2R255X/Y cells compared to scrambled transduced controls, but no such 

increase was observed in WT (Fig. 2.2B). Surprisingly, Mecp2 transcript level was also 
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augmented in Mecp2R294X/Y fibroblasts following UPF1 knockdown; however, the increase 

compared to controls was significantly less than that observed for Mecp2R255X/Y cells (Fig. 2.2B). 

Increases in Mecp2 transcript following UPF1 knockdown in Mecp2R255X/Y cells suggests that the 

reduced transcript levels associated with p.R255X result from NMD targeting. UPF1 knockdown 

also resulted in a slight increase of p.R294X bearing transcripts suggesting p.R294X transcripts 

are possibly degraded by a UPF1 dependent mechanism. Because UPF1 knockdown was 

sufficient to increase Mecp2 transcript level in Mecp2R255X/Y fibroblasts, we asked if UPF1 

knockdown was similarly able to induce expression of truncated MeCP2 protein from p.R255X 

transcripts. Western blotting lysates from Mecp2R255X/Y fibroblasts transduced with UPF1 shRNA 

indicated knockdown of UPF1 was sufficient to promote the expression of detectable levels of 

truncated MeCP2 protein (Fig. 2.2C). Combined, these findings demonstrate that reduced 

Mecp2 transcript level and lack of truncated MeCP2 protein observed in p.R255X samples 

results from selective targeting of these transcripts by the NMD pathway.  
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Figure 2.2. UPF1 knockdown increases R255X Mecp2 transcript abundance and allows for 
truncated protein production. (A) Lentivral transduction with shRNA against Upf1 decreased 
Upf1 transcript levels to ~40% of endogenous levels across all cell lines. N=3 per genotype and 
transduction group. Data is presented as the fold change in Upf1 transcript level between cells 
transduced with Upf1 shRNA or scrambled control. (B) UPF1 knockdown increased Mecp2 
transcript levels in R255X cells. Surprisingly, UPF1 knockdown also increased Mecp2 transcript 
levels in R294X cells while no apparent change was evident in WT cells. N=3 per genotype and 
transduction group. Data is presented as the fold change in Mecp2 transcript level between cells 
transduced with Upf1 shRNA or scrambled control. (C) UPF1 knockdown was sufficient to 
promote detectable levels of truncated MeCP2 protein in R255X cells. While truncated protein 
was not detected in scrambled transduced cells (R255X), transduction with Upf1 shRNA 

resulted in modest expression of truncated MeCP2 at the expected size of 35 kDa concomitant 
with reduced detection of UPF1 (UPF1 KD R255X). N=3 per transduction group. The 
representative western blot shows duplicate loading of each experimental replicate in adjacent 
lanes with Tata Binding Protein (TBP) as a loading control. ***p < 0.001, **p < 0.01, *p < 0.05 

Between genotype differences were calculated by a one-way ANOVA with Tukey’s post hoc for 
multiple comparisons. Error bars are SEM.   
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Known mechanisms do not readily explain p.R294X transcript evasion of the NMD 

pathway. Novel 3’ UTRs formed following premature termination codons have been shown to 

influence NMD efficiency (Toma et al., 2015). Specifically, AU rich regions in the first 200 bp of 

a novel 3’ UTR following a nonsense mutation have been established as elements that inhibit 

NMD targeting, presumably through promoting interactions with PABP over UPF1 (Toma et al., 

2015). If this mechanism allows p.R294X transcripts to evade NMD, an increased abundance of 

AU rich regions following p.R294X would be expected when compared to other common 

nonsense mutations. Profiling the 200 bp region following common RTT-causing nonsense 

mutations in both human and mouse transcripts did not reveal an enrichment for AU elements in 

the p.R294X 3’ UTR (Table 2.1). While AU enrichment does not explain p.R294X transcript 

evasion of NMD, other sequence elements or RNA binding protein motifs present in the novel 3’ 

UTR are plausible targets for future investigation.  

 

Table 2.1. AU element enrichment in the 200 nucleotides following common RTT causing 

nonsense mutations and native termination codons in humans and mice. Previous investigation 
suggests an abundance of AU elements in the first 200 base pairs following a stop codon 
inhibits targeting by nonsense mediated decay machinery (Toma et al., 2015). While AU 
elements are enriched following the endogenous MECP2 stop codon, no such enrichment was 

found following disease causing nonsense mutations. 
 

Termination 

Location 

  AU Element Abundance 

Mouse Sequence Human Sequence 

p.R168X 43% 41% 

p.R255X 44% 40% 

p.R294X 39% 38% 

Native Stop 60% 59% 
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Discussion 

Here, we have demonstrated a potential role for the NMD pathway in explaining 

irregularities between common RTT-causing nonsense mutations. Through pharmacological 

and genetic inhibition of UPF1 dependent mechanisms, we have demonstrated p.R255X Mecp2 

transcript level can be increased resulting in detectable levels of truncated MeCP2 protein. 

Though not specifically assayed in this investigation, it is likely p.R168X and p.R270X 

transcripts are also targeted by NMD. A previous investigation in a p.R168X mouse model found 

Mecp2 transcript level was reduced compared to WT,  and evidence of truncated MeCP2 

protein was not observed (Brendel et al., 2011). Moreover, analysis of post-mortem brain tissue 

failed to detect truncated MeCP2 protein in samples from individuals with p.R168X, p.R255X, or 

p.R270X mutations. Based on these reports, it is apparent p.R294X transcript evasion of NMD 

is unique amongst common RTT-causing nonsense mutations.  

 In light of the evidence supporting a role for NMD, why p.R255X Mecp2 transcript level is 

only reduced by half remains an unanswered question. Likewise, why no truncation product is 

observed in the endogenous state despite the presence of residual p.R255X transcript warrants 

explanation. Because NMD targets transcripts undergoing active translation, the residual 

p.R255X transcripts might represent a silent fraction of the overall MECP2 transcript pool. 

Translational repression of the residual p.R255X transcripts would also explain why no amount 

of truncated MeCP2 protein was detected in the endogenous state. In support of this concept, a 

recent study has shown that translation of MECP2 transcripts is actively repressed and 

regulated during development by a coordinated network of RNA binding proteins interacting with 

defined motifs in the 3’UTR (Rodrigues et al., 2016). However, future polysome profiling 

experiments are needed to confirm that a fraction of p.R255X transcripts are not incorporated in 

actively translating ribosomal complexes. 
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While we were unable to identify a specific mechanism that allows for p.R294X evasion 

of NMD, the work presented here provides a basis for future dissection of this process. 

Understanding these mechanisms could provide new routes for therapeutic development in 

RTT. Because individuals with the p.R294X mutation present with milder clinical severity, 

restoring truncated MeCP2 protein expression might similarly improve disease course in the 

context of other MECP2 nonsense mutations (Neul et al., 2008; Cuddapah et al., 2014). 

Additionally, we and others have shown nonsense suppression therapeutics more efficiently 

read through p.R294X compared to other common mutations (Popescu et al., 2010; Merritt et 

al., 2020). Identifying methods to allow other RTT-causing nonsense mutations to similarly 

evade NMD could provide a way to augment the efficacy of nonsense suppression therapeutics. 

The initial findings and cell systems presented here will aid in future studies of the underlying 

mechanisms allowing NMD to target RTT-causing nonsense mutations. 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 
 

Methods 

Cell culture and drug treatment 

WT, Mecp2R255X/Y and Mecp2R294X/Y mouse ear tip fibroblasts were derived as previously 

described (Merritt et al., 2020). Cells were maintained in DMEM (Gibco 11995-065), 10% FBS 

(Gemini), 1x Mem-NEAA (Gibco). Cycloheximide, caffeine, and 5-Azacytidine (Sigma) were 

dissolved in DMSO prior to addition to culture media at the specified concentrations. Controls 

were treated with an equivalent concentration of DMSO to drug treatment groups. Lentiviral 

transfer vectors encoding shRNA against mouse Upf1 or a scrambled control were obtained 

from Sigma. Lentiviral particles were packaged by calcium phosphate co-transfection of 

Hek293FT with the above transfer vectors, psPAX2 (Addgene #12260), and pMD2.G (Addgene 

#12259) (Dirac and Bernards, 2003). Forty-eight hours following lentivirus transduction, ear tip 

fibroblasts were selected with 1 ug/ml puromycin for seven days. Following selection, puromycin 

was withdrawn from the culture media for twenty-four hours prior to collecting lysates for 

downstream processing.  

qPCR and western blotting 

Total RNA was isolated from treated cells and controls with Trizol (Invitrogen). First 

strand cDNA was synthesized using SuperScript IV (Invitrogen). Relative levels of Mecp2-e1 

and Upf1 transcript levels were assayed using previously described primers (Samaco et al., 

2008). Relative changes in transcript abundance were calculated by the ddCt method (Livak 

and Schmittgen, 2001). Cellular lysates were prepared, and western blots for truncated MeCP2 

were performed as previously described with the exception that UPF1 was probed with a rabbit 

anti-UPF1 antibody (Abcam #86057, 1:2000 dilution) (Merritt et al., 2020). 
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CHAPTER 3: Variants in cholesterol and terpenoid synthesis genes associate with Rett 

syndrome phenotypic severity. 

Introduction 
 

Mutations in MECP2 account for approximately 95% of Rett Syndrome (RTT) cases 

(Neul et al., 2008; Cuddapah et al., 2014). While over 200 mutations in MECP2 have been 

identified as causing RTT, eight mutations account for greater than 70% of cases: p.R106W, 

p.R133C, p.T158M, p.R168X, p.R255X, p.R270X, p.R294X, p.R306C (Neul et al., 2008; 

Cuddapah et al., 2014). Across individuals with RTT, a mutation dependent spectrum of clinical 

severity is apparent with some mutations resulting in a mild clinical course (p.R133X and 

p.R294X) and others causing a more severe phenotype (R106W, R168X, and R255X) (Neul et 

al., 2008; Cuddapah et al., 2014). However, some individuals with typically mild mutations 

present with a severe phenotype, and some individuals with severe mutations have mild clinical 

severity. A possible explanation for this dichotomy is the presence of second site mutations in 

these individuals that function as genetic modifiers of RTT phenotypes. While statistically 

underpowered, small scale studies comparing two pairs of sisters with discordant phenotypes 

support this hypothesis of human genetic variation resulting in variants that are protective or 

detrimental to RTT (Artuso et al., 2011; Grillo et al., 2013). Additionally, forward genetic screens 

in mice have identified modifiers of RTT-phenotypes in cholesterol metabolism and DNA 

damage response pathways (Buchovecky et al., 2013; Enikanolaiye et al., 2019). However, 

human sequencing studies including a sufficient number of individuals to allow for statistically 

powered interrogation of genetic contributions to RTT severity are lacking. 

With the advent of next generation sequencing technologies, exome sequencing has 

been applied across a plethora of disorders to identify disease causing genetic variants. 

Because exome sequencing focuses on only known coding regions, ~1% of the human 

genome, this method has the appeals of lower monetary expense, and significantly reduced 
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computation time and processing power required for analysis of the resulting data. However, 

use of this approach to identify modifiers of known genetic disorders has been limited to a 

handful of studies. A hurdle in these studies is the need to sequence a sufficient number of 

individuals such that a given candidate reaches statistical significance. Alternatively, by 

selectively sequencing individuals comprising the phenotypic extremes of a disorder, or people 

who have mild and severe presentation while negating those with typical clinical severity, 

adequate power can be obtained from a relatively small sample size. This approach has been 

successfully applied to a variety of disorders, most notably to identifying modifiers of P. 

aeruginosa infection in individuals with cystic fibrosis (Emond et al., 2012, 2015; Lange et al., 

2014; Mackelprang et al., 2017). Identifying modifiers of genetic disorders holds great clinical 

value, as genotyping for these modifiers could provide a biomarker to aid in predicting an 

individual’s disease course. Moreover, having a defined set of genetic modifiers of a given 

disease could provide novel targets for therapeutic development.  

To aid in identifying genetic modifiers of RTT, we sequenced the exomes of individuals 

with extreme RTT phenotypes. Through multiple analytic approaches, variants in terpenoid and 

cholesterol biosynthesis genes were found to associate with RTT severity. Surprisingly, these 

findings agree with previous forward genetic screens in mice implicating cholesterol metabolism 

with phenotypic severity (Buchovecky et al., 2013; Enikanolaiye et al., 2019). Additional 

potential modifiers were identified across a diverse set of genes. Together, these findings 

provide a set of candidate genetic markers for RTT severity and potential novel therapeutic 

targets. 
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Results 

In total, we performed exome sequencing on 55 individuals with RTT. This cohort was 

selected from individuals participating in the Rett Syndrome Natural History Study. Subjects 

were chosen based on presentation with a clinical severity score in the quartile tails of mutation 

specific distributions of observed severity. Specifically, 26 individuals with a severe presentation 

(severe) and 29 individuals with a mild presentation (mild) were sequenced. A variety of MECP2 

mutations are represented in these samples, with overlap of mutations occurring in both the mild 

and severe groupings (Table 3.1). 

 

Table 3.1. MECP2 mutations and frequency of occurrence in individuals with mild and severe 
Rett Syndrome included in the current study. 

 

MECP2 Mutation No. Mild No. Severe 

c.30_31del:p.S10fs 1 1 

c.146c7g:p.S49X 1  

c.G317A:p.R106Q 1  

c.C316T:p.R106W  1 

c.C397T:p.R133C 3 1 

c.C401G:p.S134C  1 

c.C473T:p.T158M 3 4 

c.C502T:p.R168X 3 2 

c.682_683insT:p.T228fs  1 

c.753_754insC  1 

c.C763T:p.R255X 3 4 

c.806delG:p.G269fs  1 

c.C808T:p.R270X 1 1 

c.C880T:p.R294X 3 2 

c.C916T:p.R306C 4 3 

c.1158_1379del222ins6 1  

c.1163_1283del121ins35 1  

c.1164_1208T 2 1 

large deletion 2 2 
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In addition to the standard capture provided in NimbleGen VCrome V2.1, we also 

obtained sequence data for the genomic loci of genes associated with RTT including MECP2, 

TCF4, MEF2C, FOXG1, and CDKL5. In total, Following Burrows-Wheeler alignment to 

GRCh38/hg18 as a reference, ~8 gigabases were mapped per individual with >35 unique reads 

covering each target in VCrome V2.1. In total, ~515,00 variants meeting quality thresholds 

specified in the GATK best practices were called across all samples (Van der Auwera et al., 

2013). An average of 2,500 singly occurring variants (singletons) were called per individual (Fig. 

3.1). Several individuals were found to have more than 5,000 singletons, a result of the diverse 

ancestral backgrounds represented in this sample population. In order to avoid eliminating 

common variants that could modify RTT phenotypes, we chose to conduct phenotype 

association tests on variants with a minor allele frequency (MAF) of less than 20% as reported 

in the Exome Aggregation Consortium (ExAC) database of 60,706 exomes. Further filtering for 

exonic nonsynonymous variants yielded ~60,000 variants in ~15,000 genes across all samples. 

Single variants were not found to drive differences in severity in the sequenced cohort. Logistic 

regression across all variants failed to identify single variants shared amongst mild or severe 

RTT cases that reached a significant p-value when corrected for the total number of 

interrogated variants (Fig. 3.1).  
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Figure 3.1. Single variants do not underlie differences in RTT severity. (A) The number of singly 

occurring variants within out dataset (singletons) plotted per individual in mild (black points) and 
severe (red points) phenotype groupings. Blue line: the mean number of singletons per 
individual in the current dataset with one standard deviation plotted as the hatched lines. 
Outliers correspond to individuals of varied ethnic backgrounds. (B) A Manhattan plot of logistic 
regression between mild and severe phenotype groups on predicted damaging variants in the 
current dataset. Red line: threshold p-value for association of a single variant with either severity 

grouping. No single damaging variant was found to associate with the mild or severe phenotype 
groups. 
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Because the small sample size of this study limits the possibility of identifying single 

variants that modify RTT severity, we collapsed variants within their respective genes to increase 

the power of subsequent analysis. To interrogate the impact of variants collapsed within genes 

on RTT severity, we used a sequence kernel associated test optimized for small sample sizes 

(SKATO) (Lee et al., 2012). As employed in this study, the SKATO uses a kernel function to 

effectively compare similarities in variant genotypes within genes to similarities in severe or mild 

phenotype classification. Importantly, this approach allows for bi-directional contribution of a gene 

to both mild and severe phenotypes (Lee et al., 2012). As a simplified example, a given gene 

could have loss of function variants resulting in a mild phenotype, while additional gain of function 

variants in this gene could cause a severe phenotype. Traditional burden testing would fail to 

detect this gene given the dichotomous phenotypic association; however, the SKATO can parse 

these differential contributions. Moreover, we restricted analysis to variants predicted to have an 

impact on protein function based on a DANN score >0.8 for “possibly damaging”, and >0.9 for 

“damaging” (Quang et al., 2015). Running a SKATO on damaging variants collapsed within genes 

in this data set revealed several candidates (Table 3.2) that were highly correlated with mild or 

severe RTT phenotypes. The association of variants in WDR27 with a severe RTT phenotype 

was driven by the enrichment of multiple variants predicted to be damaging to protein function 

(Table 3.3). In the case of IDI2, an enrichment of a stop gain (rs1044261) in mild samples and a 

stop loss (rs41314629) in severe samples drives the association (Table 3.3). The association of 

DNAJA4 with severe samples primarily stems from an early frameshift (rs142025971) that 

disrupts the majority of the coding sequence (Table 3.3). Damaging variants in SENP5 were only 

identified in severe samples (Table 3.3). Two predicted damaging variants, and one possibly 

damaging variant in FLRT3 were also enriched in severe samples (Table 3.3). Two candidate 

genes, SLC12A3 and ZNF548, were linked to the mild phenotype. For ZNF548, the association 
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was driven by a single damaging variant (rs17856896) present in ten samples from the mild cohort 

(Table 3.3). 

 

 

Table 3.2. Genes containing variants associated with RTT severity. The listed genes were 
associated with mild or severe phenotypes by performing a SKATO on variants collapsed within 
genes obtained from exome sequencing individuals with mild (n=29) or severe (n=25) RTT. 
Bonferroni thresholds were established by correcting for the number of genes reaching 
significance through imputation of genotype and phenotype assignments. 
 
 

Gene 

Symbol 

Gene Description SKATO 

 p-value 

Bonferroni 

Threshold  

p-value 

Additional Remarks 

DNAJA4 DnaJ Heat Shock Protein 

Family (Hsp40) Member A4 

0.00068 

 

0.00125 

 

An SREBP responsive gene, DNAJA4 overexpression 

yields increased cholesterol synthesis and increases 

abundance and activity of HMG-CoA reductase 

(Robichon et al., 2006). 

SENP5 SUMO1/Sentrin Specific 

Peptidase 5 

0.0016 0.0033 SENP5 is required for cell division, processes full 

length SUMO3, and cleaves SUMO2/3 from targeted 

proteins (Di Bacco et al., 2006). 

SLC12A3 Solute Carrier Family 12 

Member 3 

0.00074 0.0033 Mutations in SLC12A3 are associated with Gitelman 

syndrome, and impair salt reabsorption in the kidneys 

(Glaudemans et al., 2012). 

IDI2 Isopentenyl-Diphosphate 

Delta Isomerase 2 

0.0030 0.0033 Catalyzes the conversion of the cholesterol precursor 

isopentenyl diphosphate (Nakamura et al., 2015). 

FLRT3 Fibronectin Leucine Rich 

Transmembrane Protein 3 

0.0022 0.0033 Promotes neurite outgrowth and regulates the density 

of glutamatergic synapses and axon growth cone 

collapse (O’Sullivan et al., 2012). 

WDR27 WD Repeat Domain 27 0.00057 0.00125 Encodes a scaffold protein associated with Type I 

diabetes, and one of six genes deleted in brain 

malformation patients with de novo CNVs (Conti et al., 

2013). 

GJB7 Gap Junction Protein Beta 7 0.0018 0.0033 Largely uncharacterized. Encodes a low molecular 

weight connexin capable of forming functional gap 

junctions (Bondarev et al., 2001). 

ZNF548 Zinc Finger Protein 548 0.0028 0.0033 Largely uncharacterized. 
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Table 3.3. A detailed list of variants in genes associated with RTT severity from Table 3.2. The 

impact of a specific variant was predicted using the DANN score, with a score >0.8 classified as 
possibly damaging to protein function, and a score >0.9 classified as deleterious to protein 
function. Variant counts in columns eight and nine represent the total allele count for a specified 
variant in each phenotypic group. The number (No.) severe samples per gene presented in 
columns ten and eleven represents the number of individuals in each phenotypic group with 
variants in a particular gene. No instances of homozygosity for a single variant were observed in 
the presented data, nor were multiple alleles for a single gene detected in any individual. 
 
 

Gene 

Symbol 

Ref Alt dbSNP142 rsID DANN 

score 

Mutation Type Amino 

Acid 

Change 

Variants 

in severe 

samples 

(n=26) 

Variants in 

mild 

samples 

(n=29) 

No. 

severe 

samples 

per gene 

No. 

mild 

samples 

per gene 

DNAJA4 AT - rs142025971 na fs del fs 7 0 8 2 

T C rs61752771 0.998 nonsyn SNV p.V27A 0 2 

C T rs200635299 0.993 nonsyn SNV p.P125L 1 0 

SENP5 C T rs151102982 0.991 nonsyn SNV p.H303Y 1 0 7 0 

C G rs139439455 0.981 nonsyn SNV p.P324A 1 0 

A C rs34251880 0.993 nonsyn SNV p.L340F 3 0 

G A rs34326043 0.998 nonsyn SNV p.G350D 1 0 

C T rs149511045 0.936 nonsyn SNV p.L453F 1 0 

SLC12A3 A G rs554432544 0.998 nonsyn SNV p.I515V 1 0 1 5 

C T rs12708965 0.998 nonsyn SNV p.R928C 0 5 

IDI2 T A rs41314629 na stoploss p.X228C 3 0 4 7 

C T rs1044261 0.995 stopgain p.W144X 1 7 

FLRT3 T G rs35253731 0.805 nonsyn SNV p.E460D 4 0 7 1 

T A na 0.884 nonsyn SNV p.T419S 0 1 

T G rs36034779 0.995 nonsyn SNV p.Q378H 2 0 

A C na 0.991 nonsyn SNV p.F41V 1 0 

WDR27 C - rs566702918 na fs del p.G742fs 0 2 12 6 

G A rs9396946 0.968 nonsyn SNV p.A727V 4 3 

G A rs41265375 0.979 nonsyn SNV p.A603V 3 1 

C T rs6938667 0.978 nonsyn SNV p.V525M 1 0 

G A rs34313252 0.998 nonsyn SNV p.P500L 1 0 

G A rs201925852 0.896 nonsyn SNV p.A396V 1 0 

C T na 0.998 nonsyn SNV p.A238T 1 0 

T G rs41265387 0.869 nonsyn SNV p.I211L 1 0 

GJB7 G A rs41273281 0.815 nonsyn SNV p.T177M 3 0 9 

 

1 

C T rs35259282 0.998 nonsyn SNV p.V43M 5 1 

ACTCC - rs148385063 na fs del p.G12fs 1 0 

ZNF548 G T rs17856896 0.981 nonsyn SNV p.A58S 1 10 1 10 
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To identify pathways that might influence RTT severity, we assessed if there was an 

increased abundance of DANN predicted damaging variants within Kyoto Encyclopedia of 

Genes and Genomes (KEGG) annotations (Kanehisa et al., 2004). This approach identified 

hsa04620 (Toll Like Receptor Signaling, Bonferroni corrected p = 0.00238), hsa00900 

(Terpenoid Backbone Biosynthesis, Bonferroni corrected p = 0.00678), and hsa05020 (Prion 

Disease Related Proteins, Bonferroni corrected p = 0.00995) as highly correlated with mild or 

severe RTT. Because terpenoid biosynthesis is related to cholesterol biosynthesis previously 

implicated in RTT severity, we asked what genes were driving association with this pathway 

(Buchovecky et al., 2013). Variants in four genes (HMGCR, HMGCS2, PMVK, and IDI2) drove 

this association (Table 3.4).  

 

Table 3.4. Genes associated with RTT severity through pathway and gene interaction analysis. 

Collapsing damaging variants within KEGG pathways associated hsa0900 (Terpenoid 
Backbone Biosynthesis) with RTT severity. Panning genes belonging to hsa0900 revealed 
damaging variants in HMGCS2, HMGCR, IDI2, and PMVK drove this association. Using IGOF, 
analysis was further restricted to known protein-protein interactions in the STRING database 
revealing HMGCS2 and AACS as an interacting pair associated with RTT severity. . The impact 

of a specific variant was predicted using the DANN score, with a score >0.8 classified as 
possibly damaging to protein function, and a score >0.9 classified as deleterious to protein 
function. Variant counts in columns four and five represent the total allele count for a specified 
variant in each phenotypic group. The number (No.) severe samples per gene presented in 
columns six and seven represents the number of individuals in each phenotypic group with 
variants in a particular gene.  

 

Gene 

Symbol 

Amino 

Acid 

Change 

DANN Damaging Variants 

in severe 

samples 

(n=26) 

Variants in 

mild 

samples 

(n=29) 

No. 

severe 

samples 

per gene 

No. 

mild 

samples 

per gene 

AACS p.E523Q Yes 1 0 5 0 

p.R576C Yes 4 0 

HMGCS2 p.S333C Yes 1 0 2 0 

p.R116C Yes 1 0 

HMGCR p.P506S Yes 0 1 0 1 

IDI2 p.X228C N/A 3 0 4 7 

p.W144X Yes 1 7 

PMVK p.A38S Possibly 1 0 1 0 
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Because a limited number of genes out of the total pathway members contributed to 

observed pathway associations, we asked if variants shared across known interacting gene 

pairs could underlie differences in RTT severity. To analyze shared contribution of variants 

across gene pairs, we employed an interaction goodness of fit (IGOF) test (Chung and Kang, 

2018). The IGOF test calculates a Pearson’s goodness of fit statistic for the observed and 

expected occurrence of variants in two genes between case and control groups, or mild and 

severe groups in the present study (Chung and Kang, 2018). In effort to reduce the number of 

surveyed gene pairs and increase the power of these tests, we restricted analysis to known high 

confidence protein-protein interactions in the STRING database (von Mering et al., 2005; Chung 

and Kang, 2018). Through surveying all DANN damaging variants within the severe and mild 

cohorts, we found variation in the gene pair AACS:HMGCS2 was associated with a severe RTT 

phenotype (p= 2.09E-04). While HMGCS2 was already identified through the pathway analysis 

described above, these results support including AACS in this set of candidate genes 

contributing to RTT severity. No gene pairs were found to associate with a mild RTT phenotype 

in this dataset. 
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Discussion 

Through sequencing and analyzing the exomes of individuals with extreme RTT 

phenotypes, we have identified several candidate genes and pathways that may modify disease 

severity. Association testing with SKATO identified eight genes potentially contributing to RTT 

severity: WDR27, GJB7, ZNF548, FLRT3, SENP5, SLC12A3, IDI2, DNAJA4.  Likewise, pathway 

and gene interaction analysis revealed variants in terpenoid biosynthesis related genes, 

specifically HMGCR, HMGCS2, PMVK, AACS and IDI2, associated with RTT severity. Together, 

these genes provide a set of candidates warranting further investigation to determine if they 

modify RTT severity. 

A key question is if there are rational connections between any of the candidate modifiers 

reported here and RTT pathogenesis. For some genes, like WDR27 and SLC12A3, possible 

relationships to RTT severity are not obvious. The loci encoding WDR27 has been associated 

with sleep disturbances and diabetes; however, a defined function for WDR27 has not been 

established (Bradfield et al., 2011; Lane et al., 2017). SLC12A3 encodes a NaCl cotransporter, 

and mutations in this gene are known to cause Gitelman syndrome (Glaudemans et al., 2012).  

For other candidates, like GJB7 and ZNF548, a possible role in MECP2 dysfunction can be 

inferred from previous studies where upregulated expression of these genes was found in induced 

pluripotent stem cells (iPSC) derived from individuals with RTT (Tanaka et al., 2014). However, 

the functional roles of GJB7 and ZNF548 are not well established (Bondarev et al., 2001). 

Meanwhile, FLRT3 and SENP5 can be linked with neuronal function and MeCP2 activity, 

respectively, indicating a possible influence on RTT phenotypes. FLRT3 activates FGF signaling 

cascades through ERK phosphorylation, and mediates neuronal arborization, glutamatergic 

synapse formation, and axon guidance (Böttcher et al., 2004; O’Sullivan et al., 2012; Leyva-Díaz 

et al., 2014). Clinically, mutations in FLRT3 have been associated with congenital 

hypogonadotropic hypogonadism (Miraoui et al., 2013). SENP5 is involved in SUMO3 maturation 
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and cleavage of SUMO conjugates from target proteins (Di Bacco et al., 2006). Because 

SUMOylation of MeCP2 is a critical step for transcriptional repression, SENP5 might influence 

MECP2 function as a transcriptional repressor; however, biochemical confirmation of such 

interaction is lacking (Cheng et al., 2014; Tai et al., 2016). Finally, HMGCR, HMGCS2, PMVK, 

AACS, DNAJA4 and IDI2, are members of cholesterol metabolic pathways previously identified 

as being disrupted in mouse models of RTT (Buchovecky et al., 2013; Enikanolaiye et al., 2019). 

Because multiple analytical approaches in our study implicate terpenoid and cholesterol synthesis 

with RTT severity, these genes are of particular interest for further investigation. 

Components of terpenoid and cholesterol biosynthesis pathways are likely modifiers of 

phenotypic severity in RTT. A previous suppressor screen in Mecp2 knock-out mice identified a 

stop gain mutation in Squalene Epoxidase (Sqle) that improves phenotypes of Mecp2 dysfunction 

(Buchovecky et al., 2013). Additionally, this study found a progressive shift in cholesterol 

synthesis with age in Mecp2 knockout mice. Prior to the onset of severe phenotypes, Hmgcr and 

Sqle transcript levels were found to be increased and total cholesterol levels were elevated in the 

brains of Mecp2 knockout mice (Buchovecky et al., 2013). However, in adult knockout mice with 

severe phenotypes, Hmgcr and Sqle transcript levels were reduced and total cholesterol levels 

were normalized suggesting the presence of a feedback mechanism to compensate for aberrant 

cholesterol synthesis during postnatal development (Buchovecky et al., 2013). Accordingly, 

variants that disrupt the function of genes involved in cholesterol synthesis could phenocopy the 

reported Sqle suppressor resulting in a more mild clinical presentation (Buchovecky et al., 2013). 

Alternatively, variants in other pathway components could augment the effects of MeCP2 

dysfunction on cholesterol synthesis resulting in a more severe phenotype.  

In our current study, this bidirectional effect is evident with candidate modifiers identified 

in the terpenoid biosynthesis pathway, as variants in IDI2, PMVK, and HMGCS2 were associated 

with a severe phenotype while variants in IDI2 and HMGCR were associated with a mild 
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phenotype (Table 3.3). IDI2 presents a unique case where this bidirectional effect on severity was 

observed in a single gene, as a stop gain variant, p.W144X, largely associated with mild cases 

whereas a stop loss variant, p.X228C, was only observed in severe cases (Table 3.3). Because 

IDI2 converts isopentenyl diphosphate to dimethylallyl diphosphate, the major precursor for 

cholesterol and terpenoid synthetic pathways, alterations in the function of this gene could globally 

impact cholesterol synthesis (Nakamura et al., 2015). Previous studies have shown a role for IDI2 

in other neurological disorders: copy number variation of the IDI2 locus has been associated with 

spontaneous ALS (Kato et al., 2010), and IDI2 mediated production of cholesterol metabolites 

has been implicated in Lewy body formation (Nakamura et al., 2015). As a modifier of RTT 

severity, loss of IDI2 function through the p.W144X variant could reduce flux through downstream 

cholesterol synthetic steps recapitulating the improved phenotype reported for Sqle loss of 

function (Buchovecky et al., 2013). Conversely, the p.X228C stop loss variant in IDI2 might 

increase stability or catalytic activity of this protein and result in upregulation of downstream 

cholesterol synthesis. Because cholesterol synthesis is basally elevated under MeCP2 

dysfunction, further upregulation of this pathway could manifest as a more severe phenotype. 

While IDI2, and other genes in the cholesterol metabolic pathway, are attractive candidates for 

modifiers of RTT severity, experimental validation will be required to confirm variants in these 

genes actually alter phenotypes of MeCP2 dysfunction.  

Together, the findings presented here provide a set of possible modifiers of RTT severity. 

Further investigation in cellular assays and rodent models will be needed to confirm these 

collected genes and variants do, in fact, alter RTT phenotypes. Curating a collection of validated 

modifiers of RTT could provide both diagnostic and therapeutic benefit. With the continually 

reduced cost of exome sequencing, newly diagnosed people with RTT could be screened for 

these variants to aid in predicting individual clinical disease course. Likewise, validated modifiers 

of RTT could provide novel approaches to therapy. Accordingly, identifying modifier genes and 
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pathways that can be targeted with existing approved pharmaceutical agents would provide a 

relatively rapid means to developing therapies to alter disease course in RTT.  

 

Methods 

Sequencing 

Genomic DNA samples of patients were submitted and processed for paired-end whole-

exome sequencing on Illumina HiSeq 2000 at the Baylor Genome Center as described.(Lupski et 

al., 2013) Exome capture was carried out using NimbleGen’s VCrome V2.1 Reagent that targets 

42Mb of sequence of genes from Vega, CCDS, Refseq (including predicted genes), microRNAs, 

as well as some regulatory regions.(Bainbridge et al., 2011 p.20) Additionally, we included a 

custom panel of probes that captured a total of 1.11Mb of the entire genomic regions of CDKL5, 

FOXG1, MECP2, MEF2C, and TCF4. These genes are known to cause RETT-like syndromes 

when mutated, and we wished to assess the frequencies of non-coding variants found in the 

genomic regions of these genes. The genomic regions included sequence upstream of the 

transcription start sites (ranging from 3.2kb-65.4kb), all untranslated 5’ and 3’ regions, all coding 

exons, all introns, as well as sequence downstream of the 3’ untranslated regions (ranging from 

0.6kb-31kb).  

 

Sequence Alignment and Processing 

Alignments were made using Burrows-Wheeler Aligner (BWA v0.6.2) to the GRCh/hg38 

reference human genome and duplicates were flagged by Picard v1.93. Variants were identified 

with the haplotype-based variant caller Platypus (v0.7.9.1) and annotated using ANNOVAR 

(v2016Feb01).  Before filtering, this approach resulted in 6,758,503 variants called across the 55 

samples. Initial quality control filtering was performed to exclude variants that were (i) not 

successfully genotyped in all 55 samples, (ii) not covered by a minimum of 10 reads in each 
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sample, (iii) or of low quality (QUAL<40) in at least one sample. The 251,574 variants remaining 

after this step were annotated for RefSeq qualifiers. Variants annotated as “intergenic”, “intronic”, 

“ncRNA_intronic”, or “synonymous_SNV” were then excluded unless within the loci for the five 

aforementioned RTT associated genes. 66,130 variants passed this filter. In order to avoid 

eliminating common potentially causal variants, we chose to conduct variant-phenotype 

association tests on variants with a MAF less than 20% as reported in the Exome Aggregation 

Consortium (ExAC) database of 60,706 exomes. Association testing was restricted to variants 

with a predicted damaging effect on protein function based on a DANN score >0.8 for “possibly 

damaging”, and >0.9 for “damaging”. DANN is a deep neural network based method for predicting 

the pathogenicity of individual variants based on predicted effects to the gene-product (Quang et 

al., 2015; Liu et al., 2016). 

 

Association Testing 

Association regression and other analyses were performed using the R statistics 

package (R Core Team, 2017). To identify genes that might modify RTT phenotypes, we 

employed variant association tests. Previous work has demonstrated association tests that 

collapse variant frequencies within genes have greater power than those that test individual 

variants alone.(Emond et al., 2012) Accordingly, we used a small sample adjusted optimal 

sequence kernel association test (SKATO) (Lee et al., 2012).  The SKATO method is a 

combination of sequence kernel association (SKAT) and burden tests. SKAT calculates p-

values for gene/phenotype association by collapsing test statistics for individual variants across 

a defined set, or in this case a gene.(Wu et al., 2011) This approach is particularly powerful in 

identifying candidate genes with multidirectional variants (i.e. genes where some variants are 

associated with the severe phenotype and others are associated with the mild phenotype).(Lee 

et al., 2012) However, in instances where most variants in a gene are associated with a single 
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phenotype, a burden test is more powerful than SKAT.(Lee et al., 2012) The SKATO test 

effectively combines these approaches to provide the greatest power for detecting candidate 

genes. Bonferroni’s correction was applied to all analyses to correct for multiple testing. Since 

setting a threshold based on one test per gene (16,127 tests in this study) is highly 

conservative, we instead chose to correct based on the number of genes with a minimal 

achievable p-value < 0.001 following 1,000 rounds of permutation for variant/phenotype 

assignment as previously reported (Kiezun et al., 2012). Through this parametric bootstrap, we 

obtained test statistics for genes in our dataset with sufficient variation to drive a genotype-

phenotype correlation. 
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