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ABSTRACT 

Many molecular bases for the long-term adaptive changes in cells remain unknown. 

Alternative splicing contributes dramatically to protein diversity and allows for the fine-tuning of 

gene functions in response to changing extracellular stimulation. It’s a flexible process that could 

be spatiotemporally and dynamically regulated in response to various extracellular stimuli by the 

combined effects of specific RNA elements, cis- and trans-acting factors, epigenetic modifications 

as well as other regulatory factors. The effect of repeated stimulations on gene expression can 

often be distinct from that of a single stimulation, like in sustained regular exercises or long-term 

drug abuse. However, it remains unclear how splice variants are controlled in this process, and 

whether DNA methylation or MeCP2 (Methyl-CpG Binding Protein 2) regulate this potential 

process. 

Here, by a depolarization-splicing system, it shows that while the majority of exons kept 

their homeostatic levels after repeated stimulations, a small group of synaptic exons are indeed 

adaptively spliced in a significantly different way from or even opposite to that by a single 

treatment upon membrane depolarization. For further exploration, I established an exon DNA 

methylation-splicing reporter assay system to conveniently examine the methylation effect on 

splicing by mutagenesis. In combination with a pair-wise genome/transcriptome-wide analysis, it 

shows that the adaptively spliced exons are controlled by DNA methylation. More interestingly, a 

group of adaptive synaptic exons is aberrantly spliced upon DNA methylation change in rat GH3 

pituitary cells or due to mutation of the mC- or splicing factor-binding domains of the MeCP2 in 

patients with Rett syndrome, an autism spectrum disorder. In this thesis, the data established the 

role of DNA methylation in the adaptive splicing of synaptic exons in response to repeated 

stimulations by cellular activities and demonstrated similar changes in MeCP2-mutated Rett 

syndrome patients, many of whom suffer from progressive epileptic attacks after birth. It showed 

clearly that repeated rather than a single or short-term abnormal neuronal activity plus epigenetic 

dysregulation of either DNA methylation or MeCP2 aggravate aberrant splicing of synaptic genes, 

specifically in the hippocampus of Rett syndrome patients and likely other neurological diseases 

as well.   
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CHAPTER I Literature Review 

1. Adaptive change at the cellular level 

The term cellular adaptation refers to the changed response that cells make to adapt to 

varying types of external stimuli [1]. Since the beginning of the last century, researchers have been 

attracted to the exploration of cellular adaptation in some physiological organ systems, including 

auditory adaptation [2], visual adaptation [3], and adaption of respiratory and circulatory cells to 

hypoxia stress [4]. In the 1970s, the study of pathological forms of adaptation, opioids dependence 

and tolerance, firstly proposed the concept of adaptive change in cells. It describes an altered 

quantitative relationship between extracellular stimulus and cellular response upon two or more 

stimulations in terms of adaptive hypersensitivity and adaptive desensitization [5, 6]. Adaptive 

hypersensitivity refers to the phenomenon in which a given stimulus will induce an array of 

stronger and stronger biological responses over the repeated stimulations that eventually amplify 

the original response within cells. In contrast, adaptive desensitization describes an opposite 

phenomenon that eventually represses the original response.  

Besides the drug addiction, such cellular adaptive change has been identified to play a role 

in both physiological and pathophysiological activities, e.g., chronic exercise-induced hormone 

secretion in response to resistance exercise [7], memory formation [8] or forgetting process [9], 

adaptive immune memory [10], acoustic adaptation in the human auditory cortex [11], visual 

adaptation [12], stress adaptation [13]. For example, repeated, but not a single, bouts of resistance 

exercise will elevate growth hormone concentration in the human body [7]. 

2. Alternative splicing 

Pre-mRNA splicing was first discovered in 1977 in the studies of adenoviruses in 

mammalian cells. The researchers surprisingly found a series of RNA molecules with 

noncontiguous sequences from the viral genome [14, 15]. Later, the intervening sequences (introns) 

had been found in many other genes and splicing of pre-mRNA had been observed in vitro [16, 

17]. Pre-mRNA splicing takes place either co-transcriptionally or post-transcriptionally, and 

characterizes by the removal of introns and the ligation of exons into a contiguous mature RNA 

(mRNA) from the newly transcribed pre-mRNAs through two sequential phosphoryl-transfer 

reactions known as transesterifications, which were directed by small nuclear ribonucleoproteins 

(snRNPs) [18, 19]. snRNPs are RNA-protein complexes that play key roles in splice-site 
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recognition, branch-point formation and catalysis in the process of pre-mRNA splicing. In 

eukaryotes, snRNPs are RNA-protein complexes, which are classified by the association with the 

U-rich small nuclear RNA (snRNA, 100-200 nt), such as the most abundant U1, U2, U4, U5 and 

U6 [20]. snRNPs combine together to form a large RNP machinery called spliceosome. The 

ordered assembly of spliceosome on nascent RNA is essential for pre-mRNA splicing (Fig. 1). 

Pre-mRNA was spliced either by constitutive splicing or by alternative splicing.    

               

Figure 1. Stages of spliceosome assembly during the catalysis of pre-mRNA splicing. 

The major snRNPs U1, U2, U4, U5 and U6 and auxiliary proteins assemble onto the intron of 

nascent pre-mRNA transcript in a step-wise fashion to carry out the splicing. Distinct H, E, A, B, 

and C complexes are intermediates during spliceosome assembly. During catalytic activation of 

the assembled spliceosome, the U1 and U4 snRNPs become destabilized and released from the 

spliceosome machinery. Thus, the catalytically active spliceosome consists of U2, U5, and U6 

snRNPs. (The figure was created with BioRender.com). 

 

In eukaryotic cells, most exons are thought to be constitutively spliced [21]. However, for 

certain exons, their inclusion in the transcripts is flexible, determined by the combined action of 

many factors, and can be changed by the intracellular and extracellular stimulations. This dynamic 

process refers to alternative splicing (AS) (Fig. 2). There are five main types of alternative splicing:  

mutually exclusive exons, cassette exon, alternative 3′splice site, alternative 5′splice site and 

intron retention [22].  By the inclusion or exclusion of alternative exons, a gene could generate 

multiple or even thousands of splice variants, which happens in approximately 95% of protein-

coding genes in humans [23, 24]. AS plays an essential role in protein diversity and fine-tuning 

the complexity of biological functions [25]. Most AS events are tissue-dependent variation; 10-

30% are individual-specific variations and affected by polymorphisms, subject to pronounced cell, 

tissue, or condition-specific regulation [24, 25].  
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Figure 2. Diagram of alternative splicing. 

In a pre-mRNA transcript, alternative exons 2 and 3 are both included in mRNA, or only exon 2 

or 3 included in mRNA. Because of alternative splicing, one pre-mRNA transcript generates 

different protein isoforms with different biochemical properties. It is annotated as constitutive exon 

(exon 1 and 4), alternative exon (exon 2 and 3), intron (black straight line) and protein (colored 

irregular shape). (The figure was created with BioRender.com). 

2.1 Molecular mechanisms of alternative splicing  

The inclusion level of an alternative exon is mainly determined by the combined effect of 

cis-acting RNA elements and trans-acting protein (or RNA in some cases) factors, (1) Splice sites: 

these conserved sequences in the pre-mRNA begin with the dinucleotide GU at its 5′ end, ends 

with AG at its 3´ end, and include branch point located anywhere from 18 to 40 nucleotides 

upstream from the 3´ end of an intron [26]. They distinguish the intron/exon boundaries, provide 

binding sites for spliceosome assembly and guide the cleavage of introns. The strength of 5´ and 

3´ splice sites contributes nearly equal roles in the exon recognition and exhibits their regulation 

in a combined way [27]. (2) Enhancers and silencers: also called splicing regulatory elements 

(SREs) and often located near splice sites either in exons or introns. They are cis-acting elements 

for specific binding of splicing activators (enhancer) or inhibitors (silencer), in turn, either 

promoting or inhibiting the recognition of splice sites and the assembly of spliceosome. There are 

three major classes of splicing regulatory proteins [28]:serine/arginine-rich proteins (SR proteins) 

[29-31], heterogeneous nuclear ribonucleoproteins (hnRNPs) [32-34], and tissue-specific RNA-

binding proteins such as neuron-specific RNA-binding protein Nova [35]. SR proteins are a 

conserved family of regulatory RNA-binding proteins (RBPs) and mainly function in constitutive 
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and alternative splicing as splicing factors such as SRSF1 (previously called SF2/ASF) and SRSF2 

(previously called SC35) [36]. The family of SR proteins shares a common structural organization 

containing one or two N-terminal RNA recognition motif (RRM) and a C-terminal variable-length 

domain enriched with Arginine and Serine amino acid residues (RS domain) that interact with 

other proteins mainly to recruit the splicing machinery [36, 37]. SR proteins used to be considered 

as splicing enhancers, while hnRNPs as splicing repressors [38]. The activity of SRSF1 under 

splicing conditions is antagonized by members of the hnRNP A/ B family of proteins in in vitro 

experiments [39]. However, in many cases, the effect of SR proteins and hnRNPs on splicing is 

highly complex and context-dependent [32, 40-42]. Recent studies showed that SR proteins 

actually could either activate or repress splicing events, which was confirmed by the depletion of 

individual SR proteins (8 of SR proteins were checked in total.) [43]. The regulation of AS by 

hnRNP protein hnRNP L will be discussed in more detail below.  

Besides the interaction of cis-acting elements and trans-acting regulatory factors, other 

features that modulate exon usage are (1) Pre-mRNA secondary structure: including the formation 

of an RNA helix through RNA-RNA base paring, thiamine pyrophosphate (TPP)- or protein-

mediated (such as PTB and hnRNP A1) RNA structural rearrangements [44-51].  (2) The kinetics 

of transcription: When this concept was first raised, it had been thought that slow elongation of 

RNA Polymerase II (RNA pol II) would favor the processing of co-transcriptional splicing at 

upstream sites, resulting in the inclusion of alternative cassette exons. In contrast, fast elongation 

was predicted to reduce the competitive advantage of upstream splice sites and favor exon skipping 

[52]. Later studies revised this concept and show that slow elongation will either increase or 

decrease the usage of splice sites depending on in part if it’s regulated by an enhancer or silencer 

[53, 54]. Interestingly, elongation rate of RNA pol II also affects splicing fidelity. There’s a 

difference of splicing error frequency between fast and slow transcript strains [55]. Moreover, 

DNA methylation [56, 57], DNA damage [58], mutation of RNA polymerase II [59, 60], chromatin 

remodeling factor SWI/SNF [61], or histone modifications [62], even splicing factor (such as 

serine/arginine-rich splicing factor SC35 [63]) could regulate the pre-mRNA splicing through 

affecting the transcription elongation rate. (3) In some specific genes, the length of intron and exon 

contribute to the exon usage: the shorter the exon and intron length (<500 bp), the higher the exon 

inclusion level in both invertebrates and vertebrates, such as the influence of intron length on CD44 

splicing [64-67]. For example, a minimal intron length (>80 bp) is required for splicing the large 
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rabbit beta-globin intron and preventing the abnormal splicing of exons [68]. (4) Epigenetic 

modification: including histone and DNA modification, such as histone methylation, histone 

acetylation and DNA methylation [69]. This part will be discussed in more detail below.  

2.2 The regulation of alternative splicing by splicing factor hnRNP L 

The 65 kDa hnRNP L is a multifunctional RNA-binding protein containing four highly 

conserved RRMs: RRM1, RRM2, RRM3 and RRM4, which all contribute to RNA binding 

through the secondary structure of β-sheets [70]. hnRNP L is localized mainly within nuclear 

protein complexes in the nucleoplasm at steady state and enriched in the periphery of the nucleoli 

as a component of SLM/Sam68 Nuclear Bodies that link signaling pathways to RNA processing 

[71, 72]. hnRNP L possesses both a nuclear localization signal (NLS) and a nuclear export signal 

(NES)-like sequence [73, 74], which allows it to translocate into the nucleoplasm after translation 

and to be exported into the cytoplasm upon external stimuli. The phosphorylation of hnRNP L is 

a well-studied post-translational modification, which usually results in alteration in biological 

activities, such as promoting or inhibiting the alternative splicing of pre-mRNA by changing the 

affinity of RNA binding [75-77]. 

hnRNP L was first reported as a splicing regulator in the splicing of the eNOS gene through 

the specific binding to intronic CA repeat enhancer [78]. Subsequent studies showed that hnRNP 

L could bind specifically to exonic or intronic elements of the pre-mRNA and function as a splicing 

activator or repressor [78-82]. The binding preference of hnRNP L for CA-repeat or CA-rich 

motifs was confirmed by the in vitro binding SELEX analysis [80] and individual-nucleotide-

resolution UV cross-linking and immunoprecipitation in combination with deep-sequencing 

(iCLIP-Seq) [81]. Genome-wide analysis of hnRNP L binding distribution by iCLIP-Seq showed 

that hnRNP L exhibited a binding preference for introns and 3´ untranslated regions (UTRs) [81].  

Like other members of the hnRNP family, in most cases, hnRNPL acts as a splicing 

repressor but sometimes also exhibits an activating role in the pre-mRNA splicing depending on 

the local context of spliced exons. For example, hnRNP L repressed the inclusion of CD45 exon 

4 and 5 [79], STREX exon of Slo1 gene (also named as potassium calcium-activated channel 

subfamily M Alpha1, Kcnma1) [75, 83], exon 20 of TJP1 gene and exon 4 of SLC2A2 gene [84] 

by blocking the assembly of spliceosome complex. Also, an RNAi knockdown assay showed that 

hnRNP L promoted the splicing of the NMD-sensitive exon 6a of itself by binding to a highly 
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conserved intronic CA-rich enhancer [82]. The regulation of hnRNP L on the pre-mRNA splicing 

is determined by: (1) The feature of the binding sequences: act as a splicing activator by binding 

to specific splicing enhancers, but as a repressor by binding to silencers [78, 85]. (2) The strength 

of nearby 5´ or 3´ splice sites (SS): hnRNP L represses strong splice sites but enhances weak splice 

sites (when the absolute level of exon inclusion < 2%) of the same exon by a minigene assay [79]. 

(3) The proximity of the CA motif to 5´ SS also affects the hnRNP L role in alternative 5´ SS 

selection [80, 86]. (4) Position-dependent regulation of hnRNP L: represses splicing when bound 

to an upstream intron of alternative exons (nearby 3´ SS) while enhancing splicing when bound to 

the downstream intron (nearby 5´ SS) [81]. The repression of alternative proximal 5' SS selection 

by hnRNP L could also be through the binding of exonic CA motifs by using a KLF6 pre-mRNA 

alternative splicing model [86]. Interestingly, this suppression effect of hnRNP L on alternative 5´ 

SS selection is independent of the CA-cassette locations on the proximal exon, no matter whether 

located near a proximal or distal 5′SS [86].  

There are different mechanisms contributing to the repression of the pre-mRNA splicing 

by hnRNP L (Fig. 3). Firstly, hnRNP L directly blocks the assembly of the spliceosome complex 

at the splice sites of the regulated exons. (1) It does so by the typical mechanism of blocking the 

binding of U1 or U2 small nuclear ribonucleoproteins (snRNPs) to the splice sites (Fig. 3A). For 

example, hnRNP L represses splicing by interfering with 5´ splice site recognition of the U1 

snRNP in exon 4 of SLC2A2 gene and by interfering with the binding of U2AF65 to the 

polypyrimidine (Py) and 3´ splice site recognition in exon 20 of TJP1 gene and STREX exon of 

Slo1 gene [75, 84]. (2) It can also repress splicing by preventing progression to the U4–U6–U5 tri-

snRNP–containing B complex after the ATP-dependent addition of the U1 and U2 snRNPs and 

inhibiting the formation of the spliceosome, such as the repression of the splicing of PTPRC 

(encoding CD45) exon 4 [87] (Fig. 3B).  Secondly, hnRNP L represses the activity of the splicing 

enhancer of the regulated exons. For example, the binding site of hnRNP L is in the middle of an 

exonic splicing enhancer (ESE), which recruits the binding of splicing activator SRSF1 in PTPRC 

exon 5 (Fig. 3C). Therefore, hnRNP L inhibits the splicing of PTPRC exon 5 by interfering with 

the binding of SRSF1 to the neighboring ESE, hence preventing the recruitment of U2 snRNP to 

3´ splice sites [79].  
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Figure 3. Molecular mechanisms behind the alternative splicing repression by hnRNP L. 

A. The typical mechanism: directly inhibiting the binding of U1 or U2 snRNPs to the splice sites. 

For example, in GH3 cells, hnRNP L binds to the specific element between the polypyrimidine 

(Py) and AG of the upstream 3´ splice site of the STREX exon of Slo1 gene, blocking the binding 

of U2AF65 to the Py and resulting in the skipping of STREX.  B. hnRNP L can also block the 

spliceosome assembly by preventing A complex progression to the U4–U6–U5 tri-snRNP–
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containing B complex. For example, hnRNP L binds to exonic splicing silencer of CD45 exon 4 

and forms a stable U1 and U2 containing A complex across exon 4. This stable complex inhibits 

the binding of the U4–U6–U5 tri-snRNP, interferes with the formation of subsequent intermediate 

complex B and finally leads to the skipping of exon 4 in vitro.  C. hnRNP L binds to an ESE 

(exonic splicing enhancer) and thus blocks the binding of splicing activator to the same ESE. For 

example, hnRNP L binds to the ESE of PTPRC exon 5, interferes with the binding of splicing 

activator SRSF1 to the ESE and leads to the skipping of PTPRC exon 5. (The figure was created 

with BioRender.com). 

 

The regulation by hnRNP L on splicing is also affected by other splicing factors, such as 

hnRNP LL and hnRNP A1 [88-90]. HnRNP L and hnRNP LL could either cooperate or 

antagonistically modulate the regulation of alternative splicing of some exons [88, 89].  Based on 

the studies so far, the mechanisms underlying hnRNP L regulation of splicing include interference 

with spliceosome assembly as well as with enhancer activity of the regulated exons.  

3. Activity-dependent splicing and cellular adaptation in endocrine and neuron cells 

Excitable cells of many types, like neurons, endocrine, or muscle cells, have the capability 

to adapt their sensitivity to various kinds of extracellular physical, electrical, or chemical stimuli. 

Some non-excitable cells such as immunocytes also demonstrate the ability of adaptation in 

response to external stimuli. For example, adaptive immunity response is activated after an initial 

encounter with a specific pathogen and cells respond more rapidly and effectively to a subsequent 

encounter with the pathogen in the T lymphocytes. Numerous studies showed that the achievement 

of cellular adaptation is involved in the activity-dependent alterations of synapse-related proteins 

and ion channels in response to extracellular stimulation in the excitable cells, even in some of the 

non-excitable cells such as immunocytes [91]. These identified alterations occur at epigenetic, 

genetic [92], transcriptional [93], translational [94] and post-translational levels [95], referring to 

synapse plasticity, which contributes to learning and memory, stress adaptation and drug addiction.  

At the epigenetic level, accumulating studies confirmed the role of epigenetic 

modifications in the regulation of cellular adaptation mainly through altering the transcriptome 

[96, 97].  For example, there is extensive evidence that DNA methylation, histone methylation, 

and acetylation are important for memory formation and maintenance [98]. The disruption of DNA 

methylation by DNMT blocker or Tet1 knockout (KO) impaired memory formation or induced 

memory extinction in mice [99, 100]. Interestingly, genome-wide DNA methylation was 

differentially changed between memory acquisition and maintenance (1h and 4 weeks of training 
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for contextual learning, respectively), demonstrating that there is a temporal correlation between 

DNA methylation and memory [101]. The DNA methylation change was significantly associated 

with the alteration of the expression and splicing of learning- and memory-related genes during 

memory formation [56, 101, 102]. It indicates that there may be an adaptive splicing change 

transcriptome-wide following the temporal dynamic of DNA methylation during memory 

formation, which may contribute another layer at the cellular and molecular level to the mechanism 

of memory formation.  

Post-translational modification is the most well-investigated mechanism underlying 

cellular adaptation by altering protein functions and intracellular localization, which has been 

comprehensively reviewed by Davis and Müller, 2015; as well as Fernandes and Carvalho, 2016 

[103, 104]. The regulation of cellular adaptation by post-translational modification is involved in 

learning and memory [105], drug addiction [106] and cell adaptation to hypoxic stress [107]. 

Recently, emerging evidence further highlights the importance of post-translational modification 

in the regulation of cellular adaptation and explores the mechanisms behind it. For example, Daniel 

Jacko et al. demonstrated the critical role of alpha-crystallin B phosphorylation in adaptation and 

de-adaptation to resistance exercise-induced loading in human skeletal muscle [108]. 

However, little has been explored about cellular adaptation related to alternative splicing 

(AS).  

3.1 Activity-dependent alternative splicing and cellular adaptation 

Is it possible that alternative splicing is also involved in cellular adaptation? Possible, based 

on the following evidence. Firstly, alternative splicing is not only regulated by intrinsic 

mechanisms in cell fate decisions but also regulated by extracellular stimuli. In 1999, Daoud et al. 

discovered the activity-dependent regulation of alternative splicing of the transformer-2-beta 

transcript in the rat brain [109]. Later numerous studies have demonstrated the activity-dependent 

alternative splicing of synapse-related proteins and ion channels, such as STREX exon of Slo1 

gene (also called KCNMA1, encoding BK channel) [110], exon 22 of NMDAR [111], mutually 

exclusive exon 5a, and exon 5b of SNAP25 (synaptosomal protein of 25 kDa) [112], exon 18 of 

NCAM (neural cell adhesion molecule) [113], exon 11 of NRXN2α (encoding neurexin2 protein) 

[114] and exon 20 of  NRXN1 gene (encoding neurexin1 protein) [115].  
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Secondly, alternative splicing is a major factor that leads to protein diversity, generating 

protein isoforms with altered or even antagonistic properties. The various protein isoforms 

produced by alternative splicing contribute to the fine-tuning of protein functions and then cellular 

network. In neurons, the differential protein isoforms of synapse-related proteins and ion channels 

will lead to fine-tuning of neuronal properties, including cellular excitation, synapse formation, 

and synapse plasticity. This will finally result in the fine-tuning of biological activities, such as 

learning, memory, or drug addiction, in pathological activities. Here I will take the STREX exon 

of the Slo1 gene as an example to explain how alternative splicing generates protein functional 

diversity and the potential role of activity-dependent splicing in cellular adaptation-related events.  

Slo1 gene (also named KCNMA1) is the only known gene encoding the large-conductance 

calcium- and voltage-activated potassium BK channel α subunits. The pore-forming α subunits 

comprise a trans-membrane β coupling domain, a trans-membrane voltage sensor, a trans-

membrane pore-forming loop and a long intracellular COOH terminus that forms a Ca2+ sensor 

important for activation of the channel [84]. This allows it to serve as a Ca2+/voltage signal 

integrator in the regulation of cellular excitability by participating in the repolarization and after 

hyperpolarization of the action potential [116]. BK channel is associated with many cellular 

adaptation events, which refers to both non-neuronal and neuronal physiological processes, such 

as ethanol sensitivity [117-119], cognitive function [120, 121], neurotransmitter release [122] and 

fine-tuning of cochlear hair cell frequencies [123]. 

There are at least 27 constitutive exons and 10 alternative exons in the vertebrate Slo1 gene 

[83]. These alternative exons are either cassette exons that could be included or excluded in Slo 

transcripts or exons containing alternative 5´ or 3´ splice sites. Combinations of alternative splicing 

in the Slo1 gene could produce several hundreds of channel subunits, which could potentially form 

billions of BK channel heterotetramers comprising four different variant subunits, a, b, c and d 

[124]. Therefore, although they are coded by a single gene, the BK channels exhibit great diversity 

and different cellular properties.  

Stress-axis regulated exon (STREX) is one of the alternative exons, which is located 

between constitutive exon 18 and 19 in the Slo1 gene. It encodes a 59-residue cysteine-rich insert 

at the c2 position of alternative splicing in the C-terminus of mammalian BKCa channels. The 

STREX exon is widely expressed in excitable cells and regulated by membrane depolarization. Its 
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inclusion or exclusion results in the difference in BKCa channel excitable properties – in both 

kinetic and calcium sensitivity [125, 126]. STREX-exon included channels activate at more negative 

voltages than STREX-exon excluded channels, and STREX speeds activation and slows deactivation 

at a given test potential in cRNA-injected Xenopus oocytes [125]. A study of single-channel gating 

properties showed that the STREX deletion from BK channel did not affect the burst duration and 

number of openings per burst, confirming that the single-channel conductance was not 

significantly different from the wild type of BK channel [126]. However, the inclusion of STREX 

exon increases Ca2+ influx ([Ca2+]i) sensitivity of the BK channel, making the channel functional 

at low physiological levels of [Ca2+]i [126]. The apparently functional difference in the BK channel 

induced by STREX inclusion or skipping indicates that alternative splicing of STREX exon of the 

Slo1 gene affects cellular adaptation events that the Slo1 gene participates in, as is described above.  

Thirdly, the alternative splicing decision is not immutable but plastic and dynamic under 

precise temporal and spatial control. This is important. Since all cell types in a multicellular 

organism share the same DNA. The difference between different cell types and between different 

development stages is mainly caused by the synthesis and accumulation of different RNA products 

and protein molecules. As discussed above, alternative splicing contributes immensely to RNA 

and protein diversity. The spatiotemporal regulation of alternative splicing allows it to play an 

important role in the fine-tuning of cellular activity. In neurons, the dynamic regulation of 

alternative splicing could occur during neuron development, the formation of synapse plasticity, 

or the maintenance of drug addiction. For example, using quantitative real-time polymerase chain 

reaction (RT-PCR) Taqman™ assays, MacDonald, et al. reported the dynamic splicing of STREX 

exon from embryonic day 13 (E13) to 35-day old (P35) mice in the CNS during the brain 

development, which was observed in the spinal cord, midbrain, cerebellum, pons and medulla 

tissues. STREX splicing also demonstrated different patterns in different CNS regions (13 tissues 

were checked) at P35 mice [127]. Later, an RNA-sequencing analysis showed the transcriptome-

wide developmental shift in splicing in the cerebellum and directed the axonal and synaptic 

formation, which includes the alternative splicing shift of Ptprd and Nrxn1 genes [128]. These 

pieces of evidence demonstrate that alternative splicing is a flexible process that could be 

spatiotemporally and dynamically regulated in neurons. The dynamic regulation of alternative 

splicing allows it to be a potential mechanism of cellular adaptation.  
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Interestingly, emerging shreds of evidence have linked the alternative splicing to the 

regulation of cellular adaptation, although most studies are only limited to the discovery of 

different splice variants of the genes that demonstrate different functions in the cellular adaption 

activities. These studies referred to synaptic plasticity [129], which contributed to memory and 

learning, drug addiction [130], and cancer drug resistance [131, 132]. Firstly, by the inclusion or 

exclusion of exons, alternative splicing diversifies synapse-related proteins, such as ion channels 

[125, 133], channel receptors [134, 135], and other key neural proteins [136]. For example, a DAF-

2 gene splice variant DAF-2c in the taste receptor neuron ASER is specifically able to rescue the 

loss of taste avoidance behavior in DAF-2 deleted C. elegans strains [136].  

Also, alternative splicing is probably also involved in stress adaptation. Stress adaptation 

refers to a type of cellular adaptation in response to chronic stimulation. For example, the 

expression of 5,611 AS isoforms of 2,156 genes are differentially changed after consecutive 10 

days air exposure as well as temperature and salinity challenge compared to the non-treated group 

in a genome-wide analysis of AS in the Pacific oyster, which was further validated using RT-PCR 

[137]. A similar result has been observed in shrimp in response to stress adaptation induced by 

virus or bacteria infection or low salinity stress [138].  

Moreover, alternative splicing has demonstrated emerging importance in the regulation of 

drug addiction [139, 140]. Feng et al. showed that there were 2,998 genes that were differentially 

spliced in response to repeated cocaine treatments (daily intraperitoneal injections for seven 

consecutive days of cocaine) in mice. The prediction obtained from RNA-seq data was further 

confirmed by Nanostring validation. The splicing factor A2BP1 (also known as RBFOX1 or FOX-

1) was involved in the cocaine-dependent regulation of alternative splicing since the protein levels 

of A2BP1 were increased (>2.5-fold) by repeated cocaine treatments [139]. Another example 

refers to the study of the decline of D2 receptor desensitization, which could be induced by drug 

exposure to cocaine [141] and alcohol [142], and resulted in reduced neuron excitability. 

Dopamine D2 receptor has two splice variants: D2S (short) and D2L (long), both of which are 

autoreceptors for the regulation of cellular excitability and dopamine release. A reduction in 

desensitization of D2 receptor was only observed in D2S-expressing neurons, but not in the D2L 

ones upon a single cocaine treatment by mice slice incubation [140]. The D2 receptor was 

regulated by calcium signaling with D2S and D2L splice variants differentially regulated [130]. It 
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suggests that calcium-induced alternative splicing is crucial for the cocaine-induced adaptation of 

the D2 receptor.  

Taken together with the observed changes of RNA level of splicing factors [143] in the 

hippocampus memory process, the current evidence supports that alternative splicing is important 

to maintain cellular adaptative capacity. However, little has been known about the underlying 

mechanisms.  

3.2 The regulation of activity-dependent alternative splicing 

Depolarization of the plasma membrane describes a shift in the membrane potential to a 

less negative value inside the cell and results in eventual reversal of the transmembrane potential 

due to influx of positively charged ions, or in rare cases, efflux of chloride ion with a sudden 

chemical or electrical stimulus [144, 145]. The depolarization of the membrane induces calcium 

influx through the voltage-gate Ca2+ channel or ionotropic glutamate receptors because of the 

10,000-fold gradient of free calcium concentration in cells (cytoplasm: 0.1 µM, extracellular: 1mM) 

[146]. 

In in vitro experiments, the membrane depolarization could be induced: (1) By increasing 

Ca2+ entry into target cells through voltage-gated Ca2+ channels, using such stimuli as potassium 

chloride (KCl), glycine [147], and GABA [148]. (2) By increasing Ca2+ entry into target cells 

through N-methyl-d-aspartate (NMDA) receptors, especially in neurons, which are glutamate-

gated cation channels with high calcium permeability [149]. Some chemicals act as 

neuroexcitatory amino acid agonists could activate membrane depolarization through NMDA 

receptors, such as kainic acid (KA), an analog of excitotoxic glutamate [150]. Currently, KA is 

mainly used to activate neuron activity, model epilepsy and neurodegenerative states. (3) Some 

through Ca2+-regulated Cl- efflux, the beta-phorbol esters act in this way, such as 12-O-

tetradecanoylphorbol-13-acetate (TPA) and phorbol 12,13-dibutyrate (PDBu) [145, 151]. (4) 

Through brief electrical stimulation by increasing the open probability of membrane voltage-gated 

channels and actively push ion flow across the membrane [152]. Also, the membrane 

depolarization could be blocked by: (1) The inhibition of voltage-gated Ca2+ channels. Based on 

physiological and pharmacological criteria, five types of voltage-gated Ca2+ channels are classified: 

L-type, N-type, P/Q type, R-type, and T-type [153]. L-type Ca2+ channel, widely expressed in 

neurons, endocrine, and muscle cells, is the one that couples membrane depolarization with a 
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cellular response and is inhibited by nifedipine [154]. (2) The inhibition of NMDA receptors by 

competitive and noncompetitive NMDA antagonists, such as by competitive (DL-2-amino-7-

phosphonoheptanoate, AP7) and non-competitive (MK 801) blockers [155]. Besides the inhibition 

of Ca2+ influx, membrane depolarization could be reversibly blocked by some drugs, which act as 

nicotinic agonists and induce a prolonged depolarization state and prevent cells in response to the 

next stimuli, such as the neuromuscular blocking drugs including suxamethonium and 

decamethonium [156]. 

In 1939, Hodgkin and Huxley made the first intracellular recording of the electrical change 

that mediates the action potential [157]. Over 80 years’ studies, it has been well demonstrated that 

depolarization controls numerous cellular activities and physiological processes. At the gene 

expression level, a wide range of alternative splicing (activity-dependent splicing) was regulated 

by membrane depolarization.  During the past two decades, the underlying mechanisms of this 

widespread regulation of activity-dependent alternative splicing also have been well studied. 

Briefly, membrane depolarization controls activity-dependent splicing mainly through two 

mechanisms: (1) The post-translational modifications of splicing factors by different kinase 

signaling pathways, which consequently alters the protein-RNA binding affinity, or the 

nucleocytoplasmic distribution, or protein activities. (2) Epigenetic modification, including 

histone and DNA modification.  

3.2.1 Control of post-translation modification of splicing factors by various kinase signaling 

pathways 

At the post-translation level, splicing factors could be modified by phosphorylation, 

acetylation, ubiquitylation, methylation, sumoylation, and hydroxylation [158, 159], while 

depolarization-induced post-translational modification on splicing factors has mainly been 

involved in protein phosphorylation through the regulation of splicing factors or enzymes 

catalyzing other post-translation modifications (PTMs). In general, the addition of a phosphate 

group to proteins (including splicing factors) will affect the modified proteins through two ways: 

1) the addition of extra two negative charges will attract or repulse a group of positively or 

negatively charged protein chains, respectively, thus affect protein activity; 2) the attached 

phosphate group will help to form a new binding site or mask an existing binding site, thus affect 

protein-protein interaction, protein-DNA interaction and protein-RNA interaction [160]. 
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Depolarization-induced calcium influx could activate various signaling kinases in animals, 

including multi-functional calcium/calmodulin-dependent protein kinases (CaMKs), cAMP-

dependent protein kinase A (PKA), protein kinase C (PKC), and MAPK/ERK [161-165], although 

in many cases the catalyzing enzyme as well as other molecular details, or the functional 

consequences have still been unclear.  

3.2.1.1 CaMK IV signaling pathway 

By far, the best-characterized example of calcium signaling-controlled splicing is through 

the multi-functional Ca/CaMKs pathway, which contains three enzymes referred to as CaM-

kinases I, II, and IV [166]. More specifically, the regulation of splicing is mainly through the 

calcium/calmodulin (CaM)-dependent protein kinase IV (CaMK IV) pathway and seldom has been 

reported through CaMKI and CaMKII signaling pathways. CaMK IV is encoded by the CAMK4 

gene, which is a Ser/Thr kinase and a vital molecule for calcium signaling transduction to 

downstream effector proteins, including splicing regulatory proteins. CaMK IV can be activated 

by the calmodulin complex and the phosphorylation of Thr200 in the activation loop by the 

upstream CaMK kinase (CaMKK1 or 2) [167, 168].  

In some cases, the phosphorylation of splicing factors by calcium signaling could alter their 

binding affinity to the specific splice sites and subsequently affect the assembly of the spliceosome 

complex, which will finally lead to the change in alternative splicing patterns. In a review article,  

Razanau and Xie provided a comprehensive summary of CaMK IV-regulated splicing of ion 

channel and synapse-related genes [169]. Here, I will summarize the main points of this review. 

In this review, the authors listed three examples of the splicing factors that were phosphorylated 

by CaMK IV kinase and the phosphorylation effects on the specific pre-mRNA splicing. The 

splicing factors are phosphorylated at Ser513 on hnRNP L, unknown site on hnRNP A1, and Ser20 

on SAM68 (Src-associated in mitosis, 68 kDa). The phosphorylation of hnRNP A1, hnRNP L, and 

SAM68 all resulted in the skipping of exons in N-methyl-d-aspartate receptor 1 (NMDAR1), Slo1, 

and neurexin 1 (Nrx1) genes, respectively. For hnRNP L and hnRNP A1, the skipping effect was 

caused by the increase of the binding to the specific RNA elements, which were a CA-rich CaMK 

IV-responsive RNA element (CaRRE1) within its upstream 3´ splice site of STREX exon in Slo1 

gene for hnRNP L and the UAGG motifs of exon 21 in the NMDAR1 gene for hnRNP A1, 
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respectively. However, the underlying mechanism of the skipping effect on exon 20 in Nrx1 

transcripts by the SAM68 phosphorylation has not been fully established.  

In other cases, the phosphorylation activity of CaMK IV could affect the 

nucleocytoplasmic transport of the splicing factor, change its intracellular distribution, and finally 

affect the splicing decision of its targeted exons. For example, during the study of the regulation 

of homeostatic and Hebbian plasticity by alternative splicing, Li et al. found that  Ca2+/CaMK IV 

signaling phosphorylated the splicing factor Nova-2 at the sites of Ser25, Thr27, and Ser194 and 

reduced the nuclear location of the phosphorylated Nova-2 by driving it into the cytoplasm, which 

was responsible for the exclusion of exon 29 of BK channel [133].  

Interestingly, by the inclusion or exclusion of the alternative exons of STREX or exon 29 

in Slo1 gene, exon 21 in the NMDAR1 genes, and exon 20 in Nrx1 genes, the generated ion channel 

and synapse-related proteins by different transcript variants possessed different properties and 

subsequently altered cellular activities. For example, the inclusion or exclusion of exon 29 in the 

Slo1 gene could increase or dampen the K+ current, shrink or widen the action potential duration, 

and finally affect the cellular firing frequency [133]. 

3.2.1.2 PKA signaling pathway 

PKA regulates pre-mRNA splicing by the phosphorylation of splicing factors, including 

the SR protein serine/arginine-rich splicing factor 1 (SRSF1, previously designated SF2/ASF) 

[170-172], 9G8 [173] and SC-35 [174], polypyrimidine tract-binding protein (PTB, or hnRNP I) 

[175] and adenovirus L4-33K protein [176] in vitro and in vivo experiments, and by the interaction 

with SR-related splicing protein Arginine/Serine-rich 17A (SFRS17A) [177]. The PKA-

phosphorylated splicing factors could either enhance or repress the proteins’ capability to regulate 

alternative splicing. For example, in the regulation of alternative splicing of tau exon 10, PKA 

signaling enhanced the inclusion of tau exon 10 by promoting SRSF1 and SC35 binding to increase 

exon 10 inclusion but preventing 9G8 from inhibition of tau exon 10 inclusion through the 

phosphorylation of these three splicing factors in HEK-293T cells [172-174]. However, the 

underlying mechanisms, as well as the molecular details, have not been well characterized.  

So far, two potential mechanisms have been demonstrated. Firstly, phosphorylation of 

splicing factors by PKA could affect their capability to interact with RNA elements. For example, 

PKA can phosphorylate SRSF1 at serine 119 in vitro. Mutation of Ser119 to alanine of SRSF1 
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reduced the RNA binding capability of SRSF1and affected the ability of SRSF1 to activate splicing 

of the Minx transcript in vitro [171]. It indicated that the PKA-induced phosphorylation of SRSF1 

can enhance the binding of SRSF1 to RNA elements and therefore alter the decision of pre-mRNA 

splicing. Another potential mechanism contributing to the regulation of pre-mRNA splicing by 

PKA signaling may be through inducing nucleocytoplasmic distribution of splicing factors. Xie et 

al. have found that PKA directly phosphorylated the splicing factor polypyrimidine tract-binding 

protein (PTB) at Ser-16 in vitro and in vivo, which was abolished by the mutation of Ser-16 to 

alanine (S16A).  Also, S16A mutant dramatically decreased the export of PTB from the nucleus 

to the cytoplasm in heterokaryon assays [175]. It confirmed the crucial role of PKA-induced 

phosphorylation in PTB shuttling between nuclei and cytoplasm, which was likely a promising 

molecular mechanism underlying the regulation of PTB-dependent alternative splicing. However, 

the downstream targets of the pathway have not been clarified.  

Interestingly, through the phosphorylation of splicing factors, the PKA signaling pathway 

regulates the splicing of some specific alternative exons in combination with other signaling 

pathways. For example, both DNA-dependent protein kinase (DNA-PK) and PKA phosphorylated 

the splicing factor adenoviral L4-33K protein but with opposite effects on L1 alternative RNA 

splicing [176]. By the phosphorylation of L4-33K, DNA-PK inhibited L4-33K activated L1 

alternative splicing, while PKA enhanced L4-33K regulatory effect on L1 splicing [176]. This 

confirmed that both PKA and DNA-PK controlled the phosphorylation of splicing factor L4-33K 

but with the opposite effect on it, suggesting the combinational phosphorylation of splicing factors 

by different signaling pathways may be a common regulatory principle in cells. However, it is still 

unclear how the L1 alternative splicing has been differentially regulated by DNA-PK and PKA 

signaling pathways. For example, we still do not know whether the differential splicing of L1 is 

through the phosphorylation of the differential sites of L4-33K.  

3.2.1.3 PKC signaling pathway 

Protein kinase C (PKC) belongs to a family of serine/threonine kinases and are grouped 

into three subfamilies based on their structure and dependence on second messengers: 

conventional PKC (α, the alternatively spliced βI and βII, and γ), which is physiologically activated 

by the increased the concentration of lipid second messenger diacylglycerol (DAG) and calcium 

ion (Ca2+); novel PKC (δ, ε, θ, and η), which is physiologically dependent on DAG; and atypical 
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PKC (ζ, ι), whose activation depends on neither DAG nor calcium, but the binding of protein 

scaffolds [178, 179]. Here I mainly focus on the role of the Ca2+ -sensitive conventional PKC 

isozymes, which could be activated by membrane depolarization. This signaling pathway is 

essential for synapse plasticity and formation and can regulate alternative splicing of synapse-

related genes [180, 181]. 

In the cellular study, the Ca2+ -sensitive conventional PKC isozymes can be activated by 

functional analogs of phorbol esters (such as phorbol 12-myristate 13-acetate) and inhibited by the 

relatively specific inhibitors bisindolylmaleimides Gö 6983 (also inhibits novel PKC isozymes) 

and Gö 6976 (also inhibits protein kinase D) [182]. By PKC inhibitor assay, it showed that the 

alternative splicing of Bcl-x was controlled by a signaling pathway that is dependent on PKC in 

EcrR-293 cells [183]. Pharmacological evidence further demonstrated the essential role of the 

calcium/ PKC/Rho-associated protein kinase II (ROCK II) pathway in the depolarization-induced 

splicing repression of specific exons of the neurexin 2α and neurexin 3α in rat cortical neurons 

[184]. This study stressed the contribution of PKC signaling to the depolarization-induced splicing 

regulation, although through mechanisms that were poorly understood. A recent study reported the 

disruption of embryonic to adult transitions of a set of 22 alternative splicing events in the diabetic 

heart by PKCα/β inhibitor BisIX (Ro-31-8220) through the alteration of the phosphorylation status 

and expression level of CELF1/Rbfox2 proteins [185]. These studies suggested the importance of 

conventional PKC in regulating alternative splicing and the depolarization-induced splicing 

response. However, little has been known about the involved mechanisms and splicing factors. 

Further exploration is needed to see if the change in phosphorylation state of splicing factors 

induced by PKC plays a role in the regulation of alternative splicing.  

3.2.1.4 MAPK signaling pathway 

MAPKs comprise a family of ubiquitous and highly conserved protein Ser/Thr kinases in 

eukaryotes, which guide cellular signaling in response to a variety of extracellular stimuli. In 

mammals, MAP kinases are grouped into three families: ERKs (extracellular-signal-regulated 

kinases), JNKs (Jun amino-terminal kinases), and p38/SAPKs (stress-activated protein kinases) 

[186].  

In the early 90s, it was reported that depolarization-induced calcium influx through L-type 

calcium channels stimulated MAPK kinase MEKl and activated MAP Kinase via Ras activity in 



19 

 

PC12 cells. This study demonstrated an important link between MAPK and Ras pathway, which 

are two key mediators of nervous system signaling [146]. Later studies found that the membrane 

depolarization could activate multiple MAPKs and their substrates, such as extracellular signal-

regulated kinase (ERK) [187-190],  p38 MAPK [190], and mitogen-activated protein kinase-

interacting kinases (MNKs) [191]. Interestingly, the pattern of membrane depolarization resulted 

in a different result referring to the duration of MAPK phosphorylation [192]. Briefly, compared 

to a single 3-min membrane depolarization induced by 90mM KCl treatment, the activation of 

MAPK signal lasts longer upon the space, repeated stimuli (four repeated 3-min 90mM KCl-

induced depolarizations with 10-min intervals). Also, the persistence of phosphorylated MAPK 

evoked by repeated KCl treatments wasn’t observed upon a prolonged 42-min depolarization in 

hippocampal neurons, which led to morphological alterations in hippocampal dendrites [192]. A 

similar phenomenon was also observed in the specific memory-stabilizing upon spaced training in 

behavioral experiments. Long-term behavioral sensitization was produced by space, repeated 

stimuli but not a single stimulus in Aplysia california [193]. In Aplysia california, spaced, repeated 

stimuli also increased MAPK activity in sensory neurons and consequently phosphorylated cAMP 

response element binding protein (CREB) that was required for long-term memory [194, 195]. It 

indicated that the activation of MPAKs could be evoked by membrane depolarization and the 

phosphorylated duration of MAPKs was determined by different depolarization fashions. The 

persistent activation of MAPK was only produced by spaced, repeated membrane depolarizations, 

which was essential for synapse plasticity and long-term memory in neurons. However, little has 

been known about the molecular mechanism underlying the differential memory fashion induced 

by a single depolarization and by spaced, repeated depolarizations. 

The regulation of gene expression has been well studied by the depolarization-activated 

MAPK in mammals [189]. It is related to a wide range of cellular processes, such as 

neurotransmitter release [196], synaptic plasticity, and memory formation [187]. For example, 

MAPK/ERK signaling is responsible for activity-dependent expression alteration of a large 

number of genes in the mouse hippocampus, including Arc/Arg3.1, Arl5b, Gadd45b, Homer1, 

Inhba and Zwint, which is important for shaping neuronal connectivity [197].  

Also, emerging evidence emphasized the role of MAPK catalytic cascades [198-200], and 

their substrates MNKs [201, 202], in the regulation of alternative splicing by phosphorylating 
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splicing factors. Splicing factors that were phosphorylated by MAPKs included heterogeneous 

nuclear ribonucleoprotein A1 (hnRNP A1), RNA-binding motif 20 (RBM20), and the 

serine/arginine-rich splicing factor 3 (SRSF3) [198-200]. MAPKs or MNKs could cause a change 

in nucleocytoplasmic distribution, or expression level, or maybe in some unknown 

properties/levels of splicing factors, all of which consequently resulted in the alteration in targeted 

alternative splicing. The first example showed that MAPK signaling pathways regulated 

alternative splicing of the E1A splicing reporter minigene through the alteration of the subcellular 

distribution of the splicing factor hnRNP A1 [198]. The activated p38 by stress stimuli increased 

the phosphorylation of splicing factor hnRNP A1 and led to the subcellular redistribution of 

hnRNP A1, which consequently resulted in a change in alternative splicing of an adenovirus E1A 

pre-mRNA by minigene splicing reporter assay. It confirmed that p38 MAPK signaling regulated 

stress-induced alternative splicing through the phosphorylation of a splicing factor that changes 

the nucleocytoplasmic transport of the splicing factor. Also, the MAPK signaling cascade altered 

the expression level of the splicing factor and modulated pre-mRNA splicing [200]. Cai et al. 

showed that the activation of the MAPK/ERK signaling pathway enhanced the expression level of 

RBM20 and influenced its targeted pre-mRNA alternative splicing of titin, LIM domain binding 

3 (Ldb3), calcium/calmodulin-dependent protein kinase II gamma (Camk2g), and triadin (Trdn) in 

cardiomyocytes under both basal and osmotic stress-activated states. These studies clearly 

demonstrated the importance of MAPK signaling cascade in the regulation of pre-mRNA 

alternative splicing. Besides MAPKs, their substrate MNKs also regulation the phosphorylation 

splicing factors, such as hnRNP A1 and the polypyrimidine tract-binding protein (PTB)-associated 

splicing factor (PSF) [203]. These studies suggested that MAPK signaling cascade regulated 

alternative splicing under stress and disease conditions. However, little has been known about the 

regulation of MAPK signaling in alternative splicing upon membrane depolarization.  

3.2.1.5 Protein tyrosine kinase signaling 

In contrast to protein serine/threonine kinases, the protein tyrosine kinases (PTKs) are the 

other key group of signaling molecules, which comprise a large and diverse multigene family 

found only in multicellular organisms. In the human genome, 90 unique tyrosine kinase genes and 

five tyrosine kinase pseudogenes have been identified [204] to be involved in various biological 

activities, including synaptic plasticity, cognitive and memory processes [205, 206].  
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It has been reported that tyrosine phosphorylation and PTKs could be evoked by membrane 

depolarization. In the late 90s, it had been demonstrated that the tyrosine phosphorylation of the 

epidermal growth factor receptor (EGFR) was required for the activation of the Ras/MPAK 

pathway upon depolarization-induced calcium influx in neuronal cell types [207]. Later studies 

explored the PTKs that were activated by membrane depolarization, such as tropomyosin receptor 

kinase B (TrkB) [208, 209] and Ca2+/CaM-dependent proline-rich tyrosine kinase 2 (Pyk2, also 

known as FAK2, CAKb, RAFTK and CADTK) [210, 211]. For example, the tyrosine kinase Pyk2 

was implicated in the tyrosine phosphorylation of MAPK caused by membrane depolarization in 

neuronal cells [212, 213].  

Tyrosine kinases can activate multiple signal transduction cascades, transmit extracellular 

signals into the cytoplasm and often to the nucleus, and thus regulate the gene expression process 

[214-216]. A recent study claimed that PTKs regulated alternative splicing through the 

phosphorylation of splicing factors [217]. Li et al. showed that TAR DNA-binding Protein 43 

(TDP-43) was doubly phosphorylated by the MAPK/ERK kinase MEK at threonine 153 and 

tyrosine 155 (p-T153 and Y155) sites in human cells. TDP-43 could control the splicing regulation 

of more than 600 protein-encoding genes through GU-rich elements [218-220]. The increased 

phosphorylation of TDP-43 by MEK suppressed its splicing regulatory function in its target exon 

splicing [217]. However, the regulation of alternative splicing and depolarization-induced 

alternative splicing by tyrosine kinase signaling has not been well studied so far.  

To explore the role of tyrosine kinase in the regulation of depolarization-induced splicing, 

tyrosine kinase inhibitors (TKIs) assay would be a good choice as a start. Protein tyrosine kinases 

(PTKs) are enzymes that catalyze tyrosine phosphorylation of specific target proteins by the 

transfer of phosphate groups on ATP to the tyrosine residues [221]. TKIs are also called tyrphostins, 

a term coined by Alexander Levitzki in 1988 for the short name of “tyrosine phosphorylation 

inhibitor,” which could directly inhibit receptor and non-receptor tyrosine kinases [222]. TKIs 

exhibit its inhibition effect mainly through the competition with ATP for the ATP binding site of 

PTKs, such as tyrphostin AG 1288 [223]. Until 2018, there were more than 20 kinds of highly 

specific TKI that had been launched on the market because of their anti-tumor effect [223]. As 

discussed above, alternative splicing is a widespread process in metazoan and is crucial for protein 

diversity as well as the fine-tuning of cellular properties. Further exploration of the relationship 
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between alternative splicing and tyrosine kinase would allow us to develop more specific and 

efficient TKIs. 

3.2.2 Control of activity-dependent splicing by epigenetic modifications 

Epigenetic modification refers to the heritable changes that could control gene expression 

but not involving changes in DNA sequence. It refers to the modifications that not only occurred 

in DNA but also in histone and RNA, such as DNA methylation, histone acetylation, chromatin 

remodeling, and nucleosome positioning, mRNA modifications, et al. [69, 224, 225]. However, 

currently, there is not and has not been any credible support for the heritability of RNA 

modifications, and it needs further exploration. Besides mRNA gene expression, epigenetic 

mechanisms also play an essential role in many other cellular processes, such as microRNA 

expression, DNA-protein interactions, suppression of transposable element mobility, X-

chromosome inactivation and genomic imprinting [225]. At the gene expression level, the 

regulation of alternative splicing by epigenetic modification has been well-studied during recent 

decades. Interestingly, the emerging role of epigenetic modification in depolarization-induced 

splicing has also been demonstrated, such as histone modification.   

3.2.2.1 Histone modification and activity-dependent splicing 

A histone modification is an addition of a covalent post-translational modification (PTM) 

to histone proteins by their writers, which could be removed by the specific erasers, mainly at 

amino acids in the N-terminal tails [226]. In cells, there are 13 types of histone PTMs to date, such 

as acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation. Histone acetylation 

and methylation are the most common and the most extensively studied ones in the regulation of 

alternative splicing [227]. Histone acetylation refers to the transfer of an acetyl group from acetyl-

CoA to the conserved ε-N-acetyl lysine amino acids on histone proteins by histone 

acetyltransferases (HATs), which could be removed by histone deacetylases (HDACs) [228]. 

Histone methylation refers to the transfer of a methyl group from S-adenosylmethionine (SAM) to 

lysine (Lys or K) or arginine (Arg or R) residues of histone proteins by histone methyltransferases, 

which could be removed by histone demethylases [229]. 

Both histone acetylation and methylation are dynamic processes in response to various 

extracellular stimuli. They all play an essential role in the regulation of alternative splicing in 

response to depolarization/neural activity through the kinetic coupling of splicing and transcription 
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[113, 230, 231]. In 2009, the effect of change in histone acetylation on the splicing responses to 

membrane depolarization was firstly investigated by Schor et al. [113]. KCl-induced 

depolarization resulted in the exclusion of the neural cell adhesion molecule (NCAM) exon 18 by 

causing H3K9 hyper-acetylation in the specific region surrounding the targeted exon in murine 

neuroblastoma N2a cells. The mechanism behind this process is associated with the altered 

elongation rate of RNA polymerase II (pol II). Later, they further demonstrated that histone 

methylation could regulate the same exon (NCAM exon 18) but at different cellular contexts (not 

in depolarized cells) [232]. Interestingly, Sharma et al. linked protein kinase signaling CaMKIIδ 

or PKD1 with the regulation of alternative splicing by histone acetylation in response to membrane 

depolarization [230]. In brief, membrane depolarization led to changes in the histone acetylation 

through the activation of CaMKIIδ or PKD1 signaling pathways. The alteration of histone 

acetylation induced changes in alternative splicing of a group of depolarization-responsive exons, 

including Nuclear factor I (NfI) Exon 23a, by affecting the elongation rate of pol II in 

cardiomyocytes. Also, recently it has been shown that activity-induced histone methylation 

(H3K9me3) controlled the alternative splicing of the Neurexin 1 (Nrxn1) gene through the AMP-

activated protein kinase (AMPK) signaling pathway in memory-related neurons in mouse dentate 

gyrus [231].  

These studies confirmed the importance of histone acetylation and methylation in the 

regulation of alternative splicing in response to membrane depolarization and investigated the 

calcium signaling pathway as the underlying mechanism. However, little has been known about 

how histone acetylation and methylation occur at specific regions surrounding the targeted exons 

instead of a general effect on the whole pre-mRNA. Interestingly, a recent study identified that 

P66α (official name Gatad2a: GATA Zinc Finger Domain Containing 2A) acted as an adaptor to 

recruit HDAC2 (Histone Deacetylase 2) and Suv39h1 (suppressor of variegation 3-9 homolog 1) 

and brought the enzymes to a TGATAA element within the targeted exon by a zinc-finger domain 

for sequence-specific binding [231]. The recruited HDAC2 and Suv39h subsequently caused 

changes in histone acetylation and methylation and finally resulted in changes in alternative 

splicing of Nrxn1 exon 22 [231]. P66α is a critical component of the methyl-CpG-binding domain 

proteins MBD2 (Methyl-CpG Binding Domain Protein 2) -NuRD (nucleosome remodeling and 

deacetylase) complex, which is essential for ATP-dependent chromatin-remodeling and histone 

modifications [233, 234]. It indicated that the specificity of the regulation of alternative splicing 
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by histone modifications was related to some complex mechanisms. Some RNAs/proteins could 

act as adaptors to guide the recruitment of HATs (histone acetyltransferases) and HDACs to 

specific RNA elements surrounding the targeted alternative exons.   

3.2.2.2 DNA methylation and activity-dependent splicing 

The regulation of activity-dependent splicing by DNA methylation will be delineated in 

detail below (Please see section “4. DNA methylation, splicing, and neurodegenerative disease”). 

3.3 Adaptive activity-dependent splicing is likely a potential mechanism contributing to 

cellular adaptation  

The signaling pathway in depolarization-induced AS changes by KCl has been well studied 

in our lab over the past 20 years [75, 83, 110, 125, 169]. By inducing cellular depolarization, it 

activates diverse secondary signaling molecules and regulates gene expression, including AS [169]. 

Calcium, the most important and well-studied secondary massagers in the regulation of splicing, 

is a key factor for a classic autoregulatory homeostatic feedback loop of cellular excitability. The 

concept of this feedback loop was proposed around 25 years ago [235-237] and was firstly 

summarized and demonstrated graphically by Tsien et al. [133]. This feedback loop is involved in 

such diverse cellular adaptation processes as synapse plasticity [110, 133, 238], stress adaptation 

[239-241], and drug addiction [242].  

 

In 2001, Xie et al. explored the regulation of alternative splicing of ion channels by 

depolarization and provided the first evidence suggesting that alternative splicing is a novel 

dimension involved in the regulation of the feedback loop of cellular firing [110]. Briefly, the 

study found that KCl-induced depolarization activated Ca2+ signaling and resulted in the exclusion 

of stress axis-regulated exon (STREX) in the Slo1 BK potassium channel gene in GH3 cells, 

generating BK channel proteins with lower sensitivity to calcium and voltage, and finally reduced 

the cellular excitability [110, 125, 126]. Since the BK channel controls the repolarization and fast 

after-hyperpolarization of action potentials and is important in setting the firing properties of 

neurons [110], it indicated that the activation of depolarization by extracellular stimuli could alter 
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the repolarization and after-hyperpolarization through the regulation of alternative splicing, which 

will consequently change the firing properties of later waves of action potentials.  

Interestingly, recently Li et al. have made another interesting discovery related to the 

regulation of the autoregulatory homeostatic feedback loop of cellular excitability by alternative 

splicing. They showed that the chronic inactivity of sodium channels by tetrodotoxin (TTX) 

treatment broadened the action potential duration (APD), which was related to blunted 

afterhyperpolarization (AHP) instead of an altered depolarization, in cultured cortical cells [133]. 

More interestingly, alternative splicing of the BK channel by the exclusion of an alternative exon 

(exon 29) was responsible for this observation, which was regulated by the nuclear exit of Nova-

2 through the CaMKIV signaling pathway upon the activation of the L-type Ca2+ channel [133]. 

This study provided a full-loop mechanism for the feedback loop by which chronic inactivity of 

sodium channel regulated APD and reset spike through the alternative splicing of BK channels. It 

shows that alternative splicing plays an essential role in the regulation of cellular adaptation and 

plasticity.  

4. DNA methylation, splicing and neurodegenerative disease 

4.1 DNA methylation, DNA methyltransferase (DNMT) and DNMT inhibitor 

4.1.1 DNA methylation and its role in gene expression 

DNA methylation is one of the most well-studied epigenetic modifications. In mammals, 

DNA methylation (the presence of 5-methylcytosine, 5mC) refers to the addition of a methyl group 

(-CH3) by DNA methyltransferases (DNMTs) from SAM to the C5 position of cytosine residues 

through covalent bonding.  

DNA methylation occurs globally and covers the most CpG dinucleotides (70% - 80%) 

and the partial non-CpG sites, including CpHG (20%) and CpHH (<10%) sites, based on the 

genome-wide analysis of the human genome [243, 244]. The few unmethylated CpGs are mostly 

found in the promoter region of many genes where they densely cluster into ‘CpG islands’ (CGIs) 

[245]. It has been reported that only 4% to 25% of CpG islands have been shown to be methylated 

in normal tissues, depending on the definition used for CpG islands [246]. By analyzing previous 

studies, Siegfried et al. [246] proposed that the few unmethylated regions may be protected from 

methylation either by the protective effect of DNA binding proteins or by the presence of the 

modified histone H3K4Me2/Me3. Interestingly, high CpG density, which is the major difference 
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separating methylated regions from unmethylated ones, is not the reason that leads to the 

divergence of DNA methylation status, but a consequence of less DNA methylation due to the 

lower mutation rate of unmethylated cytosines [246].  

The regulation of gene expression by DNA methylation was initially studied by exploring 

CGIs at the gene promoters, which usually are restricted to long-term, stable gene silencing [247]. 

In humans, whole-genome bisulfite sequencing of multiple individuals showed that the repression 

effect of promoter DNA methylation is clear only on genes with very high DNA methylation levels. 

Later, genome-scale DNA methylation analysis revealed that DNA methylation could occur at 

different genomic regions: transcriptional start sites (TSSs), gene bodies, regulatory elements, 

repetitive DNA sequences, as well as transposable and viral elements [247, 248]. The genomic 

positions of DNA methylation exert different influences on gene regulation based on its 

surrounding genomic context. For example, DNA in gene bodies is extensively methylated, and 

the gene body methylation is more prevalent than that in the promoters. Most of them are evenly 

distributed in the DNA sequences but not in the form of CGIs. Also, in contrast to the promoters, 

DNA methylation of gene bodies is not associated with gene repression but with gene activation, 

which has been confirmed in diverse animal genomes by bisulfite sequencing analysis [249, 250].  

However, more recently, this positive linear relationship between DNA methylation of gene body 

and gene expression has been debated.  Using four quantification measures, Lou et al. only 

observed a weak global positive relationship between gene-body methylation and gene expression 

for the mCG/length measure based on Spearman correlation in the human genome, but not the 

other three measures, including Pearson correlation [251]. Also, by a meta-analysis of human 

genome-wide methylation, the relationship between gene-body DNA methylation and gene 

expression levels displayed a bell-shaped curve, but not monotonic or linear [252]. That is, the 

lowest and highest gene expression level corresponds to the lowest DNA methylation level, while 

the middle expression level with the highest DNA methylation level. It suggested that the 

regulation of gene expression by gene-body DNA methylation is a complex process. Although in 

some specific DNA regions of specific tissues, there is a positive correlation between gene-body 

DNA methylation and the levels of gene expression, such as DNA methylation in the large partially 

methylated domains (PMDs) and highly methylated domains (HMDs) in the human placenta 

genome [253]. But in general, it is not a simple linear relationship between gene-body DNA 
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methylation and gene expression level, which may be determined by the combined effects of many 

other factors.  

The importance of DNA methylation in the regulation of gene expression has been well 

studied and confirmed. The most extensively studied role of DNA methylation has been implicated 

in the control of DNA transcription, which was discussed above referring to the promoter and 

gene-body DNA methylation. DNA methylation of promoters could silence the transcription 

initiation of protein-coding genes, non-coding RNAs and protect the genome against transposons 

and transposon repeats [254-256]. The regulation of gene expression by gene-body methylation 

also has been known to preclude aberrant transcription for the protection of gene stability by the 

collaboration with H3K36me3 [257]. Besides the promoter and gene bodies, DNA methylation of 

other genomic regions also plays a role in modulating the initiation of transcription. For DNA 

methylation in repetitive elements (REs), it could silence repetitive DNA elements and suppress 

their mobility in order to maintain genome stability, such as the repression of retroviruses, long 

interspersed element-1 (LINE-1) elements, Alu elements, and others [258]. The disruption of 

repetitive elements (RE) methylation underlies the onset/development of a wide range of human 

diseases. The global hypomethylation of RE is closely related to tumorigenesis, which was viewed 

as a promising epigenetic cancer biomarker for cell-free DNA liquid biopsy [259-261]. The 

aberrant RE methylation was also widely observed in neurodegenerative diseases, such as 

Alzheimer's disease [262]. For intragenic DNA methylation, it could repress the initiation of 

intragenic genes to preclude aberrant and potentially deleterious transcription and to maintain the 

fidelity of gene transcription initiation [263].  

The role of DNA methylation in the regulation of alternative splicing of pre-mRNA has 

attracted increasing interest from researchers, which will be discussed in detail below. Besides 

DNA transcription and alternative splicing, DNA methylation also plays a role in the regulation of 

alternative promoter usage, intragenic non-coding RNAs and transposable elements, alternative 

polyadenylation and enhancer activity [264]. Interestingly, recently another important role of DNA 

methylation has been discovered by Zhou et al.. By comparing the whole-genome sequences and 

sizes of 53 organisms, they found a positive correlation between genome size and the percentage 

of transposable elements (TEs) while a negative correlation between genome size and the CpG 

observed/expected ratio in both TEs and host DNA. DNA methylation increased the C-to-T 
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transition mutations via deamination in the TEs and host DNA, which decreased the proportion of 

CpG dinucleotides and finally led to the control of transposable elements by host genes over 

evolutionary time [265]. It suggests that host cells expanded their own genome size by DNA 

methylation of transposable elements. 

4.1.2 DNA methyltransferases (DNMTs) and DNMT inhibitors 

There are four known human DNA methyltransferases, DNMT1, DNMT2, DNMT3A, and 

DNMT3B, which use a highly conserved catalytic mechanism to methylate 5-cytosine residues in 

genomic DNA. Analysis of DNMT expression levels by semi-quantitative RT–PCR found that 

DNMT1, 3a and 3b are coordinately expressed in most normal human tissues, including the human 

brain [266]. DNMT1 is the most abundant DNMT involved in the maintenance of methylation. 

DNMT3A and DNMT3B function as de novo methyltransferases required to establish and 

maintain genomic methylation. Different from the above three DNMTs, which possess both the 

regulatory N-terminal region and C-terminal catalytic domain, DNMT2 is composed solely of the 

C-terminal domain and has the potential to methylate RNA instead of DNA. DNMT2 is believed 

to participate in recognition of DNA damage, DNA recombination, and mutation repair [267]. 

Therefore, multiple DNMT inhibitors that can efficiently deplete DNMT1, DNMT3a and 

DNMT3b together are needed to deplete DNMTs for DNA methylation. 

5-azaCytidine (5-azaC), 5-aza-deoxycytidine (5-aza-dC), zebularine [268] and RG108 

[269, 270] are the most commonly used DNMT inhibitors in previous studies in vivo or in vitro. 

They represent two different mechanisms of DNMT inhibition.  

5-azaC belongs to nucleoside DNMT inhibitors that also include 5-aza-dC , 5-fluro-2'-

deoxycytidine (5-fluro-dC), DHAC and zebularine [271]. These nucleoside DNMT inhibitors can 

insert into newly synthesized DNA chains at nuclear replication sites and form a covalent complex 

with DNMT and irreversibly trapping DNMT [272].  Among these nucleoside DNMT inhibitors, 

5-azaC is a potent and stable inhibitor of DNMT 3a in vitro. For example, In 2004, Schneider-

Stock et al. showed that transcription of DNMT3a was inhibited severely after 24h treated with 5-

azaC (1 µM) in HCT 116 colon cancer cells [273]. This inhibition effect reaches a peak at 48h and 

persists more than 96h, although another study showed that the half-life of 5-azaC is 17h in neutral 

phosphate buffer at 37℃ [274].  
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 5-azaC can also down-regulate transcription of DNMT1 efficiently [275]. This was 

illustrated using a DNA methyltransferase trapping assay by measuring immobilization of 

nucleoplasmic GFP-DNMT1 fusion after 5-azaC/5-aza-2'-deoxycytidine treatment. In this study, 

it was reported that time and dose dependence (30 µM, 100 µM, 300 µM respectively) of Dnmt1 

immobilization after 5-azaC and 5-aza-dC treatment, and 5-aza-dC was more potent (around 

fivefold more potent in the same concentration-30 µM) than 5-azaC in depleting the nucleoplasmic 

pool of GFP-Dnmt1. With longer incubation times, the nucleoplasmic GFP-Dnmt1 pool became 

progressively immobilized in cells treated with 300 µM 5-azaC or 30uM 5-aza-dC until complete 

depletion was reached after about 90 min or 40 min, respectively. This is consistent with the fact 

that 5-aza-dC is directly incorporated into DNA, whereas 5-azaC has to be modified before 

incorporation and can also be incorporated into RNA. 

 In another study, it was observed that 5-azaC resulted in a strong depletion of DNMT1 

and potentially also in a weaker reduction in DNMT3B levels in HCT 116 cells. It also showed 

that 5-azaC (10 µM) had shown an intermediate effect on HCT 116 cells, which decreased live 

HCT 116 cells to 50% within 5 days, and seemed to be highly toxic to NALM-6 cells, which 

reduced live NALM-6 cells to around 30% within 4 days [274]. Brueckner et al. showed that 

DNMT1 protein was completely depleted after 48h of 5-azaC treatment [276] but had no apparent 

inhibition effect on DNMT3b [273].  

Similar to 5-azaC, 5-aza-dC and zebularine as stable and potent DNMT inhibitors also 

belong to nucleoside DNMT inhibitors and can trap DNMT. 5-aza-dC (2.5 µM) can cause 95% 

degradation in DNMT1 level after 12h treatment but has no significant effect on DNMT3a and 

DNMT3b level of mouse lymphosarcoma cells at this dose [277]. Another study shows that 

DNMT3a and DNMT3b could also be inhibited after 48h of 5-aza-dC (10 µM) exposure in Hela 

cells and HCT cells [278].  

Zebularine (100 µM) is reported [279] to selectively deplete DNMT1 by day 1 of treatment, 

and the potent depletion effect persists up to 40 days in T24 cells. DNMT3a and 3b were also 

affected in T24 cells, and this was most pronounced after 3 days of continuous zebularine treatment, 

yet both proteins gradually recovered thereafter. Moreover, in 2002, Zhou et al. found that 

zebularine as a novel DNMT inhibitor exerts a strong inhibition effect on M.Hha I, which is a 
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bacterial cytosine-[C5]-specific DNA methyltransferase and has close molecular similarity with 

human DNMT2 protein [272]. 

Different from 5-azaC etc., RG108 belongs to non-nucleoside DNMT inhibitors, which 

also include curcumin, procaine, hydralazine, EGCG, psammaplin A, 3-Nitro-2-flavone and Δ2-

isoxazoline. RG108 can block the active site of free DNMT proteins without the formation of 

covalent reaction intermediates [274]. Brueckner et al. showed that RG108 has a potent inhibition 

effect on purified recombinant CpG methylase M.SssI, which has significant structural similarity 

with the DNMT1 catalytic domain. Also, they found that RG108 is a stable DNMT inhibitor with 

a half-life of 20 days in neutral aqueous solutions at 37℃. 

To investigate the regulation of DNA methylation or for therapeutical purposes, many 

artificial methods were explored to induce DNA methylation in cells, including drug [280, 281], 

siRNA [282], piRNA [283], and depolarization by KCl treatment [284]. Based on the study of 

Kawasaki in 2004, siRNAs targeted to CpG islands within the promoter of a specific gene can 

induce transcriptional gene silencing by means of DNA-methyltransferase-dependent methylation 

of DNA in human cells. In 2015, Itou et al. established an artificial piRNA production system by 

the concomitant expression of sense and antisense mRNAs in murine embryonic testes. This 

system made it possible to induce gene-specific DNA methylation by piRNAs in male germ cells. 

Depolarization-induced DNA methylation has been a well-characterized manipulation. Recently, 

Hannon et al. have found that moderate chronic depolarization induced by +10 mmol/L KCl at 10 

DIV for 24h can cause DNA methylation in neuron cells. These changes are mediated by calcium 

entry through L-type CaV1 channels and/or downstream signaling via the calcium-dependent 

phosphatase calcineurin. 

Except for a few invertebrate genomes, most animal genomes have moderately or even 

very high levels of DNA methylation in a mosaic pattern or in a way referred to as global 

methylation [285-287]. This widespread distribution of DNA methylation in animal genomes 

suggests its essential roles in cells, involving not only normal development and cell functions but 

also a number of important human diseases [288-291].  

4.2 The relationship between splicing and DNA methylation 

Generally, DNA methylation is associated with condensed heterochromatin state and 

inhibition of gene expression. Strictly, DNA methylation displays two opposite effects on gene 



31 

 

expression based on the methylation of different DNA regions [252]. Gene-body methylation, 

which is more prevalent than promoter methylation, has been observed to be positively correlated 

with gene expression levels [252]. However, the CpG methylation/demethylation in promoter 

regions lead to the hypothesis that DNA methylation/demethylation is associated with regulation 

of gene expression by either directly affecting the binding of some transcription factors with their 

recognition sequences or by changing in chromatin states that restrict/facilitate the accessibility to 

transcript factors to the gene promoter [245, 292].  

It has been observed that the level of DNA methylation and histone methylation 

H3K36me3 [293] was elevated at actively spliced genes (intron-containing genes) compared with 

intronless genes. H3K36me3 refers to the tri-methylations of histone H3 at lysine 36 (H3K36), 

which is only catalyzed by histone-lysine N-methyltransferase SETD2 (SET Domain Containing 

2) [294]. The control of H3K36me3 on gene expression has been well studied. It has been reported 

that the level of H3K36me3 is proportional to transcriptional activity. The level of H3K36me3 is 

also increased by alternative splicing activation of the intron-containing gene induced by the 

phorbol myristate acetate (PMA) treatment in Hela cells. The level of H3K36me3 is decreased by 

splicing inhibition of intron-containing gene, which is induced by the treatment of transcription 

inhibitor DRB [293]. Since DNA methylation is known to control DNA transcription [295], does 

it also play a role in the regulation of co-transcriptional splicing [296], just like the effect of 

H3K36me3?  

The mainstream answer is yes.  A genome-wide study in the honeybee [297] showed that 

exons included in transcription had significantly higher absolute DNA methylation level 

(mCG/length) than excluded exons, specifically in the exonic region. Also, methylated genes were 

positively associated with alternatively spliced genes. Furthermore, they observed that both 

methylated genes and alternatively spliced genes were associated with longer gene lengths.  

Moreover, the Wong group [298] and Ast group [299] indicated that dynamic DNA 

methylation and demethylation state of exons played a role in the regulation of splicing. Using 

whole-genome bisulfite sequencing (WGBS) and deep mRNA sequencing, Wong and colleagues 

[298] observed that more than 50% of differentially methylated CpG sites (DMSs) were located at 

exons and introns compared between promyelocytes and granulocytes. Considering that WGBS 

won’t distinguish 5´-methylation from 5´-hydroxymethylation of cytosine, further analysis by 
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RRHP (Reduced Representation 5-Hydroxymethylcytosine Profiling) was done and showed that 

the average exonic DNA 5´-hydroxymethylation (5 hmC) is positively associated with the 

inclusion level of these exons. This study indicated that dynamic methylation status is involved in 

the regulation of splicing in the terminal stage of granulopoiesis. However, the underlying 

mechanism remains unclear.  

Interestingly, Ast et al. reported that DNA methylation did regulate the inclusion level of 

alternative splicing [299]. Using the CRISPR technique, they methylated specific regions of EDI 

(extra domain I) minigenes by the cotransfection of sgRNAs (single guide RNAs) with dCas9-

DNMT3A-DNMT3L (fusing the DNMT3A-DNMT3L protein to the deactivated form of Cas9) 

into HEK293 cells, respectively. EDI is the first alternatively spliced region of human fibronectin 

(FN1) gene (also known as EDA and EIIIA) and was usually used in the form of minigene to study 

the mechanisms underlying the regulation of alternative splicing events in in vivo experiments [59, 

60, 300, 301]. Also, they demethylated specific regions of EDI minigenes by the co-transfection 

of sgRNAs with dCas9-TET1 into Met+ HEK293T cells. By BS-PCR, they found that the 

demethylation of alternative exon (from 100% to 84.6%) decreased its inclusion level (Index: from 

1 to around 0.3), but not the demethylation of the flanking intron or constitutive exon. However, 

the hypermethylation of the alternative exon, constitutive exon, or their flanking intron did not 

significantly change the inclusion level of exons. This study indicated a direct relationship between 

exonic demethylation and the regulation of alternative splicing,  but the relationship between 

hypermethylation and alternative splicing is still unclear. 

Interestingly, an opposite conclusion of the relationship between DNA methylation and 

splicing has been raised recently. Nanan et al. reported that unlike the strong association of 

H3K36me3 with minigene splicing potential, DNA methylation status was irrespective of the 

minigene splicing capacity [302]. A panel of minigene platforms was generated for the study of 

the relationship between DNA methylation and splicing. It contained spliced two-exon minigenes 

with differentially splicing capabilities (splicing competent gDNA, splicing deficient ΔSS, 

splicing partially restored ΔSS+5´3´, intron deleted minigene) and unspliced one-exon minigenes 

(splicing deficient gDNA, modified gDNA with heterologous splice sites). They found that the 

highest H3K36me3 level at the gene body corresponded to the highest splicing capability. 

However, methylation-sensitive restriction enzymes-polymerase chain reaction (MSRE-PCR) and 
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bisulfite pyrosequencing analysis of specific methylation sites of minigenes showed that the de 

novo and maintenance of DNA methylation was not impacted by their splicing potential of 

constitutive exons.  

Therefore, the relationship between DNA methylation and splicing is debatable. These 

opposite views will draw more attention to this issue, stimulating researchers for further 

investigations. 

4.3 The known mechanisms that convey DNA methylation information into alternative 

splicing  

In the past decade, two models have been proposed to explain the effect of DNA 

methylation on alternative splicing. Firstly, a kinetic model, also called the "window of 

opportunity" model, has long been proposed by Kornblihtt et al. to explain the impact of 

transcription elongation rate on splicing [62]. Researchers found that the elongation rate of 

transcription varied throughout the transcription process of a gene, from one gene to another. The 

highly dynamic transcription elongation rate impacted the cotranscriptional processes, including 

splicing [53, 59, 303]. The other model is the recruitment model, in which adaptor protein binds 

to DNA methylation regions and recruits splicing factors which will play diverse roles in 

alternative splicing. 

Three adaptor factors have been studied in detail in the regulation of splicing by DNA 

methylation. One is CTCF. In 2011, Shukla et al. provided the first evidence that DNA methylation 

has an impact on the regulation of alternative splicing through DNA-binding factor CTCF 

(CCCTC-binding factor) in a kinetic model. They found that when DNA is unmethylated, CTCF 

can bind to the alternative exon and create a roadblock for RNA polymerase II elongation, which 

results in the inclusion of weak upstream exon on the mRNA. However, if the DNA binding site 

of CTCF is methylated, binding of CTCF is prevented and subsequently increases the rate of RNA 

polymerase II elongation, and thus leads to exon skipping. This pathway functions in a mammalian 

model system for alternative splicing of a specific exon in CD45 gene, as well as alternative 

splicing in a genome-wide scale [56, 304].  

Moreover, the methylcytosine dioxygenases TET proteins were involved in this process 

through the conversion of 5mC into 5-hydroxymethylcytosine (5hmC) [305, 306]. In a genome-

wide scale, methylated DNA immunoprecipitation (MedIP) analysis showed that 5mC and 5hmC 
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reciprocally exchange strictly at CTCF-binding sites in CTCF-binding and the absence of CTCF 

binding cells, respectively. 5hmC was required for the inclusion of CTCF-regulated CD45 exon, 

while 5mC displayed an opposite function.  This study indicated that the dynamics of DNA 

methylation contributed to an additional layer of the regulation of pre-mRNA splicing.  

Interestingly,  CTCF was required for the splicing of presynaptic CaV channel Cacna1b 

gene and preferred the CaV2.2 channel isoforms with increased opioid sensitivity in mice, likely 

through the hypomethylation of an alternative exon in CaV2.2 gene in DNMT inhibitor and TET 

assays [307]. Besides alternative splicing, CTCF linked the regulation of alternative 

polyadenylation to gene body CpG methylation through the recruitment of cohesion complex and 

the formation of chromatin loop to modulate transcriptome diversity [308]. These data indicated 

that CTCF was a splicing regulator required for the splicing of some exons, and also played an 

important role in opioid addiction. The regulation of splicing by CTCF was likely controlled by 

the DNA methylation status in the gene body or specific exon through a kinetic or/and a 

recruitment model. However, no direct evidence supports this speculation so far. We still do not 

know which splicing factors are involved in this machinery and how it works.  

Another adaptor factor is MeCP2 (methyl-CpG binding protein 2). The regulation of 

splicing by MeCP2 was first reported by Zoghbi et al., as well as the observation of aberrant 

alternative splicing in Rett syndrome of mouse model [309]. Later, Maunakea et al. found that 

similar to CTCF, MeCP2 was also involved in the DNA methylation-mediated alternative splicing 

by regulating the elongation rate of RNA pol II. But the difference is that, with the presence of 

DNA methylation, MeCP2 binds to the exon and recruits enzymes with HDAC activity, which 

slows Pol II elongation and thus leads to elevation of exon inclusion in the mRNA. Since MeCP2 

is enriched at the DNA level in a specific fraction of alternative exons, MeCP2 likely regulates 

alternative splicing of particular exons [57].  

Secondly, it refers to a recruitment model. Interestingly, besides the kinetic model, MeCP2 

could also regulate the alternative splicing by interaction with splicing factors in a cell line, primary 

neurons, and the brain [310-314]. Chang et al. [310] reported the interaction of MeCP2 with 

multiple splicing regulators, including TDP-43, LEDGF, DHX9, FUS, hnRNP H, and hnRNP F. 

Global splicing was disrupted in a mouse model of Rett syndrome with MeCP2 mutation, including 

the splicing of Gria2 flip/flop, which is related to synapse plasticity. The global splicing change 
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was accompanied by the dissociation of MeCP2-binding splicing regulator LEDGF, suggesting 

the potential impact of the interaction on the regulation of splicing, including Gria2 flip/flop. 

Moreover, Wong et al. showed that 5-azaC inhibition of DNA methylation or DNAMT3A and 3B 

knockout reduced the binding of MeCP2 near splice junctions flanking introns and facilitated 

intron retention, which was negatively associated with the occupancy of MeCP2-binding splicing 

factors Srsf family and Tra2b, but positively associated with RNA polymerase II stalling near the 

splicing junction of the retained intron in different primary cells and cell lines [311]. Thus, the 

kinetic model and recruitment model might work in combination to confer the effect of DNA 

methylation on pre-mRNA splicing. Interestingly, the regulation of splicing by MeCP2 was 

indirectly related to the impact of CTCF and TET on the learning-dependent alternative splicing 

of the brain-derived neurotrophic factor gene in turtle (tBDNF). MeCP2 knockdown did not affect 

the expression of CTCF but decreased its binding to tBDNF [312].  

More interestingly, MeCP2 has been shown to regulate activity-dependent splicing in the 

mouse hippocampus tissue [315]. Upon the treatment of calcium signal-activating kainic acid, a 

potent neuroexcitatory amino acid agonist that acts by activating glutamate receptors, a group of 

exons of synapse-related genes displayed aberrant splicing in mice of the MeCP2 mutant group 

compared to that in the wild-type group. Oliveira et al. further showed that MeCP2 was required 

for the regulation of pre-mRNA splicing not only in basal conditions but also splicing response for 

spatial learning formation by RNA-Seq analysis [316]. 

Together, it indicates that MeCP2 is required to maintain the splicing in the transcriptome 

and to finetune splicing response to depolarization or learning activity, likely through the kinetic 

model and the recruitment model in combination. However, these data support the regulation of 

splicing by MeCP2 but did not provide direct evidence to prove the impact of DNA methylation 

on pre-mRNA splicing through MeCP2. Besides, the regulation of splicing has been argued to be 

not a major function of MeCP2 [314]. 

The third adaptor factor is HP1 (heterochromatin protein 1), another factor of the 

recruitment model. Both HP1α and HP1β have been involved in the regulation of alternative 

splicing by DNA methylation. Using the EDI minigene assay, it concludes that with the presence 

of H3K9 tri-methylation of chromatin, HP1 binds to the methylated chromatin of EDI gene and 

mediates DNA methylation’s effect on splicing by recruiting splicing factor SRSF3 to its 
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methylated form and enhancing SRSF3’s role as a splicing silencer and thus lowering the inclusion 

level of target exon [317].  

4.4 DNA methylation, pre-mRNA splicing and Rett syndrome  

4.4.1 The impact of DNA methylation on various progressive diseases 

Altered DNA methylation has been widely observed in numerous progressive diseases, 

which becomes worse over time, including immune-mediated diseases [318] (such as rheumatoid 

arthritis [319]),  metabolic diseases [320] ( such as type 2 diabetes mellitus [321]), cardiovascular 

disease [322] (such as dilated cardiomyopathy [323]), chronic kidney disease [324], 

neurodegenerative diseases [325] (such as Alzheimer’s Disease [326]), genetic neurodegenerative 

diseases (such as Rett syndrome [327], mostly caused by MeCP2 mutation, and Huntington disease 

[328]), and some other rare diseases [329] (such as Hereditary Sensory Neuropathy [330], caused 

by DNMT1 mutation), and also linked to various tumors [331] (such as breast cancer [332]). 

However, the molecular mechanisms that link DNA methylation with the development of 

progressive diseases remain poorly understood.  

Also, the aberrant RNA splicing of transcriptome-wide or specific genes has been reported 

in various progressive diseases, such as in rheumatoid arthritis [333], type 2 diabetes [334], dilated 

cardiomyopathy [335], chronic kidney disease [336], Alzheimer’s Disease [337], Rett syndrome 

[338], and Huntington disease [339]. As discussed above, the regulation of DNA methylation on 

pre-mRNA splicing has been widely reported in in vitro experiments, although some opposite 

views were also proposed. The concurrent aberrations in DNA methylation and alternative splicing 

shed new light on the mechanisms that link DNA methylation with the development of progressive 

diseases, with an emerging realization that the implication of DNA methylation on the 

development of these progressive diseases may rely heavily on its regulation of pre-mRNA 

splicing.  

Neurodegenerative diseases are a group of chronic, progressive disorders ‘characterized by 

slow progressive loss of neurons in the central nervous system (CNS), which leads to deficits in 

specific brain functions (e.g., memory, movement, cognition) performed by the affected CNS 

region’[340], including Parkinson's disease (PD), Alzheimer's disease (AD), Huntington’s disease, 

amyotrophic lateral sclerosis (ALS), Rett syndrome, etc.. The regulation of neurodegenerative 

diseases at the gene expression level by DNA methylation has been well studied, such as in 
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Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington’s disease, and 

hereditary ataxias [341, 342]. For example, it has been reported that there were more relevant in 

terms of the correlation between DNA methylation and dendritic spine density in the cortical layer 

in non-psychiatric controls compared with that in schizophrenia (SZ) subjects via DNA 

methylation genome-wide analysis of postmortem brain, including BAIAP2 and DLG1 gene. 

Specifically, they observed that 43.2% of DNA methylation sites of the BAIAP2 gene were 

significantly hypomethylated in SZ subjects [343].  

4.4.2 DNA methylation, pre-mRNA splicing and Rett syndrome 

Rett syndrome (RTT, MIM 312750) is a rare genetic and postnatal progressive 

neurodevelopmental disease, which is typically recognized in early childhood (6 to 18 months). 

RTT usually leads to shortened life expectancy, which is determined by the age when symptoms 

first started and their severity [344]. RTT is one of the most common causes of mental retardation 

and severe intellectual disability in females. A broad array of symptoms is caused by RTT, which 

includes ‘the loss of language skills, fine and gross motor skills, communication skills, 

deceleration of head growth, and the development of stereotypic hand movements occurring after 

a period of apparently normal development [344]. 

RTT occurs almost exclusively in girls and is only rarely seen in boys since it’s an X-linked 

dominant disorder with lethality in hemizygous males. RTT is caused by mutations in the X-linked 

MECP2 gene, encoding the canonical methylated CpG (5mCpG) binding protein, which was first 

identified in 1999 [345].  More than 95% of individuals with typical RTT present at least one 

mutation in MeCP2 [346]. Notably, besides RTT, MeCP2 mutations have also been reported in 

other neurodevelopmental diseases, such as  Angelman syndrome [347] and non-specific mental 

retardation [348]. It suggests that MeCP2 mutation is not the only determinant of the disease, and 

other factors should be involved in the onset and the development of RTT. 

The most common RTT-associated missense mutation is MeCP2 T158M (547C→T), 

which was firstly reported in 1999, together with other mutation types, including the missense 

mutations of F155S (538T→C), R133C (471C→T), and R106W (390C→T), as well as nonsense 

mutation (837C→T) and an insertion (694insT) at codon 208 shifts the reading frame [345]. Until 

now, more than 200 MeCP2 unique mutations have been discovered as the cause of RTT (Rettbase; 

http://mecp2.chw.edu.au/). MeCp2 mutation types have been reported to be a strong predictor of 

http://mecp2.chw.edu.au/
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disease severity [349, 350]. For example, particular mutations such as p.Arg133Cys, p.Arg294X, 

p.Arg306Cys, 3´ truncations, and other point mutations were significantly less severe than 

p.Arg106Trp, p.Arg168X, p.Arg255X, p.Arg270X, splice sites, deletions, insertions and deletions 

[350]. It explained the drastic differences in disease severity between the RTT cases. However, the 

underlying mechanism has still been unclear. The investigation of the relationship between MeCP2 

mutation types and disease severity would provide a potential target for RTT drug study.  

Interestingly, a recent study found that the elevated MeCP2 T158M expression is 

accompanied by increased binding of MeCP2 T158M to DNA and ameliorated multiple RTT-like 

features in both males and females MeCP2 T158M–knockin (Mecp2T158M) mice. It indicates that 

MeCP2 T158M mutation leads to functional impairment compared to wild type, and the 

overexpression of MeCP2 T158M may work as an alternative therapeutic approach for RTT 

patients [351]. 

As discussed in the above section, MeCP2 acts as a DNA methylation reader, mediating 

the regulation of gene expression, including chromatin organization, transcription and alternative 

splicing. The MeCP2 mutation would result in alterations in gene expression level in the RTT 

brain, which was confirmed with solid pieces of evidence [309, 315]. At the RNA splicing level, 

it has been reported that there was aberrant splicing of endogenous genes in the cerebral cortex in 

a mouse model of RTT (Mecp2308/Y mice) based on transcriptome-wide analysis [309]. Later, 

researchers reported activity-dependent aberrant gene expression and alternative splicing in the 

mouse model of RTT (Mecp2-Null mice) [315].  These aberrations in mRNA level and alternative 

splicing were induced by neuron activity in the mice's RTT brain. It is consistent with the increase 

of clinical severity with age. However, we do not know how extracellular stimulation has been 

converted into signals that lead to aberrant gene expression with the MeCP2 deficiency. Is it 

involved in the dynamics of DNA methylation? Do other factors or molecules play a role in this 

signaling pathway? Further exploration is needed to answer these questions.   

In the following chapters, I will present our investigation on adaptive splicing and its 

control by DNA methylation. Contents in these chapters have integrated most of the manuscript 

that has been submitted for peer review in Nucleic Acids Research (Ling Liu, Hai Nguyen, Urmi 

Das, Jian-Kun Yu, Lei Lei, Matthew Kung, Shervin Pejhan, Mojgan Rastegar, Jiuyong Xie. 
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Control of Adaptive Splicing by DNA Methylation.). The relative contributions of other authors 

are as follows. 

▪ Hai Nguyen: wrote scripts and mapped DNA bisulfite sequencing reads into the reference 

genome by BSmap program and to exons in the genome. 

▪ Urmi Das: mapped RNA sequencing reads into the reference genome by DEXSeq or 

MATS program. 

▪ Jian-Kun Yu: carried out the experiments in Fig. 11E-F ans S_Fig. 4. 

▪ Lei Lei: carried out the hnRNP L and hnRNP LL knockdown experiments in the previous 

study, the data from which was reanalyzed by Ling Liu and used in the Fig. 11A, and help 

to refine the graph of Fig. 14. 

▪ Matthew Kung: analyzed the hnRNP L/LL target exons and contributed to Fig. 11B. 

▪ Shervin Pejhan: collected the samples of hippocampus and cerebella tissue of Rett 

syndrome patients and extracted RNA from the collected tissues. 

▪ Mojgan Rastegar: collaborating principal investigator for the project providing the 

hippocampus and cerebella tissues of Rett syndrome patients.  

▪ Jiuyong Xie: proposed the hypothesis of the thesis, helped to design the experiments, 

guided Ling Liu to carry out the experiments and to revise the paper writing, and 

coordinated the collaboration with Prof. Mojan Rastegar’s lab and other authors. 
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CHAPTER II   Rationale and Hypothesis 

Rationale: 

In adaptation to changing environments, animals or cells respond differently to repeated 

stimulations from that to a single stimulation by addictive drugs, exercises, hypoxia, etc., which 

often involves gene regulation [352-357]. Among the many steps of regulation, alternative pre-

mRNA splicing [28], a common way to diversify the transcriptomes and proteomes in metazoans 

[358, 359], should play an important role in this process. Based on the previous studies, alternative 

splicing is not an immutable but plastic and dynamic process under precise temporal and spatial 

control. More interestingly, it dynamically responds to the various extracellular stimulations, 

which is a process involved in multiple signal transduction pathways and molecules,  and 

controlled by the combined effects of specific RNA elements, cis- and trans-acting factors, 

epigenetic modifications as well as other regulatory factors. Consequently, the highly diverse and 

dynamic splice variants in the mammalian transcriptomes allow for the fine-tuning of gene 

functions in response to the changing environment. However, little has been known about the role 

of alternative splicing in this process, no matter the potential mechanisms behind the possible 

regulation of alternative splicing in the face of environmental changes.  

 We have found that the stress hormone axis-regulated exon (STREX) of the BK potassium 

channel gene is regulated by depolarizing concentrations of KCl [110]. The regulation predicted 

adaptive splicing for the fine-tuning of cellular electrical properties by repeated stimulations 

differently from that by the first-time stimulation [110, 169]. Interestingly, chronic inactivity- or 

depolarization-induced alternative splicing of the BK channel, AMPA receptor, or neurexin gene 

is critical for the homeostasis of electrical properties or synaptic formation [115, 133, 134, 169]. 

Moreover, the regulation is mediated by the Ca++/calmodulin-dependent protein kinase IV 

(CaMKIV) and its downstream splicing factors hnRNP L/LL [75, 83, 110, 169, 360], Sam68 [115], 

or Nova-2 [133], depending on the target exons. In particular, hnRNP L binds a CA-rich CaMKIV-

responsive RNA element (CaRRE) upstream of the STREX exon to inhibit U2AF65 binding [75, 

110, 361]. In addition, histone modifications also regulate depolarization-induced splicing [113, 

169, 362]. Importantly, the depolarization effect on splicing is reversible [360]. However, adaptive 

splicing, i.e., a distinct splicing response to repeated stimulations differently from a one-time 

stimulation, remains to be clearly demonstrated at both specific exon and transcriptome levels. 
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DNA methylation, an epigenetic modification, plays an important role in adaptation [101, 

357, 363]. DNA methylation levels are correlated with exon inclusion in the genome/transcriptome 

[297, 364], which is supported by some [299, 317], but against by others [302]. For some studies, 

methylated DNA interacts with some adaptor proteins, such as Methyl-DNA-binding protein 

MeCP2, methyl-free DNA-binding CTCF and methyl-lysine chromatin-binding HP1, to control 

splicing through different mechanisms [57, 307, 309, 317]. In particular, MeCP2 binds the methyl-

CpG, hmCA or mCAC di- or tri-nucleotides [365, 366], and regulates gene transcription and 

splicing [57, 309, 367, 368]. MECP2 mutations are found in 92% cases of typical Rett syndrome 

[345, 346, 369], a severe, progressive neurodevelopmental disorder with autistic features [344, 

370], to which progressive, abnormal brain activities including epilepsy often contribute to clinical 

severity [371, 372]. In a Mecp2-null mouse model of Rett syndrome, the expression of long genes 

tends to be preferentially affected [366, 367, 373], and the splicing response of synaptic exons is 

aggravated in the hippocampus upon treatment by the calcium signal-activating kainic acid [315]. 

Interestingly, both DNA methyltransferase DNMT3a and MeCP2 are regulated by calcium 

singling: DNMT3a recruited by the CaMKIV-regulated cAMP-responsive element modulator 

(CREM)α in T lymphocytes [374-376], and MeCP2 phosphorylated by CaMKII in hippocampal 

neurons [377]. MeCP2 likely controls alternative splicing through its recruitment by methylated 

DNA [57], and interaction with splicing factors including YB-1 [309-311, 313, 378]. However, a 

recent bioinformatics analysis reported only minimal effects of DNMTs and MeCP2 on alternative 

splicing globally through experimental evidence yet to be provided [379]. The various reported 

effects of DNA methylation or MeCP2 on splicing demands clarification using side-by-side global 

methylation and splicing analysis and/or direct methylation of exon DNA for splicing assays. 

Based on the previous studies, I proposed that if treated by two or more KCl treatments, 

cells will display adaptively desensitized excitability, thus, leading to an adaptive change in 

splicing response to KCl. However, do all alternative exons have the adaptive splicing response 

upon repeated KCl treatments with the same concentration in the transcriptome-wide scale? Will 

these adaptive splicing responses of exons induced by repeated cellular excitations try to maintain 

homeostasis (adaptive desensitization) or boost the original splicing response induced by single 

cellular excitation (adaptive hypersensitivity)? Moreover, if there is adaptive splicing upon 

repeated cellular activities, what mechanisms and molecules may contribute to this process? Is 

DNA methylation involved in the regulation of this process? 
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Therefore, the focus of this thesis project is on investigating if alternative splicing 

contributes to an extra layer to the underlying mechanism of cellular adaptation in response to 

repeated stimuli in the form of adaptive splicing, and the role of DNA methylation in the control 

of alternative splicing and adaptive splicing in response to extracellular stimulations, as well as its 

correlation with pathophysiological activity or disease. 

Hypothesis:  

I hypothesize that there’s transcriptome-wide adaptive splicing upon repeated extracellular 

stimulations, which is under the regulation of DNA methylation.  

Thesis work overview: 

Using our established inducible splicing system, I first delineated the impact of repeated 

depolarization and exon DNA methylation on adaptive splicing in pituitary cells. The inclusion 

level of most of the detected exons did not change substantially between the repeated treatments 

and a single treatment upon membrane depolarization, supporting the strong homeostatic 

expression of the majority of exons and characteristic genes during the experiment. Interestingly, 

the inclusion of a specific group of synaptic exons was changed adaptively upon repeated 

stimulations.  

Next, I investigated the effect of DNA methylation on the splicing, splicing response to 

membrane depolarization, and adaptive splicing induced by repeated extracellular stimulations. 

The exon inclusion, splicing response to KCl-induced depolarization, and adaptive splicing was 

disrupted globally by the DNA methylation modulator 5-azaCazacytidine. Methyl-CpG-dependent 

augmentation of the inducible splicing was confirmed using both whole-genome bisulfite DNA 

sequencing (WGBS) and RNA-Seq in combination with in vitro methylated reporter exons for 

transient splicing assays. Moreover, aberrant splicing of the synaptic exons also occurred upon 5-

azaC treatment of the pituitary cells, or upon mutations, particularly within the methyl-C- or 

splicing factor-binding domain of the MeCP2 in the hippocampus of Rett syndrome patients. Thus, 

exon DNA methylation controls adaptive pre-mRNA splicing upon repeated cell excitations, and 

disruption of this regulation contributes to the aberrant splicing of neurological diseases. 
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CHAPTER III Materials and Methods 

Materials 

Mammalian cell lines 

GH3  rat pituitary tumor cells, derived from female pituitary gland 

HEK293T   human embryonic kidney cells, derived from female fetal kidney 

LA-N-5 

human neuroblastoma cells, derived from bone marrow of a male 

patient suffering from neuroblastoma 

N1E male mouse neuroblast cells 

PC12  rat pheochromocytoma cells, derived from male adrenal gland 

 

Materials for cell culture 

Material Manufacturer 

B-27® Supplement (50×), serum-free Fisher Scientific 

Cell culture plate Falcon 

CO2 gas Welders Supplies 

Disposable latex gloves Ocean Pacific 

Disposable Petri Dishes, Sterile Falcon 

Disposable serological pipets Falcon 

F-10 Nutrient Mixture (Ham) (1×), liquid Invitrogen 

Fetal Bovine Serum (FBS) Invitrogen or Sigma 

Gibco® Dulbecco's Modified Eagle Medium (D-MEM) powder Invitrogen 

Gibco® Penicillin-Streptomycin, 100X Solution Invitrogen 

GlutaMAX™ Supplement Fisher Scientific 

Horse serum (HS) Invitrogen 

L-Glutamine, 200mM Solution Invitrogen 

Neurobasal®-A Medium Invitrogen/Gibco 

Opti-MEM™ I Reduced Serum Medium Gibco 

Phosphate Buffered Saline (PBS) Tablet MP Biomedicals 

Polypropylene centrifuge tubes  BD FALCON  

Polypropylene tubes with snap cap VWR  
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Pipet Tips VWR 

Trypsin, 2.5% Cellgro 

 

E.coli strains 

DH5α Xie lab 

 

Antibodies 

Anti-hnRNP L (4D11) Santa Cruz 

Anti-Ser16-PTB Xie lab 

Anti-YB-1 Xie lab 

 

Chemicals and reagents 

2-mercaptoethanol Sigma-Aldrich 

Agarose Powder VWR 

Agarose-GPL/LE American Bioanalytical 

Ampicillin Fisher Scientific 

Bovine serum albumin, RNase free Fisher Scientific 

Diluted SAM NEB 

Dimethyl Sulfoxide (DMSO) Fisher Scientific 

Dithioreitol (DTT) Fisher Scientific 

Ethanol (95%) Fisher Scientific 

Ethidium bromide (EtBr) Sigma-Aldrich 

Ethylenediamine Tetraacetic Acid (EDTA) Fisher Scientific 

Gibco® D-Glucose Sigma-Aldrich 

Glycerol Fisher Scientific 

Glycine Fisher Scientific 

Hydrogen chloride ACROS Organics 

Instant skim milk powder Nestle 

Isopropanol Fisher Scientific 
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LB Agar  Fisher Scientific 

LB Broth  Fisher Scientific 

Lipofectamine® 3000 Invitrogen 

Magnesium chloride (MgCl2) Fisher Scientific 

Methanol Fisher Scientific 

Neurobasal®-A Medium Invitrogen/Gibco 

Nifedipine Sigma-Aldrich 

Igepal CA-630 Fisher Scientific 

Oligoes & Primers Designed IDT (Integrated DNA 

Technologies) 

P3000™ Reagent Invitrogen 

Phenylmethylsulfonyl fluoride (PMSF) Fisher Scientific 

Phosphate Buffered Saline (PBS) Tablet MP Biomedicals 

Polybrene (Hexadimethrine bromide) Sigma-Aldrich 

Polyoxyethylene-20-sorbitan Monolaurate (Tween 20) Fisher Scientific 

Potassium chloride (KCl) Fisher Scientific 

Sodium chloride (NaCl) Fisher Scientific 

Sodium dodecyl sulfate (SDS) Fisher Scientific 

Sodium Orthovanadate (Na3VO4) Fisher Scientific 

Tris base Fisher Scientific (J.T. baker) 

 

Enzymes and buffers 

10 × Buffer B Invitrogen 

10 × Buffer O Invitrogen 

5 × First strand buffer Invitrogen 

5 × Forward buffer Invitrogen 

ApaI Invitrogen 

BglII Invitrogen 

BstUI NEB 

CpG Methyltransferase (M.SssI) NEB 
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dNTP set Invitrogen 

DTT, 0.1M Invitrogen 

Methyltransferase Reaction Buffer NEB 

M-MLV Reverse Transcriptase Invitrogen 

RNase inhibitors BIO BASIC INC 

T4 DNA ligase Invitrogen 

T4 DNA ligase reaction buffer Invitrogen 

Taq DNA polymerase Xie lab 

 

Kits 

GenElute Mammalian Total RNA Miniprep Kit Sigma-Aldrich 

Plasmid Midi Kit QIAGEN 

Plasmid Mini Kit QIAGEN 

QIAEX II Gel Extraction Kit QIAGEN 

QIAquick Gel Extraction Kit QIAGEN 

 

Others 

Filter (0.22 μm) NALGENE 

Aluminum Foil Fisher/ Fisherbrand 

Dry ice (solid CO2) Praxair 

Kimwipes Fisher 

Lambda DNA/EcoRI + HindIII Markers Xie Lab 

PBS-MspI DNA Marker Xie Lab 

Plasmid sequencing Robarts Research Institute 

Polyvinyl Wrapping Film Fisher 

Strips of Eight Tubes and Caps VWR (Axygen) 

Western blotting detection reagent GE Healthcare 

 



47 

 

Buffers and solutions 

0.5 M EDTA·2Na 

EDTA·2Na·2H2O  37.224 g 

Nanopure H2O  150 ml 

Adjust pH to 8.0 with NaOH pellets. 

Fill up with nanopure H2O to 200 ml, autoclave, stored at 4 ˚C. 

 

1 M Tris·HCl 

Tris base 60.57 g 

Nanopure H2O 400 ml 

Adjust pH to 7.5 with 6 N HCl. 

Fill up with nanopure H2O to 500 ml, autoclave, stored at 4 ˚C. 

 

1 × TE Buffer 

10 mM Tris·HCl 2.0 ml 

1 mM EDTA 0.4 ml 

Fill up with nanopure H2O to 200 ml, autoclave, stored at 4 ˚C. 

 

10 × TBS Solution 

5 M NaCl 292.5 g 

0.2 M  Tris·HCl (pH 7.5)  200 ml 

Fill up with nanopure H2O to 1 L, through 0.45 μm filter, stored at room temperature 

 

10 × PCR Buffer (40 ml) 

200 mM  Tris·HCl (pH 8.3)  8.0 ml 

15 mM  MgCl2 6.0 ml 

250 mM  KCl 2.5 ml 
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0.5%  Tween-20 667 μl 

1 mg/ml  BSA (Inactivated)  800 μl 

 nanopure H2O  22.033 ml 

Stored in aliquots at -20 ˚C. 

 

PCR Mix I (21.64 ml) 

 10 × PCR buffer 2.5 ml 

100mM dNTP (dATP, dTTP, dGTP, dCTP) 50 μl each  

100mM MgCl2 125 μl 

 nanopure H2O  18.815 ml 

Together with the Mg2+ contained in 10 × PCR buffer, the final concentration of Mg2+ in PCR 

reaction is 2mM. 

Stored in aliquots at -20 ˚C. 

 

NP-40 Buffer (Nonidet-P40) 

150 mM NaCl 4 M 

10 mM Tris· HCl (pH 7.5) 1 M 

1 mM EDTA·2Na 0.5 M 

0.325% Igepal CA-630  20% 

Fill up with nanopure H2O to 200 ml, autoclave, stored at 4 ˚C. 

 

RT Mix I 

5 × First strand buffer 400 μl 

dNTP (100 mM, dATP, dTTP, dGTP, dCTP) 2.5 μl each  

DTT (0.1 M)  200 μl 

nanopure H2O 90 μl 

Mix well, stored at -20 ˚C. 
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Methods 

Cell culture  

Rat GH3 pituitary cells were cultured at 37 °C with 5% CO2 in Ham's F10 nutrient mixture 

with 10% horse serum (HS), 5% fetal bovine serum (FBS), mouse N1E and human LA-N-5 

neuroblastoma cells in Dulbecco's Modified Eagle's Medium (DMEM) with 10% HS, rat adrenal 

phaeochromocytoma (PC12) cells in DMEM with 10% HS, plus 2.5% FBS, and human embryonic 

kidney (HEK) 293T cells in DMEM with 10% FBS. Penicillin-streptomycin-glutamine solution 

was added to all cultures except GH3 (without glutamine). Adhesive cells were dispersed by 

trypsin (0.05%, w/v) - EDTA (0.53 mM) solution during subculture.  

Cell growth evaluation 

Before measurement, cell clusters were pipetted into separated single cells. Mix 1 part of 

0.4% trypan blue [380] and 1 part cell suspension. Incubate the mixture ∼3 min at room 

temperature. The total number of cells that have clear cytoplasm (viable cells) were counted on 

day 0, day 2 and day 5. 

Repeated chemical treatments 

For the repeated KCl treatment group, cell cultures were treated with KCl (50mM) for 6h, 

then washed and supplied with fresh complete culture medium, followed by incubation for 18h, 

completing the 1st round (day) of the KCl treatment, and the treatment was repeated up to the 6th 

time (6th KCl). For the single KCl treatment group (1st KCl), cells went through the same medium 

change process except that the KCl (50mM) was added on the 6th day together with the 6th KCl 

group. In some experiments (1st or 6th KCl), 5-azacytidine or DMSO (1nm, 1µm, 10 µm, 20µm 

or 50µm) was added to fresh culture medium for 18h in total. Cell density was maintained 

throughout the experiment by splitting them into extra dishes. Total or Cytoplasmic RNA were 

collected before and after the 1st and 6th KCl treatments using GenElute Mammalian Total RNA 

Miniprep Kit (QIAGEN) or QIAquick Gel Extraction Kit (QIAGEN), respectively.  

For cytoplasmic RNA, cells were lysed in 0.325% NP-40 buffer (the details shown in the 

‘CHAPTER III Materials and Methods’). Based on preliminary tests, 0.325% NP-40 buffer can 

break the cell membrane but not the nuclear membrane. Cytoplasm suspensions and nuclear pellets 

were separated by centrifugation at 14,000 rpm for 5 min. The cytoplasm suspensions were used 
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for the RNA extraction by QIAquick Gel Extraction Kit (QIAGEN), while the nuclear pellets were 

stored at -20°C for the subsequent DNA extraction. 

RNA-Seq and WGBS analyses  

RNA-Seq analyses were performed the same as our previous procedures [89], except that 

the Illumina HiSeq4000 paired-end 100-bp sequencing was used for the total RNA of non-treated 

(NT), 1st KCl, or 6th KCl samples, and the Illumina NovaSeq 6000 S2 paired-end 100-bp 

sequencing was used for the cytoplasmic RNA of the 6th KCl samples with or without 24h pre-

treatment by 5-azaC (50μm). The DEXSeq identifies alternative exons, alternative transcription 

starts and alternative polyadenylation [89, 381]. MATS identifies alternative splice junctions [382]. 

For WGBS analyses, approximately 1 μg of gDNA each sample was subject to bisulfite 

conversion for shotgun library construction (NEB Ultra II) and Illumina HiSeqX PE150 

sequencing, yielding 150-bp paired-end reads. DNA quality control, library preparation, Illumina 

library quality control and Illumina HiSeqX PE150 sequencing were conducted at the McGill 

University Génome Québec Innovation Centre (Montréal, Québec, Canada). We obtained an 

average of 66 ± 4 million of paired-end reads. The sequence quality was verified using FastQC 

[383], with the high-quality reads mapped to the rat genome assembly Rnor_6.0.84 (GH3 samples) 

or mouse assembly GRCm38 (mm10, hippocampus tissue samples), using BSMAP [384], 

allowing a maximum of 2 mismatches. The DNA methylation status of individual cytosines of 

each exon was obtained by filtering the BSMAP output list with the genomic coordinates within 

the DEXSeq list of changed exons. The total DNA methylation level of an exon (mCpG or mCpH, 

(CpG methylation or CpH methylation, respectively)) was calculated by multiplying the average 

methylation ratio of CpG or CpH cytosines with the total number of mCpG or mCpH sites, 

respectively, in the sense strand of each exon.  

For both RNASeq and WGBS, visualization of genomic sequencing data was explored by 

Integrative Genomics Viewer (IGV) (developed at the Broad Institute of MIT and Harvard, 

available for download from https://software.broadinstitute.org/software/igv/) [385]. To 

understand the biological meaning behind a large list of significant genes, functional annotation of 

these genes was performed by the Database for Annotation, Visualization and Integrated 

Discovery (DAVID ) (developed at the U.S. National Institute of Allergy and Infectious Diseases, 

available on the Internet at https://david.ncifcrf.gov/) [386]. 

https://software.broadinstitute.org/software/igv/
https://david.ncifcrf.gov/
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Semi-quantitative RT-PCR  

RT-PCR was performed based on our previous procedures [75, 89]. Briefly, for reverse 

transcription, 300ng of cytoplasmic RNA was used in a 10ul- reaction and incubated at 45°C for 

50min. For PCR, 1ul of RT product was amplified in a 12.5ul-reaction for 28 -32 cycles. PCR 

products were resolved in 2-2.5% agarose gels containing ethidium bromide (EtBr), visualized 

under UV light and captured by a digital camera. Percentages of the splice variants were calculated 

based on band intensities quantified using ImageJ (National Institutes of Health). 

Table 1. Primers for RT-PCR analysis 

Table1.1 Primers for RT-PCR analysis using Rattus norvegicus (Norway rat) genome assembly 

Targeted 

Sequences 

IGV Location  

(RGSC 6.0/rn6) 
Primers (5´->3´) 

Rims2 Exon 21 7:78453733-78453775 
F:  TGTCCAGACCAGTCCGTCAAG 

R:  CATCACTGTCCGAGGATTTAG 

Rps24 Last Exon 16:762006-762075 

F:  TGAGCCTAAACACAGACTTGCG 

R1:  GCCATACTATGGAAACCGTC 

R2:  AGTCACCGTAGAACTACTCC 

Ehmt2 Exon 9 20:4584122-4584223 
F: TGAAGCCATCCAGGAAACGG 

R: ACTTTCGGTGGCCATACACTTG 

STREX 15:923843-924016 
F: CACATTGGAGTCCATGTTGTC 

R: AGTGCCTTCGTGGGTCTGTCC 

Epb41l3  

Exon 15 
9:117650309-117650344 

F: TGATGGAGAGACCAGTGCCAC 

R: CAGGTACAAGTGGCTCAATCATGG 

Dlg1 Exon 20a 11:72200684-72200784 
F: GGTCCTAATATGATGACTGGTCGG 

R: CAGATGGTGAGAGTGACGAAG 

Kidins220  

Exon 26 
6:44312349-44312382 

F: CAGAGATCAGAACAATGGCCT 

R: AGGCATCATGCTCTGGTCCAG 

Mapt Exon 7a 10:92359109-92359306 
F: CGTAAGCAAAGACAGGACAGGAAAT 

R: ATCCTGGTGGCATTGGATGTG 

Phldb1 Exon 10 8:49009516-49009560 F: ATGCTGTCCGAACTCTCCAGG 
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R: GAATGGCACCAGTAGTCTCC 

Nrg1 Exon 12 16:64055275-64055417 
F: TGCTGACAATTACTGGCATCTG 

R: TGGTCATGGCTGATACATAC 

Gphn Exon 6a 6:101614684-101614792 
F: CGACAGAAGATAGTTCCTCATC 

R: TGAAGGCTTTGTCCATAGAC 

Nsmf Exon 9 3:2267381-2267470 
F: GAACTTCCGCAAACACCTG 

R: CTGGCAGAAAATCAGCATCTTCC 

Gipr Intron 10 1:80066679-80066806 
F: TTCAGCCTGTTCCTCGGTCAC 

R: AAGCCATTTGGTGGATCATTCGCAC 

Gh1 Exon 1-5  10:94486204-94488181 
F: CAGGTCCTGTGGACAGATCAC 

R: TGGCAGTTGCCAGAGTACAG 

Prl Exon 1-5 17:39814238-39824299 
F: CAGTGGTCATCACCATGAACAG 

R: TGCTGAAAGTTGTAATGCAAATAGAAC 

Gapdh 

Exon 3-4 
NA 

F: CTTCATTGACCTCAACTACATGGTT 

R: GCTCCTGGAAGATGGTGATG 

Actb 

Exon 3-4 
NA 

F: TGGGACGATATGGAGAAGATTTG 

R: CCATCACAATGCCAGTGGTAC 

Upf3b Exon 10 X:123720295-123720333 
F: CATCCTTCAGTTCGACATCAG 

R: GAGCTTCCTGAAGAACAAGC 

Eif4a2 Exon 13 11:81379641-81379871 
F: TCATCAACTGCCGCTATCGAC 

R: AATTCCGATCAGGGTCAAGCCG 

APP Exon 12 11:24508928-24508984 
F: AGGTACTTGTCGACTGCGTC 

R: TGCTCTGAACAAGCTGAGACC 

PTBP1 Exon12 7:12668238-12668275 
F: CTCCATGGACATTAGGAACAGAG 

R: ACAATGCCTGCTGCACGCTG 

hnRNPa2b1 First 

Exon 
4:81241244-81241282 

F: AGAGCAGCATGAGCGGATATG 

R1: CCATGGAGTTAAGTCAGAGTC 

R2: ATTCACGCCCATAGATGCACG 

Cacna1d Exon 7 16:6120153-6120179 
AACTGTCATCCTCACAGCACTC 

AACGGCCATTACTCCTACAAGC 
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Rimbp2 Exon 14 12:31580978-31581688 
F: TGTCGGACATCATGGAGGAAG 

R: AATACCTTCGGCTCACATGC 

Cacna2d1  

Exon 22 
4:15741164-15741184 

F: AACCCGCATCCAGCAAGATTC 

R: TGGCCTTGGTATTGCCAACCTAC 

Ehmt2 Exon 13 20:4584122-4584223 
F: TGAAGCCATCCAGGAAACGG 

R: ACTTTCGGTGGCCATACACTTG 

Pak6 Exon 1 3:110442637-110443078 
F: AGACCTCAGCTGGCAGAATAC 

R: TCCAGGATGTTCTGCCATTGTG 

Cacna1d  

Exon 50 
16:6193496-6193555 

F: AGACTTCACAGCTGCCCTGCATC 

R: TAGCATGCCCACCAGTGAGACC 

Ank3 Exon 4 20:20259263-20259364 
F: TGGAGTGGACGTCAACATCTG 

R: ATTGGTGTCGTTCTGTAGGAGC 

COL25A1  

Exon 8 
2:235664469-235664514 

F: GAGCCACTGAGATCATAGACTAC 

R: CTTTGGTCCAGGAAGTCC 

Sptan1 Exon 42 3:8582820-8582834 
GATGAGATTGAAGCCTGGATCAG 

TAACTCCACGGATTCGGTCAG 

Numbl Exon 4 1:84075985-84076059 
F: AGCCAGCCTATGTGCCTGAG 

R: GAGAATGCCTTGTCCAGGTTGC 

Dnm1l Exon 14 11:88875171-88875248 
F: TGCCATAGTTGAAGTAGTGAC 

R: GTTGTCGGTTCCTGACCAC 

Rps6kb1 Exon 5 10:73841502-73841652 
F: CTTGGTGATTAAGCATGATG 

R: TGAGCTACTTCGGGTACTTGG 

Syn2 Exon 3 4:147147591-147147686 
F: TTCTTCAGCTCGCTGCGCAAG 

R: AGACTTCGTGCTCATCCGACAG 

Ica1 Exon 12 4:34656370-34656432 
F: CTGGAAGTGCTGAAGATC 

R: CAGCCATCCATGAGAGCTTC 

Unc13a Exon 38 16:20063831-20063841 
F: CCTTCAGTTTGGACAGCT 

R: GTGACATCCTAAGCCAAGTG 

Sec31a Exon 24 14:10894315-10894407 
F: TGTCCAGAGTTCAAAGTCAGC 

R: CTGTTGAGGTCGATAAACTGC 
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Cd44 Exon 14 3:92728727-92728852 
F: TGAATGGATCGGGTTCCAC 

R: TTCACAGCCTACTGGAGAC 

Slc25a3 Exon 8 7:31822243-31822367 
F: AGAGCCCTTGCATGGAATAG 

R: ACAGTTGTGAATTTGGCTCC 

Baiap2 Exon 14 10:109183753-109183801 
F: GGTCTGGATGACTACGGG 

R: ATCTGTCATTGGTCACTGTTGG 

APP Exon 12 11:24508928-24508984 
F: AGGTACTTGTCGACTGCGTC 

R: TGCTCTGAACAAGCTGAGACC 

RBM3 Exon 5 X:15100060-15100698 
F: GACTGACTGACAACACTTCC 

R: CCTCCTGAGTAGCGGTCATAG 

 

Table1.2 Primers for RT-PCR analysis using Homo sapiens (human) genome assembly  

Targeted 

Sequences 

IGV Location 

GRCh38 (hg38) 
Primers (5´->3´) 

MAPT Exon 4a 17:45983172-45983931 
F: CTGAAGAAGCAGGCATTGGAG 

R: GCTTTTACTGACCATGCGAG 

MAPT Exon 10 17:45989877-45990075 
F: AAGGTGGCAGTGGTCCGTAC 

R: GCTCAGGTCAACTGGTTTGTAGAC 

DLG1 Exon 20a 3:197042560-197298576 
F: CAGGCAGGTTACACCAGATG 

R: TAGGTCCCAATATGATCACTGGTC 

EPB41L3  

Exon 15 
18:5407699-5407738 

F: CATTCATTCGTTACGGCAGTG 

R: ACTGACAGTGAGCGCACGGAC 

KIDINS220 

Exon 26 
2:8747144-8747201 

F: ACTGAGGCAGCATACTCTGG 

R: TCACAGCAGCTATTACAGCG 

GPHN  

Exon 8 
14:66924194-66924293 

F: GCTTCAACAGAAGATAGTTCCTC 

R: AGTCATCTCCAGGACTGTG 

GAPDH 

Exon3-4 
NA 

F: CTTCATTGACCTCAACTACATGGTT 

R: GCTCCTGGAAGATGGTGATG 
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Image Data Analysis 

TIFF images were quantitated by Image J software [a Java-based image processing 

program developed at the National Institutes of Health and the Laboratory for Optical and 

Computational Instrumentation (LOCI, University of Wisconsin) and available on the Internet at 

https://imagej.nih.gov/ij/download.html] to measure the intensity of nucleic acid (RNA, DNA or 

PCR products) [387]. 

In vitro transcription, nuclear extract preparation and UV crosslinking-

immunoprecipitation (carried out by Dr. Jian-kun Yu) 

 These procedures were carried out as in our previous reports[75, 83]. The wild type and 

mutant RNA probes for the 3´SS of rat Mapt exon 6 were based on 42 nt of the upstream 3´SS of 

the rat equivalent exon of human MAPT exon 4a (5´- 

ccggccuuuccgaagcccgccaccacugcguaucuccacacag-3´, with the 3´ AG underlined) in front of the 

5´ 86nt of the DUP175 exon [110].  The 3´SS cacaca is the only CA triplet in the probe. The RNA 

probes were synthesized by in vitro transcription with T7 RNA polymerase [83].  

Genome/transcriptome analysis of the published datasets of wild type or Rett syndrome mice 

 We analyzed the DNA methylation or alternative splicing of the hippocampal tissue 

samples of wild-type or Rett syndrome mice using the raw reads from two published datasets[315, 

388]. Briefly, we analyzed the raw reads of RNA-Seq sequences from the total RNA of the 

hippocampi of male littermate mice (wild type and Mecp2 null mice) at 7-weeks of age upon KA 

treatment by intraperitoneal injection [315], and the raw reads of WGBS from gDNA of the 

hippocampal dentate gyri of 8-10 week-old male mice (C57BL/6, same as the Mecp2-null 

background) [388]. The reads were quality-controlled by FASTQC, trimmed and mapped to the 

mouse assembly GRCm38 (mm10) for DEXSeq or BSMAP analyses.  

RNA samples from Rett syndrome patients (provided by Shervin Perjhan from Dr. Mojgan 

Rastegar’s lab) 

Usage of the patient samples in the study was under the approval of the Health Research 

Ethics Board of the University of Manitoba to our project collaborator Dr. Mojgan Rastegar’s lab. 

Total RNA samples were isolated from the human hippocampus and cerebellar tissues using 

TRIzol (Life Technologies), as we reported [389-391]. Briefly, 0.5 mL of TRIzol was added to the 

frozen brain powders of about 50 mg in each tube, then homogenized and incubated for 5 min at 

https://imagej.nih.gov/ij/download.html
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room temperature. We then added 0.1 mL chloroform, incubated it for another 3 min, and 

centrifuged for 15 min (12,000xg, 4°C). We collected the aqueous phase and added 5 µg RNase-

free glycogen and 0.25 mL isopropanol, incubated it for 10 min at room temperature, and 

centrifuged for 10 min (12,000xg, 4°C). We washed the pellet with 0.5 mL of 75% ethanol and 

centrifuged for 5 min, 12,000xg, 4°C. RNA pellets were air-dried and re-suspended in 30µl of 

RNase-free water, quantified by NanoDrop 2000 micro-volume spectrophotometer, and stored at 

-80°C before RT-PCR. The Rett Syndrome human brain tissues used in this study are:  

NIH# RTT Age (years) Sex PMD 

∗ T158M 13 F < 6 h 

∗ A201V 19 F 24 h 

4516 R255X 21 F 9 h 

1815 IVS3-2A>G 18 F 5 h 

5723 Not Available 22 F 6 h 

                                    

*Donated brain tissues to the Rastegar lab for research [389, 390]. NIH: National Institutes of 

Health, RTT: Rett syndrome, PMD: postmortem delay (time). 

Statistical tests  

For the RT-PCR products, we used a two-tailed Student’s t-test unless otherwise noted. 

The DEXSeq uses Fisher’s test [381].  

Establishment of an in vitro exonic DNA methylation splicing reporter assay 

In order to investigate the regulation of alternative splicing by DNA methylation, splicing 

response to CaMKIV signaling, a splicing reporter assay were designed by using insert oligos with 

different exon methylation capacities, which were further classified into two subgroups with 

different methylation status: unmethylated or methylated insert oligo groups (see ‘splicing reporter 

assay’ at Chapter II Materials and Methods).  

M.SssI CpG methyltransferase (M.SssI MTase) is an enzyme isolated from a strain of E. 

coli in NEB, which contains the gene coding for a DNA methylase from Spiroplasma sp. strain 

MQ1 (M.SssI) [392]. In vitro, CpG sequences could be completely and exclusively methylated by 

M.SssI MTase by the transfer of the methyl group from S-adenosyl-L-methionine (SAM) to 
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cytosine nucleotides (C5) in double-stranded DNA [393]. Currently, M.SssI MTase has been used 

for the in vitro methylation of the gene promoter in promoter-reporter constructs [394] since its 

specificity on CpG sites is consistent with the endogenous DNA methylation [395].  However, no 

reports have demonstrated the methods of in vitro exonic DNA methylation by M.SssI MTase for 

splicing reporter assays. Here, I took Baiap2 Exon 14 as an example to establish methylation on 

how to completely and exclusively methylate exon DNA, which was used for splicing reporter 

constructs, in vitro by M.SssI MTase as illustrated (Fig. 4). This established an exon DNA 

methylation-splicing reporter assay system for splicing researchers to conveniently examine the 

methylation effect on splicing by mutagenesis. 

 

Figure 4. Outline of the in vitro exonic DNA methylation of Baiap2 Exon 14.   

Complementary single-stranded oligos were denatured at 95°C, 5min and annealed at 60°C 30min 

before restriction digestion and ligation into the vector of the splicing reporter. Each insert dsDNA 

fragment was digested by ApaI (#ER1415, Thermo Fisher Scientific, US) and BglII (#ER0082, 

Thermo Fisher Scientific, US), fractionated in 1% agarose gel, excised and purified using the 

QIAquick Gel Extraction Kit (#28706, QIAGEN, Germany). Half of the DNA was methylated in 
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vitro with the CpG methyltransferase M.SssI (M0226L, New England Biolabs, USA) using S-

adenosylmethionine (SAM) as a methyl group donor, and the methylation efficiency was verified 

by the CpG methylation-sensitive restriction enzyme BstUI (restriction site: CpG↓CpG, #R0518S, 

New England Biolabs, USA). The insert DNA fragments with or without methylation were ligated 

with the same double-digested splicing reporter vector DUP175[10], by T4 DNA ligase (Cat. # 

15224-041, Invitrogen, US) at 14°C-16°C overnight. (The figure was created with BioRender.com) 

 

Protocol 

Equipment and kits 

▪ Qiagen Plasmid Midi kit (Qiagen) 

▪ QIAquick gel extraction kit (Qiagen) 

▪ Agarose gel electrophoresis apparatus 

▪ Water baths 

Reagents 

▪ Restriction endonucleases to excise fragment: Apa I (10U/μl, Invitrogen) and BglII (10U/μl, 

Fisher) 

▪ REACT 4 Invitrogen, Buffer Composition (1× concentration): 20 mM Tris-HCl (pH 7.4), 

5 mM MgCl2, 50 mM KCl. 

▪ Buffer O (with BSA, Fisher), Buffer Composition (1× concentration): 50 mM Tris-HCl 

(pH 7.5 at 37°C), 10 mM MgCl2, 100 mM NaCl, 0.1 mg/ml BSA. 

▪ M.SssI methyltransferase 4U/μl (New England Biolabs) 

▪ 200× S-adenosylmethionine (SAM) (32 mM, New England Biolabs) 

▪ NE buffer 2 (New England Biolabs) 

▪ T4 DNA ligase, 1U/μl (Invitrogen) 

▪ 5× T4 DNA ligase buffer (Invitrogen): 250 mM Tris-HCl (pH 7.6), 50 mM MgCl2, 5 mM 

ATP, 5 mM DTT, 25% (w/v) polyethylene glycol-8000. 

▪ DUP175-ST (Xie Lab)  

Methods 

1. Preparation of the insert fragment:  

1.1 Synthesized both complementary single strands of Baiap2 exon 14 and its partial flanking 

introns of DNA fragments (IDT, Integrated DNA Technologies), labeled as Baiap2E14 below. The 

sequences of GGGCCC (5´ – 3´, the restriction site for ApaI enzyme) and AGATCT (5´ – 3´, the 
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restriction site for BglII enzyme) were added to the 5´ and 3´ ends of the single strand of Baiap2E14, 

respectively. There is no CpG site in the partial flanking introns of Baiap2 exon 14. Three 

complementary pairs of oligo inserts were listed below with different exon methylation capacities 

(CpG sites underlined) were synthesized using the mBaiap2 exon 14 as a template: (CpG)x3, 

(CpG)x7, and (GC)x7m, containing 3, 7 and 3 CpG sites, respectively, harboring the 48bp exon  

(uppercases) and partial flanking introns (lowercases) with ApaI (5´-GGGCC↓C-3´) and BglII (5´-

A↓GATCT-3´) restriction sites at the 5´ and 3´ ends, respectively. Complementary single-stranded 

oligos were denatured at 95°C, 5min and annealed at 60°C 30min before restriction digestion and 

ligation into the vector of the splicing reporter. 

(CpG)x3: 5´-

gcgggccctgaccttgtgtttccttacagCGCGGATGTCGAAGTGGCCAGATTTTGAGCTGCCCCTG 

ACTAGAGTTAgtaagttgagatctatgc-3´ 

(CpG)x7: 5´-

gcgggccctgaccttgtgtttccttacagCGCGGATGTCGAAGTGGCGCGATTTTGAGCTGCCCGCG 

ACTAGAGTTAgtaagttgagatctatgc-3´ 

(CpG)x7m: 5´-

gcgggccctgaccttgtgtttccttacagCGCGGATGTCGAAGTGGCCAGATTTTGAGCTGGGCCTG 

ACTAGAGTTAgtaagttgagatctatgc-3´ 

1.2 Diluted the powder of two DNA oligos with nanopureH2O into 1 μg/μl, respectively, store @-

20C. 

2. Annealing of two complementary single-strands to get double-strand DNA oligos (labeled as 

dsBaiap2E14 below). 

2.1 Annealing reaction: prepare the following reaction mixture. 

Annealing reaction Volume 

One single-strand of Baiap2 DNA fragment 6 μg 

The complementary single strand of Baiap2 DNA fragment 6 μg 

10× REact 4 buffer (Invitrogen) 12 μl 
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nanopureH2O Up to 120 μl 

 

Incubate @ 94 °C 5min, then drop to 60 °C 30min, hold at 4 °C on ice.  

Note: 10× React4 buffer (Invitrogen) was used as reaction buffer in this annealing reaction 

since it was the reaction buffer for the next step: ApaI digestion reaction. It was not necessary to 

purify the newly synthesized double-strand DNA oligos before the next step.  

2.2 Electrophoresis of 3% agarose gel 

After the annealing reaction, I ran the newly synthesized dsBaiap2E14 DNA oligos (200 

ng) on 3% agarose gel to check the efficiency of the annealing reaction. 

 

Figure 5. Electrophoresis of 3% agarose gel to check the efficiency of the annealing reaction. 

1: one single-strand of Baiap2 DNA oligos, 2: the complementary single-strand of Baiap2 DNA 

fragment, 3: the annealed dsBaiap2E14. 

 

The annealed dsBaiap2E14 (lane 3) ran slower than both of the Baiap2 single-strand oligos 

(lane 1 and lane 2), which indicated that the dsBaiap2E14 were near completely annealed.  

3. Prepared plasmid DNA DUP175-ST. It contained restriction sites for both ApaI and BglII 

enzymes.  

4. ApaI-BglII restriction enzyme digestion 

Because of the salt difference between the reaction buffers of ApaI and BglII enzyme, the 

restriction enzyme digestion of ApaI and BglII was carried out separately. In both reactions, the 
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final concentration of the ApaI and BglII enzyme was 2.5U/μg DNA, and the total volume for each 

microgram DNA was 50 μl. 

4.1 ApaI restriction enzyme digestion: prepare the following reaction mixture. 

ApaI digestion of inserted DNA  Volume 

dsBaiap2E14 (12 μg) 110 μl in total after 

evaporation in annealing 

and use for running a gel  

10× REact 4 buffer (Invitrogen, 11μl) 

nanopureH2O 

+ ApaI (10 U/μl) 3 μl 

+10× REact 4 buffer (Invitrogen) 49 μl 

+nanopureH2O Up to 600 μl 

 

ApaI digestion of plasmids Volume 

DUP175-ST 12.8 μg in 102 μl 

nanopureH2O 

ApaI (10 U/μl, Invitrogen) 3 μl 

10× REact 4 buffer (Invitrogen) 60 μl 

nanopureH2O Up to 600 μl 

 

Mixed the above mixture gently by pipetting and incubated at 37 °C for 3h. 

4.2 BglII restriction enzyme digestion 

After the ApaI digestion, BglII restriction enzyme digestion was performed for both 

digested dsBaiap2E14-ApaI oligos and DUP175-ST-ApaI plasmids. The following materials were 

directly added into the tubes used for the ApaI restriction enzyme digestion above. 

+BglII (10 U/ul, #ER0082, Fisher Scientific) 3 μl 

+10× BufferO (with BSA, #B05, Fisher 

Scientific)  

67 μl 
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Therefore, the total volume for the BglII digestion reaction was 670μl. 

4.3 Concentrated double-digested DNA from the big volume reaction 

4.3.1 Ran 200ng DUP175 plasmid on 1% agarose gel to check the digestion effect. If it is digested 

well, concentrated the double-digested DNAs (dsBaiap2E14-ApaI-BglII DNA oligos and 

DUP175-ST-ApaI-BglII plasmid DNA). 

 

Figure 6. Electrophoresis of 1% agarose gel to check the efficiency of the restriction enzyme. 

The linear DUP175 is the major band of DUP175-ST after double-enzyme digestion. It indicates 

that the DUP175-ST plasmids were completely digested by ApaI and BglII enzymes. Notably, in 

some cases, the short DNA sequences that were cut off from the plasmid can also be observed on 

the gel when there are a large number of DUP175-ST plasmids loaded.1: undigested plasmids, 2: 

plasmids digested by ApaI and BglII restriction enzymes 

 

4.3.2 After ApaI-BglII digestion, narrowed down the volume of the double-digested DNA (both 

dsBaiap2E14-ApaI- BglII oligos and DUP175-ST-ApaI- BglII plasmid DNA) using QIAquick Gel 

Extraction Kit (Cat. No. 28706, Qiagen). 

5. In vitro methylation by M.SssI CpG Methyltransferase 

5.1 The in vitro CpG methylation reaction: diluted supplied SAM (200×, 32 mM) to 1600 µM by 

nuclease-free water and prepared the following reaction mixture. 

CpG methylation  Volume 

10 × NEB buffer 2 (B7002S) 50 μl 

Diluted SAM (1600 μM, 10×, NEB) 50 μl 

dsBaiap2E14-ApaI-BglII 9.0 μg in 62 μl 

nanopure H2O 

M.SssI (4 U/μl, M0226S, NEB) 10 μl 
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nanopure H2O Up to 500 μl 

 

Mixed well, pipette up and down more than 10 times using the 1000μl tips.  

5.2 Incubated the mixtures at 37°C.  

In one group, the incubation time was as in the previous study [394]. That is, incubated at 

37°C overnight (around 15 - 18h), then added another 8µl M.Sssi (4U/μl) and 56µl 10× SAM 

(1600μM) into the tubes used for the in vitro CpG methylation reaction. Incubated at 37°C for 

another 4h. It’s labeled as the 18h + 4h group. 

In another group, 4h incubation was added before the overnight incubation. That is, 

incubate the mixtures 37°C for 4h, then added another 8µl M.Sssi (4U/μl) and 56 µl 10× SAM 

(1600 μM),  incubated at 37°C overnight (around 15 - 18h), then added another 8µl M.Sssi (4 U/μl) 

and 56 µl 10× SAM (1600 μM) into the tubes used for the in vitro CpG methylation reaction. 

Incubated at 37°C for another 4h. It was labeled as the 4h + 18h + 4h group. 

6. Methylation sensitive enzyme digestion to confirm methylation 

6.1 Extracted DNA from 50 μl of the mixtures of the above reaction using the QIAquick Gel 

Extraction Kit (Cat. 28706, Qiagen). Half of the extracted DNA was used for the methylation 

confirmation by digestion using the methylation-sensitive enzyme BstUI, and the other half was 

used as the control in the agarose gel electrophoresis.  

6.2 BstUI digestion: prepared the following reaction mixture. 

BstUI digestion Methylated oligos Unmethylated oligos 

BstUI(10 U/μl, NEB) 1 μl 1 μl 

dsBaiap2E14-ApaI-BglII-M.SssI 1 μg 600 ng in 5 μl nanopure 

H2O 

CutSmart Buffer (10x, NEB) 5 μl 5 μl 

deionized H2O Up to 50 μl Up to 50 μl 

 

Incubated the mixtures at 60°C, 3h. 
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The methylated oligos were labeled as dsBaiap2E14-ApaI-BglII-M.SssI and the un-

methylated oligos were labeled as dsBaiap2E14-ApaI-BglII stored at -20°C for subsequent usage. 

Around 80% of DNA fragments were recollected by the QIAquick Gel Extraction Kit (Cat. 28706, 

Qiagen).  

6.3 Electrophoresis of 3% agarose gel 

 

Figure 7. Confirmation of methylation by methylation-sensitive restriction enzyme BstUI 

digestion and 3% agarose gel electrophoresis. 

 

The lanes 1-8 in the figure represented (The image containing lanes 5-8 was also used in figure 

10B, which is the same image): 

 

 

 

 

 

 

 

The agarose gel showed that there was a difference in the methylation efficiency in the two 

different groups. In the 18h + 4h group, the methylation ration was 48.72%, while it was up to 

92.29% in the 4h + 18h + 4h group. It showed that the methylation ratio in the 4h + 18h + 4h group 

was incredibly increased compared to the 18h + 4h group. 

 

Undigested inserts % w/o M.SssI with M.SssI 

18h + 4h 11.93 60.65 

4h + 18h + 4h 6.06 98.35 

 

6.4 After the confirmation of the methylation efficiency, extracted the left of the methylated 

dsBaiap2E14-ApaI-BglII-M.SssI oligos from the mixtures using the QIAquick Gel Extraction Kit 

(Cat. 28706, Qiagen). 

7. Ligated DNA inserts into the splicing-reporter construct 

M.SssI - + - + 

BstUI - - + + 

18h + 4h 1 2 3 4 

4h + 18h + 4h 5 6 7 8 
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7.1 Set up the following reaction in a microcentrifuge tube on ice 

Component Unmethylated inserts Methylated inserts 

5× T4 DNA ligase reaction buffer 

(Invitrogen, P/N y90001) 

120 μl 120 μl 

DUP175-ApaI-BglII 4.8 μg in 20 μl nanopure 

H2O 

4.8 μg in 20 μl 

nanopure H2O 

ds-strand DNA oligoes 2 μg in 20 μl nanopure 

H2O 

2 μg in 15 μl nanopure 

H2O 

T4 DNA ligase 

(Cat. # 15224-017, Invitrogen) 

6.8 μl 6.8 μl 

nanopure H2O Up to 600 μl Up to 600 μl 

 

Notably, the concentration ratio of the insert (ds-strand DNA oligos) to vector (DUP175-

ApaI-BglI ratio was 2:1 – 3:1.   

7.2 Incubated the mixture 13-17°C, overnight.  

Put some ice into the room temperature water until the temperature of the water was around 

13°C. Floated tubes in the water baths and sealed the box tightly with a lid. After incubation 

overnight (16-18h), the temperature of the water was around 17°C in the morning.  

8. Plasmid construction and cell transfection 

The insert DNA fragments with or without methylation were ligated with the same double-

digested splicing reporter vector DUP175[1], by T4 DNA ligase (Cat. # 15224-041, Invitrogen, 

US) at 14°C-16°C overnight. The ligated splicing reporters containing the methylated or 

unmethylated exons were concentrated using the QIAquick Gel Extraction Kit and co-transfected 

directly with the Flag-CaMKIV-dCT (CaMKIV) or –dCT-K75E (CaMKIVm) expression plasmid 

[1, 152, 366], into HEK295T cells using LipoFectamine 3000 (#L3000008, Invitrogen, US) and 

incubated overnight (16-18h) before RNA extraction. 
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Chapter IV   Results and Discussion 

The thesis research present in this chapter has been submitted for peer review in Nucleic 

Acids Research (Ling Liu, Hai Nguyen, Urmi Das, Jian-Kun Yu, Lei Lei, Matthew Kung, Shervin 

Pejhan, Mojgan Rastegar, Jiuyong Xie. Control of Adaptive Splicing by DNA Methylation.). 

Results 

1. Adaptive splicing of a specific group of synaptic exons upon repeated stimulation of cells 

by membrane depolarization 

To determine if there is adaptive splicing in the GH3 cells where we had found the 

depolarization regulated STREX splicing [75], we treated the pituitary cells once or six times with 

depolarizing concentrations of KCl (50mM, Fig. 8A) to identify exons with different responses 

between the two groups. The treatment scheme was based on the pre-determined time course of 

the splicing changes/recovery of the STREX exon, which was repressed 6h after KCl addition and 

recovered completely 18h after washing off KCl (Supplementary _Fig. 1). It did not change the 

cell growth curve after the repeated KCl treatment/wash-off cycles (Fig. 8B). 

 

Figure 8. Adaptive splicing of a specific group of exons upon repeated membrane 

depolarization by KCl treatment.  

A-B: 

A. Scheme of the single or repeated KCl (50mM, 6h) treatments of GH3 pituitary cells (See also 

Materials and Methods).  B. Growth curves of the GH3 cells throughout the repeated KCl 

treatments. NT: not treated. Cells were counted with a hemocytometer. (-): without KCl treatment, 

(+) with KCl treatment, 1st: the 1st KCl treatment, 6th: the 6th KCl treatment. 

 

We searched for differentially spliced exons among cells untreated (NT), KCl-treated once 

only (1st KCl), or KCl-treated 6 times (6th KCl), using DEXSeq and MATS analysis of their RNA-

Seq reads [89, 381, 382]. The inclusion level of most (99%) of the detected 145 thousand 



67 

 

exons/bins (hereafter called exons for simplicity) including the STREX did not change 

substantially between the 6th and 1st KCl-treated samples. Neither did the transcript level of the 

growth hormone (Gh1) and prolactin (Prl) genes characteristic of the rat GH3 pituitary cells (see 

below). These observations together with the growth curves (Fig. 8B) support strong homeostatic 

expression of the majority of exons and characteristic genes during the experiment. In contrast, the 

inclusion level of a smaller group of 1,878 (~1.3%) exons of 1,204 genes changed substantially 

between the 6th and 1st KCl groups (Fig. 8C), including ones (~25%) that barely responded to the 

1st KCl treatment. The majority (81%) of these are alternative exons and the rest are the 1st or last 

exons from alternative transcription start or polyadenylation sites without involving alternative 

splicing. Thus, there is likely adaptive response of a specific group of exons during pre-mRNA 

processing, especially splicing, after repeated depolarization.  

The top five clustered functions of the host genes ranged from ‘synapse’ to ‘RNA 

recognition’ by DAVID functional annotation clustering analysis (Fig. 8D). The synaptic genes 

include Mapt (microtubule-associated protein tau), Nrg1 (neuregulin 1), Epb41l3 (erythrocyte 

membrane protein band 4.1 like 3) and Kidins220 (kinase D interacting substrate 220). They 

function in synapse formation[396], and plasticity[397-399], or hormone secretion[400].

 

Figure 8. Adaptive splicing of a specific group of exons upon repeated membrane 

depolarization by KCl treatment. C-D:  

C. Heatmap of splicing changes (by ratios of exon usage) of 720 exons between the 6th and 1st 

KCl treated samples, using DEXSeq analysis. D. DAVID functional clustering analysis of 1,204 

genes whose exons changed between the 6th- and 1st KCl-treated samples based on DEXSeq and 

MATS analysis, ranked by -Log10 of the p values. DEXSeq filtered criteria: exon base mean >20, 

average base mean >20, normalized ratio (relative to the highest exon base mean of the 

gene) >0.002 and <1, fold change: >0.91 or <1.1, p-value <0.01. MATS filtered criteria: p-value 

<0.01, FDR (False Discovery Rate) <0.01. 
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After manual examination of the top-cluster exons in the Integrative Genomics Viewer 

(IGV)[385], we were able to validate the adaptive splicing by the different responses to the 6th and 

1st KCl-treatment for 18 of 23 alternative exons (78.3%) by semi-quantitative reverse transcription-

polymerase chain reaction (RT-PCR, Fig. 8E and below), supporting our relatively accurate 

prediction of the adaptive exons. After repeated treatments, in most cases their net changes of exon 

usage by depolarization were either reduced (desensitized, e.g., the proximal terminal exon of 

Rps24, Fig. 8E) or increased (hypersensitized, e.g., Ehmt2 exon 10), and in one case (Mapt exon 

6), the depolarization effect was reversed. 

Besides the GH3 pituitary cells, we also examined adaptive splicing similarly by RT-PCR 

of the STREX exon in the LA-N-5 human neuroblastoma, N1E mouse neuroblastoma, and PC12 

rat adrenal phaeochromocytoma cells. Though its repression by depolarization was not changed 

significantly after the repeated treatment scheme in the GH3 cells (Fig. 8A & 5F), the repression 

was slightly dampened in LA-N-5, lost in N1E, and significantly augmented in PC12 cells after 

the 6th treatment (Fig. F). Thus, the repeated depolarization-induced adaptive splicing is cell-

dependent. 

 

Figure 8. Adaptive splicing of a specific group of exons upon repeated membrane 

depolarization by KCl treatment. E-F:  

E. Representative agarose gels of RT-PCR-validated exons of different splicing patterns upon 

repeated KCl treatments. The non-adaptive exon is a negative control. The ‘desensitized’ or 
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‘hypersensitized’ refers to the 6th versus the 1st KCl treatment effect on exon usage. ‘Non-adaptive’ 

means no change of this effect. Grey box: alternative exons, white box: constitutive exons, black 

arrow: primers. Open circle: before KCl treatment, dots: after KCl treatment. Rims2 exon 21, 

NM_053945.2; Rps24 last exons, FN801636(upper band) & NM_031112.1(lower band); Ehmt2 

exon 9, NM_212463.1, with the reference transcript IDs from the Rat Jul. 2014 (RGSC 6.0/rn6) 

Assembly. F. Cell-dependent adaptive splicing of STREX upon repeated KCl treatments. For the 

STREX inclusion index, its inclusion level (%) before the 1st KCl treatment (open circles) was 

taken as 1 (mean ± SD, n = 3). All others including the KCl-treated (filled circles) are relative to 

this baseline. 

 

Together, these observations indicate that, although there is a strong homeostatic 

mechanism for the majority of exons upon repeated depolarization, there is indeed also adaptive 

splicing of a specific group of exons of genes in key cellular functions, in a cell-dependent manner. 

Moreover, the exon- and cell-dependence suggests the involvement of both cis-acting 

sequence/elements and trans-acting factors.  

2. Concomitant global changes of DNA methylation and disruption of adaptive splicing by 

5-azaCytidine 

To identify the essential pathways mediating the adaptive splicing, we tested and observed 

effects by the NMDA receptor antagonist nifedipine on a CaMKIV-responsive reporter exon in 

the more transfectable N1E cells (S_Fig. 2), as in cerebellar neurons[361]. More interestingly, we 

also observed robust effects by 5-azaCytidine (5-azaC), a reported ‘inhibitor’ of DNA 

methyltransferases (DNMT) [401, 402], on endogenous exons of the GH3 cells (Fig. 9). 

Considering the role of DNA methylation in adaptation in other systems[101, 363], we chose to 

focus on the 5-azaC effects and DNA methylation in this study.  

To investigate the global relationship between DNA methylation and adaptive splicing, we 

carried out both RNA-Seq of the cytoplasmic RNA and whole-genome bisulfite sequencing 

(WGBS) of corresponding nuclear genomic DNA (gDNA) of the 6th KCl-treated samples with or 

without pre-treatment by 5-azaC (50μM, 18h). This concentration allowed inhibition of DNA 

methylation substantially without causing cell death. Using DEXSeq or BSMAP analysis, we 

obtained differentially used exons between the two groups (padj < 0.05), and the corresponding 

exon DNA methylation levels of mCpG or mCpH (H: C, A or T), respectively (Fig. 9A). 

Interestingly, the 5-azaC-caused ratio changes of exon usage were inversely correlated with the 

total methylation levels of mCs: the bigger changes of exon usage (ratio < 0.5 or > 2) were limited 
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to the less methylated (< 100, mCpG or < 10, mCpH) exons and the highly methylated (> 100, 

mCpG or > 10, mCpH) ones limited to the smaller ratio changes of exon usage (0.5 < ratio < 2), 

while as the changes of the other exons were in various intermediate states. A similar inverse 

relationship was also observed after the methylation levels were normalized to exon lengths (per 

kilobases, S_Fig. 3A).  

The methylation level (per kilobases) was reduced for about half of the exons but 

uninhibited for the others by the 50-µM 5-azaC treatment, in an exon-dependent way in the four 

quadrants of the plot against the ratio changes of exon usage (Fig. 9B, mCpG or mCpH). Similar 

DNA methylation changes were also observed in our separate analysis, using BSmooth [403]. 

Importantly, the net changes of DNA methylation correlate with the ratio changes of exon usage 

similarly as does the total level of exon DNA methylation in Fig. 9A. 
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Figure 9. Disruption of the depolarization-induced adaptive splicing and exonic DNA 

methylation by 5-azaC in GH3 cells.  

A-B: 

A-B. Scatter plots of the genome-/transcriptome-wide exon DNA methylation levels (A) or their 

index of net changes (B, per kilobases of exon DNA) versus the ratios of their exon usage 

with/without 5-azaC (X-axis, in log2 scale) in the 6th KCl-treated GH3 cells. n = 22,361 exons for 

mCpG and 28,077 for mCpH. The total methylation level of exonic DNA mCpG or mCpH was 

calculated by the average methylation ratio (0-1) of CpG or CpH multiplied by the total number 

of CpG or CpH sites in each exon. 

 

Of the top 114 exons with highly adaptive responses, the usage of nearly half (52) of them 

was also strongly changed by 5-azaC by more than 1.5 folds. In particular, changes of 40 (~77%) 

of them by the 6th KCl were prevented by the 5-azaC pre-treatment (Fig. 9C). The most 

significantly clustered functions of the host genes of the 52 exons, including the Mapt, Dlg1 and 

Kindins220 exons, are also synaptic functions (p = 8.5E-04). We thus examined these and above 

synaptic exons by RT-PCR as shown in Fig. 9D-E (also S_Fig. 3B). Their adaptive splicing was 

abolished (Mapt exons 6 and 10, Nrg1 exon 12, Epb41l3 exon 15 and Kidins220 exon 26) or 

reversed (e.g., Phldb1 exon 10) by 5-azaC. Interestingly, two previously non-adaptive exons (Mapt 

exon 7a and Dlg1 exon 20a) became adaptive after the 5-azaC treatment. Moreover, these 5-azaC 

effects on adaptive splicing were accompanied by its disruption of exon DNA methylation (Fig. 

9E, Right panels, mCpG and/or mCpH, and 2F). Importantly, changes of DNA methylation by the 

depolarization treatments were also observed in the 1st and 6th KCl-treated samples, concomitant 

with their splicing changes (Fig. 9G). 

 

Figure 9. Disruption of the depolarization-induced adaptive splicing and exonic DNA 

methylation by 5-azaC in GH3 cells. C: 

C. Heatmap of the splicing changes of 40 exons with adaptive responses to the 6th KCl highly 

different from the 1st KCl treatment and their changes prevented by 5-azaC (both > 1.5 folds). 
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Figure 9. Disruption of the depolarization-induced adaptive splicing and exonic DNA 

methylation by 5-azaC in GH3 cells. D-G: 

D-E. Representative examples of the disruption of activity-dependent adaptive splicing and the 

corresponding exonic DNA methylation change of synaptic exons by 5-azaC. The rat exon 

numbers are based on the following transcripts of the RGSC 6.0/rn6 Assembly: Epb41l3 exon 15, 

NM_053927.1; Mapt exon 6, M84156, equivalent to human MAPT exon 4a (NM_001123066.3, 

GRCh38/hg38); Mapt exon 7a, M84156, between exons 7 and 8, equivalent to human MAPT exon 
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6 (NM_001123066.3, GRCh38/hg38); Mapt exon 10, M84156, equivalent to human MAPT exon 

10 (NM_001123066.3, GRCh38/hg38); Phldb1 exon 10, X74226; Dlg1 exon 20a, NM_012788.1, 

between exons 20 and 21; Kidins220 exon 26, NM_053795.1; Nrg1 exon 12, NM_001271128.1. 

In the brackets are the commonly referenced human exon numbers. In D is a graph for the changes 

of percent inclusion (mean ± SD, n ≥ 3) of adaptive synaptic exons in the absence or presence of 

5-azaC. In E are representative agarose gels of RT-PCR products (Left panel) of the major patterns 

of 5-azaC effects on the inclusion level, splicing response to depolarization, adaptive splicing to 

repeated depolarization of the synaptic exons in D. Please refer to Fig. 8E for the definition of 

‘non-adaptive’, ‘desensitized’ or ‘hypersensitized’. To the left of the gels are the splicing pathways 

(bracketed are the corresponding human exon numbers). Grey box: alternative exon; white box: 

constitutive exons; black arrow: primers. To the right are the corresponding levels of individual 

mC methylation (mCpG and/or mCpH) of each exon upon the 6th KCl treatment with (red) or 

without (black) 5-azaC treatment. The flanking introns (± 10nt) of exons always had the same 

methylation level as the corresponding exon ends.  

 

 

Figure 9. Disruption of the depolarization-induced adaptive splicing and exonic DNA 

methylation by 5-azaC in GH3 cells. F-G: 

F. Scatter plot of the exon mC (mCpG or mCpH) levels and corresponding ratios of exon usage 

(log2) by RT-PCR results, with/without 5-azaC in the 6th KCl-treated GH3 samples (n = 31 exons 

in total). G. An example (Mapt exon 10) of DNA methylation changes by the 1st and 6th 

depolarization treatment, with its exon inclusion level plotted alongside. Here the methylation 

level is in percentage scale to be plotted alongside the exon percentages. The exon DNA mCG 

level did not change as in 2E. The KCl-induced methylation changes are inversely correlated with 

the splicing changes in a way similar to those exons in the quadrant II of 2B (Right). 

 

Besides its effect on DNA methylation, 5-azaC also incorporates into RNA transcripts 

(mainly tRNA and non-protein coding RNA though mRNA also reported)[404, 405], causing 

frequent C to G transversions that can be identified in the RNA-Seq reads aligned to the genome 

[405]. We thus manually examined the RNA-Seq reads of 30 exons for the transversions (3,429 nt 

in total). We identified only one such transversion (read) in a 5-azaC-treated sample, allowing an 
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estimated 5-azaC incorporation rate at less than 1×10-4 of cytosines in the aligned reads. Therefore, 

we concluded that 5-azaC incorporation into mRNA had little effect on the observed splicing 

changes. 

Taken together, these data suggest a critical role of DNA methylation in the adaptive 

splicing of a group of synaptic exons upon repeated stimulation by depolarization.  

3. Methyl-CpG-dependent augmentation of CaMKIV-inducible alternative splicing by 

hypermethylation of exon DNA 

To verify the direct effect of DNA methylation on the altered splicing response to cell 

activities, we established a mini-gene splicing reporter system for unmethylated or methylated 

exons in response to co-expressed CaMKIV (Fig. 10), a critical mediator of depolarization-induced 

splicing[75, 110, 115, 133, 361].  For the reporter, we synthesized a short exon of the brain-specific 

angiogenesis inhibitor 1-associated protein 2 (Baiap2) gene likely involved in autism [406]. The 

exon is methylated in the hippocampus of wild type mice and also regulated by kainic acid in 

Mecp2-null mice [315, 388]. We inserted the mouse exon with its partial flanking introns into the 

human beta-globin mini-gene DUP175 [110]. Besides its 3 CpG sites in the wild type (CpG)×3 

reporter, we created 4 more CpG or their mutant sites in the (CpG)×7 or (CpG)×7m reporter to 

examine the methyl-Cytosine effect (Fig. 10A). The inserts were ligated with the vector with or 

without prior CpG-specific in vitro methylation by the M. SssI CpG methyltransferase [392], after 

verification by methylation-sensitive restriction enzyme (MSREs) BstUI assays (Fig. 10B).  

 

 

Figure 10. Effects of DNA hypermethylation of a reporter exon on its splicing response to 

CaMKIV.  
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A. Diagram of the reporter exons (Left) based on the exon 14 (48nt) and partial flanking introns 

of the mouse Baiap2 gene. The subscripts of (CpG)x3 and (CpG)x7 denote the number of exonic 

CpG sites; no CpG sites are in the flanking introns. The mutated nucleotides are in red. In (CpG) 

x7m, the mutated nucleotides of ‘GGCGCG’ were changed back to ‘GGCCAG’ or of ‘CCCGCG’ 

changed to ‘GGCCTG’. Right, Diagram of the splicing reporter minigene system for 

unmethylated or methylated exons. The synthetic reporter exon inserts, unmethylated or in vitro 

methylated, were ligated with the vector DUP175 (curved lines, open boxes: constitutive beta-

globin exons, arrowheads: PCR primer locations/directions, exons numbered according to the 

spliced mRNA), to obtain splicing reporters DUP175-(CpG)×3, -(CpG)×7, or -(CpG)×7m, and co-

transfected with constitutively active Flag-CaMKIV-dCT or its kinase-dead mutant Flag-

CaMKIVm-dCT into HEK293T cells, and incubated overnight (16-18h) before RNA extraction. 

 

Figure 10. Effects of DNA hypermethylation of a reporter exon on its splicing response to 

CaMKIV. B  

B. The in vitro methylation efficiency of the reporter exon inserts [(CpG)x3, (CpG)x7 or (CpG) x7m] 

by M. SssI CpG methyltransferase, verified to be at least 92% by restriction enzyme digestion 

using the CpG methylation-sensitive BstUI (restriction site: CpG↓CpG). The percentage of the 

full-length insert (minus the uncleaved full-length inserts in the preceding lane) out of all 

fragments in each lane was taken as the methylation efficiency. Note that the re-appearance of the 

strong band of the cleaved mutant fragment indicates the loss of the two additional CGCG BstUI 

sites, extra targets for hypermethylation of the exon by M. SssI. 

 

The ligated splicing reporters DUP175-(CpG)×3, -(CpG)×7, or -(CpG)×7m with 

unmethylated or methylated middle exons were co-transfected with constitutively active Flag-

CaMKIV-dCT or its kinase-dead mutant Flag-CaMKIVm-dCT, as in our previous reports[110, 

360, 361], into HEK293T cells and incubated overnight (~18h). Semi-quantitative RT-PCR of the 
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spliced mRNA showed that the co-expressed CaMKIV repressed both the unmethylated and 

methylated exons of the (CpG)×3 and (CpG)×7 reporters by a similar 3 folds (Fig. 10C, lanes 1-8). 

Interestingly, M. SssI methylation of the (CpG)×7 reporter exon increased its inclusion from 51% 

to 64% (Fig. 10C, lane 7 vs. lane 5), in a way similar to those methylation-splicing changes in the 

quadrant I of Fig. 9B (Left). The hypermethylated exon was repressed by CaMKIV by a 

significantly larger extent (51% net reduction or about 5 folds, Fig. 10C, lanes 7-8) than its 

unmethylated exon (34% or 3 folds, Fig. 10C, lanes 5-6), suggesting augmentation of the CaMKIV 

effect by the hypermethylation. In contrast, mutating the extra 4 CpG dinucleotides abolished the 

hypermethylation effect on the basal splicing as well as its augmentation of the CaMKIV effect 

(Fig. 10C, lanes 9-12). Thus, the reporter exon DNA hypermethylation is required and sufficient 

to augment splicing response to CaMKIV, a critical mediator of the activity-dependent splicing[75, 

110, 115, 133]. This assay not only mimicked the altered splicing response (adaptive splicing) 

after repeated depolarizations but also confirmed the essential role of DNA methylation in the 

response. 

 

Figure 10. Effects of DNA hypermethylation of a reporter exon on its splicing response to 

CaMKIV. C: 

C. Agarose gels of semi-quantitative RT-PCR products of the spliced products of the three 

minigene reporters, DUP175-(CpG)x3, (CpG)x7, and (CpG) x7m with different methylation profiles 

of the exon DNA, co-transfected with Flag-CaMKIV-dCT (CaMKIV) or Flag-CaMKIVm-dCT 

(CaMKIVm).  

 

4. Regulation of the 5-azaC-disrupted synaptic exons by hnRNP L 

We have previously identified hnRNP L in the depolarization/CaMKIV-regulated splicing 

and hormone production[75, 83, 89, 407]. A number of observations suggested it also as a regulator 
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of some 5-azaC-disrupted exons: (1) shL (short hairpin RNA against hnRNP L) - target 

exons/genes in synapse functions [89]; (2) methylation of the corresponding DNA of the hnRNP 

L-preferred CA dinucleotides (Fig. 9E & Fig. 11); (3) co-immunoprecipitation of hnRNP L with 

MeCP2[313]; (4) some shL target exons also affected by 5-azaC and specifically enriched among 

synaptic genes (Fig. 11A), with a CA-rich consensus CAGCAG (Fig. 11B);  and (5) 15 of the 

synaptic exons changed by shL in IGV of the RNA-Seq reads (Fig. 11C and Table 2).  

We verified the role of hnRNP L in knockdown/rescue assays of the exons of Nrg1 and 

Mapt (S_Figs. 3B, 4 & Fig. 11D-F), genes involved in neurological disorders[397, 398, 408]. The 

repression of the Nrg1 exon by depolarization was dampened upon repeated KCl treatment and 

the adaptive change was abolished by 5-azaC (Fig. 9D and S_Fig. 3B). The exon usage was 

enhanced by shL and further by shL plus shLL (S_Fig. 4). Importantly, the shL effect was 

abolished by the expression of Flag-hnRNP L, and the exon repression by depolarization requires 

the CaMKIV phospho-target serine Ser513 of hnRNP L, similarly as for the STREX exon [75, 

407].  
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Figure 11. Essential role of hnRNP L in controlling a group of adaptively spliced synaptic 

exons disrupted by 5-azaC.  

A-D: 

A. Diagram of overlapped differentially spliced exons in the GH3 transcriptome upon 5-azaC 

treatment or lentiviral shL/shLL expression. B. Consensus motifs of shLL- or shL-changed exons 

that were also affected by 5-azaC, identified by MEME analysis. C. A representative example of 

the IGV profiles of the RNA-Seq reads of 5-azaC-affected, adaptive synaptic exons (Red 

arrowhead) changed by shL. Peaks of sequencing reads in black: mock, in blue: shL. D. Agarose 

gels of RT-PCR validation of the splicing changes of Mapt E6 (reference transcript GenBank 

#M84156) upon repeated membrane depolarization with or without 5-azaC. E4a: the human 

equivalent exon name. ‘Reversed’ or ‘Non-adaptive’ refers to the effect of the 6th versus the 1st 

KCl treatment on E6 usage.   

 

Inclusion of the Mapt exon 6, equivalent to the human exon 4a in the Big tau in the 

peripheral nervous system [409], was enhanced by the 1st KCl but repressed upon the 6th KCl 

treatment, and the adaptive change was also abolished by the 5-azaC treatment (Figs. 9D and 11D). 

The exon usage was increased slightly by shL (Fig. 11E, n = 6) and importantly, restored to its 

basal level upon Flag-hnRNP L co-expression. Therefore, hnRNP L is a repressor of the adaptive 

synaptic exon 6 as well.  

The sequence features of the exon suggested the location for hnRNP L binding and DNA 

methylation. The 762nt rat exon 6 and its flanking 20nt intron sequences contain 66 CA 

dinucleotides. Interestingly, a cacacag (underlined: 3´AG) at the 3´ splice site (3´SS) conserved in 

human, mouse and rat genes resembles the consensus CAGCAG of the shL target exons (Fig. 11B). 

It locates similarly as the hnRNP L-binding CaRRE at the upstream 3´SS of STREX and other 

exons[75, 89]. Moreover, its DNA methylation, together with 9 mCpHs (where H = A, C, or T) at 
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the 5´ 53bp of the exon, was reduced from 75% to 54% by the 1st KCl but increased from 66% to 

100% by the 6th KCl treatment in BSMAP analysis, correlating inversely with the splicing changes. 

The methylation increase was strongly reduced by 5-azaC, back to only 29%. Thus, the 3´SS CA-

rich motif is likely a target of hnRNP L and DNA methylation in the repeated depolarization-

induced adaptive splicing of the Mapt exon 6. 

UV-crosslinking-immunoprecipitation and CA to CG mutation assay indicated that the 

wild type (WT) 3´SS RNA probe cross-linked to hnRNP L in a CA-dependent way in HeLa nuclear 

extracts (Fig. 11F, lanes 3-5). Therefore, hnRNP L indeed binds the upstream 3´SS CA 

dinucleotides, likely to control splicing in a similar way as the CaRRE elements of the STREX 

and other exons [75, 361, 384]. 

YB-1, which interacts with MeCP2 at the transcription repressor domain (TRD) and A/C-

rich motifs to regulate splicing [309, 410], was also pulled down (by anti-YB-1, lane 6), providing 

another possible physical link between the Mapt exon 6, MeCP2 and the methylated DNA. The 

binding of multiple splicing factors (Fig. 11F) to the 3´SS of exon 6, as well as the overlapping 

role of hnRNP LL (S_Fig. 4) [75, 89, 407], could explain the weak effect when only hnRNP L was 

knocked down (Fig. 11E). The finding of both MeCP2-interacting splicing factors here (hnRNP L 

and YB-1), plus MeCP2 phosphorylation by CaMKII [377], suggested to us that the hnRNP L 

together with the methyl-C-binding MeCP2 play a role in the splicing of these 5-azaC-affected 

adaptive synaptic exons. 
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Figure 11. Essential role of hnRNP L in controlling a group of adaptively spliced synaptic 

exons disrupted by 5-azaC. E-F: 

E. Bar graph of the index level (mean ± SEM, n = 6) of Mapt E6 inclusion in GH3 cells without 

(C) or with hnRNP L (shL) knockdown, or with shL plus hnRNP L (L) expression. ***: p < 0.001. 

F. UV crosslinking of wild type (WT) CA repeat or CG mutant (Mut) RNA probes in HeLa nuclear 

extracts. Upper: diagram of the probes containing the 3´SS cacaca WT or cgcgca Mut motifs. Red 

dots: Corresponding DNA mCpAs whose methylation levels were reduced by 5-azaC. Underlined: 

3´ AG. Lower: a phosphorimage of proteins crosslinked to the probes and resolved in SDS-PAGE 

gels. Immunoprecipitating antibody is against hnRNP L (L), YB-1 (YB) or PTB (PTBP1). A sixth 

of the crosslinking mix for immunoprecipitation was loaded in lanes 3 and 4. 

(Data in the Fig. 11E-F were collected by Jian-kun Yu.) 

 

Table 2. Exons of synaptic genes regulated by both hnRNP L and 5-azaC in DEXSeq analysis. 

(bold: the disruption of adaptive splicing by 5-azaC were confirmed by RT-PCR, underlined: 

aberrant splicing confirmed in Rett Syndrome patients, +: % Exon Usage increased, or decreased 

(-). Hypo: mC level reduced, and Hyper: mC level increased after 5-azaC treatment). *: exon reads 

relative to flanking exons changed by shL expression observed in IGV of RNA-Seq. In the brackets 

are the commonly referenced exon numbers of human MAPT. 
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5. Aberrant splicing induced by 5-azaC and its aggravation by repeated depolarization 

Interestingly, the 5-azaC treatment also caused aberrant splicing of a group of synaptic 

genes, including the Dlg1 exons 20 and 21 (Fig. 12A and Table 2), Nsmf exon 9, Gphn exon 7a, 

and Gipr intron 10 (S_Fig. 5). In particular, the Dlg1 and others even skipped constitutive exons 

or retained introns upon 5-azaC (or plus KCl) treatment. 
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Figure 12. An example of the aberrant splicing of constitutive exons upon disruption of DNA 

methylation by 5-azaC and its aggravation by repeated depolarization in GH3 cells.  

A. Diagram of the Dlg1 splicing patterns observed after 5-zazC and repeated KCl treatments of 

GH3 cells. Dlg1 exon numbering is based on the reference sequence NM_012788.1 of the RGSC 

6.0/rn6 Assembly. Dlg1 exon 20a is an alternative exon, while exons 19, 20, 21, 22, and 24 are 

constitutive exons in untreated GH3 cells. Solid grey box: constitutive exon, box with pattern: 

alternative exon.  

 

For the Dlg1 gene, whose genetic variants are associated with schizophrenia and autism 

spectrum disorders[411], its exon 20a is alternatively spliced and exons 19, 20, 21, 22 and 24 

constitutively in the GH3 cells to generate Dlg1-1 and Dlg1-2 transcript variants (Fig. 12A). 

Interestingly, even the constitutive exons 20 and/or 21 were skipped upon 5-azaC treatment (Fig. 

12A and Fig. 12B, lanes 5 and 7, Dlg1-3 & Dlg1-4). The effect was enhanced by the 1st KCl 

treatment (lane 6) and more pronouncedly after the 6th KCl treatment (lane 8). Moreover, the 5-

azaC effect was dose-dependent (1nM - 50μM) upon repeated KCl treatment (Fig. 12C).  
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Figure 12. An example of the aberrant splicing of constitutive exons upon disruption of DNA 

methylation by 5-azaC and its aggravation by repeated depolarization in GH3 cells. B-C: 

B. Agarose gels of RT-PCR products upon repeated KCl treatments with/without 5-azaC (50μM). 

Asterisk: Heteroduplex of Dlg1-1 and Dlg1-2. Products were confirmed by Sanger sequencing. 

Circle or hollow triangle: before KCl treatment; dots or solid triangle: after KCl treatment; for 

example, black dot: after 6th KCl treatment w/o 5-azaC, red solid triangle: after the 6th KCl 

treatment with 5-azaC. C. Dose-dependent effects on the aberrant splicing of Dlg1 constitutive 

exons 21 (Dlg1-3 variant) and 20 (Dlg1-4 variant) induced by increasing concentrations of 5-azaC 

(0, 1nM, 1µM, 10µM, 20µM and 50µM). 

 

The methylation level of the corresponding gDNA of the aberrantly skipped exons was 

also changed by 5-azaC: the mCpH methylation of exon 20 increased from 0.645 to 0.985 on 

average (n = 14 mCpH, p = 1.4E-8), and of exon 21 reduced from 0.443 to 0.262 (n = 9 mCpH, p 

= 1.2E-5) (Fig. 12D). 

 

Figure 12. An example of the aberrant splicing of constitutive exons upon disruption of DNA 

methylation by 5-azaC and its aggravation by repeated depolarization in GH3 cells. D: 
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D. Changes of the exonic DNA methylation (upper: mCpG, lower: mCpH) of the Dlg1 constitutive 

exons in the 6th KCl-treated cells with (black) or without (red) 5-azaC (50µM) treatment.  

 

In further support of this 5-azaC effect on aberrant splicing, we also observed the aberrant 

skipping of the constitutive exons of Prolactin (Prl), a signature hormone gene of the GH3 cells, 

accompanied by reduced Prl transcript levels and exon methylation changes upon treatment by 5-

azaC and KCl (S_Fig. 6). Similarly, the reduction was aggravated by repeated depolarization.  

Therefore, 5-azaC also causes aberrant splicing, which can be aggravated by repeated 

depolarization treatments. 

6. Aberrant splicing of the adaptive synaptic exons in the hippocampus upon mutations in 

the protein interaction or methyl-DNA binding domains of MECP2 protein in Rett syndrome 

patients 

Particularly relevant to the 5-azaC- or DNA methylation-regulated adaptive or aberrant 

splicing of synaptic exons are the important role of neuronal activities for synapse 

development[412], aggravated, activity-dependent aberrant splicing in Mecp2-null mice[315], and 

moreover, the abnormal neuronal activities or synaptic plasticity associated with the progressive 

severity of the Rett syndrome after birth[344, 370, 371, 413, 414]. We thus examined these exons 

in MeCP2-defective samples to determine if their splicing is also affected by mutations of the 

methyl-C binding protein gene, particularly those affecting the splicing factor- or mC-binding 

domains. 

We first examined the exon DNA methylation and corresponding splicing changes in the 

hippocampus of Mecp2-null mice upon treatment by the calcium signal-activating kainic acid 

(KA)[315, 388]. The splicing changes by kainic acid were aggravated overall in the mutant mice 

as expected [315]. More interestingly, we found that the splicing changes were inversely correlated 

with exon DNA methylation (Fig. 13A):  the higher change ratios were limited to the least 

methylated exons and the highly methylated exons limited to the least change ratios, similarly as 

in the 5-azaC-treated GH3 cells (Fig. 13A). These included 8 of the above 52 highly adaptive 

exons affected by 5-azaC (Fig. 13C). Thus, a similar correlation between exon DNA methylation 

and splicing changes exists in the MeCP2-null mice as in the 5-azaC-treated GH3 cells (Fig. 13). 
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Figure 13. Aberrant splicing of the 5-azaC-affected, adaptive synaptic exons in the 

hippocampus of a mouse model of Rett syndrome and Rett syndrome patient samples with 

MECP2 mutations.  

A. Scatter plots of the mCpG (Left) or mCpH (Right) methylation levels of exonic DNA of wild 

type mice and ratios of corresponding exon usage with/without kainic acid treatment in the 

hippocampus of wild type (blue) or Mecp2-null (brown) mice, through analysis of the raw reads 

from two separate datasets by Osenberg or Guo respectively. The ratios less than one are displayed 

as -1/ratio to illustrate the shift from 1 (or -1) in the Mecp2-null mice. Note the further shift of 

brown (mutant) dots overall away from the midline compared to the blues WT ones of the same 

group of exons. n = 1,719 exons for both mCpG and mCpH. 

 

We then examined the adaptive synaptic exons in human patients of Rett syndrome, 

carrying mutations of the MECP2 gene affecting the methyl-DNA binding or transcription 

repressor/splicing factor-interaction domains (MDB or TRD) [344, 345, 415]. RT-PCR of 6 exons 

of the synaptic genes identified three of them, EPB41L3 exon 15, KIDINS220 exon 26 and MAPT 

exon 10 that changed significantly in the patient samples (Fig. 13B). Specifically, usage of the 

EPB41L3 exon 15 increased from 7.41% in normal to 55.95% (p < 0.001, n = 5 hippocampi) in 

the patients. Usage of both the KIDINS220 exon 26 and MAPT exon 10 decreased. Additionally, 

the average level of a GPHN (gephryin) exon was also decreased (Fig. 13D). In contrast, these 

aberrant splicing events were not observed in the cerebella of the same patients, supporting 

hippocampus-specific aberrant splicing.  

Interestingly, samples of the TRD mutants R255X, A201V and MDB mutant T158M 

consistently exhibited higher splicing changes than did the IVS3-2A>G (Fig. 13D). Taken together 

with the essential role of the two domains for MeCP2 interaction with splicing or other factors and 

the methyl-C of DNA[309, 416], respectively, this MECP2 mutation-dependent effect suggests a 

critical role of the splicing factor interaction or mC-binding by MeCP2 to maintain proper splicing. 
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Moreover, patients with the R255X or T158M mutation also have higher Rett concordant scores 

than with the IVS3-2A>G mutation [417], consistent with a potential correlation between the 

splicing aberration and Rett concordance.  

 

 

Figure 13. Aberrant splicing of the 5-azaC-affected, adaptive synaptic exons in the 

hippocampus of a mouse model of Rett syndrome and Rett syndrome patient samples with 

MECP2 mutations. B-C:  
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B. Agarose gel RT-PCR products of three 5-azaC-affected adaptive synaptic exons in the 

hippocampal tissues (Hippo) of Rett syndrome patients and healthy controls. Cerebellar tissues of 

the same patients are included as controls. GAPDH, RNA loading control. Black arrowheads: 

location/direction of PCR primers.  Gray boxes: alternative exons, white boxes: constitutive exons. 

*: Products from primers without cDNA. The size of each KIDINS220 gene product is indicated 

next to the splicing pathway diagrammed to the left of the gel. C. Bar graphs of the percentages 

(mean ± SD) of exon inclusion levels based on the RT-PCR result of 5 Rett syndrome patients and 

4 controls. ***: p < 0.001, **: p < 0.002. 

 

Figure 13. Aberrant splicing of the 5-azaC-affected, adaptive synaptic exons in the 

hippocampus of a mouse model of Rett syndrome and Rett syndrome patient samples with 

MECP2 mutations. D:  

D. Bar graph of the net percent changes of each exon usage of patients from the mean percentages 

of the control samples in the presence of their respective MECP2 mutations. NA: mutation 

information not available. Arrowhead: IVS3-2A->G samples. The numbering of human exons is 

based on the following transcripts: EPB41L3 exon 15, NM_012307.4, equivalent to the Epb41l3 

exon 15 (NM_053927.1); KIDINS220 exon 26, NM_001348729.2, equivalent to the Kidins220 

exon 26 (NM_053795.1); MAPT exon 10, NM_001123066.3, equivalent to Mapt exon 10 

(M84156); GPHN exon 8, NM_020806.4, equivalent to Gphn exon 6a (NM_022865.3).   

 

Thus, MECP2 mutations, particularly of the splicing factor and mC-binding domains, 

cause aberrant splicing of the adaptive synaptic exons specifically in the hippocampus of Rett 

syndrome patients.  
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We therefore conclude that DNA methylation controls adaptive splicing of synaptic exons 

upon repeated cellular excitations (Fig. 14), and deregulation of the exons by disrupting DNA 

methylation or the splicing factor- or mC-binding domain of MeCP2 likely contributes to their 

aggravated aberrant splicing, specifically in the hippocampus of Rett syndrome patients.  

 

Figure 14. Summary of the methylation control of adaptive splicing. 

(with the Mapt exon 6 as an example of the mostly exon-dependent, diverse changes of 

methylation/splicing). With a single round of KCl treatment (I), the DNA methylation is at a 

comparatively low level (54%); therefore, binding of MeCP2 and hnRNP L to the DNA and pre-

mRNA is inefficient, and insufficient to overcome the effect of splicing activators (A) in cells. 

After repeated KCl-treatments (II), the DNA is hypermethylated (100%, Left) recruiting MeCP2 

and associated hnRNP L/YB-1 leading to exon repression. With 5-azaC pre-treatment (Right), the 

methylation is greatly reduced (29%) and the splicing is inhibited by repressors (R) that are non-
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responsive to depolarization. Similar decoupling of the methyl-DNA and associated splicing 

factors is likely most effective when the TRD and MDB domains of MECP2 are mutated. The 

changes during the adaptive splicing in II and its disruption are also consistent with the in vitro 

methylation/mutagenesis data of the reporter exon in Fig. 14. Star: p-Ser513 of hnRNP L. Red dots 

on DNA: methyl-Cytosines. (kindly illustrated by Lei Lei)  
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Supplementary Information For The Results 

 

 

 

 

 

S_Figure 1. Time course of STREX splicing response to single KCl (50mM) treatment (gray 

dot and line) with or without KCl wash-off at 6h (orange dot and line). The inclusion of 

STREX was repressed at 3h and reach to the strongest repression at 6h after KCl addition and 

recovered completely 18h after washing off KCl. STREX inclusion index in the Y axis = STRX 

inclusion level (%) in the different time points / STREX inclusion level (%) before the KCl 

treatment (time 0 in the X axis). That is, the index of STREX inclusion level before the KCl 

treatment is normalized as 1. 
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S_Figure 2.  The adaptive splicing of a reporter exon is disrupted by specific signaling 

pathway inhibitors.  Scatter plot showing that both tyrphostin AG 1288 and nifedipine but not 

SB202109 treatment switched the depolarization effect of the 6th KCl treatment on the reporter 

exon in the N1E cells. A group of signaling pathways were used to screen for the essential 

pathways controlling adaptive splicing. Based on previous studies, we tested SB-202190 (p38 

MAPK pathway inhibitor [62]), Tyrphostin AG 1288 (Tyrosine kinases pathway inhibitor [205]) 

and nifedipine (Ca2+/CaMKIV pathway inhibitor [418]) by a splicing reporter minigene assay in 

N1E cells. 1 day after the transfection of the reporter plasmids DUP175-CaRRE-D56 (CaRRE: a 

CaMK IV-responsive RNA element [361], 53-nucleotide intron + 1-nucleotide STREX exon) in 

N1E cells, cells were treated with 50mM KCl and L-type Ca2+ channel inhibitor nifedipine, p38 

MAPK pathway inhibitor SB-202190, or tyrosine kinases pathway inhibitor tyrphostin AG 1288 

for 6h (10 μM for each inhibitor), then washed off drugs and added back fresh complete growth 

medium till the next treatment 18h later. The treatments were repeated up to 6 times. The inhibitor 

assays were carried out in duplicates. Green arrow: primers (F: forward primer, R: reverse primer, 

175R: primer specifically binding to reporter exon.  
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S_Figure 3.  Normalized methylation levels versus splicing changes (A) and additional 

examples of the adaptive splicing of synaptic exons disrupted by 5-azaC (B). A. Normalized 

exon methylation levels (per kilobases, without or with 5-azaC-treated) versus splicing changes 

by 5-azaC. B. Agarose gels (the left panel) of RT-PCR products, of examples of effects of 5-AzaC 

on exon inclusion level, splicing response to depolarization, adaptive splicing pattern to repeated 

depolarizations of a group of synapse-related genes in GH3 cells. Scatter plot (the right panel) of 

the individual DNA methylation status (mCG and/or mCH) of each exon upon the 6th KCl 

treatment with or w/o 5-AzaC treatment in GH3 cells. The flanking introns (+10nt) of exon always 

showed the same methylation level as the corresponding end of exon.  Grey box: the tested 

alternative exons, white box: constitutive exons, black arrow: primers. The exon numbers were 

based on reference transcripts from the UCSC Genome Browser on Rat Jul. 2014 (RGSC 6.0/rn6) 

Assembly: Epb41l3 exon 15, NM_053927.1; Kidins220 exon 26, NM_053795.1; Nrg1 exon 12, 

NM_001271128.1; Phldb1 exon 10, X74226.  
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S_Figure 4.  Examples of hnRNP L as a splicing regulator to regulate the adaptively spliced 

synapse-related Nrg1 exon 12 disrupted by 5-azaC. Bar graphs of the exon inclusion levels of 

Nrg1 exon12 in the non-treated (NT) or depolarized (KCl, 50mM, for 12 hs) cells that were without 

(mock) or with expression of shRNA against specific splicing factors hnRNP L (shL), LL (shLL) 

or PTB(shPTB). In GH3 cells, the Nrg1 exon 12 was reduced from 37% to 30% by depolarization 

(mock, p=0.001). To measure and compare potential consistent changes between different 

experiments for such an effect, we normalized all of the Nrg1 exon 12 levels to the mock control 

samples (without lentivirus or with vector only), which was taken as 100. In contrast to the 

reduction of the variant by depolarization, a significant increase was observed upon hnRNP L 

knock-down by shL (p = 0.004). A slight increase was observed in the shLL but not shPTB sample. 

Further increase was observed upon knocked-down of both hnRNP L and LL but not PTB. The 

depolarization-induced reduction of the variant was not abolished in any of these knockdown 

samples. Nrg1 exon 12, based on NM_001271128.1 (RGSC 6.0/rn6). 

Both hnRNP L and L-S513A restored the variant to its basal level, confirming that hnRNP 

L is indeed a repressor of the variant exon 12 and the Ser513 is not essential for this repression. 

However, the S513A mutant abolished the depolarization-induced reduction of the variant, 

suggesting that the mutant interferes with the function of another essential factor(s) for the 

depolarization effect. 

[The data in this figure (S_Fig. 4) were collected by the previous lab member Jian-kun Yu.] 
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S_Figure 5. More examples of 5-azaC induced adaptively aberrant splicing of synaptic genes 

upon repeated depolarization. Agarose gels of RT-PCR of RNA from cells upon repeated KCl 

treatments with or without the pre-treatment of 5-azaC (50μM) in GH3 cells. white box: 

constitutive exon, grey box and light green box: alternative exon, orange box: aberrantly skipped 

exon, narrow blue box: aberrantly used intron; black arrow: primer, red arrow: PCR product with 

aberrant exon skipping or intron usage. n=3, triplicates. *: Unexpected products, which may be the 

heteroduplex created during the PCR reaction by the RNA-RNA base paring of the two single 

splice variants. The exon numbers are based on these reference transcripts: Nsmf exon 9, 

NM_057190.2; Gphn exon 7a, NM_022865.3, between exons 7 and 8; Gipr intron 10, 

NM_012714.1.  
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S_Figure 6. Aberrant splicing of prolactin induced by 5-azaC upon repeated depolarizations 

in rat pituitary GH3 cells, accompanied with mRNA level change and exonic DNA 

methylation disruption. A. RT-PCR of RNA from cells upon repeated KCl treaments with or 

without 5-azaC. Without 5-azaC treatment, there are no significant change of splicing and the 

mRNA level of Gh1 and Prl upon either the 1st or the 6th KCl, suggesting that the cells have kept 

their major endocrine identities during the treatments. With 5-azaC treatment, the aberrant 

skipping of the Prolactin gene exons accompanied by reduced Prl transcript levels and exon 

methylation changes upon treatment with KCl and 5-azaC. The reduction was aggravated by 

repeated depolarization. GAPDH (Glyceraldehyde-3-Phosphate Dehydrogenase), RNA loading 

control. B. Bar graph of the normalized inclusion level of the Prl transcript. The inclusion level 

was normalized by the non-treated samples (without KCl and 5-azaC treatment), which was taken 

as the base level 1. C. Diagram of the Prl variants as well as the average DNA methylation level 

of each exon upon repeated KCl treaments with or without 5-azaC. Consistently, the methylation 

level of these skipped exons was disrupted by 5-azaC, with hypermethylation in exon 2 (from 50% 

to 87.5%) and 3 (from 53% to 72%) and hypomethylation in exon 4 and 5(from 77% to 45%).  

The Prl promoters were hypermethylated (mCG and mCH, mainly mCH) from 42% to 83% 

by 5-azaC, suggesting that the transcriptional inhibition of PRL by 5-azaC were likely caused by 

DNA hypermethylation of Prl promoter as well.  In comparison, consistent with the unchanged 

mRNA level and stable splicing upon 5-azaC treatment, the average methylation level of Gh1 

promoter and exons weren’t significantly changed by 5-azaC. Thus, exonic DNA methylation 

status likely plays a role in the homeostasis of full-length Prl, but not growth hormone 1, transcripts 

upon repeated depolarization in the rat pituitary cells. Grey box: exon, line: intron, red dot: 

methylated cytosine (mainly mCH). 
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Discussion 

Most studies on gene expression particularly alternative splicing have examined the effect 

of single or sustained treatments on cells. However, cells often face repeated extracellular 

stimulations with recurrent gaps, like neurons, muscle cells or the hormone-producing pituitary 

cells during exercise training of an individual in a lifetime [7, 353]. Does alternative splicing in 

these cells respond to the same stimulus the same way or differently from a single/sustained 

treatment? This question prompted us to carry out the current study based on our past work on the 

STREX exon in the GH3 pituitary cells[75, 89, 110, 169, 407]. The observed adaptive splicing 

and its control by DNA methylation carry several implications in cell biology and diseases.  

1. Adaptive splicing in response to repeated stimulations by extracellular factors  

In a changing environment, adaptation allows cells to fit or survive, preferably with an 

optimal combination of novel products. Where gene regulation is involved, alternative splicing 

provides a molecular basis for a highly diverse proteome beyond the relatively small number of 

protein-coding genes[358, 359]. The hugely expanded repertoire of diverse variants with 

functional differences allows cells to selectively express a new assembly of variants to fine-tune 

their response to an external stimulus in activity-dependent splicing[169]. The expression of many 

alternative exons has been shown to fine-tune protein/cell properties or play critical roles in cellular 

adaptation. For instance, the STREX and other BK channel exons generate channel variants to 

form heterotetramers to fine-tune the electrical properties of the channels[419], or of the inner 

cochlear hair cells[420]. The selective use of the insulin receptor DAF-2c over the -2a variant is 

critical for associative learning in C. elegans [136]. Alternative splicing of the BK channel or 

AMPAR exons also play critical roles in the homeostasis of the electrical properties of neurons 

after chronic inactivities[133, 134].  

Our adaptive splicing data here went further to demonstrate clearly that the cells adjusted 

their alternative splicing machinery after the 1st time stimulation to respond to the following 

stimulations with a novel combination of splice variants in an exon- and cell-dependent way (Fig. 

8). The functions of the adaptively spliced variants in the synapse, vesicle secretion and other 

cellular processes suggest that such a change of variant combinations is perhaps part of the 

adaptation of these hormone-producing cells to stimulations such as exercise training, chronic 

stress or in the case of neurons, learning or long-term memory.  
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Another interesting exon in this study besides the STREX is the MAPT exon 10, whose 

increased usage due to genetic mutations at the downstream 5´ splice site causes dementia FTDP-

17[408]. Its usage is reduced by MECP2 mutations in the hippocampus of Rett syndrome patients 

(Fig. 13B-C), and by 5-azaC, KCl, or further by their combined treatment of GH3 cells (Figs. 9D-

E), suggesting a potential role of the exon in the progression of Rett syndrome as well. The critical 

role of the activity-regulated exon in dementia and its aberrant splicing in Rett syndrome perhaps 

reflects the importance to maintain a fine balance of its usage (e.g., to avoid neurofilament 

aggregation in dementia); or else, either its dramatic increase or decrease could be detrimental. 

Moreover, two other Mapt exons 6 and 7a (equivalent to hMAPT exons 4a and 6, respectively) 

also changed adaptively in GH3 cells by repeated depolarization and/or 5-azaC treatments (Figs. 

9D-E, & 11D), suggesting the synaptic Mapt gene as a prime target of activity-regulation of 

adaptive splicing.  

Taken together, the adaptive splicing upon repeated stimulations distinctly from a single 

treatment allows cells to adjust their selection of splice variants, likely to adapt to the changing 

environment and may play a role in hormone production or the pathogenesis of neurological 

diseases. 

2. DNA methylation on splicing, inducible splicing and adaptive splicing  

Genome-wide evidence about the relationship between DNA methylation and splicing has 

been accumulating [297, 421, 422], though there are variable effects in splicing reporter assays 

[299, 302]. Here our data further show that DNA methylation is not only correlated but also 

essential for inducible splicing as well as adaptive splicing (Figs. 9-13). Moreover, the DNA 

methylation effect appears to be exon-dependent, which could help explain the different effects of 

different mini-gene splicing reporter assays in the previous reports[299, 302]. Furthermore, the 

DNA methylation effect could be augmented by repeated depolarization or CaMKIV (Figs. 9-12), 

similar to when Mecp2 is mutated (Fig. 13A), supporting interactions between both epigenetic 

components and the splicing machinery in cell activities.  

An important feature of DNA methylation is that it could be passed on to the next 

generation in the maintenance of cell types or in genomic imprinting[423]. The repeated treatment 

experiment with almost quadrupled total numbers of cells at day 5 (Fig. 8B) spanned about three 

generations. The altered splicing response in the third generation after repeated treatments is in 
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contrast to that treated for the 1st time (Figs. 1-2). These observations suggest that the 1st time-

treatment effect on splicing was remembered and passed onto the daughter cells with modifications 

for a different response by a specific group of exons to repeated but not just a single treatment. 

This passage through generations of cells perhaps could be best explained by the methylation 

change/control of these splicing events (Fig. 9G).  

The diverse effects of 5-azaC and Mecp2 mutation on the inducible or adaptive splice 

variants also suggest that the involved splicing factors in the epigenetic control of splicing could 

be highly diverse (Figs. 2, 4 and 6A). In the case of the Mapt exon 6, the splicing factors (hnRNP 

L or YB-1) interact with the cis-acting element of the pre-mRNA/exon (Fig. 11). They also interact 

with the MeCP2[309, 313]. Therefore, for specific exons, their pre-mRNA elements and bound 

splicing factors likely provide the exon-specific signature for the regulation of adaptive splicing 

by the more general epigenetic factor. Indeed, for the MeCP2 and another epigenetic factor methyl-

lysine binding protein HP1[424], diverse interacting splicing factors have been identified, for 

example, hnRNPs and arginine/serine-rich (SR) proteins[313, 317]. Thus, more splicing factors 

are likely to be identified in DNA methylation-controlled splicing in an exon-dependent way.  

For the underlying molecular mechanisms, the aberrant splicing of the EPB41L3 exon 15 

and MAPT exon 10 in Rett syndrome patients is consistent with their reduction in the GH3 cells 

by increased and reduced mCpA methylation, respectively, upon 5-azaC treatment. The exon 15 

change is consistent with the involvement of a splicing repressor such as hnRNP L or YB-1 (Fig. 

11) in the presence of mCpA and MECP2; the latter with an unknown splicing enhancer. Further 

detailed experiments are needed to answer questions such as how the methylation changes upon 

depolarization in the course of the repeated treatments; what the dynamics of the methylation 

changes is in relation to the recruitment of the splicing factors; and how the hnRNP L at the 3´ 

splice site regulates splicing in response to the methylation changes within the site. In particular 

for the last question, our previous experiments have shown that the CA repeat elements at this 

location belong to a group of regulatory elements called CaRRE or in general REPA (regulatory 

element between the Py and 3´ AG)[110, 425, 426]. The CA repeats-recruited hnRNP L or G 

tracts-recruited hnRNP H/F compete off the U2AF65 in the early steps of splicing[75, 427]. 

However, recently a hairpin structure has been found between the branch point and 3´ AG in the 

cryoEM structure of post-catalysis spliceosomes after the 1st trans-esterification step[428, 429]. 
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This suggests that the hairpin structure, which helps bring the 3´ exon in close proximity to the 

first exon to be poised for the 2nd transesterification step, could be a target of regulation by the 

REPA CA repeats or G-tracts. The REPAs are enriched in vertebrates[426, 430]. Whether they 

would open a window for widespread second or multi-step regulation of splicing of the same exons 

in vertebrates, and the role of DNA methylation, particularly of CA dinucleotides of neuronal 

genes (Figs. 2 & 4)[365, 366], is an interesting question worthy of further investigation.  

3. Potential therapeutic targets of Rett syndrome  

Besides aberrantly expressed genes, aberrant variants of critical neuronal functions could 

be another group of therapeutic targets. The aberrant splicing events likely have an important 

impact on neurological diseases. For example, increased inclusion of the MAPT exon 10 causes 

FTDP-17 dementia [408]. The dramatic increase of the brain-specific EPB41L3 E15 results in a 

highly charged peptide in the spectrin actin binding (SAB) domain of the membrane protein[431, 

432]. KIDINS220 plays a critical role in intellectual ability [433]. GPHN encodes a synaptic 

organizer with a role in autism and GABAergic synaptic inhibition[434, 435]. Thus, manipulating 

their exon usage by small molecules or genetic manipulations is an appealing approach for therapy 

of disease phenotypes attributable to aberrant splice variants. For this purpose, selection of target 

exons could focus on the most strongly changed exons in the Mecp2-null mice of Rett syndrome 

with the least methylation of their exon DNA (Fig. 13A). For small molecules, 5-azaC or less toxic, 

DNA methylation-modulating agents such as the soy-derived genistein[436], perhaps could 

reverse the level of critical but aberrantly spliced exons in neurological diseases.  

In summary, the control of the adaptive pre-mRNA splicing of synaptic exons by exonic 

DNA methylation and their aberrant splicing in Rett syndrome tissues implicate the epigenetic 

regulation of adaptive splicing in activity-dependent adaptive cell physiology and progressive 

neurological diseases. This also provides synaptic exons to study the interaction between DNA 

methylation and adaptive pre-mRNA processing as well as potential therapeutic targets. 

4. Overall implications 

The study provides a novel molecular dimension for activity-dependent cellular adaptation 

at the level of pre-messenger RNA splicing and further explores its underlying molecular 

mechanisms. This study provides clear evidence of the existence of adaptive splicing of synapse-

related exons, and clarifies that it’s a process under the epigenetic regulation of DNA methylation 
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and the trans-acting regulation of splicing factor hnRNP L. It clearly demonstrated that the cells 

adjusted their alternative splicing events after the 1st time stimulation in order to fine-tune their 

response to the following stimulations with a novel combination of splice variants in an exon- and 

cell-dependent way, when the cells face spaced and repeated extracellular stimulations.  

Also, this study indicates that some aberrant splicing events likely have an important 

impact on neurological diseases and the identified aberrant splicing of the synapse-related exon 

with critical neuronal functions could be the potential therapeutic targets of Rett syndrome. 
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CHAPTER V   Conclusions 

1. There are transcriptome-wide adaptive changes of a specific group of synapse-related exons 

upon repeated KCl treatments in rat pituitary GH3 cells, while the majority of exons kept their 

homeostatic levels. 

2. STREX exon showed cell-dependent adaptive splicing upon repeated KCl-induced stimulations 

in endocrine and neuronal cell lines. 

3. In rat pituitary GH3 cells, DNMT modulator 5-azaC globally: 

▪ increased or decreased the inclusion level of alternative exons,  

▪ altered the splicing response upon a single KCl treatment,  

▪ disrupted adaptive splicing of a group of exons upon repeated KCl treatments, 

▪ caused aberrant splicing of a group of synaptic genes, which were aggravated by repeated 

depolarization. 

4. Using both whole-genome bisulfite DNA sequencing (WGBS) and RNA-Seq, it showed that  

▪ The fold changes of exon inclusion induced by kainic acid are inversely correlated with the 

levels of DNA methylation of exons in the mouse hippocampus,  

▪ The fold changes are generally augmented in the knockout mouse of the methyl-CpG 

binding protein MeCP2, a model of autism, with the biggest net changes in some of the 

least methylated exons.  

5. A transient splicing assays using in vitro methylated reporter exons showed that exon DNA 5-

mCG hypermethylation:  

▪ increased the inclusion level of the target exon,  

▪ augmented the splicing repression of reporter exon induced by co-expression of CaMKIV. 

6. hnRNP L regulated some 5-azaC-disrupted synaptic exons, likely through a CA-rich consensus 

CAGCAG. 

7. Aberrant splicing of the adaptive synaptic exons was observed in the hippocampus but not 

cerebellar tissue upon MECP2 mutations of the protein interaction or methyl-DNA binding 

domains in Rett syndrome patients. 
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CHAPTER VI   Further Considerations and Future Directions 

How does exonic DNA methylation level change upon repeated treatments by depolarization? 

Is there transcriptome-wide adaptive DNA methylation corresponding to adaptive splicing? 

Does the molecular basis for Rett syndrome also underlie the progress of other progressive 

or neurodegenerative diseases? 

Like the dynamics of alternative splicing (discussed in detail in the section of ‘3.1 Activity-

dependent alternative splicing and cellular adaptation’), DNA methylation is also a dynamic 

process [437]. (1) It is a reversible epigenetic modification. The methylation process could be 

established and maintained by different DNMTs, inhibited by DNMT inhibitors (discussed in 

detail in the section of ‘4.1.3 DNA methyltransferases (DNMTs) and DNMT inhibitors’), and 

demethylated by TET enzymes (TET1, TET2, and TET3) through the oxidation of 5mC and 

further hydroxylate 5hmC to generate 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) 

[438]. (3) It is also tissue- and cell-specific in different species, including humans [439], such as 

the confirmed differentially methylated regions (DMRs) in neural and non-neural tissue [440]. (2) 

It is under the precise spatiotemporal control, such as the spatiotemporal CG methylation dynamics 

at different developmental stages from embryogenesis to adulthood of mouse fetus [441] and 

motor neuron differentiation in humans [442]. (4) It is a flexible process under dynamic control in 

response to extracellular stimulation, according to my study. It showed that exonic cytosine sites 

displayed altered methylation changes in response to change of the exon inclusion level, a single 

KCl treatment. Moreover, there’s a difference at DNA methylation level upon a single and repeated 

KCl treatment. These pieces of evidence suggested that DNA methylation likely dynamically 

changed upon repeated KCl treatments. However, little has been known about the change curve of 

DNA methylation upon repeated membrane depolarizations.  

In my study, it showed that DNA methylation controls the decision of exon inclusion, 

splicing response to extracellular stimulation, and dynamic splicing response to repeated 

extracellular stimulations. Does the dynamic DNA methylation display the same trend of change 

as the patterns of adaptive splicing globally? The answer should be no. My study showed that the 

correlation between exonic DNA methylation and alternative splicing is not simply monotonic or 

linear. The 5-azaC-caused ratio changes of exon usage were inversely correlated with the total 

methylation levels of mCs for a group of exons, while the changes of the bulk of exons were in 



106 

 

various intermediate states. It indicates that the exonic DNA methylation change should be exon-

dependent upon repeated extracellular stimulations. That is, for a specific group of exons that have 

a linear relationship between exonic DNA methylation and splicing response, exonic DNA 

methylation likely displays the same or opposite pattern of adaptive change just as that of 

alternative splicing in terms of the same exon upon repeated treatments.  However, for other exons, 

the changing pattern of DNA methylation is hard to be predictive based on the existing pieces of 

evidence since adaptive splicing of these exons may be under a combined regulation of many 

factors or elements.  Further investigation is needed to provide a more clear insight into the 

relationship of exonic DNA methylation and alternative splicing in the transcriptome, as well as 

of the regulation of DNA methylation in splicing response to extracellular change in the form of 

single or repeated treatments.  

Previous studies showed that the dynamic feature of DNA methylation had been identified 

as the molecular basis of many physiological and pathophysiological events in the brain. For 

example, targeted bisulfite sequencing showed that genome-wide hemispheric differences of CpH 

methylation at enhancers and promoters from prefrontal cortex tissues mediated the hemispheric 

asymmetry in the brain [443]. In Parkinson’s disease (PD) patients, there’s a greater hemispheric 

asymmetry in DNA methylation between two independent sample cohorts [443]. As discussed in 

the section of ‘4.4 DNA methylation, pre-mRNA splicing and Rett syndrome’, aberrant 

methylation changes are associated with many neurodegenerative diseases, such as Alzheimer’s 

disease, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington’s disease, hereditary 

ataxias, etc. Interestingly, a common aberrant DNA methylation pattern was observed in different 

neurodegenerative diseases, including Alzheimer’s disease, dementia with Lewy bodies, 

Parkinson’s disease and Alzheimer-like neurodegenerative profile associated with Down’s 

syndrome through DNA methylation analysis of gray matter samples from the prefrontal cortex of 

control and neurodegenerative disease-associated cases [444]. It indicates that the molecular basis 

of Rett syndrome revealed in this thesis likely also underlies many other neurodegenerative 

diseases and further exploration is needed. It may provide some common biomarkers or therapies 

for the clinical application of neurodegenerative diseases.   
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