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 Introduction 

 Autism spectrum disorders (ASD) are characterized 
by late onset of social interaction defects and can be di-
agnosed in patients as young as toddlers  [1] . Prevalence 
of autistic spectrum disorders over last 2 decades has 
caught the attention of government, academia and the 
rest of society  [2] . Although genetic clues from ASD cases 
are continually being identified, a clear picture of genetic 
causes of ASD is still missing. Abnormalities throughout 
the genome have been found for several decades, such as 
chromosome X, 2, 3, 5, 7, 11, 13, 15, 16 and 22  [3–13] . ASD 
is certainly genetically associated; however, how many 
genes are involved has not yet been determined. 

  The late onset of autistic symptoms strongly suggests 
that some critical steps in postnatal brain development 
may be disrupted in patients. Based on the pioneering 
work of Hubel and Wiesel  [14–16]  in the 1960s, it is wide-
ly appreciated that postnatal brain development is more 
sensitive to experience input than predetermined by ge-
netic information. Evidence accumulated over the years 
has led us to realize that genetic information lays down 
the gross connection map for the brain, whereas precise 
refinement of neuronal connections will take place in ev-
ery individual brain in response to sensory input or, more 
precisely, combined effects from extrinsic and intrinsic 
activity of the brain. 
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 Abstract 

 During the last decade, autism spectrum disorders (ASD) 
have become the center of attention where several branches 
of modern biology unexpectedly meet, such as neural devel-
opment, molecular biology, epigenetics, neurophysiology 
and psychiatry. This review will focus on the molecular 
mechanism by which calcium-dependent gene expression 
regulates brain development and how ASD may occur if this 
process is compromised. Specifically, the studies of the cal-
cium-dependent transcriptional repressor MeCP2 gave us 
much insight about how abnormal development may lead 
to ASD. Most recently, studies about Ube3a, a critical compo-
nent of the ubiquitination system enzyme, shed light on how 
neural activity regulates synapse function through the pro-
tein degradation pathway. Taken together, these studies 
suggest that ASD may be caused by the incapability of neu-
rons to generate adaptive responses via regulating gene ex-
pression upon incoming activity. 
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  The way neural activity modifies the neuronal con-
nections is due to electric pulses that neurons receive. 
These induce chemical reactions within the cell, which 
could turn genetic switches on the chromosome on or off, 
and turn on new protein synthesis, or shut down exist - 
ing ones. These adaptive responses neurons generate 
strengthened or weakened synapses, which are specified 
connections between neurons. Thus, neural functions of 
the brain are optimized by sensory inputs and, finally, al-
low the organism to develop and survive in different en-
vironments  [17] .

  The molecular mechanism by which neural activity 
turns on gene expression has been revealed by a series of 
molecular biology studies starting in the 1980s  [18, 19] . 
The 2nd messenger calcium ion is the critical trigger
to activate the intracellular signaling pathway and regu-
late gene expression. Indeed, several calcium-dependent 
transcription factors have been found to be crucial for 
proper postnatal neural development  [20–25] . Notably, 
MeCP2, the primary mutated gene in a severe form of 
ASD-Rett syndrome, is a calcium-dependent transcrip-
tion repressor  [26–29] . Thus, MeCP2-regulated gene ex-
pression may play an important role in controlling the 
refinement of the neural network as well. Evidences iden-
tified over the last decades suggest that proper synaptic 
functions are crucial for brain development since muta-
tions in ASD patients are found in genes which encode 
proteins located in synapses such as Shank3 and neuroli-
gins. These observations indicate that the signaling path-
way from synapses to the nucleus is critical for maintain-
ing proper physiological functions of the brain. 

  The Genetic Cause for ASD Part I: MeCP2 and Rett 

Syndrome 

 MeCP2, a methyl-DNA-binding protein, was cloned 
and characterized as a transcriptional repressor in the 
1990s  [27, 28] . A surprising result from human genetic 
studies linked this transcription regulator with Rett syn-
drome and ASD  [29] . The human mecp2 gene is located 
on the X chromosome. Nonsense or missense mutations 
happening on the mecp2 gene leads to Rett syndrome in 
young girls since male infants with mutated mecp2 do not 
survive to birth. Rett girls appear largely normal at 6 
months to 1 year of age, but then develop regressive symp-
toms such as loss of motor functions, language skills, 
purposed hand movement, etc. Repetitive and autistic
behaviors are often reported  [30] . 

  The Molecular Biology of MeCP2-Regulated Gene 

Expression 

 MeCP2 binds preferentially to methylated DNA
and recruits repressor complexes including HDAC1 and 
mSin3A  [28] . Methylated DNA is considered as tran-
scriptionally silent. If this repressor is dysfunctional as it 
is in Rett syndrome patients and mecp2 gene knockout 
mice, it is logical to deduce that gene expression profile 
will be affected by favoring upregulation of the repressed 
gene by MeCP2. However, the overall gene expression 
pattern remains largely unaltered in the mecp2 knockout 
mouse brain in comparison to the wild-type mouse brain 
 [31] . This result suggests that the MeCP2 protein may car-
ry out different functions in different cell types. If one 
analyzes the gene expression profile with mixed tissue of 
the whole brain, one may miss the difference between dif-
ferent cell types.

  Researchers then did a more thorough study where 
they analyzed gene expression pattern in the hypothala-
mus between wild-type and 2 different kinds of geneti-
cally modified mice  [32] . They found that downregulated 
genes were more than upregulated genes in mecp2-null 
mice, which implies that MeCP2 enhances gene expres-
sion. Consistent with this idea, upregulated genes are 
more than downregulated genes in mecp2-overexpres-
sion mice  [32] . These results led the authors to conclude 
that MeCP2 does not only repress gene expression, but 
also activates gene expression by interacting with the cal-
cium-dependent transcription factor CREB  [32] .

  More direct biochemical evidence is required to ex-
plain how a methyl-DNA-binding protein activates gene 
expression. At the same time, one could make a few al-
ternative explanations from the evidence presented. For 
example, it is possible that MeCP2 still functions as a 
 repressor and strongly represses expression of some re-
pressors. In this case, gene expression will appear to be 
downregulated if MeCP2 is absent, which is due to 
MeCP2-regulated repressors being de-repressed. Consis-
tently, if the mecp2 gene is overexpressed, these unknown 
repressors will be inhibited, resulting in increased gene 
expression. In the end, it appears that MeCP2 acts as an 
transcriptional activator. Therefore, without any support 
from direct biochemical evidence, this model is still de-
batable. 

  In 2003, 2 groups independently reported that MeCP2 
is quickly phosphorylated by calmodulin-dependent ki-
nases and regulates gene expression in response to neural 
activity. This important finding led us to a key fact that 
the transcriptional regulatory activity of MeCP2 is sensi-
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tive to calcium signaling  [33, 34] . Researchers also report-
ed that MeCP2 regulated the expression of a critical neu-
rotrophin-brain-derived neurotrophin factor (BDNF). 
Methylation modification on DNA is thought to be stable 
and static. However, the promoter of the BDNF gene 
changes its methylation state within a couple of hours 
upon depolarization of the neuron. MeCP2 binds to the 
BDNF gene promoter in the basal state. When calcium 
signaling is activated, the serine 421 site MeCP2 is phos-
phorylated within a few minutes, which leads MeCP2 to 
be released from the promoter  [33, 34] . These findings 
indicate that MeCP2 is able to regulate gene expression in 
response to neural activity. 

  However, the story about MeCP2 and BDNF is not 
settled yet. Contradictory results have been reported 
from different labs. According to the original model, 
BDNF is found to upregulate in mecp2-null neurons 
 [33] . A study from another lab showed different results 
in this case: they found overexpression of MeCP2 en-
hances BDNF expression, whereas the MeCP2 level is 
lower in Rett syndrome patients than normal samples 
 [35] . There are a few more reports where researchers 
have found that MeCP2 protein and mRNA levels in-
deed go down in Rett syndrome patients and mecp2 
knockout mice  [36] . These debates suggest that the reg-
ulatory mechanism by which MeCP2 controls BDNF 
expression remains to be understood. Regulation could 
happen  not  only  at  the transcription level, but also at 
the translation level. Is there a 2nd switch regulating 
MeCP2-dependent BDNF expression which is also sen-
sitive to neural activity?

  The Role of MeCP2 in Neural Development and 

Plasticity 

 The importance of MeCP2 for neural development is 
undoubtable. A few genetically modified mice have been 
made in order to mimic Rett syndrome in mice  [37–39] . 
These mouse lines recapitulate the main symptoms found 
in Rett syndrome patients, such as uncontrolled limb 
movement, seizures, anxiety and defects in social interac-
tion, well. 

  The next question to ask is whether these mouse mod-
els exhibit any biological or physiological cell defects. Re-
searchers soon found abnormalities in the cortical and 
hippocampal neurons of mecp2-null mouse  [40] . Defects 
in dendritic structure and the excitatory synapse repre-
sentation-dendritic spines have been found. It is of great 
importance to compare these defects with human pa-

tients. However, due to difficulties of accessing human 
samples, it is not clear whether these defects are also pres-
ent in patients.

  Physiological studies with mecp2-null mice over last 
few years have yielded plenty of information about the 
defects of synaptic transmission between mecp2-defi-
cient neurons. Researchers have found the excitatory and 
inhibitory balances to be disrupted in the mecp2-null 
brain  [41] . Researchers then used neuronal culture sys-
tems to show that excitatory synaptic transmission is spe-
cifically compromised  [42, 43] . Excitatory synapse devel-
opment also shows structural defects, such as decreased 
colocalization of the postsynaptic marker PSD95 and 
presynaptic protein synapsin  [42] . 

  In the mouse model for Rett syndrome, researchers 
found abnormal long-term synaptic plasticity in the hip-
pocampus of mecp2-null mice  [44, 45] . These results fit 
well with the observations that mecp2-null mice have a 
compromised ability for learning and memory. However, 
how these molecular and cellular abnormalities lead to 
disrupted social behaviors in mecp2-null mice or human 
Rett patients are still unknown. Since Rett syndrome pa-
tients develop symptoms during the important postnatal 
period, there may be some critical events disrupted in pa-
tients’ brains which require MeCP2. More in-depth in-
vestigations about functions of mecp2 in neural develop-
ment are still needed.

  The Genetic Cause for ASD Part II: Ube3a and 

Angelman Syndrome 

 The human chromosome 15q11–13 region has attract-
ed a lot of attention over the last few years. Mutations of 
the maternal-inherited Ube3a gene in this region lead to 
Angelman syndrome, a neural developmental disorder 
 [46, 47] . The Ube3a gene and surrounding genes are im-
printed, which means only 1 copy from the parents can 
express. More intriguingly, microduplications of 15q11–
13 are found in autism patients  [48–51] . This interesting 
phenomenon will be discussed in the next session. 

  Ube3a is an E3 ligase which plays a critical role in con-
trolling protein degradation. Over the years, it has been 
widely accepted that protein degradation is a crucial way 
by which cells maintain their own physiological stability 
 [52] . Abnormal protein degradations have been found in 
many neurodegenerative disorders, such as Huntington’s 
disease and spinocerebellar ataxia, where mutated genes 
code proteins containing abnormally long glycine residue 
repeats, leading to the formation of toxic protein aggre-
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gates which are resistant to protein degradation pathways 
 [53–57] .

  In the mouse model for Angelman syndrome, re-
searchers showed that normal postnatal development 
and plasticity are compromised in Ube3a knockout mice 
 [58, 59] . However, since protein degradation is a ubiqui-
tous physiological process, why does Ube3a play such a 
specific role in brain development? It is speculated that 
Ube3a functions in a specific group of substrates which 
are critical for neural developmental and plasticity. 

  Interestingly, Ube3a has another name, E6-AP (hu-
man papilloma viruses E6-associated protein). E6-AP 
could ubiquitinate and degrade the critical tumor sup-
pressor p53  [60, 61] . The obvious important role of Ube3a 
has been underexplored in the nervous system for years. 
A recent study has recently helped, though, by identifying 
an important substrate of Ube3a  [62] . 

  Researchers showed that the expression of Ube3a is 
controlled by calcium signaling  [62] . Furthermore, one of 
the Ube3a substrates is Arc, an important activity-regu-

lated gene and regulator of synaptic transmission  [62–
65] . Arc plays a negative role in regulating AMPA-R-me-
diated synaptic transmission  [63–65] . Accordingly, au-
thors found that AMPA receptor synaptic localization 
and currents decreased in Ube3a knockout mice, which 
is due to more Arc proteins accumulating in the neuron 
without Ube3a. These results are consistent with previ-
ous findings which showed the decreased excitatory syn-
aptic transmission and formation in a mouse model for 
Angelman syndrome ( fig. 1 )  [59] . 

  Since protein ubiquitination is a universal reaction 
happening in almost every physiological process within 
the cell, it is still hard to understand why loss of Ube3a 
causes abnormalities in neural development. There may 
be some specific signatures in functionally important 
proteins which is processed by Ube3a during neural
development. Therefore, a more comprehensive under-
standing of the Ube3a substrates is needed to appreciate 
the critical function of Ube3a in the nervous system.

  The Genetic Cause for ASD Part III: Shank3 and 

Neuroligins 

 Besides transcriptional and protein degradation regu-
lator, there are some important clues pointing to the sus-
ceptible genes of ASD directly at the synapse, such as 
Shank3 and neuroligins 3 and 4  [66–69] . 

  Shank family proteins are purified from the synapse 
of the neuron  [70, 71] . They show an important structur-
al and functional role in regulating proper signal trans-
duction in the synapse. Interestingly, Shank family pro-
teins are able to induce excitatory synapse components, 
such as spine formation  [72] . Mutations are found at the 
shank3 gene in human ASD patients  [66] . Researchers 
have also found that not only loss of shank3 may cause 
ASD, but also gain of shank3 by genomic duplication may 
lead to ASD  [67] . These findings raise important ques-
tions, which suggest that not just a certain type of synap-
tic transmission is critical, but that the more important 
issue could be the balance between excitatory and inhib-
itory inputs. This may explain why the shank3 gene will 
more or less cause similar symptoms in the ASD patients. 

  Neuroligins are a class of cell adhesion molecules that 
play decisive roles in controlling synapse formation be-
tween neurons  [73, 74] . Interestingly, the family members 
of neuroligins play distinct roles in regulating formation 
of different types of synapses  [75–77] . The human genet-
ic study identified neuroligins 3 and 4 as being highly as-
sociated with ASD cases  [69, 78] . It has been speculated 

AMPA-R

VGCC

Ca2+

  Fig. 1.  The model for Ube3a regulating AMPA-R-mediated syn-
aptic transmission. Calcium influx through voltage-gated calci-
um channel induces the expression of Ube3a and Arc. However, 
Ube3a rapidly degrades Arc, which plays a critical role in regulat-
ing AMPA receptor endocytosis. Thus, the loss of Ube3a will lead 
to abnormal elevation of AMPA receptor-mediated synaptic 
transmission. 
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for a while that synaptic defects may underlie cognitive 
dysfunctions such as autism. Researchers revealed an im-
portant mechanism with which neuroligin 3 is critical for 
neurons to maintain electrophysiological stability  [79] . 
They showed that one needs to replace the wild-type neu-
roligin 3 with the mutant form found in the ASD patients, 
rather than knocking it out, to reproduce the social inter-
action defects in autistic patients in genetically modified 
mice  [79] . Again, they found that the excitatory and in-
hibitory balance was disrupted by the mutation on neu-
roligin 3  [79] . This study convincingly showed that syn-
aptic functions are directly related to certain cognitive 
functions. 

  These few lines of evidence connect the sophisticated 
social behaviors to the subtle defects on the synapse. We 
have reason to speculate that proper synaptic transmis-
sion is required for the normal brain functions. The ex-
citatory or inhibitory input neurons receive is directly re-
flected by how neurons process and transmit signals to 
their connection partners at their postsynaptic sites. 
Also, the overall activity neurons receive determines 
whether neurons decide to undertake gene expression al-
ternations. The calcium-dependent transcriptional regu-
lators discussed above are downstream of synaptic trans-
missions, whereas proteins at the synapses directly con-
trol the incoming activity of the neuron. Thus, all of this 
evidence points out that the signaling pathway from
synapse to the nucleus is critical for proper functions of 
the brain, and dysfunction of any link of it may lead to 
ASD.

  Copy Number Variations: Another Cause for ASD? 

 mecp2 
 Rett syndrome happens in girls since baby boys who 

carry the mutated mecp2 gene will be too sick to survive. 
This rule was broken by findings that some boys who 
 carry double copies of the mecp2 gene develop a similar 
form of Rett syndrome  [80] . After careful investigations, 
researchers found that duplications in some genomic re-
gions were quite common in genetic disorders, which is 
called copy number variations. 

  The genome is not as stable as the Parthenon. Some 
sensitive regions tend to break and recombine within the 
genome. This phenomenon was missed by the classical 
shotgun genome sequencing method. Now a lot of tools 
have been developed to explore the distribution and 
mechanisms of copy number variations, such as DNA 
microarray designed for detecting copy number varia-

tions  [81] . The direct consequence for a gene getting more 
or less copy is that the amount of gene product-protein 
will vary. Thus, it is not surprising that copy number vari-
ations are found in neurological disorders. If some im-
portant proteins get more or less, the normal function of 
the nervous system will surely be affected.

  In a recent study, the patients with a double copy of 
mecp2 were examined for neurological symptoms  [80] . 
Surprisingly, most of these patients appeared to have au-
tistic phenotypes. In female patients, half of the subjects 
had normal or higher IQ than normal kids. Normal IQ is 
never seen in Rett syndrome patients, although many 
typical autistic kids appear to have normal or higher IQ 
than their peers  [80] . This finding suggests that mecp2 
duplication syndrome patients have unique features com-
pared to typical Rett syndrome patients, whose symp-
toms are closer to classic autism. 

  In order to understand the consequence of the brain 
containing more MeCP2 protein, researchers made a 
transgenic mouse carrying the human mecp2 gene in a 
bacterial artificial chromosome  [82] . Consistent with 
higher IQ in human patients, enhanced synaptic plastic-
ity and learning and memory are found in this mouse. 
However, this mouse will still develop Rett-like symp-
toms in adulthood, including uncontrolled limb move-
ment and seizures.

  Taken together, these findings strongly indicate that 
the amount of mecp2 protein in the nervous system is 
critical. An interesting report in 2007 linked the expres-
sion of the mecp2 gene to neural activity  [35] . Researchers 
found that calcium influx through  L -type voltage-gated 
calcium channels activates expression of miRNA 132 via 
the classic CREB pathway. miRNA 132 in turn targets 
mecp2 mRNA and represses its expression. Thus, when 
neurons undergo strong depolarization, calcium (through 
 L -type calcium channels) will specifically downregulate 
mecp2 expression  [35] . Why would neurons want to de-
crease mecp2 expression upon stimulation? The authors 
proposed a model where a certain amount of MeCP2 pro-
tein needs to be maintained. Thus, the MeCP2 protein 
level will be tuned homeostatically according to input ac-
tivity ( fig. 2 ).

  Although this model reveals a new regulatory mecha-
nism, we have to understand comprehensively how the 
overexpression of mecp2 affects gene expression profile 
in the neuron. In the previously mentioned study, the re-
searchers established a long list of genes whose expression 
is higher in the mecp2-overexpressed hypothalamus than 
in wild types  [32] . In the future, we need to understand 
how mecp2 affects gene expression in an activity-depen-
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dent manner. For example, how many genes’ expression 
will be altered upon neural activity when more MeCP2 
protein is present?

  Ube3a 
 15q11–13 duplications were identified in ASD patients 

decades ago  [51, 83] . Last year, a striking study showed 
that mice carrying human 15q11–13 genome segments 
develop autistic phenotypes and inflexibility in learning 
memory tasks  [84] . Although the Ube3a gene is the pri-
mary target in this region, would there be any other im-
portant genes which may contribute to autistic pheno-
types? If Ube3a itself were enough, it is expected that 
overexpressing Ube3a alone in the nervous system would 
phenocopy the main features of these genetically engi-
neered mice. 

  When the 15q11–13 region is duplicated in the ge-
nome, it is logical to deduce that the amount of Ube3a 

will increase. However, this region in humans is imprint-
ed, which increases the difficulty in explaining the con-
sequences of genomic duplication. Indeed, the authors 
found only mice with paternal duplication showed de-
fects  [84] . The authors finally found enhanced expression 
of a snoRNA MBII52 in this region. Interestingly, pater-
nal mutation of MBII52 and the neighbor locus of chro-
mosome 15 lead to another mental retardation – the 
Prader-Willi syndrome. MBII52 snoRNA plays a critical 
role in regulating alternative splicing of serotonin recep-
tor 5-HT 2C  [85, 86] . Mice carrying paternal duplication 
of human 15q11–13 showed increased expression of 
MBII52 and then an enhanced serotonin response  [84] . 
This observation is essentially the opposite of what hap-
pened in the Prader-Willi patients, who lack MBII52 and 
have abnormal serotonergic transmission. Serotonin is 
known as an important regulator of various physiological 
processes. However, is this enhanced serotonin pathway 

BDNF

Methylated DNACRE

CREB
miR132

CaMK

VGCC

CaM
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MeCP2

P

P

Ca2+
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  Fig. 2.  Homeostatic regulation of MeCP2-
dependent gene expression. Calcium in-
flux activates the CaMK pathway and trig-
gers quick phosphorylation of MeCP2 on 
serine 421 (S421), which leads to the re-
lease of MeCP2 from its target gene, BDNF. 
On the other side, calcium influx will al-
so induce the expression of miRNA 132 
(miR132), which targets the MeCP2 
mRNA and represses its translation. Thus, 
calcium signaling not only modifies 
MeCP2 function post-translationally but 
also regulates the protein level of MeCP2 
via activity-dependent miRNA. 
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responsible for defects in social behavior and learning 
memory tasks found in 15q11–13-duplicated mice or 
15q11–13 duplication syndrome patients? More rigorous 
research needs to be done in order to provide a convinc-
ing answer.

  How Far Are We from a Cure? 

 Genetic Rescue of mecp2 
 There are no obvious neurodegenerative symptoms in 

Rett syndrome patients and other ASD patients, which 
excludes the possibility of neuronal loss  [30] . Since the 
neuronal network seems intact, would it be possible to 
cure the disorder by putting the wild-type gene back in?

  The first attempt tried to reintroduce the wild-type 
mecp2 gene into the neuronal specific tau locus  [87] . The 
authors surprisingly found that some phenotypes are in-
deed rescued to some extent, e.g. movement, life span, etc. 
However, overexpression of mecp2 exhibits strong toxic-
ity in the mice during adulthood  [87] , reminding us that 
a mecp2 protein overdose will cause damage. 

  How can mecp2 be reintroduced into the mutant brain 
as naturally as possible? A second round of attempts gave 
rise to brilliant results. In 2007, 2 labs reported that re-
introduction of mecp2 significantly reversed the severe 
phenotypes of mecp2-null mice  [88, 89] . Researchers 
from Edinburgh designed an elegant strategy which 
blocked endogenous mecp2 expression by putting a loxP-
stop-loxP cassette in front of the genomic mecp2 locus. 
In this way, one could re-express mecp2 with the endog-
enous regulatory mechanism by activating Cre recombi-
nase. The first attempt was to try to strongly rescue mecp2 
expression by the sharp expression Cre recombinase. Un-
fortunately, this treatment led to massive deaths among 
the mice. Maybe too much during a short time is still di-
sastrous. Researchers next gradually activated Cre by 
controlling the amount of Cre to a much more moderate 
level. The miracle finally happened. Almost all the severe 
phenotypes of mecp2 knockout mice were successfully 
reversed! Mice were able to smoothly run around instead 
of slowly moving as a result of lagging back limbs  [88] . 
Researchers carefully examined the synaptic plasticity of 
these rescued mice with wild-type mecp2 and found en-
hanced plasticity in the mutant mice brain  [88] . 

  This groundbreaking study showed for the first time 
successful genetic rescue in a mouse model for ASD  [88] . 
It has been thought that once genetic damage for brain is 
caused, it could never be reversed by simply adding the 
wild-type gene back into the adult brain. The reason 

could be the development of brain is a timing issue. The 
juvenile brain is more plastic to sensory input or envi-
ronment stimulations, whereas the adult brain is more 
settled. Once certain developmental stages are passed, 
one can never rebuild the correct neural network. It 
seems that dogmas are always meant to be broken once 
again. 

  People are trying to find logical explanations for this 
striking result. We speculate that in the mecp2-null brain, 
neural connections are able to reconnect or rebuild given 
the presence of critical regulators. First, we need to fully 
understand which defect of mutant mecp2 is the leading 
cause. According to a previous report, we know the excit-
atory synaptic transmissions are disrupted  [42] . Thus re-
introduction of mecp2 will surely rescue excitatory syn-
aptic functions. However, which target genes of mecp2 
will be responsible for this effect are still unclear. More 
efforts are needed in order to understand the effect of 
mecp2-regulated gene expression.

  Alternatively, if we could reliably deliver wild-type 
mecp2 into the brain of Rett patients, we may be able to 
cure Rett syndrome. Researchers have already initiated 
efforts to try to find a safe and efficient way to deliver 
mecp2 into the human brain with recombinant viral-
based technology  [90] . An important note of this line of 
research is that we must reintroduce mecp2 with its en-
dogenous regulatory elements, since we know an over-
dose of mecp2 is fatal  [87, 88] . The report that mecp2 is 
negatively regulated by neural activity also suggests that 
neurons are trying to maintain the level of mecp2 at a 
suitable level  [35] .

  Other than wild-type gene delivery, researchers have 
made some interesting observations in which enhancing 
synaptic transmission or intracellular cell signaling seem 
to have positive effects in alleviating the symptoms in 
mouse models for the Rett and Angelman syndromes  [91, 
92] . These exciting results further provide a target protein 
and pathway which could be used as therapeutic targets. 

  Therapeutic RNA Strategy 

 Since gene delivery is always difficult, do we have al-
ternative strategies to manipulate mecp2 protein level in 
the patient’s brain? Therapeutic RNA technology largely 
reshaped the bio-pharmaceutical landscape. Since siRNA 
or miRNA are small molecules, it is relatively easy to de-
liver, or even design, an agonist or antagonist for them. 
Recently, a groundbreaking report showed that system-
atically applying siRNA blocker efficiently inhibits func-
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tions of target siRNA and, therefore, successfully controls 
hepatitis C in a nonhuman primate model  [93] . 

  There are a few different strategies for designing thera-
peutic RNAs for manipulating the mecp2 protein level or 
mecp2 target gene expression level. Given the fact that 
MeCP2 is a transcriptional repressor, MeCP2 may repress 
expression of some miRNAs. miRNAs play critical roles in 
regulating gene expression by controlling the translation 
of mRNA  [35] . Among these target miRNAs, thorough 
functional investigations are required to find out whether 
they could be used to design therapeutic RNA accordingly. 

  The therapeutic development for a certain group of 
genetic disorders will take years and collaboration be-
tween different industries to achieve efficient drugs. Giv-
en the complexity for ASD, more thorough mechanistic 
studies are needed in order to find target genes for thera-
peutic designs. 

  Concluding Remarks 

 Progress during the last decade in the study of ASD 
has been enormous. However, there is still plenty of work 
ahead of us before we understand the mechanism for 
ASD and can design suitable therapies for patients who 
usually have various symptoms. The study of calcium-
dependent gene expression gave us a unique opportunity 
with which we may understand the molecular basis for 

ASD and go further to pursue therapeutic efforts. Before 
the study of MeCP2, the role for calcium-dependent gene 
expression was thought to solely contribute to higher cog-
nitive functions. This line of research points out that cal-
cium-dependent gene expression is indeed critical for 
tuning precise connections in the brain, and some com-
plicated disorders may occur, e.g. ASD, if this process is 
disrupted. 

  Recent evidence from an elegant human genetic study 
in which researchers used genetic methods to locate sev-
eral unknown genes, which may be implicated in ASD, 
links activity-dependent gene expression to autism even 
further  [94] . Interestingly, they showed that expression of 
some of these ASD candidate genes, e.g. protocadherins, 
etc., are controlled by calcium signaling  [94] . This finding 
further suggests that genes controlled by calcium signal-
ing may be the key to understanding the molecular basis 
of ASD. Only if we comprehensively investigate this im-
portant physiological process may we finally get a clear 
picture about how the brain develops and functions. 
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