Chapter 7
microRNAs and Fragile X Syndrome

Shi-Lung Lin

Abstract Fragile X syndrome (FXS) is one of the major causes for autism and
mental retardation in humans. The etiology of FXS is linked to the expansion of the
CGG trinucleotide repeats, r(CGG), suppressing the fragile X mental retardation 1
(FMR1) gene on the X chromosome, resulting in a loss of fragile X mental retarda-
tion protein (FMRP) expression, which is required for regulating normal neuronal
connectivity and plasticity. Recent studies have further identified that microRNAs
are involved in the mechanisms underlying FXS pathogenesis at three different
developmental stages. During early embryogenesis before the blastocyst stage, an
embryonic stem cell (ESC)-specific microRNA, miR-302, interferes with FMRI
mRNA translation to maintain the stem cell status and inhibit neural development.
After blastocyst, the downregulation of miR-302 releases FMRP synthesis and sub-
sequently leads to neuronal development; yet, in FXS, certain r(CGG)-derived
microRNAs, such as miR-fmrls, are expressed and accumulated and then induce
DNA hypermethylation on the FMRI gene promoter regions, resulting in transcrip-
tional inactivation of the FMRI gene and the loss of FMRP. In normal neuronal
development, FMRP is an RNA-binding protein responsible for interacting with
miR-125 and miR-132 to regulate the signaling of Group 1 metabotropic glutamate
receptor (mGluR 1) and N-methyl-p-aspartate receptor (NMDAR), respectively, and
consequently affecting synaptic plasticity. As a result, the loss of FMRP impairs
these signaling controls and eventually causes FXS-associated disorders, such as
autism and mental retardation. Based on these current findings, this chapter will
summarize the etiological causes of FXS and further provides significant insights
into the molecular mechanisms underlying microRNA-mediated FXS pathogenesis
and the related therapy development.
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Introduction

A large portion of the genome is noncoding DNA, which often contains
microsatellite-like short nucleotide repeats with unknown function. Recent studies
have shown that the transcripts of certain trinucleotide repeats can fold into hairpin-
like RNAs, which are then further processed by RNaselll-associated Dicers into
microRNAs (miRNAs) or miRNA-like gene silencing molecules that are sized
about 18-27 nucleotides and capable of interfering with specific target genes
through either posttranscriptional mRNA degradation or translational suppression,
or both [1-5].

These miRNAs play crucial roles in several triplet repeat expansion diseases
(TREDs), including fragile X syndrome (FXS), Huntington’s disease (HD), myo-
tonic dystrophy (DM), and a number of spinocerebellar ataxias (SCAs). Yet, most
of the pathogenic mechanisms underlying these diseases remain largely unclear. To
this, we will use FXS as a model to demonstrate how miRNAs are involved in the
pathogenesis of FXS-associated disorders, such as autism and mental retardation.

FXS is one of the most common forms of inherited mental retardation, taking up
approximately 30 % of total human mental retardation disorders [6]. This disease is
originated from the transcriptional inactivation of fragile X mental retardation 1
(FMR1) gene and thus losing its encoded protein, FMRP. FMRP is associated with
polyribosome assembly to form ribonucleoprotein (RNP) complexes that regulate
certain protein translation involved in neuronal development and plasticity [7].

FMRP also contains a nuclear localization signal (NLS) and a nuclear export
signal (NES) for shuttling certain mRNAs between the nucleus and cytoplasm [8,
9], albeit the function remains to be determined. As previous studies have shown
that FMRI gene is inactivated by the over-expansion of CGG trinucleotide repeats
(i.e., r(CGG) >200 copies) and the hypermethylation of the FMRI r(CGG) and
promoter regions in 99 % of FXS patients [10], the pathological cause of FXS likely
resides in certain interactions between r(CGQG) over-expansion and FMRI hyper-
methylation. Conceivably, r(CGG)-derived miRNAs may play a key role in this
gene silencing mechanism.

Since RNA is a highly degradable material, research of the miRNA-associated
FXS mechanisms requires the use of fresh samples isolated from either patient’s
brain biopsies or comparable animal models. Due to lack of fresh human samples,
almost all current studies adopt animal models instead. Zebrafish (Danio rerio) has
been served as an excellent model for studying human mental disorders, including
FXS and autism [11].

They possess three FMRI-related familial genes, finrl, fxrl, and fxr2, which are
orthologous to the human FMRI, FXRI, and FXR2 genes, respectively [12]. The
tissue expression patterns of these familial genes in zebrafish are broadly consistent
with those of humans as well [12, 13]. To investigate the effects of r(CGG)-derived
miRNA over-expression on brain development, we had found and sequenced a
450-nucleotide 1(CGG) expansion motif located in and beyond the zebrafish fimrl
5’-untranslational region (5'-UTR), which contains approximately 50 copies of
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r(CGG) similar to the numbers in normal human FMR] gene [3, 4]. In this r(CGG)-rich
region, we further identified and isolated several r(CGG)-derived miRNAs, provid-
ing the first in vivo evidence of miRNA involvement in FXS pathogenesis [3, 4]. In
view of all these genetic similarities between human and zebrafish, studies using
this zebrafish FXS model not only have shed significant light on the pathological
mechanisms of human FXS but also are useful for developing potential therapies
for treating FXS-associated disorders.

Based on the current findings, miRNAs are involved in FXS during three develop-
mental stages, including pre-blastocyst, post-blastocyst, and neural development, as
illustrated in Fig. 7.1. Embryonic cells prior to the blastocyst (32—-64-cell) stage are
undifferentiated. This is because embryonic stem cell (ESC)-specific miRNAs, in par-
ticular miR-302, induce the expression of ESC-specific transcription factors, such as
Oct4, Sox2, and Nanog, to maintain the undifferentiated state of stem cells and inhibit
developmental signals [14, 15]. In addition, miR-302 also targets the FMRI mRNA
3’-UTR nucleotide 27742789 region (accession number NM_002024) for transla-
tionally suppressing FMRP synthesis. Such miR-302-mediated FMRP suppression is
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Fig. 7.1 Functional roles of FMRI/FMRP-associated miRNAs in neural development. Three
groups of miRNAs were identified to affect FMRI and FMRP expressions at different develop-
mental stages: (1) Before the embryonic blastocyst stage, miR-302 suppresses FMRI mRNA
translation to maintain the ESC status and inhibit neural development. (2) After blastocyst, the
expression of FMRI mRNA generates r(CGG)-derived miR-fmrl miRNAs. In FXS, the over-
expression and over-accumulation of miR-fmrls in the neuron nuclei trigger DNA hypermethyl-
ation and hence inactivate FMR] transcription, the most prevalent event in FXS. (3) During neural
development, miR-125a, miR-125b, and miR-132 may interact with FMRP to regulate the transla-
tion of certain neural proteins required for maintaining normal synaptic connection and plasticity.
In FXS, the loss of FMRP may abolish these miRNA-mediated regulations and thus leads to the
pathologies of FXS-related disorders, such as mental retardation and autism
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anormal developmental event during the pre-blastocyst stage in order to maintain the
pluripotency of early ESCs.

After blastocyst, most of the ESC-specific miRNAs are downregulated and then
ectodermic differentiation begins. At this post-blastocyst stage, FMR1 expression is
escalated and its transcripts are quickly accumulated. As a result, the processes of
FMRI mRNA maturation generate 1(CGG)-derived miRNAs. In normal individu-
als, the level of r(CGG)-derived miRNAs is not sufficient to affect FMRI gene
expression; yet, the high expansion of r(CGG) in FXS causes over-expression and
over-accumulation of these r(CGG)-derived miRNAs and hence leads to the inhibi-
tion of FMRI and its protein FMRP expression. Since FMRP is responsible for
regulating miR-125- and miR-132-mediated protein translation required for main-
taining neuronal connectivity and synaptic plasticity [16, 17], the deficiency of
FMRP disrupts these miRNA-mediated regulations and consequently results in pre-
mature neuronal development. In view of this established disease model, we will
further discuss the functional roles of r(CGG)-derived miRNA, miR-125 and miR-
132 in FXS pathogenesis.

Identification of r(CGG)-Derived miRNAs in a Zebrafish
FXS Model

Human and zebrafish brains share many genetic and structural similarities [11-13].
As it is impossible to directly experiment on living human brain tissues, the current
studies of r(CGG)-derived miRNAs are mainly based on a transgenic zebrafish FXS
model. To mimic human FXS, an r(CGG)-rich DNA motif isolated from the zebraf-
ish fimrl 5'-UTR r(CGG) expansion region (accession number NW001511047 from
the 124001st to 12412 1st nucleotide) is transgenically overexpressed with high titer
retroviral delivery into zebrafish brains [3, 4].

The over-expression of this r(CGG)-rich motif is mediated by an isolated gamma-
aminobutyric acid receptor Z2 (GABAR2) promoter and hence only occurs in the
GABAergic neurons of cortex, hippocampus, and cerebellum [4, 5]. Since previous
studies have established that GABAR2 and FMRI genes are co-expressed in the
GABAergic neurons [18, 19], the zebrafish FXS model so obtained can specifically
reflect the damages of r(CGG)-derived miRNAs in the FMRI-positive neurons and
subsequently prevents any potential off-target effect in other kinds of neuronal cells.
Furthermore, by adjusting the multiplicity of retroviral infection (MOI), we can
control the expression levels of r(CGG)-derived miRNAs to a certain amount suf-
ficient to trigger the transcriptional suppression of FMRI, resembling the same etio-
logical mechanism of human FXS [4, 5].

As depicted in Fig. 7.2a, wild-type zebrafish contains approximately 35-50 cop-
ies of CGG repeats in the fmrl 5’-UTR, whereas the r(CGG) number in the FMRI
of human FXS is over 200, which conceivably may generate more than four times
of r(CGG)-derived miRNAs.
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Fig. 7.2 Model of the transgenic r(CGG)-overexpressing zebrafish resembling human
FXS. Normal zebrafish finr! 5'-UTR region contains 35-50 r(CGG) copies, whereas the estimated
r(CGG) number in human FXS FMR] is >200. In order to mimic the expression levels of human
miR-fmrls in FXS, the fimrl r(CGG) region was overexpressed >6-folds, leading to pathological
results similar to human FXS. (a) Dose-dependent correlation between r(CGG)-derived miR-fmrl
expression and transcriptional finrl suppression, determined by northern blotting (»<0.01). The
levels of miR-fmrl expression and finr!/ knockdown were proportional to the expression rates of
r(CGG) expression. (b) Sequence and structural features of the r(CGG)-derived miR-fmr1 precur-
sor. From the 5’ to 3’ end, it contains several key motifs, such as a poly-pyrimidine tract (PPT), an
r(CGG)-rich hairpin-like pre-miRNA structure, a NIS, a short poly(A) tail, and sometimes a G/C-
rich tract. Two miRNA isoforms had been identified as miR-fmr1-27 and miR-fmr1-42. (¢) In situ
hybridization with an anti-miR-fmr1-27 probe showed the different miR-fmr1 expression patterns
between normal (wild-type) and FXS pallium—neocortical neurons

To create a condition similar to the r(CGG) over-expression in human FXS, we
have used retroviral delivery to introduce a GABAR2-mediated r(CGG)-expressing
red-shifted green fluorescent protein (RGFP) transgene into zebrafish [4, 5]. An
r(CGG)-rich DNA motif isolated from the zebrafish finrl 5’-UTR is manually
placed in the 5'-UTR of the RGFP gene. After increasing the r(CGG) expression
over sixfolds of the normal level in zebrafish, FXS-like disorders start to be observed
in the targeted GABAergic neurons, indicating the minimal threshold of the r(CGG)
over-expression levels required for inducing fimrl gene suppression. Accordingly,
since the diseased human FMRI possesses over 200 copies of r(CGG), this thresh-
old may be actually lower than sixfolds in human FXS. Following the elevation of
r(CGG) over-expression, we have further identified the presence of two r(CGG)-
derived miRNAs, namely miR-fmr1s, both of which are increased corresponding to
the levels of r(CGG) expression. Meanwhile, the finr] gene transcription is decreased
in response to the increase of miR-fmrl expression, suggesting that the expressed
r(CGG) RNA transcripts can be processed into miR-fmrls and then result in sup-
pressing the fmrl gene transcription.
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The sequences of these two r(CGG)-derived miR-fmr1s have been confirmed to
be miR-fmr1-27 and miR-fmr1-42, respectively, as shown in Fig. 7.2b. They share
a 26-nucleotide overlapping sequence in their 5'-end and are derived from the finrl/
5’-UTR r(CGG) expansion region approximately 65-nucleotide upstream of the
translational start codon (accession number NM_152963). Both miR-fmr1s contain
the same CCG-rich seed sequence for targeting the r(CGG) expansion region of the
fmrl gene.

Notably, the miR-fmr1-42 further possesses three unique structures in its precur-
sor microRNA (pre-miRNA) sequence, including (1) multiple matched CGG-CCG
base pairs in the stem arm of the hairpin-like pre-miRNA, (2) a nuclear import sig-
nal (NIS) motif located in the 3-end of the hairpin structure, and (3) multiple CCG-
rich DNA binding motifs in the mature miR-fmr1-42 sequence. Based on these
structures, it is conceivable that the NIS motif may allow the entry of mature miR-
fmr1-42 into the cell nucleus via a certain unidentified mechanism, while the mul-
tiple CCG-rich DNA binding motifs are involved in transcriptional suppression of
the fimrl gene. In addition, the NIS motif is often flanked with a short poly-A tail,
which may facilitate the decay of miR-fmrl-42 and hence prevents the miRNA
accumulation in the normal neurons.

The expression patterns of both miR-fmrl isoforms have been identified in the
wild-type zebrafish brain, particularly located in the lateral pallium-neocortical and
cerebellar neurons, as determined by fluorescent in situ hybridization (FISH) stain-
ing with a specific locked nucleic acid (LNA) probe directed against the miR-fmr1-27
sequence (Fig. 7.3). As shown in Fig. 7.2¢c, the FISH staining also indicated that
wild-type pallium neurons (equivalent of human hippocampal stratum radiatum)
present a limited amount of miR-fmrls in the cytoplasmic region surrounding the
cell nucleus, whereas the r(CGG)-overexpressing FXS neurons exhibit abundant
miR-fmrl expression and accumulation in all over the dendrite, soma, and nucleus
areas. Further analyses using northern blotting of the two miR-fmrls isolated from
either cytoplasm or nuclei of the pallium neurons revealed that miR-fmr1-42 is the
only miRNA accumulated in the nuclei of the FXS neurons [4, 5].

After deleting the NIS motif, the accumulation of miR-fmr1-42 is dramatically
reduced in the nucleus portion but found more in the cytoplasm, suggesting that NIS
may be required for the transporting of miR-fmr1-42 from the cytoplasm to the
nucleus [4].

Following the nuclear accumulation of miR-fmr1-42, a marked increase of epi-
genetic DNA methylation in the finr! promoter and its upstream region has been
detected by bisulfite PCR and sequencing assays [4]. It is also noted that these DNA
hypermethylation events occur mostly in the CpG-rich binding sites of several finr1-
associated transcriptional cofactors, such as NRF1 (GCGCGC), SP1 (GC box), and
USF1/USF2 (E box). As previous studies have reported that blocking the binding of
these transcriptional cofactors may cause transcriptional inactivation of FMRI in
human FXS [20], the currently established r(CGG)-overexpressing zebrafish model
not only successfully reveals this pathological process but also provides significant
insights into the molecular mechanism underlying miRNA-mediated FMRI
inactivation.
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Fig. 7.3 Expression patterns of miR-fmrls in the wild-type 3-month-old zebrafish brain. In situ
hybridization assays showed the normal miR-fmrl expression mainly in the lateral pallium (sec-
tion 1), pallium—neocortical junction (section 2), and cerebellum (section 3)

Role of miR-fmr1 in the Etiological Mechanism of FXS

In view all of the above studies, Fig. 7.4 summarizes the etiological mechanism of
FXS, in which excessive expression of r(CGG)-derived miRNAs, such as miR-
fmrls, causes miRNA accumulation in the neuron nuclei and then forms RNA-
induced transcriptional silencing (RITS) complexes to trigger massive DNA
methylation in the FMRI gene promoter, consequently leading to the inactivation of
FMRI transcription. As in this zebrafish FXS model we only overexpressed one-
third of the ~50 r(CGG) copies in wild-type finrl and had already identified two
miR-fmr1 isoforms, it is estimated that the >200 r(CGG) expansion in the diseased
FMRI gene of human FXS may generate over 12 different kinds of r(CGG)-derived
miRNA isoforms to inactivate FMR] transcription.

As a result, it will be very difficult to target these various miR-fmrls for treat-
ment. Also, how to demethylate the methylated FMRI gene promoter in FXS neu-
rons is another problem. To overcome these problems, we need to understand the
detail RITS compositions in order to prevent the assembly between RITS and miR-
fmrls; yet, till now the RITS components remain largely unknown.

To unveil the compositions of RITS, our studies have found that Dicerl rather
than Drosha is required for the r(CGG)-derived miRNA biogenesis, while Rad541
and MeCP2 may play crucial roles in the RITS assembly with miR-fmrls [4, 5].
Using antisense morpholino oligonucleotides directed against certain key RNAi-
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Fig. 7.4 Mechanism of miRNA-mediated FXS pathogenesis. Over-expansion of r(CGG) in the
FMRI gene that encodes FMRP underlies FXS-associated disorders, such as mental retardation
and autism. Repeats expanded over 200 copies (full mutation) lead to a complete loss of FMR1 and
FMRP expression. The pathological progression causing such FMRP deficiency includes eight
steps: (1) Transcription of the FMRI gene starts after the embryonic blastocyst stage (i.e., day
7-10 human embryo or 10—12 h post-fertilization zebrafish). (2) RNA splicing and further process-
ing excise the 5'-UTR r(CGG) expansion of FMRI mRNA into fragments. (3) The excised r(CGG)
fragments are further processed into various repeat-associated miRNA precursors by certain ribo-
nucleases. (4) These miRNA precursors are exported to cytoplasm and then cleaved into mature
miR-fmr1s by RNaselll Dicers. (5) Excessive miR-fmr1s are accumulated in cytoplasm around the
cell nucleus. (6) miR-fmrls with a NIS signal enter the cell nucleus. (7) Nuclear accumulation of
miR-fmrls induces the formation of RNA-induced transcriptional silencing (RITS) complexes
with Rad541 and MeCP2 near the FMRI gene promoter. (8) RITS complexes trigger DNA hyper-
methylation and hence lead to transcriptional FMRI inactivation, the most prevalent event in over
99 % of the FXS patients

and CpG methylation-associated effector genes [4], we discovered that the mecha-
nism of miR-fmrl-mediated gene silencing requires activities of Dicer 1 RNase,
Rad54-like protein (Rad541) and methyl-CpG binding protein 2 (MeCP2), but not
Drosha RNase. Since the processing of intronic miRNAs has been known to bypass
Drosha [21-23], the miR-fmr1 biogenesis may function through a similar process.

Moreover, our results also showed that both miR-fmr1 biogenesis and finr!l inac-
tivation can be prevented by the morpholino-mediated knockdown of Dicer 1, while
only the finrl inactivation but not miR-fmrl biogenesis is affected by the knock-
down of either Rad541 or MeCP2. To this, further studies revealed that the finrl/
gene transcription in FXS neurons is increasingly re-activated in response to the
decrease of either Rad541 or MeCP2 expression, suggesting that both Rad541 and
MeCP2 activities are likely required for the miRNA-mediated finr/ inactivation. As
previous reports have manifested that both Rad541 and MeCP2 are involved in the
CpG methylation of repetitive chromatin sequences in autism spectrum disorders
[24], a similar mechanism may be reiterated to cause the miRNA-induced hyper-
methylation of the FMRI r(CGG) expansion and promoter regions in human FXS.
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Pathologies of miR-fmr1-Induced FXS Disorders

The pathological outcomes of the currently established miR-fmrl-mediated FXS
animal model are completely reminiscent of the neurodegenerative and cognitive
impairments in human FXS disorders, including neuronal deformity, immature syn-
apse formation, long dendritic spine shaping, diminishment of long-term potentia-
tion (LTP), and augmentation of group 1 metabotropic glutamate receptor-dependent
long-term depression (mGluR1-LTD).

Alterations of neurite growth and synaptic connectivity have been examined in
the FXS zebrafish brains, resembling the exact pathological features of human FXS
neurons (Fig. 7.5). Formation of long stripe neuronal dendrites is an important mark
of human FXS. In fish lateral pallium (equivalent of human hippocampal stratum
radiatum), wild-type neurons present normal neurite growth and branching dendri-
fication, whereas miR-fmr1-affected FXS neurons exhibit long stripe dendrites and
disconnected synapses similar to those found in the human FXS hippocampal-neo-
cortical junction [3-5]. In particular, high density of long, immature dendritic spines
is markedly increased, indicating failures in forming normal synaptic connections
between these FXS-affected neurons (Fig. 7.5a).

In FXS patients, changes in spine shape are often linked to the absence of FMRP
function [25]. FMRP is a translational inhibitor associated with local protein syn-
thesis of certain mRNA species involved in neurite growth and synaptic connection,
providing a crucial regulatory process for eliminating immature synapses and
enhancing synaptic strength during normal brain development [26-28]. As a result,
the miR-fmr1-mediated FMRI suppression causes FMRP deficiency and hence hin-
ders synaptic strengthening through the formation of protein synthesis-dependent
synaptic connections, consequently leading to a cascade of events that FXS is
strongly implicated.

Impairment of synaptic plasticity is another major symptom of human FXS. Two
types of synaptic plasticity are dependent on protein synthesis: LTP and long-term
depression (LTD). LTP is a long-term increase in synaptic strength in response to
high-frequency stimulation, whereas LTD is a long-lasting decrease in synaptic
strength to below the normal baseline level after prolonged, low frequency stimula-
tion. Both LTP and LTD underline the encoding activities of new declarative memo-
ries in brain [29]. LTP in hippocampus is a learning-associated form of synaptic
plasticity that is highly involved in the shape change of dendritic spines [30].

It is also known that theta activity (3-8 Hz) is the major late-phase (protein
synthesis-dependent) stimulation during the hippocampal encoding of long-term
memory [29]. As shown in FXS zebrafish neurons (Fig. 7.5b), theta burst-stimulated
synapses of the pallium—neocortical junction (equivalent of human hippocampal
CA1-CA3) exhibit diminished LTP compared to that of the wild-type controls [4,
5]. This decreased LTP remains after the blockade of metabotropic GABAalpha
receptor (GABA R)-dependent synaptic inhibition by picotoxin treatment, similar
to the reported response of human FXS neurons [4]. In addition, a decrease of the
input—output currents, measured at the peak amplitude of dendritic field excitatory
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Fig. 7.5 Pathological alterations of FXS neurons. (a) Morphological changes of lateral pallium
neurons in FXS (middle row) and Nurri-knockdown (Nurrl KO; bottom row) zebrafish as com-
pared to the wild-types (top row). Using fluorescent 3D-micrograph examination, three different
kinds of neuronal connectivity were observed, including normal (wild-type), disrupted (FXS),
tangled (Nurrl KO) neurite growth and synaptic circuit formation. White arrows indicated the
formation of dendritic spines (most right panels). The Nurrl KO transgenics were generated by
retroviral transfection of miR-739 into zebrafish, showing the distinctions between different
miRNA functions. Abbreviations indicated: Pa pallium, sP subpallium, 7e tectum, H hypothala-
mus. (b) Standard curves of synaptic LTP responses in pallium slices isolated from FXS zebrafish.
Synaptic input—output fEPSP curves were evoked by varying bipolar current intensities, from 5.0,
10.0, 15.0, 25.0, 45.0, 65.0, 100.0 to 155.0 pA (pulse duration 0.1 ms). Calibration: 1 mV, 10 ms.
(c) Pulse-induced LTD curves were measured at 40 pA for 125 ms. Calibration: 50 pA, 50 ms

postsynaptic potentials (fEPSPs), occurs corresponding to the diminished LTP, indi-
cating a lower excitatory membrane response in the FXS neurons [4]. Given that the
excitability of LTP of GABAergic neurons is mediated by activation of mGluR1
[31], further studies of the connection between miRNA-mediated FMRP deficiency
and mGluR1 activity may provided answers to the pathological mechanism under-
lying LTP diminishment in FXS.
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Post-synaptic stimulation of mGluR 1 has been reported to increase the synthesis
of certain neural proteins that trigger internalization of «-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors (AMPAR), leading to a process crucial
for LTD expression [32, 33]. FMRP, one of mGluR 1-stimulated proteins, is respon-
sible for quenching this LTD process [33]. In FXS, the loss of FMRP in hippocam-
pal neurons fails to quench LTD and hence results in a marked decrease of the LTP
excitability, as shown in Fig. 7.5c. Yet, this prolonged LTD remains after co-
treatment of an mGIluR agonist, 3,5-dihydroxyphenyglycine (DHPG), and an
N-methyl-D-aspartate ~ receptor ~ (NMDAR) antagonist, D-2-amino-5-
phosphonovalerate (D-APV), suggesting that it is not mediated by NMDAR [4, 5].

Further treatment of DHPG with anisomycin, a protein synthesis inhibitor, com-
pletely prevents the mGluR 1-LTD augmentation in normal rather than FXS neurons
[5], indicating that FMRP may regulate mGluR1-LTD through both protein
synthesis-dependent and protein synthesis-independent mechanisms. Since FMRP
functions to suppress the translation of certain proteins involved in neural develop-
ment and synaptic plasticity [8, 9], its deficiency in FXS may lead to excessive
accumulation of these FMRP-suppressed proteins which in turn augment the pro-
tein synthesis-dependent mGluR1-LTD. On the other hand, emerging studies also
showed that FMRP is associated with certain neuron-specific miRNAs, which may
contribute to the protein synthesis-independent LTD inhibition.

Roles of FMRP-Associated miRNAs in Neural Development

Recent studies have found several miRNA species associated with FMRP in main-
tenance of normal neuronal development and synaptic plasticity. Using microarray
analyses of miRNAs co-precipitated with FMRP isolated from wild-type and
FMRI-knockout mouse brains, 12 candidate miRNAs were identified to specifically
interact with wild-type FMRP, including let-7c, miR-9, 100, 124, 125a, 125b, 127,
128, 132, 138, 143, and 219 [17]. Among them, only miR-125a, 125b, and 132 have
known functions in relation to FXS [16, 17], while others remain under
investigation.

Current studies showed that FMRP does not directly contact with miR-125a; yet,
FMRP phosphorylation promotes the assembly of AGO2 and miR-125a into an
RNA-induced silencing complex (RISC), which in turn suppresses post-synaptic
density protein 95 (PSD-95) mRNA translation [16]. PSD-95 is a protein member
of the membrane-associated guanylate kinase (MAGUK) family, which is almost
exclusively located in the post-synaptic density of neurons and is involved in
anchoring synaptic proteins [34, 35]. It directly or indirectly binds with neuroligin,
NMDAR, AMPA receptors, and potassium channels to form a multimeric scaffold
for their clustering and hence plays an important role in synaptic plasticity and the
stabilization of synaptic changes during LTP [35, 36].

Activation of mGIuR1 stimulates the translation of PSD-95 mRNA and leads to
AMPAR internalization [37], a process important for LTD expression. Interestingly,
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studies also found that mGluR1 signaling further triggers the dephosphorylation of
FMRP to dissociate the AGO2-miR-125a RISC complex and thus prevents the
inhibitory effect of FMRP on PSD-95 translation [16]. Based on this finding, it is
conceivable that the loss of FMRP in FXS may cause PSD-95 over-expression and
ultimately results in mGluR1-LTD augmentation.

FMRP was also recently reported to affect NMDAR signaling via a negatively
regulatory mechanism involving miR-125b and miR-132 [17], albeit no alteration
of NMDAR-mediated LTD found in human FXS. Studies showed that both miR-
125b and miR-132 have inhibitory effects on dendritic spine morphology and syn-
aptic physiology in mouse hippocampal neurons, while FMRP knockdown can
alleviate these effects [17].

Further target screening analyses revealed that miR-125b and AGO1 form cer-
tain RISC assembly to specifically suppress NMDAR subunit NR2A mRNA trans-
lation [17]. This silencing effect of miR-125b on NR2A may be one of many reasons
causing dendritic spine changes; nevertheless, how does it relate to the known FXS
pathologies such as diminished LTP and prolonged mGluR1-LTD remains unclear.
Since there is no prior report of such an NMDAR-LTD alteration in the established
mouse or zebrafish FXS model, research in this new direction may need to depend
on the development of a novel animal model, in which NMDAR-LTD is affected by
the loss of FMRP. Alternatively, it is possible that this NMDAR-LTD alteration may
be covered or compensated by some unknown mechanisms in the current FXS ani-
mal models. To solve these questions, further investigation is needed.

Research of miRNA involvement in FXS is still at its very early stage. Although
there are many miRNAs associated with FMRP, the majority of them currently do
not have a clear function in relation to FXS. Yet, in view of this vast number of
FMRP-associated miRNAs, it is conceivable that studies in this direction may dis-
cover fruitful knowledge to understand the detail processes of FXS pathogenesis
and, in the long run, may lead to the development of novel medical interventions for
treating FXS-related disorders, such as mental retardation and autism. The future
application is very promising.

Conclusion

In sum, FXS is a genetic disease caused by dysregulation of multiple miRNA func-
tions, including r(CGG)-derived miR-fmrls and neuron-specific miR-125a, 125b,
132, and maybe many more waiting to be discovered. Based on the current under-
standing, the onset of FXS occurs after the embryonic blastocyst stage when ecto-
dermic differentiation starts to form primordial neurons. At this critical moment for
neural development, the expression of FMRI and its protein FMRP functions to
regulate the translation of certain neural proteins, so as to enhance the establishment
of normal synaptic connection and plasticity. However, due to the mutated over-
expansion of r(CGG) in FXS patients’ FMRI 5'-UTR, the expression of such
mutated FMRI also generates an excessive amount of r(CGG)-rich fragments,
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which are further processed into various miRNA isoforms, namely miR-fmrls, by
RNaselll Dicers and are gradually accumulated in the cytoplasm and nuclei of neu-
ronal cells. Since many of these miR-fmrls carry NIS motifs for entering the cell
nuclei, their nuclear over-accumulation results in the formation of RITS complexes
with Rad541 and MeCP2, which then cause DNA hypermethylation of the r(CGG)
expansion and its adjacent promoter regions of the FMRI gene, leading to com-
pletely shutdown of FMRI and FMRP expression. Without FMRP regulation,
mGluR1 signaling will trigger the synthesis of excessive neural proteins that cause
AMPAR internalization, pre-mature synaptic plasticity, LTP diminishment, and
prolonged LTD expression, a cascade of events strongly implicated in FXS. In addi-
tion, since FMRP interacts with miR-125a and miR-125b/132 to regulate the signal-
ing pathways of mGluR1 and NMDAR, respectively, its deficiency may abolish
these miRNA-mediated regulations and further aggravate the FXS pathologies. To
clarify the involvement of these miRNAs in FXS, their functional roles are depicted
in Fig. 7.1.

The development of possible therapy for FXS is still under investigation. There
are three major difficulties in its therapeutic design: First, how to demethylate the
highly methylated r(CGG) expansion and promoter regions in FXS patients” FMR1
gene? Second, how to deliver the drug through the blood—brain barrier (BBB)? Last,
how to limit the drug effect only in GABAergic neurons? Currently, there are a few
chemical drugs capable of causing DNA demethylation; yet, none of them are safe
for treating neurons. Alternatively, recent findings of reprogramming-related miR-
NAs, such as miR-302, may offer a new approach to solve these problems.

Previous studies have shown that miR-302 enhances somatic cell DNA demeth-
ylation and hence reprograms the somatic cells into an ESC-like state [14, 15].
Using retroviral deliver of an inducible miR-302 transgene into zebrafish FXS neu-
rons, we have found that there is a narrow window of miR-302 concentrations capa-
ble of silencing MeCP2 expression to demethylate the finr! promoter region but not
strong enough to suppress finrl mRNA translation. Due to the similarity between
human FMRI and zebrafish finrl genes, this miR-302-mediated partial reprogram-
ming approach may be useful for developing a novel therapy treating
FXS. Nevertheless, how to maintain the miR-302 expression within such a narrow
dosage window in a specific group of brain neurons will be challenging.

The findings in zebrafish and mouse FXS models have signified a vast similarity
between these animal models and human FXS, which may shed light on new thera-
peutic interventions. Furthermore, these animal models may provide significant
insights into the mechanisms of microsatellite-like nucleotide repeats in brain
development for understanding their functional effects on human intelligence quo-
tient (IQ) and autism.

Given that there are many different microsatellite-like nucleotide repeats in the
human genome, which may encode a variety of repeat-associated miRNAs
(ramRNAs), the availability of these animal models is surely useful for studying the
functional roles of these various ramRNAs in vivo as a forthcoming challenge.
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