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Abstract
FXS often results from the silencing of the FMR1 promoter triggered by a CGG triplet
expansion. In 2010, Collins et al., found three variants in the FMR1 promoter which are
reducing its activity to 36,2%, 29,2% and 5,9% altering the transcription factors binding sites
necessary to initiate FMR1 expression and decreasing the levels of its product FMRP. FMRP
is important for synaptic plasticity in particular in mGluR-dependent LTD which is
exaggerated in FXS leading to impairments in learning and memory and dendritic spine
morphogenesis. To validate these results, we created various plasmids controlled by the FMR1
promoter containing one of these three variants. Plasmids were transfected in HeLa ce lls, rat
cortical neurons and human neuronal precursors. In parallel, mouse hippocampal slice cultures
were shot with gold particles coated by the same plasmids. Confocal microscopy highlighted
that the variant located near the first transcriptional start site was found to reduce FMR1
expression to 42.08% in human neuronal precursors and to 45.7% in mouse hippocampal
slices. The cells and slices were treated with neuronal activity modulators. Bicuculline was
found to rescue FMR1 expression suggesting that the inhibition of GABA receptors triggers a
sufficient increase of excitatory glutamatergic activity to modulate FMR1 expression.
Key words: FXS, FMR1 promoter, transcription factors, FMRP, synaptic plasticity, neuronal
activity modulators, GABA receptors, glutamatergic activity.

Résumé
Le FXS proviendrait de l’expansion d’un triplet de CGG qui provoquerait l’inactivation du
promoteur du gène FMR1. Trois variants de séquence, altérant les sites de liaison des facteurs de
transcription et diminuant la production de FMRP, furent aussi trouvés dans le promoteur FMR1.
FMRP est importante pour la plasticité synaptique principalement dans la LTD dépendante des
mGluR qui est exagérée dans le FXS menant à des déficits d’apprentissage, de mémoire et de
morphogénèse des épines dendritiques. Pour valider ces résultats, nous créâmes différents
plasmides contenant ces trois variants et nous les transfectâmes dans des cellules HeLa, des
neurones corticaux de rats et des précurseurs neuronaux humains. Des cultures de coupes
hippocampales de souris furent aussi transfectées par ces mêmes plasmides avec un Genegun. Nous
observâmes par microscopie confocale que le variant situé proche du plus important site start de
transcription réduisait l’expression de FMR1 de 42.08% dans les précurseurs neuronaux humains et
de 45.7% dans les coupes hippocampales de souris. Les cellules et coupes furent ensuite traitées
avec des modulateurs de l’activité neuronale. La Bicuculline permît de rétablir l’expression de
FMR1 suggérant que l’inhibition des récepteurs GABA déclencherait une augmentation suffisante
de l’activité glutamatergique excitatrice pour moduler l’expression de FMR1.
Mots clé: FXS, promoteur FMR1, facteurs de transcription, FMRP, plasticité synaptique,
modulateurs de l’activité neuronale, récepteurs GABA, activité glutamatergique.
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Introduction

The most common cause of the loss of Fragile X Mental Retardation Protein (FMRP) in Fragile X
Syndrome (FXS) is the result of a CGG expansion (>200 repeats also called full mutation) full
mutation in the 5’UTR (5-prime untranslated region) of Fragile X Mental Retardation-1 gene
(FMR1) (Mandel et al., 1991). This expansion triggers epigenetic silencing of the promoter which
becomes DNA methylated. However, deletions in FMR1 can also cause Fragile X Syndrome
leading to the absence of the gene product, FMRP (Coffee et al., 2008). In addition, variants
affecting the expression and function of FMRP can represent the third important cause of FXS.
However, since FMR1 was identified in 1991, only one missense mutation (I304N) and two small
nonsense deletion mutations have been reported (De boulle et al., 1993; Lugenbeel et al., 1995).
Sequencing of FMR1 is rarely performed in clinical setting and methodological constraints bound to
the cost-effectiveness and throughput of traditional Sanger sequencing have previously prevented a
thorough assessment of FMR1 sequence variations in a large number of patients, leaving the true
significance of pathogenic sequence variants in FMR1 unknown.
Recently, massively parallel sequencing (MPS) also called new generation sequencing (NGS)
vastly improved detection of sequence variation at a scale that was previously impractical
(Shendure and Ji, 2008). Through the use of pooled-template massively parallel sequencing, 130
novel FMR1 sequence variants were identified in a population of 963 developmentally delayed
males without CGG repeat expansion (Collins et al., 2010). Among these, the authors identified a
novel missense change p.R138Q which alters a conserved residue in the nuclear localization signal
of FMRP, ten non coding variants in conserved non coding regions and 3’untranslated region
(UTR) of FMR1 including two predicted splice site mutations and three promoter mutations which
significantly reduce in vitro levels of FMR1 transcription. These three promoter mutations, c.332G>C, c.-293T>C and c.-254A>G, occurred in only one of the 963 sequenced developmentally
delayed males. They were not detected in 1308, 1266 and 1304 control males of European descent.
In addition, these variants were found to be near much conserved sites of the FMR1 promoter
region when comparing the sequence to foreign mammalian sequences.

Maud Simansour-Master Thesis | Introduction

2

Figure 1 : The novel promoter variants c._332G>C, c._293T>C, and c._254A>G. A: Diagram of the minimal promoter and
promoter region of FMR1. Roman numerals I–III represents the three transcription start sites of FMR1. The GC boxes bind
the transcription factor SP1. B: DNA chromatograms of the three promoter variants. C: Mammalian conservation of the
overlapping AP-2 binding site and GC box, the overlapping Inr-like and TATA-like sequences at transcription start site II,
and the Inr-like sequence at transcription start site I. (Collins et al., 2010).

The c.-332G>C variant is located within overlapping biding sites for the SP1 transcription factors
and AP-2α transcription factors (Smith et al., 2004 and Lim et al., 2005). The c.-293T>C variant is
located near transcription start site II, within both an initiator-like (Inr-like) and a TATA like
sequence (Hwu et al., 1993; Beilina et al., 2004). The third variant, c.-254 A>G is located within an
Inr-like sequence near the primary transcription start site (Kumari and Usdin, 2001; Beilina et al.,
2004). These three novel variants in the FMR1 promoter are the first to be identified in much
conserved defined elements of the FMR1 promoter. These elements have been described as
important and close to important binding sites for transcriptional factors important in regulatory
mechanisms for the transcriptional initiation of FMR1 (Beilina et al., 2004).
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activity of the FMR1 promoter. This reporter assay data suggests that the three identified variants
are likely to have a functional effect.
In order to verify these results, we decide to first clone these three mutations of the FMR1 promoter
region (pFMR1) into plasmids containing three various fluorescent reporter genes: the red mCherry
and tdTomato and the green GFP. Second, we transfect these plasmids in human neuronal
precursors, rat cortical neurons and mouse hippocampal slices to compare the expression level of
each mutated pFMR1 plasmids to wild type pFMR1 expression. In this work, we expected to detect
significant differences between the mutated FMR1 (M1FMR1, M2FMR1 and M3FMR1) and the
wild type FMR1 (WTFMR1) expression levels in several cellular models.
The green/red fluorescence reporters can be detected in parallel without interference enabling us to
do co-transfection experiments with the mutant FMR1 and wild type promoter constructs. Thus we
could normalize the expression from the mutant FMR1 promoters to wild type levels to evaluate net
difference. Then, we treat the rat cortical neurons and the mouse hippocampal brain slices with
three neuronal activity modulators, TTX (Tetrodotoxin) that block the action potential discharges,
Bic (Bicuculline) that serves to increase the glutamate release by inhibition of the GABA receptors
and glycine that serves to induce NMDA-dependent LTP (chemical LTP). TTX is a potent
neurotoxin that blocks voltage gated sodium channels (VGSCs) known to play a critical role in
neuronal function under both physiological and pathological conditions (Nieto and al., 2011). Bic is
an antagonist of the inhibitory effect of γ-aminobutyric acid (GABA) (Curtis and al., 1971).
Application of glycine, which has a binding site on the NR1 subunit of the NMDA receptors, was
first used to induce LTP in rat hippocampus in field recording (Shahi et al, 1993). Gly-LTP may
provide a unique way to study long term synaptic transmissions while at the same time measuring
changes in transgenic mice models (Shang et al., 2009). After transfections and treatments of the
various cells, we visualize the FMRP expression level variations by immunofluorescence.
These experiments address the question how the neuronal activity plays a role in the regulation of
the wild type and mutated FMR1 gene. I will introduce this study by describing Fragile X
Syndrome, neuronal activity and features of the FMR1 gene and its product FMRP. In addition, I
will present the various FXS in vivo animal models and the two theories around FXS
pathomechanisms. In the second part, I will elucidate the specific goals and requirements for this
work as well as the materials and methods that I used. At the end, I will describe the outcomes and
possible future directions of our study.
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The Fragile X Syndrome

Mental retardation occurs in 2-3% of the general population either in isolation or in combination
with facial dysmorphisms and /or malformations. It is actually a fundamental research axis on
which various researchers are working on in various laboratories like the Developmental and
Molecular Pathways (DMP) laboratory that belongs to the Novartis Institutes for Biomedical
Research (NIBR) directed by Mark Fishman.
The first intellectual disability syndrome was the Martin-Bell syndrome described in 1943 by James
Purdon Martin and Julia Bell in multiple male members of a family. This finding in the same family
permitted to conclude that this syndrome was X-linked (Martin and Bell, 1943).
Years later, Herbert Lubs discovered, in 1969, the existence of a break on the X chromosome of
males presenting intellectual disability. This break was called “Fragile site” by Frederick Hecht in
1970. This site was designated FRAXA (Fragile site, X chromosome, A site) at Xq27.3 near the end
of the long arm (Sutherland, 1977).

Figure 4: Fragile site of the X chromosome in Fragile X patients.
(http://keytoflyaway.weebly.com/key-to-fly-away/fragile-x-syndrome)

Martin Bell syndrome name was then changed to FXS. FXS is the most frequently encountered
form of inherited mental disability in humans with a prevalence estimated to be 1/4000 in males and
1/7000 in females (Gustavson et al, 1986).
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In addition to the mental retardation, the penetrant males exhibit language deficits, working and
short-term memory problems, mathematics and visuospatial abilities and additional phenotypic
involvements including abnormal facial features such as prominent jaw, large ears and
macroorchidism in post pubescent males (Nussbaum and Lebttner, 1990). Therefore, many patients
display subtle connective tissue abnormalities, hyperactive, attention deficit disorder and autistic
behavior (Warren et al., 1994).
Moreover, abnormalities in dendritic spines and synaptic transmission, in the brain of adults
suffering from FXS and Fmr1 knockout mice, indicate perturbations in the development,
maintenance and plasticity of neuronal network connectivity involved in learning and memory
(Hinton et al., 1991).
These perturbations were found to be linked to the silencing of the Fragile X Mental Retardation-1
gene (FMR1) (Verkerk et al., 1991) and consequently the reduced expression or the complete
absence of the gene product called Fragile X Mental Retardation Protein (FMRP).
The silencing of the FMR1 gene, in the majority of cases, is caused by an expansion of a CGG
repeat in the 5’UTR region of the FMR1 gene (Oberle et al., 1991).
It was the first identified human disorder caused by a dynamic mutation. The CGG repeat is
polymorphic and ranges from 5 to 40 CGGs with an average length of 30 CGG units in the normal
population (Fu et al., 1991). However, in Fragile X patients, this expansion of CGG is found to be
expanded beyond 200 repeats known as the full mutation. These repeats are hypermethylated and
the cytosine methylation extends to the adjacent promoter region of the FMR1 gene (Verkerk et al.,
1991). The gene is also transcriptionally silenced and the Fragile X Mental Retardation Protein
normally produced is absent (Verheij et al., 1993). When there are unmethylated expansions of 40200 CGG units, it is called premutations. Premutations are unstable in meiosis and are found in both
males and females and may expand to full mutation only upon maternal transmission in the next
generation. The risk of transition to a full mutation is dependent on the size of the premutation,
which accounts for the Sherman paradox (Fu et al., 1991). To date, the smallest known CGG repeat
to expand to a full mutation is 56 (Fernandez-Carvajal et al., 2009).

Maud Simansour-Master Thesis | The Fragile X Syndrome

7

Figure 5: The unaffected, and mutated CGG repeat of the FMR1 gene. A) location of the FMR1 gene on the X chromosome.
B) unaffected CGG repeat region. C) full mutation of the CGG repeat region.
(http://keytoflyaway.weebly.com/key-to-fly-away/fragile-x-syndrome).

Loss of FMR1 protein expression seems to be at the core of the intellectual disability and other
features characteristic of FXS. In 1995, Feng et al., supposed that the expansion of CGG repeat in
the 5’UTR of FMR1 gene would form a secondary structure inhibiting the ribosome scanning and
thus leading to a very low translational efficiency (see figure 5). In this aim, in 2011, Feng and Ting
published in Nature a study that uncovers how Fragile X Syndrome causing gene mutations unleash
a translation break that finally leads to overexpression of synaptic proteins that alter the proper
transmission of signals at the synapse.
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Figure 6: Synaptic dysfunctions in FXS. (Feng and Ting, 2011).

Thus, as shown in the figure 6, FMRP can function as a translational break to stall new protein
synthesis. In the absence of FMRP, the translation of many synaptic proteins is accelerated leading
to an aberrant synaptic function. This phenomenon contributes to cognitive and behavioral
impairments in FXS. The lack of FMRP in neurons triggers an alteration of a wide array of mRNAs
encoding proteins involved in synaptic structure and function such as NMDA (N-Methyl-DAspartate) receptors and GABA (γ-aminobutyric acid) receptors (Darnell et al., 2011). These
receptor proteins are known to play a crucial role in regulating synaptic plasticity and neuronal
activity. Some drugs modulating their function are available or under development. This complex
dysregulation in the absence of FMRP creates impairment in spine morphology and functioning.
Consequently, study of molecular and cellular mechanisms resulting in the dendritic spine
anomalies and defects in learning and memory would permit to better understand the pathogenesis
of FXS.
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)LJXUH0HFKDQLVPVRISDWKRJHQHVLVLQ)UDJLOH;V\QGURPH$ )053PRGXODWHVWKHWUDQVODWLRQRILWVWDUJHWVFHUWDLQO\
WKURXJKLWVDVVRFLDWLRQZLWKWKH51$LQGXFHGVLOHQFLQJFRPSOH[ 5,6& )053LVWUDQVSRUWHGWRGHQGULWLFVSLQHVWRJHWKHU
ZLWKLWVDVVRFLDWHG51$VDQGSURWHLQV% $EQRUPDOGHQGULWLFVSLQHPRUSKRORJ\LQSDWLHQWVZLWK)5$;$$QLQFUHDVHG
GHQVLW\RIORQJLPPDWXUHGHQGULWLFVSLQHVLQGLFDWHVWKDW)053KDVDUROHLQV\QDSWLFPDWXUDWLRQDQGSUXQLQJSRVVLEO\
WKURXJKLWVUHJXODWLRQRIJHQHSURGXFWVWKDWDUHLQYROYHGLQV\QDSWLFGHYHORSPHQW *DWFKHO 

,WLVLQWHUHVWLQJWRLQGLFDWHWKHPHFKDQLVPE\ZKLFK)053FRQWUROVWKHWUDQVODWLRQ)053LVNQRZQ
WREHDQ51$ELQGLQJSURWHLQWKDWFRQWULEXWHVWRWKHSRVWWUDQVFULSWLRQDOFRQWURORIJHQHH[SUHVVLRQ
LQWKHEUDLQDQGJRQDGV .KDQGMLDQHWDO 7KXVRQWKHILJXUH$WRPRGXODWHWKHWUDQVODWLRQ
RILWVWDUJHWVZHFDQVHHWKDW)053PDNHVDQDVVRFLDWLRQZLWKWKH51$LQGXFHGVLOHQFLQJFRPSOH[
5,6& $WWKHHQG)053LVWUDQVSRUWHGWRGHQGULWLFVSLQHVWRJHWKHUZLWKLWVDVVRFLDWHG51$VDQG
SURWHLQVWRPRGXODWHWKHV\QDSWLFSURWHLQV\QWKHVLVLQWKHGHQGULWLFVSLQHV7KXVRQWKHILJXUH%LQ
)UDJLOH;QHXURQVZHFDQVHHDQLQFUHDVHGGHQVLW\RIORQJDQGLPPDWXUHGHQGULWLFVSLQHVFRPSDUH
WR WKHXQDIIHFWHGGHQGULWLF VSLQHVVKRZQRQWKH QHXURQ7KHVHDEQRUPDOLWLHVSUHVHQW RQO\LQ );6
SDWLHQWV LQGLFDWH WKDW )053 KDV D UROH LQ V\QDSWLF PDWXUDWLRQ DQG SUXQLQJ SRVVLEO\ WKURXJK LWV
UHJXODWLRQ RI JHQH SURGXFWV WKDW DUH LQYROYHG LQ V\QDSWLF GHYHORSPHQW )053 PLJKW DOVR KDYH D
UHJXODWRU\UROHLQDFWLYLW\GHSHQGHQWWUDQVODWLRQDWWKHV\QDSVH ,QXQDIIHFWHGSDWLHQWVVWLPXODWLRQ
RI SRVWV\QDSWLF PHWDERWURSLF JOXWDPDWH UHFHSWRUV P*OX5V  UHVXOWV LQ LQFUHDVHG SURWHLQ V\QWKHVLV
DQGVXEVHTXHQWLQWHUQDOL]DWLRQRI DPLQRK\GUR[\PHWK\OLVR[D]ROHSURSLRQLFDFLG $03$ 
UHFHSWRUV 7KLV SURWHLQ V\QWKHVLV LV LPSRUWDQW LQ WKH H[SUHVVLRQ RI ORQJWHUP GHSUHVVLRQ /7'
GHWDLOHGODWHU 7KHDEVHQFHRI)053LQ);6UHVXOWVLQRYHUDPSOLILFDWLRQRIWKLVUHVSRQVH
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3

Neuronal activity in hippocampus and neocortex

Neocortex and hippocampus are brain regions in which neuronal activity induces transcription of a
large set of genes. Neuronal activity arising from sensory input induces the expression of new gene
products that contribute to enduring adaptations in the central nervous system (CNS). These
changes include the refinement of cortical circuitry during development (Katz and Shatz, 1996), the
formation of long term memories (Koenig and Lu, 1967) and the development of complex
behaviors such as learning (Clayton, 1997). Neuronal activity stimulates the influx of calcium ions
into the postsynaptic neurons via the L-type-voltage-sensitive Ca2+ channels (L-VSCC) and the
NMDA subtype of glutamate receptors stimulating a cascade of signaling events that lead to
changes in gene expression. These changes in gene expression affect many aspects of nervous
system development including dendritic morphogenesis, neuronal survival and synapse
development which all drive the adaptive responses that underlie learning and memory in the
mature nervous system. Mutations in components of the signaling pathways that participate in the
process of experience-dependent brain development have been found to give rise to a variety of
disorders of cognitive function including autism spectrum disorders.
Activation and localization to the nucleus of modulators of transcription and transcription factors
activated by calcium bind to the regulatory regions of activity regulated genes to orchestrate tuned
levels of gene expression. BDNF (encoding brain-derived neurotrophic factor). This BDNF gene is
the most studied activity dependent gene. The BDNF gene product affects numerous processes in
neuronal development including axonal and dendritic development, synapse formation and
maturation, synaptic potentiation and neuronal survival. In addition, polymorphisms in the BDNF
gene correlate with defects in learning and memory. For the activity dependent transcription of a
large number of neuronal genes, including BDNF exon III, it was found that the cAMP/Ca2+ response element binding protein (CREB) is required and mutations in the BDNF exon III promoter
in the CRE sequence lead to severely reduce the responsiveness of the promoter to Ca2+ influx
(Shieh et al., 1998). However, activation of CREB is not sufficient to mediate alone the activitydependent transcription of BDNF exon III. This finding indicates that there must to exist additional
transcription factors which cooperate with CREB to regulate this gene in a Ca2+ dependent manner
in neurons. The figure below resumes the various steps of Ca2+ dependent transcription in neurons.
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Figure 8: Ca2+ dependent transcription in neurons (Zieg and al., 2008). Activation of a number of signaling molecules which
are required for the expression of new gene products is triggered by calcium influx through NMDA receptors, AMPA
receptors and/or L-type VSCCs. The signaling cascades induced include the Ras/MAPK pathway, the calcium/calmodulindependent protein kinases, the phosphatase calcineurin and Rac GTPases.The activity of a large number of transcription
factors which activate the transcription of number of genes, are modified in turn by these pathways in response to calcium
influx. Numerous biological processes in neurons are affected by these calcium-responsive genes
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Like BDNF, the expression of hundreds of others genes like FMR1 is also regulated by synaptic
activity. Investigating the regulatory mechanisms that control the transcription of these genes in
neurons may provide important insight into activity-dependent neural development and synaptic
plasticity.

4

The FMR1 gene and its gene product FMRP

4.1 FMR1 gene

In 1991, Mandel et al. identified FMR1 as the gene mutated in FXS patients using a positional
cloning strategy (Mandel et al., 1991). It belongs to a small gene family that includes the Fragile X
related gene 1 (FXR1) and the Fragile X related gene 2 (FRX2). These genes are autosomal genes
mapping at 3q28 and 17p13.1 respectively. There is a high sequence similarity between FMR1 and
FRX1 and FRX2 especially in their functional domain and overlap in tissue distribution.
Furthermore, FMR1, FRX1 and FRX2 are highly conserved in evolution and orthologous are present
in vertebrates. Despite of this, FXR1P and FXR2P cannot compensate the lack of FMRP. This
observation suggests that the FXR proteins have different functions (Coffee et al., 2010).

Figure 9: FMR1 and its paralogs FXR1 and FXR2 encoding FMRP, FXR1P and FXR2P respectively. The KH domains and
the C-terminal RGG box are the RNA-binding domains (Pop et al., 2013).
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7KH)05JHQHLVFRPSRVHGRIH[RQVDQGVXEMHFWWRDOWHUQDWLYHVSOLFLQJRFFXUULQJSUHIHUHQWLDOO\
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)LJXUH6FKHPHRIWKH)UDJLOH;0HQWDO5HWDUGDWLRQJHQH )05 DQGSURWHLQ )053 7KH&**H[SDQVLRQLVORFDWHGLQ
WKHƍ875RIWKHJHQH7KHSURWHLQVKRZVVHYHUDOIXQFWLRQDO51$ELQGLQJGRPDLQVDVZHOODVDQXFOHDUORFDOL]DWLRQVLJQDO
1/6 DQGDQXFOHDUH[SRUWVLJQDO 1(6 



 )05SURPRWHU


7KH)05SURPRWHUGRHVQRWSRVVHVVDW\SLFDO7$7$HOHPHQWEXWDSXWDWLYH7$7$OLNHVHTXHQFH
DQGDQLQLWLDWRUOLNH ,QU VHTXHQFHQHDUWKHPDMRU766$GHOHWLRQRIWKHVHWZRHOHPHQWVGRHVQRW
DEROLVK JHQH DFWLYLW\ .XPDUL DQG 8VGLQ   7KHVH REVHUYDWLRQV VXSSRUW WKH LGHD WKDW RWKHU
WUDQVFULSWLRQ VWDUW VLWHV DV ZHOO DV RWKHU LPSRUWDQW UHJXODWRU\ VHTXHQFHV DUH RSHUDWLQJ GXULQJ
WUDQVFULSWLRQDO LQLWLDWLRQ IURP WKH )05 JHQH ,Q WKLV UHJDUG %HLOLQD HW DO LQ  GHPRQVWUDWHG
WKDWWUDQVFULSWLRQ RIWKH )05 JHQHLV LQLWLDWHGDW WKUHHGLIIHUHQW VWDUW VLWHVIRUERWK QHXURQDO DQG
QRQQHXURQDO FHOOV ,QGHHG WKH\ IRXQG WKDW )05 SURPRWHU UHJLRQ SRVVHVVHV WKUHH ,QU VHTXHQFHV
ZKLFKFRUUHVSRQGWR766,,,,,,7KH,QUVHTXHQFHVDUHORFDWHGFORVHWRWKHWUDQVFULSWLRQVWDUWVLWHV
DQG KDYH EHHQ LQYROYHG LQ WUDQVFULSWLRQ LQLWLDWLRQ IURP 7$7$OHVV SURPRWHUV )RU WKLV NLQG RI
SURPRWHUV ELQGLQJ RI ,QUELQGLQJ SURWHLQV WR WKH ,QUHOHPHQWV RQ WKH SURPRWHU IDFLOLWDWHV SRO,,
SRO\PHUDVH,, FRPSOH[IRUPDWLRQHLWKHUYLDLQWHUDFWLRQZLWK7%3 7$7$%R[ELQGLQJ3URWHLQRU
7),,' DQGRURWKHUJHQHUDODQGVSHFLILFWUDQVFULSWLRQIDFWRUVRUE\LQWHUDFWLQJZLWKWKH&7' &
7HUPLQDO'RPDLQ RI51$SRO,, 3XJKDQG7MLDQ 
,Q DGGLWLRQ %HLOLQD HW DO GHPRQVWUDWHG WKDW WKH WUDQVFULSWLRQDO LQLWLDWLRQ IURP WKH )05 JHQH LV
PRGXODWHGE\WKHGRZQVWUHDP&**UHSHDW7KLVFRXSOLQJRI&**UHSHDWVL]HDQGVWDUWVLWHDSSHDUV
WRGLUHFWWKHDFWLYDWLRQRIWKHPRUHXSVWUHDPVWDUWVLWHV7ZRPHFKDQLVPVDUHLPSOLHG2QHSRVVLEOH
PHFKDQLVPE\ZKLFKWKHGRZQVWUHDP&**HOHPHQWFRXOGLQIOXHQFHVWDUWVLWHXWLOL]DWLRQZRXOGEH
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through the interaction of a CGG binding protein with both component of the transcriptional
regulatory machinery like USF1 and USF2 transcription factors and the CGG element itself. The
other possibility would be that the expanded CGG repeat element exerts a direct effect in cis by
modulating the local chromatin architecture (nucleosome positioning). This mechanism would lead
to the altered accessibility of transcription factors to regions within the proximal FMR1 promoter.
In order to identify the most important conserved promoter elements, in 2001 Kumari and Usdin
compared the sequences of the Human FMR1 promoter sequence with that from two other primates
Pan Troglodytes and Maccaca arctoides and two more evolutionary distant species: Mus
domesticus and Canis familiaris (Kumari and Usdin, 2001). For the amplification of the FMR1
5’UTR from the five species, they used a primer derived from the conserved 5’boundary of the
FMR1 promoter and a primer derived from exon 1. The sequences were then aligned with the
human and mouse promoter sequences to identify various regions conserved in all five species.

Figure 11: FMR1 promoter sequences alignments (Kumari and Usdin, 2001). In dark grey boxes, the most conserved
transcription factor binding sites for: αPAL/Nrf1, SP1, SP1-like and USF1/2 (E-box). In light grey boxe, the Inr-like sequence
corresponding to the TATA-like sequence located near the TSS I ( +1).
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The minimal conserved FMR1 promoter may only be 131bp long. No transcription factors (TF)
binding sites are conserved between mouse and Human 5’ of the αPAL/Nrf1 site and 131 bases 5’
of the start of transcription.
Five evolutionary conserved sites are identified in the FMR1 promoter and four of them are
important for transcriptional activity in neuronal derived cells. These include the four protein
binding sites αPAL/Nrf1, the two Sp1 or two GC boxes and the E-box (USFs binding site) (shown
in the dark gray boxes in figure 11). The conservation of these sites, among the five evolutionary
divergent species who shared a common ancestor 80-120 million years ago, indicates that these
sites are important for regulation of FMR1 gene.
For CREB and AP-2α binding sites, the lack of evolutionary conservation and the failure of these
factors to bind in brain and testis extracts, suggests that these two sites may be less important for
FMR1 expression.
Among the several putative cis-regulatory elements within the promoter region of the FMR1 gene,
USF1/USF2 (USFs) and αPal/Nrf-1 appear to be major regulatory factors involved in activation of
the FMR1 gene in brain and testis extracts. USFs have been reported to be Inr-element binding
proteins suggesting that these factors perhaps via the Inr-like sequences associated with sites I-III,
seem to play a role in the regulation of FMR1 transcription (Beilina and al., 2004). This finding is
correlated by elevated levels of these factors accounting in part for the elevated FMR1 expression in
these organs. USFs are two similar helix-loop-helix/leucine zippers and are involved in the
regulation of several tissues specific developmentally- or metabolically- regulated genes (Chen at
al., 2003). αPAL/Nrf-1 are positive regulators of FMR1 promoter and putative bZip factor, involved
in the regulation to cellular proliferation.
These transcription factors are required for normal central nervous system development and may be
relevant given the role of FMR1 in learning and memories (Smith et al., 2004). Thus, these three
factors seem to positively affect transcription of the FMR1 promoter. Moreover, it is known that
methylation abolishes αPAL/Nrf-1 binding to the promoter and affect the binding of USF1/USF2 to
a lesser degree. Methylation may inhibit FMR1 transcription not only by recruiting histones
deacetylases but also by blocking transcription factor binding. Therefore, deletion of the binding
site (by mutational analysis) for these factors reduces transcriptional activity in neuronal derived
cell lines (Kumari and Usdin, 2001).
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Concerning SP1, it is a finger zinc transcription factor gene that binds to GC rich motifs of many
promoters. The encoded protein is involved in many cellular processes including cell
differentiation, cell growth, apoptosis, immune response, response to DNA damage and chromatin
remodeling. Post translational modification such as phosphorylation, acetylation, glycosylation and
proteolytic processing significantly affect the activity of this protein. Gel mobility and foot printing
assays showed that SP1 and AP-2α transcription factors could be involved in the functioning of the
FMR1 promoter. These transcription factors were found within the 5’UTR of FMR1 in normal cells
with a transcriptionally active FMR1 but were absent in cells with Fragile X mutations (Carillo C. et
al., 1999).
In the FMR1 promoter, SP1 and Nrf-1 are potent and synergistic activators of transcription from a
FMR1 driven reporter in Drosophila SL2 cells. SP1 is known to be methylation insensitive (Holler
M. et al., 1988). Indeed, dense methylation of the FMR1 promoter results in loss of Nrf-1
stimulation but only partially reduces SP1 activity. In addition, mutation of these sites in reporter
plasmids results in a loss of promoter activity (Carrillo C. et al., 1999).
In 2004, Smith et al. found that Nrf-1, SP1 and E-box binding USFs 1 and 2 bind the endogenous
FMR1 promoter in normal cells but not in Fragile X cells. The FMR1 promoter also harbors several
potential silencer elements recognized by such factors as NF1 and MAX (Carillo et al., 1999). This
finding was reported by Smith et al in 2004. In the same study, they showed in HeLa cells that
USFs can likely be also repressor of FMR1 transcription. This finding was in opposition with the
study of Kumari and Usdin in 2001. It seems clearly that these results need to be interpreted in the
context of the type of cell line or tissue used in these studies. Indeed many transcription factors such
as AP-2α and αPAL/Nrf-1, identified to be important in FMR1 transcription, show unique
expression patterns at both the cellular and tissue level. In addition, AP-2α is highly expressed
during embryonic and prenatal development and is thought to be essential for CNS development in
embryos (Zhang et al., 1996).
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WUDQVFULSWLRQ(SLJHQHWLFIDFWRUVDOVRSOD\DQLPSRUWDQWUROHLQWKHUHJXODWLQJ)05H[SUHVVLRQ$FHW\ODWLRQDQGPHWK\ODWLRQ
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6RPH RI WKHVH IDFWRUV GHVFULEHG DERYH PLJKW EH LQIOXHQFHG E\ VLJQDOLQJ FDVFDGHV WKDW LQYROYH
UHWLQRLF DFLG &D DQGRU QHXURQDO DFWLYLW\ )LJXUH  7KH ZRUN RI $RWR HW DO LQ 
GHPRQVWUDWHGWKDWWHWURGRWR[LQ 77; DQG'DPLQRSKRVSKRQRYDOHUDWH $39 WUHDWPHQWVGULYH
LQWUDFHOOXODU V\QWKHVLV RI UHWLQRLF DFLG ZKLFK UHGXFHV WKH DVVRFLDWLRQ RI WKH 51$ ELQGLQJ SURWHLQ
5$5Į ZLWK VHOHFWHG P51$V VXFK DV *OX$ WKXV UHPRYLQJ WKHLU WUDQVODWLRQDO EORFN 86)V FDQ
PRGXODWH WKH H[SUHVVLRQ RI VHYHUDO DFWLYLW\ GHSHQGHQW JHQHV YLD FDOFLXP PHGLDWHG VLJQDOLQJ
SDWKZD\ &KHQHWDO $QGQHXUDODFWLYLW\SOD\VDQLPSRUWDQWUROHLQJHQHH[SUHVVLRQDQGLQ
WXUQWKHDFWLYLW\UHVSRQVLYHJHQHVSOD\LPSRUWDQWUROHVLQV\QDSWLFIXQFWLRQ :HVWHWDO 
,QWKHYDVWPDMRULW\RIFDVHVWKH)UDJLOH;6\QGURPHLVFDXVHGE\WKHDEVHQFHRIWKH)05JHQH
H[SUHVVLRQ )URP D PROHFXODU SRLQW RI YLHZ WKH SDWKRORJ\ UHVXOWV IURP WKH DEVHQFH RI )053
HQFRGHGE\WKLVJHQH 3LHUHWWL=KDQJDQGDO9HUNHUNDQGDO 
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4.3

Fragile X mental retardation protein : FMRP

FMRP is an RNA binding protein that is maximally 631 amino acids long. Twelve FMRP isoforms,
with a molecular weight ranging between 70 and 80 KDa (Verkerk et al., 1993), are expressed in
many tissues and organs with a tissue-specific relative abundance (Kaufmann et al., 2002). During a
specific period in human embryonic development, this protein has been shown to bind to nitric
oxide synthase 1 transcript which is important for the normal development and function of the
nervous system especially in some processes like language recognition, speech production,
attention, decision making, complex social behaviors and emotional processing (Kwan et al., 2012).

4.3.1

Spatial and temporal expression pattern of FMRP

Particularly high expression of FMRP is observed in ovary, thymus, eye, spleen and esophageal
epithelium with an abundant expression in brain and testis. In brain, FMRP expression is restricted
to differentiated neurons, mainly in the hippocampus and granular layer of the cerebellum. FMRP
expression is absent from non-neuronal cells (Devys et al., 1993, Hinds et al., 1993). The mostly
neuronal FMRP is concentrated in the prekaryon and proximal dendrites, expression is also detected
in synapses but not in axons (Feng et al.,1997).

Figure 13: Scheme of a neuron.
(http://www.solunetti.fi/fi/histologia/perikaryon/http://www.solunetti.fi/fi/histologia/perikaryon/).

During development, FMRP is particularly found in body tissues including brain, muscle tissue and
internal organs of mice. In adulthood, FMRP is enriched in the brain and testis of mice and becomes
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much less abundant in muscle tissue (Khandjian et al., 1995). In addition, FMRP expression is
mostly confined to neuronal cells in adult brain (Tamanini et al., 1997).
Moreover, immunohistochemical studies proved that FMRP is highly expressed in the cytoplasm of
many types of fetal and adult neurons including cerebellar Purkinje cells, brainstem and cortical
neurons. In monkeys, three dimensional mapping techniques revealed that FMRP expression is
especially high in the cerebellum, striatum and temporal lobe. Temporal lobe structures, especially
hippocampus, play an important role in mediating memory and learning process. This finding
suggests that deficits in behavior and cognition in FXS patients may be linked to the loss of FMRP
from specific sub regions of the brain (Zangenehpour et al., 2009).
In watching more closely at the subcellular distribution of FMRP, in using cultured mouse
hippocampal neurons, it exhibits a strong expression in the cytoplasm and proximal dendrites. Thus,
FMRP exhibits largely overlapping cytoplasm and dendrites expression patterns in developing and
adult mammalian neurons suggesting that FMRP controls some aspect of mRNA metabolism in the
somatodendritic compartment (Tamanini et al., 1997).
These results suggest that FMRP may play an important role in the presynaptic compartment and
that the various behavioral deficits seem to be explained in FXS by the loss of FMRP from a large
number of important neuronal circuits.

4.3.2

FMRP structure

FMRP is structurally divided in three regions: N-terminal region, central region and C-terminal
region (Nelson et al., 2013). Most of the protein-protein and protein-mRNA interactions occur at
the N-terminal and central regions of FMRP. A high degree of conservation is seen for these two
regions among the different family members (FMRP-FXR1P and FXR2P), in comparison to the Cterminal region (Menon et al., 2004). In the N-terminal region, we can find two Tudor domains that
can bind single strand nucleic acids and a nuclear localization signal (NLS). The central region is
composed of two K homology domains (KH) that share a high degree of homology with the
HnRNP K domain, a Nuclear Export Signal (NES) and two coiled coils (CC) involved in proteinprotein interaction (Valverde et al., 2008). The last region called the C-terminal region is the least
conserved region among different species. This region contains a RGG box characterized by a
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conserved Arg-Gly-Gly triplet (Darnell et al., 2001). The KH domains and RGG box are motifs
characteristics of RNA binding proteins (Siomi et al., 1994).

Figure 14: FMRP exon structure comprising its functional domains. FMRP structure frame: The red box at the N-terminus
of exon 1 indicates the location of the CGG triplet repeat within the 5’UTR region of the mRNA. The four RNA binding
domains are: the N-terminus, the two K homology domains (KH1 and KH2) and the RGG box. Protein interacting domains
frame: FMRP domains interacting with NUFIP1, CYFIP1, CYFIP2, FXR1P, FXR2P, TDRD3, and SMN proteins. The
FMRP amino acid sequence involved in these interactions is shown between the brackets. The nuclear localization signal
(NLS) and the nuclear export signal (NES) are also indicated. RNA binding domains frame: The FMRP RNA binding
domains and the RNA/mRNA targets directly bound are indicated (Fernandez et al., 2013).

As indicated by the presence of the KH domains and RGG box, FMRP is an RNA-binding protein
able to recognize some coding and non-coding RNAs including the brain cytoplasmic RNA
BC1/BC2 (Ashley et al., 1993) and micro RNAs (Gessert et al., 1993). Most of these mRNA targets
have been found to be located in the dendrites of neurons. These mRNAs are required to increase
contact with other neurons. FMRP binds a significant percentage of brain mRNAs and has a
preference for two classes of mRNAs that contain either a G quartet structure or a U rich sequence
(Darnell et al., 2001).
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In 2003, Miyashiro et al, identified some 80 mRNAs of which 60% were directly associated with
FMRP. In the brain of KO mice, some of these mRNAs and their corresponding proteins display
subtle changes in location and abundance. Furthermore, brain tissue from humans with FXS and
mouse models also show abnormal dendritic spines. The subsequent abnormalities in the formation
and function of synapses and development of neural circuits result in impaired neuroplasticity, an
integral part of memory and learning.
FMRP can interact directly or indirectly with several cytoplasmic and nuclear proteins. In 2003,
Bardoni et al, used yeast to hybrid or co-immunoprecipitation techniques to describe direct
interaction of FMRP with NUF1P1 (nuclear FMRP interacting protein), 82-FIP (82kDa FMRP
interacting protein) and MSP58 (microspherule protein 58).
Among the best characterized protein interactions, the part of FMRP protein encoded by exon 7 is
responsible for the interaction with the CYF1P1 and CYF1P2 (Cytoplasmic interacting protein 1
and 2), which link FMRP to the RhoGTPase pathway (Schenck et al., 2001). This interaction
permits the formation of the eIF4E-CYF1P1-FMRP complex that blocks mRNAs translation
process (Napoli et al., 2008).
The other best characterized interaction is with the two paralogs Fragile X related proteins 1 and 2
(Zhang et al., 1995). By inducing structural changes in conformation, these proteins can modulate
the affinity of FMRP for different classes of mRNAs.
In addition, residues 470-485 are also essential for the interaction with SMN, and the residues 430486 in the second KH domain are crucial for the binding with TDRD3 (Linder et al., 2008).
At the end, the C terminal region is involved in the interaction with RanBPM, this interaction
permits to modulate the FMRP-mRNA binding activity (Menon et al., 2004).
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4.3.3

FMRP functions

The exact functions of FMRP are still poorly understood. FMRP has been suggested to play roles in
the formation of mRNP complex in the nucleus, in the regulation of mRNA transport, in the control
of the mRNA translation and protein synthesis by the miRNA pathway, in the mRNA stability, ,in
the dendritic spine development and recently in DNA damage response (DDR). For more
understanding, the various FMRP functions are resumed in the figure 15 below.

Figure 15: FMRP functions in neuron. 1) After FMRP binds target mRNA and proteins in the nucleus, forming an mRNP
particle, it is exported to the cytoplasm, where it can exert multiple functions. 2) The complex can stay in the cell body or
move to dendritic spines, transporting the mRNA. 3) Subsequently, it can associate with translating ribosomes, regulating
mRNA translation. 4) FMRP may also function as a translational regulator via its role in the miRNA pathway. 5) A last
known function of FMRP is the involvement in mRNA stabilization. (Heulens, 2011).

4.3.3.1

Regulation of the translation and the synaptic protein synthesis

FMRP is thought to play a role in synaptic plasticity through the regulation of mRNA transport and
translational inhibition of local protein synthesis at the synapses (Jin P. and al., 2004).
The major molecular mechanism by which FMRP regulates translation seems to be by the RNA
interference (RNAi) pathway. In this way, Qurashi and al, in 2007, observed specific interactions
between dFmrp (Drosophila Fragile X Mental Retardation Protein) and two functional RNA
interference silencing complex (RISC) proteins, dAGO (Argonaute 2) and Dicer, which mediate
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RNAi. Micro RNAs seem regulate the translation of its target genes. Once FMRP binds to its
specific mRNA ligands, it recruits RISC along with miRNAs and it permits to facilitate the
recognition between miRNAs and their mRNAs ligands. One single miRNA can regulate multiple
mRNA targets and a given mRNA can be regulated by multiple miRNAs. This transient and
temporal translational regulation allows a rapid and reversible translation, a requirement for protein
dependent synaptic plasticity. This protein synthesis occurs in the soma but also along axons,
dendrites and postsynaptic sites.
A scheme of these mechanisms was resumed by Jin and Warren in 2003 and permitted to propose a
model for FMRP neuronal functioning.

Figure 16: Model of Fragile X Mental Retardation Protein (FMRP) in the neuron (Jin and Warren, 2003).

As indicated in the figure 16, FMRP is dimerized in the cytoplasm (I) and is transported into the
nucleus via its NLS (II). In the nucleus, dimerized FMRP assembles into a messenger
ribonucleoprotein (mRNP) complex and interacts with specific RNA transcripts and others proteins
(III). Then, the FMRP-mRNP complex is transported out of the nucleus via its NES (IV). In the
cytoplasm, FMRP might bind to RNA and associate with the mRNP (V, VI). Once in the
cytoplasm, the FMRP-mRNP complex interacts with the RISC before linking with ribosomes in the
cell body (VII) to produce the proteins (VIII). Some of these proteins might be important for axon
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guidance (IX). Alternatively, the FMRP-mRNP complex can be transported into dendrites (X) to
regulate local protein synthesis of specific mRNAs in response to synaptic stimulation signals such
as mGluR (metabotropic glutamate receptor) activation (at XI in the figure 16) or by the activation
of glutamate receptors NMDAR and AMPAR respectively the ionotropic receptors N-methyl-Daspartate and the alpha-amino-3-hydroxy-5-methyl-4-isoxazo-lepropionic acid (Shi et al., 1999).
This synthesis is required for long lasting forms of synaptic plasticity that underlie consolidation of
long term memories (Flavell and Greenberg, 2008).
The seat of these long term memories in the brain is the hippocampus. Since the late 1950s, with the
pioneering work of Brenda Milner, the hippocampus is known to be important for aspects of long
term memory storage in human and others mammals.

Figure 17: Scheme of hippocampal slices with the three detailed synaptic pathways.

The figure above represents the hippocampus which is divided in three distinctive regions
composed of three distinctive kinds of cells. The dentate gyrus (DG) which is composed of granules
cells, the CA3 and CA1 regions which are composed of pyramidal cells having different properties.
These regions are connected by well-defined pathways through which signals traverse the
hippocampus. Three important pathways are visualized in the hippocampus: the perforant pathway
which synapses onto the granule cells in the dentate gyrus, the mossy fibre pathway which synapse
on the pyramidal cells in the CA3 region and the Schaffer collateral pathway which permits to the
pyramidal cells in CA3 to send excitatory (Schaeffer) collaterals to the pyramidal neurons in the
CA1 region of the hippocampus.
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In 1973, Bliss and Lomo found that a brief high frequency action potential train in the perforant
pathway, in the granule cells of hippocampus, produces an increase in the excitatory synaptic
potential. This phenomenon could last for hours and even for days and weeks. They called this
facilitation: long term potentiation (LTP).
Like LTP, long-term depression (LTD), also provides a means for regulating the strength of
synaptic connections in the mammalian brain. In contrast to LTP, LTD requires a prolonged
inhibition of synaptic transmission and several synaptic events including mRNA targeting, local
protein synthesis and degradation.
LTD was discovered at the beginning of the 80’s in the cerebellar Purkinje cell. This kind of cells is
the backbone of the cerebellar cortex and the cerebellar function. It likely plays an essential role in
the memorizing. Contrary to the LTP which is triggered by a high frequency synaptic stimulation,
LTD is produced by a low frequency nerve impulse (1-5 Hertz).The synapse is then subjected to an
inverse transformation to the LTP: instead of seeing their increased efficiency, the synaptic
connection is weakened.
The reason for this difference comes from the fact that these two different activation patterns will
have on the concentration of calcium ions inside the cell: a significant increase in calcium for LTP
or a small increase for the LTD. These different levels of intracellular calcium concentration will
cause the activation of distinct second messengers. In the case of LTP, much calcium would
activate protein kinases, whereas the low calcium released by the LTD rather activated
phosphatases.
It is these enzymes that modify the synapse to make it less effective to the passage of nerve
impulses.
It is interesting to note that these are the same neurotransmitter (glutamate) and the same NMDA
receptors that are involved in the massive or restricted entry calcium into the neuron.
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Figure 18: Schematic representation of the molecular and cellular mechanisms of the LTD (Vigot, 2003).

The figure 18 allows describing the various LTD mechanisms. The glutamate released by climbing
fibers and parallel fibers activates AMPA receptors triggering the neuron depolarization and the
opening of potential dependent calcium channels. The intracellular free Ca2+ increase, bound to
opening of these channels, is an essential factor for LTD induction. The glutamate coming from the
parallel fibers also activates the metabotropic glutamate receptor subtype 1 (mGluR1) triggering the
phospholipase C (PLC) activation and the diacylglycerol inositol tri-phosphate formation. This one
induces after receptors activation, the releasing of Ca2+ from intracellular stocks. Two kinase
proteins called protein kinase C (PKC) and protein kinase G (PKG) have a central role in the
control of the AMPA receptors phosphorylation state. Indeed, the PKC directly phosphorylates
receptors only after its activation by the inhibition of the dephosphorylating of these receptors. The
intracellular way using this kinase is activated by a diffusible neurotransmitter: nitric oxide (NO)
which is synthesized and released by the parallel fibers termination. Its distribution in Purkinje cell
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causes the guanylate cyclase activation and the cyclic GMP formation. This one is the activator of
PKG which inactivates the phosphatases through a specific substrate: G substrate.
Two main types of LTD are found in hippocampus: one is dependent on NMDA receptors and the
other is dependent on metabotropic glutamate receptors (mGluRs). These both forms of LTD lead
to a decrease in postsynaptic AMPA receptors. The main distinction in these both forms is that early
mGluR-triggered LTD requires the fast translation of mRNAs localized in postsynaptic dendrites,
whereas hippocampal NMDA-triggered LTD does not require protein synthesis for its early
expression (Huber et al, 2000).
Studies have established that FMRP is important for synaptic plasticity, in particular in mGluRdependent LTD. This association came from a finding which revealed that synaptoneurosomal
activation of Gp1-mGluRs stimulates the FMRP synthesis (Weiler and Greenhough, 1993). In Fmr1
KO mice, DHPG-induced LTD plasticity is strongly increased in hippocampus. This effect on LTD
is due to dysregulated local protein synthesis (Huber et al., 2002) and permitted to settle the bases to
describe the “mGluR Theory” (Bear et al., 2004). This theory proposes that under normal
conditions, in response to Gp1-mGluR activation, FMRP synthesis maintains the balance of
mGluR-LTD by acting as a brake on the synthesis of new proteins upregulated by Gp1-mGluR
signaling. In the absence of FMRP, Gp1-mGluR dependent mRNA translation continues
unopposed, leading to an overabundance of “LTD proteins”.
Indeed, by repressing in vivo and in vitro translation, FMRP plays a role in both basal and activity
dependent local protein synthesis (Zalfa et al., 2003). This phenomenon was visualized in
lymphoblastoid cells from individuals affected by FXS, in which it has been observed that several
hundred FMRP mRNA targets showed an abnormal polysomal distribution triggering to an
increased translation (Brown et al., 2001). In addition, in Fmr1 KO mice, protein synthesis of
FMRP-targeted mRNAs is increased, extending to synapses the function of FMRP as a translation
repressor (Zalfa et al., 2003). On the scheme below, we can resume the various effects of FMRP in
translation dependent synaptic plasticity.
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Figure 19: The role of FMRP in translation-dependent synaptic plasticity (Sidorov et al., 2013). (A), FMRP and mGluR5
impose opposite regulation on the local mRNA translation required for mGluR-LTD expression. We can deduce that in
absence of FMRP, there is excessive protein synthesis and exaggerated LTD. In the (B), different pools of mRNA might be
available and are differentially required for LTD versus LTP, and FMRP may specifically regulate the pool required for
LTD. In the (C), FMRP is explicitly involved in the regulation of dendritically localized translation and not in the regulation
of the somatic translation. By the way, FMRP impacts only on the forms of synaptic plasticity required for local translation
such as mGluR-LTD. However, in the (D), FMRP also regulates protein synthesis involved in mGluR-dependent facilitation
of LTP. This finding suggests that the translated proteins under the control of FMRP may be involved in bidirectional
maintenance of plasticity rather than being specific to LTD.
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4.3.3.2

Regulation of mRNA transport

FMRP contains nuclear localization signal (NLS) and a nuclear export signal (NES), indicating that
FMRP has the ability to act as a chaperone for trafficking mRNAs from the nucleus into the
cytoplasm (Eberhart et al., 1996) (see figure 16). Loss of FMRP impairs the activity-dependent
transport of these mRNAs into dendrites by reducing their interaction with kinesin-1 (Dictenberg et
al., 2008). In Drosophila neurons, FMRP regulates the movement of FMRP target mRNAs,
suggesting the idea that FMRP, in acting as an adaptor protein between its target mRNAs and
microtubule-based motors, influences mRNA transport (Estes et al., 2008).

4.3.3.3

Regulation of mRNA stability

In 2007, Zalfa et al. reported a new cytoplasmic regulatory function for FMRP: control of mRNA
stability. They found that in mice, FMRP binds the mRNA encoding PSD-95 (postsynaptic density
protein 95). This protein is a key molecule in the regulation of the neuronal synaptic signaling and
learning. Increasing message stability appears when this interaction occurs at the 3’untranslated
region of the PSD-95 mRNA. In addition, this stabilization is increased by mGluR activation.
These results suggest that dysregulation of mRNA stability might contribute to the cognitive
impairments in individuals with FXS.

4.3.3.4

Regulation of the dendritic spine development

The dendritic spines are crucial for the processing of synaptic inputs. One way in which neuronal
activity regulates synaptic processing is by altering the length or complexity of dendritic spines.
In the brain and particularly in neurons, FMRP is localized at the base of dendritic spines in
association with polyribosomes. This association is RNA and microtubule dependent, suggesting a
role for FMRP in mRNA trafficking and dendritic spine development. Dendritic spines are the
postsynaptic compartments of the most excitatory synapses in mammalian brains. In Fragile X
Syndrome, dendritic spines are denser apically, thin, tortuous and elongated and an immatureappearing distribution profile of spine morphologies in the neocortex was found compare to the
normal brain controls (Irwin et al., 2002).
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Harris et al. in 1992 showed that the distribution of spines along apical shafts of pyramidal cells in
hippocampal subfield CA1 shifts from an abundance of thin spines in young animals to
predominantly stubby or mushroom-shaped spines by adulthood. In drosophila, loss of dfmrp
function (which acts as a regulator of cytoskeleton stability) in neurons results in inappropriate
sprouting, branching and growth, it gives rise to gross changes in both axon and dendrite
projections in motor, sensory and central neurons (Zhang et al., 2004).
In addition, loss of FMRP results in altered microtubule dynamics that affect neural development
and indicate a potential role for FMRP in synaptic plasticity (Zhang et al., 2001). MAP1b is among
the most abundant neuronal microtubule associated proteins (MAPs) in the brain. An increasing
number of reports indicate the critical role for MAP1b in modulating microtubule dynamics in the
growing neuritis essential for neural network development. Indeed, the lack of FMRP-dependent
translation suppression results in overproduction of MAP1b and aberrantly increased microtubules
stability in FMR1 KO neurons suggesting that FMRP is involved in regulating microtubules
dynamics during brain development (Lu et al., 2004). In addition, microtubule dynamics also
controls the trafficking of neurotransmitter receptors to the synaptic junction (Serge et al., 2003).
Indeed, abnormalities in glutamate receptor mediated long term plasticity could result to the altered
microtubule dynamics in FMR1 KO neurons which could affect neurotransmitter dependent
synaptic communication (Huber et al., 2002).

4.3.3.5

DNA Damage Response

In the work of Alpatov in 2014, using mouse spermatocytes as a model, the authors showed that
FMRP decorates meiotic chromosomes and regulates γH2A.X induction, BRCA1 and ATR
recruitment, and resolution of single-strand repair intermediates during meiosis (Alpatov et al.,
2014). These findings identified FMRP as a chromatin-binding protein and showed that FMRP
plays a role in the DNA damage response at the chromatin interface independently from the
canonical role of FMRP in translational regulation.
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5

In vivo models for FXS

Different FXS in vivo models have been generated to study the effects of the lack of FMRP on
behavior, mRNA translation and pharmacological interventions. Thus, FXS studies have been
performed on fruit fly (Drosophila melanogaster), zebrafish (Danio rerio), mouse (Mus musculus)
and rat (Rattus norvegicus).
The Drosophila melanogaster orthologous of FMRP, dFmrp, exhibits considerable amino acid
sequence similarities with the vertebrate FMRP, FXR1P and FXR2P. It exhibits many functional
properties comparable to FMRP such as RNA-binding capacity, repression of translation and
modeling neurons in the nervous system (Wan et al., 2000). Morphological abnormalities of
neurons were observed in the central nervous system. Loss of dFmrp resulted in mushroom body
defects and altered axonal branching (Zhang et al., 2001). This animal model was ideal for
screening a chemical library of 2000 compounds and identified nine molecules that rescued lethality
phenotype including three molecules implicate in the GABAergic inhibitory pathway. GABA
treatment rescued mushroom bodies defects, abnormal male courtship behavior. These data are
consistent with GABAergic impairment in Fragile X syndrome (Chang et al., 2008).
To study embryonic development in a vertebrate system, zebrafish is a very convenient animal. All
organs are developed in 24 hours and the transparence of the animal allows direct observation of the
embryonic development. The zebrafish genome encodes for all three orthologs of FMRP, FXR1P
and FXR2P (Engels et al., 2004). Using the morpholino antisense oligonucleotide knockdown
technique, a FXS phenotype has been observed including abnormal axonal branching, neuronal
guidance and defasiculation defects (Tucker et al., 2004). However these results are under debate
and this approach appears to result from potential experimental artifacts and seems not suitable to
use as FXS disease model (den Broeder et al., 2009).
FMR1 is conserved between human and mouse with a nucleotide and amino acid identity of 95%
and 97% respectively (Ashley et al., 1993). The Fmr1 KO mice have been studied extensively and
it was demonstrated to be the most useful animal model to study FXS. The Fmr1 KO mice show
increased testicular weight (Bakker et al., 1994), epileptic seizures occur spontaneously in 20% of
the individuals with FXS (Mumeci et al., 2000) and numerous behavioral tests were performed in
the Fmr1 KO mice and permitted to highlight the behavioral deficits in the Fmr1 KO mice. In
addition Fmr1 KO mice show deficits in spatial learning, a defect of prepulse inhibition (PPI) of
acoustic startle response and increased locomotor activity (Bakker and Oostra, 2003). Anxiety and
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repetitive behavior have been found in Fmr1 KO mice too. An important finding is that Fmr1 KO
mice exhibit abnormal spine morphology in different brain areas similar to the abnormalities found
in FXS patients. Some studies found a higher dendritic spine density in cortex and hippocampus of
Fmr1 KO adult mice (Galvez and Greenough, 2005). In addition, most of the studies report an
immature dendritic spine phenotype both in the cortex and in the hippocampus of Fmr1 KO mice
compared to the wild type controls (Irwin et al., 2002). The same immature dendritic spine
phenotype was found in primary hippocampal neuron culture and in dissociated neuron cultures
from FXS patients (Levenga et al., 2011b).
Moreover, in the Fmr1 knockout mouse, a delay in somatosensory map formation was found,
alterations in the morphology profile of dendrites and spines of neurons and a decrease in the
synaptic levels of proteins involved in glutamate receptor signaling at times corresponding to the
highest levels of FMRP expression. These results suggest that bad timing of developmental
processes caused by the loss of FMRP would lead to alterations in neural circuitry that underlie
behavioral and cognitive dysfunctions associated with FXS (Till et al., 2012).
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6

Therapeutic interventions

6.1 The mGluR theory

According to the “mGluR theory” (Bear et al., 2004) described above in the text, in FXS, absence
of FMRP leads to exaggerated protein synthesis following Gp1-mGluR activation and consequently
to increased AMPAR internalization. By this way, in blocking the mGluR5 using a specific
antagonist, it might reduce the excessive protein synthesis and altered synaptic plasticity in FXS.

Figure 20: mGluR theory. (a) Stimulation of mGluR5 by glutamate induces local mRNA translation at the synapse. Local
protein synthesis stimulates the internalization of AMPA receptors, which is essential for long-term synaptic plasticity.
FMRP negatively regulates transcription and reduces the internalization of AMPA receptors. (b) By extrapolation from
findings in Fmr1 KO mice, neurons from patients with FXS have increased internalization of AMPA receptors in the absence
of FMRP, which weakens the synapse.(Levenga, 2010).

Previous studies proved this finding in using treatment with 2-methyl-6-(phenylethynyl)-pyridine
(MPEP) and other mGluR5 antagonists (Fenobam, Mavoglurant (AFQ056), STX107, R04917523,
CTEP). Moreover, it has been shown that phenotypic characteristics including audiogenic seizures,
altered prepulse inhibition (PPI) and open field hyperactivity were reversed in using these
treatments (Chuang et al., 2005, Lindemann et al., 2011). In human studies, the use of selective
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mGluR5 antagonists (as Fenobam) in FXS showed clinical benefits including reductions in
hyperactivity and anxiety (Berry-Kravis et al., 2009). In addition, in another study, the AFQ056 was
tested in a seven subject subsets marked by full FMR1 gene methylation, the authors observed a
significant response to AFQ056 compared to placebo. They hypothesized that AFQ056 may permit
to treat abnormal behaviors associated with FXS in a subgroup of patients with full FMR1 gene
methylation. AFQ056 (Novartis, Basel, Switzerland) was studied in large scale phase III clinical
trials in FXS. Unfortunately, Novartis has announced in April 2014 that the company will be
discontinuing its development program in Fragile X for its lead mGluR5 antagonist, Mavoglurant
(AFQ056), following negative results in a large international clinical trial in adults (reported in the
Fall of 2013) and most recently, in a trial in adolescents. In both placebo-controlled trials, patients
taking Mavoglurant did not show improvement over placebo in any outcome measures.

6.2 GABA receptor theory

GABA receptors and the GABAergic system are known to be involved in anxiety, hyperactivity,
epilepsy, autism spectrum disorder, insomnia, and learning and memory; these last processes are
also disturbed in FXS. Various researchers are agreeing to argue that a dysfunction of the
GABAergic system has neurophysiologic and functional consequences that might relate to the
behavioral and neurological phenotype associated with FXS. Consequently, the GABA receptors
might be novel targets for treatment of FXS. Thus, as described in the previous part, Chang et al.,
reported that Fmr1

-/-

mutant drosophila die during development when reared on food containing

increased levels of glutamate. This lethal phenotype also permitted to screen a chemically library of
2000 compounds and identified nine molecules that rescued lethality and among them three were
involved in GABAergic inhibitory pathway. Thus, GABA treatment might rescue several known
Fmr1 mutant phenotypes in flies including mushroom bodies defects, excess Futsch translation and
abnormal male courtship behavior.
The best known GABAergic drugs are the benzodiazepines (BZD) which are known to enhance
GABAergic function, but their using exhibits undesirable side effects including sedation and ataxia
and cessation of treatment can cause rebound of anxiety and insomnia (Nemeroff CB, 2003).
Therefore, another type of drugs known to act as allosteric modulators of the GABAa receptor is the
neuroactive steroids. Indeed, Ganaxolone (endogenous neurosteroid produced in the central nervous
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system which modulates GABA through activation of GABAa receptor) is in phase II clinical trials
for promising treatment of catamenial epilepsy (Reddy DS, 2004). Use of Ganaxolone is now
planned for treatment of audiogenically induced seizures in Fragile X mice.
For January 2014, Marinus and pharmaceuticals perform another study about Ganaxolone treatment
and are currently recruiting participants. This Phase 2 proof-of-concept study is a double-blind,
randomized, placebo-controlled, crossover study to investigate Ganaxolone treatment in children
with FXS. Up to 60 subjects (ages 6-17 yrs) will be randomized to receive either ganaxolone or
placebo for 6 weeks and then cross over to the opposite treatment for another 6 weeks. The aim of
the study is to assess the safety, tolerability and efficacy of ganaxolone for treatment of anxiety and
attention in subjects with FXS. The authors hypothesize that Ganaxolone treatment compared to
placebo will improve anxiety and attention as measured by the several neuropsychological and
psychometric tests.
The two strategies are summarized in the figure below.

Figure 21: The mGluR theory and the GABAa R theory strategies in FXS.
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In addition, we also wanted to know how neuronal activity could play a role on the neuronal FMR1
expression. In order to answer these questions, the various transfected cultures were treated with
neuronal activity modulators. These treatments are known to modulate the expression level of
proteins involved in synaptic plasticity. Thus, we could ask how the neuronal activity and which
signaling pathways play a role in the regulation of FMR1 transcription? Is it in accordance with the
mGluR theory suggested by Bear et al. or is it in accordance with the GABA receptor theory?
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)LJXUH*HQHUDOSODVPLGVFRQVWUXFWLRQPDS



$OO WKH SODVPLGV FRQWDLQ ZLOG W\SH RU PXWDWHG YHUVLRQV RI WKH )05 SURPRWHU UHJLRQ WKUHH +$
7DJV ZKLFK DUH XVHG IRU WKH LPPXQRIOXRUHVFHQFH VWDLQLQJ D *DWHZD\ FDVVHWWH ZKLFK SHUPLWV
LQWURGXFWLRQRIWKHYDULRXVUHSRUWHUJHQHLQVHUWVXVLQJ*DWHZD\FORQLQJ GHWDLOHGEHORZ DQ,QWHUQDO
5LERVRPH(QWU\6LWH ,5(6 ZKLFKDUHVHTXHQFHVZKHUHLQWHUQDOWUDQVODWLRQDOLQLWLDWLRQRIP51$
WUDQVFULSWLRQ FDQ LQLWLDWH D 1HRP\FLQ 1HR  UHVLVWDQFH FDVVHWWH DQ $PSLFLOLQH $PS  UHVLVWDQFH
FDVVHWWHDQGDSRO\DGHQ\ODWLRQVLJQDO SRO\$ 
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Gateway cloning protocol
Based on the well-characterized site-specific recombination system of phage lambda, the
Gateway technology allows the cloning, combination and transfer of DNA segments into
compatible plasmids while maintaining their orientation and the reading frame for fragments of
interest.

Figure 24: Schematic mechanism of gateway cloning.

The scheme shows the four types of plasmids and enzyme mixes involved in Gateway cloning
reactions. Red curving arrows represent the fragment of interest.
The so called “entry clone” is at the center of the Gateway cloning process. It is a plasmid where the
fragment of interest is flanked by attL sequences. It is obtained by combining a Donor Vector with
the fragment of interest flanked by attB sites previously obtained by PCR. Once the entry clone is
generated, the fragment of interest can be transferred to secondary plasmids called the destination
vectors. The product of this reaction, called “LR reaction”, is the expression clone. This reaction is
accomplished by mixing the entry clone (pDONR plasmid) and various destination vectors (here the
pFMR1 plasmids WT, M1, M2 and M3) in the presence of LR clonase enzyme mix. An aliquot of
these reactions is used to transform competent E.coli cells. In order to select only cells harboring the
expression clone, two selection schemes are imposed: at first, the entry clone and the destination
vector contain different antibiotic resistance genes (Zeocin and Ampicilline at 50mg/L and
100mg/L respectively), in second, the destination vector contains a counter selectable marker, the
ccdB gene, which kills the cells by inducing gyrase mediated double stranded DNA breakage. Thus,
only the expression clone will be carried in colonies selected by Ampicillin resistance.
In our study we had to create FMR1 promoter plasmids containing the various nuclear and
cytosolic reporter genes. We cloned the reporters into entry clones, obtained by standard cloning

Maud Simansour-Master Thesis | Materials and methods

40

procedure (restriction cloning) for the nuclear (destabilized) pFMR1 plasmids and by BP cloning
for the cytosolic pFMR1 plasmids.

8.1.1

Generation of entry clones

First, we PCR amplified the GFP, tdTomato and mCherry reporter gene sequences from plasmids
available in the lab. Two different modified PCRs were performed in order to amplify the cDNA of
the reporters. One was for a restriction enzyme based cloning strategy for the nuclear entry clones
containing the NLS and Pest sequences and another to get the cytosolic reporters that were used in
BP reaction based cloning.

8.1.1.1

Nuclear entry clone production by enzymatic restriction cloning

The nuclear entry clones were created by combining the pDONR vector backbone amplified by
inverse PCR and the cDNA of the fluorescent reporters by normal PCR using a restriction enzyme
based strategy. In the resulting constructs the reporters with NLS and Pest sequences are flanked by
the att sites allowing later transfer of the cDNAs into destination vectors via Gateway reactions.

8.1.1.1.1

Reporter gene sequence amplification step

The plasmid region containing the sequence of the reporter gene was amplified by PCR with a
forward phosphorylated primer and a reverse primer containing an AgeI restriction site for the
amplification of the nuclear mCherry and tdTomato reporter genes:
mCherry-tdTfPhos 5’-GGTACCATGGTGAGCAAGGG-3’
mCherry-tdTomato-R: 5’-CGTAACCGGTACTTGTACAG-3’
The destination vector sequence was amplified by inverse PCR from a plasmid containing the GFP
reporter gene sequence. The PCR amplification was realized with a forward primer containing an
AgeI site and a reverse phosphorylated primer:
Destabilized-V-F: 5’-GTTCACCGGTGTACAAGAAGC-3’
Destabilized-V-R Phos: 5’-GCTCACCATGGACACGTGTA-3’
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7KH 3&5 DUH SHUIRUPHG E\ XVLQJ D ; 3KXVLRQ 0DVWHU 0L[ 7KHUPR 6FLHQWLILF  7KH
DPSOLILFDWLRQSURWRFROXVHGZDVWKHIROORZLQJDILUVWGHQDWXUDWLRQVWHSDW&IRUVHFIROORZHG
E\F\FOHVFRQWDLQLQJRQHVWHSDW&IRUVHFRQHVWHSDW&IRUVHFDQGDQHORQJDWLRQ
VWHSDW&IRUVHFWKHQDILQDOHORQJDWLRQVWHSDW&IRUPLQ

 (Q]\PDWLFUHVWULFWLRQFORQLQJ


7KHQWKH3&5SURGXFWVREWDLQHGZHUHGLJHVWHGE\$JH,7KH3&5SURGXFWVKDYHDEOXQWDQGVWLFN\
HQGV,QRUGHUWRLQVHUWWKH3&5SURGXFWVLQWKHHQWU\FORQH,XVHGD7'1$OLJDVH DPRODUUDWLR
RILQVHUWYHFWRULVUHFRPPHQGHGIRUUDSLGOLJDWLRQRI'1$LQVHUWVWRYHFWRUVWRSURGXFHFLUFXODU
UHFRPELQDQWPROHFXOHV 
$IWHU WKH OLJDWLRQ VWHS WKH SODVPLGV REWDLQHG ZHUH WUDQVIRUPHG LQ FRPSHWHQW FHOOV 2QH 6KRW
2PQL0D[7&KHPLFDOO\&RPSHWHQW(FROLFHOOV ,QYLWURJHQ 7KHWUDQVIRUPDWLRQVZHUHVHHGHG
RQDJDUJHOZLWK=HRFLQ =HR DQWLELRWLFDWPJPO$IWHURQHQLJKWDW&ZHJRWVRPHFRORQLHV
FRQWDLQLQJWKHSODVPLGV7KHFRORQLHVZHUHVFUHHQHGE\3&5DQGYHULILHGE\HQ]\PDWLFUHVWULFWLRQ
7KHFRORQLHVFRQWDLQLQJWKHJRRGLQVHUWZHUHVHHGHGLQD/%PHGLXPFRQWDLQLQJ=HRDWPJPO
$IWHURQHQLJKWDW&ZLWKVKDNLQJWKHSODVPLGVZHUHH[WUDFWHGXVLQJ4LDJHQ3ODVPLG3OXV0D[L
.LW 4LDJHQ DQGYHULILHGE\GLUHFWHGVHTXHQFLQJDQGUHVWULFWLRQGLJHVWLRQ



)LJXUH*HQHUDOVFKHPHRIGHVWDELOL]HGHQWU\FORQHV
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8.1.1.2

Cytosolic entry clones production by BP cloning

8.1.1.2.1

Reporter gene sequence amplification step

I first amplified by PCR the mCherry and tdTomato reporter genes sequences, from plasmids kindly
provided by the laboratory, by using two modified primers containing the attB sites necessary for the
BP cloning allowing inserting the reporter gene sequences PCR products in the pDONR plasmid in
order to get the cytosolic entry clones containing the reporter gene sequences.
mCherry-Tomato-F 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACCATGGTGAGCAAGGGCGAG-3'
mCherry-Tomato-R 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTACTACTTGTACAGCTCGTCCATGCC-3'

The PCR were done by using the 2X Phusion® Master Mix (Thermo Scientific™) with a first
denaturation step at 98°C for 30sec follows by 35 cycles containing one step at 98°C for 30 sec, one
step at 68°C for 10 sec and an elongation step at 72°C for 40sec, then a final elongation step at 72°C
for 7min. The PCR products were isolated by cutting the band after agarose gel electrophoresis
followed by purification with a PCR purification kit from Qiagen®.

8.1.1.2.2

BP cloning reaction

The purified PCR product is mixed with the pDONR vector in presence of a BP clonase enzyme in
order to create the entry clones containing the fragment of interest. See below for an overview of
the set-up. For more detailed information, refer to the manual.
1. Add the following components to a 1.5 ml tube at room temperature and mix:
attB-PCR product (=10 ng/µl; final amount ~15-150 ng) 1-7 µl
Donor vector (150 ng/µl) 1 µl
TE buffer, pH 8.0 to 8 µl
2. Thaw on ice the BP Clonase™ II enzyme mix for about 2 minutes. Vortex the BP Clonase™
II enzyme mix briefly twice (2 seconds each time).
3. To each sample (Step 1, above), add 2 µl of BP Clonase™ II enzyme mix to the reaction and
mix well by vortexing briefly twice. Microcentrifuge briefly.
4. Return BP Clonase™ II enzyme mix to -20°C or -80°C storage.
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 ,QFXEDWHUHDFWLRQVDW&IRUKRXU
 $GGORIWKH3URWHLQDVH.VROXWLRQWRHDFKVDPSOHWRWHUPLQDWHWKHUHDFWLRQ9RUWH[
EULHIO\,QFXEDWHVDPSOHVDW&IRUPLQXWHV
7UDQVIRUPDWLRQ
 7UDQVIRUPORIHDFK%3UHDFWLRQLQWRORI2QH6KRW2PQL0$;73KDJH
5HVLVWDQW&HOOV &DWDORJQR& ,QFXEDWHRQLFHIRUPLQXWHV+HDWVKRFNFHOOVE\
LQFXEDWLQJDW&IRUVHFRQGV$GGORI62&0HGLXPDQGLQFXEDWHDW&IRU
KRXUZLWKVKDNLQJ3ODWHODQGORIHDFKWUDQVIRUPDWLRQRQWRVHOHFWLYHSODWHV1RWH
$Q\FRPSHWHQWFHOOVZLWKDWUDQVIRUPDWLRQHIILFLHQF\RI!îWUDQVIRUPDQWVJPD\
EHXVHG
 7UDQVIRUPORIS8&'1$ QJPO LQWRORI2QH6KRW2PQL0$;7
3KDJH5HVLVWDQW&HOOVDVGHVFULEHGDERYH3ODWHODQGORQ/%SODWHVFRQWDLQLQJ
JPONDQDP\FLQRUWKHDSSURSULDWHVHOHFWLRQPDUNHUIRU\RXUGRQRUYHFWRU
7KHWUDQVIRUPDWLRQVDUHSODWHGRQ/%DJDUJHOZLWK=HRFLQDWPJPO

([SHFWHG5HVXOWV
$QHIILFLHQW%3UHFRPELQDWLRQUHDFWLRQZLOOSURGXFH!FRORQLHV
$IWHURQHQLJKWDW&RQ/%DJDUSODWHFRORQLHVWKDWJURZQDUHVHOHFWHGDQGUHSODWHGLQPORI
OLTXLG /% DJDU FRQWDLQLQJ =HRFLQ DW PJPO 7KH SODVPLGV DUH WKHQ H[WUDFWHG E\ 0LGL 3UHS
H[WUDFWLRQNLW 4LDJHQ 7KHHQWU\FORQHVREWDLQHGFRQWDLQLQJWKHIUDJPHQWRILQWHUHVWLQWKHJRRG
RSHQUHDGLQJIUDPHLVVHOHFWHGIRUWKH/5FORQDVHUHDFWLRQ




)LJXUHJHQHUDOVFKHPHRIF\WRVROLFHQWU\FORQHV
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8.1.2

Generation of expression clones by LR reaction

Through the attL sites contained in the entry clones, we introduced the reporter gene sequences in
various destination vectors containing the pFMR1 wild type or mutated promoter by LR cloning
reaction.
In order to insert the mCherry and tdTomato reporter gene sequences in the destination vectors
containing the FMR1 wild type and mutated promoter, we carried out LR reactions. Thus, we
obtained the various expression clones. See below for an overview of the set-up. For more detailed
information, refer to the manual.
1. Add the following components to a 1.5 ml tube at room temperature and mix:
Entry clone (50-150 ng) 1-7 µl
Destination vector (150 ng/µl) 1 µl
TE buffer, pH 8.0 to 8 µl
2. Thaw on ice the LR Clonase ™ II enzyme mix for about 2 minutes. Vortex the LR Clonase
™ II enzyme mix briefly twice (2 seconds each time).
3. To each sample (Step 1, above), add 2 µl of LR Clonase ™II enzyme mix to the reaction
and mix well by vortexing briefly twice. Microcentrifuge briefly.
4. Return LR Clonase ™ II enzyme mix to -20°C or -80°C storage.
5. Incubate reactions at 25°C for 1 hour.
6. Add 1 µl of the Proteinase K solution to each sample to terminate the reaction. Vortex
briefly. Incubate samples at 37°C for 10 minutes.
Transformation
1. Transform 1 µl of each LR reaction into 50 µl of One Shot ® OmniMAX ™ 2 T1 PhageResistant Cells (Catalog no. C8540-03). Incubate on ice for 30 minutes. Heat-shock cells by
incubating at 42°C for 30 seconds. Add 250 µl of S.O.C. Medium and incubate at 37°C for 1
hour with shaking. Plate 20 µl and 100 µl of each transformation onto selective plates. Note:
Any competent cells with a transformation efficiency of >1.0 × 10 8 transformants/µg may
be used.
2. Transform 1 µl of pUC19 DNA (10 ng/ml) into 50 µl of One Shot ® OmniMAX ™ 2 T1
Phage-Resistant Cells as described above. Plate 20 µl and 100 µl on LB plates containing
100 µg/ml kanamycin, or the appropriate selection marker for your donor vector.
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7KHWUDQVIRUPDWLRQVDUHSODWHGRQ/%DJDUJHOZLWK$PSLFLOOLQHDWPJPO

([SHFWHG5HVXOWV
$QHIILFLHQW/5UHFRPELQDWLRQUHDFWLRQZLOOSURGXFH!FRORQLHV
$IWHURQHQLJKWDW&RQ/%DJDUSODWHFRORQLHVWKDWJURZQZHUHVHOHFWHGDQGUHVHHGHGLQPO
RIOLTXLG/%PHGLXPFRQWDLQLQJ=HRFLQDWPJPO7KHSODVPLGVZHUHWKHQH[WUDFWHGE\4LDJHQ
3ODVPLG3OXV0LGLNLW 4LDJHQ 
7KHSODVPLGVREWDLQHGDUHFDOOHGH[SUHVVLRQYHFWRUVDQGFDQEHWUDQVIHFWHGLQYDULRXVFHOOW\SHVLQ
RUGHUWRH[SUHVVWKHYDULRXVUHSRUWHUJHQHVXQGHUWKHFRQWURORIWKHYDULRXV)05SURPRWHUV


)LJXUH*HQHUDOVFKHPHRIQXFOHDUH[SUHVVLRQFORQHV


)LJXUH*HQHUDOVFKHPHRIF\WRVROLFH[SUHVVLRQFORQHV

7KHSODVPLGVZHUHWKHQH[WUDFWHGLQXVLQJWKH3ODVPLG3OXVPLGL3UHSH[WUDFWLRQNLW 4LDJHQ  6HH
DQQH[ 

 9HULILFDWLRQRIWKHSODVPLGVLQWHJULW\FRQWUROVWHS


,Q RUGHU WR YDOLGDWH WKH REWDLQHG FORQHV SODVPLGV ZHUH VHTXHQFHG DQG GLJHVWHG EDVHG RQ 9HFWRU
17, PDSV :H VHOHFWHG UHVWULFWLRQ HQ]\PHV WKDW KDYH LGHDOO\ WKUHH UHVWULFWLRQV VLWHV LQ WKH
SODVPLGVZLWKDWOHDVWRQHLQWKHIUDJPHQWRILQWHUHVW
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8.2 Lipofectamine® 2000 transfection in HeLa cells, rat cortical neurons and in
human neuronal precursors

“Lipofectamine® 2000 is a cationic liposome formulation that functions by mixing with nucleic acid
molecules, allowing them to overcome and to be taken up by the cell. This cationic liposome based
reagent that provides high transfection efficiency and high levels of transgene expression in a range
of mammalian cell types in vitro using a simple protocol.
The positive charge on the surface of the liposome generates an electrostatic interaction with
nucleic acids and facilitates contact with the negatively charged cell membrane. The neutral co-lipid
mediates fusion of the liposome with the cell membrane effecting entry of the nucleic acid. To
achieve expression of the transgene, DNA must reach the nucleus of the cell and become accessible
to the transcriptional machinery.”
(Dalby B. and al., 2004).
Because the transfection of primary cells is problematic and very low transfection efficiencies are
often reported, first, I tested my plasmids in HeLa cells. The enhanced transfection efficiencies
would facilitate study of neurogenesis, neurophysiology and pathology for neurons which are an
important class of primary cells.

8.2.1

HeLa cell transfection

The HeLa cells come from an immortal cell line derived from cervical cancer. The cells were
culture at 37°C with 5%CO2 in DMEM with 10% Fetal Bovine Serum (FBS). Twenty four hours
before transfection, 1x106 were plated in 2 ml of media in each well of six well cell culture dishes.
After three days in culture, cells were trypsined and replated in eight well chambers slides coated
with 0.5mg/ml Poly-d-lysine. Each well in the chamber slices contained 150 000 cells. After one
day in culture, the cell density was 90%. At this point, cells were transfected using Lipofectamine®
2000 (Invitrogen) complexes with the plasmids encoding WTFMR1-cyt_mCh and WTFMR1cyt_tdT. Transfections were carried out in Opti-MEM (Invitrogen), using 10µl of Lipofectamine
2000 and 1µg of each plasmid in a 10:1 ratio. Four hours after transfection, the media was replaced
with fresh DMEM with 10%FBS. Forty-eight hours after transfection, slices were fixed, stained
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and analyzed following the protocols described below in the immunohistochemistry and
microscopy paragraphs.

8.2.2

Rat cortical neurons transfection

Cortical neurons from E18 embryos (Annex 2) were transfected as following. First, cortical neurons
were cultured in Neurobasal medium [DMEM/10%FCS/Glutamine medium (Gibco®)] in eight well
chambers coated with 0.5mg/ml Poly-d-lysine containing with a density of 150 000 neurons pro
well. Half of the culture medium was changed one time during 15 days of culturing. At 15 days in
vitro 250 ml of media was removed and located in an eight well chambers slide. 8µl of
Lipofectamine® 2000 was diluted in 100µl OptiMEM® I and incubated at room temperature for 5
min. In an Eppendorf tube, 1.5µg of WTFMR1_cytGFP and WTFMR1_nucGFP DNA plasmids
were combined with 100µl OptiMEM® I and incubated at room temperature for 5 min. The diluted
DNA and Lipofectamine® 2000 (LF2000) were mixed at room temperature for 20min. The removed
250 µl of media reserved was replaced in each well with 400µl of fresh Neurobasal/B27/Lglutamine medium and 100 µl of OptiMEM®I containing DNA and LF2000 transfection complexes
was added to each well. After one week at 37°C, slices were fixed, stained and analyzed following
the protocols described below in the immunohistochemistry and microscopy paragraphs.

8.2.3

Human neuronal precursors transfection

The human neuronal progenitors are differentiated from frozen samples of induced pluripotent stem
(IPS) cells (Annex 3). They were cultured in the proliferation medium (PM) containing DMEM
/F12/GlutaMax medium [Invitrogen Gibco®, cat 31331-028], N2 supplement [Invitrogen™, cat
17502048] (1/100), B27 supplement [Invitrogen™, cat 17504044] (1/50), PEN/Strep (1/100). Two
Growth factors are added extemporaneously in the PM medium, Basic human Fibroblast Growth
Factor (bhFGF) 100 µg/ml stock to 10ng/ml (1:10 000) and Human Epidermal Growth Factor
(hEGF) 100 µg/ml stock to 10ng/ml (1:10 000). The cells are plated in eight well chambers slides
containing Matrigel® with 150 000 cells by well in 0.5ml PM medium. 1µM of Rock inhibitor is
added in the PM medium. After one day in culture at 37°C, the medium is changed to remove the
Rock inhibitor. Transfections are then performed by adding 4 µl/well Lipofectamine® 2000 to
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100µl of DMEM (Gibco®). In an Eppendrof tube, 1.5 µg of each plasmid encoding WTFMR1cytGFP,

WTFMR1-nucGFP,

M1FMR1-cytGFP,

M1FMR1-nucGFP,

WTFMR1-cyt_mCh,

M1FMR1-cyt_mCh, WTFMR1-cyt_tdT and M1FMR1-cyt_tdT are mixed with 100µl of DMEM
(Gibco®) and growth factors; and incubated at room temperature for 5 min. The diluted DNAs and
Lipofectamine® 2000 are mixed at room temperature for 20min. 25 µl/well of the mix is then added
in 250µl of fresh DMEM (Gibco®) + growth factors medium. After one night at 37°C, slices were
fixed, stained and analyzed following the protocols described below in the immunohistochemistry
and microscopy paragraphs.

8.3 Genegun experiment in hippocampal brain slices
8.3.1

Preparation of organotypic hippocampal brain slices

The experiments are performed on hippocampal slices coming from pups at postnatal day 6- 9. The
cultures of hippocampal slices are based on the interface method, which does not require special
equipment. Hippocampal slices are isolated at postnatal day 6-9, and can be cultured up to 6 months
in vitro. The preserved architecture facilitates the analysis of defined hippocampal synapses, cells
and entire projections and allows the identification and manipulation of defined neurons. The
axonal projections can be monitored in the slices in their original state and establish identifiable
presynaptic terminals onto excitatory and inhibitory neurons in the hilus, CA3, CA2 and CA1
regions. Three-dimensional organizations are preserved by a long-term thickness of 100-150µm.
This preparation can also allow studying brain architectures from mice of genetic backgrounds for
which the postnatal viability is poor. The protocol of preparation of organotypic hippocampal slice
cultures is detailed in the publication from Gogolla N. and Galimberti I., in Nature Protocols (2006)
(Annex 4).

8.3.2

Gene gun protocol or biolistic transfection protocol

The biolistic transfection is a physical method of transfecting cells by bombarding living tissue like
mouse hippocampal slices with high velocity DNA coated gold particles. Gene gun transfection is
an efficient and easy method of transfecting neurons and is especially useful for fluorescently
labelling a small subset of cells in tissue slice. The protocol is composed of three major steps:
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coating microcarriers with DNA, transferring the microcarriers into a cartridge to make a bullet and
firing the DNA coated microcarriers into cells using a pulse of helium gas to use a hand-held genegun (O’Brien J. and Lummis S., 2006; Woods G. and Zito K., 2008).
Brain slices were transfected 6 hours after preparation with plasmids encoding WTFMR1-cytGFP
and M1FMR1-cytGFP using Helios gene gun system (Bio-Rad Laboratories, # 165-2431) as
previously described (Galimberti, 2006; and Gogolla, 2006). Briefly, 8 µg of plasmid DNA was
coated on 4 mg of 1.6 µm diameter gold particles in 20 µl spermidine (250 mM), 27 µl Nupherin (3
mg/ml) and 8 µg DANN. Then the coated DNA was precipitated with 1 mM CaCl2, and washed
three times in pure ethanol. The gold particle were coated onto PVC tubing, dried using pure N2
gas, and stored at 4°C in desiccant. DNA-coated particles were delivered with a standard pressure
of 180 psi (pound per square) and distance of 2 cm from the brain slice tissue. Finally, slices were
fixed, stained and analyzed following the protocols described below in the immunohistochemistry
and microscopy paragraphs.

8.4 Drug treatments and Immunofluorescence
8.4.1

Drug treatments

After biolistic transfection, the hippocampal slices were treated with three neuronal activity
modulators to visualize effects on expression levels of our various plasmids.
•

Glycine Chemical LTP: Preincubation for 10 min in extracellular solution ECS (150 mM
NaCl, 2 mM CaCl2, 5 mM KCl, 10 mM HEPES (pH 7.4), 30 mM Glucose, 0.5 μm TTX, 1
μM strychnine, 20 μM bicuculline methiodide). Let stand 200μM glycine (1M) 15min in
ECS.

•

10 µM Bicuculine (1M) by well overnight at 37°C.

•

1 µM Tetrodoxin (1M) by well overnight at 37°C.
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8.4.2
8.4.2.1

Immunofluorescence
HeLa cells, cortical neurons and precursors neurons slices preparation

After the transfections, the slices were fixed in adding 0.5ml/well 4% PFA incubate for 20 min at
room temperature. Then, the slides were washed 3 times with PBS. At this step, the slices could be
leaved in the last PBS solution and stored at 4°C for one month. The slices were permeabilized with
500µl/well PBS +0.1% Triton 100 for 5 min and were washed in PBS 2 times 5 min. At the end,
the slides were blocked by adding 500µl/well 2.5%BSA in PBS + 0.1% Tween 10 for 30min. The
slices can be conserved one month at 4°C in blocking solution.

8.4.2.2

Hippocampal slices preparation

After biolistic transfection and compound treatment, the slices cultures were fixed with 1ml of
prewarmed at 37°C 4% PFA solution added above and 1 ml beneath insert membrane for 5 minutes
at room temperature. After washing the slices in PBS, they were permeabilized with 1 ml of
permeabilization solution (0.5% Triton X-100 in PBS) above and 1 ml beneath the insert
membrane. Then the slices were incubated overnight, or for at least 12 h, at 4°C. Slices can be kept
in the permeabilization solution for up to 18 h. The following day, the permeabilization solution
was removed and a blocking solution (20% BSA in PBS) was added. At this point, the slices can be
left for 4 h at room temperature, or overnight at 4°C. Sections can be kept in the blocking solution
at 4 °C for at least 2–3 days. To reduce the volume of antibodies solutions needed, the slices are cut
off from the membranes of the culture plates inserts. Then, the culture plates inserts are placed on a
plastic cover (preferably a transparent plastic cover lying on a dark background to make the tissue
easily visible). Thus, forceps and scalpel are used to carefully cut the membrane piece together with
the hippocampal slice out of the surrounding membrane. It is useful to keep 1–2 mm of distance to
the tissue to avoid damage. (Optional: the slices can already be cut off just after the fixation to
further limit the amounts of permeabilization and blocking solutions required). At the end, it is
important to always keep the top side of the membrane facing up, and do not flip it around.
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8.4.3

8.4.3.1

Staining

Hela cells



Incubation with primary antibody

-

Anti HA-Tag mouse (Anti-HA tag antibody [HA.C5] (ab18181), Abcam®): dilution 1/2000
in BSA solution.

Incubate overnight in humid chamber at 4°C. Wash 3 times in PBS/0.1% Tween for 10min.


Incubation with secondary antibody

Alexa fluor® 647 anti-mouse (red) (Invitrogen®) was diluted in 1/1000µl in BSA solution. 250µl of
this solution was added to each well for 1 hour at room temperature in dark humid chamber. Wash
three times in PBS and mount the slides with special medium including DAPI (Fluoroshield™ with
DAPI, F6057 Sigma Aldrich®). Keep the slides in the dark at room temperature overnight in dark
chamber.

8.4.3.2

Cortical neurons staining



Incubation with primary antibodies

-

Anti GFP chicken (Anti-GFP antibody (ab13970), Abcam®): dilution 1/2000 in BSA
solution.

-

Anti HA-Tag mouse (Anti-HA tag antibody [HA.C5] (ab18181), Abcam®): dilution 1/2000
in BSA solution.

Incubate overnight in humid chamber at 4°C. Wash 3 times in PBS/0.1% Tween for 10min.


Incubation with secondary antibody

Alexa fluor® 488 anti-chicken (green) (Invitrogen®) and Alexa fluor® 647 anti-mouse (red)
(Invitrogen®) were diluted 1/1000 in BSA solution and 250µl/well of this mix was added for 1 hour
at room temperature in dark humid chamber. Slides were washed three times in PBS and were
mounted with special medium including DAPI (Fluoroshield™ with DAPI, F6057 Sigma
Aldrich®). Keep the slides overnight in a dark chamber at room temperature.
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8.4.3.3

Neuronal precursors staining



Incubation with primary antibodies

-

Anti-NeuN mouse (MS X Neuronal Nuclei, ref: MAB377, Millipore®): dilution 1/1000 in
BSA solution.

-

Anti HA-Tag rat (Anti-HA tag antibody [3F10] (ref: 12158167001), Roche®): dilution
1/2000 in BSA solution.

Incubate overnight in humid chamber at 4°C. Wash 3 times in PBS/0.1% Tween for 10min.


Incubation with secondary antibody

Alexa fluor® 555 anti-mouse (yellow) (Invitrogen®) and Alexa fluor® 488 anti-rat (green)
(Invitrogen®) were diluted 1/1000 in BSA solution and 250µl/well of this mix was added for 1 hour
at room temperature in dark humid chamber. Slides were washed three times in PBS and were
mounted with special medium including DAPI (Fluoroshield™ with DAPI, F6057 Sigma
Aldrich®). Keep the slides overnight in a dark chamber at room temperature.

8.4.3.4

Hippocampal slices staining



Incubation with primary antibodies

-

Anti-NeuN mouse (MS X Neuronal Nuclei Millipore® ref: MAB377): dilution 1/400,
incubation 66h at 4°C into a wet chamber with shaking.

-

Anti-GFP chicken (Anti-GFP antibody (ab13970), Abcam®): dilution 1/2000 incubation 66h
at 4°C into a wet chamber with shaking.

Wash 3 times in PBS shake 10min between each one.


Incubation with secondary antibody

-

Alexa fluor® 647 anti-Mouse (red) (Invitrogen®) and Alexa fluor® 488 anti-chicken (green)
(Invitrogen®) were diluted 1/500 in PBS + 0.3% triton, 160µl/well was added 2h at room
temperature. Slides were washed with PBS with 1/1000 DAPI. After a last wash with PBS,
slices were mounted using ProLong®(Life technologies).
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8.5 Endogenous FMRP signal
Dissociated cortical neurons were produced from rat embryos at E18. Cortical neurons are plated in
Neurobasal medium for 14 days. 8 on the 24 wells chambers of 14 days old cultures were treated
with 20µM bicuculline, 8 others wells were treated with 1µM TTX and the 8 staying were
untreated. The slices are permeabilized with 500µl/well PBS +0.1% Triton 100 for 5 min and
washed in PBS 2 times 5 min. At the end, the slices are blocked by adding 500µl/well 2.5%BSA in
PBS + 0.1% Tween 10 for 30min. The slices can be conserved one month at 4°C in blocking
solution.
I performed on them a confocal microscopy study in order to visualize if the treatment can modulate
or not the endogenous signal level in brain. This study permits to better understand the role of
FMRP, its distribution and its localization in wild type rat brain.
Endogenous FMRP expression level was analyzed after treatments by immunofluorescence using
an anti-FMRP mouse antibody (FMRP Antibody (H-120): sc-28739, Santa Cruz®) and an antiMAP2 rabbit antibody (Anti-MAP2 antibody (ab32454), Abcam®). The anti-FMRP together with
the anti-MAP2 antibody allowed us to detect FMRP within dendritic processes.
The first antibodies were diluted in BSA medium overnight. After washing in PBS three times,
second antibodies: such as anti-mouse Alexa fluor® 488 and anti-rabbit Alexa fluor® 647
(Invitrogen tm) were diluted in 1/1000 in BSA for 1 hour at room temperature.

8.6

Imaging, quantification and data analysis

Images were acquired using a 40x objective on a confocal laser scanning microscopy (LSM) 710
(Carl Zeiss®, Thornwood, NY). Lsm images were quantified to with the ImageJ® software. Signal
intensities for reporter genes expression were analyzed within a defined region of interest traced all
around the cell body of defined neurons and the background signal adjacent of each region of
interest was substracted. To normalize the reporter gene signals expression, mean IF intensities of
cell body WT neurons were determined and compared to mutated neurons. Quantitative analysis of
the IF percentages were represented using Microsoft Excel software (Microsoft®, Redmond, WA).
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9

Results

9.1 Evaluation of the transcriptional effects of three disease associated mutations in
the FMR1 promoter
9.1.1

Wild type and mutated FMR1 promoter plasmid constructs

To generate the various constructs with the mutated or the wild type FMR1 gene promoter, we
introduced the mCherry and tdTomato reporter genes sequences in a pDONR vector by BP cloning,
enzymatic digestion and ligation for the nuclear variants. We obtained four pDONR plasmids
containing respectively nuc_tdTomato, nuc_mCherry, cyt_tdTomato and cyt_mCherry gene
reporters. The pDONR plasmids obtained were verified by enzymatic digestion and sequencing.
These verification steps validated the pDONR plasmids constructions and allowed their use for the
LR reactions.
The reporter genes in the pDONR constructs are flanked by AttL sites which allow LR reaction
facilitated transfer of the insert in destination vectors. With such approach we obtained plasmids
containing the wild type or one of the three mutant (WTFMR1, M1FMR1, M2FMR1 and
M3FMR1) FMR1 promoters respectively with or without the nuclear localization and
destabilization (Pest) sequences. The constructs were verified by restriction digestion and
sequencing comparing the raw data with the corresponding Vector NTI ® maps.
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&\WRVROLFSODVPLGVFRQVWUXFWLRQ


7KHYDULRXVF\WRVROLFSODVPLGVFRQVWUXFWVDUHUHVXPHGLQWKHILJXUHEHORZ


)LJXUHF\WRVROLFSODVPLGVFRQVWUXFWLRQV


7KHFRQVWUXFWLRQVZHUHYHULILHGE\HQ]\PDWLFUHVWULFWLRQVDQGVHTXHQFLQJ
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)LJXUH5DZGDWDRIWKHHQ]\PDWLFUHVWULFWLRQVRIWKHF\WRVROLFS)05H[SUHVVLRQFORQHV IURP/DE%RRN 

7KHHQ]\PDWLFGLJHVWLRQVJDYHJRRGUHVXOWVDQGWKHVHTXHQFLQJZDVLQDJUHHPHQWZLWKWKHVHUHVXOWV
 1XFOHDUSODVPLGVFRQVWUXFWLRQV


7KH SODVPLGV ZLWK QXFOHDU UHSRUWHUV ZHUH DOVR JHQHUDWHG E\ /5 FORQLQJ DQG ZHUH YHULILHG DV
GHVFULEHGDERYHIRUWKHF\WRVROLFYDULDQWV


)LJXUHGHVWDELOL]HGSODVPLGVFRQVWUXFWLRQ
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)LJXUH5DZGDWDRIWKHHQ]\PDWLFUHVWULFWLRQVRIWKHQXFOHDUS)05H[SUHVVLRQFORQHV IURP/DE%RRN 
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7KLVFORQLQJZDVQRWDVHIILFLHQWDVWKHJHQHUDWLRQRIWKHF\WRVROLFSODVPLGV,FRXOGRQO\JHQHUDWH
0)05QXFBP&K 0)05QXFBP&K DQG 0)05QXFBP&K DQG WKH 0)05
QXFBWG7RPDWRDQGWKH0)05QXFBWG7RPDWRH[SUHVVLRQFORQHVGXULQJP\ZRUN,VHTXHQFHGDOO
WKHSODVPLGVDQGWKHUHVXOWVZHUHLQDJUHHPHQWZLWKWKHHQ]\PDWLFGLJHVWLRQV
7KH REWDLQHG H[SUHVVLRQ FRQVWUXFWV ZHUH IXUWKHU YHULILHG E\ LQWURGXFLQJ WKHP LQWR +HOD FHOOV
KXPDQ QHXURQDO SUHFXUVRUV RU UDW FRUWLFDO QHXURQV E\ OLSRIHFWDPLQH WUDQVIHFWLRQ RU PRXVH
KLSSRFDPSDOVOLFHVE\*HQHJXQ
 ([SUHVVLRQRIWKHUHSRUWHUFRQVWUXFWVLQ+HODFHOOV

7RWHVWWKHJHQHUDWHGFRQVWUXFWV,WUDQVIHFWHGWKHS)05BP&KDQGS)05BWG7RPDWRFRQVWUXFWVLQWR+HOD
FHOOV%RWKRIWKHVHSODVPLGVFDUU\WKHZLOGW\SHSURPRWHUZLWKF\WRSODVPLFUHSRUWHUV
7KHSODVPLGVDQGVWDLQLQJWHVWHGDUHVXPPDUL]HGLQWKHIROORZLQJWDEOH
3ODVPLGVXVHG

6WDLQLQJ

,QWHUSUHWDWLRQ

:7)05F\WBWG7

+$WDJ UHG UHSRUWHUH[SUHVVLRQ 1RFHOOWUDQVIHFWHG

:7)05F\WBP&K

IURPS)05

1RFHOOWUDQVIHFWHG

'DSL EOXH QXFOHDUVWDLQLQJ



)LJXUH+HODFHOOVWUDQVIHFWLRQVZLWK:7)05F\WBP&KRU:7)05F\WBWG7H[SUHVVLQJF\WRVROLFP&KHUU\RU
WG7RPDWRUHVSHFWLYHO\IURPDZLOGW\SH)05SURPRWHU7KHIOXRUHVFHQWSURWHLQVDUHIXVHGZLWKDQ+$WDJZKLFKZDVXVHG
WRHQKDQFHWKHVLJQDOE\LQGLUHFWLPPXQRIOXRUHVFHQFHVWDLQLQJXVLQJDQDQWL+$DQWLERG\7KHWZRILUVWFROXPQVVKRZLQJWKH
+H/DFHOOVDORQHDQGWKH+H/DFHOOVZLWKMXVW/LSRIHFWDPLQHZHUHXVHGIRUFRQWUROOLQJWKHWUDQVIHFWLRQHIILFLHQF\
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7KHUH ZDV QR VLJQLILFDQW GLIIHUHQFH LQ WKH LQWHQVLW\ RI WKH VLJQDO OHYHO EHWZHHQ XQWUDQVIHFWHG
FRQWUROVDQGSODVPLGWUDQVIHFWHGZHOOV7KXVZHFDQQRWFRQFOXGHIURPWKHVHH[SHULPHQWVWKDWWKHVH
SODVPLGVDUHZRUNLQJ7KHQHJDWLYHUHVXOWVPD\EHGXHWRWHFKQLFDOLVVXHVZLWKWKHWUDQVIHFWLRQRU
WKDW WKHVH FRQVWUXFWV GR QRW H[SUHVV LQ +HOD FHOOV RU DW D YHU\ ORZ OHYHO EHFDXVH RI WKH )05
UHJXODWRU\VHTXHQFHV,WLVZRUWKQRWKLQJWKDWEHVLGHWKH)05SURPRWHURXUFRQVWUXFWVDOVRXVHV
WKH ¶875 RI )05 ZKLFK GRHV QRW KDYH WKH FRQVHQVXV .R]DN WUDQVODWLRQDO LQLWLDWLRQ PRWLI DQG
PD\FRQWULEXWHWRWKHORZH[SUHVVLRQRIWKHSURWHLQV$OWKRXJK)05LVXELTXLWRXVO\H[SUHVVHGLQ
KXPDQVWKHUHDUHPDUNHGGLIIHUHQFHVEHWZHHQGLIIHUHQWWLVVXHVWHVWLVDQGEUDLQVKRZLQJWKHKLJKHVW
H[SUHVVLRQ OHYHOV ,Q RUGHU WR WHVW WKLV K\SRWKHVLV , FORQHG WG7RPDWR UHSRUWHU JHQH LQ SF'1$
'(67 *DWHZD\ YHFWRU E\ JDWHZD\ FORQLQJ 7KLV SF'1$'(67 *DWHZD\ YHFWRU KDV
F\WRPHJDORYLUXV &09  SURPRWHU IRU KLJK OHYHO PDPPDOLDQ H[SUHVVLRQ DQG D &WHUPLQDO 9 [
+LV7DJIRUHDV\GHWHFWLRQ ,QYLWURJHQWP 7KHSODVPLGVREWDLQHGZHUHWKHQWUDQVIHFWHGLQ+HODFHOOV
E\/LSRIHFWDPLQH ILJXUH 


)LJXUH([SUHVVLRQRISF'1$'(67BWG7RPDWRLQ+H/DFHOOVXVLQJ/LSRIHFWDPLQHWUDQVIHFWLRQ


$SSDUHQWO\WKHSXUSOHFHOOV H[SUHVVHG WKHWG7RPDWR UHSRUWHU JHQHXQGHU WKH&09SURPRWHUWKXV
OHDGLQJWRWKHFRQFOXVLRQWKDWWKHWG7RPDWRUHSRUWHUJHQHFRQVWUXFWLVFRUUHFW ,WVHHPVOLNHO\WKDW
WKHORZH[SUHVVLRQIURPWKH)05SURPRWHULQ+H/DFHOOVZDVWKHUHDVRQIRUWKHQHJDWLYHUHVXOWVLQ
WKHSUHYLRXVH[SHULPHQW7KLVILQGLQJVXJJHVWVWKDWWKHWG7RPDWRUHSRUWHUJHQHIUDJPHQWIODQNHGE\
DWW/VLWHV FDQEHXVHGIRUJDWHZD\FORQLQJZLWK RWKHUVGHVWLQDWLRQYHFWRUVSODVPLGV ,WDOVRVHHPV
OLNHO\WKDWWKHH[SUHVVLRQRIWKHWG7RPDWRUHSRUWHUJHQHXQGHUWKHFRQWURORI)05SURPRWHUZRXOG
EHPRUHHIILFLHQWLQQHXURQDOFHOOV
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(YDOXDWLRQ RI WKH H[SUHVVLRQ OHYHO RI ZLOG W\SH )05 SURPRWHU SODVPLGV LQ UDW FRUWLFDO
QHXURQV



7R XQGHUVWDQG ZKHWKHU RXU SODVPLGV DUH H[SUHVVLQJ *)3 LQ QHXURQV ZH H[SUHVVHG DQG DFTXLUHG
LPDJHVRIZLOGW\SHQXFOHDUDQGF\WRVROLFS)05*)3LQUDWFRUWLFDOQHXURQVDW',9
3ODVPLGVXVHG
:7)05QXF*)3

6WDLQLQJ

,QWHUSUHWDWLRQ

 'DSL EOXH QXFOHDUVWDLQLQJ

7UDQVIHFWHGFHOOVILHOG

 H*)3 JUHHQ HQGRJHQRXV

1XFOHXVVLJQDOORFDOL]DWLRQRN

H*)3IOXRUHVFHQFH
:7)05F\W*)3

7UDQVIHFWHGFHOOVILHOG

 +$WDJ UHG LPPXQH
GHWHFWLRQRIWDJJHGH*)3ZLWK

1XFOHXVVLJQDOORFDOL]DWLRQRN
&\WRVROLFVLJQDOORFDOL]DWLRQRN

DQWL+$DQWLERG\



)LJXUH5HSUHVHQWDWLYHLPDJHVRIWUDQVIHFWHGFRUWLFDOQHXURQVZLWKQXFOHDUDQGF\WRVROLF:7)05*)3SODVPLGVLQUDW
FRUWLFDOQHXURQV1XFOHLZHUHVWDLQHGZLWK'DSL(QGRJHQRXVIOXRUHVFHQFHRI*)3RULPPXQRVWDLQLQJRIWKH*)3IXVHG+$
WDJZDVXVHGWRPRQLWRUUHSRUWHUH[SUHVVLRQ&RUWLFDOQHXURQVH[SUHVVLQJHLWKHUQXFOHDU*)3RUF\WRSODVPLF*)3DUHVKRZQ
ZLWKZKLWHDUURZV



$OWKRXJK WKH WUDQVIHFWLRQ ZDV KLJK RQO\ LQ D IHZ QHXURQV ZHUH H[SUHVVLQJ *)3 6WURQJ *)3
SRVLWLYHQHXURQVIURPWKH:7)05QXF*)3RU:7)05F\W*)3FRQVWUXFWVZHUHIRXQGWRKDYH
VLJQDO LQ WKH QXFOHXV DQG LQ WKH F\WRVRO :H FRXOG FRQFOXGH WKDW WKH )05 SURPRWHU ZDV
WUDQVFULSWLRQDOO\DFWLYHDQGWKDWWKHFRQVWUXFWVZLWKWKH3(67GHVWDELOL]DWLRQVLJQDOZHUHH[SUHVVHG
DWDVLPLODUOHYHODVWKHYHUVLRQZLWKRXWD3(67VLJQDO,QFRQWUDVWWRWKHWUDQVIHFWLRQLQ+H/DFHOOV
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LQ FRUWLFDO QHXURQV ZHZHUHDEOHWR VKRZWKDWWKH )05SURPRWHULV WUDQVFULSWLRQDOO\ DFWLYH2XU
UHVXOWV FRQILUP WKDW RXU FRQVWUXFWV DUH VHOHFWLYHO\ H[SUHVVHG LQ QHXURQDO FHOOV DQG FDQ EH XVHG WR
DGGUHVVKRZQHXURQDODFWLYLW\LQIOXHQFHVWKH)05SURPRWHUH[SUHVVLRQ

 5HJXODWRU\PHFKDQLVPVRIWKH)05JHQHH[SUHVVLRQ
 &RPSDULVRQRIWKHH[SUHVVLRQOHYHORIZLOGW\SHDQGPXWDQW 0)05 )05SURPRWHULQ
KXPDQQHXURQDOSUHFXUVRUV


7RHYDOXDWHZKHWKHUWKH $* PXWDWLRQUHGXFHVWKHWUDQVFULSWLRQRIWKH)05SURPRWHUDFWLYLW\
ZHH[SUHVVHG F\WRVROLF *)3IURP ZLOG W\SHRU PXWDWHG)05SURPRWHU 0  LQ KXPDQQHXURQDO
SUHFXUVRUV


:7)05

0)05

:7)05

0)05

:7)05

0)05

:7)05

0)05

F\W*)3

F\W*)3

QXF*)3

QXF*)3

F\WBP&K

F\WBP&K

F\WBWG7

F\WBWG7

+$WDJ JUHHQ S)05H[SUHVVLRQUHSRUWHU

6WDLQLQJ

1HX1 \HOORZ QHXURQDOFHOOPDUNHU

1XPEHURI
REVHUYHG

































FHOOV
1RUPDOL]HG
PHDQ
LQWHQVLW\DUHD


)LJXUH5HSUHVHQWDWLYHLPDJHVRIWUDQVIHFWHGKXPDQQHXURQDOSUHFXUVRUVZLWKQXFOHDUDQGRUF\WRVROLF*)3P&KHUU\
DQGWG7RPDWRUHSRUWHUJHQHVXQGHUWKHFRQWURORIWKH:7)05DQG0)05SURPRWHUV1XFOHLZHUHVWDLQHGZLWK1HX1
DQGKXPDQQHXURQDOSUHFXUVRUVH[SUHVVLQJWKHYDULRXVUHSRUWHUJHQHVZHUHVWDLQHGIRUWKH+$7DJ
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:HXVHG1HX1VWDLQLQJWRGLVWLQJXLVKQHXURQDOFHOOVIURPWKHQRQQHXURQDOFHOOVDQGZHIRXQG
RIWKHFHOOVEHLQJQHXURQDOZHUHWUDQVIHFWHGZLWKRXUFRQVWUXFWV,QGHHGLQWKHWUDQVIHFWHGQHXURQDO
FHOOV ZH FDQ FOHDUO\ GLVWLQJXLVK D JUHHQ IOXRUHVFHQFH ZKLFK FRORFDOL]HV ZLWK WKH 1HX1 \HOORZ
VWDLQLQJ LQGLFDWLQJ WKDW WUDQVIHFWHG QHXURQDO FHOOV H[SUHVV RXU SODVPLGV ,Q DGGLWLRQ RXU UHVXOWV
FOHDUO\VKRZHGDVLJQLILFDQWGHFUHDVHRIWKH+DWDJH[SUHVVLRQOHYHOZLWKWKH0PXWDWLRQ $* 
FRPSDUHGWRWKHZLOGW\SH)05SURPRWHU0)05FRXOGVLJQLILFDQWO\UHGXFHWKHWUDQVFULSWLRQRI
WKH)05JHQH
7R TXDQWLI\ WKHVH GDWD ZH DQDO\]HG WKH VLJQDO LQWHQVLW\ OHYHO RI HDFK FHOOV XVLQJ ,PDJH- 7KLV
VRIWZDUH DOORZV WKH TXDQWLILFDWLRQ RI WKH PHDQ VLJQDO LQWHQVLW\ LQ D GHILQHG DUHD 2XU UHVXOWV DUH
UHSUHVHQWHGLQWKHJUDSKVEHORZ




)LJXUH4XDQWLWDWLYHDQDO\VLVRIWKHVLJQDOLQWHQVLW\RIWKHYDULRXV:7)05SODVPLGVFRPSDUHWRWKH0)05SODVPLGV
LQKXPDQQHXURQDOSUHFXUVRUV7KH+$WDJJUDSKUHSUHVHQWVWKHPHDQLQWHQVLW\DUHDRIWKH+$WDJLQWHQVLW\OHYHOLQYDULRXV
FHOOVWUDQVIHFWHGE\WKH:7)05F\WWG70)05F\WBWG7:7)05F\WBP&K0)05F\WP&+:7)05
QXF*)30)05QXF*)3:7)05F\W*)3DQGWKH0)05F\W*)37KH1HX1JUDSKUHSUHVHQWVWKHPHDQ
LQWHQVLW\DUHDRIWKH1HX1H[SUHVVLRQOHYHOLQYDULRXVQHXURQDOFHOOV7KH5DWLRJUDSKQRUPDOL]HVWKHDFWLYLW\RIWKH0)05
SURPRWHUH[SUHVVLRQWRWKH:7)05SURPRWHUH[SUHVVLRQLQQHXURQDOFHOOV



$OO WKHYDULRXV:7)05DQG0)05SODVPLGVZHUH H[SUHVVHGLQ KXPDQQHXURQDO SUHFXUVRUV
:HIRXQGDVLJQLILFDQWGHFUHDVHEHWZHHQWKHYDULRXV:7)05DQG0)05SODVPLGVVXJJHVWLQJ
WKDW WKH 0 PXWDWLRQ $*  LV UHGXFLQJ WKH )05GHSHQGHQW H[SUHVVLRQ LQ KXPDQ QHXURQDO
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SUHFXUVRUV 7DEOH , EHORZ VXPPDUL]HV WKH SHUFHQWDJHV RI WKH UHGXFHG 0)05 H[SUHVVLRQ OHYHO
FRPSDUHWR:7)05LQKXPDQQHXURQDOSUHFXUVRU


7DEOH,'HFUHDVHLQWHQVLW\RI0)05H[SUHVVLRQOHYHOFRPSDUHWRWKH:7)05H[SUHVVLRQOHYHO7KHGHFUHDVHLQWHQVLW\LV
GHSLFWHGDVWKHUDWLRRIWKHYDULRXVUHSRUWHUJHQHVH[SUHVVLRQOHYHOXQGHUWKHFRQWURORIWKH0)05SURPRWHUJHQHWRWKH
FRUUHVSRQGLQJUHSRUWHUJHQHVH[SUHVVLRQOHYHOXQGHUWKHFRQWURORIWKH:7)05SURPRWHUJHQH


:HIRXQGWKDWWKH0)05H[SUHVVLRQOHYHOEHWZHHQWKHYDULRXVUHSRUWHUJHQHVZDVGHFUHDVHGWR
FRPSDUHWRWKH:7)05LQGLFDWLQJWKDWWKH0PXWDWLRQ $* ZDVKDYLQJDQHIIHFW
LQGHSHQGHQWIURPWKHUHSRUWHUG\H7KLVH[SHULPHQWDOORZHGXVWRYDOLGDWHRXUSODVPLGVFRQVWUXFWV
LQKXPDQQHXURQDOFHOOV


 1HXURQDODFWLYLW\UHJXODWHV)05H[SUHVVLRQLQKLSSRFDPSDOEUDLQVOLFHV


)05H[SUHVVLRQLVOLNHO\ DFWLYDWHGE\WKHQHXURQDODFWLYLW\7RUHYHDO KRZWKHQHXURQDODFWLYLW\
LQIOXHQFHV 0)05 H[SUHVVLRQ ZH ELROLVWLFDOO\ WUDQVIHFWHG KLSSRFDPSDO EUDLQ VOLFHV ZLWK
:7)05*)3DQG0)05*)3SODVPLGVDQGZHWUHDWHGWKHWUDQVIHFWHGVOLFHVZLWKPRGXODWRUV
RIV\QDSWLFSODVWLFLW\

 0)05GHFUHDVHV)05H[SUHVVLRQLQ&$S\UDPLGDOQHXURQV


7R XQGHUVWDQG KRZ QHXURQDO DFWLYLW\ DIIHFWV 0)05 H[SUHVVLRQ ZH WUHDWHG ZLWK %LFXFXOOLQH
77; DQG *O\FLQH KLSSRFDPSDO VOLFHV WKDW ZHUH ELROLVWLFDOO\ WUDQVIHFWHG ZLWK 0)05*)3 DQG
:7)05*)3:HIRXQGDFOHDUGHFUHDVHRI0)05*)3FRPSDUHGWR:7)05*)3OHYHOV
VXJJHVWLQJWKDWJOXWDPDWHUJLFDFWLYLW\HQKDQFHV)05H[SUHVVLRQ
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)LJXUH([DPSOHVRIELROLVWLFWUDQVIHFWHG&$S\UDPLGDOQHXURQVLQKLSSRFDPSDOVOLFHVDW',9


 *OXWDPDWHUJLFDFWLYLW\OLNHO\LQYROYHGLQLQFUHDVLQJ)05H[SUHVVLRQ


7R TXDQWLI\ :7)05F\W*)3 DQG 0)05F\W*)3 H[SUHVVLRQ ZH PHDVXUHG WKH *)3 VLJQDO
LQWHQVLW\LQWKHVRPDRI&$S\UDPLGDOQHXURQVDQGQRUPDOL]HGLWWRWKH1HX1VWDLQLQJLQWHQVLW\,Q
WKH WDEOH ODWWHU DJDLQVW ZH DUH VXPPDUL]LQJ WKH SODVPLGV WUDQVIHFWHG DQG WKH VWDLQLQJ XVHG
PRUHRYHUZHDUHDGGLQJWKHUHVXOWVRIWKHLPDJH-DQDO\VLVFRUUHVSRQGLQJWRWKHQRUPDOL]HG*)3
VLJQDOLQWHQVLW\OHYHOPHDVXUHGLQWKHYDULRXVREVHUYHGFHOOV

3ODVPLGVXVHG
7UHDWPHQW

:7)05F\W*)3
&75/

77;

REVHUYHGFHOOV

/73
*O\

&75/

77;

%LF

/73
*O\

*)3 JUHHQ S)05*)3H[SUHVVLRQVWDLQLQJ

6WDLQLQJ
1XPEHURI

%LF

0)05F\W*)3

1HX1 UHG QHXURQDOFHOOVPDUNHU
































1RUPDOL]HG
PHDQ
LQWHQVLW\DUHD
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)LJXUH*DOOHU\RILPDJHVIRUWKHGLIIHUHQWH[SHULPHQWVZLWKS)05B*)3ZLOGW\SHRU0PXWDWHGSODVPLGVLQ
KLSSRFDPSDOVOLFHVWUHDWHGRUQRWZLWK%LF77;RU/73,QWKHILUVWOLQHRISLFWXUHV,REVHUYHWKH*)3H[SUHVVLRQVLJQDO
YDULDELOLW\EHWZHHQWKHFHOOVWUDQVIHFWHGZLWKWKH:7)05SODVPLGDQGWKHFHOOVWUDQVIHFWHGZLWKWKH0)05SODVPLGV
ZLWKDQGZLWKRXWWUHDWPHQW,QWKHVHFRQGOLQHRISLFWXUHV,REVHUYHWKH1HX1VWDLQLQJLQWKHYDULRXVVOLFHVWUHDWHGRUQRW
7KLVVWDLQLQJSHUPLWVWRLQVXUHWKDWWKHFHOOVREVHUYHGDUHQHXURQDOFHOOV7KHODVWOLQHRISLFWXUHVSHUPLWVWRYLVXDOL]HWKH
RYHUOD\



7KHQXPEHURIWUDQVIHFWHGFHOOVZDVYHU\ORZ2QDYHUDJHZHREVHUYHGRQO\RQHWUDQVIHFWHG&$
S\UDPLGDO QHXURQ E\ ILHOG +RZHYHU WKH *)3 H[SUHVVLRQ YDULDELOLW\ XQGHU WKH FRQWURO RI WKH
:7)05RUWKH0)05SURPRWHULVLQWHUHVWLQJ$WILUVWZHFRQWUROOHGWKHPXWDWLRQDOHIIHFWLQ
ZLOG W\SH FHOOV DQG ZH YLVXDOO\ REVHUYHG VLJQLILFDQW GHFUHDVH *)3 VLJQDO LQWHQVLW\ LQ FHOOV
WUDQVIHFWHG E\ 0)05SURPRWHU SODVPLG FRPSDUH WR FHOOV WUDQVIHFWHG ZLWK :7)05SURPRWHU
SODVPLG :LWK 77; DQG /73*O\ WUHDWPHQWV WKH *)3 VLJQDO LQWHQVLW\ ZDV DOVR GHFUHDVLQJ LQ WKH
0)05WUDQVIHFWHGFHOOVFRPSDUHWRWKH:7)05WUDQVIHFWHGFHOOV
2Q WKH RWKHU VLGH LQ 0)05 FHOOV WUHDWHG ZLWK ELFXFXOOLQH WKH REVHUYHG *)3 VLJQDO LQWHQVLW\
OHYHOVHHPHGWREHUHVFXHDQG VLPLODUWRWKH:7)05*)3VLJQDOLQWHQVLW\OHYHO FRPSDUHWRWKH
QRQWUHDWHG0)05WUDQVIHFWHGFHOOV
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Figure 40: Quantitative analysis of the signal intensity of the various WTFMR1 plasmids compare to the M1FMR1 plasmids
in CA1 pyramidal neurons. The black sticks indicate the WTFMR1-cytGFP expression and the grey sticks indicate the
M1FMR1-cytGFP expression. The GFP graph represents the mean intensity/area of the GFP intensity level in transfected
cells none treated and treated with Bicuculline, TTX or Glycine. The Ratio graph allows normalizing the activity of the
M1FMR1 promoter expression compare to the WTFMR1 promoter expression in neuronal cells in comparing the GFP
staining results to the NeuN staining results.

The Image J quantitative analysis of the signal intensity of the various WTFMR1 compare to the
M1FMR1 plasmids was exclusively observed in CA1 pyramidal cells of the hippocampal brain
slices. We found that the signal is more intense in cells treated by the bicuculline compare to the
non-treated cells. Moreover, this signal increasing with bicuculline treatment can be visualized in
the cells transfected by the M1FMR1 plasmid as well as in the cells transfected by WTFMR1
plasmids. . With the TTX treatment, the GFP signal intensity variability is similar to the one
observed without treatment. The TTX treatment did not influence the FMR1 expression. For the
slices treated with glycine, the GFP signal variability between the WT and the M1FMR1 promoter
plasmid follows the same result as in cells without treatment. In addition, the WTFMR1 promoter
expression is increased with glycine compare to the WTFMR1 promoter expression visualized in
control cells. However, the M1FMR1 promoter expression is similar to this one observed in control
cells, this finding suggests that the glycine did not influence the M1FMR1 promoter expression.
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7DEOH,,3HUFHQWDJHVRIWKHYDOXHVRIWKH0)05VLJQDOOHYHOFRPSDUHWRWKH:7)05VLJQDOOHYHOLQKLSSRFDPSDOVOLFHV
WUHDWHGRUQRWE\77;%,&RU*O\FLQH7KHYDOXHVZHUHFDOFXODWHGLQGLYLGLQJHDFK0)05UDWLRYDOXHVE\WKH
FRUUHVSRQGLQJ:7)05UDWLRYDOXHV


,QWKHWDEOH,,ZHFDOFXODWHGWKHUDWLREHWZHHQ*)3DQG1HX1H[SUHVVLRQOHYHO:LWKRXWWUHDWPHQW
WKH 0)05 SURPRWHU H[SUHVVLRQ OHYHO FRPSDUH WR WKH :7)05 SURPRWHU H[SUHVVLRQ OHYHO LV
GHFUHDVHG WR  )RU 77; ZH REVHUYHG D ORZ HIIHFW RQ WKH 0)05 H[SUHVVLRQ ZLWK D
GHFUHDVLQJ VLJQDO HVWLPDWHG WR  :LWK /73JO\FLQH WKH 0)05 H[SUHVVLRQ LV VOLJKWO\
LQFUHDVHG FRPSDUH WR WKH FRQWURO FHOOV *O\FLQH LV NQRZQ WR LQGXFH /73 E\ DFWLYDWLQJ WKH 15
VXEXQLW RIWKH10'$UHFHSWRUV+RZHYHUWKLV DFWLYDWLRQLV QRWVXIILFLHQW WR UHVFXHWKH0)05
SURPRWHU H[SUHVVLRQ OHYHO 8SRQ ELFXFXOOLQH WUHDWPHQW 0)05WUDQVIHFWHG FHOOV H[SUHVVLRQ LV
UHVFXHGWR%LFXFXOOLQHLVNQRZQWREHDQDQWDJRQLVWRIWKHLQKLELWRU\DFWLRQRI*$%$
7KLVH[SHULPHQWLQKLSSRFDPSDOVOLFHVDOORZHGKLJKOLJKWLQJWKHUROHRIWKHJOXWDPDWHUJLFDFWLYLW\LQ
UHJXODWLQJ)05H[SUHVVLRQLQ&$S\UDPLGDOQHXURQDOFHOOV,WSHUPLWWHGWRYDOLGDWHWKHHIIHFWRI
WKH0PXWDWLRQSUHYLRXVO\GHVFULEHGLQWKHKXPDQSUHFXUVRUQHXURQVDQGWRWHVWYDULRXVWUHDWPHQWV
LQRUGHUWRKLJKOLJKWWKHPHFKDQLVPRIWKH0PXWDWLRQ
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9.4 Neuronal activity influences endogenous FMRP level
In the last part of this study, we analyzed endogenous FMRP level in dissociated cortical neurons
upon treatments with bicuculline and TTX.
9.4.1

Endogenous FMRP distribution is modulated by neuronal activity

The table below summarizes the values of the endogenous FMRP signal intensity level normalized
by the endogenous MAP2 signal intensity level in 9 fields no treated, 9 fields treated with TTX and
9 fields treated with Bic.
Observed wells

WT FMRP

Staining
Number of observed
fields
Normalized mean
intensity/ area

TTX FMRP

Bic FMRP

FMRP (green) / MAP2 (red)
9

9

9

0.36

0.33

0.40

Figure 41: Representative images for endogenous FMRP expression in rat cortical neurons. MAP2 stained the microtubules
of neuronal cells. FMRP antibody stained the FMR1 gene expression in the cytosol of neuronal cells. The overlay allows
highlighting the colocalization of the FMRP and MAP2 in the cytosol of neuronal cells.
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As shown in the figure 41, endogenous FMRP was observed in the soma and in the cytosol of the
cortical neurons. Moreover, we found a different pattern for the FMRP distribution between
bicuculline and TTX treatment conditions. FMRP distribution was increased upon bicuculline
whereas TTX lead to a decreased of the distribution suggesting that neuronal activation and in
particular glutamatergic signaling modulates FMRP distribution in cortical neurons.

9.4.2

The glutamatergic receptor can be a potential target to rescue FXS phenotypes

To quantify our imaging results, we measured the mean intensity signal of the endogenous FMRP.

Figure 42: Quantitative analysis of FMRP and MAP2 signal intensity levels in rat cortical neurons.

The MAP2 antibody is used to stain the neuronal cells. The signal of FMRP and MAP2 is increased
with bicuculline treatment and decreased with TTX in all the cells observed. Like in hippocampal
brain slices, the FMRP expression is increased in cells treated with bicuculline and decreased in
cells treated with TTX. The neuronal activity modulates the endogenous FMRP distribution
underlying the probable involvement of the glutamatergic receptors function, which are sensitive to
the bicuculline treatment antagonist to the gabaergic receptors, in the therapeutic effect.
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10 Discussion

FXS is caused by an expansion of a CGG repeat in the 5’UTR region of the FMR1 gene (Mandel et
al., 1991). However, through the use of pooled template massively parallel sequencing in 2004,
Collins et al., found three novel variants in promoter region of FMR1 gene in a clinical population
composed with patients who had been tested negative for FMR1 repeat expansion at the Emory
Genetics Laboratory over a 5 year span. This sequencing was performed only in males in which a
variant would be hemizygous and more likely to be penetrant. These three novel variants were the
first to be identified in conserved defined elements of the FMR1 promoter gene. These three
promoter mutations: c.-254A>G, c.-293T>C and c.-332G>C (also called M1, M2 and M3), are
localized respectively within an Inr-like sequence near the primary TSS, at the TSS II with both Inrlike sequence and TATA like sequence; and within the overlapping binding sites for SP1 and AP-2α
transcription factors. Using a luciferase assay, the authors proved that all these three mutations
independently reduced the activity of the FMR1 promoter respectively to 36,2% , 29,2% and 5,9%
in blood cells.
In this study, we assessed how neuronal activity may have an effect on FMR1 wild type or mutated
promoter expression using various plasmids expressing GFP under the control of the FMR1
promoter in human neuronal precursors, rat cortical neurons and mouse hippocampal brain slices
treated with three neuronal modulators.

10.1 Importance of regulatory elements in the FMR1 promoter

To evaluate the impact of transcriptional regulatory elements for FMR1 expression in defined
neuronal cells, we have constructed various plasmids containing the wild type or mutated FMR1
promoter regions driving reporters with nuclear or cytosolic localization. The FMR1 promoter was
coupled to three reporter genes: mCherry, tdTomato and GFP and the various plasmids were
transfected in various cell types of the neuronal lineage including human neuronal precursors, rat
cortical neurons and mouse hippocampal slices.
The plasmid constructs were generated using two different approaches: restriction mediated cloning
and Gateway cloning. For the first approach we amplified the fragment of interest and the vector by
PCR using modified primers containing phosphorylated end and restriction sites necessary for
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enzymatic digestions. The two PCR products were then digested by the corresponding enzymes and
ligated using a T4 DNA ligase. This approach is often less efficient then Gateway cloning and may
require more time if specific parameters need to be optimized.
The second approach was the gateway cloning. This technology requires amplification of the
fragment of interest using modified primers containing special sites called att sites. The PCR
products do not need to be digested and can be cloned directly after purification with various
vectors containing complementary att sites in presence of special cloning enzymes. Thus, this
technology allows standardized generation of multiple plasmids in parallel very quickly in two
cloning steps by just designing primers containing att sequences. During primer design, it is very
important to ensure that the reading frame of the cDNA matches the reading frame of the
destination vector.
After plasmid production, we transfected them in various cell types. First, we tried to transfect them
in Hela cells. These cells were used in the luciferase assay from Collin’s. We tried several protocols
but we did not observe reporter expression from our constructs. At this point, we could not exclude
technical issues. In order to rule out mistakes during the design or cloning process of the pDONR
construct, we transfected the tdTomato reporter gene in another plasmid containing a CMV
promoter known to be high expressed in Hela cells. After transfection, we could detect the
tdTomato reporter gene expression with good signal intensity. Thus we concluded that our pDONR
constructs were correct and that the reason for the lack of expression of the reporters in the FMR1
promoter constructs was likely due to the low expression levels of the FMR1 promoter in HeLa
cells.
Next, we transfected our GFP plasmids in rat cortical neurons. This experiment allowed testing the
transcriptional activity of the FMR1 promoter in neuronal cells. In contrast to the transfection in
HeLa cells, in cortical neurons, we were able to show that the FMR1 promoter is transcriptionally
active in neuronal cells. We observed that few cells were transfected efficiently with the M1FMR1
plasmids (A254G mutant). However, no transfected cells were observed using the M2FMR1
(T293C mutant) and the M3FMR1 (G332C mutant) plasmid. Indeed, the signal intensity of the cells
transfected by M1FMR1 plasmid was very low and it was very probable that the signal intensity of
the others mutants was too weak and did not permit visualization of the transfected cells. These
results can be explained either by the low transfection efficiency or by the low expression efficiency
of the FMR1 promoter. Moreover, we used the 5’UTR of the FMR1 gene which does not have the
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consensus Kozak translational initiation motif and may contribute to the low expression of the
proteins.
Then, the M1FMR1 GFP, mCherry and tdTomato promoter plasmids were transfected in human
neuronal precursors to visualize the effect of the M1 mutation (c.-254A>G) in this cell type. The
M1FMR1 transfected cells showed a reduced signal compared to WTFMR1 transfected cells (on
average the signal is decrease to 42.08% with M1FMR1 plasmids compare to the WTFMR1
plasmids) indicating that this mutation has an effect independent of the reporter gene. These results
suggested that this mutation reduces FMR1 expression most likely by affecting the binding of
transcription factors.
The M1 variant is located within an Inr-like sequence near the primary transcription start site
(Kumari and Usdin, 2001). Binding of Inr binding proteins to the Inr elements will facilitate the
polymerase II complex formation either via interaction with TBP and/or other transcription factors
or by interacting with the CTD of RNA polII (Pugh and Tjian, 1991). USFs transcription factors,
which appear to be major regulatory factors involved in activation of the FMR1 gene in brain and
testis extracts, have been reported to be Inr element binding proteins suggesting that these factors
play a role in the regulation of FMR1 transcription (Beilina et al., 2004). In addition, deletion of the
binding site for these factors reduces FMR1 transcriptional activity in neuronal cell lines (Kumari
and Usdin, 2001). This finding suggests that the M1 mutation could prevent the binding of USFs to
the Inr element resulting in a reduced the FMR1 transcriptional activity. Moreover, in 2004 Smith et
al. demonstrated that USFs are required for normal central nervous system development and may be
relevant given the role of FMR1 in learning and memory. These findings could suggest that M1
mutation cause learning and memory impairments in FXS in affected individuals.
This is the first time that a defined analysis of the c.-254A>G mutations effect on FMR1 expression
has been studied in human neuronal precursors. Thus, this c.-254A>G mutation is likely to cause
phenotypes that overlap with at least with some Fragile X syndrome phenotypes. Given that the M1
mutation is located near the primary transcription start site of the FMR1 gene and this site is critical
for the FMR1 expression, c.-254A>G represents a clear risk to develop mental retardation due to the
loss of FMRP. Our results demonstrate the importance of certain regulatory elements in the FMR1
promoter for proper FMRP expression. To understand how the neuronal activity modulates the wild
type or the M1 mutated FMR1 promoter expression, we tested the effect of three neuronal
modulators on mouse hippocampal brain slices biolistically transfected by our WTFMR1-GFP and
M1FMR1-GFP plasmids.
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10.2 Glutamatergic signaling influences neuronal FMR1 expression

The transfected mouse hippocampal brain slices were treated by TTX that blocks the action
potential discharges and consequently neuronal activity, Bic that serves to increase the glutamate
release by inhibition of the GABA receptors and glycine that serves to induce NMDA-dependent
LTP (chemical LTP).
The treatment with glycine allowed increasing the WTFMR1 gene expression but not the M1FMR1
gene expression. The NMDA-dependent LTP visualized in this experiment allowed to highlight that
after glycine application the NMDA-dependent LTP is increased in normal cells likely in triggering
a massive calcium entry which could permit to recruit transcription factors required for FMR1 gene
transcription. However, due to the presence of the M1 mutation in FMR1 promoter region, the
transcription factors could likely not bind to the FMR1 promoter region preventing the FMR1 gene
transcription. This experiment allowed simply to highlight the fact that FMR1 gene is also involved
in the NMDA-dependent LTP probably by modulating the protein synthesis involved in this
facilitation.
In contrast, we found a significant increase of the M1FMR1-GFP signal intensity in CA1 pyramidal
neurons upon bicuculline treatment in organotypic hippocampal slices. Indeed without the
bicuculline treatment the signal expression of the M1FMR1-GFP was decreased to 45.7%. The
bicuculline treatment allowed rescuing the M1FMR1-GFP signal expression level to 99.7%.
On the other hand, treatment with TTX was decreasing the GFP signal in M1FMR1 transfected
cells to 34.6%, suggesting that action potentials are critical to FMR1 expression most likely by
influencing glutamate release and signaling cascade influencing the calcium entry which is required
for activating transcription factors such as USF1/2 required for FMR1 gene transcription.
These two neuronal activity modulators triggered opposite reaction in the FMR1 transcription in
triggering or not the activation of transcription factors necessary for the FMR1 gene transcription
initiation.
Taken together, our results suggest a role for neuronal activity in controlling FMR1 expression in
defined neuronal populations such as glutamatergic CA1 pyramidal neurons.
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This likely reflects transcriptional upregulation of FMR1 gene in the CA1 pyramidal neurons which
are exclusively excitatory neurons.
Bicuculline is an antagonist to the inhibitory action of GABAergic pathway and TTX blocks the
action potential discharge by blocking voltage gated sodium channels (VGSCs). These channels
play a critical role in neuronal function. In blocking these channels, TTX prevents the action
potentials to depolarize the cell membrane of excitatory neurons and consequently also prevents the
FMR1 gene transcription by preventing the neuronal activity to recruit the transcriptional factors.
Bicuculline is known to increase neuronal synaptic activity and to cause both massive epileptiform
activity and synaptic release of glutamate. This glutamate releasing also triggers mGluR5 and
AMPARs activation. These activations allow triggering the activation of transcription factors
required for the FMR1 gene transcription.
In addition, inhibition of inhibitory action of GABAR caused by the bicuculline would lead to
increase the excitatory glutamatergic pathway in CA1 pyramidal neurons.
By blocking GABA inhibition, the glutamate release activates the GluA1 subunit of the AMPA
receptors triggering an increase of FMR1 gene transcription which is necessary for the maintaining
of the LTD protein synthesis balance.
AMPARs mediate the majority of fast excitatory neurotransmission in the central nervous system
and are important for almost aspects of brain function such as learning, memory and cognition.
They are composed of combinations of four separate subunits (GluA1-4) which form ligand-gated
channels. Increases in the number and changes in the composition of synaptic AMPARs mediate
LTP and LTD. AMPARs are assembled in the endoplasmic reticulum. First they are assembled as
dimers, which then come together to form dimers of dimers to make a tetramer (Ayalon, 2001). In
rat hippocampal neurons, synaptic AMPARs are predominantly combinations of GluA1 and GluA2
subunits. Each of AMPAR subunits are regulated by phosphorylation. In LTP, activity-dependent
phosphorylation of GluA1 seems to deliver AMPARs to synapse. In contrast, GluA1
dephosphorylating is a signal for AMPAR internalization and LTD. Dephosphorylation at the cterminal GluA1 residue Thr840 occurs in response to NMDA stimulation (Delgado, 2007)
suggesting a potential role in LTD.
These results suggested that the glutamatergic receptor function antagonist to the gabaergic
receptors has a therapeutic effect. In blocking the inhibition action of GABA receptors, a sufficient
increase of excitatory glutamatergic activity triggered by the glutamate release and the AMPARs
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activation, would allow to modulate FMR1 expression and to rescue the loss of FMRP product
observed in FXS patients.
In order to verify if glutamatergic receptor function is affecting endogenous FMR1 expression, we
analyzed the endogenous FMRP distribution in dissociated rat cortical neurons. FMRP distribution
was increased upon bicuculline whereas TTX lead to a decreased of the FMRP distribution
supporting the fact that neuronal activation and in particular glutamatergic signaling modulates
FMRP distribution in neurons.
Upon the bicuculline treatment, we highlight the synaptic activity functioning on the FMR1 gene
transcription. The FMR1 gene transcription is triggered by the activation of the Gp1-mGluR
excitatory receptors by glutamate release. This activation could activate the transcription factors
required for the FMR1 gene transcription by triggering the entry of calcium which is important for
LTD. Indeed, FMR1 transcription is required for controlling the LTD protein synthesis and avoided
an exaggerated LTD preventing excessive internalization of AMPA receptor.
At the end all these experiments allowed to conclude that the glutamatergic receptor function can be
a potential therapeutic target to rescue FXS phenotypes and in particular the learning and memory
impairments. According to the mGluR theory, the inhibition of the GABA receptors could increase
a glutamate release which could trigger activation of the excitatory ionotropic NMDA and AMPA
glutamatergic receptors which are known to be involved in neuronal development and cognition.
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11 Conclusion and perspectives
This work was carried out in the team of Ivan Galimberti and Barna Fodor in the Developmental
Molecular Pathways (DMP) department at the Novartis Institute for Biomedical Research (NIBR) at
Basel in Switzerland. All the experiments of this thesis were performed in collaborating with
various scientists and technicians; the time of their contribution and the time repartition of this work
are summarized in the annex 5.
The Developmental and Molecular Pathways (DMP) department utilizes core signaling pathways as
an organizing principle for drug discovery. This platform combines chemical genetics, molecular
genetics and molecular profiling to identify novel therapeutic targets to a variety of genetic
diseases.
The team is working on the uncovering of the various molecular pathways involved in Autism
Spectrum Disorder (ASD) like Fragile X Syndrom (FXS) disease.
The main objective of this thesis was to analyze the role of synaptic activity on the FMR1 gene
transcription to highlight a potential therapeutic target that would restore the level of expression of
the FMRP protein often greatly reduced or absent in FXS patients.
We based our work on Collin’s article describing novel mutations found in FXS patients upon
massively parallel sequencing. We started this study by the cloning of three FMR1 promoter
variants potentially involved in the pathomechanism of FXS.
To highlight the molecular mechanism by which these mutations modulate the expression of the
FMR1 gene, we first cloned these various mutated FMR1 promoters in expression vectors coupled
to three reporter genes. The Gateway cloning allowed us to obtain rapidly twenty plasmids. This
first step allowed me to accustom with the cloning basics including the subtleties of the various
cloning steps and the use of various analysis software.
These plasmids were then transfected into various neuronal cells cultures to demonstrate the effects
of these mutations on the FMRP expression in the cerebral cortex. Thus, I enriched my knowledge
in cell culture with the help of technicians and scientists working with the cell cultures. Moreover, I
could follow the technicians at the animal facility and thus could closely observe various animal
experiments. In addition, I learnt to work with iPSC based human neuronal precursor cells.
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Then, I analyzed all the cell culture results with confocal microscopy. The confocal microscopy
allowed me to visualize the architecture of the hippocampal brain structure and to better understand
how the cerebral cortex functions. The results were then statistically analyzed using the ImageJ
software.
In parallel, I performed an important bibliographic work to understand the basics of FXS and the
action mechanisms of synaptic activity on the genes involved in numerous deleterious biologic
processes implied in ASD. Various hypotheses are published to explain the cellular and molecular
mechanisms of FXS. Two were mainly studied, the GABAergic hypothesis and the mGluR
hypothesis involving the most important glutamate receptors at the postsynaptic synapses in the
brain.
This thesis presented preliminary data of the study of the effects of three mutations located in the
FMR1 promoter region. As a result of these experiments, we could highlight the importance of the
glutamatergic receptor as a therapeutic target. This conclusion is in agreement with the mGluR
theory previously described by Bear et al.
However, these experiments would need to be confirmed with additional high quality data. First, it
would be very interesting to carry out transfection experiments with the other mutants to evaluate
the importance of the other regulatory elements in the FMR1 promoter in neuronal cultures and to
compare it to the signal intensity levels in HeLa cells. Then, it would be interesting to quantify
FMRP RNA by quantitative PCR on cortical neuronal cells. This additional experiment would
allow quantifying the effect of TTX and Bic on endogenous FMRP expression. In addition, it
would be interesting to test in animal models the direct effects of these variants on learning and
memory –e.g. by using the novel genome editing tools (CRISPR Cas9) to engineer animal models
with these mutations.
In the coming years, the FXS pathogenesis mechanisms hopefully will be understood better.
Currently, many aspects of the molecular and cellular mechanisms of this syndrome are unknown.
Emerging new technologies like NGS or iPSCs allow novel approaches to identify mutations and
study consequent molecular mechanisms as exemplified by the three mutations in the FMR1
promoter that we focused on this study. These approaches hopefully accelerate identification of new
therapeutic targets for FXS.
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12 APPENDICES
12.1 Annex 1: Plasmids Midi Prep extractions
The detailed protocol below comes from Qiagen Handbook plasmids Midi Prep.

1- Resuspend pelleted bacteria in S2 ml or 4 ml Buffer P1. Ensure that RNase A has been
added to Buffer P1.For efficient lysis, it is important to use a vessel that is large enough to
allow complete mixing of the lysis buffers. The bacteria should be resuspended completely
by vortexing or pipetting up and down until no cell clumps remain.
2- Add S 2 ml or z 4 ml Buffer P2, gently mix by inverting, and incubate at room temperature
for 3 min. The lysate should appear viscous. Do not allow lysis to proceed for more than 5
min. After use, the bottle containing Buffer P2 should be closed immediately to avoid
acidification from CO2 in the air. If Lyse Blue has been added to Buffer P1, the cell
suspension will turn blue after addition of Buffer P2. Mixing should result in a
homogeneously colored suspension. If the suspension contains localized colorless regions or
if brownish cell clumps are still visible, continue mixing the solution until a homogeneously
colored suspension is achieved.
3- Add S 2 ml or z 4 ml Buffer S3 to the lysate and mix immediately by inverting 4–6 times.
Proceed directly to step 4. Do not incubate the lysate on ice. After addition of Buffer S3, a
fluffy white precipitate containing genomic DNA, proteins, cell debris, and SDS becomes
visible. It is important to transfer the lysate into the QIAfilter cartridge immediately in order
to prevent later disruption of the precipitate layer. If the mixture still appears viscous and
brownish, more mixing is required to completely neutralize the solution. If Lyse Blue
reagent has been used, the suspension should be mixed until all trace of blue has gone and
the suspension is colorless. A homogeneous colorless suspension indicates that the SDS has
been effectively precipitated.
4- Transfer the lysate to the QIAfilter cartridge and incubate at room temperature for 10 min. If
working with low-copy plasmid culture volumes, it may be beneficial to centrifuge the
lysate before clarifying through QIAfilter cartridge. The centrifugation is performed instead
of the 10 min incubation and leads to convenient filtration without clogging. The
centrifugation can be performed directly in the same vessel which is used for alkaline lysis if
this vessel is appropriate for centrifugation. Centrifugation should be performed for 5 min at
approx. 4500 x g. Minor amounts of the precipitated material will be on the surface of the
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supernatant and can easily be removed with a pipette tip while pouring the supernatant into
the QIAfilter cartridge. Important: Room-temperature incubation is essential for optimal
performance of the QIAfilter cartridge. Do not agitate the QIAfilter cartridge during this
time. A precipitate containing proteins, genomic DNA, and detergent will float and form a
layer on top of the solution. This ensures convenient filtration without clogging. If, after the
incubation, the precipitate has not floated to the top of the solution, carefully run a sterile
pipet tip around the walls of the cartridge to dislodge it.
5- During incubation, prepare the vacuum manifold and the QIAGEN Plasmid Plus Midi spin
columns.
6- Gently insert the plunger into the QIAfilter cartridge and filter the cell lysate into a new
tube, allowing space for the addition of Buffer BB. Filter until all of the lysate has passed
through the QIAfilter cartridge, but do not apply extreme force.
7- Add 2 ml Buffer BB to the cleared lysate and mix by inverting 4–6 times.
8- Transfer lysate to a QIAGEN Plasmid Plus Midi spin column with a tube extender attached
on the QIAvac 24 Plus.
9- Switch on the vacuum source, apply approx. –300 mbar, and draw the solution through the
QIAGEN Plasmid Plus Midi spin column. After the liquid has been drawn through all
columns, switch off the vacuum source. Closing VacValves after liquid has drawn through
the first columns ensures that the vacuum pressure remains constant and stable for the
remaining samples.
10- To wash the DNA, add 0.7 ml Buffer ETR and proceed with one of the following two steps:
Washing using a vacuum: After adding 0.7 ml Buffer ETR, switch on the vacuum source.
After the liquid has been drawn through all columns, switch off the vacuum source.
Washing using a microcentrifuge: Discard the tube extenders and place the QIAGEN
Plasmid Plus Midi spin column into the 2 ml collection tube provided. Wash the column by
adding 0.7 ml Buffer ETR and centrifuging for 1 min at 10,000 x g. Discard the flowthrough.
11- To further wash the DNA, add 0.7 ml Buffer PE and proceed with one of the following two
steps: Washing using a vacuum: After adding 0.7 ml Buffer PE, switch on the vacuum
source. After the liquid has been drawn through all columns, switch off the vacuum source.
Washing using a microcentrifuge: Place the QIAGEN Plasmid Plus Midi spin column in the
empty collection tube from step 12. Wash the DNA by adding 0.7 ml Buffer PE and
centrifuging for 1 min at 10,000 x g. Discard the flow-through.
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12- To completely remove the residual wash buffer, centrifuge the column for 1 min at 10,000 x
g in a microcentrifuge.
13- Place the QIAGEN Plasmid Plus Midi spin column into a clean 1.5 ml microcentrifuge tube.
To elute the DNA, add 200 μl of Buffer EB (10 mM Tris·Cl, pH 8.5) or water to the center
of the QIAGEN Plasmid Plus Midi spin column, let it stand for at least 1 min, and centrifuge
for 1 min.
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12.2 Annex 2: Primary neuron culture protocol
Steps
- extract the organs you need in cold PBS
- dissect in PBS/BSA/Glucose solution.
- dissociate in Trypsin/DNase solution
- plate the cells in a DMEM/10%FCS/Glutamine medium
-start the culture in the complete medium
- change ½ of the medium every 2 days

Complete Medium
For 400ml of Complete Medium :
In a 50ml Falcon :

1 g BSA (Sigma A-9418), +4°C
2 mg Transferrin (Sigma T-5761), +4°C
1.6 mg Insulin (Sigma I-5500), -20°C

Dissolve in ~35ml DMEM (Gibco 21969-035), Vortex
Add

4 µl of the ethanolic solutions (15 to 21)
400 µl of the solutions 1 to 11, 13 and 14
64 µl of Katalase solution (12)
evt 2ml Pen/Strep. 1000U/ml

Complete to 50 ml with DMEM
Add the 50 ml to 350 ml DMEM and filter the solution
#
Order Nr.
by Sigma

Stock sol.
[mg/ml]

of
stock sol.
/100 ml
Medium

Storage of
the
substance

Storage of
the
solution

1

L-Alanin

A-7627

2

100

RT

-20°C

2

Biotin

B-4501

0.1

100

0-5°C

-20°C
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3

L-Carnitin

C-0283

2

100

RT

-20°C

4

Ethanolamin

E-9508

1

100

RT

-20°C

5

D+-Galactose

G-0625

15

100

RT

-20°C

6

L-Prolin

P-0380

7.76

100

RT

-20°C

7

Putrescin

P-7505

16.1

100

RT

-20°C

8

Na-Pyruvat

P-5280

25

100

0-5°C

-20°C

9

Na-Selenit

S-1382

0.016

100

RT

-20°C

10

Vit. B12

V-2876

0.34

100

0-5°C

-20°C

11

Zink-Sufat

Z-4750

0.194

100

RT

-20°C

12

Katalase

C-40

16

16

-20°C

-20°C

13

Glutathion

G-6013

1

100

0-5°C

-20°C

14

SOD

S-2515

2.5

100

-20°C

-20°C

Pen./Strep.

Gibco

1000U/ml

500

-20°C

-20°C

Ethanolic solutions
15

Linoleic acid

L-1376

100

1

-20°C

-20°C

16

Linolensäure

L-2376

100

1

-20°C

-20°C

17

Progesteron

P-8783

0.63

1

-20°C

-20°C

18

All trans Retinol

R-7632

10

1

-20°C

-20°C

19

Retinylacetat

R-7882

10

1

-20°C

-20°C

20

Tocopherol

T-3251

100

1

0-5°C

-20°C

21

Tocopherolacetat

T-3001

100

1

0-5°C

-20°C

PBS/BSA/Glucose
For 500ml:

500 mg BSA
5 ml 1M Glucose or 0.9 g D-Glucose (MW = 180.2, Sigma G-5400)

Dissolve in PBS, sterile filter, aliquot in 50ml Falcon
Store at -20°C
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Poly-D-Ornithine, 0.5mg/ml
Dissolve 25 mg poly-D-Ornithine (Sigma P-8638) in 50ml Borate buffer 150mM pH 8.4.
Sterile filter
Add to the wells: 0.5ml/well for a 24 well-plate
Incubate the plates at least 60min at 37°C (could be several days)
Wash the plates 3x with PBS before use, do not let them dry
Store the 0.5mg/ml Poly-D-Ornithine at 4°C
Detailed protocol
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.

14.
15.
16.

Store dissecting instruments in EtOH prior to preparation (then before using the forcep on the
brains, let the ethanol evaporate)
Kill pregnant rat E18 with CO2 and remove embryos
Wash embryos on 70% EtOH (rarely do this)
Place the embryos in cold PBS, remove from embryonic sac and transfer them to a new plate
with cold PBS.
Extract brains and place half and half in a 6cm dish with DM (PBS/BSA/Glucose), one of these
dishes keep in the fridge while we do the dissection of the first half
Dissect cortex / hippocampus and put in 3 ml or more of DM, in a 6-well plate that is placed on
an ice block
When finished with the dissection, transfer the brain parts to a falcon and pipette off excess of
DM. Add 6-10 ml of Trypsin to 10-12 cortices and DNAse at 1:1000 concentration. HC and
ST, 4ml of Trypsin is enough.
Gently invert the tube up and down and place in the 37C water bath for no longer than 15
minutes. During this 15 min time I invert the tube up and down a few times.
Remove all trypsin with pipette (don’t use vacuum: too strong). Add 6ml plating medium (note:
plating medium is left at room temp, along with trypsin, before starting dissection).
Spin down 800 rpm for 5 min (tabletop centrifuge for 15ml tubes).
Add 1,2 ml of PM that should be @ 4ºC.
Start dissociation, ~12 times with each Pasteur pipette size (starting from the bigger to the
smaller, use 2-3 sizes), try to avoid air bubbles.
Add 6 ml of PM (could be more but not less) pipette up and down and pass it through a cell
strainer (40um) then, pass another 6 ml of PM (could be more but not less) through the cell
strainer to make sure that all cells come down. For HC and ST I, use 6ml total, consider to not
use the cell strainer.
When doing more than one brain region, I keep the tubes on ice while plating one type of
neurons.
Count cells pipetting 10ul of cell suspension into 10 ml of Casy buffer.
Plate neurons in PM, when on glass, I previously coat the dishes in PDL and then add laminin
at the time of plating
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17. Both in PM as well as the next day Complete medium I use Primocin instead of common
Pen/Strep as it’s less toxic for the cells.
PBS/BSA/Glucose
500mg BSA
0.9g d-Glucose
500ml PBS
Sterile filter and freeze at -20C in 50ml aliquots
Plating Medium
DMEM + Glutamax (Cat# 32430) or other DMEM supplemented with 1X Glutamax or Glutamine
10% FBS
1X Primocine
For Plating on Glass Coverslips
1. The night before plating, place coverslips in appropriate sized wells and cover with 0.5mg/ml
Poly-d-lysine (in water, sterile filtered). Leave in CO2 incubator at 37oC.
2. Before plating wash plates 1-2x with excess water (at least half of well volume).
3. Leave in hood under UV light for >15min before plating neurons. Laminin may be included in
plating buffer.
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12.3 Annex 3: Neuronal progenitor culture protocol
Medium: PM+

500 ml

DMEM/F12/GlutaMax medium [Invitrogen Gibco, cat 31331-028]

480 ml

N2 supplement [Invitrogen, cat 17502048 ] (1/100)

5 ml

B27 supplement [Invitrogen, cat 17504044] (1/50)

10 ml

Pen/Strep (1/100)

5 ml

Add fresh (keep maximum 10 days)
Basic human Fibroblast Growth Factor (bhFGF) 100 ug/ml stock to 10ng/ml (1:10 000)

5 ul

Human Epidermal Growth Factor (hEGF) 100 ug/ml stock to 10ng/ml (1:10 000)

5 ul

Splitting
- Aspirate medium
- Wash cells with PBS
- Add 0.5 ml Tryple, incubate 5 min at 37 C
- Add 0.5 ml PM+ medium,
- Pipette up and down with the P1000 pipette to destroy the monolayer and brig the cells into
suspension
- Apply on a 40 um filter placed on a 50 ml falcon to obtain single cell suspension
- Dilute the cells by adding 5 ml PM+ medium
- Take 10ul aliquot for cell counting – add to 10 ml of CASY solution in a CASY container
- Count the cells by CASY, using program: cells
- Centrifuge the cells (1000 rpm for 5min)
- Prepare matrigel coated dishes: aspirate metrigel medium and wash 1x by PBS
- After centrifugation aspirate the medium, leave 100ul at the bottom of the tube and break the cell
pellet by finger flicking
- Resuspend the pellet in appropriate amount of PM+ and distribute to dishes
- Plate: 5 000 000 in 4 ml PM+ for a 6cm dish and 200 000-500 000 in 0.5 ml PM+ for a 24-well
- Add ROCK inhibitor to 1 uM concentration – use a 10mM stock – dilute 1:1000 (4 ul in 4 ml)
- Change medium next day to remove the ROCK
Change medium every 2-3 days: Mon-Wed-Fri
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Matrigel
- Aliquot the stock according to the data sheet – given volume x 1.5
- Keep aliquots at -20 C
- Thaw aliquot for 30 min at 4 C
- Prepare 12 ml of cold ex-vivo medium (directly from the fridge) in a falcon tube
- Keep the aliquot of matrigel on ice, transfer the aliquot volume to the ex-vivo by a P1000 with a
cooled tip
- Resuspend matrigel in ex-vivo medium by pipetting up and down few times (10 ml pipette)
- Distribute to dishes: 3 ml for 6cm dish, 0.5 ml for 24-well
- Transfer directly to the fridge –let the gel polymerase over night
- Use the dishes within 10 days
- Wash with PBS before plating cells
Thawing
- Thaw the vial of frozen cells at 37 C
- Prepare a 15 ml falcon tube with 10 ml warm PM+ medium
- When the suspension is nearly thawed and just a little bit of ice is left gently transfer the thawed
cells to the falcon
- Centrifuge the cells (1000 rpm for 5min)
- Prepare matrigel coated dishes: aspirate metrigel medium and wash 1x by PBS
- After centrifugation aspirate the medium, leave 100ul at the bottom of the tube and break the cell
pellet by finger flicking
- Resuspend the pellet in 4 ml of PM+ and plate on a 6 cm dish (if 5x10e6 were frozen)
- Add ROCK inhibitor to 1 uM concentration – use a 10mM stock – dilute 1:1000 (4 ul in 4 ml)
- Change medium next day to remove the ROCK
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12.4 Annex 4: Hippocampal slices preparation protocol
1- Mouse hippocampal brain slices preparation


Pups: postnatal day 6-9



Illustration of hippocampal slice preparation protocol

These pictures and schemes describe the mouse hippocampal slices preparation, for legends see
Gogolla N, 2006.
2- Slices preparation


Culture medium: 50ml MEM (Modified Eagle Medium: containing amino acids and
proteins) + 1ml penicillin/streptomycin + 120mg tris(hydroxymethyl)aminomethan + 910ul
NaHCO3(7.5%) + 50ml horse serum inactivated by heat + 50ml HBSS (Hank’s Buffered
Salt Solution) + 200ml ddH2O.



Insert 1ml culture medium by well and insert with 4 hippocampal slices by well in a plate
with 6 inserts.



Incubate at 35°C



5%CO2



Change culture medium /3days
Maud Simansour-Master Thesis | APPENDICES

88

 $QQH[(VWLPDWLRQRIWKHWLPHGLVWULEXWLRQRIWKLVZRUN

7LPHGLVWULEXWLRQ
7LPHUHSDUWLWLRQ

%LEOLRJUDSK\

3ODVPLGVFRQVWUXFWLRQV

&RQIRFDOPLFURVFRS\UHDGRXW

3LFWXUHVDQDO\VLV



Bibliography

Plasmids
construction
Confocal
microscopy read
out
Pictures analysis


&ROODERUDWLRQV

7KLVZRUNZDVUHDOL]HGZLWKWKHKHOSRIYDULRXVVFLHQWLVWVDQGDVVRFLDWHVZKLFKDUHZRUNLQJLQWKH
)RGRUDQG*DOLPEHUWLODEV
0DULR
1DWDFKD
$QNH
-HVVLFD
0DXG


7LPH  







7HFKQLTXHV
KLSSRFDPSDOEUDLQVOLFHVSUHSDUDWLRQV
FRUWLFDOQHXURQVSUHSDUDWLRQV
*)3SODVPLGVFRQVWUXFWLRQV
QHXURQDOSUHFXUVRUVSUHSDUDWLRQV
SODVPLGVWUDQVIHFWLRQVFHOOVFXOWXUHV




Mario
Natacha
Anke
Jessica
Maud



Maud Simansour-Master Thesis | APPENDICES

89

13 Bibliography
Alpatov R, Lesch BJ, Nakamoto-Kinoshita M, Blanco A, Chen S, Stützer A, Armache KJ, Simon MD, Xu C,
Ali M, et al. 2014. A chromatin-dependent role of the fragile X mental retardation protein FMRP in
the DNA damage response. Cell; 157(4):869-81.
Aoto, J., Nam, C. I., Poon, M. M., Ting, P., & Chen, L. 2008. Synaptic signaling by all-trans retinoic acid in
homeostatic synaptic plasticity. Neuron,60(2), 308–320.
Ashley CT, Wilkinson KD, Reines D, Warren ST. 1993. FMR1 protein: Conserved RNP family domains and
selective RNA binding. Science 262:563–566.
Ashley CT, Sutcliffe JS, Kunst CB, Leiner HA, Eichler EE, Nelson DL, Warren ST. 1993. Human and
murine FMR-1: alternative splicing and translational initiation downstream of the CGG-repeat. Nat
Genet 4:244–251.
Ayalon G, Stern Bach Y. 2001. Functional assembly of AMPA and kainite receptors is mediated by several
discrete protein-protein interactions. Neuron; 31:103-113.
Bakker CE, Oostra BA. 2003. Understanding Fragile X syndrome: Insights from animal models. Cytogenet
Genome Res 100:111–123.
Bakker CE, Verheij C, Willemsen R, Vanderhelm R, Oerlemans F, Vermey M, Bygrave A, Hoogeveen
AT, Oostra BA, Reyniers E,Deboulle K, Dhooge R, Cras P, Van Velzen D, Nagels G, Martin
JJ, Dedeyn PP, Darby JK, Willems PJ. 1994. Fmr1 knockout mice: A model to study Fragile X mental
retardation. Cell 78:23–33.
Bardoni B, Castets M, Huot ME, Schenck A, Adinolfi S, Corbin F, Pastore A, Khandjian EW, Mandel
JL. 2003. 82-FIP, a novel FMRP (Fragile X mental retardation protein) interacting protein, shows a
cell cycle-dependent intracellular localization. Hum. Mol. Genet. 12:1689–1698.
Bear, Mark F, Kimberly M Huber, and Stephen T Warren. 2004. The mGluR Theory of Fragile X Mental
Retardation. Trends in neurosciences 27(7): 370–77.
Beilina, Alexandra et al. 2004. Redistribution of Transcription Start Sites within the FMR1 Promoter Region
with Expansion of the Downstream CGG-Repeat Element. Hum. Mol. Genet. 13(5): 543–49.
Berry-Kravis EM, Hessl D, Coffey S, Hervey C, Schneider A, Yuhas J, Hutchison J, Snape M, Tranfaglia
M, Nguyen DV, Hagerman R.2009. A pilot open-label single-dose trial of fenobam in adults with
Fragile X syndrome. J. Med. Genet. 46:266–271.
Bliss TV, Lomo T. 1973. Long-lasting potentiation of synaptic transmission in the dentate area of the
anaesthetized rabbit following stimulation of the perforant path. J Physiol. 2(2):331-56.
Brown V, Jin P, Ceman S, Darnell JC, O'Donnell WT, Tenenbaum SA, Jin X, et al. 2001. Microarray
identification of FMRP-associated brain mRNAs and altered mRNA translational profiles in Fragile X
syndrome. Cell 107:477–487.
Carrillo C, Cisneros B, Montanez C. 1999. Sp1 and AP2 transcription factors are required for the human
Fragile mental retardation promoter activity in SK-NSH neuronal cells. Neurosci Lett 276:149–152.
Maud Simansour-Master Thesis | Bibliography

90

Chang S, Bray SM, Li Z, Zarnescu DC, He C, Jin P, Warren ST. 2008. Identification of small molecules
rescuing Fragile X syndrome phenotypes in Drosophila. Nat Chem Biol 4:256–263.
Chen WG, West AE, Tao X, Corfas G, Szentirmay MN, Sawadogo M, Vinson C, Greenberg ME. 2003.
Upstream stimulatory factors are mediators of Ca2þ-responsive transcription in neurons. J Neurosci
23:2572–2581.
Chuang SC, Zhao W, Bauchwitz R, Yan Q, Bianchi R, Wong RK. 2005. Prolonged epileptiform discharges
induced by altered group I metabotropic glutamate receptor-mediated synaptic responses in
hippocampal slices of a Fragile X mouse model. J Neurosci25:8048–8055.
Clayton DF. 1997. Role of gene regulation in song circuit development and song learning. J Neurobiol.
33(5):549-71.
Coffee B, Ikeda M, Budimirovic DB, Hjelm LN, Kaufmann WE, Warren ST. 2008. Mosaic FMR1 deletion
causes Fragile X syndrome and can lead to molecular misdiagnosis: A case report and review of the
literature. Am J Med Genet A 146:1358–1367.
Coffee RL Jr, Tessier CR, Woodruff EA III, Broadie K. 2010. Fragile X mental retardation protein has a
unique, evolutionarily conserved neuronal function not shared with FXR1P or FXR2P. Dis Model
Mech 3:471–485.
Collins, Stephen C et al. 2010. Identification of Novel FMR1 Variants by Massively Parallel Sequencing in
Developmentally Delayed Males. American journal of medical genetics. Part A 152A(10): 2512–20.
Curtis, D.R. et al. 1971. Antagonism between Bicuculline and GABA in the Cat Brain. Brain Research
33(1): 57–73.
Dalby, Brian et al. 2004. Advanced Transfection with Lipofectamine 2000 Reagent: Primary Neurons,
siRNA, and High-Throughput Applications. Methods 33(2): 95–103.
Darnell JC, Jensen KB, Jin P, Brown V, Warren ST, Darnell RB. 2001. Fragile X mental retardation protein
targets G quartet mRNAs important for neuronal function. Cell 107:489–499.
Darnell JC, Van Driesche SJ, Zhang C, Hung KYS, Mele A, Fraser CE, Stone EFF, et al. 2011. FMRP stalls
ribosomal translocation on mRNAs linked to synaptic function and autism. Cell 146:247–261.
De Boulle K, Verkerk AJ, Reyniers E, Vits L, Hendrickx J, Van Roy B, Van den Bos F, et al. 1993. A point
mutation in the FMR-1 gene associated with Fragile X mental retardation. Nat Genet 3:31–35.
Delgado JY, Coba M, Anderson CN, et al. 2007. NMDA receptor activation dephosphorylates AMPA
receptor glutamate receptor 1 subunit at threonine 840. Mol Cell Neurosci. 2007;27:13210-13221.
Den Broeder MJ, van der Linde H, Brouwer JR, Oostra BA, Willemsen R, Ketting RF. 2009. Generation and
characterization of FMR1 knockout zebrafish. PLoS ONE 4(11):e7910.
Devys D, Lutz Y, Rouyer N, Bellocq JP, Mandel JL. 1993. “The FMR-1 protein is cytoplasmic, most
abundant in neurons and appears normal in carriers of a Fragile X premutation.” Nat Genet 4:335–340.
Dictenberg JB, Swanger SA, Antar LN, Singer RH, Bassell GJ. 2008. A direct role for FMRP in activitydependent dendritic mRNA transport links filopodial-spine morphogenesis to Fragile X
syndrome. Dev Cell 14:926–939.
Maud Simansour-Master Thesis | Bibliography

91

Eberhart, Derek E, Henry E Malter, Yue Feng, and Stephen T Warren. 1996. The Fragile X Mental
Retardation Protein Is a Ribonucleoprotein Containing Both Nuclear Localization and Nuclear Export
Signals. Hum.Mol.Genet. 8: 1083–91.
Engels B, Van 't Padje S, Blonden L, Severijnen LA, Oostra BA, Willemsen R. 2004. Characterization of
Fxr1 in Danio rerio; a simple vertebrate model to study costamere development. J Exp Biol 207:3329–
3338.
Estes PS, O'Shea M, Clasen S, Zarnescu DC. 2008. Fragile X protein controls the efficacy of mRNA
transport in Drosophila neurons. Mol Cell Neurosci 39:170–179.
Feng Y, Gutekunst CA, Eberhart DE, Yi H, Warren ST, Hersch SM. 1997. Fragile X mental retardation
protein: Nucleocytoplasmic shuttling and association with somatodendritic ribosomes. J
Neurosci 17:1539–1547.
Fernández, Esperanza, Nicholas Rajan, and Claudia Bagni. 2013. The FMRP Regulon: From Targets to
Disease Convergence. Frontiers in Neuroscience 7(7 OCT): 191.
Fernandez-Carvajal I, Lopez Posadas B, Pan R, Raske C, Hagerman PJ, Tassone F. 2009. Expansion of an
FMR1 grey-zone allele to a full mutation in two generations. J Mol Diagn 11:306–310.
Flavell SW, Greenberg ME. 2008. Signaling mechanisms linking neuronal activity to gene expression and
plasticity of the nervous system. Annu Rev Neurosci 31:563–590.
Fu, YH et al. 1991. Variation of the CGG Repeat at the Fragile X Site Results in Genetic Instability:
Resolution of the Sherman Paradox. Cell 67: 1047–56.
Galimberti I, Gogolla N, Alberi S, Santos AF, Muller D, et al. 2006. Long-term rearrangements of
hippocampal mossy fiber terminal connectivity in the adult regulated by experience. Neuron 50: 749–
763
Galvez R, Greenough WT. 2005. Sequence of abnormal dendritic spine development in primary
somatosensory cortex of a mouse model of the Fragile X mental retardation syndrome. Am J Med
Genet Part A 135A:155–160.3
Gatchel, J and Zoghbi, H. 2005. Diseases of Unstable Repeat Expansion: Mechanisms and Common
Principles. Nature Reviews Genetics 6, 743-755.
Gogolla N, Galimberti I, DePaola V and Caroni P. 2006. Preparation of Organotypic Hippocampal Slice
Cultures for Long-Term Live Imaging. Nature protocols 3: 1165–71.
Greenough, W T et al. 2001. Synaptic Regulation of Protein Synthesis and the Fragile X Protein.
Proceedings of the National Academy of Sciences of the United States of America 98(13): 7101–6.
Gustavson KH, Dahlbom K, Flood A, et al. 1985. Effect of folic acid treatment in the Fragile X
syndrome. Clin. Genet. 27:463–467.
Heulens I and Kooy F. 2011. Fragile X Syndrome: from gene discovery to therapy. Front. Biosci. 16:121132.
Hirokawa, N. 1991. Molecular architecture and dynamics of the neuronal cytoskeleton. In The Neuronal
Cytoskeleton. R.D. Burgoyne, editor. Wiley Liss, New York. 5–74.
Maud Simansour-Master Thesis | Bibliography

92

Hinds HL, Ashley CT, Sutcliffe JS, Nelson DL, Warren ST, Housman DE, Schalling M. 1993. Tissue
specific expression of FMR-1 provides evidence for a functional role in Fragile X syndrome. Nat
Genet 3:36-43.
Hinton VJ, Brown WT, Wisniewski K, Rudelli RD. 1991. Analysis of neocortex in three males with the
Fragile X syndrome. Am J Med Genet 41:289–294.
Höller M, Westin G, Jiricny J, Schaffner W. 1988. Sp1 transcription factor binds DNA and activates
transcription even when the binding site is CpG methylated. Genes Dev.9:1127-35.
Huber KM, Kayser MS, Bear MF. 2000. Role for rapid dendritic protein synthesis in hippocampal mGluRdependent long-term depression. Science 288:1254–1256.
Huber KM, Gallagher SM, Warren ST, Bear MF. 2002. Altered synaptic plasticity in a mouse model of
Fragile X mental retardation. Proc Natl Acad Sci USA 99:7746–7750.
Hwu WL, Lee YM, Lee SC, and Wang TR. 1993. In vitro DNA methylation inhibits FMR-1 promoter.
Bioch. and Biophys. Res. Com.Vol.193 No1:324-329.
Irwin SA, Idupulapati M, Gilbert ME, Harris JB, Chakravarti AB, Rogers EJ, Crisostomo RA, et
al. 2002. Dendritic spine and dendritic field characteristics of layer V pyramidal neurons in the visual
cortex of Fragile-X knockout mice. Am J Med Genet 111:140–146.
Jin, Peng, and Stephen T Warren. 2003. Understanding the Molecular Basis of Fragile X Syndrome. Hum.
Mol. Genet. 6: 901-908.
Jin P, Zarnescu DC, Ceman S, Nakamoto M, Mowrey J, Jongens TA, Nelson DL, et al. 2004. Biochemical
and genetic interaction between the Fragile X mental retardation protein and the microRNA
pathway. Nat Neurosci 7:113–117.
Katz, L.C., and Shatz, C.J. 1996. Synaptic activity and the construction of cortical circuits. Science 274,
1133–1138.
Kaufmann WE, Cohen S, Sun HT, Ho G. 2002. Molecular phenotype of Fragile X syndrome: FMRP,
FXRPs, and protein targets. Microsc Res Tech 57:135–144.
Khandjian EW, Fortin A, Thibodeau A, Tremblay S, Côté F, Devys D, Mandel JL, et al. 1995. A
heterogeneous set of FMR1 proteins is widely distributed in mouse tissues and is modulated in cell
culture. Hum.Mol. Genet. 4:783–789.
Khandjian, E W et al. 1998. Novel Isoforms of the Fragile X Related Protein FXR1P Are Expressed during
Myogenesis. Hum.Mol.Genet. 13: 2121–28.
Khandjian EW. 1999. Biology of the Fragile X mental retardation protein, an RNA-binding protein. Biochem
Cell Biol 77:331–342.
Koenig H, Lu C. 1967. RNA and protein synthesis in relation to neural function. A study of the
neurobiological activity of actinomycin D in cat spinal cord. Trans Am Neurol Assoc 92:250–252.
Kumari, D, and K Usdin. 2001. Interaction of the Transcription Factors USF1, USF2, and Alpha -Pal/NRF-1
with the FMR1 Promoter. Implications for Fragile X Mental Retardation Syndrome. The Journal of
biological chemistry 276(6): 4357–64.
Maud Simansour-Master Thesis | Bibliography

93

Kwan KY, Lam MM, Johnson MB et al. 2012. Species –dependent posttranscriptional regulation of NOS1
by FMRP in the developing cerebral cortex. Cell 149:899-911.
Levenga, J., de Vrij, F. M. S., Oostra, B. A., & Willemsen, R. 2010. Potential therapeutic interventions for
fragile X syndrome. Trends in Molecular Medicine, 16(11), 516–527.
Levenga J, Hayashi S, de Vrij FM, Koekkoek SK, van der Linde HC, Nieuwenhuizen I, Song C, Buijsen
RA, Pop AS, GomezMancilla B,Nelson DL, Willemsen R, Gasparini F, Oostra BA. 2011b. AFQ056, a
new mGluR5 antagonist for treatment of Fragile X syndrome. Neurobiol Dis 42:311–317.
Lim, Jae H, Anne B Booker, and Justin R Fallon. 2005. Regulating Fragile X Gene Transcription in the
Brain and Beyond. Journal of cellular physiology 205(2): 170–75.
Lindemann L, Jaeschke G, Michalon A, Vieira E, Honer M, Spooren W, Porter R, Hartung T, Kolczewski
S, Buttelmann B, Flament C,Diener C, Fischer C, Gatti S, Prinssen EP, Parrott N, Hoffmann
G, Wettstein JG. 2011. CTEP—A novel, potent, long-acting and orally bioavailable mGlu5 inhibitor. J
Pharmacol Exp Ther 339:474–486.
Linder B, Plottner O, Kroiss M, Hartmann E, Laggerbauer B, Meister G, Keidel E, Fischer U. 2008. Tdrd3 is
a novel stress granule-associated protein interacting with the Fragile-X syndrome protein FMRP. Hum
Mol Genet 17:3236–3246.
Lubs HA. 1969. A marker X chromosome. Am J Hum Genet. 3:231-44.
Lugenbeel KA, Peier AM, Carson NL, Chudley AE, Nelson DL. 1995. Intragenic loss of function mutations
demonstrate the primary role of FMR1 in Fragile X syndrome. Nat Genet.10(4):483-5.
Martin JP, Bell J. 1943. A pedigree of mental defect showing sex-linkage. J Neurol Psychiatry 6:154–157.
Mandel JL., Oberle, I., Rousseau, F., Heitz, D., Kretz, C., Devys, D., Hanauer, A., Boue, J., Bertheas, M.F.
and Mandel, J.L. 1991. Instability of a 550-base pair DNA segment and abnormal methylation in
Fragile X syndrome. Science, 252, 1097–1102.
Menon RP, Gibson TJ, Pastore A. 2004. The C terminus of Fragile X mental retardation protein interacts
with the multi-domain Ran-binding protein in the microtubule-organising centre. J Mol Biol 343:43–
53.
Miyashiro KY, Beckel-Mitchener A, Purk TP, Becker KG, Barret T, Liu L, Carbonetto S, et al. 2003. RNA
cargoes associating with FMRP reveal deficits in cellular functioning in Fmr1 null
mice. Neuron 37:417–431.
Musumeci SA, Bosco P, Calabrese
BA. 2000. Audiogenic seizures
syndrome. Epilepsia 41:19–23.

G, Bakker C, De
susceptibility in

Sarro GB, Elia
transgenic mice

M, Ferri R, Oostra
with Fragile X

Napoli I, Mercaldo V, Boyl PP, Eleuteri B, Zalfa F, De Rubeis S, Di Marino D, Mohr E, Massimi M, Falconi
M, et al. 2008. The Fragile X syndrome protein represses activity-dependent translation through
CYF1P1, a new 4E-BP. Cell 134:1042-1054.
Nelson DL, Orr HT, Warren ST. 2013. The unstable repeats—Three evolving faces of neurological
disease. Neuron 77:825–843.

Maud Simansour-Master Thesis | Bibliography

94

Nemeroff CB.2003. The role of GABA in the pathophysiology and treatment of anxiety
disorders. Psychopharmacol Bull. 37(4):133-46.
Nieto, F. R., Cobos, E. J., Tejada, M. Á., Sánchez-Fernández, C., González-Cano, R., & Cendán, C. M.
2012. Tetrodotoxin (TTX) as a Therapeutic Agent for Pain. Marine Drugs, 10(2), 281–305.
O'Brien JA, Lummis SC. 2006. Biolistic transfection of neuronal cultures using a hand-held gene gun. Nat
Protoc. 1(2):977-81.
Pieretti M, Zhang FP, Fu YH, Warren ST, Oostra BA, Caskey CT, Nelson DL. 1991. Absence of expression
of the FMR-1 gene in Fragile X syndrome. Cell 66: 817-822.
Pop AS, Gomez-Mancilla B, Neri G, Willemsen R, Gasparini F. 2013a. Fragile X syndrome: A preclinical
review on metabotropic glutamate receptor 5 (mGluR5) antagonists and drug
development. Psychopharmacology, (Berl); 231(6):1217-26.
Pugh B.F., Tjian R. 1990. Mechanism
coactivators. Cell 61:1187–1197.

of

transcriptional

activation

by

Sp1:

Evidence

for

Qurashi A, Shuang C, and Jin P. 2007. Role of microRNA Pathway in Mental Retardation. The Scientific
World Journal 7: 146–54.
Reddy DS. 2004. Pharmacology of catamenial epilepsy. Methods Find Exp Clin Pharmacol. 26(7):547-61
Schenck A, Bardoni B, Moro A, Bagni C, Mandel JL. 2001. A highly conserved protein family interacting
with the Fragile X mental retardation protein (FMRP) and displaying selective interactions with
FMRP-related proteins FXR1P and FXR2P. Proc Natl Acad Sci USA 98:8844–8849.
Shahi K, Baudry M. 1993. Glycine-induced changes in synaptic efficacy in hippocampal slices involve
changes in AMPA receptors. Brain Res. 627(2):261-6.
Shang Y, Wang H, Mercaldo V, Li X, Chen T, Zhuo M. 2009. Fragile X mental retardation protein is
required for chemically-induced long-term potentiation of the hippocampus in adult mice. J
Neurochem. 2009 Nov;111(3):635-46.
Shendure, Jay, and Hanlee Ji. 2008. Next-Generation DNA Sequencing. Nature biotechnology 26(10): 1135–
45.
Shi SH, Hayashi Y, Petralia RS, Zaman SH, Wenthold RJ, Svoboda K, Malinow R. 1999. Rapid spine
delivery and redistribution of AMPA receptors after synaptic NMDA receptor
activation. Science 284:1811–1816.
Shieh PB, Hu SC, Bobb K, Timmusk T, Ghosh A. 1998. Identification of a signaling pathway involved in
calcium regulation of BDNF expression. Neuron 20:727–740.
Siomi H, Siomi MC, Nussbaum RL, Dreyfuss G. 1993. The protein product of the Fragile X gene, FMR1,
has characteristics of an RNA-binding protein. Cell 74:291–298.
Smith KT, Coffee B, and Reines D. 2004b. Occupancy and Synergistic Activation of the FMR1 Promoter by
NRF-1 and Sp1 in Vivo. Human molecular genetics 13(15): 1611–21.
Sutherland, GR. 1977. Fragile sites on human chromosomes: Demonstration of their dependence on the type
of tissue culture medium. Science 197:265-266.
Maud Simansour-Master Thesis | Bibliography

95

Tamanini F, Willemsen R, Van Unen L, Bontekoe C, Galjaard H, Oostra BA, Hoogeveen
AT. 1997. Differential expression of FMR1, FXR1 and FXR2 proteins in human brain and testis. Hum
Mol Genet 6:1315–1322.
Till SM, Wijetunge LS, Seidel VG, Harlow E, Wright AK, Bagni C, Contractor A, et al. 2012. Altered
maturation of the primary somatosensory cortex in a mouse model of Fragile X syndrome. Hum Mol
Genet 21:2143–2156.
Tucker B, Richards R, Lardelli M. 2004. Expression of three zebrafish orthologs of human FMR1-related
genes and their phylogenetic relationships. Dev Genes Evol 214:567–574.
Verheij C, Bakker CE, De Graaff E, Keulemans J, Willemsen R, Verkerk AJ, Galjaard H, et
al. 1993. Characterization and localization of the FMR-1 gene product associated with Fragile X
syndrome. Nature 363:722–724.
Verkerk AJ, Pieretti M, Sutcliffe JS, Fu YH, Kuhl DP, Pizzuti A, Reiner O, Richards S, Victoria MF, Zhang
FP, Eussen BE, Van Ommen GJB, Blonden LAJ, Riggins GJ, Chastain JL, Kunst CB, Galjaard
H, Caskey CT, Nelson DL, Oostra BA, Warren ST. 1991. Identification of a gene (FMR-1) containing
a CGG repeat coincident with a breakpoint cluster region exhibiting length variation in Fragile X
syndrome. Cell 65:905–914.
Vigot Réjan, 2003. La depression synaptique à long terme: un mécanisme pour la mémoire et l’apprentissage
au niveau du cervelet. Médecine sciences 19(4): 437-441.
Wan L, Dockendorff TC, Jongens TA, Dreyfuss G. 2000. Characterization of dFMR1, a Drosophila
melanogaster homolog of the Fragile X mental retardation protein. Mol Cell Biol 20:8536–8547.
Warren ST, Knight SJ, Peters JF, Stayton CL, Consalez GG, Zhang FP. Isolation of the human chromosomal
band Xq28 within somatic cell hybrids by Fragile X site breakage. Proc Natl Acad Sci U S A. 1990
May;87(10):3856-60.
Weiler IJ and Greenough WT. 1993. Metabotropic glutamate receptors trigger postsynaptic protein synthesis.
Proc. Natl. Acad. Sci. USA 99, 1639-1644.
West AE, Chen WG, Dalva MB, Dolmetsch RE, Kornhauser JM, Shaywitz AJ, Takasu MA, Tao X and
Greenberg ME. 2001. Calcium regulation of neuronal gene expression. Proc. Natl. Acad. Sci. USA 98,
11024-11031.
Woods, Georgia, and Karen Zito. 2008. Preparation of Gene Gun Bullets and Biolistic Transfection of
Neurons in Slice Culture. Journal of visualized experiments : JoVE (12): 3–6.
Zalfa F, Eleuteri B, Dickson KS, Mercaldo V, De Rubeis S, Di Penta A, Tabolacci E, et al. 2007. A new
function for the Fragile X mental retardation protein in regulation of PSD-95 mRNA stability. Nat
Neurosci 10:578–587.
Zalfa F, Giorgi M, Primerano B, Moro A, Di Penta A, Reis S, Oostra B, et al. 2003. The Fragile X syndrome
protein FMRP associates with BC1 RNA and regulates the translation of specific mRNAs at
synapses. Cell 112:317–327.
Zangenehpour S, Cornish KM, Chaudhuri A. 2009. Whole-brain expression analysis of FMRP in adult
monkey and its relationship to cognitive deficits in Fragile X syndrome. Brain Res 1264:76–84.
Maud Simansour-Master Thesis | Bibliography

96

Zhang Y, O'Connor JP, Siomi M C, Srinivasan S, Dutra A, Nussbaum RL, Dreyfuss G. 1995. The Fragile X
mental retardation syndrome protein interacts with novel homologs FXR1 and FXR2. EMBO
J 14:5358–5366.
Zhang, H. and Bradley, A. 1996. Mice deficient for BMP2 are nonviable and have defects in amnion/chorion
and cardiac development. Development 122, 2977-2986.
Zhang YQ, Bailey AM, Matthies HJ, Renden RB, Smith MA, Speese SD, Rubin GM, et al. 2001. Drosophila
Fragile X-related gene regulates the MAP1B homolog Futsch to control synaptic structure and
function. Cell 107:591–603.
Zhang, YQ. et al. 2004. The Drosophila Fragile X-related gene regulates axoneme differentiation during
spermatogenesis. Dev. Biol.270, 290–307.
Zieg, J., Greer, P.L., and Greenberg, M.E. 2008. SnapShot: Ca2+-dependent transcription in neurons. Cell, in
press.

Maud Simansour-Master Thesis | Bibliography

97

