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Functional absence of fragile X mental retardation protein
(FMRP) causes the fragile X syndrome, a hereditary form of
mental retardation characterized by a change in dendritic
spine morphology. The RNA-binding protein FMRP has been
implicated in regulating postsynaptic protein synthesis. Here
we have analyzed whether the abundance of scaffold proteins
and neurotransmitter receptor subunits in postsynaptic densi-
ties (PSDs) is altered in the neocortex and hippocampus of
FMRP-deficient mice. Whereas the levels of several PSD com-
ponents are unchanged, concentrations of Shankl and SAPAP
scaffold proteins and various glutamate receptor subunits are
altered in both adult and juvenile knock-out mice. With the
exception of slightly increased hippocampal SAPAP2 mRNA
levels in adult animals, altered postsynaptic protein concentra-
tions do not correlate with similar changes in total and synaptic
levels of corresponding mRNAs. Thus, loss of FMRP in neurons
appears to mainly affect the translation and not the abundance
of particular brain transcripts. Semi-quantitative analysis of
RNA levels in FMRP immunoprecipitates showed that in the
mouse brain mRNAs encoding PSD components, such as
Shankl, SAPAP1-3, PSD-95, and the glutamate receptor sub-
units NR1 and NR2B, are associated with FMRP. Luciferase
reporter assays performed in primary cortical neurons from
knock-out and wild-type mice indicate that FMRP silences
translation of Shankl mRNAs via their 3’-untranslated region.
Activation of metabotropic glutamate receptors relieves trans-
lational suppression. As Shank1 controls dendritic spine mor-
phology, our data suggest that dysregulation of Shank1 synthe-
sis may significantly contribute to the abnormal spine
development and function observed in brains of fragile X syn-
drome patients.

In humans, the functional loss of the fragile X mental retar-
dation protein (FMRP)? causes the fragile X syndrome (FXS), a
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severe form of inherited mental retardation (1—4). In the brain
of both humans and mice, FMRP deficiency results in a signif-
icant change in both dendritic spine morphology and synaptic
function (5-9). FMRP is an RNA-binding protein that is
thought to act primarily as a repressor of mRNA translation.
Among other subcellular regions in neurons, FMRP appears to
exercise this control function at postsynaptic sites. It has been
hypothesized that in dendrites FMRP locally controls the syn-
thesis of proteins, such as components of the postsynaptic den-
sity (PSD), which regulate both dendritic spine morphology and
synaptic function (2, 9, 10). The PSD is a complex protein net-
work lying underneath the postsynaptic membrane of excita-
tory synapses (11-13). It serves to cluster glutamate receptors
and cell adhesion molecules, recruit signaling proteins, and
anchor these components to the microfilament-based cytoskel-
eton in dendritic spines. To combine these functions, the cen-
tral layers of the PSD consist of several scaffold proteins, such as
members of the PSD-95, SAPAP/GKAP, and Shank/ProSAP
families. Because of their capacity to directly interact with many
different PSD components and to regulate the size and shape of
dendritic spines, Shanks in particular are assumed to represent
master scaffold proteins of the PSD (11). Activity-dependent
changes in the PSD composition are thought to represent a
molecular basis for most principal brain functions, including
learning and memory. Several of these long term synaptic
changes and learning paradigms critically depend on dendritic
protein synthesis (14-17). Interestingly, mRNAs encoding
some of the central components of the PSD, such as Shank1-3,
SAPAP3, PSD-95, and a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid-type glutamate receptor subunits (GluR),
are present in dendrites (18 —23).

As FMRP has been implicated in the local regulation of
mRNA translation at synapses, one crucial question is as fol-
lows: which postsynaptic proteins are affected by the loss of
FMRP in a quantitative manner and may thus contribute to
abnormal dendritic spine morphology and impaired synaptic
plasticity? To specifically address this question, we took advan-
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TABLE 1
Antibodies, antibody sources, and dilutions used for Western blotting

Antibody

Antibody source Dilution for Western blotting

Anti-FMRP, mouse monoclonal, clone 1C3-1a
Anti-FMRP, rabbit polyclonal, H-120
Anti-B-tubulin III, rabbit polyclonal
Anti-RGS4, rabbit polyclonal

Anti-NR1, mouse monoclonal, mAb363
Anti-NR2A, rabbit polyclonal, AB1555P
Anti-NR2B, rabbit polyclonal, AB1557P
Anti-GluR1, rabbit polyclonal, AB1504
Anti-GluR2/3, rabbit polyclonal, AB1506

Anti-GluR4, rabbit polyclonal

Anti-SAPAP], affinity-purified rabbit polyclonal 5280
Anti-SAPAP?2, affinity-purified rabbit polyclonal 5281
Anti-SAPAP3, affinity-purified rabbit polyclonal 5269

Anti-SAP97, rabbit polyclonal
Anti-SAP102, rabbit polyclonal
Anti-SAP90/PSD-95, rabbit polyclonal
Anti-Chapsyn-110, rabbit polyclonal
Anti-Shankl, rabbit polyclonal
Anti-Shank3, rabbit polyclonal
Anti-IRSp53, rabbit polyclonal
Anti-PABP, rabbit polyclonal

Euromedex, Mundolsheim, France

See Valtschanoff et al. (27)
See Miiller et al. (28)

See Kistner et al. (26)

See Kim et al. (29)

See Zitzer et al. (30)

See Redecker et al. (31)
See Soltau et al. (32)

See Brendel et al. (33)

As recommended by supplier

Santa Cruz Biotechnology, Heidelberg, Germany

Abcam, Cambridge, UK
CHEMICON Europe, Hofheim, Germany

Dianova, Hamburg, Germany
Stefan Kindler

1:33
1:83
1:1000

1:250

1.500

1:1000
1:1000
1:2000
1:3000
1:2000
1:2000

tage of the possibility to isolate PSDs. In PSD fractions prepared
from two major brain areas of wild-type and FMRP-deficient
mice, we compared the levels of major scaffold proteins and
glutamate receptor subunits. Thereby, we identified a select
group of postsynaptic proteins, including the central scaffold
protein Shankl, that are enriched in PSDs of FMRP-deficient
mice. Functional data further suggest that FMRP represses
translation of Shankl transcripts in neurons via an interaction
with its 3’'-untranslated region (3'UTR). This translation block
is abolished upon the activation of metabotropic glutamate
receptors (mGluR). Thus, a deregulated postsynaptic synthesis
of Shankl, a master scaffold protein of the PSD, may signifi-
cantly contribute to the aberrant dendritic spine morphology
caused by the absence of FMRP.

EXPERIMENTAL PROCEDURES

Animals, Cell Culture, Transfection, and Luciferase Assays—
Fmrl™’~ mice (B6.129P2-Fmr1?"'“®/] strain, The Jackson
Laboratory, Bar Harbor, ME) were maintained on a C57BL/6]
background. Tissue was dissected from different brain regions
of adult male Fmr1~”~ and congenic C57BL/6] wild-type mice
raised in the animal facility of the University Medical Center
Hamburg-Eppendorf. Cortical neurons were prepared from
mouse embryos (embryonic day 18) and grown in Neurobasal
medium (Invitrogen). For luciferase assays with unstimulated
neurons, cells were transfected 7 days after plating and har-
vested 1 day after transfection (24). Transfection efficiencies
were in the range of 3-5%. Neurons transfected 14 days after
plating were treated 1 day later with 0.1 mm (S)-3,5-dihydroxy-
phenylglycine (DHPG; Sigma) for 10 min at 37 °C and harvested
after stimulation. The dual luciferase reporter assay system
(Promega GmbH, Mannheim, Germany) was used according to
the manufacturer’s recommendations with cell extracts pre-
pared 24 h after transfection.
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Biochemical Cell Fractionation, Antibodies, and Western
Blot Analysis—From mouse cortices and hippocampi, cyto-
solic, synaptosome, and PSD fractions were prepared as
essentially described (25), snap-frozen in liquid nitrogen,
and stored at —80 °C. Glutathione S-transferase fusion pro-
teins containing amino acid residues 722-776, 636 —699, and
694747 of rat SAPAP1 (GenBank™ accession number
NP _075235), SAPAP2 (P97837), and SAPAP3 (AAS90634)
were used to raise and affinity-purify custom rabbit polyclonal
antisera 5280, 5281, and 5269 (Pineda, Berlin, Germany),
respectively. Antibodies directed against PSD-95 (26), SAP97
(27), SAP102 (28), Chapsyn-110/PSD-93 (29), Shankl (30),
Shank3 (obtained from Ref. 31), IRSp53 (32), and poly(A)-bind-
ing protein (33) have been previously described. For commer-
cially available antibodies, antibody sources, and dilutions used
for Western blotting see Table 1. Western blots were per-
formed as described (34). Immune complexes were visualized
with the Lumi-Light Western blotting substrate (Roche Diag-
nostics) on x-ray films (Eastman Kodak Co.). After scanning of
the films, the intensity of individual signals was determined by
densitometric measurement using Image]J software.

Statistical Data Analysis—Data generated in entirely inde-
pendent experiments were analyzed with a two-sided paired
Student’s ¢ test (level of significance o = 0.05). Results obtained
from clustered experiments, such as those using identical PSD
or RNA preparations, were analyzed with a linear mixed models
application that considers the clustered structure of the exper-
iment (SPSS 15.0.1, SPSS Inc., Chicago, 2006; level of signifi-
cance o = 0.05).

RNA Preparation, Northern Blotting, Immunoprecipita-
tion, and Real Time Reverse Transcription-PCR—Total RNA
from mouse brain cytosolic and synaptosome fractions was
isolated using TRIzol reagent (Invitrogen), and Northern
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blots were generated using the formaldehyde method (35).
c¢DNA fragments containing nucleotides 259-408 and
23-1128 of the mouse PSD-95 (GenBank™ accession number
NM_001109752) and human B-actin cDNA (DQ890960.2),
respectively, were labeled with *?P-containing nucleotides
using the Rediprime II labeling system (GE Healthcare) and
used to probe blotted RNAs. Labeled bands were visualized
using a BAS-1800I1 Phosphorlmager (Fujifilm, Diisseldorf,
Germany) and x-ray films (Kodak). Immunoprecipitations
from brains of adult Furl ~/~ and wild-type mice with antibod-
ies against FMRP and PABP as well as irrelevant IgG, extraction
of RNA from immunoprecipitates, and real time RT-PCR were
performed as described (36). Reverse transcription (50 °C for 50
min) was directly followed by gene-specific amplification (ini-
tial strand separation at 94 °C for 15 min; 40 cycles of each at
94 °Cfor 155,58 °Cfor 30s,and 72 °C for 30 s). Transcript levels
of hypoxanthine-guanine phosphoribosyltransferase were used
for normalization as described (37). Levels of PSD-95, SAP97,
SAPAP1, SAPAP2, SAPAP3, Shankl, NR1, and GluR1 mRNAs
were quantified using gene-specific primers as follows: PSD-
95-fw (5'-GGCACCGACTACCCCACAG-3') and PSD-95-rev
(5'"-AACACCATTGACCGACAGGA-3'); SAP97-fw (5'-
AGTGACGAAGTCGGAGTGATT-3') and SAP97-rev (5'-
GTCAGGGATCTCCCCTTTATCT-3'); SAPAP1-fw (5'-CGT-
AAGTGAAGTCTCCATCAAC-3") and SAPAP1-rev (5'-
CTCGCTCACCTGACTTATGG-3'); SAPAP2-fw (5'-GACA-
GACAGACTGCGGATCG-3') and SAPAP2-rev (5'-GCAGA-
CATCCTTGGGCTTTC-3"); SAPAP3-fw (5'-ACTATTTGC-
AGGTGCCGCAAG-3’) and SAPAP3-rev (5'-GGGCTACCA-
TCTGAGTCTCC-3'); Shankl-fw (5'-AGCCTGCAGCAGT-
GCCCAGCA-3') and Shankl-rev (5'-ATGCGAGGCCGCCA-
GGCCCA-3'); NR1-fw (5'-AGCCAGGTCTACGCTATCC-
3’) and NRl-rev (5'-TAGGGTGGTACGGTGCGAAG-3');
NR2B-fw (5'-AGAGGTGGTTGACTTCTCTGTGCC-3') and
NR2B-rev  (5'-TGAAGTATTCAAAGACAAAGACAGC-3');
and GluRl-fw (5'-ACCACTACATCCTCGCCAAC-3’) and
GluR1-rev (5'-TCACTTGTCCTCCACTGCTG-3'), respec-
tively. The concentration of IRSp53 mRNA was quantified
using the Mm_Baiap2_1_SG QuantiTect primer assay
(QT01061431, Qiagen, Hilden, Germany). Data analysis was
performed using REST-2005 software (38).

Eukaryotic Expression Vectors—pFiRe-basic, a derivative of
pBicFire (39), contains two recombinant genes, both of which
are controlled by independent cytomegalovirus immediate-
early promoters and encode Photinus (PhoLuc) and Renilla
luciferase (RenLuc), respectively. To create pFiRe-Shankl, the
c¢DNA sequence in the PhoLuc gene of pFiRe-basic that encodes
a short synthetic 3'UTR was exchanged for a cDNA region
corresponding to nucleotides 6593-7180 of the rat Shankl
3'UTR (GenBank™ accession number NM_031751).

RESULTS

To identify changes in the molecular framework of the PSD
occurring in Fmr1 "~ (knock-out) mice, we compared the lev-
els of different scaffold proteins in PSD fractions prepared from
neocortices and hippocampi of knock-out and wild-type ani-
mals. Successful enrichment of PSDs was documented by a
strong increase in the levels of the N-methyl-p-aspartate-type
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glutamate receptor subunit NR1, a known PSD component, in
successive steps of the purification protocol as compared with
B-tubulin (a known contaminant of PSD fractions; Fig. 14).
Also, FMRP is clearly detectable in brain homogenates of wild-
type but not FMRP knock-out animals (Fig. 1B). For the com-
parative analysis of PSD fractions, equal protein amounts were
analyzed by Western blotting with specific antibodies (Fig. 1, C
and E). Relative levels of individual proteins in the PSD of
FMRP-deficient versus wild-type mice were determined by
densitometric measurement of the respective immunochemi-
cal signal normalized to the B-tubulin signal intensity (Fig. 1, D
and F). In neocortical and hippocampal PSD fractions obtained
from 2-month-old animals, levels of PSD-95 and SAP102 were
similar in FMRP-deficient and wild-type mice. The concentra-
tion of Shankl, however, was strongly increased in both the
neocortex and hippocampus of FMRP-deficient as compared
with wild-type animals. In contrast, SAPAP1 and Shank3 levels
were only elevated in neocortical PSD preparations, whereas
SAPAP2, SAPAP3, and IRSp53 concentrations were selectively
increased in hippocampal PSD fractions prepared from knock-
out animals. Finally, levels of SAP97 and Chapsyn were signifi-
cantly decreased in neocortical but not hippocampal PSD prep-
arations obtained from FMRP-deficient mice. In PSD fractions
prepared from juvenile mouse brains (2 weeks after birth), some
of these changes were already apparent, such as increases in
neocortical levels of SAPAP1 and Shankl, an elevated concen-
tration of SAPAP2 in the hippocampus, and a decrease in neo-
cortical SAP97 levels. However, increases in hippocampal
SAPAP3, Shankl, and IRSp53 concentrations were only ob-
served in 2-month-old animals.

One crucial function of scaffold proteins in the PSD is to
anchor neurotransmitter receptors in the postsynaptic
membrane. Thus, we also analyzed whether the observed
changes in scaffold protein levels affect the abundance of
glutamate receptors in the PSD (Fig. 1, C and D). As com-
pared with wild-type mice, glutamate receptor subunits NR2A,
GluR2/3, and GluR4 were slightly but not significantly enriched
in PSD fractions of FMRP-deficient mice. In contrast, the
N-methyl-p-aspartate receptor subunit NR1 was increased in
both the neocortex and hippocampus of knock-out animals,
whereas elevated levels of NR2B and GluR1 were only observed
in the hippocampus and neocortex, respectively. Increases in
NR1 and GluR1 levels were already apparent in juvenile FMRP-
deficient mice, whereas postsynaptic NR2B concentrations
appear to rise thereafter. Taken together, the loss of FMRP
results in an increased abundance of the scaffold proteins
SAPAPI1, SAPAP2, SAPAP3, Shankl, and IRSp53 as well as the
glutamate receptor subunits NR1, NR2B, and GluRl1 at syn-
apses. Although most changes become manifest until the end of
the 2nd week after birth, others occur rather late during post-
natal development. Moreover, the absence of FMRP affects
some PSD components differentially in neocortical and hip-
pocampal neurons, respectively.

Next we wanted to determine whether altered levels of indi-
vidual proteins at synapses of FMRP knock-out mice correlate
with changes in the concentration of their corresponding
mRNAs. Thus, we first sought to establish a control mRNA
whose levels are identical in the brains of FMRP-deficient and
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wild-type mice. A Northern blot
analysis carried out with total RNA
extracted from the neocortex
showed that PSD-95 mRNA levels
are identical in the cortex of FMRP-
deficient and wild-type mice (Fig.
2A). This result was confirmed by
real time RT-PCR analysis with
template RNA extracted from both
the neocortex and hippocampus of
knock-out and wild-type animals
(Fig. 2B) and is consistent with sta-
ble postsynaptic PSD-95 levels in
both brain regions as described
above (Fig. 1, C-F). Real time RT-
PCR data further showed that the
total levels of SAP97, SAPAPI,
SAPAP3, Shankl, IRSp53, NRI,
NR2B, and GIluR1 mRNAs in both
neocortex and hippocampus of 2-
week- and 2-month-old animals are
essentially identical in FMRP-defi-
cient and wild-type mice (Fig. 2, B
and C). Only SAPAP2 transcript
levels in the adult hippocampus
were significantly increased in knock-
out animals (1.69-fold; p = 0.001,
mixed models). Adult neocortical and
juvenile hippocampal and neocortical
SAPAP2 mRNA concentrations were
unchanged in FMRP-deficient mice
as compared with wild-type mice.
Thus, although an increase in hip-
pocampal SAPAP2 transcript levels
may contribute to a similar rise in
SAPAP2 concentrations in Fmrl "~
mice as compared with wild-type
mice, the changes in the levels of
other postsynaptic proteins in knock-
out animals described herein do not
appear to result from an altered
abundance of the corresponding
mRNAs in the absence of FMRP.
To assess whether local mRNA
concentrations at synapses may be
affected by the loss of FMRP, we
used total RNA extracted from
both neocortical and hippocam-
pal synaptosome fractions as a
template for real time RT-PCR.
The observation that well estab-
lished dendritic transcripts, such
as Shankl, SAPAP3, and aCaMKII
mRNAs (18, 20, 40-42), are
strongly enriched in synaptosome
fractions as compared with total
brain lysates, and known somatic
transcripts, including glyceralde-
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FIGURE 2. Total levels of most mRNAs encoding postsynaptic scaffold proteins and glutamate receptor
subunits are unchanged in Fmr1~/~ mice as compared with wild-type animals. A, Northern blots were
performed with total RNA (40 pg per lane) prepared from the neocortex of 2-month-old wild-type (wt) and
knock-out (ko) animals and radioactively labeled cDNA probes against PSD-95 and B-actin mRNAs. Band C, bar
graphs summarizing real time RT-PCR data obtained with 2-month-old (B) and 2-week-old mice (C). Individual
bars indicate the knock-out to wild-type (ko/wt) ratio in the levels of PSD-95, SAP97, SAPAP1, SAPAP2, SAPAP3,
Shank1, IRSp53, NR1, NR2B, and GIuR1T mRNAs detected in the neocortex and hippocampus, respectively. For
all transcripts the final value is based on at least two different experiments using two separate tissue prepara-
tions. Values close to 1 indicate that the levels of both mRNAs are similar in wild-type and knock-out animals.
Only hippocampal SAPAP2 mRNA levels in 2-month-old mice are significantly increased (1.69-fold = 0.46; p =
0.001, linear mixed models application; marked by asterisk). Simple horizontal lines represent S.D. For more

details see text.

hyde-3-phosphate dehydrogenase, a-tubulin, and hypoxan-
thine-guanine phosphoribosyltransferase mRNAs (24, 41, 43),
are highly enriched in total brain homogenates in comparison
with synaptosome fractions (Fig. 34) shows that this method
represents a valid approach to determine synaptic mRNA lev-
els. Real time RT-PCR analysis further revealed that synaptic
levels of PSD-95, SAP97, SAPAP1, SAPAP2, SAPAP3, Shankl,
IRSp53, NR1, NR2B, and GluR1 mRNAs in both the neocortex
and the hippocampus are essentially identical in FMRP-defi-
cient and wild-type mice (Fig. 3B). Taken together, these data
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receptors described herein result
from a translational dysregulation of
the respective mRNAs in the absence
of FMRP. To evaluate this hypothesis,
we first performed immunoprecipita-
tion assays with whole mouse brain
homogenates to identify FMRP-
associated mRNAs. Western blot
analysis confirmed that immuno-
precipitates obtained from brain
homogenates of wild-type mice
using antibodies directed against
FMRP (wtF-IP) and the poly(A)-
binding protein (PABP, wtP-IP)
indeed contain the respective anti-
gens (Fig. 4A4). FMRP was not pres-
ent in anti-FMRP precipitates from
knock-out brains (koF-IP) and material precipitated from wild-
type homogenates utilizing irrelevant IgGs (wtlgG-IP). From all
four immunoprecipitates, total RNA was extracted and ana-
lyzed by RT-PCR using primer pairs specific for PSD-95, BCl1,
and Shankl RNAs. RT-PCR products were separated and visu-
alized in an agarose gel (Fig. 4B). All three RN As were present in
the wtP-IP that served as a positive control as PABP is known to
interact with all polyadenylated mRNAs and BC1 RNA (36,
44-46). In contrast, the wtF-IP contained only Shankl and

NR1

FIGURE 1. In the mouse neocortex and hippocampus, FMRP loss leads to altered levels of select scaffold proteins and receptor subunits in the PSD.
A, proteins (15 ug per lane) from soluble protein (lane 1), crude membrane P2 (lane 2), synaptosomal (lane 3), and PSD fractions (lane 4) of adult wild-type mice
were analyzed via Western blotting with antibodies directed against NR1 and B-tubulin. Levels of the PSD marker protein NR1 increase in consecutive fractions
obtained during PSD purification. The upper panel represents a shorter exposure of the blot shown in the middle panel. B, Western blot analysis of proteins from
the soluble brain protein fraction (15 ug per lane) of 2-month-old wild-type (wt) and Fmr1 =/~ (ko) mice. Although B-tubulin is detected in both protein extracts,
FMRP is only present in lysates obtained from wild-type animals. C, in Western blots performed with PSD fractions from the neocortex and hippocampus of
2-month-old wild-type and Fmr1~/~ mice (7 ug per lane), different proteins (as indicated) were detected with specific antibodies. D, bar graph indicating the
knock-out to wild-type ratio (ko/wt ratio) in the levels of individual proteins detected in Western blot experiments as shown in C. For each PSD component with
an altered level in knock-out as compared with wild-type mice, the final value is based on at least three different PSD preparations and three or more
independent Western blot experiments per preparation. For proteins with unchanged levels, at least two independently prepared PSD fractions were inves-
tigated and each by two or more immunoblotting experiments. Protein levels were determined via densitometric evaluation of the immunochemical signal
and normalized to the signal intensity obtained for B-tubulin. A bar value of 1 indicates that the normalized levels of the respective protein in PSD preparations
from knock-out and wild-type animals are identical. Simple horizontal lines specify standard deviations. Altered knock-out to wild-type ratios as observed for
SAP97 (neocortex, p = 0.001, linear mixed models application), Chapsyn-110 (neocortex, p = 0.031), SAPAP1 (neocortex, p = 0.001), SAPAP2 (hippocampus,
p < 0.001), SAPAP3 (hippocampus, p < 0.001), Shank1 (neocortex, p < 0.001; hippocampus, p < 0.001), Shank3 (neocortex, p < 0.04), IRSp53 (hippocampus,
p = 0.005), NR1 (neocortex, p = 0.013; hippocampus, p < 0.001), NR2B (hippocampus, p = 0.016), and GIuR1 (neocortex, p = 0.001) are statistically significant
(marked by asterisk). E, Western blots were performed with PSD fractions from the neocortex and hippocampus of 2-week-old wild-type (wt) and Fmr1 =~ (ko)
mice (7 g per lane) and antibodies directed against different postsynaptic components (as indicated). F, bar graph indicating the knock-out to wild-type ratios
of the postsynaptic protein levels determined in Western blot experiments as shown in E. Altered knock-out to wild-type ratios as observed for SAPAP1
(neocortex, p = 0.01, linear mixed models application), SAPAP2 (hippocampus, p = 0.028), SAPAP3 (neocortex, p = 0.03), Shank1 (neocortex, p = 0.012), NR1
(neocortex, p < 0.001; hippocampus, p = 0.008), and GIuR1 (neocortex, p = 0.024) are statistically significant (marked by asterisk). For further details see text.
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Moreover, in the wtIgG-IP none of
the three RNAs was detectable, thus
excluding the possibility of unspe-

FIGURE 3. Synaptosomal levels of mMRNAs encoding postsynaptic scaffold proteins and glutamate recep-
tor subunits are identical in Fmr1~/~ and wild-type mice. A, real time RT-PCR analysis was used to deter-
mine mRNA concentrations in total brain lysates and synaptosome fractions prepared from 2-month-old mice.
The bar graph depicts the natural logarithms of the enrichment coefficients determined for synaptic compared
with total mRNA levels. Known dendritic transcripts encoding Shank1, SAPAP3, and aCaMKIl are strongly
enriched in synaptosome fractions. B, bar graph summarizing real time RT-PCR data obtained with RNA
extracted from synaptosome fractions of 2-month-old mice. Individual bars indicate the knock-out to wild-type
(ko/wt) ratio in the levels of PSD-95, SAP97, SAPAP1, SAPAP2, SAPAP3, Shank1, IRSp53, NR1, NR2B, and GIuR1
mRNAs detected in the neocortex and hippocampus, respectively. For all transcripts, the final value is based on
at least two different experiments using two separate tissue preparations. Values close to 1 indicate that the
levels of mMRNAs are similar in both wild-type and knock-out animals. Simple horizontal lines represent standard

deviations. For more details see text.
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Similar to the negative control
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FIGURE 4. mRNAs encoding PSD-95, SAPAP1, SAPAP2, SAPAP3, Shank1,
NR1, and NR2B associate with FMRP in vivo. A, in a Western blot (WB) experi-
ment, immunoprecipitates from wild-type (wt) and knock-out (ko) lysates
obtained with antibodies (ab) directed against FMRP (F-IP) and PABP (P-IP) as well
as irrelevant antibodies (IgG-IP) were probed for FMRP and PABP, respectively.
B, from the input material and precipitates described in A, total RNA was
extracted and used as template for RT-PCR experiments performed with primers
specific for Shank1, PSD-95, and BC1 RNA, respectively. PCR products were sepa-
rated and visualized in an agarose gel. G, real time RT-PCR analysis was used to
determine relative mRNA concentrations in immunoprecipitates obtained with
anti-FMRP antibodies. The bar graph depicts the enrichment coefficients deter-
mined for wtF-IP as compared with koF-IP mRNA levels. Simple vertical lines rep-
resent standard deviations. (PSD-95, p < 0.001; SAPAP1, p < 0.001; SAPAP2, p <
0.001; SAPAP3, p < 0.001; Shank1, p < 0.001; NR1, p = 0.002; NR2B, p = 0.003;
GluR1, p = 0.021; SAP97, p < 0.001; IRSp53, p = 0.38;BC1, p = 0.93).

PSD-95 transcripts but not the BC1 RNA. Although this obser-

vation is consistent with previous reports showing an associa-
tion of FMRP with PSD-95 transcripts (21, 22, 36) but not BC1
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wild-type mice. For this purpose we constructed two eukaryotic
expression vectors each containing two separate genes encod-
ing either Photinus (PhoLuc) or Renilla luciferase (RenLuc)
(Fig. 5A). RenLuc-encoding genes are identical in both vectors,
and the respective enzyme activity was used to normalize for
differences in transfection rates. In contrast, PhoLuc mRNAs
synthesized from both plasmids differ in their 3'UTR sequence.
While pFiRe-basic derived transcripts contain a short recom-
binant 3'UTR, pFiRe-Shankl-encoded mRNAs instead possess
the first 588 nucleotides of the Shank1-3'UTR, including a cis-
acting dendritic targeting element (18). Eukaryotic expression
vectors were introduced into 7-day-old differentiated neurons.
One day after transfection, the primary neurons were har-
vested, and the activity of both luciferases was determined in
cell homogenates. The ratio of normalized PhoLuc (nPhoLuc)
activities observed in knock-out and wild-type neurons was
1.01 £ 0.6 and 1.72 = 0.75 (Fig. 5B; p = 0.0004; two-sided
paired ¢t test; n = 25 and 29, respectively) for pFiRe-basic and
pFiRe-Shank1-transfected cells, respectively, suggesting that
FMRP represses Shankl mRNA translation via an interaction
with the 3'UTR. This interpretation provides a molecular
explanation for the increased Shankl levels in PSD fractions
obtained from FMRP-deficient mice.

It has been implicated that FMRP-mediated translation con-
trol is regulated by metabotropic glutamate receptors (mGluR)
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basic Shank1 vector: pFiRe-basic pFiRe-Shank1 In contrast to the glutamate re-

FIGURE 5. FMRP mediates mGluR-regulated Shank1 mRNA translation via an interaction with the 3'UTR.
Primary cortical neurons derived from wild-type (wt) and knock-out (ko) mice were transfected with the indi-
cated eukaryotic expression vectors. Cell lysates were assayed for Photinus and Renilla luciferase activities.
A, two eukaryotic expression vectors, pFiRe-Shank1 and pFiRe-basic, each contain two separate genes encod-
ing either Photinus (PhoLuc) or Renilla luciferase (RenLuc). RenLuc mRNAs encoded by both vectors are iden-
tical. In contrast, PhoLuc transcripts synthesized from both plasmids differ in their 3"UTR sequence. While
pFiRe-basic derived mRNAs possess a short recombinant 3'UTR, pFiRe-Shank1-encoded transcripts instead
contain the first 588 nucleotides of the Shank1-3"UTR. B, bar graph shows the knock-out to wild-type ratios
(ko/wt) of normalized PhoLuc activities (nPhoLuc) determined in unstimulated 8-day-old neurons. C, bar graph
depicts the percentile nPhoLuc activity in transfected 15-day-old cells before and after DHPG-mediated mGIuR
activation (dark and light gray bars, respectively). For each experimental condition, the respective normalized
PhoLuc activity measured without DHPG treatment is arbitrarily set to 100%. Simple vertical lines represent
standard deviations. Statistically significant alterations are marked by an asterisk.

(8-10, 47-50). Thus, 2-week-old primary neurons were trans-
fected with either pFiRe-basic or pFiRe-Shank1, incubated with
the mGluR agonist DHPG for 10 min, and harvested. Whereas
DHPG treatment led to a strongly increased nPhoLuc activity
in pFiRe-Shank1-transfected wild-type neurons (Fig. 5C; 192 =
91%; p = 0.0078; two-sided paired ¢ test; n = 13), it did not alter
the nPhoLuc activity in corresponding knock-out cells (119 *
69%; p = 0.603; n = 10). Moreover, the wild-type-specific
increase in enzyme activity upon mGluR stimulation was not
observed in pFiRe-basic transfected neurons (71 = 27%; p =
0.084; n = 9). Taken together, these data suggest that FMRP
interacts with the 3"UTR of Shankl mRNAs to repress transla-
tion, a block that is abolished after mGIuR activation.

DISCUSSION

In humans and mice, loss of FMRP causes changes in den-
dritic spine morphology and synaptic function (1, 2, 51, 52). It
has been hypothesized that in dendrites FMRP locally controls
the synthesis of proteins, such as components of the PSD, which
regulate both cellular events (1-9). A crucial question is as fol-
lows: which postsynaptic proteins are affected by the loss of
FMRP in a quantitative manner? Here we specifically focused
our analysis on the postsynaptic pool of proteins by investigat-
ing PSD preparations derived from the mouse brain. PSD frac-
tions were selectively prepared from the neocortex and the hip-
pocampus, respectively, brain regions in which the loss of
FMRP causes abnormal dendritic spine development (51,
53-55) and impaired synaptic plasticity (8 —10, 50, 56 —59).

Alterations in the composition of synaptic glutamate
receptors have been suggested as a principal cellular mech-
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ceptor subunits, the postsynaptic
levels of SAP97 were found to be
strongly decreased in the neocortex
of Fmrl~’~ mice as compared with
wild-type animals. Yet both cyto-
plasmic and synaptic levels of the
respective mRNAs are unchanged
in the absence of FMRP, suggesting
that FMRP enhances the translation
of SAP97 transcripts. Consistently,
it was recently shown that FMRP
can also act as a translational activator (62, 63). In both the
neocortex and the hippocampus, postsynaptic levels of two
scaffold proteins related to SAP97, namely PSD-95 and
SAP102, were found to be identical in wild-type and FMRP-
deficient mice. Despite the fact that PSD-95- and SAP102-de-
ficient mice exhibit impaired learning (64, 65) and functional
loss of SAP102 results in mental retardation in humans (66),
our data suggest that both proteins do not significantly contrib-
ute to the learning disabilities of FXS patients. Interestingly, we
and others have identified PSD-95 mRNA as an in vivo FMRP
target (21, 22, 36, 67). Zalfa et al. (22) recently reported that
through this interaction FMRP selectively stabilizes the PSD-95
mRNA in the hippocampus but not the neocortex, thus causing
reduced hippocampal levels of PSD-95 mRNA and protein in
FMRP-deficient mice. However, here we did not observe any
quantitative changes in both cytoplasmic and synaptic PSD-95
mRNA concentrations and postsynaptic protein levels in the
absence of FMRP, neither in the neocortex nor the hippocam-
pus. In accordance with this observation, Muddashetty et al.
(21) described identical dendritic and synaptic PSD-95 mRNA
levels in primary neurons from Fmrl~’~ and wild-type mice.
Thus, although several reports, including this study, strongly
support an in vivo interaction between FMRP and the PSD-95
mRNA (21, 22, 36, 67), the cellular consequences of this asso-
ciation remain ambiguous.

Increased postsynaptic SAPAP2 levels in the hippocampus of
adult FMRP-deficient mice appear to at least in part be due to a
slight but significant increase in the concentration of the
respective mRNA, indicating that FMRP may enhance SAPAP2
mRNA turnover. Furthermore, despite unchanged cytoplasmic
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and synaptic levels of the corresponding transcripts, SAPAP1
and SAPAP3 are more abundant at neocortical and hippocam-
pal synapses of adult Fmrl ™~ mice, respectively. Consistently,
an elevated SAPAP3 concentration was observed in hippocam-
pal lysates of FMRP-deficient mice (68). Here we also show that
mRNAs encoding SAPAP1-3 are in vivo brain targets of FMRP.
Noteworthy, another study ranks SAPAP3 and SAPAP4 tran-
scripts among the 11 most prominent mouse brain mRNAs
associated with FMRP (69). Also, very recently FMRP was
shown to regulate activity-dependent transport of SAPAP4
mRNAs into dendrites (70). In conjunction with our observa-
tions, these data suggest that FMRP regulates the translation
and/or dendritic trafficking of all four SAPAP mRNAs. The
recent finding that SAPAP3-deficient mice exhibit a pheno-
typic behavior reminiscent of obsessive-compulsive disorder in
humans (71) underscores the particular significance of these
scaffold proteins for the correct functionality of the synapse and
further supports the hypothesis that deregulated levels of
SAPAPs contribute to FXS-associated synaptic dysfunctions.
An increased postsynaptic abundance of IRSp53 in FMRP-de-
ficient brains may play a similar role in FXS pathogenesis as
both IRSp53 and SAPAPs are able to connect PSD-95 to Shank
scaffold proteins (32). In accordance with this hypothesis,
IRSp53-deficient mice exhibit impaired learning (72, 73).

We further identified Shankl mRNAs as additional in vivo
targets of FMRP. Again, neither the cytoplasmic nor the synap-
tic Shankl transcript levels are altered in the absence of FMRP
in both the neocortex and the hippocampus. These results are
consistent with the finding that Shankl mRNA levels are iden-
tical in primary hippocampal neurons prepared from Fmrl ~~
and wild-type mice (22). FMRP therefore does not appear to
regulate the stability of Shank1 transcripts. The prevalent view
in FXS is that excess protein synthesis at synapses causes syn-
aptic dysfunction and cognitive impairment (2, 8, 9). This
hypothesis is consistent with our observation that the postsyn-
aptic levels of proteins investigated herein, if altered, are pri-
marily increased. Moreover, we show that via an interaction
with the proximal 588 nucleotides of the Shankl 3'UTR FMRP
diminishes mRNA translation in primary neurons at basal state.
Consistently, we observed increased Shank1 levels at both cor-
tical and hippocampal synapses of FMRP-deficient mice. In
addition to excess translation of FMRP target mRNAs at basal
state, it is generally assumed that FMRP deficiency impairs the
activity-dependent regulation of synaptic protein synthesis (2,
8,9). Accordingly, mGluR stimulation enhanced the translation
of reporter mRNAs containing the proximal part of the Shank1
3'UTR in wild-type but not in FMRP-deficient primary neu-
rons. Taken together, our data suggest that although FMRP
does not regulate the abundance of Shank1 transcripts in neu-
rons, its deficiency results in both an excess basal and a loss of
mGluR-induced Shankl mRNA translation. Altered transla-
tional regulation of Shankl1 transcripts in particular may con-
tribute to the FXS pathology, as Shankl strongly affects spine
morphology (74). In fact, when overexpressed, Shankl can
induce aberrant spine formation along otherwise spineless den-
drites (75). In FXS patients, elevated PSD levels of Shank1 may
thus stabilize spines, which are normally lost during maturation
and pruning of synapses. The view that Shank1 levels need to be
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maintained within a very narrow range to ensure physiological
synapse function is supported by the observation that loss of
only one copy of the SHANK3 gene in humans causes mental
retardation as observed in conjunction with the 22q13 deletion
syndrome (76, 77). Shank proteins regulate the size and shape of
dendritic spines because of their capacity to directly interact
with many different PSD components and are assumed to rep-
resent master scaffold proteins of the PSD (11). Thus, we
hypothesize that the observed increase of Shank1 levels at syn-
apses resulting from the cellular loss of FMRP strongly inter-
feres with the mental capacities of FXS patients.
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