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Fragile X syndrome (FXS) is an X-linked neurodevelopmental
disorder characterized by severe intellectual disability and other
symptoms including autism. Although caused by the silencing of a
single gene, Fmr1 (fragile X mental retardation 1), the complexity
of FXS pathogenesis is amplified because the encoded protein,
FMRP, regulates the activity-dependent translation of numerous
mRNAs. Although the mRNAs that associate with FMRP have
been extensively studied, little is known regarding the proteins
whose expression levels are altered, directly or indirectly, by loss
of FMRP during brain development. Here we systematically mea-
sured protein expression in neocortical synaptic fractions from
Fmr1 knockout (KO) and wild-type (WT) mice at both adolescent
and adult stages. Although hundreds of proteins are up-regulated
in the absence of FMRP in young mice, this up-regulation is largely
diminished in adulthood. Up-regulated proteins included previ-
ously unidentified as well as known targets involved in synapse
formation and function and brain development and others linked
to intellectual disability and autism. Comparison with putative
FMRP target mRNAs and autism susceptibility genes revealed sub-
stantial overlap, consistent with the idea that the autism endo-
phenotype of FXS is due to a “multiple hit” effect of FMRP loss,
particularly within the PSD95 interactome. Through studies of de
novo protein synthesis in primary cortical neurons from KO and
WT mice, we found that neurons lacking FMRP produce nascent
proteins at higher rates, many of which are synaptic proteins and
encoded by FMRP target mRNAs. Our results provide a greatly ex-
panded view of protein changes in FXS and identify age-dependent
effects of FMRP in shaping the neuronal proteome.

fragile X | quantitative mass spectrometry | synaptic protein synthesis |
autism | stable isotope labeling

Fragile X syndrome (FXS) is an X-linked monogenic disorder
that leads to highly debilitating changes in neurodevelopment.
Affected individuals exhibit mental retardation, attention deficit
and hyperactivity, anxiety, autism spectrum behaviors, and other
symptoms that compound overall impairment (1). In the vast
majority of cases, FXS is caused by an mRNA-dependent epige-
netic silencing of the Fmr! (fragile X mental retardation 1) gene
(2), which occurs secondarily to a CGG repeat expansion in the 5’
UTR region of Fmrl (3) and results in absence of the encoded
protein FMRP. FMRP is an RNA-binding protein that regulates
several aspects of mRNA translation (1), transport (4), and sta-
bility (5) in neurons. Substantial evidence indicates that FMRP is
particularly critical as a suppressor of activity-dependent mRNA
translation at glutamatergic synapses (6, 7) and that loss of this
function results in abnormalities in dendritic spine shape and
several forms of long-term synaptic plasticity (8, 9). In addition,
significant changes have been described regarding the structure
and/or function of other synaptic systems, including GABAergic
and endocannabinoid synapses (10, 11). Loss of FMRP expression

www.pnas.org/cgi/doi/10.1073/pnas.1502258112

has been recently linked to abnormalities in adult neurogenesis,
migration, neural differentiation, and cortical maturation (12).
Although monogenetic in origin, the molecular etiology of
FXS is likely to be highly complex because FMRP binds to a
large number of mRNAs in neurons (13, 14). Adding to this
complexity are the effects of FMRP on the biogenesis and
function of some miRNAs (15) and its regulation of targets in
the hub of key signal transduction pathways [such as PI3K (16,
17) and PIKE (17) in the mTOR pathway] that affect the
translation of mRNAs that are not direct FMRP targets. Prior
efforts to comprehensively understand FMRP function have
focused on identifying mRNA targets in a high-throughput man-
ner. Large numbers of mRNAs associated with FMRP were iden-
tified initially using microarray and other approaches (13). More
recently, high-throughput sequencing of mRNAs cross-linked to
FMRP in mouse brain polysome fractions and retrieved by immu-
noprecipitation (HITS-CLIP) identified over 800 high-confidence
FMRP-associated transcripts (18). These data included many
mRNAs corresponding to synaptic proteins and autism suscepti-
bility genes and led to the idea that FMRP exerts its translational
repression by stalling ribosomes during the elongation step on its
target mRNAs (18). Although valuable, such studies are not able

Significance

Fragile X syndrome (FXS) is a frequent mental disorder char-
acterized by intellectual disability and other symptoms in-
cluding autism. The disease gene-encoded protein FMRP reg-
ulates activity-dependent translation of a large number of
mRNAs in neurons. We used quantitative mass spectrometry to
systematically compare protein expression in neocortical syn-
aptic fractions between Fmr1 (fragile X mental retardation 1)
knockout (KO) and wild-type mice during adolescence and
adulthood. We discovered an upregulation of a large number
of synaptic proteins in young KO mice but not in adult ones.
Many of the upregulated proteins are correlated with an in-
creased protein synthesis in KO neurons. This study provides a
greatly expanded view of protein-level changes in FXS and
identifies a previously unrecognized developmental dynamics
in FXS pathogenesis.

Author contributions: J.R.Y., PW.V,, and L.L. designed research; B.T., T.W., HW., LH,,
X.Q. Y.z, CY., F.B., W.F,, and L.L. performed research; B.T., T.W., H.W., JW., PW.V.,
and L.L. analyzed data; and B.T., J.R.Y., P.W.V,, and L.L. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: Data have been provided in the MS RAW Data Repository, sealion.
scripps.edu/pint/?project=261ff98f356429fa784dbad4d184742c.

"To whom correspondence should be addressed. Email: ljliao@bio.ecnu.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1502258112/-/DCSupplemental.

PNAS | Published online August 11, 2015 | E4697-E4706

%)
=2
o
a
w
<
=
[

-
<
=
o
(=)
—
e
@
[=]
o
=
a
a
<

SCIENCES



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1502258112&domain=pdf
http://sealion.scripps.edu/pint/?project=261ff98f356429fa784dba44d184742c
http://sealion.scripps.edu/pint/?project=261ff98f356429fa784dba44d184742c
mailto:ljliao@bio.ecnu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502258112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502258112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1502258112

L T

/

1\

BN AS  PNAS D)

to capture secondary effects of FMRP loss on the proteome, and
they may render both false-positives and false-negatives resulting,
respectively, from potential “bystander” roles of FMRP and ef-
fects that occur outside the context of polysomes (e.g., mRNA
stability and transport) (4, 5). Moreover, because it is possible that
FMRP may promote synaptic expression of some of its targets
through effects on mRNA stability or transport (4, 5), it cannot be
reliably inferred that a direct target of FMRP is up or down-
regulated in FXS. Such complexities can be captured only by di-
rect quantification of changes at the protein level. Prior work by
our group and others used proteomic methods to identify pro-
teome changes in synaptic fractions from Fmrl knockout (KO)
primary neurons and in dFmrl Drosophila (19, 20). However,
these studies likely underestimated the extent of proteome shifts
caused by loss of FMRP.

In the present study, we used a panel of quantitative proteo-
mic approaches to generate the most comprehensive view to date
of synaptic protein expression changes that occur in vivo in the
Fmrl KO mouse model. Moreover, we apply these methods at
two developmental time points: postnatal day 17 (P17), within a
period of peak synaptogenesis (21), and adulthood (P45). Stable
isotope labeling in mammals (SILAM) enables complete labeling
of amino acids with >N in the whole animal, including rodents
(22, 23). This method has been successfully applied to analyze
synaptic proteome dynamics in developing brain (24), to quantify
neuronal proteome phosphorylation events in neurons (25), and
to study protein turnover and identify long-lived proteins in
neuronal nuclear pore complexes (26). To further differentiate
the role of de novo translation in protein changes from alter-
ations in other processes such as mRNA stability, protein deg-
radation, or trafficking, stable isotope pulsed labeling (pSILAC)
has been developed to measure genome-scale protein synthesis
rates (27). However, applying pSILAC in cultured primary
neurons has not been implemented, presumably due to the low
protein turnover in this cell type (19). With these combined
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approaches, we define a set of nearly 1,000 proteins that are
differentially expressed in Fmrl cortical synapses at P17, in-
cluding a diverse array of proteins involved in synaptic development
and function, metabolism, and a large number corresponding to
FMRP HITS-CLIP targets and autism susceptibility genes. More-
over, we obtained evidence that the dominant shift in expression is
up-regulation in the Fmrl KO, due to enhanced translation, and
that this effect is strongly age-dependent, being almost entirely
absent at P45.

Results

Age-Dependent Changes in the Profile of Synaptic Protein Expression
in Fmr1 KO Mice. Using a combination of "°N-enriched adult mouse
(SILAM) whole brain as a common internal standard and high-
resolution mass spectrometry, we quantified proteins from crude
synaptosome-enriched samples (Fig. 14). To ensure the best
possible comparison between conditions, neocortical homo-
genates derived from Fmrl KO and WT mice at P17 or P45 were
independently mixed with the common *N-enriched brain homo-
genate for simultaneous preparation of crude synaptic frac-
tionations (designated as P2 as described in Materials and
Methods), protein extraction, and tryptic digestion (Fig. 14;
WT-P17, n = 6; KO-P17, n = 4; WT-P45, n = 4; KO-P45, n = 4).
The enrichment of synaptic components in the cortical fraction
used for proteomic analyses was evident by transmission electron
microscopy images, as well as by Western blot analysis of syn-
aptic proteins in sequential fractions (Fig. 14 and Fig. S1). In
total, over 5,000 proteins were quantified by high-throughput mass
spectrometric analysis of tryptic peptides derived from these frac-
tions, and 2,600 proteins were common among all four experimental
conditions. ANOVA analysis followed by a Benjamini-Horchberg
post hoc test identified 999 proteins that were differentially ex-
pressed with high significance (P < 0.05, Dataset S1) in P17 KO
cortical synaptic fractions. A volcano plot of all of the proteins
quantified under the four experimental conditions shows a dramatic
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Quantitative proteomic analysis of synaptosomes from Fmr1 KO mice reveals age-dependent changes in protein expression patterns between WT and

KO mice. (A) Schematic representation of the quantitative proteomic method used in this study. '>N-enriched amino acid-labeled mice whole-brain lysates
were used as a common internal standard for the relative quantification. Enrichment of synaptic structures was indicated by a representative transmission
electron microscopy image. (B) Volcano plots show a dramatic age-dependent difference in differentially expressed proteins in Fmr1 KO mice cortices
comparing P17 and P45. (C) Principal component analysis of proteins quantified in all four experimental groups shows that the protein expression profiles of

KO mice are well separated in young mice but not in older ones.
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shift of significantly expressed proteins toward up-regulation in
KO cortical fractions at P17, which occupy 90% of all of the
changed proteins. Surprisingly, this trend is greatly diminished at
P45 (Fig. 1B). Principal component analysis (PCA) clearly shows
that, in the first component, KO and WT cortices are poorly
separated at P45 but well separated at P17 (Fig. 1C), indicating
that genotype differences result in dramatic changes in protein
expression profiles during early brain development, but not after
brain maturation. These data suggested that the majority of
protein expression changes that may be involved in FXS patho-
genesis are up-regulated and occur at a young age when active
synaptogenesis is ongoing.

Validation of Quantitative Proteomic Results. From the SILAM
dataset we selected 15 proteins representing core components in
presynaptic vesicles (synapsin 1 and 2, SNAP25); postsynaptic
channels and receptors (HCN1, mGluR?7); signaling molecules
(CaMKIla, DARPP32); synaptic scaffold proteins (Shanks,
PSDY5, Dpysl3); adhesion molecules (Chll); and metabolic en-
zymes (Hsd11b1) and plotted their significance values comparing
the two age groups with the relative protein expression ratios
between KO and WT at P17 (Fig. 24, Right). With the exception
of Chll, Dpysl3, and mGluR7, which were significantly down-
regulated at P17 in the Fmrl KO, a majority of these proteins
were significantly up-regulated at P17. However, none of the
changes evident at P17 were present at P45. To validate the
quantitative proteomic results, we used Western blotting to
probe a panel of pre- and postsynaptic proteins in cortical syn-
aptic fractions (Fig. 2B). Comparing adolescent (P17) KO and
WT littermates, we observed up-regulation in the presynaptic
vesicle component synapsin 1 and two postsynaptic proteins in
KO cortical synaptic fractions: the cyclic nucleotide-gated
potassium channel HCN1 and the Shank family proteins (Fig.
2B and statistical test in Fig. 2C). DARPP32 (Ppplrlb), a bi-
functional regulator important in dopamine signal transduction
(28), was also greatly up-regulated in the KO at this stage. These
observations are consistent with the quantitative proteomic
results. However, we did not observe statistically significant
changes in other synaptic proteins including PSD95, CaMKlla,
and SNAP25, although CaMKIla trended upward in the KO
(Fig. 2C). Consistent with age-dependent changes we observed
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using SILAM, none of the proteins tested by Western blot
exhibited significant up-regulation in cortical synaptic fractions
from mature mice (age between 1 and 2 mo); HCN1 and SHANK
family proteins in particular trended slightly downward. To test
whether the increase in some of the synaptic proteins in young
mouse cortex is the result of increased transcription activity, we
performed quantitative RT-PCR on mouse cortices, covering both
ages. The results show that except for Fmrl itself and SNAP25
in P52, all other transcripts are unchanged in KO mice in both
young and adult age groups (Fig. 2 D and E). To add another layer
of validation, we measured intrinsic electrophysiological prop-
erties of pyramidal neurons in layer II/III of the somatosensory
cortex from P17 mouse using whole-cell patch configuration. We
find that input resistance is significantly reduced, consistent with
elevated expression of HCN1 (Fig. S2). Taken together, these
results indicate that, consistent with previous studies, lack of
FMREP expression predominantly influences synaptic protein ex-
pression at the level of translational control.

Differentially Expressed Proteins in Fmr1 KO Mice Show Gene Ontology
Enrichment in Nervous System Development and Function. Gene on-
tology analysis of proteins differentially expressed in P17 KO
synaptic fractions yielded three main observations. In the cellular
components category, proteins localized to the cytoplasm, mito-
chondria, and plasma membrane occupy a large portion, together
representing 63% of changed proteins (Fig. 34, Upper). In the
molecular functions category, enzymes, transporters, and kinases
are enriched (Fig. 34, Lower). Further statistical enrichment
analysis using Fisher’s exact test identified distinct functional
categories that are significantly enriched, including nervous system
development and function, cell-to-cell signaling and function,
cellular assembly, and organization as the most statistically
enriched (Fig. 3B). To gain further insight into the functions and
interactions of the differentially expressed proteins in P17 KO
synaptic fractions, we mapped the genes representing these pro-
teins to the CORUM database (29), which contains curated data
on 453 mouse protein complexes. Within this data set, 111 pro-
teins from 183 complexes corresponded to proteins changed at P17.
Notably, four of the six components in the postsynaptic GluRS-2
receptor complex, including autism-susceptible genes Shankl,
Shank2, and homer (30-32), and four of the five components
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Fig. 2. Validation of a subset of significantly changed proteins. (4) Log-transformed significance values against their expression levels of 15 proteins involved
in synaptic structure or transmission are plotted comparing P17 (closed circle) and P45 (open circle). (B) Western blot analysis of eight synaptic proteins from
cortical synaptic preparations indicates an overall up-regulation in P17 mice but no change in P45 mice. (C) Bar graph shows statistical test of the Western blot
data in B (Student's t test, *P < 0.05, ***P < 0.0005, n = 4~5). (D and E) Real-time PCR analysis comparing the mRNA levels of 12 synaptic proteins between WT
and KO in P16 (D) and P52 (E) (Student’s t test, *P < 0.05, ***P < 0.0005, n = 4).
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Fig. 3. Bioinformatics analysis of differentially expressed proteins in Fmr1 KO mice. (A) Pie chart shows the gene ontology of changed proteins in the
category of cellular localization (Upper) and molecular function (Lower); the components in each category were displayed as a percentage of proteins.
(B) Functional enrichment analysis of changed proteins by Fisher’s exact test. The top 12 most significant functional categories were plotted with the x axis
representing significance values. (C) Representative protein complexes identified in the CORUM database from the significantly altered proteins in PND17.
Red color indicates significantly up-regulated proteins in KO mice. (D) Comparison of the genes from all quantified proteins and significantly changed
proteins to gene entries from SFARI autism database, gene-to-cognition database (G2Cdb:PSP), as well as from FMRP target dataset by Darnell et al. (18).
Proteins listed in the green oval are autism-associated gene products that are up-regulated in KO mice and intersect with all three data sets. The P value

represents the enrichment odds ratio of the overlap as determined by y? test.

in the NDMA receptor complex were significantly up-regulated.
All four components in the presynaptic vesicle SNARE complex
were also significantly up-regulated. Our significantly up-regulated
proteins also covered the Cask-Dlgl complex, a scaffolding pro-
tein complex that organizes postsynaptic receptors and ion chan-
nels as well as the Psd3-Actnl and Profilin-2 complexes, protein
assemblies that reshape the actin cytoskeletons in response to
extracellular stimuli (Fig. 3C). Many members of the MAGUK.
family of scaffolding proteins were up-regulated, including Dlgl,
Mpp2 (Dlg2), Digap2, SAPAP2, and others that mediate pre- and
postsynaptic organization of channels and signaling complexes.
Thus, differentially expressed proteins in Fmrl KO cortical syn-
apses, mostly up-regulated, participate in shaping the developing
nervous system and determining the structure and function of
glutamatergic synapses.

Comparison of Fmr1 KO Synaptic Proteome Shifts Relative to Known
Synaptic Proteins, Putative FMRP Targets, and Autism Susceptibility
Genes. We further compared our quantitative results with existing
datasets of synaptic proteins, putative FMRP target mRNAs,
and autism-associated genes (Fig. 3D). The gene-to-cognition
postsynaptic proteome (G2Cdb:PSP) database listed 1,121 post-
synaptic proteins, of which our quantitative data covered 78%.
Of our 999 significantly changed proteins, 298 were present in
the G2Cdb:PSP, covering one-third of the significantly changed
proteins. Darnell et al. used cross-linking immunoprecipitation
and RNA-seq to identify 842 direct FMRP mRNA targets asso-
ciated with polyribosomes (18). We compared these 842 protein-
coding genes with our dataset and found 379 proteins in common,
among which 120 (32%, P = 0.0003, a significant enrichment as
tested by Xz) were significantly changed at P17, almost all of them
being up-regulated. The SFARI autism database listed 621 genes
associated with autism spectrum disorders, among which 221 (36%)

E4700 | www.pnas.org/cgi/doi/10.1073/pnas.1502258112

were covered by our quantitative data and 48 (22%) corresponded
to proteins that were significantly altered in P17 cortical synaptic
fractions (Dataset S2). Thus, it is possible that loss of FMRP leads
to the frequently observed autism endophenotype by triggering a
“multiple hit” effect on the expression of autism-related genes.
Among the autism-associated gene products significantly altered
in P17 KO cortical synapses are well-characterized Shank family
proteins (Shank -1, -2, and -3), Dlg4 (PSD95), Dlgap2, Grin2b,
Syngapl, and poorly understood proteins such as Igsec2 and Lrrc7
(represented inside the oval in Fig. 3D). Finally, we compiled a list
of all three databases and our P17 dataset, representing a core set
of synaptic proteins that are encoded by autism-associated genes,
bound at the mRNA level by FMRP and expressed abnormally in
Fmrl KO synaptic fractions (Dataset S2). These proteins include
Stxbpl and Syn1 (synapsin 1) that also show altered synthesis rates
as assessed by following pSILAC experiments.

Gene Coexpression Modules in Fmr1 KO Mice Show Connectivity
Enriched in Synaptic Structure. We applied weighted gene coex-
pression network analysis (WGCNA) (33) to identify groups of
proteins in cortical synapses that exhibit high correlation in ex-
pression patterns and to understand the differences of these
correlations between WT and KO cortices. Unsupervised hier-
archical clustering of 1,524 quantified proteins across all exper-
imental conditions in at least three biological replicates revealed
that the two genotypes in the same age group are more closely
clustered together (Fig. 44), indicating that the effects of age on
the clustering are larger than the effects of the genotypes com-
pared. Nevertheless, a heat map of protein expression ratios
calculated in reference to '*N-enriched brain showed significant
differences between KO and WT cortical synaptic preparations
at the younger age (P17), and this difference is largely eliminated
when reaching adulthood (P45; Fig. 44). The branches in the
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dendrogram correspond to groups of proteins (modules) the
expression profiles of which are highly correlated across samples;
in total, seven distinct modules were identified and are repre-
sented here by different colors. Although age was the dominant
driver of clustering, Fmrl KO-related changes in protein ex-
pression impacted the resolved modules in significant ways at
both hub and satellite positions. The blue module is enriched
with proteins involved in ATP metabolic process and synaptic
transmission with the hub proteins Atplal, Atp6vla, and Slc12a5
(KCC2) all significantly changed at P17. Presynaptic vesicle com-
ponents altered in the KO, such as syntaxinla, Snap25, Vamp2,
and several ATPases, are marked yellow (Fig. 4B). Proteins from
this module are closely related to synaptic vesicle release. Re-
markably, 12 proteins from this module that are altered in the KO
also overlap with the list of autism-associated genes (SFARI), such
as Prkeb, Hsd11b1, Dpp6, Lrrc7 (Densin 180), and others (Dataset
S2). The green module is enriched in proteins involved in synaptic
transmission, vesicle transport, endocytosis, and regulation of neu-
rological system process (Fig. 4C). Hub proteins in this module that
are altered in the KO include Sh3gl2, Ckb, Stxbp1, and others that,
together with many of the node proteins, are involved in pre-
synaptic vesicle transport and postsynaptic structure organization,
which are in yellow. Proteins in both the blue and the red modules
displayed a substantial trend of up-regulation in P17 KO cortical
synaptic fractions, whereas proteins in other modules each showed
distinct patterns (Fig. S3). For example, the turquoise module is
composed of predominantly mitochondrial proteins. The expres-
sion of these module proteins is increased in adulthood compared
with adolescence regardless of the genotype, possibly reflecting an
increased demand for energy metabolism and ATP production in
the adult brain.

Based on these modules, we constructed a model of protein
expression abnormalities at fragile X cortical synapses (Fig. S4)
that may impact the function of key protein assemblies, including
many presynaptic vesicle components, scaffold proteins, post-
synaptic receptors, synaptic adhesion molecules such as neurexin
and neuroligin, as well as signal transduction molecules such as
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protein kinase A (PKA) and ERK, all of which appear up-reg-
ulated. Although not a comprehensive representation of our
findings on synaptic protein changes in KO cortical synaptic
fractions, this subset may provide a molecular basis for the fre-
quently observed abnormalities in synaptic form and function in
fragile X brain and model systems.

FMRP Deficiency Results in Increased Synthesis of Synaptic Proteins.
To investigate on a broad scale whether protein changes de-
tected in Fmrl KO synaptic fractions by SILAM-based proteo-
mics reflect altered rates of de novo protein synthesis, we applied
a recently developed pulsed stable isotope labeling approach—
pSILAC (27)—to primary cortical neurons. We modified this
approach such that proteins synthesized in WT and KO neurons
incorporate different heavy isotopes, a strategy that makes quan-
tification of newly synthesized proteins less dependent on the
absolute level of isotope incorporation in primary neurons. As
depicted in Fig. 54, we grew WT and KO neurons under regular
culture conditions initially. After switching WT and KO neurons
to “medium heavy” and “heavy” arginine-/lysine-containing me-
dia, respectively, we stimulated translation by treating neurons
with (S)-3,5-dihydroxyphenylglycine (DHPG), an agonist of group
I metabotropic glutamate receptors (mGluRs) that have been
linked to phenotypically relevant exaggerations in global trans-
lation rates and FMRP target synthesis in FXS model systems
(1, 34). WT and KO neuronal lysates were then combined in
synaptosomal preparation buffer, and soluble and pellet frac-
tions were generated for LC-MS/MS analysis. With the afore-
mentioned labeling strategy, newly synthesized proteins from
WT neurons should be labeled with medium heavy, and those
from KO neurons with heavy isotopes. In the second experiment,
the labeling was inversed so that we would observe opposite ratios
between heavy and medium heavy labeled peptides if there were
any differences.

As expected, a heat map rendering of log-transformed labeling
ratios revealed opposite changes in a large set of proteins (Fig. 5B).
The peptide ratios representing relative levels of new protein
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Fig. 5.

Pulsed SILAC reveals increased protein synthesis upon mGIuR5 activation in cortical neurons dissociated from Fmr1 KO mice. (A) Schematic representation

of the pulsed-SILAC approach applied in this experiment, whereby newly synthesized proteins in primary neurons dissociated from the two genotypes are
encoded by medium heavy or heavy isotope-labeled lysine and arginine. (B) The heatmap shows the visualized nascent protein ratios comparing KO to WT. P1:
800-g pellet; S1: 800-g supernatant. (C) Correlation plot of another round of forward and reverse pSILAC experiments with 5-min DHPG stimulation. Several
“core” FMRP target proteins show increased synthesis in KO neurons and are labeled in red. (D) Precursor ion spectrum and reconstructed chromatogram of an
FMRP peptide shows nascent protein synthesis from KO (blue) or WT (red) neurons. (€ and F) Similar to D but shows the same CaMKlla peptide with reciprocal
nascent protein ratios between KO and WT neurons. (G and H) Similar to D but shows peptides identifying SNAP25 and Pur-o, respectively. (/) Western blot
analysis of acute cortical slices from WT or KO mice at two different ages shows distinct responses in protein expression to mGIuR5 stimulation and that the
increase in protein expression can be blocked by anisomycin, suggesting that the increases in protein levels are dependent on protein synthesis.

synthesis in WT and KO neurons displayed a statistically sig-
nificant correlation between these reciprocal labeling methods in
both soluble and pellet fractions (Fig. S54). To avoid potential
epileptogenic activities caused by long-term DHPG stimulation,
and to avoid nascent proteins undergoing possible degradation
after longer pulse, we performed another round of forward and
reverse pSILAC experiments in which neurons were stimulated
with DHPG for 5 min and harvested 55 min after cessation of
treatment by washout. A correlation plot of the two experiments
showed consistency in many of the synaptic proteins identified as
increased synthesis in KO neurons (Fig. 5C). Illustrative of this
correspondence, a peptide derived from the postsynaptic kinase
CaMKIla showed inverse heavy-to-medium heavy isotope ratios
in the two replicate experiments (Fig. 5 E and F). Confirming the
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sensitivity of our approach, high-resolution MS1 spectra (Fig.
5D, Upper) and reconstructed chromatograms (Fig. 5D, Lower)
revealed that FMRP itself was newly synthesized in WT synaptic
neurons in response to mGluR activation (indicated by red ar-
row), corroborating prior reports (35, 36). In KO neurons, there
was a weak signal of nascent peptides (indicated by blue arrow),
albeit nearly at the noise levels (also in Fig. S5F). Representative
presynaptic proteins SNAP25 (Fig. 5G and Fig. S5E) and syn-
apsin 1 (Fig. S5 B and C) were synthesized at a much higher
rate in KO neurons than in WT neurons after treatment with
DHPG, consistent with the notion that lack of FMRP exaggerated
mGluR-induced translation (1). Unexpectedly, the purine-rich
single-stranded DNA element-binding protein A (Pur-a) displayed
a sharply reduced de novo synthesis in KO neurons compared
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with WT neurons (Fig. SH and Fig. S5D). The pSILAC results for
selected synaptic proteins with short DHPG treatment were pre-
sented in Fig. S6, in which all trends of increased nascent proteins
in KO neurons were consistent with the results from longer
DHPG treatment. In comparing the pSILAC dataset with the set
of significantly changed proteins detected by SILAM, we found
that 30% of the proteins that showed changes in de novo synthesis
with mGIuR stimulation were in the SILAM P17 dataset. This
level of overlap is considerable, given prior findings that many
FMREP targets are refractory to further stimulation in the Fimrl KO
(37). Indeed, when focusing on bona fide synaptic proteins, this
correspondence increased to 70% (Dataset S2), thus supporting
the hypothesis that increased synthesis rates account for synaptic
protein expression changes in KO neurons. These data may also
offer a view of proteins that are particularly vulnerable to mGluR-
induced dysregulation in FXS.

To further test our observation of age-dependent changes in
FMRP-dependent protein synthesis, we acutely cultured cortical
slices from WT and KO mice in P17 and P45 age groups. After
treatment with DHPG for 30 or 60 min, we analyzed the ex-
pression levels of synaptic proteins by Western blot. Except for
synapsin 1, Shank family proteins, PSD95, CaMKIla, SNAP25,
DARPP32, and others all show increased expression after DHPG
stimulation in a protein synthesis-dependent manner in P17 slices,
and this trend of increase diminished in P45 slices. Also consistent
with the SILAM results, the expression level of Pur-a is com-
pletely opposite. Together, these results are highly supportive of
our proteomic data.

Discussion

In this study, we used state of the art proteomic approaches to
generate the most expansive view to date of in vivo changes in
cortical synaptic protein expression in the Fmrl KO mouse. A
principle emerging from this work is that the influence of FMRP
on the synaptic proteome is age-dependent: i.e., a large number
of proteins are up-regulated in the absence of FMRP at a young
age, when active synaptogenesis is ongoing, but these differences
are largely absent in adulthood. Furthermore, we found that
neurons derived from KO mice produce many nascent synaptic
proteins at a higher rate than that of WT mice, many of which
are reportedly direct FMRP targets. Given that FMRP expression
declines during later brain maturation (38, 39), it may be that the
age-dependent differences that we observed between WT and KO
synaptic proteomes reflect a declining influence of FMRP (in WT)
on nascent protein synthesis at the elongation step.

Among our list of significantly changed proteins in young
mice, many play key roles in postsynaptic structure and signaling.
For example, we observed increases in diverse scaffolding pro-
teins that interact within the postsynaptic elements to localize
and modulate receptors, regulate F-actin assemblies, and create
platforms of signaling molecules. Included in this set are MAGUK.
family members, homerl, and Shanks 1-3. That all shanks were
elevated at P17 (by SILAM and Western) is of particular interest,
given that their abnormal expression leads to changes in post-
synaptic density structure, AMPA receptor currents, and autism-like
features in mice (40, 41). Of note, it has been demonstrated that
lack of Shank?2 expression leads to up-regulation of synaptic Shank3
(40), and there is evidence that accumulation of Shank3 due to
deficient ubiquitination causes autism-like phenotypes (42). Other
up-regulated proteins with structural functions include actin regu-
latory proteins, such as synaptopodin and its binding partner
a-actinin 1. Overall, the increases in synaptic proteins with
structural functions at P17 suggest an improper deposition of these
components onto the postsynaptic membrane, which may play a
role in the neuropathological findings in FXS patients of increases
in spine density (8). However, the overabundance of PSD scaf-
folding proteins, which can promote synaptic maturation, appears to
be at odds with consistent findings of abnormally long, thin, and

Tang et al.

tortuous spine profiles in FXS (43). In addition, our results revealed
up-regulation of many presynaptic proteins, adding weight to the
idea that FMRP has phenotypically relevant presyntaptic functions
(44). We observed increases in presynaptic vesicle components,
including synapsin 1, VAMP2, SNAP25, syntaxin1, and the syntaxin
regulators Stxbp 1 and 5, and Snph, which binds free syntaxin.
Recent studies have provided genetic evidence that genes encoding
presynaptic release factors, especially SNARE complexes genes,
may play important roles in susceptibility of attention-deficit/
hyperactivity disorder (45, 46) and autism, two frequent endophe-
notypes of FXS (47, 48). Together, these data raise the prospect of
altered active zone structure and release dynamics at cortical syn-
apses in FXS and may help explain abnormalities in presynaptic
function seen at hippocampal synapses in the Frmrl KO (44).

An analysis of autism-related gene products in our P17 dataset
revealed a signaling module that may be particularly important
in the autism endophenotype of FXS. Autism occurs with high
frequency in FXS patients [30-50% (49)], and there is evidence
of mechanistic convergence between pathways dysregulated by
loss of FMRP and those disrupted by autism-associated gene
mutations and copy number variations. We sought to define a core
set of autism susceptibility genes that are dysregulated at the
translational level by loss of FMRP. To do this, we compiled a list
of genes at the intersection of four datasets: our set of proteins
that significantly changed at P17, the G2C synaptic protein data-
base, the list of FMRP target mRNAs defined by HITS-CLIP, and
the SFARI database of autism susceptibility genes. We identified
19 proteins that are synaptic, encoded by autism-associated genes,
bound at the mRNA level by FMRP, and expressed abnormally in
Fmrl KO synaptic fractions (Dataset S2); all were up-regu-
lated. Intriguingly, all nine postsynaptic proteins on this list
are in the PSD95 interactome (50) (www.string-db.org), including
Dlg4 (PSD95), Lrrc7 (Densinl80), Shanks 1-3, Igsec2 (BRAG1),
Dlgap2 (SAPA2), GRIN2B (NMDA receptor 2b), and Syngapl
(Fig. 3D). Gene duplications in Dlgap2 have been linked to autism
(51), and this effect may be recapitulated in FXS due to trans-
lational disinhibition. Moreover, Lrrc7 (52) and Igsec2 (53) regu-
late mGluR signaling, long-term depression, and AMPA receptor
internalization, raising the possibility that their up-regulation con-
tributes to the lower efficacy state seen in cortical synapses in FXS.
More generally, these data may indicate that FXS involves a
skewed PSD95-based signaling module that shares mechanistic
features with some forms of sporadic autism.

The extent of intersection between our SILAM set of up-
regulated proteins and the HITS-CLIP set of putative FMRP
target mRNAs—120 up-regulated proteins were HITS-CLIP
targets—highlights a critical issue in FXS: How many pheno-
typically relevant gene expression changes can be accounted for
directly by loss of FMRP translational inhibition? There is gen-
eral agreement that both the mTOR and the ERK pathways of
translational control show heightened activation in Fmrl KO
mouse neurons and human FXS lymphocytes. This could lead to
broad protein expression changes that are secondary to FMRP
loss, but of no less relevance phenotypically. The relative dis-
tribution of protein changes between these two broad types of
dysregulation may determine the efficacy of emerging thera-
peutic strategies aimed at normalizing translation signaling (54).

Although most of the focus in FXS research has historically
been on the molecular and functional pathology of glutamatergic
synapses, recent work has established that several other syn-
aptic systems are perturbed. Our SILAM data may inform on
the mechanistic underpinnings of these changes. Reductions in
GABAergic synapses and function have been observed in FXS
and result in cortical network hyperexcitability (55). We detected
significant increases in SLC12A2 (NKCC1, 1.9-fold) and SLC12AS
(KCC2, 2.3-fold), transporters that move Cl™ into and out of neu-
rons, respectively. A developmental shift in the expression of these
proteins toward SLC12A5 regulates the transition of GABAergic
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transmission from depolarizing to hyperpolarizing. The diuretic
NKCCI inhibitor bumetanide has been proposed as a potential
therapeutic in FXS and autism (56), and our data corroborate re-
cent work suggesting that FXS may indeed involve an improper
balance of SLC12A2 and SLC12A5 (10). Interestingly, at P45, both
proteins were comparably expressed in WT and KO synapses,
suggesting that the ratio imbalance evident in young cortex may
continue into adulthood even as absolute levels of each decrease.
We also found evidence for alterations in endocannabinoid trans-
mission. Monoglyceride lipase 1 (Mgll), a serine hydrolase that de-
grades the endocannabinoid 2-arachidonoylglycerol (2-AG), was
up-regulated 3.7-fold in KO cortical synaptic fractions, which may
account for some forms of altered cortical prefrontal cortical plas-
ticity in the KO (11). It has also been reported that FMRP is a
positive modulator of dopamine signaling in prefrontal cortical
neurons by sequestration and therefore enhances dopamine-medi-
ated PKA activation; in Frmrl KO mice this modulation is attenu-
ated (57). We found a nearly threefold up-regulation of DARPP32
(SILAM and Western), a potent protein phosphatase 1 inhibitor
upon phosphorylation at Thr34 by PKA. This observation may
provide an alternative explanation for the attenuated dopamine
signaling in the prefrontal cortex. It will be interesting for further
studies to test the phosphorylation state of DARPP32.

Dendritic channelopathies have emerged as a contributing
factor to cortical hyperexcitability in Fmrl KO mice, an elec-
trophysiological change that could account for the sensory motor
hyperactivity seen in FXS. A recent study found a reduction and
dysfunction of h- and BKca channels in dendrites (58). They
found a statistically significant reduction of HCN1 in the primary
sensory barrel cortex in 4-wk-old KO mice, which is seemingly in
contrast to our results that HCN1 was up-regulated in the cor-
tical synaptic preparation from Fmr! KO mice in P17 and ac-
companied by a reduced input resistance. We speculate that age
differences (P17 mice cortices used in our study), brain region
differences (we used the whole cortex), and differences in sample
preparation (we enriched synaptosomes) could account for this
discrepancy. In fact, both our SILAM and Western blot results
suggest a downtrend in P45 cortices. It is also notable that HCN1
is up-regulated in hippocampus of Frnrl KO mice (59). In addition
to HCN1, we found a panel of dysregulated ion channels, in-
cluding Kenmal, Kenjl10, and Grin2b. The abnormal expression of
these channels in brain is strongly associated with many neuro-
psychiatric disorders, including autism (ref. 60 and SFARI). It is
reasonable to propose that abnormal expression of these and
other K* channels alters the properties of cortical and subcortical
networks underlying behavioral phenotypes and that they may
represent novel opportunities for pharmacotherapy (61).

Several aspects of our data bear on the mGluR theory of FXS.
On a gross level, our finding that the vast majority of protein
expression changes in Fmrl cortical synapses involve up-regula-
tion supports the view that FMRP acts mainly as a translational
suppressor at synapses. Recent studies have shown that FMRP
gates translation downstream of multiple synaptic receptors, in-
cluding Gq-coupled receptors for glutamate (i.e., mGluRs),
acetylcholine, and other transmitters, as well as the brain-derived
neurotrophic factor receptor TrkB (18). Our additional finding
that 70% of up-regulated synaptic proteins in the “core” com-
ponents exhibit higher rates of de novo synthesis during mGluR
stimulation (Dataset S2) suggests that endogenous mGluR ac-
tivity may induce a significant portion of the FMRP-regulated
cortical synaptic proteome. These findings also challenge the
general view that translation of FMRP-regulated mRNAs is re-
fractory to further stimulation by activation of mGluRs in the
Fmrl KO. Interestingly, mGluR stimulation of P17 slices up-
regulated many presynaptic proteins, such as Stxbpl and Syn-
apsin 1. It will be important to determine how unique these
proteome responses are to mGluR stimulation. As noted above,
we also detected increases in several proteins that promote
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mGluR signaling and/or synaptic localization, including Densin
180 (LRRC7), Homer 1, and Igsec2 (BRAG1). Together, our
findings are compatible with the idea that mGIuR signaling is
elevated in FXS and that this alters the synaptic proteome in a
phenotypically relevant manner.

Analogous to traditional pulse-chase labeling of radioactive
isotope-coded methionine, we adopted a pulsed SILAC ap-
proach (27) to allow stable isotope-coded lysine and arginine to
incorporate into nascent proteins. Due to its postmitotic nature,
protein synthesis in primary neurons is in general at a lower rate
than mitotic cells. Indeed, our previous study showed that stable
isotope labeling of cultured neurons is far from complete even
after 3 wk in culture. Activation of mGluRs by DHPG has been
demonstrated to rapidly increase the levels of a number of syn-
aptic proteins (62) in the timescale of 1 h. However, we failed to
observe any obvious nascent polypeptides at 30 min or 1 h
poststimulation. We therefore used 6 h after DHPG stimulation
and found subtle but robust nascent polypeptides. Although we
could not rule out the possibility that newly synthesized proteins
are rapidly degraded, our focus on identifying differences in
nascent polypeptides indeed revealed a panel of synaptic pro-
teins that are differentially synthesized in KO neurons, and these
findings are largely consistent with the steady-state synaptic pro-
teome levels in KO cortices. Recent technical development has
enabled selective enrichment of nascent proteins using unnatural
amino acid azidohomoalanine in place of methionine to incor-
porate into nascent proteins (63). It would be interesting for fur-
ther studies to apply this approach to label nascent proteins in
Fmrl KO mice in vivo, especially in the context of a variety of
challenging behavioral tasks.

Our data provide an in vivo landscape of abnormally expressed
proteins in the absence of FMRP that are critical in cortical
synapse formation and neural transmission; these proteins in-
fluence a wide range of central nervous system functions. The
age dependence of these alterations suggests that the efficacy
of some types of targeted therapeutics may be limited to the
developmental period.

Materials and Methods

Animals. All experiments involving animal treatment and care were per-
formed following the Institutional Animal Care and Use Committee protocols
from the East China Normal University (ECNU). FVB.129P-Fmr1™'<9" (Fmr1
KO) mice were kindly provided by Zhigi Xiong and were originally obtained
from the Jackson Laboratory ECNU animal facility. The Fmr1 KO mice were
crossed with wild-type FVB mice for multiple generations to obtain Fmr1
KO and wild-type littermates. All animals used for comparison were age-
and sex-matched.

Quantitative Proteomics. We used mouse whole brain fully labeled with
>N-enriched amino acids (SILAM) as a common internal standard for quanti-
tative proteomic analysis, as described previously for rat (24). Although mice
were used in experiments described here, the basic labeling procedure re-
mains the same. Briefly, female mice were fed a >N-labeled protein diet
starting after weaning and remained on the '>N diet through pregnancy and
weaning of pups. On P45, the pups were anesthetized with halothane, and the
brains were quickly removed and frozen with liquid nitrogen. The brains were
homogenized in a motor-driven Teflon-glass homogenizer with 20 strokes in a
buffer containing 0.32 M sucrose, 4 mM Hepes, and protease inhibitors, and
the homogenates were stored at —80 °C. The '°N enrichment was determined
to be 94% using a previously described protocol (64). The "5N-enriched mouse
brain homogenates were then mixed at a 1:1 protein ratio with cortical ho-
mogenates from either Fmr1 KO or wild-type mice. Crude synaptosomes were
prepared according to previously published protocol (19). Briefly, the ho-
mogenates were centrifuged at 700 x g for 15 min, followed by centrifuging
the resulting supernatant fractions (S1) at 10,000 x g for 15 min. The resus-
pended pellets (P2) were used as crude synaptosomal fractions.

Statistics and Bioinformatics Analysis. Significant differences in protein ex-

pression were determined using analysis of variances (ANOVA), and P values
were then adjusted with the Benjamini-Hochberg method.
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The coexpression network was constructed based on protein expression
levels of mouse-brain samples using the WGCNA package in R software
described by Zhang and Horvath (65). Briefly, a Pearson correlation matrix
was first created by pairwise comparisons between all pairs of proteins
across all mass spectrometric samples and was then transformed to an ad-
jacency matrix with a soft thresholding power of 14. With the adjacency
matrix, the topological overlap of a pair of proteins reflecting the relative
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