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FMRP Phosphorylation Reveals an Immediate-Early
Signaling Pathway Triggered by Group I mGluR and

Mediated by PP2A
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Fragile X syndrome is a common form of inherited mental retardation and is caused by loss of fragile X mental retardation protein
(FMRP), a selective RNA-binding protein that influences the translation of target messages. Here, we identify protein phosphatase 2A
(PP2A) as an FMRP phosphatase and report rapid FMRP dephosphorylation after immediate group I metabotropic glutamate receptor
(mGluR) stimulation (<1 min) in neurons caused by enhanced PP2A enzymatic activity. In contrast, extended mGluR activation (1-5
min) resulted in mammalian target of rapamycin (mTOR)-mediated PP2A suppression and FMRP rephosphorylation. These activity-
dependent changes in FMRP phosphorylation were also observed in dendrites and showed a temporal correlation with the translational
profile of select FMRP target transcripts. Collectively, these data reveal an immediate-early signaling pathway linking group I mGluR
activity to rapid FMRP phosphorylation dynamics mediated by mTOR and PP2A.
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Introduction

Fragile X syndrome is the most common form of inherited men-
tal retardation caused by the absence of a normally pan-neuronal
RNA binding protein, fragile X mental retardation protein
(FMRP) (Brown et al., 1998; Darnell et al., 2001; Schaeffer et al.,
2001). Indeed, FMRP interacts with ~4% of mammalian brain
mRNAs, the functional consequence of which is presently known
for few messages (Brown et al., 2001). For these, FMRP can sup-
press translation [e.g., FMRP interacts with the murine MAPIB
or its Drosophila homolog Futsch, and both exhibit enhanced
expression in mouse and fly FmrI knock-outs (KOs)] as expected
in the absence of FMRP translational suppression (Zhang et al.,
2001; Lu et al., 2004).

Consistent with its influence over translation, FMRP associ-
ates with polysomes, especially intriguing in dendritic spines, be-
cause abnormal spine structure is one morphological feature seen
consistently in both fragile X patients and the mouse model
(Corbin et al., 1997; Feng et al., 1997a,b; Stefani et al., 2004). This
indicates a role for FMRP in synaptic protein synthesis supported
by the effect of group I metabotropic glutamate receptor
(mGluR1/5) signaling on FMRP synthesis and transport (Antar
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et al,, 2004). Indeed, protein synthesis-dependent group I
mGluR-induced long-term depression (LTD) is exaggerated in
the Fmrl knock-out mouse. Thus, loss of FMRP translational
suppression may lead to excessive translation of LTD-required
protein(s) (Bear et al., 2004). Compatible with this model, exag-
gerated group I mGluR-LTD is protein synthesis independent in
the Fmrl knock-out mouse, suggesting that FMRP loss leads to
constitutive overexpression of LTD-required protein(s) possibly
effected in part by upregulation of extracellular signal-regulated
kinase (ERK) and phosphatidyl inositol 3-kinase (PI3K)-mam-
malian target of rapamycin (mTOR) pathways (Nosyreva and
Huber, 2006). Because FMRP is thought to negatively balance
group I mGluR-mediated translation, its absence may cause a
neuronal phenotype of excessive mGluR signaling. Indeed, high
doses of the group I mGluR agonist (RS)-3,5-
dihydroxyphenylglycine (DHPG) in wild-type (WT) neurons re-
sult in a spine morphology similar to that in FrmrI-deficient neu-
rons (Vanderklish and Edelman, 2002) and in converse
experiments, mGluR5 antagonists rescued some phenotypes ob-
served in both mouse and Drosophila models of fragile X
(McBride et al., 2005; Yan et al., 2005).

Collectively, these data suggest that FMRP regulates local pro-
tein synthesis, but the regulation of FMRP itself is poorly under-
stood. Posttranslational modifications are well-known modifiers
of activity-induced protein synthesis (Routtenberg and Rekart,
2005), making the phosphorylation of a conserved serine of
FMRP a prime regulatory candidate of FMRP function. We have
suggested previously that phosphorylated FMRP may associate
with stalled ribosomes (Ceman et al., 2003). Thus, FMRP de-
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phosphorylation maybe a key regulatory step in activity-
dependent protein synthesis. Here, we identify protein phospha-
tase 2A (PP2A) as a major FMRP phosphatase and demonstrate
that group I mGluR stimulation (<1 min) effects rapid, FMRP
dephosphorylation caused by increased PP2A activity, whereas
stimulation >1 min leads to FMRP rephosphorylation through
mTOR-dependent PP2A suppression. These changes in FMRP
phosphorylation also occur in dendrites and correlate temporally
with expression of an FMRP ligand, synapse-associated protein,
synapse-associated protein 90/postsynaptic density-95 (PSD-
95)-associated protein 3 (SAPAP3). Together, we reveal an
immediate-early group I mGluR-mediated pathway resulting in
dynamic FMRP phosphorylation changes mediated by mTOR
and PP2A.

Materials and Methods

Metabolic labeling and immunoprecipitation analyses. Metabolic labeling
was performed as described by Ceman et al. (2003). L cells and neurons
were plated in T75 tissue culture flasks at a density of 5 X 10®and 3 X 10°
cells/flask, respectively. The L cells were rinsed twice in phosphate-free
DMEM (Invitrogen, San Diego, CA) the following day and then labeled
in phosphate-free DMEM supplemented with 5% dialysed FCS and 1
mCi/ml **P orthophosphoric acid (GE Healthcare, Waukesha, WT) for
6-10 h, unless otherwise indicated. The immunoprecipitate (IP) was
conducted as described by Ceman et al. (2003). Metabolic labeling in
neurons was performed as above, except that the neurons were main-
tained in low serum medium before labeling, and each IP required cell
lysates prepared from 2 T75 tissue culture flasks plated at 3 X 107 cells/
flask. The cytoplasmic lysates were generated as described previously and
processed for FMRP IPs as described by Brown et al. (2001).

Constructs and transfection. The HA-tagged WT and L199P PP2Ac
constructs were used as described by Evans et al. (1999). The Flag tagged
WT-FMRP and S499A-FMRP constructs were described previously by
Ceman et al. (2003). The green fluorescent protein (GFP)-tagged WT
and S499A FMRP lentiviral vectors were cloned by and obtained from
Stephanie Ceman (personal communication). A standard protocol was
used for transient transfection (supplemental methods, available at
www.jneurosci.org as supplemental material).

PPI and PP2A enzyme kinetics assay. Enzyme activity was measured as
in the study by Mao et al. (2005) with 4 X 10° neurons/assay using a
serine-threonine phosphatase assay kit (17—-127; Upstate Biotechnology,
Lake Placid, NY) and following the manufacturer directions. To IP PP1
or PP2A, rabbit antibodies against PP16 (Upstate Biotechnology) or
mouse antibodies against PP2Ac were added to a total of 150 ug/200 ul
lysate, followed by 50% Protein A agarose/Sepharose bead slurry and
incubation for 1-2 h at 4°C. Beads were washed three times with PBS,
followed by a single wash in assay buffer before the phosphopeptide was
added to a final concentration of 0.75 mm and incubated for 10 min at
30°C.

Statistical analyses of the PP1/2A enzymatic activity. Three independent
enzyme assays were performed, and the fold change at various time
points was measured as the average absorbance value at: time = ¢ (in
minutes)/average absorbance, at t = 0. Two-tailed paired ¢ tests were
used to determine the significance of the fold changeatt = 0.5and t =1,
compared with t = 0.

Drugs and drug treatments. DHPG and 2-methyl-6-(phenylethynyl)-
pyridine hydrochloride (MPEP) were purchased from Tocris Cookson
(Bristol, UK). Neuron cultures were treated with the drugs in HBSS
(Invitrogen). At the end of the drug treatment, the cells were quickly
washed with ice-cold PBS (pH 7.4, Ca > free) and placed immediately on
ice. The cell monolayer was rapidly scraped into ice-cold lysis buffer.

Neuron cultures. For biochemical assays, cryopreserved rat embryonic
hippocampal neurons were obtained from Cambrex Biosciences
(Walkersville, MD) and plated in T75 flasks treated with poly-L-lysine
(Sigma, St. Louis, MO) in borate buffer. The cells were maintained in
culture for 2 d in Eagle’s minimum essential medium (Invitrogen) sup-
plemented with 10% dialysed fetal calf serum, 10% horse serum, and
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0.2-0.3 ug of recombinant basic FGF (Invitrogen) per flask. For the next
3 d, the neuronal cell population was enriched using 30 um p-AP-5 (AG
Scientific, San Diego, CA). For immunostaining (see Fig. 4), 14 d in vitro
(DIV) embryonic hippocampal neuron cultures (supplemental meth-
ods, available at www.jneurosci.org as supplemental material) were fixed
and stained with rabbit anti-phospho-FMRP (P-FMRP) raised to the
phosphopeptide NSEAS*NAS*ETES*DHRDE (S* denotes phosphory-
lated serine), and the secondary staining was done as in the study by
Antar et al. (2004). For assays in Figure 4, C and D, 14 DIV neuron
cultures were stimulated with 50 um DHPG (Tocris Cookson) for 30 s,
with or without pretreatment with 10 nm okadaic acid (OA) before fixa-
tion with 4% buffered formaldehyde and stained for immunofluores-
cence (IF) as above.

Image acquisition and processing. Neurons were imaged using a 60X
Plan Neofluor objective and a 120 W metal-halide lamp (X-Cite) and
Photometrics (Huntington Beach, CA) cooled CCD on a Nikon Eclipse
300 inverted microscope. Images acquired in Z series were deconvolved
using the Autoquant software (Bitplane, Zurich, Switzerland) and a
three-dimensional (3-D) blind algorithm.

Densitometric analyses. Data from the Adobe Photoshop images
(Adobe Systems, San Jose, CA) of three different experiments were nor-
malized to tubulin and then calibrated and graphed using KaleidaGraph
software version 3.5.

Antibodies and Western blot analyses. For Western blotting seen in
Figure 5A, 50 ug of total protein was loaded/sample, whereas in supple-
mental Fig. 3A (available at www.jneurosci.org as supplemental mate-
rial), ~100 ug of synaptosomal extracts were generated in a buffer con-
taining 50 mum TrisCl, pH 7.5, 1% NP40, 100 mm NaCl, 5 mm MgCI2, and
protease inhibitors, electrophoretically resolved, transferred onto poly-
vinylidene difluoride membranes, and probed with the P-FMRP-specific
antibody (used at 1:300). The antibodies used are listed in detail in the
supplemental data (at www.jneurosci.org as supplemental material).

Results

Protein phosphatase 2A is a major FMRP phosphatase

To identify the phosphatase acting on FMRP, we examined the
most thoroughly characterized neuronal serine-threonine phos-
phatases: protein phosphatase 1, 2A, and 2B (Honkanen et al.,
1990; Winder and Sweatt, 2001). Individual phosphatase activi-
ties were inhibited pharmacologically by applying microcystin,
OA, and deltamethrin at enzyme ICs, values of 0.1, 0.5, and 0.2
nM, respectively. At these concentrations, deltamethrin is PP2B-
specific and OA is PP2A-specific, whereas microcystin inhibits
both PP1 and 2A (Honkanen et al., 1990; Namboodiripad and
Jennings, 1996; Dounay and Forsyth, 2002).

We initially evaluated the candidate FMRP phosphatases by
metabolic labeling of FMRP with **P orthophosphate in previ-
ously described mouse L cell lines expressing Flag-tagged FMRP
(WT) or the Flag tag (VC) alone (Ceman et al., 2003). Cell lysates
prepared in the presence of the phosphatase inhibitors (applied
individually, as a mixture) were used to IP FMRP using the Flag
tag. Subsequent autoradiogram analyses detected a band of the
appropriate molecular size, ~80 kDa, indicating that FMRP
phosphorylation was sustained by the phosphatase inhibitor
mixture; unlabeled FMRP detected by Western blotting was used
as an IP control (Fig. 1 A). Okadaic acid (0.5 nm) by itself resulted
in similar P-FMRP amounts as seen with the mixture, whereas
microcystin (0.1 nm) showed reduced P-FMRP levels. Inhibiting
PP2B alone using deltamethrin failed to yield any detectable
P-FMRP (Fig. 1A). These data implicated PP2A as an FMRP
phosphatase.

Consistent with the previous work showing phosphatase sub-
units associated with their target proteins (Thelin et al., 2005), we
successfully immunoprecipitated both the PP2A catalytic and
regulatory subunits (PP2Ac and PR65, respectively) with FMRP
from L cell lysates (Lechward et al., 2001) (supplemental Fig. 1A,
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Figure 1. PP2A is a major FMRP phosphatase in non-neuronal cells. A, Pharmacological

inhibitors of serine-threonine phosphatase reveal PP2A as a candidate FMRP phosphatase. L
cells stably expressing the Flag-tag (VC) or Flag-FMRP (WT) were used in metabolic labeling
assays with 3P orthophosphate in the presence of the phosphatase inhibitors deltamethrin,
0A, and microcystin, either applied individually (# 2—4, respectively) or as a mixture (# 1).
P-FMRP was identified by autoradiography, and Western blotting for FMRP was used as a
loading control. B, Only wild-type FMRP (WT) and not nonphosphorylated FMRP (S499A) was
found to coimmunoprecipitate with the catalytic subunit of PP2A, PP2Ac. Western blotting for
FMRP was used as a loading control. ¢, FMRP becomes hyperphosphorylated after treatment
with 100 nm OA compared with 0.5 nm A (left panel) in a manner similar to well-known PP2A
substrate, Raf1 (right panel). Western blotting for FMRP and Raf1 were used as loading controls.
D, WT or dominant-negative mutant (L199P) of PP2Ac, the catalytic subunit of PP2A, was
transfected into L cells; untransfected L cells were used as a control (mock). Metabolic labeling
analyses were conducted in the presence of 0.5 nm A, and Western blotting for PP2Ac was used
as a transfection control. E, PP2A is a major FMRP phosphatase in primary hippocampal neu-
rons. Metabolic labeling assays were conducted in primary rat hippocampal neurons in the
presence/absence of 0.5 nm 0A, as indicated, and IPs were conducted using FMRP antibodies.
Western blotting for FMRP was used as a loading control. All the biochemical assays were
repeated three times, unless otherwise stated.

available at www.jneurosci.org as supplemental material). Im-
portantly, this association between PP2Ac and FMRP was absent
in IPs from lysates of L cells stably expressing Flag-S499AFMRP,
which contains a serine to alanine change at position 499 and
represents nonphosphorylated FMRP (Ceman et al., 2003) (Fig.
1B). Next, we conducted hyperphosphorylation assays to deter-
mine phosphatase specificity using the phosphoprotein amount
recovered as a direct correlate of the phosphatase inhibitor con-
centration. As shown in Figure 1C (left panel), more P-FMRP was
recovered after exposure to 100 nm OA compared with 0.5 nm,
mimicking the phosphorylation pattern of Rafl, a bona fide
PP2A substrate (Fig. 1C, right panel) (Bottorffetal., 1995; Adams
etal., 2005). However, it should be noted that okadaic acid at 100
nM inhibits both PP2A and PP1. Thus, we tested FMRP phos-
phorylation by causing a specific molecular disruption of PP2A
by using a PP2A dominant-negative mutant, L199P (Evans et al.,
1999; Kins et al., 2001) (Fig. 1 D). Metabolic labeling assays were
conducted with the catalytic subunits of wild-type PP2A or
L199P-PP2A (PP2Ac and L199P-PP2Ac) transiently transfected
into VC and Flag-FMRP (WT) stable cell lines; mock transfected
cell lines were used as a control. Transfected WT PP2Ac did not
allow detection of P-FMRP either in the presence (Fig. 1D) or
absence (supplemental Fig. 2, available at www.jneurosci.org as

J. Neurosci., December 26, 2007 « 27(52):14349 -14357 = 14351

supplemental material) of OA. However, P-FMRP amounts re-
covered increased with L199P-PP2Ac compared with the mock-
transfected culture even in the presence of 0.5 nm OA. Thus,
disrupting PP2A specifically using a dominant-negative mutant
increased FMRP phosphorylation. All these findings argue for
PP2A as a major FMRP phosphatase in non-neuronal cells.

To determine whether this held true in neuronal cells, we
performed metabolic labeling in primary hippocampal neurons
and showed that P-FMRP was only recovered in the presence of
0.5 nm OA (Fig. 1 E). Additionally, both PP2Ac and PR65 coim-
munoprecipitated with FMRP in these neurons (supplemental
Fig. 1B, available at www.jneurosci.org as supplemental mate-
rial). These data validate PP2A as a major FMRP phosphatase in
primary neurons.

Group I mGluR stimulation enhances PP2A activity within

60 s and results in rapid FMRP dephosphorylation

Synaptic signaling through group I mGluRs has been found re-
cently to influence PP2A activity in primary neuron cultures
(Mao et al., 2005). Having recognized PP2A as an FMRP phos-
phatase, we examined FMRP phosphorylation after chemical
group I mGluR stimulation both in the presence/absence of OA
(Fig. 2 A, top and bottom panels). We performed metabolic la-
beling followed by FMRP immunoprecipitations in primary hip-
pocampal neurons after exposure to either 100 um DHPG, a
group I mGluR agonist, or 10 uM MPEP, an mGluR5 antagonist,
for 10 or 30 min; untreated neurons were used as a control. In the
presence of 0.5 nM OA, DHPG stimulation at both time points
markedly increased FMRP phosphorylation, whereas MPEP
treatment reduced P-FMRP levels relative to the DHPG-
untreated cultures (Fig. 2A, top panel). We also investigated
P-FMRP in the absence of OA and found that DHPG-untreated
neurons revealed no detectable P-FMRP in the absence of oka-
daic acid presumably because of steady-state PP2A activity in the
cell lysates (Fig. 2 A, bottom panel). Strikingly, DHPG applied for
5, 10, or 30 min sustained P-FMRP even in the absence of OA.
This observation is consistent with previous work, showing that
group I mGluR stimulation can suppress PP2A activity (Mao et
al., 2005). Collectively, these data indicate that FMRP phosphor-
ylation is group I mGluR activity dependent.

Nevertheless, the observed pattern of FMRP phosphorylation
is inconsistent with our hypothesis that phosphorylated FMRP
may cause translational suppression, because synaptic stimula-
tion is known to enhance translation (Raymond et al., 2000; Ce-
man et al.,, 2003). To determine whether we missed an early wave
of FMRP dephosphorylation, we analyzed FMRP phosphoryla-
tion immediately after DHPG stimulation (Fig. 2 B, top and bot-
tom panels). Remarkably, neurons exposed to DHPG for 1 min
revealed no detectable P-FMRP compared with the DHPG-
untreated cultures. By 2 min, some P-FMRP is apparent, and by
10 min (5 min after washout), FMRP is heavily rephosphorylated,
a pattern that is maintained for at least 25 min after washout. We
confirmed these dynamics of FMRP phosphorylation in the ab-
sence of OA (Fig. 3A). Together, these data indicate that imme-
diately after group I mGluR activation, FMRP shows dynamic
changes in phosphorylation. Also, it is possible that immediate
FMRP dephosphorylation after synaptic stimulation may release
its translational suppression for a brief period, after which FMRP
phosphorylation is quickly restored.

To ascertain whether alterations in PP2A activity mediate
activity-dependent FMRP phosphorylation dynamics, we con-
ducted endpoint enzymatic assays on PP2A or PP1 (control)
from DHPG-treated neurons using a synthetic phosphopeptide
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substrate (Fig. 2C). We found that PP2A
activity increased with statistical signifi-
cance within 30 s of DHPG exposure falling
below baseline by 2 min, agreeing with the
time course of FMRP phosphorylation.
The suppression of PP2A after 2 min of
DHPG exposure has been reported previ-
ously (Mao et al., 2005), but the early, tran-
sient increase in enzymatic activity after
synaptic stimulation apparently escaped
detection in the study. To further assess the
link between activity-dependent changes
in FMRP phosphorylation and PP2A, we
performed IPs with FMRP in the presence
of DHPG for either 1 or 10 min; an un-
treated sample was used as control (Fig.
2D, left and right panels). These time
points were chosen as FMRP was dephos-
phorylated at 1 min and phosphorylated at
10 min in the presence of DHPG. We
found that the catalytic subunit of PP2A,
PP2Ac, showed an increased association
with FMRP at 1 min compared with 10 min
(Fig. 2D, left and right panels). Thus, the
increase in association of PP2Ac and FMRP
concurs temporally with the period of maxi-
mal PP2A activity and presumably occurs
with the substrate, P-FMRP. These data fur-
ther strengthen the argument that the mod-
est PP2A activation (~5%) seen at 1 min in
enzymatic assays may well be enough for the
rapid FMRP dephosphorylation seen in Fig-
ure 2 B. Our data reveal a novel, immediate,
and transient burst of PP2A activity after
group I mGluR stimulation that precedes the
established decline in PP2A activity. Also,
PP2A-sensitive phosphoproteins, including
FMRP, may experience a transient unphos-
phorylated state (Figs. 2B, 3A) after mGluR
stimulation.

Group I mGluR stimulation beyond 1

min leads to mTOR-mediated PP2A suppression and

FMRP phosphorylation
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Figure2.  FMRP phosphorylation is dependent on group | mGluR and PP2A activity. A, FMRP phosphorylation is group | mGIuR

activity dependent. Primary hippocampal neurons were treated with 100 M DHPG (group | mGIuR agonist) or 10 um MPEP
(mGluR5 antagonist) for the time pointsindicated in the presence/absence of 0.5 nm OA (top and bottom panels, respectively) and
analyzed by metabolic labeling; a DHPG-untreated (Unt.) sample was used as control. Western blotting for FMRP was used as a
loading control. B, Time course study of FMRP phosphorylation in primary neurons reveals that FMRP is rapidly dephosphorylated
after 1 min of (100 pum) DHPG-mediated group | mGluR stimulation in the presence of 0.5 nm OA. FMRP phosphorylation was
monitored at 1,2, 5, 10, and 30 min, and DHPG was washed out after 5 min for physiological relevance, as indicated by the gray
arrowhead. Western blotting for FMRP was used as a loading control. In the bottom panel, P-FMRP signal was normalized to
FMRP in the IPs, calculated as = SEM, and represented as a histogram (n = 3; the asterisk denotes significance compared with
untreated with a Student’s t test, *p << 0.05). €, PP2A enzyme activity profiling after DHPG treatment. Primary hippocampal
neurons were treated for 0.5, 1,2, and 5 min with 100 pum DHPG; an untreated sample was used as a control. Neurons were
harvested to examine enzyme activities of both PP1 and 2A after IPs using the serine-threonine phosphatase assay kit (Upstate
Biotechnology). Error bars represent the SD between the three independent experiments, and asterisks indicate that the fold
change as measured by two-tailed paired t tests at the 0.5 and T min time points (when compared with time point 0) was highly
significant (<C0.005). D, Protein phosphatase 2A association with FMRP is sensitive to group I mGluR activity changes. Western
blot analyses of FMRP IPs from primary hippocampal neurons were conducted in the presence of DHPG (100 wm) applied for 1 or
10 min; a DHPG untreated sample was used as a control. As a control, the samples were probed for FMRP. In the right panel, PP2Ac
immunoreactivity was normalized to FMRP in the IPs, calculated as == SEM, and represented as a histogram (n = 4; the asterisk
denotes significance compared with untreated with a Student’s  test, *p << 0.05).

min after DHPG treatment, a pattern absent in the presence of rapa-
mycin; in both cases, total mTOR levels were unchanged (Fig.
3A,B). Thus, DHPG-dependent mTOR activation at 2 and 5 min

Group I mGluR stimulation is known to activate mTOR signaling,
which regulates synaptic protein synthesis (Daw et al., 2002). More-
over, mTOR is known to suppress PP2A activity in the presence of
growth factor agonists, viz. epidermal growth factor (Peterson et al.,
1999; Van Kanegan et al., 2005). Because FMRP phosphorylation
was found to be both group I mGluR and PP2A activity dependent,
we investigated the role of mTOR signaling in this process (Fig.
3 A, B). We measured P-FMRP in a time course analysis after DHPG
stimulation with or without preincubation with 20 M rapamycin,
an mTOR inhibitor (using a DHPG-untreated but OA-treated sam-
ple as control). In the absence of OA (Fig. 3A, top and bottom pan-
els), P-FMRP is detected at 5 min of DHPG stimulation, retaining
the previously noted temporal pattern thereafter (the lack of OA in
these experiments prevented detection of P-FMRP at 2 min). DHPG
stimulation after preincubation with rapamycin delayed FMRP
phosphorylation, with low levels of P-FMRP being detectable only at
10 min (Fig. 3B, top and bottom panels). To confirm rapamycin
efficacy, we monitored phospho-mTOR and total mTOR levels. As
anticipated, we found mTOR phosphorylation increased at 2 and 5

corresponds with PP2A suppression and the reappearance of FMRP
phosphorylation.

Because mTOR can suppress PP2A in the presence of growth
factor agonists (Peterson et al., 1999), we tested whether it medi-
ates the PP2A suppression after DHPG exposure for 2 and 5 min.
Accordingly, we performed endpoint PP2A activity assays on pri-
mary neurons in the presence of DHPG either preincubated with
rapamycin or its inactive analog ascomycin (Fig. 3C). PP2A ac-
tivity was determined at 0.5, 1, 2, 5, and 10 min after DHPG
application, with the last time point inclusive of a 5 min washout
of DHPG; an untreated sample served as control. Group I mGluR
stimulation after rapamycin treatment prolonged PP2A activa-
tion, whereas the presence of ascomycin/DHPG alone showed
the previously reported activation at 0.5 and 1 min followed
by suppression at 2 and 5 min (Fig. 3C). Thus, group I mGluR
stimulation can activate mTOR and suppress PP2A in a time
course consistent with the reappearance of FMRP
phosphorylation.
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Figure 3.  Extended (15 min) group | mGIuR stimulation results in FMRP phosphorylation though mTOR-dependent PP2A

suppression. 4, B, Time course study of FMRP phosphorylation in the presence of 100 um DHPG alone or after 20 v rapamycin
treatment (B). Metaboliclabeling assays conducted in primary neurons reveal a delay in FMRP phosphorylation. FMRP phosphor-
ylation was monitored at 1,2, 5, 10, and 30 min, and DHPG was washed out after 5 min for physiological relevance, as indicated
by the gray arrowhead. The DHPG-untreated (Unt.) samples contained 0.5 nm OA so that basal P-FMRP could be detected;
Western blotting for FMRP was used as an IP control. In the bottom panels, P-FMRP signal was normalized to FMRP in the IPs, and
P-mTOR was normalized to total mTOR, calculated as = SEM and represented as a histogram (n = 3; the asterisk denotes
significance compared with untreated with a Student’s ¢ test, *p < 0.05). €, PP2A enzyme activity profiling in the presence/
absence of mTOR activation. Primary hippocampal neurons were treated with 20 v rapamycin or an inactive chemical analog,
ascomycin, and followed by treatment for 0.5, 1, 2, 5, and 10 min with 100 pum DHPG/DHPG stimulation; a DHPG-untreated
sample was used as a control. Neurons were harvested to examine enzyme activities of PP2A after IPs using the serine-threonine
phosphatase assay kit. Error bars represent the SD between three independent experiments, and asterisks indicate that the fold
change as measured by two-tailed paired ¢ tests at the 2 and 5 min time points between DHPG plus rapamycin (red) and DHPG
alone (blue) was highly significant (<<0.005).

Group I mGluR activity-dependent changes in FMRP
phosphorylation are dynamic in dendrites

Although the relative increases in both PP2A enzymatic activity
and association with FMRP after synaptic stimulation reported
above was significant, the change in activity was ~5%. One
explanation might be that the increased PP2A activity is limited
primarily to the dendritic compartment and that change was sub-
stantially diluted in the whole cell lysates. Moreover, lysate prep-
arations, as used above, may disrupt protein—protein associations
that normally limit PP2A activity, necessitating the use of OA to
study basal P-FMRP in our biochemical analyses. We therefore
examined FMRP phosphorylation using immunocytochemistry
in neurons, paying particular attention to the dendrites. We im-
munostained primary hippocampal neurons with an antibody
raised against the phosphorylated serine 499 of FMRP described
previously (Ceman et al., 2003) (Stephanie Ceman, personal
communication). Antibody recognition of P-FMRP was ascer-
tained by Western blotting synaptosomes from wild-type and
Fmrl knock-out mice (supplemental Fig. 3A, available at www.
jneurosci.org as supplemental material). Wild-type synapto-
somes (supplemental Fig. 3A, top panel, available at www.
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jneurosci.org as supplemental material)
revealed a band of the expected size of ~80
kDa, that: (1) comigrated with a band
stained by anti-FMRP, (2) was absent after
treatment with alkaline phosphatase, and
(3) increased by ~25% in the presence of
OA (FMRP controls showed equal protein
loading in all cases) (supplemental Fig. 3A,
middle panel, available at www.jneurosci.
org as supplemental material). Probing
wild-type and Fmrl knock-out total ly-
sates/synaptosomes using the phospho-
FMRP antibody showed a band at ~80kDa
using this antibody (supplemental Fig. 3A,
middle and right panels, available at www.
jneurosci.org as supplemental material)
along with a faint, higher, cross-reacting
band. The band at ~80 kDa was confirmed
to be FMRP after reprobing the blot with
anti-FMRP (supplemental Fig. 3A, right
bottom panel, available at www.jneurosci.
org as supplemental material). To further
ascertain whether the antibody specifically
recognizes serine 499 phosphorylation in
FMRP via immunocytochemistry, we used
L cells stably transfected with either WT or
S499A Flag-FMRP; cells transfected with
the vector alone were used as control
(Ceman et al., 2003). The use of stable cell
lines allowed analysis of the P-FMRP anti-
body against physiological levels of WT or
S499A Flag-FMRP, because these cells have
extremely low endogenous FMRP levels.
Moreover, small epitope tags (e.g., Flag)
are known to affect fusion protein confor-
mation minimally. We found modest
background staining (supplemental Fig.
3B, top right panel, available at www.
jneurosci.org as supplemental material)
with the P-FMRP antibody in the L cells
expressing vector alone (supplemental Fig.
3B, top left panel, available at www.

jneurosci.org as supplemental material). Importantly, cells trans-
fected with Flag-S499AFMRP, which contains a serine to alanine
change at position 499 and does not get phosphorylated, showed
no increase in P-FMRP staining above background (supplemen-
tal Fig. 3B, middle right panel, available at www.jneurosci.org as
supplemental material) despite efficient transfection (supple-
mental Fig. 3B, middle left panel, available at www.jneurosci.org
as supplemental material). Quantitative analysis of the IF signals
demonstrated that the P-FMRP antibody does not recognize the
nonphosphorylated S499A mutant when compared with the vec-
tor control. In contrast, Flag-WTFMRP showed significantly in-
creased P-FMRP staining (supplemental Fig. 3B, bottom right
and histogram, available at www.jneurosci.org as supplemental
material). Transfected cells were confirmed by increased Flag
staining (supplemental Fig. 3B, bottom left panel, available at
www.jneurosci.org as supplemental material). These data show
that the phospho-FMRP antibody specifically recognizes phos-
phorylation of FMRP at serine 499 despite modest nonspecific
reactivity and the cytological data obtained from dendrites would
primarily represent phosphorylation changes at serine 499.
Immunofluorescence and digital imaging on steady-state cul-
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tured hippocampal neurons using the A
phospho-FMRP antibody revealed P-FMRP

in the cell body extending throughout the
dendrite and into spines in the form of gran-

ules as indicated by white arrows; actin was
used as a cytoskeletal marker (Fig. 4A). Co-
localization between P-FMRP and total
FMRP was studied by double immunolabel-

ing assays. A Z-series of images was acquired, ¢
deconvolved to remove out-of-focus light,

and subjected to volume rendering in a 3-D
analysis (Imaris) (Fig. 4B). Quantification
using automated thresholding revealed that
>50% of the total FMRP signal (green) colo-  p
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calized with P-FMRP (red; colocalization in

yellow). The zip code binding protein, which

is not known to colocalize with FMRP, was
used as a control (supplemental Fig. 34, left

bottom panel, available at www.jneurosci.org
as supplemental material). Our data show
that >50% FMRP is phosphorylated at
steady state in intact neurons, suggesting a
physiological role for FMRP phosphoryla-
tion. To ascertain activity-dependent modu-
lation of FMRP phosphorylation, we immu-
nostained P-FMRP 30 s after group I mGluR
stimulation and observed a clear reduction in
signal from the distal dendrites. Importantly,
in the presence 10 nm OA, the P-FMRP levels
did not change despite DHPG stimulation
(Fig. 4C). Further quantification of average
percentage fluorescence intensity of FMRP
phosphorylation showed that the reduced P-FMRP levels at 30 s after
synaptic stimulation was statistically significant from either steady-
state levels or stimulated neurons in the presence of OA (Fig. 4D).
These findings confirm our biochemical data showing the rapid
changes in FMRP phosphorylation after group I mGluR stimulation
and demonstrate that these changes also occur within dendrites.

Figure 4.

Enhanced translation of FMRP target mRNAs immediately
after DHPG-mediated synaptic stimulation

Previous biochemical studies have strongly suggested the involve-
ment of FMRP in translation (Laggerbauer et al., 2001) and the
observation of FMRP within and at the base of spines in apparent
proximity of polysomes suggest a role for FMRP in local protein
synthesis (Feng et al., 1997b). Additionally, we previously showed
data consistent with phospho-mimic FMRP associating with ribo-
somes that failed to run-off messages, perhaps stalled, whereas non-
phosphorylated FMRP appeared run-off messages with actively
translating polysomes (Ceman et al., 2003). Because synaptic activity
has been shown to stimulate local protein synthesis (Raymond et al.,
2000) and we show above that synaptic stimulation modulates
EMRP phosphorylation, we asked whether synaptic activity influ-
ences translation of selected FMRP target messages. Using primary
hippocampal neurons, we performed Western blot analyses on a
small subset of FMRP ligands after DHPG treatment at 2 and 10 min
using unstimulated cells as control (Fig. 5A). We used a phospho-
specific ERK1/2 antibody as a positive control to monitor group I
mGluR stimulation and observed the previously reported increase in
ERK1/2 phosphorylation at 2 min of stimulation (Mao et al., 2005).
PSD-95, previously shown to display an FMRP-dependent increase
in protein abundance after synaptic stimulation, showed the ex-
pected modest increase at 10 min after stimulation as did FMRP

Average % immunofluorescence intensity
Basal DHPG (30") DHPG (30”) + OA
95.807+ 25.311 59.875+25.9 109.537 £ 37.328
p=0.003* p=0.15
* Significant p value as determined by ANOVA
P values were ined by ing i ities to basal

Rapid FMRP dephosphorylation was also detected in dendrites after DHPG-mediated group | mGluR activation. 4,
Phosphorylated FMRP is distributed throughout neuronal dendrites and spines. Wild-type rat hippocampal neurons fixed, la-
beled with a rabbit antibody to the phosphopeptide NSEAS*NAS*ETES*DHRDE (S* denotes phosphorylated serine) revealing
abundant P-FMRP (red) in dendrites and spines (arrows) in the form of granules; actin (blue) was used as a cytoskeletal marker.
B, 3-D reconstructed isosurfaces of double labeling assays from 14 DIV, wild-type rat hippocampal neurons showing the total
FMRP (green), P-FMRP (red), and colocalized (yellow) granules in a distal dendrite stained with phalloidin (gray). (, Represen-
tative images of distal dendrites from hippocampal neurons at steady state, treated with 50 pum DHPG for 30 s in the presence/
absence of 10 nm OA before fixation and immunofluorescence. D, Average percentage of immunofluorescence intensity of
P-FMRP presentin the distal dendrites was quantified using IP laboratory software. The table shows that percentage of basal and
DHPG-treated (==0A) P-FMRP intensities in distal dendrites, and the SD was calculated using 10 neurons each from three
different experiments, and the p value was found to be significant ( p << 0.005) as measured by ANOVA.

itself, another established FMRP ligand message (Todd et al., 2003;
Weiler et al., 2004) (Fig. 5A). We also examined SAPAP3, a PSD-95-
associated protein, the mRNA of which primarily localizes to gluta-
matergic spines and was previously identified as a putative FMRP
target (Brown etal., 2001; Kindler et al., 2001); verified here by show-
ing that SAPAP3 mRNA coimmunoprecipitates with FMRP in neu-
ronal lysates (supplemental Fig. 4 A, available at www.jneurosci.org
as supplemental material). Western blot analysis of the SAPAP3
showed a marked increase at 2 min of DHPG stimulation followed
by a drop within 10 min (Fig. 5A), despite equivalent SAPAP3
mRNA abundance at all three time points (Fig. S4B, available at
www.jneurosci.org as supplemental material). Densitometry analy-
ses further confirmed that this limited yet informative collection of
FMRP target mRNAs indeed showed higher expression levels after
group I mGluR stimulation (Fig. 5B). Although these data do not
directly assess the role of FMRP phosphorylation in target message
translation, the temporal SAPAP3 protein expression pattern closely
corresponds with the dynamics of FMRP phosphorylation shown in
Figure 2 B above. We therefore examined SAPAP3 expression at 2
min of DHPG stimulation in the presence/absence of 100 nm OA
(Fig. 5C, left and right panels). At this OA concentration, FMRP was
found to be hyperphosphorylated (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material), and the temporal rise
in SAPAP3 protein was not observed even after group I mGluR
activation. To show a more direct functional consequence to mod-
ulating FMRP phosphorylation, we used a human hippocampal
neuronal cell line, HT22 (gift from Pam Maher, Salk Institute, San
Diego, CA) (Morimoto and Koshland, 1990; Maher and Davis,
1996; Sagara and Schubert, 1998) and investigated the temporal ef-
fect of group I mGluR activation after both an Fmir1 small interfering
RNA (siRNA)-mediated knockdown to reduce endogenous FMRP
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Figure 5.

and a transient transfection of either Flag-FMRP or Flag-
S499AFMRP (supplemental Fig. 6, available at www.jneurosci.org as
supplemental material). The HT-22 cells express group I mGluRs,
EMRP, PP2A, and SAPAP3 (data not shown) and recapitulate the
temporal pattern of FMRP phosphorylation in the presence of
DHPG application (supplemental Fig. 6 A, available at www.jneuro-
sci.org as supplemental material). After optimizing the Frnrl siRNA
knockdown, we found the levels of FMRP were greatly reduced with
a final siRNA concentration of 25 nm used for 2 d as revealed by
Western blotting of samples (done in triplicate) for FMRP using
elF4E as an internal control (supplemental Fig. 6 B, available at ww-
w.jneurosci.org as supplemental material). Following the successful
knockdown of endogenous FMRP, either WT or S499A Flag-FMRP
was transiently transfected into the HT-22 cells to replace endoge-
nous FMRP, and the downstream translational effects on SAPAP3
were analyzed in the presence of DHPG (100 uMm) for either 2 or 10
min on day 4 (supplemental Fig. 6C, left and right panels, available at
www.jneurosci.org as supplemental material). We found that WT-
Flag FMRP maintained the SAPAP3 expression pattern seen previ-
ously in Figure 5A. However, both in the presence of nonphospho-
rylated (S499A Flag-FMRP) or in the absence of FMRP, SAPAP3 did
not show reduced expression at 10 min. Thus, the group I mGluR-
mediated increase in SAPAP3 abundance is PP2A dependent and
corresponds with the temporal pattern of FMRP phosphorylation.
Although other PP2A-sensitive influences on translation could also
account for this, these data are certainly consistent with P-FMRP
influencing SAPAP3 translation after synaptic stimulation.

Discussion
Despite intensive research into FMRP function, little is known
about the regulation of FMRP function. Aside from recent re-

: i f I

Group | mGluR activity-dependent FMRP phosphorylation correlates with translation of FMRP ligand SAPAP3. 4,
Neurons were treated with 100 v DHPG for 0 [untreated (Unt.)], 2, or 10 min, and protein expression levels of the FMRP ligands
were examined by Western blotting cytoplasmic cell lysates. A synapse associated protein, SAPAP3, shows changes in protein
expression that correlate with the time course of FMRP phosphorylation. B, Densitometry analyses of the changes in FMRP ligand
expression in the presence of 100 wm DHPG in primary hippocampal neurons. Error bars represent the SD between sample
triplicates in the assay. ¢, Neurons were treated with 100 pum DHPG for 0 (untreated), 2, or 10 min in the presence of DHPG
alone/DHPG stimulation in the presence of 10 nm OA or 20 pum rapamycin. SAPAP3 protein expression levels as measured by
Western blotting of cytoplasmic cell lysates show PP2A activity-sensitive changes in protein expression. In the right panel,
SAPAP3 immunoreactivity was normalized to 3-IIl tubulin under the conditions studied, calculated as == SEM, and represented
as a histogram (n = 4; the asterisk denotes significance compared with untreated with a Student’s t test, *p << 0.05).

idence for PP2A as a major FMRP phos-
phatase in both neuronal and non-
neuronal cells. Studies using a battery of
phosphatase inhibitors lead to the most
parsimonious conclusion that PP2A is re-
sponsible for FMRP dephosphorylation.
Immunoprecipitation analyses revealed
that PP2A failed to associate with stably ex-
pressed nonphosphorylated S499A-FMRP.
Crucially, disrupting PP2A by a well-
known dominant-negative mutant yielded
increased FMRP phosphorylation.

PP2A is a prominent neuronal serine-
threonine phosphatase and dephosphory-
lates a number of proteins, including
ERK1/2 (Lechward et al., 2001). Phosphor-
ylation of ERK1/2 increases after group I
mGluR stimulation, and PP2A inhibition mimics this effect. In-
deed, previous studies show that DHPG-mediated group I
mGluR activation inhibits PP2A activity reaching maximal inhi-
bition at 10 min after stimulation (Mao et al., 2005). We also find
that FMRP becomes heavily phosphorylated 10 min after group I
mGluR activation. Although this finding agrees with group I
mGluR activity-dependent FMRP phosphorylation being medi-
ated by PP2A inhibition, it conflicted with one model of FMRP
function at the synapse where P-FMRP would suppress transla-
tion of key mRNAs until synaptic stimulation leads to a wave of
local protein synthesis. Under this model, we expected FMRP
dephosphorylation after group I mGluR stimulation.

Because previous studies examined activity-dependent PP2A
activity at 2 min after DHPG stimulation, we measured FMRP
phosphorylation at earlier time points. Remarkably, we found
that the pool of FMRP, which exhibited partial phosphorylation
in resting neuronal cultures, was completely dephosphorylated at
1 min after DHPG stimulation and only partly rephosphorylated
by 2 min. Additionally, there was increased association of PP2A
and FMRP at the time point when the enzyme was found to be
most catalytically active. This suggests that PP2A may exhibit an
early, transient, and previously unknown burst of activity after
group I mGluR stimulation, which influences FMRP phosphor-
ylation. Indeed, we developed a modified protocol (supplemental
methods, available at www.jneurosci.org as supplemental mate-
rial) to allow us to reproducibly measure PP2A activity at earlier
time points and found that PP2A enzymatic activity increased
significantly as early as 30 s after DHPG exposure. At 2 min
poststimulation, PP2A activity declined as reported previously.

This DHPG-mediated decline in PP2A activity was tightly

Time In minutes



14356 - J. Neurosci., December 26, 2007 -+ 27(52):14349 —14357

linked to mTOR, because treatment with rapamycin, an mTOR
inhibitor, delayed PP2A suppression. Enzymatic studies in the
presence of rapamycin provided the mechanistic insight that at
both 2 and 5 min of DHPG exposure, PP2A showed extended
activation following the time course of FMRP phosphorylation
under the same conditions. Notably, mTOR inhibition did not
abolish FMRP phosphorylation completely, suggesting a possible
role for an as yet unidentified FMRP kinase. It is possible that
such an activity-dependent FMRP kinase helps balance PP2A
activity to maintain phosphorylation status of FMRP or that
rapid, early activation of PP2A competes/blocks the kinase activ-
ity enabling the temporal pattern of phosphorylation and the
downstream translational consequences. In such a case, we would
expect that a transgenic mouse expressing nonphosphoryated,
S499A FMRP would share some of the phenotypic features of the
Fmrl knock-out mouse. Further mechanistic analyses would be
required to follow up this coupling of FMRP, a regulator of trans-
lation, with the well-studied mTOR translation pathway, a criti-
cal component of synaptic signaling. At present, these data
present the first line of evidence for mTOR-mediated PP2A sup-
pression after group I mGluR stimulation revealing rapid, revers-
ible FMRP phosphorylation.

Immunocytochemistry in intact neurons allowed the steady-
state detection of FMRP phosphorylation presumably because of
the maintenance of cellular compartmentalization. We con-
firmed the same and ensured that the developmental stage of the
primary neurons used (14 DIV for immunostaining vs 5 DIV for
metabolic labeling) does not contribute to the detection of
steady-state FMRP phosphorylation by examining FMRP phos-
phorylation in the presence/absence of okadaic acid both in the 5
and 14 DIV cultures (supplemental Fig. 7, available at www.
jneurosci.org as supplemental material). These data further vali-
dated the cytological analyses of FMRP phosphorylation in den-
drites using an antibody developed against P-FMRP. Steady-state
imaging in wild-type neurons revealed >50% of FMRP in dendrites
was phosphorylated, suggesting that FMRP phosphorylation is
physiologically relevant in neurons. A significant reduction in
P-FMRP was observed after 30 s of DHPG-mediated group I mGluR
stimulation. Strikingly, the presence of okadaic acid maintained
basal levels of P-FMRP even in the presence of group I mGluR ac-
tivity. Moreover, okadaic acid treatment in synaptoneurosomes af-
ter stimulation increased P-FMRP by ~25% validating the argu-
ment that the modest effects we assayed in whole-cell lysates become
more pronounced in the dendritic compartment.

Our findings reconcile the model of FMRP function with
PP2A activity, introducing a dynamic, regulatory feature to
FMRP function. We propose that PP2A is activated immediately
after group I mGluR stimulation leading to transient FMRP de-
phosphorylation, possibly releasing some P-FMRP-sensitive tar-
get messages from translational suppression. By 10 min, however,
PP2A is inhibited through mTOR, and FMRP is rephosphory-
lated suppressing translation (Fig. 6). This possibility is sup-
ported by examination of SAPAP3 protein levels. The SAPAP3
message is predominantly dendritic and was identified as an
FMRP target experimentally in mouse brain (Brown et al., 2001).
Additionally, we verified SAPAP3 mRNA as an FMRP ligand by
detecting its presence in FMRP immunoprecipitates. As shown
above, SAPAP3 protein increased at 2 min, followed by a decline,
closely paralleling the temporal profile of FMRP phosphoryla-
tion. And, the decrease in SAPAP3 expression at 10 min is abol-
ished after exposure to rapamycin. The effect of DHPG-mediated
changes in FMRP phosphorylation was confirmed in a more di-
rect manner in neuronal cell lines by depleting the endogenous
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Figure6. Model depicting a novel, early signaling cascade linking group | mGluR stimulation
to FMRP phosphorylation through mTOR and PP2A. Immediate (<1 min) DHPG-induced group
I mGluR activation results in rapid FMRP dephosphorylation mediated by increased PP2A activ-
ity correlating with a burst of translation (FMRP ligands). Extended group | mGluR activation
(1-5 min) reveals that FMRP is rephosphorylated by mTOR-dependent PP2A suppression.

FMRP using siRNA-mediated knockdown and transiently ex-
pressing either WT or S499A Flag-FMRP to replace the endoge-
nous FMRP. It will be interesting to determine the half-life of
SAPAP3 and what role such dynamic changes in protein abun-
dance play in synaptic function.

The early signaling through FMRP phosphorylation effecting
translational changes downstream presented here is supported by
recent work at somewhat later time points of group I mGluR
activation (Muddashetty et al.,, 2007). They show that early
mGluR activation at 5 min in WT synaptoneurosomes stimulates
PSD-95 synthesis as analyzed by metabolic labeling and analysis
of RNA levels in polysome gradients. In contrast, synaptoneuro-
somes from Fmrl KO failed to show recruitment of PSD-95
mRNA into polysomes or synthesis of PSD-95 protein after 5 min
of DHPG treatment. These data are consistent with a novel mo-
lecular mechanism for rapid translation activation as described in
the present study. The model of FMRP function suggested above
is consistent with previous observations that FMRP can suppress
translation of target transcripts (Brown et al., 2001; Mazroui et
al., 2002). The absence of FMRP results in excess translation of
target mRNAs, such as MAPI1B in mice or its Drosophila ortholog
Futsch (Zhang et al., 2001; Lu et al., 2004). Synaptic plasticity
requires local protein synthesis of preexisting messages and elec-
trophysiological measures of plasticity in FMRP-deficient mice,
such as mGluR1/5-induced LTD, are exaggerated, consistent
with the overexpression of LTD-required protein(s) (Huber at
al., 2000, 2002). Indeed, hippocampal mGluR5-induced LTD,
which is sensitive to protein synthesis inhibitors in wild-type
mice, is not sensitive to the same inhibitors in FMRP-deficient
mice, suggesting the preexistence and constitutive expression of
key protein(s) (Nosyreva and Huber, 2006). We propose it is in
the translational regulation of these key and, as yet unidentified,
LTD-requiring proteins that FMRP plays a critical role in and
phosphorylation of FMRP may regulate this process. Also, this
regulation of FMRP is via a novel immediate-early signaling cas-
cade, described above, linking group I mGluR activity to dynamic
FMRP phosphorylation mediated by mTOR and PP2A.
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