The EMBO Journal (2012) 31, 3655-3666 | © 2012 European Molecular Biology Organization | All Rights Reserved 0261-4189/12

www.embojournal.org

THE

EMBO

JOURNAL

DSCR1 interacts with FMRP and is required for
spine morphogenesis and local protein synthesis

Wei Wang"?, John Z Zhu', Karen T Chang?®
and Kyung-Tai Min"3*

'Department of Biology, Indiana University, Bloomington, IN, USA,
2Department of Cell and Neurobiology, Zilkha Neurogenetic Institute,
University of Southern California, Los Angeles, CA, USA and *School of

Nano-Bioscience and Chemical Engineering, UNIST (Ulsan National
Institute of Science and Technology), Ulsan, Korea

Most common genetic factors known to cause intellectual
disability are Down syndrome and Fragile X syndrome.
However, the underlying cellular and molecular mechan-
isms of intellectual disability remain unclear. Recently,
dendritic spine dysmorphogenesis and impaired local pro-
tein synthesis are posited to contribute to the cellular
mechanisms of intellectual disability. Here, we show that
Down syndrome critical regionl (DSCR1) interacts with
Fragile X mental retardation protein (FMRP) and regulates
both dendritic spine morphogenesis and local protein
synthesis. Interestingly, decreasing the level of FMRP
restores the DSCR1-induced changes in dendritic spine
morphology. Our results imply that DSCR1 is a novel
regulator of FMRP and that Fragile X syndrome and
Down syndrome may share disturbances in common path-
ways that regulate dendritic spine morphology and local
protein synthesis.

The EMBO Journal (2012) 31, 3655-3666. doi:10.1038/
emboj.2012.190; Published online 3 August 2012

Subject Categories: neuroscience; molecular biology of
disease

Keywords: down syndrome; DSCR1; FMRP; Fragile X
syndrome; local protein synthesis

Introduction

Dendritic spines, which receive and integrate presynaptic
signals, play critical roles in synaptic function and plasticity
in the brain. Abnormal dendritic spine morphology thus
hinders the cellular and molecular mechanisms of neuronal
activity network, consequently affecting learning and
memory. Dendritic pathology also appears to be a common
feature of intellectual disability regardless of its origin,
whether due to environmental or genetic factors (Dierssen
and Ramakers, 2006). Both in Down syndrome, the most
common genetic cause of intellectual disability caused by
trisomy 21, and in Fragile X syndrome, the most prevalent
form of intellectual disability resulting from a single gene
mutation, there are reports of abnormal spine morphology
(Belichenko et al, 2004, 2009; Dierssen and Ramakers, 2006;
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Bassell and Warren, 2008; Waung and Huber, 2009).
However, the molecular mechanisms regulating dendritic
spine morphogenesis are not well understood and it is
not known whether the two disorders share common
disturbances in molecular pathways.

Recent studies propose that in addition to spine dysmorpho-
genesis, defects in local protein synthesis at dendritic spines
may also contribute to the cellular and molecular mechanisms
of intellectual disability. One protein implicated in spine
morphogenesis and intellectual disability is the Fragile X
mental retardation protein (FMRP) (Dierssen and Ramakers,
2006; Bassell and Warren, 2008; Waung and Huber, 2009).
The absence of the mRNA-binding protein FMRP, encoded
by the fmrl gene, causes mental impairment in Fragile X
syndrome patients (Bagni and Greenough, 2005; Bassell
and Warren, 2008; Garber et al, 2008; Waung and Huber,
2009). The fmrl knockout mice have deficits in learning
behaviour, altered synaptic activity, as well as abnormal
spine morphology characterized by a high density of thin
and elongated spines (Comery et al, 1997; Penagarikano et al,
2007). FMRP is located in the cell body, dendrites, and
dendritic spines in neurons and emerging evidence suggest
that FMRP is involved in local protein synthesis in dendritic
spines, although its regulatory mechanism is not well
understood (Bagni and Greenough, 2005; Bassell and
Warren, 2008; Muddashetty et al, 2011; Nalavadi et al, 2012;
Niere et al, 2012).

Down syndrome critical regionl (DSCR1, also called
RCAN1 or regulator of calcineurin) is located on human
chromosome 21 and highly expressed in the brain, especially
enriched in hippocampal neurons (Fuentes et al, 1995).
DSCR1 belongs to a conserved family of calcineurin (CaN)
inhibitors called calcipressins, which includes RCN1P in yeast
(Kingsbury and Cunningham, 2000), CBP1 in fungus
(Gorlach et al, 2000), nebula in Drosophila (Chang et al,
2003), as well as DSCR1 in mouse and human (Casas et al,
2001; Arron et al, 2006). DSCR1 knockout mice show learning
deficits and impaired late-phase long-term potentiation
(L-LTP), which requires new gene expression (Hoeffer et al,
2007). By blocking translation and transcription surgically or
using inhibitors, several reports have shown that L-LTP requires
local protein synthesis, while somatic transcription and
translation may be dispensable (Sutton and Schuman, 2006;
Costa-Mattioli et al, 2009). Together, it implies that DSCR1 is
involved in local protein synthesis. Furthermore, a transgenic
mouse overexpressing DSCRI in the brain show significant
defects in learning (Dierssen et al, 2011), suggesting that
DSCR1 may play an important role in intellectual disability
in Down syndrome. However, the roles of DSCRI1 in dendritic
spine morphogenesis or local protein synthesis at dendritic
spines are not studied.

Here, we show that DSCRI1 interacts with FMRP and
regulates both dendritic spine morphogenesis and local
protein synthesis. DSCRI knockout mice exhibit reduced
number and size of dendritic spines in hippocampal CA1l
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region, while DSCRI transgenic mice have enlarged spines.
Interestingly, reducing the level of FMRP restores the DSCR1-
induced changes in dendritic spine morphology. DSCR1
specifically interacts with phosphorylated FMRP that sup-
presses translation. Using the photoswitchable fluorescent
dendra2 protein fused with 5'UTR and 3'UTR of aCaMKII,
we show that DSCRI1 is required for local protein synthesis at
dendritic spines following BDNF stimulation. We also find
that neuronal BDNF stimulation induces phosphorylation of
DSCR1, which may activate calcineurin to dephosphorylate
phosphorylated FMRP, thus allowing protein synthesis to
ensue at the dendritic spines.

Results

DSCR1 is involved in dendritic spine morphogenesis
DSCRI is highly expressed in the hippocampus (Fuentes et al,
1995), but its subcellular distribution within hippocampal
neurons is unknown. Immunostaining revealed that DSCR1 is
present in the cell bodies, dendrites, and dendritic spines, but
not detected in the presynaptic terminals of axons
(Supplementary Figure S1). As DSCR1 is highly expressed
in the postsynaptic sites, we first investigated the role of
DSCRI1 in spine morphogenesis by manipulating the level of
DSCR1 within hippocampal neurons. DSCR1 shRNA transfec-
tion reduced the level of DSCR1 protein to 50% while over-
expression of DSCR1 increased DSCR1 in dendrites
(Supplementary Figure S2). Reduction of the DSCR1 protein
caused a significant decrease in dendritic spine density as
well as the size of spine heads (Figures 1A-C; Supplementary
Figure S3). On the contrary, overexpression of DSCRI pro-
foundly increased the size of dendritic spine heads (Figure
1A-C; Supplementary Figure S3). Together, these results
suggest that DSCR1 is important for dendritic spine morpho-
genesis.

DSCR1 genetically interacts with fmr1 in regulating
spine morphogenesis
Based on similar subcellular localization and role in spine
morphogenesis, we hypothesized that DSCR1 and FMRP may
participate in the same pathway to regulate synaptic mor-
phology. To test the hypothesis, we first investigated pheno-
types of hippocampal primary neurons containing DSCRI
shRNA or DSCRI transgene with fmrl siRNA (Figure 1D-F).
Expression levels of DSCR1 and FMRP in neurons transfected
with various expression vectors were confirmed by compar-
ing the relative staining intensities of transfected versus
untransfected primary hippocampal neurons within the
same field of view (Supplementary Figure S4). Reduction of
FMRP by fmrl siRNA caused increased spine density and
decreased spine size as reported previously (Comery et al,
1997; Penagarikano et al, 2007). Interestingly, a 50%
reduction of FMRP by fmrl siRNA restored the phenotypes
caused by DSCR1 transgene expression, whereas reduction of
both DSCR1 and FMRP resulted in decreased spine density
and size similar to that seen in DSCR1 reduction only (Figure
1D-F; Supplementary Figure S4). Together, the results
suggest that DSCR1 and FMRP are involved in the same
biological pathway.

To confirm that DSCR1 regulates dendritic spine morphol-
ogy and that DSCR1 and FMRP do indeed interact in vivo, we
first investigated the role of DSCR1 in spine morphogenesis

3656 The EMBO Journal VOL 31| NO 18| 2012

within hippocampal neurons in DSCRI /~ as well as in
DSCR1 transgenic mice. Expression levels of DSCR1 in the
brains of mutant mice were confirmed by western blot
analyses using an antibody specific for DSCR1 (Supplemen-
tary Figure S5A). To assess the involvement of DSCR1 in the
regulation of spine morphogenesis in vivo, we performed
Golgi staining on P21 brains of DSCRI ~/~, DSCRI trans-
genic, and wild-type mice. Consistent with the aberrant
dendritic phenotypes found in dendritic spines of primary
hippocampal neurons transfected with DSCR1 shRNA and
DSCRI1 transgene (Figure 1), we also observed similar mor-
phological changes in the pyramidal neurons of DSCRI
mutant mice (Figure 2A-C). Spine density and spine head
size in the pyramidal neurons in hippocampal CA1l of
DSCRI™/~ mutant were decreased significantly (63 and
34% reduction in spine density and spine size, respectively,
in the region 50-100pm from the cell body), while DSCRI
transgenic mouse showed a 60% increase in the size of
spine heads in the neurons without decreasing spine density
(Figure 2B and C). The cortical layer V of DSCR1 mutant brains
also showed similar phenotypes in spine density and size
(Supplementary Figure S6). Together, these results confirm
that DSCR1 is important for dendritic spine morphogenesis
in vivo.

To test whether DSCR1 and FMRP do indeed interact
to regulate dendritic spine morphology in vivo, we next
generated mutant mice containing the DSCRI transgene
but with reduced level of fmrl (fmrl /") (Supplementary
Figure S5B). Consistent with the primary hippocampal
neuron culture results, removing one copy of fmrl was
sufficient to restore the average size of spine heads
observed in the brains of DSCRI transgenic mice (Figure
2A, D and E). Taken together, our results suggest that
DSCRI genetically interacts with fmrl in regulating spine
morphogenesis.

Studies have shown that phosphorylation of cofilin plays
an important role in regulating spine morphology.
Phosphorylated cofilin facilitates actin polymerization and
produces enlarged spine heads, while dephosphorylated co-
filin severs actin filaments, thus resulting in small and thin
head spines (Cingolani and Goda, 2008). Hence, we
investigated the phosphorylation status of cofilin in HEK
cells, hippocampal primary neurons with DSCRI over-
expression or reduction, as well as hippocampal neurons
from wild-type, DSCRI /~, and DSCRI transgenic mice.
Figure 3 and Supplementary Figure S7 show that the
phosphorylation level of cofilin in the cells is increased
when DSCR1 is overexpressed, while reduction of DSCRI
decreased the amount of phospho-cofilin. These results are
consistent with the enlarged and reduced spine head size
observed in DSCRI transgenic and DSCRI ~/~ neurons,
respectively. Interestingly, while reducing the level of
FMRP decreased the level of phospho-cofilin, reducing
FMRP level in DSCR1 overexpression background restored
the level of phospho-cofilin, which is accompanied by
normal spine size (Figures 1F, 2E and 3; Supplementary
Figure S7). Since DSCRI1 inhibits calcineurin activity
(Fuentes et al, 2000) and calcineurin can dephosphorylate
phospho-cofilin (Zhou et al, 2004), it is plausible that DSCR1
plays a key role in spine morphogenesis by modulating
calcineurin activity, which in turn changes the level of
phospho-cofilin.

©2012 European Molecular Biology Organization
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Figure 1 DSCR1 and FMRP regulate spine morphogenesis. (A) 3D reconstruction images showing phenotypes of pyramidal hippocampal
neurons transfected with DSCR1 shRNA or DSCRI transgene. Scale bar, 5 pum. (B) Number of spines per 100 um of dendrites and (C) size of
spine head. (D) The increase in spine head size caused by DSCRI overexpression is restored by FMRP reduction. Phenotypes of neurons having
both DSCR1 shRNA and fmrl siRNA are similar to DSCR1 reduction alone. Scale bar, 5 pm. (E) Dendritic spine density and (F) area of spine
head. Eight to thirteen neurons for each condition from four independent experiments. In all, 100-150 spines were measured for each
condition. Neurons at DIV 21 were used for the analyses. All values are shown as mean + s.e.m., and statistical significance determined by one-

way ANOVA analysis. *P<0.005.

DSCR1 and phosphorylated FMIRP form a complex

Having established that DSCRI and fmrl can interact geneti-
cally in the same pathway to modulate spine morphologies,
we next sought to determine if DSCR1 and FMRP also interact
physically. To examine whether DSCR1 binds to FMRP, we
immunoprecipitated FMRP with an FMRP-specific antibody
and checked for the presence of DSCR1 via western blot with
a DSCR1-specific antibody. We found no interaction when the
immunoprecipitation was performed with the FMRP antibody
(Figure 4A). Since FMRP is also present as phosphorylated
protein in neurons (Ceman et al, 2003; Narayanan et al,
2007), we next checked to see if DSCR1 can interact with

©2012 European Molecular Biology Organization

phospho-FMRP. Figure 4A shows that DSCR1 is brought
down by an antibody specific for phospho-FMRP. Note that
we were not able to detect DSCR1 interaction when perform-
ing immunoprecipitation with the FMRP antibody because
the FMRP antibody preferentially binds to non-phosphory-
lated FMRP, and with significantly less binding to phosphory-
lated FMRP (Supplementary Figures S8A and B). Next, to
verify the interaction between DSCR1 and phospho-FMRP, we
mutated the phosphorylation site on FMRP (serine residue
at 499 to alanine). HEK cells transfected with either Flag-
His-FMRP or Flag-His-FMRP®*? © &) were used to perform
immunoprecipitation with antibody against the Flag tag. We
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Figure 2 DSCRI and fmrl interact genetically in spine morphogenesis. (A) Golgi staining of dendritic spines in hippocampal CA1 pyramidal
neurons in wild-type, DSCR1 ~/~, DSCRI transgenic, DSCRI transgenic/fmrl ~/*, and fmrl ~/~ mice. DSCR1 ~/~ generated reduced number
of spines, while DSCRI transgenic mouse produced enlarged spine head. Consistent with the primary hippocampal neuron culture results,
DSCRI transgenic/fmrl ~/* restored the increase in the size of spine head observed in the brains of DSCRI transgenic mice to normal. Inset
box shows different sizes of spine heads. Each image is composed from an average of 30 focused Z-stacks. Scale bar, 10 um. (B-E)
Quantification of dendritic spines from the cell body on the CA1 pyramidal neurons. Eight neurons from brains of each genotype were used for
Golgi staining. (B, D) Number of spines grouped by distance from the cell body and (C, E) average spine head area of CAl pyramidal neurons.
In all, 50-60 spines were used to measure the size. Postnatal 21 days of two mice brains of each strain were used for the analyses. Values
represent mean + s.e.m., *indicates P<0.0001 as determined by ANOVA analysis.

found that in cells transfected with Flag-His-FMRP, phos- results confirm that DSCR1 specifically interacts with phos-
phorylated FMRP and DSCR1 were detected in the immuo- phorylated FMRP.

precipitates, but not in cells transfected with Flag-His- To further confirm whether DSCR1 and phospho-FMRP
FMRP®#? 1 4) (Figure 4B; Supplementary Figure S8C). These forms a complex in hippocampal primary neurons, we
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Figure 3 DSCR1 regulates the phosphorylation level of cofilin. (A) Twenty-one days old postnatal hippocampi or (B) primary hippocampal
neurons at DIV 21 prepared from wild-type, DSCR1 =/, and DSCRI transgenic mice were examined for the level of phospho-cofilin by western
blotting (A) and immunocytochemistry (B). Relative levels of phospho-cofilin are normalized to the level of cofilin. Decreasing DSCR1 reduced
phospho-cofilin level, while overexpression of DSCR1 increased phospho-cofilin. Primary hippocampal neurons from fmrl ~/~ also showed
decreased level of phosphorylated cofilin. n =3 per condition, values were shown as mean + s.e.m., and tested for statistical significance by

ANOVA analysis. *Indicates P<0.001.

applied FRET detection method between DSCR1 and phos-
pho-FMRP (Figure 4C). Since expression of fluorescent-la-
belled FMRP form aggregates in primary neurons and
severely affect the health of the cells, we performed immu-
no-FRET using double-labelling immunofluorescence with
fixed hippocampal neurons (Konig et al, 2006; David
Gerecht et al, 2010; Ebrahimi et al, 2010). We used
phospho-FMRP antibody detected with secondary antibody
conjugated with Alexa 488 as donor and DSCR1 antibody
detected with a secondary antibody conjugated with Alexa
555 as acceptor. Following photo-bleaching of the FRET
acceptor, protein interaction is indicated by an increase in
donor fluorescence. We found strong FRET signals when
DSCR1 and phospho-FMRP are colocalized in dendritic
spines. We also measured FRET signals between DSCR1 and
PSD95 in spines as controls. No FRET signal was observed
although DSCR1 and PSD95 colocalize, suggesting that
DSCR1 and PSD95 do not interact (Figure 4C). Next, to
confirm the interaction between DSCR1 and phospho-FMRP
in live cells, we performed FRET experiment using live HEK
cells containing EGFP-DSCR1 and mCherry-FMRP. There is
significant FRET signal between the two proteins (Figure 4D).
To verify the result, we have also mutated the phosphoryla-
tion site on FMRP (serine residue at 499 to alanine) and

©2012 European Molecular Biology Organization

repeated the FRET experiment between EGFP-DSCR1 and
mCherry-FMRP#? © 4) " We found negligible FRET signals
between these two proteins in the cells, which is consistent
with the IP and the FRET results showing that DSCR1 inter-
acts with phosphorylated FMRP (Figure 4D). Collectively,
these results imply that phosphorylated FMRP forms a com-
plex with DSCRI1 in vitro as well as in dendritic spines of
hippocampal neurons.

DSCR1 is involved in local protein synthesis at the
dendritic spines

It has been suggested that phospho-FMRP associates with
stalled polyribosome, and that dephosphorylation of the
phospho-FMRP following neuronal stimulation leads to acti-
vation of mRNA translation (Ceman et al, 2003; Narayanan
et al, 2007). It has also been shown that local protein
synthesis in dendrites can be activated by exposure to the
growth factor BDNF; BDNF stimulation triggers local protein
synthesis of the FMRP target mRNAs encoding oCaMKII,
Arc/Arg3.1, MaplB, and APP (Napoli et al, 2008). Based on
report that DSCRI knockout mice have learning deficits and
impaired L-LTP (Hoeffer et al, 2007), which requires new
gene expression, as well as our finding that DSCR1 interacts
with phospho-FMRP (Figure 4), we hypothesized that DSCR1

The EMBO Journal VOL 31 | NO 18] 2012 3659
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Figure 4 DSCR1 and phospho-FMRP interact in vitro and in cells. (A) HEK cells transfected with DSCRI transgene were used for
immunoprecipitation. Immunoprecipitation with FMRP or phospho-FMPP antibodies was followed by blotting with DSCR1 antibody. The
phospho-FMRP immunoprecipitates brought down DSCR1, while FMRP immunoprecipitates do not contain DSCR1. Input: HEK cell extracts.
(B) Immunoprecipitation with Flag antibody done using HEK cell lysates transfected with Flag-His-FMRP or Flag-His-FMRP®%? ) and DSCR1.
Flag-His-FMRP showed interaction with DSCR1, while Flag-His-FMRP®#*? © 4 did not bind to DSCR1. (C) FRET analysis of DSCR1 and
phospho-FMRP interaction using acceptor photo-bleaching method. Colocalization between DSCR1 and phospho-FMRP in spine shows
strong FRET signals, while no FRET signal is found between DSCR1 and PSD95 although these two proteins are colocalized. DSCR1 and
phospho-FMRP that are dissociated also do not show FRET signals. Primary hippocampal neurons at DIV 21 were used. n =27 spines from
three independent experiments, *P<0.0001. Student’s t-test was used. (D) EGFP-DSCR1 and mCherry-FMRP show significant FRET,
while there is negligible FRET signals between EGFP-DSCR1 and mCherry-FMRP®#” © 4) Live HEK cells were used to perform FRET

analysis. Nine cells from three independent experiments were used. *P<0.01. Student’s t-test was used.

is involved in regulation of local protein synthesis. To test this
hypothesis in live neurons, we first constructed a vector
containing a photoswitchable dendra2 protein fused with
the 5UTR and 3'UTR of aCaMKII mRNA (5'UTR-dendra2-
3'UTRaCaMKII). The 5UTR and 3'UTR of aCaMKII transcript
are sufficient to direct its dendritic localization and transla-
tion of the reporter protein (Rook et al, 2000; Aakalu et al,
2001), and BDNF stimulation induces oCaMKII mRNA
translation in dendritic spines (Aakalu et al, 2001; Smith
et al, 2001). Dendra2 protein is normally a green
fluorescent protein, but can be irreversibly converted to red
fluorescence following photo-activation (Gurskaya et al,
2006). Using this construct, we are able to directly
distinguish if the dendra2 protein is synthesized newly at
the spines or is transported to the spines from the soma. We
prepared hippocampal neurons from wild-type, DSCR1 ~/ ~,
DSCRI transgenic, and fmrl ~/~ mice that were transfected

3660 The EMBO Journal VOL 31| NO 18| 2012

with 5’UTR-dendra2-3'UTRaCaMKII. A small dendritic region
including spines is activated with the UV light, which
converts the green fluorescent dendra protein in the region
to red fluorescence (Supplementary Figure S9A). Hence, if
additional green fluorescent dendra proteins are observed in
the spine after photo-activation, then the proteins are either
newly synthesized locally or transported into the spine from
cell soma. Immediately after activation of a dendritic region,
we applied BDNF to neurons and took time-lapse images
every 10min for 30min (Figure 5). To assess local protein
synthesis, we measured the intensity of newly synthesized
green fluorescent dendra proteins in three different regions:
spine, and dendritic regions proximal to and distal to the
soma (Figure 5A; Supplementary Figure S9B and C). Without
BDNF stimulation, no newly synthesized dendra protein was
observed in the photo-activated spines or surrounding re-
gions, suggesting that new protein synthesis does not occur at

©2012 European Molecular Biology Organization
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Figure 5 DSCR1 is required for local protein synthesis. (A) Pseudo-coloured images of the green fluorescent dendra2 proteins in dendritic
spines. An increase in intensity indicates newly synthesized dendra2 protein in the spines at various time points following BDNF treatment.
Reduction of DSCR1 inhibited local protein synthesis in spine upon BDNF stimulation, while DSCR1 overexpression caused increased synthesis
of new dendra2 protein in spines. FMRP reduction led to no local protein synthesis upon BDNF stimulation. Scale bar, 2 um. (B) Change in
fluorescence intensity was analysed in three different regions: near to soma (in), spine, and away from soma (out) for 30 min with BDNF
stimulation. Protein synthesis occurs only after BDNF stimulation. Addition of translation inhibitor, cycloheximide (CHX), in the presence
of BDNF, prevents local protein synthesis. Note the scale change in the relative intensity of dendra2 in the neurons from DSCRI transgenic
mouse. Neurons at DIV 14 were used. n =24 spines in each condition from three independent experiments, *P<0.0001. Values were shown
as mean ts.e.m., and tested for statistical significance by ANOVA analysis.

dendritic spines without synaptic stimulation (Figure 5B).
After BDNF stimulation, however, the intensity of green
fluorescent dendra within the dendritic spine increased sig-
nificantly, while the surrounding dendritic regions of the
spine showed no detectable increase in the green dendra
protein. This result suggests that the green dendra proteins
are indeed newly synthesized at the spines, and are not
transported down from the soma (Figure 5B; Supplemen-
tary Figure S9). It is unlikely that the increase in green
fluorescence is due to differences in spine size or dendra2

©2012 European Molecular Biology Organization

distribution, since the intensity of green fluorescence was not
altered before BDNF treatment in all conditions and the
conversion from green to red fluorescence is irreversible
(Figure 5; Supplementary Figures S9 and S10). To further
verify that the increased signals are not due to diffusion, we
measured local proteins synthesis in neurons stimulated with
BDNF in the presence of translational inhibitor, cyclohexi-
mide or anisomycin. The result clearly shows that cyclohex-
imide and anisomycin treatment inhibited local proteins
synthesis (Figure 5B; Supplementary Figure S10B), confirming
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that increased dendra signals due to local protein synthesis at
spines. Next, we asked whether DSCR1 modulates local
protein synthesis. The same experimental conditions as
used for control neurons were applied to hippocampal neu-
rons from DSCRI ~/~, DSCRI transgenic, and fmrl ~/~ mice.
BDNF treatment failed to induce new protein synthesis in
spines of primary hippocampal neurons from DSCRI /.
In contrast, BDNF activation of neurons from DSCRI trans-
genic mouse significantly enhanced local protein synthesis of
dendra at spines compared to that of control. Fmrl ~/~ did
not exhibit increased protein synthesis at dendritic spines.
Also, no local protein synthesis was observed without BDNF
stimulation in the mutant mice (Supplementary Figure S10A).
These results with primary neurons from mutant mice are
consistent with results using DSCR1 shRNA, DSCRI trans-
gene, and fmrl siRNA (Supplementary Figure S9). We also
tested whether the increase in local protein synthesis by
DSCR1 overexpression is restored to normal if the level of
FMRP is reduced. After 10min of BDNF treatment, the
amount of local protein synthesis in the spines is increased
to the same extent as that of DSCR1 overexpression, however,
in contrast to control or DSCRI overexpression, local protein
synthesis attenuated after 20 or 30 min of BDNF activation
(Supplementary Figure S9). Taken together, these results
indicate that DSCR1 is necessary for local protein synthesis
in dendritic spines.

BDNF stimulation phosphorylates DSCR1 that activates
calcineurin followed by dephosphorylation of phospho-
FMRP

We next investigated the underlying molecular basis of how
DSCRI1 regulates local protein synthesis. Hilioti et al (2004)
suggested that non-phosphorylated Rcnl, a yeast homologue
of DSCRI, inhibits calcineurin, while phosphorylation of
Renl by GSK-3 may activate calcineurin. It is plausible that
BDNF stimulation on dendritic spines triggers phosphoryl-
ation of DSCRI1, thus DSCR1 no longer functions as an
inhibitor of calcineurin. Subsequently, active calcineurin
dephosphorylates phospho-FMRP, and in turn FMRP
dissociates from target mRNAs thus allowing local mRNA
translation to occur. To test this model, we first determined if
BDNF treatment of hippocampal neurons alters FMRP
phosphorylation. After BDNF treatment, the intensity of
phospho-FMRP reduced significantly while the level of
DSCR1 and the amount of FMRP remain mostly unaltered,
suggesting that phospho-FMRP is dephosphorylated
following BDNF treatment (Figure 6A and B; Supplemen-
tary Figure S11A). Next, we tested if BDNF treatment of
hippocampal neurons elevates calcineurin activity. As
shown in Figure 6C, calcineurin activity is indeed increased
in BDNF-treated hippocampal neurons. These results suggest
that calcineurin may act on phospho-FMRP after BDNF
stimulation. To verify if calcineurin can dephosphorylate
phospho-FMRP, we immunoprecipitated phospho-FMRP
from HEK cells with phospho-FMRP-specific antibody, then
added purified calcineurin to the immunoprecipitates.
Calcineurin  indeed dephosphorylated phospho-FMRP
(Figure 6D). In addition, we examined the level of phospho-
FMRP in control and DSCRI ~/~ transgenic mice. We found
that the level of pFMRP is decreased in DSCRI /~ mice
(Supplementary Figure S11B), suggesting that the ability of
DSCRI to regulate calcineurin leads to modulation of pFMRP.
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We also treated primary hippocampal neurons with BDNF in
the presence of calcineurin inhibitor, cyclosporin A, and
measured the level of phospho-FMRP. We found that in the
presence of calcineurin inhibitor, BDNF no longer triggered
dephosphorylation of pFMRP, confirming that BDNF
induced dephosphorylation of phospho-FMRP acts through
calcineurin.

According to our hypothesis, BDNF treatment triggers
phosphorylation of DSCR1, which may activate calcineurin
and lead to increased dephosphorylation of phospho-FMRP.
To test this model, we determined if DSCR1 could be phos-
phorylated by endogenous kinase(s) found in the mouse
brain. This was achieved by incubating immunoprecipitated
Flag-DSCR1 from HEK cells with extracts of mouse brain or
hippocampal neurons treated with or without BDNF. The
immunoprecipitated Flag-DSCR1 from HEK cells is not phos-
phorylated, however, Figure 7A and B showed that Flag-
DSCR1 becomes phosphorylated after incubation with brain
extracts or BDNF-treated hippocampal neuronal extracts, as
revealed by western blotting using phosphorylated serine-
specific antibody. We then determined whether phosphory-
lated DSCR1 would cause active calcineurin. Calcineurin
activity assays revealed that Flag-DSCR1 inhibits calcineurin
activity, but Flag-DSCR1 treated with brain extracts before the
assay showed higher calcineurin activity (Figure 7C). Also,
Flag-DSCR1 incubated with extracts of hippocampal primary
neurons stimulated with BDNF showed more calcineurin
activity compared to that of neurons without BDNF treatment
(Figure 7D). Taken together, these data show that BDNF
stimulation increases DSCR1 phosphorylation, which results
in active calcineurin, thus leading to increased dephosphor-
ylation of phospho-FMRP.

Discussion

Intellectual disability is a developmental brain disorder that is
characterized by significantly impaired cognitive perfor-
mance, which can be caused by various aetiological factors
including prenatal fetus exposure to toxic materials, intrau-
terine virus infection, maternal malnutrition, premature
birth, and other unknown reasons. However, it is also
known that intellectual disability arises from genetic factors,
and two of the most common genetic causes of intellectual
disability are Fragile X syndrome and Down syndrome.
Recent evidence indicate that spine dysmorphology and
abnormal local protein synthesis are connected to intellectual
disability. In this study, we find that DSCR1 is an important
regulator of spine morphogenesis and local protein synthesis.
DSCR1 interacts with phospho-FMRP and modulates BDNF
induced local mRNA translation in the dendritic spines. This
work for the first time demonstrates that proteins altered in
Fragile X syndrome and Down syndrome share common
signalling pathways.

Roles of DSCR1 in spine morphogenesis

During neuronal development, dendritic spines become sta-
bilized once in contact with axon terminals, which require
actin polymerization and organization. Modulation of actin
dynamics by regulation of cofilin phosphorylation is impor-
tant for determining and maintaining dendritic spine mor-
phology, since cofilin can sever actin filaments to cause spine
shrinkage while phospho-cofilin polymerizes actin filaments
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Figure 6 BDNF activates calcineurin to dephosphorylate phospho-FMRP. (A) BDNF stimulation decreased the level of phospho-FMRP in
hippocampal dendrites. (B) Phospho-FMRP level is significantly reduced in hippocampal primary neurons treated with BDNF. (C) Calcineurin
activity is increased in primary hippocampal neurons after BDNF treatment, while adding 5 uM of cyclosporin A (CsA) inhibits calcineurin.
Note that basal calcineurin activity in untreated neurons is low. (D) Phospho-FMRP was brought down by immunoprecipitation with phospho-
FMRP antibody, and then calcineurin was added to the immunoprecipitates. (E, F) Primary neurons from wild type were treated with BDNF in
the presence of CsA and levels of phospho-FMRP were measured by immunoimaging (E) and western blotting (F). There is no difference in
phospho-FMRP level after BDNF treatment, if CsA is present. Three independent experiments performed per condition and values represent

mean *s.e.m., *P<0.001. Student’s t-test was used. Scale bar, 10 pm.

to promote spine growth (Cingolani and Goda, 2008). Hence,
kinases and phosphatases that can alter the phosphorylation
status of cofilin will play a key role in spine head formation
(Calabrese et al, 2006). Calcineurin is known to dephos-
phorylate phospho-cofilin (Zhou et al, 2004; Cingolani and
Goda, 2008), and we found that DSCR1, an inhibitor of
calcineurin, functions in spine morphogenesis (Figure 1).
Reduction of DSCRI1 leads to more cofilin, lower number of
dendritic spines, as well as smaller spine head size. In
contrast, overexpression of DSCR1 increases the level of
phospho-cofilin as well as increases the size of spine heads
(Figures 1-3; Supplementary Figure S7). Together, our results
indicate that DSCR1 inhibits calcineurin to modulate the level
of phospho-cofilin, which in turn affect spine morphology.
Another phosphatase known to control dephosphorylation of
phospho-cofilin is the catalytic subunit of protein phospha-
tase 2A (PP2AC). It is reported that FMRP binds to the S'UTR
of pp2ac mRNA to negatively regulate translation of pp2ac
mRNA (Castets et al, 2005), suggesting that an abundance of
the PP2AC protein due to lack of FMRP may contribute to the
abnormal dendritic spine morphology seen in Fragile X
syndrome or fmrl knockout mouse. We found that the
enlarged spine head phenotype caused by DSCRI1
overexpression or the elongated spine phenotype due to
FMRP reduction is restored to normal by reducing FMRP
level in DSCRI1 overexpression background (Figures 1 and 2).
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This indicates that DSCR1 and FMRP act in the same spine
morphogenesis pathway by regulating the level of phospho-
cofilin to modulate actin dynamics at dendritic spines during
neuronal development (Supplementary Figure S12A). It is
interesting to note that two Down syndrome mouse models,
Ts65Dn and Ts1Cje, show significantly enlarged dendritic
spines in the hippocampus (Belichenko et al, 2004), while
a third Down syndrome mouse model, Ts1Rhr, shows
abnormal spines but to a lesser degree (Belichenko et al,
2009). Importantly, DSCR1 is triplicated in both Ts65Dn and
Ts1Cje, but not in Ts1Rhr. Hence, it is plausible that DSCRI1 is
a candidate gene that contributes to enlarged spines as seen
in the DS mouse models. Furthermore, postmortem brains of
Down syndrome patients show various dendritic pathologies
including enlarged but less abundant dendritic spines, as
seen in Ts65Dn (Fiala et al, 2002; Belichenko et al, 2004).
This suggests that DSCR1 may also play an important role in
spine morphogenesis in human Down syndrome.

Roles of DSCR1 in local protein synthesis

Local protein synthesis at dendritic spines upon synaptic
stimulation is required for long-term synaptic plasticity and
memory. Studies have shown that mRNAs and translational
machinery are present at dendritic spines and protein synth-
esis occurs when neurons are activated; however, mechan-
isms regulating this process are not well understood. It has
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Figure 7 Phosphorylated DSCRI1 activates calcineurin. Flag-DSCR1
incubated with brain extracts (A) or neurons treated with BDNF (B)
are phosphorylated on serine residues. (C) Flag-DSCR1 inhibits
calcineurin activity. However, Flag-DSCR1 incubated with brain
extracts prior to calcineurin activity measurement does not inhibit
calcineurin, while brain extracts do show minimum calcineurin
activity. (D) Flag-DSCR1 was incubated with extract of primary
hippocampal neurons treated with or without BDNF before deter-
mination of calcineurin activity. (C, D) n=4-6 independent experi-
ments and values represent meants.e.m., *P<0.001. Student’s
t-test was used.

also been challenging to prove that mRNAs are translated
into new protein locally, and not due to transport from the
cell body. In this study, we used in-vivo imaging assay that
enables us to evaluate local protein synthesis at dendritic
spines of live neurons. We constructed photoswitchable
dendra2 protein with 5UTR and 3'UTR of aCaMKII contain-
ing dendritic targeting element and monitored local protein
synthesis at dendritic spines. We showed that mRNA tran-
scripts of S'UTR-dendra2-3' UTRaCaMKII are indeed translated
at dendritic spines and not transported from cell soma when
BDNF stimulation is applied to neurons. Using this assay, we
demonstrate that reducing DSCR1 level prevented local
mRNA translation upon BDNF stimulation (Figure 5;
Supplementary Figures S9 and S10). Consistent with this,
DSCRI knockout mouse shows impaired L-LTP that requires
local protein synthesis and deficits in learning and memory
(Hoeffer et al, 2007). In contrast, we show that DSCR1 over-
expression significantly increases local protein synthesis
at dendritic spines. A recent report shows that DSCRI
transgenic mouse exhibits spatial learning defects similar
to that of DSCRI knockout mouse (Dierssen et al, 2011).
We previously showed that overexpression or reduction of
nebula, Drosophila homologue of DSCRI1, generates disrup-
tion in learning and memory process in Drosophila (Chang
et al, 2003). It is also known that both overexpression and
deletion of aCaMKII show impaired spatial learning and LTP,
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suggesting that optimum amount of aCaMKII is necessary
for proper learning and memory (Mayford et al, 1996;
Silva, 2003). Adjusting threshold for synaptic plasticity is
suggested as an important mechanism for learning and
memory, and it is plausible that an imbalance in local
protein synthesis at dendritic spines due to alteration of
DSCR1 level may change homeostatic synaptic plasticity,
resulting in deficits in learning and memory. Although our
results are consistent with local protein synthesis in the
spine, further confirmation with a diffusion restricted
reporter would be desirable.

In our study, neurons from fmrl knockout mouse or
containing fmrl siRNA did not exhibit increased protein
synthesis at dendritic spines, although FMRP is known to
suppress mRNA translation and basal protein synthesis has
been shown to be increased in hippocampal slices of fmrl
knockout mouse (Osterweil et al, 2010). Consistent with our
findings, however, a recent report shows that the level of
aCaMKII at dendritic spines in cultured hippocampal neurons
of wild-type mouse is significantly increased after DHPG
treatment, while no elevation in the level of aCaMKII is
found in fmrl knockout mouse (Kao et al, 2010). The
amount of aCaMKII mRNAs is not increased at dendritic
spines of fmrl knockout mouse after DHPG stimulation,
because FMRP also delivers aCaMKII mRNAs to dendritic
spines after stimulation (Kao et al, 2010). Hence, it is likely
that BDNF stimulation has no measurable effect on
translation of S'UTR-dendra2-3'UTRaCaMKII transcripts due
to insufficient amount of S'UTR-dendra2-3'UTRaCaMKII
transcripts in the spines of hippocampal neurons containing
fmrl siRNA. It is interesting to note that DSCRI transgene/
fmrl siRNA combination failed to show local protein
synthesis after 20 or 30 min of BDNF treatment; however, it
showed local translation after 10 min of BDNF activation to
the same extent as DSCRI1 overexpression (Supplementary
Figure S9). It suggests that DSCRI overexpression could
increase local protein synthesis even with low amount of
S'UTR-dendra2-3'UTRaCaMKII transcripts in the first 10 min
of BDNF stimulation, but it cannot sustain local protein
synthesis for the next 10-20min during BDNF treatment
because mRNA templates are depleted.

In resting neurons, DSCR1 prevents calcineurin from de-
phosphorylating phospho-FMRP, thus allowing phospho-
FMRP to bind to and suppress translation of target mRNAs
at dendritic spines. However, when neurons are stimulated by
BDNF, DSCR1 becomes phosphorylated by currently uniden-
tified kinase(s) that are downstream of the tyrosine receptor
kinases B pathway. Phosphorylation of DSCR1 does not
inhibit but rather stimulates or no longer inhibits calcineurin,
thus allowing calcineurin to subsequently dephosphorylate
phospho-FMRP. This leads to release of FMRP from target
mRNAs, resulting in new local protein synthesis at dendritic
spines. Activation of local protein synthesis may also trigger
expression of proteins that influence local actin dynamics,
thus leading to modulation of spine morphologies. We also
expect that DSCR1 will become dephosphorylated, likely by
calcineurin as suggested by Hilioti et al (2004), thus resetting
the pathway. Spine morphology in mature spines will thus
likely be regulated by a delicate balance of cofilin
phosphorylation status and downstream effectors of FMRP
translation pathway such as aCaMKII, Arc/Arg3.1, MaplB,
and APP, both of which are modulated by DSCR1
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(Supplementary Figure S12B). It is interesting to note that
Arc synthesis in the dendritic spines is necessary for
stabilization of polymerized actin and consolidation of LTP,
suggesting that local protein translation and changes in spine
morphology are linked during LTP (Bramham, 2008;
Hotulainen and Hoogenraad, 2010).

In conclusion, we find that DSCR1 is a novel regulator of
both dendritic spine morphogenesis and local protein synth-
esis. Our results suggest that DSCR1, calcineurin, and FMRP
together act to regulate spine morphogenesis during neuronal
development and local protein synthesis during neuronal
stimulation. During early spine morphogenesis, DSCR1 and
FMRP regulate the level of phospho-cofilin that controls spine
morphology through actin dynamics. However, DSCR1 reg-
ulates local protein synthesis by directly binding to phospho-
FMRP at mature dendritic spines. It is tantalizing to speculate
that altered expression of DSCR1 may trigger dendritic spine
dysmorphology and altered synaptic activity, thus leading to
intellectual disability seen in Down syndrome. It will be
interesting to test in the future if reduction of DSCRI or
fmrl can alleviate the phenotypes seen in Down syndrome
mouse model, or if overexpression of DSCRI can ameliorate
the phenotypes observed in Fragile X syndrome mouse
model. We believe this work provides an important step
towards understanding the multiple roles of DSCR1 in neu-
rons, and will help to shed light on mechanisms underlying
intellectual disability seen in Down syndrome and Fragile X
syndrome.

Materials and methods

Cell culture

Hippocampi were dissected from E18 mouse embryos, and then
treated with trypsin. Dissociated neurons were seeded in 24-well
plate containing 12mm glass coverslips or 6-well plate without
glass coverslips both coated with poly-p-lysine (50 ng/ml). Neurons
were plated at 15000-20000/cm® for immunoimaging, and at
35000-40000/cm? for transfection. Neurons were co-cultured
with glial cell in neurobasal medium containing B27 supplement
up to DIV 24. Neuronal cultures at DIVS were transfected using
Lipofectamine™ 2000 (Invitrogen) following manufacturer’s proto-
col. HEK293 cells were grown on 6-well plates and transfected using
Lipofectamine™ 2000. The cells were harvested 24 h after transfec-
tion for biochemical analyses. BDNF (Alomone Labs) was added to
hippocampal primary neurons at 30 ng/ml for 30 min. Cells were
washed with PBS and then either fixed for immunostaining or used
for biochemical analyses.

Animals

Animals were used in accordance with protocols approved by the
Animal Care and Use Committees of Indiana University,
Bloomington. DSCRI ~/~ and DSCRI transgenic mice were ob-
tained from Dr S Ryeom at University of Pennsylvania. C57BL/6
mouse strain and fmrl =/~ were purchased from Jackson Labs. All
these mice used in this paper are females and have the C57BL/6
strain background.

Immunocytochemistry

Hippocampal primary neurons (DIV 21) were fixed in 4% parafor-
maldehyde in PBS for 20min at room temperature (RT), then
permeabilized with 0.2% Triton X-100 in PBS for 10min, and
blocked for 1h at RT with PBS containing 1% BSA (Sigma-
Aldrich). Neurons were incubated with primary antibodies over-
night at 4°C. After several washes, Alexa Fluor-conjugated second-
ary antibodies were applied for 1h at RT. Images were taken using
Leica SP5 confocal microscope (Leica Microsystems Ltd). We used
several antibodies to detect proteins in the neuronal cell: DSCR1
polyclonal antibody (Abgent), DSCR1 mouse monoclonal antibody

©2012 European Molecular Biology Organization

Regulatory activity of DSCR1 and FMRP
W Wang et al

(Abnova), FMRP (Millipore), phospho-FMRP, cofilin and phospho-
cofilin (Abcam).

Analysis of dendritic spines

For image processing and analysis of spine morphology, length, and
quantification of proteins, we used NIH ImageJ software. Fifteen
Z-stack fluorescent images with 0.25 um thickness were acquired
with Leica SP5 confocal microscope, and 3D reconstruction was
prepared using Imaris 7.0 software (Bitplane). Density and head
size of dendritic spines in the primary hippocampal cultures or CA1
neurons in mouse was based on 2D images. Using ImageJ each
dendritic spine head was outlined, then the measured area of each
spine head was analysed and the number of spines was also
determined. Spine density in CA1 hippocampal region of mouse
brain was measured from three different distances from cell body:
0-50 pm, 50-100 pm and 100-150 pm.

Plasmids constructions

Flag-DSCR1 and EGFP-DSCR1 were prepared by cloning the mouse
DSCRI-1L to the pFlag-CMV-6¢ vector and to pEGFP-C2, respec-
tively. We constructed the DSCRI shRNA vector with the target
sequence of 5'-TCC ATG TAT GTG AGA GTG ATC-3’ in DSCRI by
using Block-iT™ pcDNA6.2-GW/EmGFP-miR vector system
(Invitrogen). Dendra2-3'UTR of CaMKII was constructed by sub-
cloning the 3'UTR of CaMKII (a gift from Dr Kosik) to pDendra2-CI.
Fmrl siRNA was obtained from Santa Cruz.

Site-directed mutagenesis

A mutant of FMRP was produced using QuickChange site-directed
mutagenesis kit (Stratagene). FMRP S499A was produced using the
primer 5’-gcatcaaatgctgetgaaacagaatctgace-3’ and its reverse compli-
ment 5'-ggtcagattctgtttcagcagcatttgatge-3'.

Golgi staining

We used FD Rapid Golgi staining kit (FD Neuro Technologies).
Freshly dissected P21 brains were immersed in solutions A and B for
a week at RT, then transferred to solution C for 24 h. The brains
were blocked and embedded in TFM tissue freezing medium (TBS)
and sectioned using Leica CM1850 cryostat with thickness of
100 um. Staining of the sections was performed according to the
kit. Bright field microscope (Nikon E800) was used to take pictures
of pyramidal neurons of CAl and layer V region. ImageJ was
applied to construct Z-stacks with a thickness of 1 um, and 0.2 um
overlap between each Z-stack. The final image was composed of an
average of 30 focused Z-stacks.

Immunoprecipitation

HEK cells containing Flag-DSCR1 were lysated in fresh lysis buffer,
containing 25mM Tris, pH 8.0, 100mM NaCl, 1 mM MgCl, and
1mM CaCl,. The lysate was then incubated with either phospho-
FMRP- or FMRP-specific antibodies at 4°C overnight. Then, phos-
pho-FMRP or FMRP was pull down by A/G agarose beads and
analysed by western blotting with the DSCR1 antibody.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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