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ABSTRACT

Loss of fragile X mental retardation protein (FMRP) causes synaptic dysfunction and intellectual disability. FMRP is an RNA-
binding protein that controls the translation or turnover of a subset of mRNAs. Identifying these target transcripts is an
important step toward understanding the pathology of the disease. Here, we show that FMRP regulates actin organization and
neurite outgrowth via the armadillo protein p0071. In mouse embryonic fibroblasts (MEFs) lacking FMRP (Fmr1-), the actin
cytoskeleton was markedly reorganized with reduced stress fibers and F-actin/G-actin ratios compared to fibroblasts re-
expressing the protein. FMRP interfered with the translation of the p0071 mRNA in a 3'-UTR-dependent manner. Accordingly,
FMRP-depleted cells revealed elevated levels of p0071 protein. The knockdown of p0071 in Fmri1— fibroblasts restored stress
fibers and an elongated cell shape, thus rescuing the Fmr1— phenotype, whereas overexpression of p0071 in Fmri+ cells
mimicked the Fmr1— phenotype. Moreover, p0071 and FMRP regulated neurite outgrowth and branching in a diametrically
opposed way in agreement with the negative regulation of p0071 by FMRP. These results identify p0071 as an important and
novel FMRP target and strongly suggest that impaired actin cytoskeletal functions mediated by an excess of p0071 are key
aspects underlying the fragile X syndrome.
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INTRODUCTION Dendritic spines are the recipients of excitatory synaptic
signals. Alterations in their density, size, or turnover, or de-
fects in their generation result in neuronal dysfunction and
lead to cognitive defects (Irwin et al. 2000; Humeau et al.
2009; Cruz-Martin et al. 2010; Kasai et al. 2010; Penzes et al.
2011; Pavlowsky et al. 2012). In FXS as well as in the Fmrl
knockout (KO) mouse, neurons show a high density of
long, thin, and immature dendritic spines (Comery et al.
1997; Irwin et al. 2001). The highly dynamic cytoskeleton of
dendritic spines is essential for synaptic plasticity (Matus
2000; Dentetal. 2011), and the actin cytoskeleton directly de-
termines the morphology of the spine (Ethell and Pasquale
2005; Cingolani and Goda 2008). In agreement, actin regula-
tors such as the small GTPases Racl, RhoA, and Cdc42,
modulate actin organization and, as a consequence, dendritic
spine morphology (Newey et al. 2005; Bosch and Hayashi
2012).

Loss of fragile X mental retardation protein (FMRP) causes
fragile X syndrome (FXS), a genetic disease characterized by
intellectual disability and autism spectrum disorders. In
most fragile X syndrome patients, an amplification of a CGG
repeat region in the 5 UTR of the fragile X mental retardation
gene (Fmrl) exists which leads to hypermethylation and epi-
genetic silencing of Fmrl, resulting in the loss of FMRP.
FMRP is an mRNA binding protein that functions predomi-
nantly as a translational repressor, although stimulation of
translation and mRNA stabilization by FMRP have also been
described (Santoro etal. 2012). FMRP is enriched at the post-
synaptic sites of dendritic spines, where it is proposed to in-
hibit the translation of a subset of localized mRNAs. After
stimulation by appropriate synaptic signals, the translational
block imposed by FMRP is abolished, allowing the spatiotem-
poral control of target mRNA translation and, thus, the fine
tuning of protein expression that directs synaptic plasticity
(Pfeiffer and Huber 2009).
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RhoA was implicated in limiting dendrite branching,
whereas Racl and Cdc42 promote neurite outgrowth. In
view of the importance of actin cytoskeleton remodeling in
dendrite formation and of FMRP in regulating these struc-
tures, it appears essential to characterize the functional link
between FMRP and actin regulatory proteins. Based on the
severe up-regulation of Racl observed in the brain of Fmrl
—/— mice, it was suggested that FMRP might act as a negative
regulator of Racl (Bongmba et al. 2011). However, how
FMRP influences Racl at the molecular level remains elu-
sive, since the Racl mRNA was not identified as a direct tar-
get of FMRP in mammals (Schenck et al. 2001; Bongmba
et al. 2011), although the Drosophila dRacl mRNA has
been reported to associate with the dFMRP complex (Lee
2003).

To understand the molecular basis of FMRP function, sev-
eral attempts were made to identify mRNAs that bind to and
are directly regulated by FMRP. These approaches include
FMRP immunoprecipitation followed by microarray analysis
of coprecipitating mRNAs (Brown et al. 2001), high-through-
put sequencing of RNAs isolated through cross-linking
immunoprecipitation (HITS-CLIP and photoactivatable ri-
bonucleoside-enhanced cross-linking and immunoprecipita-
tion, PAR-CLIP) (Darnell et al. 2011; Ascano et al. 2012) and
yeast three-hybrid analyses (Zou et al. 2008). Several hundreds
of mRNAs that potentially associate with FMRP were identi-
fied, although to date, only very few of these putative targets
have been validated (Miyashiro et al. 2003; Castets et al.
2005; Zalfa et al. 2007; Bechara et al. 2009; Davidovic et al.
2011; Gross et al. 2011; Jung et al. 2012; Kwan et al. 2012;
Santoro et al. 2012). The Rho-GTPases were not identified
as putative mRNA targets of FMRP in any of these screens,
suggesting that FMRP modulates GTPases indirectly by con-
trolling the expression of their regulators. In support of this
view, p0071 and its closest relative, 5-catenin/NPRAP, were
identified as candidate target mRNAs of FMRP by ribonucleo-
proteinimmunoprecipitation—microarray (RIP-Chip) and/or
HITS-CLIP studies (Brown et al. 2001; Darnell et al. 2011).
Both proteins, p0071 and §-catenin/NPRAP, belong to the
p120-catenin (p120°™") family of armadillo-related proteins.
Several members of this protein family have been shown to
regulate the Rho-family GTPases (Reynolds and Roczniak-
Ferguson 2004; Hatzfeld 2005). P120°" down-regulates
RhoA activity (Noren et al. 2000; Anastasiadis and Reynolds
2001; Groshevaetal. 2001) and has been implicated in the reg-
ulation of Rac-Rho crosstalk (Wildenberg et al. 2006). In the
nervous system, p120°" gene deletion resulted in reduced
spine and synapse densities caused by the de-regulation of
Rho-GTPases, with decreased Racl and increased RhoA activ-
ity (Elia et al. 2006). §-catenin/NPRAP is almost exclusively
expressed in neuronal cells where it regulates spine density
and synapse morphogenesis (Arikkath et al. 2009). §-catenin
KO mice revealed abnormalities in synaptic plasticity resulting
in impaired cognitive function (Israely et al. 2004), whereas in
humans, deletion of §-catenin causes intellectual disability in
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Cri-du-Chat syndrome (Medina et al. 2000). P0071 is widely
expressed with high expression in neuronal cells. It functions
in Rho-signaling by controlling RhoA activity during cytoki-
nesis (Wolf et al. 2006). At the molecular level, p0071 associ-
ates with RhoA and its activator, Ect2, thereby stimulating
RhoA activity. Its function in neuronal cells has not been ad-
dressed so far. Although the role of p120“"-family proteins
in regulating actin dynamics and organization via Rho-
GTPases has been characterized in various systems, it remains
essentially unknown how this function is controlled by up-
stream modulators.

Here, we show that FMRP regulates the actin cytoskeleton
in fibroblasts and neuronal cells via p0071. FMRP associates
with and inhibits the translation of the p0071 mRNA.
Rescue of p0071 levels in FMRP-overexpressing or FMRP
KO mouse embryonic fibroblasts (MEFs) abolished the
FMRP-mediated modulation of actin organization. Similar ef-
fects were also observed in neuroblastoma-derived cells and
primary hippocampal neurons. These results indicate that
p0071 is a direct target of FMRP and plays an essential role
in FMRP-mediated regulation of actin organization and neu-
ronal morphogenesis.

RESULTS

FMRP regulates actin organization in mouse
embryonic fibroblasts

It has been reported that, in patients with FXS as well as in
Fmrl—/— mice, dendritic spines are altered (Comery et al.
1997; Irwin et al. 2000), and it was suggested that FMRP mod-
ulates actin organization via a negative regulation of Racl syn-
thesis (Bongmba et al. 2011). Using immortalized mouse
embryonic fibroblasts derived from Fmrl—/— mice (Castets
et al. 2005), we observed a considerably altered cell shape
and actin organization when compared to FrmrI+ MEFs re-ex-
pressing the protein (Fig. 1A,B). FMRP-expressing fibroblasts
had an elongated cell shape and contained numerous stress fi-
bers and focal contacts, whereas the Fmrl— fibroblasts were
rather round with less stress fibers and focal contacts essential-
ly restricted to the cell periphery. These differences in mor-
phology were observed in two independent Fmrl— clones
(clones 81, 87) vs. FMRP re-expressing MEFs (clones 56,
59). To quantify the changes in actin organization, we deter-
mined the ratio of filamentous (F-) vs. globular (G-) actin.
These experiments revealed that Fmrl— cells showed an
~25% reduction in F-actin/G-actin ratio compared to cells
re-expressing the protein (Fig. 1C).

To further exclude bias by clonal variability, we analyzed
whether FMRP expression in Finrl— cells after lentiviral trans-
duction without clonal selection rescues the changes in actin
organization. Expression of FMRP-EGEFP in the Fmrl— cells
induced an increase in stress fibers and an elongated cell shape
along with a redistribution of focal contacts which was not ob-
served after the expression of EGFP alone (Fig. 1D,E). The
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FIGURE 1. The loss of FMRP alters the morphology and F-actin/G-actin ratios of MEFs. (A) Immunofluorescence studies of FMRP re-expressing
MEF clones (Fmrl+, clones 56, 59, top panels) with parallel stress fibers and FrmrI— cell clones (clones 81, 87, bottom panels) with reduced stress fiber
formation. Enlargements of boxed regions are shown in the right panels; bar, 20 um. (B) Representative Western blotting of Fnrl+ and Fmrl— cell
lysates confirming FMRP loss in the Finrl— cell clones and FMRP re-expression in clones 56 and 59. (C) F-actin/G-actin assay of Fmrl+ and Fmrl—
cell clones showing a reduced F-actin/G-actin ratio in Fmrl— cell clones. The F-actin organization of both Frmrl— cell clones (81 and 87) was com-
pared to both WT cell clones re-expressing FMRP (56 and 59). n = 3, (*) P <0.05. (D) Fluorescence microscopy studies of FrmrI— cells after lentiviral
transduction with the indicated constructs showing F-actin- (top panels) and vinculin-staining (bottom panels). Re-expression of FMRP (FMRP-
EGFP) reverted the FmrI— phenotype compared to control transduction (EGFP); bar, 20 um. (E) Representative Western blotting of Frnrl— cell ly-
sates after lentiviral transduction with FMRP-EGFP or EGFP alone confirming FMRP re-expression in Frmrl— cells. (F) F-actin/G-actin assay of len-
tivirally transduced Fmrl— MEFs showing an increased F-actin/G-actin ratio in FMRP-EGFP-expressing cells. n =3, (*) P <0.05.

expression of FMRP-EGFP increased F-actin/G-actin ratios
by ~25% (Fig. 1F).

These analyses identify FMRP as a potent regulator of actin
organization and cellular F-actin/G-actin ratios as well as of
cellular morphology of mouse embryonic fibroblasts.

FMRP inhibits p0071 mRNA translation

P0071 has been shown to modulate the actin cytoskeleton by
regulating small Rho-GTPases and was identified as a FMRP
candidate target transcript by three distinct screens (Brown
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etal. 2001; Darnell et al. 2011; Ascano et al. 2012). Therefore,
we aimed at characterizing whether FMRP modulates actin
organization by regulating p0071 at the post-transcriptional
level. The quantification of p0071 protein and mRNA levels
at steady-state revealed that p0071 abundance was markedly
increased in the Fmrl— MEFs (Fig. 2A,B). On the contrary,
p0071 steady-state mRNA levels as well as p0071 mRNA
decay remained essentially unaffected by FMRP depletion
(Fig. 2C,D). This suggested that FMRP inhibited p0071 pro-
tein synthesis.
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FIGURE 2. FMRP associates with the p0071 mRNA and regulates p0071 expression. (A,B)
Representative Western blotting (A) and quantification (B) of p0071 protein levels in Fmrl+
and Fmrl— cell lysates indicating an increased expression of p0071 in Fmrl— cells. n=4, (**)
P <0.005. (C) Quantification of p0071 mRNA levels in Fmri+ and Fmrl— cells indicating a
slightly reduced p0071 mRNA level in Fmrl— cells. mRNA levels were calculated via the AAC,-
method and normalized to the control mRNA encoding RPLPO. n=4, (*) P<0.05. (D) For
p0071 mRNA decay analyses, cells were treated with 2.5 pM Actinomycin D, and RNA levels
were determined by qRT-PCR. p0071 mRNA decayed with the same rate in both, FinrI+ (black
line) and FmrI— cells (black dashed line). C-myc mRNA stability was not affected by FMRP and
served as a control. n = 3. (E) Western blotting of FMRP coimmunoprecipitation experiments.
FMRP was specifically precipitated from Fmrl+ cells but not from Fmrl— cells (top panel).
The asterisk denotes an unspecific side reaction detected in the input fraction only. (F) qRT-
PCR analysis of mRNAs that coprecipitated with FMRP in Fmrl+ vs. Fmrl— cells, showing a
p0071- and SOD1 mRNA enrichment. Enrichment was calculated via the AAC,-method and nor-
malized to the control mRNA encoding CyclophilinA. n = 3, (*) P < 0.05. (G) Western blotting of
FMRP immunoprecipitated from HEK293 cells with immobilized FMRP antibody. A control
fraction was incubated with beads in the absence of FMRP antibody. (IP) immunoprecipitation,
(SN) supernatant. (H) qRT-PCR analysis revealed an enrichment of the p0071 mRNA after
FMRP precipitation but not in the bead control. Enrichment was calculated via the AAC,-method
using CyclophilinA mRNA abundance for normalization. n =3, (*) P <0.05.
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In order to distinguish between a direct and an indirect ef-
fect of FMRP on p0071, we tested whether FMRP associates
with the p0071 mRNA as previously suggested (Brown et al.
2001; Darnell et al. 2011). EMRP was immunoprecipitated
from FMRP re-expressing Fmrl— MEFs, and copurified
RNAs were analyzed by qRT-PCR (Fig. 2E,F). Quantitative as-
sessment of copurified RNAs by qRT-PCR confirmed a signif-
icant enrichment of the p0071 mRNA and the reported target
transcript SOD1 (Fig. 2F; Bechara et al. 2009). Fmrl— MEFs
served as the negative control for the immunoprecipitations.

In contrast to p0071 mRNA, qRT-PCRs
of unrelated mRNAs, such as Cyclophi-
linA, did not reveal any increase upon
FMRP deficiency. Copurification of
p0071 mRNA with FMRP was further
confirmed for endogenous FMRP iso-
lated from HEK293 cells (Fig. 2G,H).
Hence, FMRP associated with the p0071
mRNA, suggesting that the protein inhib-
its p0071 mRNA translation.

To test this in further detail, we ex-
plored how FMRP modulates the transla-
tion of luciferase reporter transcripts
harboring the p0071 3" UTR (Fig. 3A).
Notably, FMRP was reported to control
mRNA translation from the 3’ end, al-
though some recent data suggest that
FMRP also targets coding sequences
(Darnell et al. 2011; Ascano et al. 2012).
The normalized activity of reporters com-
prising the full-length 3" UTR (nt 3840—
4587) or fragment II (nt 4053—4320) was
significantly increased in Fmrl— MEFs
(Fig. 3A,B). This was in agreement with
up-regulated p0071 protein levels in the
Fmrl— MEFs and suggested that FMRP
inhibits p0071 mRNA translation via the
3 UTR.

To further characterize the FMRP
binding site in the p0071 3’ UTR, we dis-
sected fragment II into three smaller
segments, IIA (nt 4053-4150), IIB (nt
4127-4239), and IC (nt 4226-4320).
Fragments IIA and IIC suppressed trans-
lation of the luciferase reporter in Finrl+
cells, whereas fragment IIB had no effect
(Fig. 3C). To confirm that this was due
to direct binding of FMRP to the p0071
3’-UTR fragments, we immunoprecipi-
tated FMRP and analyzed the precipitates
for the presence of luciferase mRNA. In
agreement with the reporter activity anal-
yses, fragments ITA and IIC were enriched
in the precipitates, whereas fragment IIB
did not associate with FMRP (Fig. 3D).
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FIGURE 3. FMRP represses p0071 mRNA translation in a 3’'-UTR-de-
pendent manner. (A) Schematic of luciferase reporters used to deter-
mine FMRP-dependent regulation of p0071 mRNA translation.
Constructs used in a reporter assay to analyze the effect of FMRP bind-
ing to the p0071 3" UTR. (5" UTR) 5 untranslated region, (3" UTR) 3’
untranslated region, (CDS) coding sequence, (FFL) firefly luciferase,
(FL) full length. Nucleotide numbers refer to the p0071 mRNA acces-
sion number of NM_003628. (B) Luciferase reporter assays performed
in Fmrl+ vs. Fmrl— cells after transfection with the indicated constructs
revealed increased FFL activity in Fmrl— cells expressing the full-length
p0071 3’ UTR or fragment II. FFL activity was normalized to Renilla lu-
ciferase activity. n =3, (*) P<0.05. (C) Luciferase reporter assays per-
formed in Fmrl+ vs. Fmrl— cells after transfection with the indicated
constructs. Elevated FFL activity was observed with fragments ITA and
IIC. FFL activity was normalized to Renilla luciferase activity. n =3,
(*) P<0.05. (D) qRT-PCR analysis of mRNAs that coprecipitated
with FMRP in HEK293 cells transfected with the indicated reporter con-
structs harboring fragments of the p0071 3’ UTR. Enrichment was cal-
culated via the AAC;-method and normalized to the control mRNA
encoding CyclophilinA. n =3, (***) P <0.0005, (*) P <0.05.

We therefore conclude that FMRP directs translational inhi-
bition via at least two regulatory cis-elements in the p0071
3’ UTR. In support of this, the p0071 3’ UTR is highly con-
served among mammals (Fig. 4A).

FMRP contains two KH-type and one RGG-type RNA
binding motifs and has been shown to bind to G-quadruplex
structures (Darnell et al. 2001), U-rich sequences (Chen et al.
2003), or kissing complex motifs (Darnell et al. 2005).

Accordingly, we analyzed the p0071 3'-UTR fragments that
associate with FMRP for putative FMRP binding motifs.
Fragment ITA is G-rich and might contain G-quadruplex mo-
tifs (Fig. 4A). In contrast, fragment IIC might be able to form a
kissing complex-like structure (Fig. 4B). To validate a putative
G-quadruplex structure in the p0071 3" UTR, we analyzed cat-
ion-dependent termination of reverse transcription. Since G-
quadruplexes are stabilized by K* but not by Na®, reverse
transcriptase pauses at G-quadruplexes only in the presence
of K™ (Castets et al. 2005). FMRP with a known G-quadruplex
structure in its coding sequence served as a positive control.
This assay strongly supports the existence of the predicted
G-quadruplex in the p0071 3’ UTR (Fig. 4C,D).

The role of FMRP in inhibiting p0071 mRNA translation
was further analyzed by sucrose gradient centrifugations to
determine the polysomal abundance of the p0071 mRNA.
The latter, as well as the Arc mRNA which was reported to
be inhibited by FMRP at the translational level (Park et al.
2008), were enriched in the polysomal fractions in Fmrl—
MEFs (Fig. 5A,B). In contrast, FMRP was reported to pro-
mote the translation of the SOD1 mRNA (Bechara et al.
2009). In agreement, the abundance of this mRNA was re-
duced in the polysomal fraction of Fmrl— MEFs (Fig. 5C).
These experiments strongly support our notion that FMRP
suppresses p0071 mRNA translation.

The FMRP S499A mutant fails to regulate p0071
mRNA translation

Phosphorylation of FMRP at S500 (S499 in mice) by Casein
kinase II (Siomi et al. 2002) has been shown to modulate
FMRP function. Studies on the FMRP-directed regulation
of Arc protein synthesis suggested that phosphorylated
FMRP suppresses the constitutive translation of the Arc
mRNA. In view of the similarities in the regulation of Arc-
and p0071 mRNAs, we investigated whether phosphorylation
of FMRP likewise modulates p0071 mRNA translation.
Luciferase reporter assays revealed that the FMRP S499A mu-
tant which mimics the nonphosphorylated form of FMRP
was not able to repress translation via the p0071 3" UTR
(Fig. 6A). This suggested that phosphorylation at S499 en-
hanced FMRP-directed inhibition of p0071 mRNA transla-
tion. Moreover, the FMRP S499A mutant failed to rescue
cell morphology and actin filament organization when ex-
pressed in Fmrl— MEFs (Fig. 6B). Taken together, this pro-
vides strong evidence that the FMRP-dependent regulation of
actin organization essentially relies on the FMRP-dependent
regulation of p0071 protein synthesis.

FMRP modulates actin organization by controlling
p0071 expression

Having shown that FMRP controls p0071 mRNA translation,
we aimed at analyzing whether this regulatory role is essential
for the FMRP-directed control of actin organization. Cell
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300 bp In view of the role of FMRP in controlling

~100 bp

FIGURE 4. The FMRP p0071 mRNA association depends on two cis-elements in the p0071 3’
UTR. (A) Sequence homology of the human (h) and mouse (m) fragment II nucleotide sequences
of the p0071 3" UTR. Fragments ITA and IIC of the 3’ UTR encompass a G-
respectively, which could function as potential FMRP-binding sites. Asterisks indicate putative G-
quadruplex-forming nucleotides as identified by the QGRS-mapper program (Kikin et al. 2006)
(http://bioinformatics.ramapo.edu/QGRS/analyze.php). (B) Prediction of RNA secondary struc-
tures for the fragment IIC sequence using the in silico prediction program CyloFold (http
://cylofold.abec.ncifcrf.gov; Bindewald et al. 2010) suggests formation of two stem—loops in the
p0071 3’ UTR that serve as putative recognition sites for the KH-domains of FMRP, the “kissing
complex” motif. (C) Schematic of the p0071 3" UTR and the FMRP CDS with the position of
putative G-quadruplexes (asterisks, p0071) and a known G-quadruplex motif (asterisk, FMRP)
and the expected products after reverse transcription in the presence of K* or Na* ions. (D)
Reverse transcription in the presence of K or Na' shows pausing of the reverse transcriptase
in the presence of K*, indicative of a G-quadruplex structure in the p0071 3’ UTR. The FMRP
fragment, which is known to contain a G-quadruplex, served as a positive control. Asterisks
denote incomplete products originating from reverse transcriptase pausing at G-quadruplex

structures in the presence of K.

morphology as well as actin organization observed upon the
overexpression of p0071 in FMRP re-expressing cells was
reminiscent of the phenotype observed for Fmrl— MEFs
(cf. Fig. 7A and Fig. 1A). P0071 overexpression in the
Fmr1+ MEFs induced a rounded cell morphology, a periph-
eral accumulation, and smaller size of focal contacts, as well

1488 RNA, Vol. 19, No. 11

actin organization and cell morphology
in MEFs via p0071 and the high expres-
sion levels of FMRP and p0071 in neu-
rons, we speculated that FMRP and
p0071 may control neurite outgrowth in
an antagonistic manner. This was first an-
alyzed in Neuro-2a cells upon the induc-
tion of neurite outgrowth by retinoic acid.
In these neuroblastoma cells, p0071 was
observed in the cell body as well as in neu-
rites, suggesting that p0071 may play a
role in neurite outgrowth (Fig. 8A). To
test this in further detail, we analyzed
how the depletion or overexpression of
FMRP vs. p0071 affects neurite morphol-
ogy. FMRP overexpression induced the
formation of long and unbranched neu-
rites, whereas the opposite was observed
upon the knockdown of FMRP (Fig.
8B-D). On the contrary, neurite length
was decreased by p0071 overexpression, whereas branching
was increased. Again, the opposite was observed upon
p0071 depletion. Moreover, the knockdown of FMRP as
well as p0071 overexpression led to severely altered morphol-
ogy of the actin cytoskeleton, with the appearance of F-actin-
rich microspike-decorated protrusions (Fig. 8B).

and U-rich region,
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FIGURE 5. p0071 mRNA distribution is shifted to polysomal fractions
in Fmrl— cells. (A-C) Cytoplasmic Fmrl+ and Fmrl— cell extracts
were fractionated by centrifugation on a linear 10%—45% sucrose gra-
dient. Diagrams on the right show mean values of three independent
experiments with pre-polysomal vs. polysomal distribution of the in-
vestigated mRNAs. n =3, (*) P <0.05. (A) The p0071 mRNA distribu-
tion revealed a shift to polysomal fractions in Fmrl— cells (black
dashed line) in comparison to Fmrl+ cells (black line), indicating a
translational repression of the p0071 mRNA by FMRP. (B) The Arc
mRNA is known to be translationally repressed by FMRP and reveals
a similar shift to polysomal fractions in Fmrl— cells (black dashed
line). (C) The SOD1 mRNA translation is positively regulated by
FMRP and served as a control for translational repression as indicated
by an increased pre-polysomal mRNA abundance in Frmrl— cells (black
dashed line).

To further analyze whether increased p0071 expression
could be responsible for morphological defects observed
in FMRP-deficient neurons, we compared the effects of
FMRP and p0071 depletion on rat primary hippocampal
neurons. FMRP depletion by RNAi promoted dendritogene-
sis. Whereas the average number of MAP2-positive neurites,
i.e., dendrites, per cell showed an 8% increase that did not
reach statistical significance, the number of dendritic branch-
es was significantly increased by ~40% (Fig. 9A-C).

In line with our finding that FMRP represses the transla-
tion of p0071, GFP-p0071 overexpression led to a promotion
of dendritogenesis, with both the number of dendrites
(+11%; P<0.01) and the number of branches (+25%; P <
0.05) being significantly increased when compared to control
transfected neurons (Fig. 9D-F). An excess of p0071, thus,
phenocopied FMRP loss of function in neuronal cells.

If FMRP mediated repression of p0071 function is, indeed,
critical for proper dendrite formation during neuronal net-
work development, a knockdown of p0071 should suppress
the FMRP loss-of-function phenotype. In order to address
this hypothesis, we used two sets of RNAI tools against
FMRP and p0071 driven by distinct promoters (H1.1 and
U6.1). The use of distinct promoters excludes that reduced
RNAI effects caused by exhaustion of endogenous factors as-
sociating with two instead of one plasmid feign a putative
phenotype suppression. The additional use of two different
fluorescent reporters (GFP and PM-mCherry, respectively)
ensured that double-transfection of neurons can be validated
(Haag et al. 2012).
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FIGURE 6. FMRP controls p0071 protein synthesis and actin organiza-
tion in a S499-dependent manner. (A) Luciferase reporter assay with the
indicated constructs (as described in Fig. 3A) showing that translational
repression of the p0071 3’ UTR depends on S499 of FMRP. Transfection
ofthe FMRP S499A mutant in Frmr]l— MEFs had no influence on luciferase
activity. n =3, (*) P <0.05. (B) Immunofluorescence studies of Frmrl—
MEFs overexpressing EGFP, EGFP-FMRP WT, or EGFP-FMRP S499A.
Whereas the expression of FMRP WT promotes parallel organization of
stress fibers and elongated cell morphology, expression of FMRP S499A
fails to modulate actin organization or cell shape. Bars, 20 pm.
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knockdown in Fmnrl— cells (right panel). Overexpression of p0071 reduced the F-actin/G-actin ratio in both FmrI+ MEF clones (56 and 59), whereas
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Cotransfection of hippocampal neurons with FMRP RNAi
and p0071 RNAI effectively suppressed the promotion of
dendritogenesis observed upon knocking down FMRP alone.
Both the dendrite number and the branch points of the den-
dritic arbor of double-transfected neurons were indistin-
guishable from those coexpressing the two scrambled RNAi
constructs (Fig. 9G-1I).

Taken together, these findings are consistent with our
initial studies in MEFs and support the view that FMRP-reg-
ulated expression of p0071 is an important molecular mecha-
nism for proper neuromorphogenesis derailed upon FMRP
deficiency.

DISCUSSION

In this study, we show that FMRP regulates actin organization
via the p120°"-family member p0071. Fmr1— MEFs revealed
not only altered cell morphology and actin organization with

1490 RNA, Vol. 19, No. 11

reduced stress fibers but also a reduced F-actin/G-actin ratio.
This phenotype was fully mimicked by the overexpression of
p0071 in FMRP re-expressing MEFs. Moreover, the knock-
down of p0071 in Fmrl— MEFs rescued the FMRP loss-of-
function phenotypes with respect to cell shape, actin organi-
zation, and F-actin/G-actin ratios. Also, in primary neurons,
p0071 RNAi fully suppressed defects in neuronal morphogen-
esis caused by loss of FMRP. Taken together, this indicates
that p0071 is an important downstream mediator of FMRP-
dependent remodeling of the actin cytoskeleton in MEFs as
well as in neuronal cells.

The regulation of neuronal morphology and synaptic mod-
ifications depends on the remodeling of the actin cytoskeleton.
A link between FMRP and actin remodeling via the small
GTPase Racl was suggested by the observation that activity
of the GTPase was stimulated in Fmrl—/— mice (Bongmba
etal. 2011). It was proposed that FMRP modulates Rac1 sig-
naling indirectly via the translational repression of the PP2A
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2010). How FMRP modulates Rho-sig-
naling upstream of the GTPases and their
targets remains poorly understood. Here,
we propose p0071 as a direct target of
FMRP that functions upstream of Rho-
GTPases and mediates actin remodeling
in fibroblasts as well as in neuronal cells.

We show that FMRP inhibits p0071
mRNA translation resulting in up-regu-
lated p0071 protein synthesis in Frmrl—
MEFs. In agreement with RIP as well as
HITS-CLIP/PAR-CLIP studies (Brown
et al. 2001; Darnell et al. 2011; Ascano
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EGFP + - et al. 2012), we observed an association
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rich element of fragment IIA (Fig. 4A,
C) essential for mediating FMRP-depen-
dent inhibition of p0071 mRNA trans-
lation (Fig. 3C,D). The presence of a
G-quadruplex motif in fragment IIA
was experimentally verified (Fig. 4D).
The second more 3'-located regulatory

EGFP siRNA EGFP

FIGURE 8. Role of p0071 in Neuro-2a neuroblastoma derived cells. (A) Immunofluorescence
studies of differentiated Neuro-2a cells showing p0071 localization. F-actin was labeled with
Alexa Fluor 594-conjugated Phalloidin. Bar, 20 um. (B) Immunofluorescence studies and
Western blotting of differentiated Neuro-2a cells after transfection with the indicated constructs.
Bars, 20 pm. (C,D) Quantitation of neurite length (C) and branch point number (D) of 100 trans-
fected cells as shown in B, compared to pEGFP-C2 or control siRNA transfection (control). n =3,

(***) P <0.0005, (**) P <0.005, (*) P < 0.05.

phosphoserine/threonine phosphatase. PP2A, in turn, could
dephosphorylate cofilin, a downstream target of Racl which
enhances actin depolymerization and causes actin filament
branching. Thus, decreased phosphorylation of cofilin via in-
creased PP2A would account for altered actin organization in
Fmrl— cells (Castets et al. 2005). However, the activation of
Racl itself and its effector p21-activated kinase (PAK) appears
impaired in Fmrl—/— mice (Hayashi et al. 2007; Chen et al.

siRNA cis-determinant is U-rich (~44%) and
might form a kissing complex-type sec-
ondary structure (Fig. 4B). Recently,
Ascano et al. (2012) reported the dis-
covery of two distinct RNA-recogni-
tion elements, the ACUK and WGGA
motifs (in which K=G or Uand W=A
or U) in ~50% of FMRP mRNA bind-
ing sites. We find an ACUK element in
fragment IIA and a WGGA motif in fragment IIC. However,
fragment IIB also contains a WGGA motif, indicating that
this short-sequence motif alone is not sufficient to mediate
FMRP-dependent regulation of target mRNAs. FMRP con-
tains one RGG-box and two KH-domains which have been
implicated in RNA-binding of the protein. While the RGG-
box was shown to bind G-quadruplex RNAs, the KH2-
domain was suggested to mediate association with the kissing
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FIGURE 9. Promoted dendritogenesis observed upon FMRP RNAi is phenocopied by p0071
overexpression and suppressed by p0071 RNAi. (A,D,G) Dissociated primary hippocampal neu-
rons were transfected at DIV4 and processed for immunofluorescence microscopy after
48 h. MAP2 staining was used for morphological evaluation of transfected neurons. Bars, 20
pum. (B,C,E,F,H,I) Quantitative analyses evaluating number of dendrites (B,E,H) and dendritic
branch points (C,FI), respectively. Data represent mean + SEM. FMRP RNAi®F, 1 = 76; scram-
bled (scr.) RNAI*?, 1 = 73; GEP-p0071, 1 = 80; GEP, 1 = 80; FMRP RNAi®*” + p0071 RNAI™"
mCherry 4 — 70; scrambled (scr.) RNAITY + scrambled (scr.) RNAIPM™MCher™y 4 — 66, (*) P < 0.05,
(**) P < 0.01. FMRP-deficient neurons showed a trend toward an increased number of dendrites
and a significant increase in dendritic branch points compared to control cells (A-C). Neurons
transfected with GFP-p0071 mimicked this morphological phenotype. The amount of dendritic
branch points as well as of dendrites was significantly higher in comparison to GFP-transfected
cells (D-F). If both FMRP and p0071 are knocked down, the phenotype is rescued, showing den-
drite number and dendritic branch points at control level (G-I).

mimetic mutant of FMRP suppressed
steady-state dendritic Arc levels, whereas
a nonphosphorylatable mutant (S500A)
did not (Niere et al. 2012). According to
this model, phosphorylated FMRP func-
tions to suppress steady-state translation
of target mRNAs. Upon mGluR stimula-
tion, PP2A becomes activated and rapidly
dephosphorylates FMRP (Narayanan
et al. 2007), inducing the rapid synthesis
of target mRNAs leading to local protein
synthesis in dendritic spines (Niere et al.
2012). A recent study has shown that
FMRP phosphorylation also modulates

complex-like elements. Association with the latter is abrogat-
ed by the I304N mutation in the KH2-domain observed in one
severely affected patient, pointing to the importance of this
domain (Darnell et al. 2005). Moreover, the KH-domains ap-
pear to be essential for polyribosome association, whereas
deletion of the RGG-box did not affect the polysomal associ-
ation of FMRP (Mazroui et al. 2003; Darnell et al. 2005). Based
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miRNA-dependent regulation of target RNAs. Dissociation
of the RNA-induced silencing complex (RISC) from FMRP-
bound mRNA which activates mRNA translation depended
on FMRP de-phosphorylation (Muddashetty et al. 2011).
We show here that the p0071 mRNA is translationally re-
pressed by FMRP but not by the FMRP S499A mutant, sug-
gesting that de-phosphorylation of FMRP leads to the
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release of p0071 translational repression. This model implies
that FMRP could mediate spatial p0071 mRNA delivery for
local protein synthesis in response to synaptic stimulation.
P0071 mRNA translation would be repressed during trans-
port and released at the dendrites upon stimulation. In
support of this, the p0071 mRNA was found to be localized
at the leading edge of migrating fibroblasts, was highly en-
riched in pseudopodia in response to migratory stimuli
(Mili et al. 2008), and was also localized to cellular protru-
sions of astrocytes (Thomsen and Lade Nielsen 2011).

In conclusion, we have shown here that FMRP directly
regulates p0071 protein synthesis by binding to its 3’ UTR
and that p0071 is an essential downstream target of FMRP
that mediates FMRP-dependent cytoskeletal organization
and thereby has a profound effect on neuronal morphogen-
esis. Antagonistic functions of p0071 and FMRP in primary
hippocampal neurons and the fact that a p0071 knockdown
rescues the FMRP knockdown induced phenotype in neuro-
nal cells strongly support the relevance of these findings in
the context of the neurological disorder caused by lack of
FMRP. Future work needs to assess whether p0071 mRNA
and protein levels are up-regulated in FMRP knockout
mice and human patients and if p0071 might qualify as a
pharmacological target in the treatment of fragile X
syndrome.

MATERIALS AND METHODS

Cell culture and transfection

Embryonic fibroblasts from Fmrl—/— mice (Castets et al. 2005) were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS) and 150 ug/mL hygrom-
ycin B (PAA). HEK293 cells were grown in DMEM with 10% FCS and
1% sodium pyruvate (PAA). Neuro-2a cells were grown in DMEM
with 5% FCS and 1% nonessential amino acids (PAA). For differen-
tiation, Neuro-2a cells were maintained in DMEM with 2% FCS, 1%
nonessential amino acids, 20 pM retinoic acid (Sigma Aldrich), and 3
uM aphidicolin (Sigma Aldrich). Cells were transfected with Lipo-
fectamine 2000 or Lipofectamine LTX (Invitrogen) according to
the manufacturer’s protocol.

Plasmids, shRNAs, and lentiviruses

The p0071 3’ UTR and 3'-UTR fragments were amplified from HeLa
c¢DNA and inserted at the 3" end of a firefly luciferase coding sequence
in pcDNA3.1 (Invitrogen). Lentiviruses for ¢cDNA transduction
were generated using the Lenti-X Lentiviral Expression System
(Clontech). The p0071 wild-type sequence was subcloned from
p0071-EGFP (Wolf et al. 2006) into pLVX-puro (Clontech). The
shRNA plasmids were constructed with Clontech’s shRNA
Sequence Designer. For virus production, HEK293T cells were
cotransfected with pMD2.G (Addgene, no. 12259), psPAX2
(Addgene, no. 12260), and pLVX-puro plasmids containing EGFP,
EGFP-FMRP, p0071 WT, or p0071 shRNAs. Lentiviruses were puri-
fied 48 h post-transfection by using the Lenti-X Concentrator
(Clontech).

To generate RNAI constructs directed against FMRP and p0071,
the following oligonucleotides were annealed and cloned into
pRNAT-HI1.1/Hygro-GFP (GenScript) and pRNAT-U6.1/Neo-GFP
(GenScript), respectively:

FMRP RNAi:

5-gatccGCACCAAGTTGTCTCTTATACTTCAAGAGAGTATAAG
AGACAACTTGGTGCTTTTTTACGCGTa-3 and

5-agcttACGCGTAAAAAAGCACCAAGTTGTCTCTTATACTCTC
TTGAAGTATAAGAGACAACTTGGTGCg-3;

p0071 RNAi:

5-gatccAGGAGCTTCAGTTTCAACGTTCAAGAGACGTTGAAA
CTGAAGCTCCTTTTTTTACGCGTa-3 and

5-agcttACGCGTAAAAAAAGGAGCTTCAGTTTCAACGTCTCTT
GAACGTTGAAACTGAAGCTCCTg-3.

The pRNAT-U6.1-driven p0071 RNAI construct coexpressing plas-
ma membrane mCherry (PM-mCherry) (p0071 RNAi" M-mCherryy
was generated by replacing GFP with PM-mCherry subcloned
from a vector containing 20 aa comprising farnesylation signal
from c-Ha-Ras fused to the C terminus of mCherry (PM-
mCherry; provided by M. Korte).

A nonsilencing RNAi control (scrambled RNAi2 in pRNAT-
H1.1°"%; scr. RNAIC™Y) was generated with the following oligo-
nucleotides:

5-gatccCACAGCGTCTGAACGTAGTTTCAAGAGAACTACGTTC
AGACGCTGTGTTTTTa-3 and

5-agcttAAAAACACAGCGTCTGAACGTAGTTCTCTTGAAACTA
CGTTCAGACGCTGTGg-3,

and integrated into pRNAT-HI1.1/Hygro-GFP (GenScript). A
scrambled RNAI control driven by the U6.1 promoter (scrambled
RNAil in pRNAT-U6.1"M™Chery; gor, RNAIPM™CR™Y) was gener-
ated by replacing GFP with PM-mCherry in scrambled RNAi®™
(U6.1) (Haag et al. 2012).

Luciferase reporter assay

Sixteen hours after cotransfection of Fmrl+ and Fmrl— cells with
firefly luciferase reporter and Renilla luciferase plasmids, luciferase
activity was measured using Dual-Glo (Promega). Firefly luciferase
activities were normalized to Renilla luciferase activities.

qRT-PCR and Western blotting

Total RNA was extracted using TRIzol (Invitrogen) and transcribed
with random or oligo-dT primers and SuperScript ITI-RT into cDNA
(Invitrogen). The qRT-PCR was performed based on the SYBR
Green technology using 2xXPCR Master Mix (Promega) supple-
mented with SYBR Green (iQ5; Bio-Rad cycler). Real-time PCR
quantification was performed according to the AAC; method
(Livak and Schmittgen 2001).

For Western blotting, total protein extracts were analyzed with
the following antibodies: anti-FMRP rabbit (Abcam), anti-p0071-
tail#10 guinea pig (Peptide Specialty Laboratories), anti-tubulin
clone DM1A (Sigma Aldrich), anti-vinculin mouse (Sigma
Aldrich), anti-p-actin clone AC-74 (Sigma Aldrich), anti-GAPDH
mouse (Sigma Aldrich), and anti-GFP rabbit (Invitrogen).
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Coimmunoprecipitation

For the analysis of protein-RNA complexes, Frmrl+ and Fmrl— cells
or HEK293 cells were lysed in TaplI-buffer (10 mM HEPES pH 7.6,
10 mM KCI, 3 mM MgCl,, 0.5% NP-40, 5% glycerol supplemented
with protease inhibitors (Sigma Aldrich), RNaseOUT (Invitrogen),
and yeast t-RNA (10 mg/mlL; Invitrogen). The cleared cell lysates
were supplemented with KCl to a final concentration of 150 mM be-
fore incubation with pre-immobilized anti-FMRP (Abcam) on pro-
tein A beads (Pierce). RNA was eluted by the addition of 0.2% SDS
and p-mercaptoethanol (Sigma Aldrich) before the addition of pro-
teinase K (Fermentas). After phenol-extraction, RNA was precipitat-
ed and reverse transcribed. Precipitation of FMRP was analyzed by
Western blotting from aliquots recovered before proteinase-K
treatment.

Immunofluorescence

Cells grown on cover slips were rinsed in PBS and fixed with 3.7%
formaldehyde in PBS for 10 min at 4°C, and permeabilized at 4°C in
0.5% Triton X-100 in PBS for 15 min. Alternatively, cells were fixed
and permeabilized in 2% formaldehyde and 0.5% Triton X-100 in
PBS for 10 min at 4°C. Cells were washed in PBS and blocked for
30 min in PBS containing 1% (w/v) dry milk before antibody appli-
cation and mounted in Mowiol.

All image acquisition was performed using standardized settings
on a microscope (E600; Nikon) with a 60x objective (Apochromat
TIRF, Nikon) connected to a CCD camera (CCD-1300QLN; VDS
Vosskiihler) using NIS Elements AR 3.10 software (Nikon).

Cell culture, immunofluorescence microscopy,
and morphometric analyses of primary
hippocampal neurons

Dissociated primary hippocampal neurons were prepared and
grown on poly-D-lysine-coated glass cover slips as described previ-
ously (Kessels et al. 2001). Neurons were transfected at 4 d in vitro
(DIV4) with the calcium phosphate method and fixed 48 h later
with 4% formaldehyde for 10 min. After incubation with 25 mM
glycine in PBS for 30 min, cells were blocked and permeabilized
for 1 h in 2% BSA/10% horse serum in PBS (block solution) con-
taining 0.25% Triton X-100. Incubation with polyclonal rabbit
anti-MAP2 antibody in block solution was performed for 1 h. The
cover slips were then washed three times for 10 min with block sol-
ution and incubated with secondary Alexa Fluor 647 goat anti-rabbit
antibody in block solution for 1 h. Finally, samples were washed
twice with block solution and two times with PBS (10 min each)
and mounted onto glass slides using Mowiol.

Images were recorded by AxioVision using a Zeiss AxioObserver.
Z1 microscope equipped with Zeiss Plan-Apochromat 40x/1.3 ob-
jective and AxioCam MRm CCD camera (Zeiss) and processed by
Image] and Adobe Photoshop.

Morphometric measurements of transiently transfected hippo-
campal neurons were performed with Image] according to
Schwintzer et al. (2011). Transfected neurons identified by anti-
MAP?2 staining were imaged in systematic sweeps across the cover
slips of repeated transfections with independent neuronal prepara-
tions. The number of dendrites and the number of dendritic
branching points were determined from 66 to 80 DIV6 neurons
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for each condition. A minimal length of 10 um was used as a thresh-
old for dendrite and dendritic branch consideration. All data were
normalized to the corresponding controls run in parallel in each in-
dividual experimental set. Statistical analysis was performed using
the two-tailed Student’s ¢-test.

F-actin/G-actin ratio

Fmrl+ or Fmrl— cells (5 x 10° each) were allowed to adhere over-
night in 96-well plates, and then fixed and processed for F-actin
labeling by Alexa Fluor 594-conjugated Phalloidin (Invitrogen) or
for G-actin labeling by Alexa Fluor 594-conjugated DNasel (Invitro-
gen). F-actin/G-actin ratios were determined by fluorescence spec-
trometry using DAPI staining for normalization. Triplicates of
each sample were analyzed.

Sucrose gradient centrifugation

Fmrl+ and Fmrl— cells were incubated with cycloheximide (100 pg/
mL) for 15 min before preparing cytoplasmic lysates. After deter-
mining protein concentration, 2 mg protein were loaded on a linear
10%—45% (w/v) sucrose gradient and centrifuged in a Beckmann
SW40Ti rotor for 2 h at 40,000 rpm. Gradients were fractionated us-
ing a collection system, and RNA was isolated using phenol/chloro-
form extraction. RNA levels in each fraction were determined by
qRT-PCR.

Primer extension

Primer extensions were performed as previously described by
Schaeffer et al. (2001). In brief, RNA (3 pmol) and 10°> cpm of
[y->*P]ATP-labeled primer were heated to 95°C for 1 min and an-
nealed at 20°C for 5 min in 6 uL of 50 mM HEPES-Na pH 7.0,
100 mM NacCl or KCl as indicated, and 50 mM EDTA. Extensions
were carried out for 30 min at 37°C by adding 9 pL of a mixture con-
taining 50 mM Tris-HCI pH 8.3 at 37°C, 6 mM MgCl,, 40 mM NaCl
or KCl, 1 mM of dNTP mix, and 6 Units of AMV reverse transcrip-
tase (Promega). Reaction products were analyzed on 8% polyacryl-
amide-8 M urea gels followed by autoradiography.
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