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Cellular/Molecular

DDX3 Modulates Neurite Development via Translationally
Activating an RNA Regulon Involved in Racl Activation

Hung-Hsi Chen, Hsin-I Yu, and “Woan-Yuh Tarn

Institute of Biomedical Sciences, Academia Sinica, Taipei 11529, Taiwan

The RNA helicase DDX3 is a component of neuronal granules, and its gene mutations are linked to intellectual disability (ID). Here we
demonstrate that DDX3 depletion in neurons impairs neurite development by downregulating Racl level and activation. Moreover,
DDX3 activates the translation of functionally coherent mRNAs involved in Racl activation including Racl. Among the DDX3 regulon,
Prkaca encodes the catalytic subunit of PKA, a potential activator of Racl in neurons. DDX3-modulated PKAca and Racl expression
tunes the strength of PKA-Racl signaling and thereby contributes to neurite outgrowth and dendritic spine formation. Inhibition of
DDX3 activity or expression in neonatal mice impaired dendritic outgrowth and spine formation of hippocampal neurons, echoing
neuronal deficits underling DDX3 mutation-associated ID. Finally, we provide evidence that DDX3 activates local protein synthesis
through a 5" UTR-dependent mechanism in neurons. The novel DDX3 regulon may conduct a spatial and temporal control of Racl

signaling to regulate neurite development.
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ignificance Statement

DDX3X mutations are linked to intellectual disability (ID). We provide first evidence that DDX3 is required for neurite outgrowth
and dendritic spine formation in vitro and in vivo. We identified a DDX3 regulon constituting functionally cohesive mRNAs
involved in Racl signaling, which contributes to DDX3-modulated neurite development. Inhibition or ablation of DDX3 in vivo
shortened neurite lengths and impaired dendritic spine formation in hippocampal neurons, reflecting the prevalence of ID-
associated DDX3X mutations in the helicase domain. Mechanistically, DDX3 activates local protein synthesis of mRNAs sharing
similar 5" UTR structures and therefore controls Racl signaling strength in neurites.
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Introduction

DDX3, as a member of the DEAD/H box helicase family, partic-
ipates in several steps of gene expression, from transcription,
pre-mRNA processing, and mRNA export to translation
(Sharma and Jankowsky, 2014). DDX3 also functions as a cellular
signaling factor and contributes to antiviral innate immunity
pathways (Soto-Rifo and Ohlmann, 2013; Ariumi, 2014). Al-
though mammalian DDX3 has multiple cellular functions, the
role of DDX3 orthologs in translational control is evolutionarily
conserved (Soto-Rifo and Ohlmann, 2013; Ariumi, 2014). One
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such ortholog, yeast Ded1p, is an essential protein that functions
asa translation initiation factor that facilitates ribosome scanning
of mRNAs (Iost et al., 1999; Yang and Jankowsky, 2005). Mam-
malian DDX3 also interacts with several initiation factors, such as
components of elF3 and elF4F, whereby it facilitates 40S ribo-
some scanning of the 5" untranslated region (UTR) of mRNAs
and/or promotes 80S ribosome assembly (Lee et al., 2008; Soto-
Rifo et al., 2012). Several lines of evidence indicate that DDX3
may regulate the translation of selective mRNAs that contain a
structured 5" UTR (Lai et al., 2008; Soto-Rifo et al., 2012). DDX3
mediates certain cellular functions through its activity in transla-
tional control. For example, DDX3 is required for efficient
translation of cyclin E1 and Racl mRNAs, whereby it participates
in cell cycle progression and cell migration (Lai et al., 2008; Chen
et al., 2015). Additional activities of DDX3 also contribute to its
various cellular functions (Soto-Rifo and Ohlmann, 2013;
Ariumi, 2014).

Localized protein expression is important for the development
and function of neuronal cells, such as directional growth of axons
and synaptic plasticity of dendrites (Sinnamon and Czaplinski,
2011). Local protein synthesis involves mRNA trafficking and trans-
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lation control and is modulated by neuronal activity. Translocation
of dendrite-specific mRNAs occurs in RNA granules that contain
various RNA binding proteins linked to the cytoskeleton, which me-
diates their dynamic properties (Kiebler and Bassell, 2006; Liu-
Yesucevitz et al., 2011). Translation of those mRNAs is generally
silent during transport, whereas RNA binding proteins function co-
ordinately to regulate local translation at synapses. The most exten-
sively studied RNA binding proteins include familial mental
retardation protein (FMRP), hnRNP A2, and the microRNP effector
Ago2. Zipcode-binding protein 1 regulates 3-actin mRNA transport
and translation and is thus important for dendrite formation in
hippocampal neurons. DDX3 has also been detected in kinesin-
associated RNA granules, but it is dispensable for the transport of
calcium/calmodulin-dependent protein kinase IT (CaMKII) « sub-
unit mRNA (Kanai et al., 2004). The possibility that DDX3 plays a
role in local translation activation in neurons remains to be studied
(Elvira et al., 2006). Furthermore, DDX3 mutations are associated
with developmental disorders and sporadic and unexplained intel-
lectual deficits (Rauch et al., 2012; Deciphering Developmental Dis-
orders Study, 2015; Snijders Blok et al., 2015). We therefore explored
the functions of DDX3 in neuronal development.

DDX3 is essential for efficient expression of Racl, which
hence contributes to cell adhesion and motility control in trans-
formed and cancerous cells (Chen et al., 2015). Racl, as well as
other Rho GTPases, regulates actin dynamics in a range of cellular
processes including neuronal morphogenesis (Kuhn et al., 20005
Heasman and Ridley, 2008). We initially observed that neurite
outgrowth is compromised in DDX3-depleted cortical neurons
and neuroblastoma Neuro2A (N2A) cells, which led us to inves-
tigate whether DDX3 regulates Racl mRNA metabolism in neu-
rons and thereby affects neural development.

Here we report that DDX3 depletion abolishes Racl acti-
vation in neuronal cells. Racl activation is required for neurite
outgrowth and is modulated by upstream signaling activities
(Govek et al., 2005). We found that Prkaca, which encodes
the catalytic subunit of protein kinase A (PKAca), is a poten-
tial translational target of DDX3. PKA can mediate cAMP
signaling-enhanced neurite outgrowth by activating Racl
(Goto et al., 2011). We thus tested whether DDX3 regulates
the expression/metabolism of mRNAs that act coordinately in
neuronal development.

Materials and Methods

Plasmids and siRNAs. pcDNA-FLAG-DDX3, pcDNA-FLAG-DDX3
(S382L), pcDNA-Racl, pcDNA-RacIN17, and pcDNA-Rac1V12 were used
previously (Chen et al., 2015). pEGFP-actin was provided by Y.-P. Hsueh
(Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan). The Racl
5" UTR-Myr-dGFP-MS2 X 10 was constructed in pcDNA3.1 (Addgene), in
which myristoylated and destabilized GFP (Myr-dGFP) was amplified from
phSyn-myr-d1GFP, a gift from B. Xu (Department of Pharmacology,
Georgetown University, Washington, DC). The RFP-NLS-MCP coding se-
quence was constructed and placed in pEGFP-C1 (Addgene) to replace
EGFP with a red fluorescent protein (RFP) and MS2 coat protein (MCP)
fusion protein with an SV40 nuclear localization signal (NLS). Stealth RNAi
siRNA Negative Control Lo GC (Thermo Fisher Scientific) served as the
control siRNA (siC). The DDX3-specific siRNAs MSS236324 (siD#1),
MSS236325 (siD#2), and MSS236326 (siD#3) were purchased from Thermo
Fisher Scientific. One scramble (shC target sequence, GCGCTTC
TACCAAATACACTTGATA) and two DDX3-specific (shl, CCTAGAC
CTGAACTCTTCAGATAAT; sh2, GGAAACATTGAGCTTACTCG
TTATA) shRNAs were cloned into the pAAVEMBL-CB-EGFP vector for
adeno-associated virus (AAV) production (Chen et al., 2009).

Antibodies. Antibodies used included mouse monoclonal antibodies
against actin (catalog #sc-8432), a-tubulin (catalog #sc-5286), and
DDX3 (catalog #sc-265768; all from Santa Cruz Biotechnology), GFP

J. Neurosci., September 21, 2016 - 36(38):9792-9804 « 9793

(catalog #A-11120, Thermo Fisher Scientific), hnRNP Q1 (AnaSpec),
and Racl (catalog #23A8, EMD Millipore); rabbit polyclonal antibodies
against B-catenin (catalog #sc-7199), DDX3 (catalog #sc-98711), FMRP
(catalog #sc-28739), Racl (catalog #sc-217; all from Santa Cruz Biotech-
nology), phospho-(Ser/Thr) PKA substrate (Cell Signaling Technology),
and GFP (catalog #A-11122, Thermo Fisher Scientific); and goat poly-
clonal antibody against and Tiam2 (catalog #sc-13303, Santa Cruz
Biotechnology). Secondary antibodies for immunofluorescence and im-
munoblotting were purchased from Thermo Fisher Scientific and GE
Healthcare Life Sciences, respectively.

Cell culture and transfection. Murine N2A cells and primary neurons
were cultured and transfected as described previously (Chen et al., 2012). To
induce neurite outgrowth in N2A cells, cells were cultured in serum-free
medium or growth medium containing 10 um forskolin (Sigma-Aldrich).
To inhibit PKA activity, 20 um H89 (Cell Signaling Technology) was used.
To establish stably transfected N2A cells, cells transfected with pcDNA or
pcDNA-FLAG-DDX3 (to express FLAG-tagged DDX3) were selected in
G418 (InvivoGen) for 2 weeks and then serially diluted into a 96-well culture
plate for 2 more weeks of culture. Cells from single colonies were expanded
to assess FLAG-DDX3 expression. For transfection of cells with siRNA, 80
pmol siRNA was used for a 3.5 cm plate in all the experiments except that 20
pmol siRNA was used to partially preserve the neurite outgrowth ability of
N2A cells in Figure 7B. To achieve high knockdown efficiency in primary
cortical neuron (see Fig. 5C), Magnetophectamine-mediated transfection
was performed per the manufacturer’s instruction (OZ Biosciences).

Indirect immunofluorescence, confocal microscopy, and image
analysis. Immunofluorescence staining, confocal microscopy, and
image analysis were performed as described previously (Chen et al.,
2012). In N2A cells, neurite-bearing cells were defined as cells har-
boring neurites with total length longer than twice the cell diameter.
In primary neurons, the average length of major neurites and den-
drites (labeled as neurite length and dendrite length, respectively) was
measured in the GFP- and MPA2-positive neurons with at least one
neurite longer than 30 um.

Immunoblotting, immunoprecipitation, and RNA immunoprecipita-
tion. Immunoblotting, immunoprecipitation, and RNA immunopre-
cipitation were performed as described previously (Chen et al., 2012).
Protein intensity on immunoblots was quantified using densitometry.

Racl activation analysis. Pull-down of GTP-bound (active) Racl was
performed by using an Racl/Cdc42 Activation Assay kit (EMD Milli-
pore). Briefly, cultured cells with ~80% confluency were lysed and incu-
bated with 10 ug of PAK1 Rac/Cdc42 (p21) binding domain (PBD)
agarose at 4°C for 1 h. Beads were washed thoroughly and suspended in
Laemmli reducing sample buffer for SDS-PAGE and immunoblotting.

Polysome fractionation. Sucrose density gradient fractionation (linear
gradient, 15-40% sucrose) was performed as described previously (Lai et
al., 2010; Chen etal., 2015). RNA in each of fractions 3—6 and of § —18 was
extracted with Trizol LS Reagent (Thermo Fisher Scientific) and pooled
as light and heavy fractions, respectively.

In vivo translation assay. The in vivo translation assay was performed as
described previously (Chen et al., 2015).

RT-qPCR and RT-PCR. Reverse transcription (RT), quantitative PCR
(qPCR), and PCR were performed as described previously (Chen et al,,
2015).

Fractionation of neurite and soma. Neurite and soma fractions were
collected as described previously (Chen et al., 2012) with minor modifi-
cations. Briefly, 5 X 10° primary cortical neurons and 2 X 10° N2A cells
were seeded in 24 mm transwell polyethylene tetraphthalate membrane
inserts (1 wm pore size; EMD Millipore) with or without 1 mg/ml of
poly-p-lysine (Sigma-Aldrich) coating, respectively. Cortical neurons
were cultured in Neurobasal medium supplemented with 2% B-27 sup-
plement (Thermo Fisher Scientific), 0.5 mm L-glutamine, 100 U/ml pen-
icillin, and 100 mg/ml streptomycin for 72 h, and N2A cells were cultured
in DMEM medium supplemented with 10% fetal bovine serum, 2 mm
L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10 um
forskolin for 24 h. Lysates of neurites (bottom side) and soma (top side)
were collected from individual wells, in which the top-side and bottom-
side membranes were separately precleared with cotton swabs. Culture
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Figure 1.

DDX3 isinvolved in neurite outgrowth. 4, Primary cortical neurons cotransfected with pEGFP and siRNA at DIV1 and cultured for 2 d, and then stained with anti-GFP. The representative

images of whole neurons and growth cones are shown in the left top and bottom panels, respectively. Bar graphs show the averages of the major neurite length and growth cone area. B, Primary
cortical neurons cotransfected with pEGFP, siRNA, and indicated expression vector at DIV1 for 2 d. Anti-GFP staining was as in A. The representative images of neurons are shown on the left. The bar

graph shows the averages of the major neurite length. Error bars indicate SE.

medium and supplements were all purchased from Thermo Fisher
Scientific.

Fluorescence recovery after photobleaching. Primary cortical neurons
were cultured in phenol red—free Neurobasal medium with supplements
on pu-slide glass bottoms (ibidi GmbH) coated with poly-p-lysine and
was transfected with pcDNA-Racl 5" UTR-Myr-dGFP. Fluorescence re-
covery after photobleaching (FRAP) of live cells was performed by using
a Zeiss LSM780 upright microscope equipped with a humidified 37°C
chamber with 5% CO,, and images were captured under a 100X oil-
immersion objective lens. Green fluorescence of neurite terminals/
growth cones was bleached with 100% laser power for 100 times and then
recovered for 10 min with image capture per 20 s under 15% laser power.
To inhibit translation, 100 wg/ml cycloheximide (Sigma-Aldrich) was
added 30 min prior to FRAP.

Ketorolac treatment of mice. BALB/c mice (purchased from National
Applied Research Laboratories, Taipei, Taiwan) were housed in the ani-
mal facility of the Institute of Biomedical Sciences (Taipei, Taiwan). Mice
were mock injected or injected (intraperitoneally) with 10 mg/kg ketoro-
lac (Cayman Chemical) at postnatal day 14 (P14), P18, and P22. Mice
were killed at P24, and the brains from two males and two females of both
control and ketorolac-treated mice were dissected for Golgi staining with
the FD Rapid GolgiStain kit (FD NeuroTechnologies). Coronal sections
(140 pwm) cut with a Leica Vibratome VT1000 S were mounted on
gelatin-coated microscope slides (FD NeuroTechnologies) for staining.
Z-stack images of dendrites and dendritic spines of CA1 pyramidal neu-
rons were respectively collected under a Zeiss Axiovert 200M microscope
with a 20X objective lens and a Zeiss LSM780 microscope with a 63X
oil-immersion objective lens.

Intraventricular AAV injection. pAAVEMBL-CB-EGFP-based AAV
vectors were used to generate serotype AAV8 in HEK293T cells (Chen et
al., 2009). Intracventricular AAV injection of neonatal (P0) BABL/c mice
was performed as described previously (Kim et al., 2013). Briefly, each
cryoanesthetized mouse was manually injected with 10 ' vector genomes
of AAV per ventricle. The surviving mice were killed at P20, and coronal
sections (20 wm) of the brains from two males and two females of both
AAV-shC-injected and AAV-shl-injected mice were cut with a Leica
Cryostat CM3050S and mounted on Silane-coated slides (Muto Pure
Chemicals) for GFP and DAPI staining. Z-stack images of dendritic

spines of CA1 pyramidal neurons were collected under a Zeiss Axiovert
200M microscope with a 20X objective lens and a Zeiss LSM780 micro-
scope with a 40X water-immersion objective lens.

Statistical analysis. In all experiments shown in all figures, the average
values and corresponding SDs were obtained from at least three indepen-
dent experiments. The number of examined neurons is indicated in the
figures.

Results

DDX3 is essential for neurite outgrowth

To assess the neuronal function of DDX3, we used siRNAs to
deplete DDX3 in cultured rat embryonic cortical neurons.
Immunostaining demonstrated that a DDX3-targeting siRNA
(abbreviated as siD, siD#1 in Fig. 1A) could efficiently deplete
DDX3 in transfected neurons (data not shown). DDX3 deple-
tion decreased neurite length and growth cone area by, respec-
tively, ~50 and ~25% in primary cortical neurons (Fig. 1A),
suggesting that DDX3 may have a role in cytoskeletal rear-
rangements. Next, to evaluate whether such a function of
DDX3 may involve its RNA helicase activity, we ectopically
expressed the wild-type or helicase-defective (S382L) DDX3
(Yedavalli et al., 2004) in DDX3-depleted cortical neurons.
The result showed that only the wild type was able to rescue
neurite outgrowth in DDX3-depleted cells (Fig. 1B), suggest-
ing that DDX3 helicase activity may participate in neurite
outgrowth.

Next, we characterized the role of DDX3 in neurite out-
growth of N2A cells. Compared with controls, siD-transfected
N2A cells failed to generate neurite-like processes under
serum-free conditions (Fig. 2A). Ectopically expressed wild-
type but not S382L DDX3 could rescue neurite outgrowth in
DDX3-depleted N2A cells (Fig. 2A), indicating that the RNA
helicase activity of DDX3 is also essential for neurite out-
growth in N2A cells.
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Rac1 activity is required for DDX3-modulated neurite outgrowth. A, N2A cells were cotransfected with siRNA (siC or siD#1) and the empty or DDX3 (wild-type or $382L mutant)

expression vector. The left panel shows immunofluorescence staining for ce-tubulin and DDX3 (insets). The bar graph shows the percentages of neurite-bearing cells. B, Active Rac1 was pulled down
from lysates of siRNA-transfected N2A cells using PAK-PBD beads. Inmunoblots show DDX3, B-catenin, actin, and Rac1 in the input and resin-bound fractions. The relative levels of activated Rac1
are shown below the blots. €, N2A cells were cotransfected with the indicated siRNA and an empty or an Rac1 (wild-type or V12 mutant) expression vector. Immunofluorescence staining was
performed for ce-tubulin. The bar graphs show the percentages of spreading and neurite-bearing cells. Error bars indicate SE.

Activated Racl is responsible for DDX3-modulated

neurite outgrowth

We reported previously that DDX3 promotes the translation of
Racl mRNA, which is essential for N2A cell migration in the
serum-containing medium (Chen et al., 2015). Racl is also in-
volved in neurite outgrowth and growth cone dynamics (Woo
and Gomez, 2006). We therefore examined Racl expression in
DDX3-depleted N2A cells under serum-free conditions. Immu-
noblotting revealed that DDX3 knockdown reduced the level of
Racl protein by ~50% (Fig. 2B, Racl in input). Ectopic expres-
sion of Racl could rescue the cell-spreading phenotype of DDX3-
depleted N2A cells, as reported previously (Chen et al., 2015), but
was unable to restore neurite outgrowth (Fig. 2C, bar graphs,
siD#1, R). Nevertheless, overexpression of constitutively active
Racl (RaclV12) could rescue both cell spreading and neurite
outgrowth of DDX3 knockdown cells (Fig. 2C, siD#1, Rac1V12).
Therefore, DDX3 may regulate not only the level of Rac1, but also
its activity in neurite outgrowth.

To test our conjecture that DDX3 also modulates Racl activ-
ity, we estimated the level of active Racl in DDX3 knockdown
cells. A pull-down assay using glutathione S-transferase fused to
the Rac/Cdc42 (p21) binding domain of p21-activated kinase
(PAK) as bait showed that the level of active Racl was reduced to
~10% of that of the control (Fig. 2B, Racl in PBD), suggesting
that DDX3 is also essential for Racl activation.

DDX3 is required for both PKAca and Racl

protein expression

To explore the mechanism by which DDX3 activates Racl, we
analyzed previously identified translational targets of DDX3 (Lai

et al., 2010) using the Database for Annotation, Visualization
and Integrated Discovery (http://david.abcc.nciferf.gov/).
This analysis detected several upstream activators of Racl,
including signaling kinases, growth factors, and receptors
(Fig. 3A). We then performed sucrose density gradient sedi-
mentation to analyze the distribution of those mRNAs among
polysomes. The result showed that several of these target
mRNAs shifted from heavy to light polysomal fractions upon
DDX3 knockdown. Besides Racl, Prkaca exhibited most
prominent change among all examined factors (Fig. 3B). PKA
has a variety of cellular functions, including promoting neu-
rite outgrowth through Racl activation (Goto et al., 2011).
Therefore, we evaluated whether DDX3 is involved in Racl
activation via promoting the translation of Prkaca mRNA.
Immunoblotting demonstrated that the level of PKAca de-
creased by >60% upon DDX3 knockdown (Fig. 3C).

DDX3 can activate the translation of mRNAs with a struc-
tured 5" UTR, such as Racl (Chen et al., 2015). Interestingly,
ClustalW and RNAfold analyses revealed substantial nucleotide
sequence identity and structural similarity between the Prkaca
and Racl 5" UTRs (Fig. 3D). We next performed an in vivo trans-
lation assay in HeLa cells using a luciferase reporter containing
either the Racl or Prkaca 5" UTR. DDX3 knockdown significantly
decreased the luciferase activity of these two reporters (Fig. 3E).
Moreover, the wild-type but not the helicase-defective DDX3
could restore the activity of both reporters (Fig. 3E), indicating
that the helicase activity of DDX3 is required for translational
activation of Racl and Prkaca mRNAs that possibly share com-
mon structural features.
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DDX3-modulated neurite outgrowth involves the
PKA-Racl pathway
Based on our results, we hypothesized that DDX3 promotes neu-
rite outgrowth by enhancing the PKA—Racl signaling pathway.
To test this possibility, we took advantage of forskolin-induced
neurite outgrowth. As reported previously (Yusta et al., 1988), we
observed neurite outgrowth of forskolin-treated N2A cells, which
could be disrupted by the PKA inhibitor H89, indicating that
forskolin acted specifically through PKA (Fig. 4A4). Moreover, the
GST-PBD pull-down assay revealed that the level of activated
Racl increased by more than threefold upon forskolin treatment,
and this increase was abolished by further addition of H89, sug-
gesting that forskolin induced Racl activation via PKA (Fig. 4B).
To investigate whether Racl activation is essential for neurite
outgrowth in forskolin-treated cells, we ectopically expressed a
dominant-negative Racl mutant, RacIN17, which disrupts en-
dogenous Racl activity (Heasman and Ridley, 2008). Indeed,
RacIN17 almost completely abolished forskolin-induced N2A
neurite outgrowth (Fig. 4C), supporting the essential role of
activated PKA-Racl signaling. Moreover, both forskolin-
promoted neurite outgrowth and Racl activation were largely
compromised in DDX3-depleted N2A cells (Fig. 4D), suggesting
that DDX3 plays a critical role in the PKA—Racl1 signaling axis in
neuronal cells. Next, we overexpressed PKAca and/or Racl in
mock or DDX3-depleted N2A cells under serum-supplemented
conditions. PKAca overexpression induced neurite outgrowth in
N2A cells, as observed in forskolin treatment, while such an effect
was abolished by DDX3 knockdown (Fig. 4E-G). In contrast,
overexpression of both PKAca and Racl or Rac1V12 alone could
still induce neurite outgrowth in DDX3 knockdown cells (Fig.
4E-G), indicating that DDX3 is essentially involved in PKA—Racl
signaling-mediated neurite outgrowth in N2A cells. It has been

reported that PKA phosphorylates Tiam2, and hence activates
Racl and induces neurite outgrowth in PC12D cells (Goto et al.,
2011). Using anti-phospho-PKA substrate antibodies, we ob-
served that the level of phosphorylated Tiam2 was indeed in-
creased in forskolin-treated or PKAca-overexpressing N2A
cells, indicating that PKAca may activate Racl through Tiam2
(Fig. 4H).

Next, we established two lines of N2A cells (N2A/DDX3) that
ectopically expressed FLAG-tagged DDX3 at different levels. Im-
munoblotting revealed that the upregulated level of Racl and
PKAca correlated well with the level of FLAG-DDX3 (Fig. 4I).
Compared with mock cells, a greater fraction of N2A/DDX3 cells
generated neurites after induction with forskolin (Fig. 4]), sup-
porting the role of DDX3 in strengthening PKA—Racl signaling
during neurite outgrowth.

Correlated expression of DDX3, PKAca, and Racl in

primary neurons

Racl and PKA modulate not only neurite outgrowth, but also
dendrite arborization and dendritic spine formation (Tashiro
and Yuste, 2004; Gualdoni et al., 2007; Zhang et al., 2013; Copf,
2014). Therefore, we examined Racl and PKAca expression in
rat embryonic cortical neurons that were cultured up to 20 d in
vitro (DIV). Immunoblotting showed that their protein levels
increased in accordance with that of DDX3 from DIV1 to DIV9
(Fig. 5A), whereas their mRNA levels remained essentially con-
stant throughout this period (data not shown). Although DDX3
was subsequently downregulated in the neurons, its expression in
dendrites was still notable at later stages (data not shown). Thus,
dendritically localized DDX3 might be sufficient to promote
Racl and PKAca protein expression after DIV9 (Fig. 5A, DIV13
and DIV20). To evaluate whether DDX3 is critical for Racl and
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transfected with the control vector (V) or PKAc-expressing vector for 24 h. Tiam2 was immunoprecipitated (IP) from cell lysates and detected by anti-Tiam2 and anti-phospho-PKA
substrates. I, Inmunoblots of mock (V) or low- or high-level DDX3-expressing stable N2A cells. The bar graph shows relative levels of Rac1 and PKAcc. J, Mock or FLAG-DDX3-expressing
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Figure 5.  DDX3 modulates neurite outgrowth via PKA—Rac1 signaling in primary cortical neurons. A, Inmunoblots show the indicated proteins in primary cortical neurons at DIV1-DIV20. The

bar graph shows the expression levels of DDX3 (blue line), PKAccx (red bars), and Rac1 (green bars) at different culture times compared with DIV1. Actin was used for normalization. B, Primary cortical
neurons cotransfected with pEGFP and siC or siD#1 were subjected to immunofluorescence staining for GFP and PKAcc or Rac1. Fluorescence intensities of PKAce (left) and Rac1 (right) in
EGFP-positive soma were quantified. , Lysates from cortical neurons transfected with siC or siD#1 by Magnetofectamine reagents were subjected to PAK-PBD pull-down. Immunoblots show DDX3,
actin, and RacT in the input and resin-bound fractions (active Rac1). D, Primary cortical neurons were transfected with the pEGFP vector and then mock treated (Con) or treated with forskolin (FK)
or FK plusH89for 24 h. The bar graphsin D, F, H,J,and K show average major neurite lengths at DIV1 + 2. E, Lysates of primary cortical neurons treated as in D were subjected to PAK-PBD pull-down.
Immunoblots show DDX3, actin, Rac1, and resin-bound active Rac1. F, Primary cortical neurons were transfected with pEGFP and the empty (V) or RacIN17 vector followed by mock or FK treatment
for 24 h. G, Primary cortical neurons were transfected with pEGFP, siRNA (siCor siD#1), and the empty (V) or Rac1 (R) expression vector in the presence or absence of FK for 24 h. Average major neurite
lengths were obtained at DIVO + 2. H, Primary cortical neurons were transfected with pEGFP, siRNA (siC or siD#1), and the empty (Vec), PKAccy, RacT, or Rac1V12 expression vector. /, Primary
hippocampal neurons were transfected as in H. Represented images of GFP-stained neurons are shown on the left. J, Primary cortical neurons cotransfected with the EGFP and DDX3 or empty
expression vectors were mock or H89 treated for 24 h. K, Primary cortical neurons at DIV2 were mock or FK treated for 24 h. Cell lysates were subjected to immunoprecipitation (IP) with anti-Tiam2

and immunoblotting for Tiam2 and phospho-PKA substrates. Error bars indicate SE.

PKAca protein expression in primary neurons, we transfected
siD#1 and the pEGFP expression vector in DIV6 cortical neurons
and performed coimmunostaining of GFP with PKAca or Racl
at DIV9. DDX3 knockdown decreased the levels of PKAca and
Racl by ~50 and ~40%, respectively (Fig. 5B), supporting the
direct role of DDX3 in expression of those two factors in primary
neurons.

Activation of PKA-Racl signaling in primary neurons

To examine whether DDX3 knockdown also decreases Racl ac-
tivity in cortical neurons, we transfected siRNA into cortical
neuron using high efficient Magnetofectamine. Transfection of
siD#1 decreased DDX3 and Racl protein expression and robustly

abolished Racl activation (Fig. 5C). Next, we evaluated the in-
volvement of the PKA—Racl signaling pathway in cortical neurite
outgrowth. Forskolin slightly increased the neurite length of cor-
tical neurons, whereas H89 almost completely abolished neurite
outgrowth of both control and forskolin-treated cortical neurons
(Fig. 5D). Consistent with the results of N2A cells, forskolin treat-
ment induced Racl activation while H89 disrupted the activa-
tion (Fig. 5E). Overexpression of RacIN17 reduced the neurite
length by ~30%, even in the presence of forskolin (Fig. 5F),
indicating that Racl is a critical mediator of PKA-mediated
neurite outgrowth.

Next, we tested whether DDX3 modulates cortical neurite
outgrowth via the PKA—Racl pathway. We transfected siD#1 in
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DIVO cortical neurons and observed, as above, that the neurite
length of transfected cells decreased significantly at DIV2. Nei-
ther overexpression of Racl nor forskolin treatment was suffi-
cient to rescue neurite outgrowth. Nevertheless, a combination of
ectopic Racl and forskolin fully restored the neurite length of
DDX3 knockdown neurons (Fig. 5G), indicating that DDX3
knockdown disrupted PKA-Racl signaling in neurons, as ob-
served in N2A cells. We also individually or concomitantly ex-
pressed PKAca and Racl or RaclV12 in control or DDX3
knockdown cortical neurons. The results showed that the eleva-
tion of either PKAcarand Racl level or Racl activity was sufficient
to compensate neurite outgrowth in DDX3 knockdown cortical
neurons (Fig. 5H). Similar results were replicated in hippocam-
pal neurons (Fig. 5I).

Although FLAG-DDX3 was transiently overexpressed in cor-
tical neurons, the neurite length of transfected neurons was not
significantly increased (Fig. 5], compare DDX3 with vector in the
absence of H89). We suspected that a high dose of DDX3 in
transiently transfected neurons has noxious effects, such as trans-
lation suppression (Shih et al., 2008), and therefore compromises
neuronal function. Nevertheless, we observed that DDX3 over-
expression could neutralize the suppressive effect of H89 (Fig.
5]). Therefore, DDX3-activated PKAca and Racl expression
may strengthen PKA-Racl signaling to promote neurite out-
growth of primary neurons in response to increased cAMP level
and PKA activation. Finally, we demonstrated that forskolin
treatment in cortical neurons also induced PKA-mediated phos-
phorylation of Tiam2, which may subsequently lead to Racl ac-
tivation (Fig. 5K).

DDX3-mediated signaling in dendrite morphogenesis

The data showing that the level of DDX3 protein peaked during
DIV6-DIV9 in hippocampal neurons implied its potential role
in neurite development. We therefore transfected siD into hip-
pocampal neurons at DIV6 and analyzed dendrite number and
major dendrite length at DIV9. The results showed that DDX3
knockdown reduced the major neurite length by ~40% but did
not significantly affect dendrite number (Fig. 6A). The combina-
tion of Racl overexpression and forskolin treatment rescued the
dendrite length in DDX3 knockdown cells, indicating the in-
volvement of the DDX3-modulated PKA—Racl pathway in den-
drite extension (Fig. 6A).

We also examined whether DDX3 is important for dendritic
spine formation. DDX3 knockdown at DIV14 in hippocampal
neurons for 3 d significantly decreased the density of dendritic
spines (Fig. 6B). Moreover, DDX3 knockdown decreased the
population of mature mushroom-shaped dendritic spines, but
increased the population of immature filopodia-shaped as well as
irregular dendritic spines (Fig. 6C). Racl overexpression rescued
dendritic spine density but not spine maturation in DDX3
knockdown neurons (Fig. 6 B, C, siD+R). The latter particularly
required PKA activation (Fig. 6C, siD+FK, siD+R+FK), sug-
gesting that DDX3-activated PKA and Racl expression sequen-
tially modulates dendritic spine formation (Fig. 6D).

To evaluate DDX3 function in dendrite development in vivo,
we took advantage of a DDX3-specific inhibitor, ketorolac (Sa-
mal et al., 2015). We intraperitoneally injected P14 mice with
ketorolac. Immunoblotting of P24 brain showed that ketorolac
treatment reduced DDX3 as well as PKAca and Racl in the hip-
pocampus (Fig. 6E). Golgi staining showed that pyramidal neu-
rons in the hippocampal CA1 region exhibited shorter apical
neurites as well as reduced dendritic spine density with less ma-
ture morphology upon ketorolac treatment (Fig. 6 F, G). To spe-
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cifically validate the role of DDX3 on dendritic spine formation in
vivo, we adopted AAV-mediated knockdown. The knockdown
efficiency of AAV vectors encoding DDX3 shRNAs (sh1 and sh2)
was verified in N2A cells (Fig. 6H ). Intraventricular injection of
AAV-sh2 that harbored higher knockdown efficiency at P1 re-
sulted in 80% lethality at P20, while AAV-sh1l and AAV-shC
resulted in 20 and 0% lethality, respectively. Indeed, a high dose
of ketorolac (>20 mg/kg) also led to 100% lethality during P10 to
P24. The finding indicated that a basal level of DDX3 activity in
postnatal mice brain is essential for survival. We thus compared
only dendritic spines between AAV-shC and AAV-shl hip-
pocampus (Fig. 6 1,]). Consistent with ketorolac administration,
DDX3-depleted hippocampal neurons had lower dendritic spine
density and exhibited less mature spine morphology (Fig. 6]).
These results were thus consistent with our in vitro observations
and further indicated the important role of DDX3 in dendritic
spine development.

DDX3 is required for localized PKA—Racl signaling

We finally investigated how DDX3 regulates localized synthesis
of PKAca and Racl. First, we collected soma and neurites of
DIV cortical neuronal cells grown on transwells to examine the
distribution of Prkaca and Racl mRNAs in neurites. The neurite
fraction contained a significant portion of Actb mRNA but not
Ddx3x mRNA, indicating the specificity of subcellular fraction-
ation (Fig. 7A). Moreover, both Prkaca and Racl mRNAs as well
as DDX3 protein, albeit with only a small fraction, were detected
in neurites (Fig. 7A). Immunoprecipitation of DDX3 demon-
strated that DDX3 indeed associated with Prkaca and Racl
mRNAs in neurites (Fig. 7A), reemphasizing the role of DDX3 in
the metabolism of these two mRNAs in neurites.

Next, we subjected stable FLAG-DDX3-expressing N2A cells
to subcellular fractionation. DDX3-overexpressing cells ex-
pressed increased levels of Racl and PKAca proteins, as pre-
dicted. More notably, the neurite-to-soma ratios of these two
proteins but not their mRNAs were increased by 20-30% com-
pared to mock cells (Fig. 7B). In contrast, while we moderately
reduced DDX3 expression using siD to partially maintain neurite
outgrowth of N2A cells (see Materials and Methods), we ob-
served that the levels of Racl and PKAca proteins were signifi-
cantly decreased in the remaining neurites, but only slightly
decreased in the soma (Fig. 7C). Thus, DDX3 likely mediates
expression of Racl and PKAca proteins in neurites.

To explore how DDX3 may regulate the translation of target
mRNAs in neurites, we took advantage of a dual reporter to trace
both RNA localization (Rook et al., 2000) and local protein syn-
thesis (An et al., 2008) (Fig. 7D). The reporter mRNA comprised
the Racl 5" UTR and MS2 element-containing 3" UTR; the latter
allows detection of reporter mRNA localization via the binding of
the nuclear-localized RFP-MS2 protein. Moreover, the reporter
encoded Myr-dGFP, which can integrate into nearby membranes
and is subsequently degraded in proteasomes. Immunofluores-
cence showed the overall GFP but not RFP signal produced from
the Racl 5" UTR reporter was decreased in DDX3 knockdown
neurites (Fig. 7E). By monitoring the GFP signal in proximal and
distal halves of neurites, we observed that both Racl 5" UTR and
3" UTR increased the ratios of GFP signal in distal neurites, while
DDX3 knockdown only attenuated the distal-to-proximal ratio
of those reporters with the Racl 5" UTR (Fig. 7F), indicating that
DDX3-regulated local protein synthesis is 5 UTR dependent.
Furthermore, we observed that the GFP signal of the Racl 5’
UTR-containing reporter was more significantly reduced in the
distal parts of DDX3-depleted neurites (Fig. 7G). In contrast,
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Figure 6.  DDX3 modulates dendrite outgrowth and dendritic spine formation via PKA—Rac1 signaling in primary hippocampal neurons. 4, Primary hippocampal neurons were transfected and
treated with forskolin (FK) as in Figure 5G. Immunofluorescence staining of GFP and MAP2 was performed to distinguish dendrites in transfected neurons. The bar graph shows average dendrite
numbers and longest dendrite lengths of individual neurons at DIV6 + 3. B, Primary hippocampal neurons were cotransfected with pEGFP-actin and siC or siD#1 and the empty (V) or Rac1 (R)
expression vector and mock or FK treated, followed by immunofluorescence staining as in A. Average dendritic spine numbers are shown in the bar graph. ¢, Morphologies of dendritic spines in
B were classified as mushroom (M), stubby (S), thin (T), filopodium (F), and irregular (I). The bar graph shows the percentages of each morphology class. The representative images of each
transfection are shown at the right. D, Schematic depicting that Rac1 may promote dendritic spine formation and dendritic spine morphogenesis/maturation; the latter requires PKA activation. DDX3
regulates the translation of both PKAcae and Rac1 mRNAs and thereby controls the strength of PKA—Rac1 signaling for dendritic spine formation. E, Hippocampal lysates from control and
ketorolac-treated mice were subjected to immunoblotting analysis for DDX3, PKAcc, Rac1, and actin. F, The images (left) show Golgi staining of pyramidal neurons in the hippocampal CA1 region.
The bar graph presents the average lengths of the longest apical dendrites obtained from distinguishable neurons. G, The images show Golgi staining of apical dendritic spines in CA1 pyramidal
neurons. Scale bar, 10 wm. The bar graphs show average spine density and percentages of mature versus immature spines for each indicated group. H, N2A cells transfected with indicated
AAV-shRNA were subjected to immunoblotting analysis for DDX3, actin, PKAccy, and Rac1. I, GFP signal was detected in hippocampal neurons in P20 mice with intraventricular injection of AAV at
P0.J, The images show GFP staining of dendritic spines in hippocampal neurons. Scale bar, 10 em. The bar graphs show average spine density and percentages of mature versus immature spines
for each indicated group. Error bars indicate SE.

DDX3 knockdown affected neither GFP nor RFP signals of the To further demonstrate that the Racl 5" UTR-GFP reporter
control reporter in neurites (Fig. 7E). These results indicated that ~ expression in neurites involves local translation, we performed
DDX3 specifically activated the translation of the reporter con-  FRAP. The GFP fluorescence from this reporter was recovered

taining the Racl 5" UTR in neurites. faster in the neurite terminus of the control than DDX3 knock-
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Figure7.  DDX3isinvolved in local synthesis of PKAcor and Rac1. 4, Cortical neurons were cultured in transwell inserts (1 um pores) for 3 d. Soma (S) and neurite (N) lysates were respectively
isolated from top and bottom compartments and subjected to immunoprecipitation (IP) with anti-DDX3. Protein and RNA collected from both input and IP were analyzed with immunoblotting and
RT-PCR, respectively. B, Left, Mock (V, Vector) or high-level FLAG-DDX3-expressing (D, DDX3) stable N2A cells (see Fig. 4£) were cultured in transwell inserts and treated with forskolin for 24 h.
Protein and RNA from both soma and neurites were analyzed by immunoblotting and RT-PCR, respectively. Right, Quantification of immunofluorescence intensity of PKAc and RacT in stable cells.
The bar graph shows the relative neurite/soma intensity of DDX3-expressing versus mock cells. €, The experiment and analysis were as in B except that siRNA-transfected N2A cells were used. The
bar graph shows the relative neurite/soma intensity of DDX3-expressing versus mock cells. D, The diagram depicts the design of RFP-MCP and Myr-dGFP to monitor local Myr-dGFP synthesis and
localization of Myr-dGFP-MS2 mRNA in neurons. E, Cortical neurons were cotransfected with siRNA (siC or siD#1), the control (Con) or Rac7 5" UTR-containing Myr-dGFP reporter, and pRFP-MCP at
DIV1 and subjected to fluorescence quantification at DIV3. The bar graph shows the neurite-to-soma ratios of the Myr-dGFP protein and Myr-dGFP-MS2 mRNA, as indicated by GFP (green bar) and
RFP (red bar) fluorescence, respectively. F, Cortical neurons were cotransfected with siRNA (siC or siD#1) and the control (Con), Rac7 5" UTR, Rac7 3" UTR, or both Rac7 5" and 3" UTR-containing
Myr-dGFP reporterat DIV1and subjected to fluorescence quantification at DIV3. The bar graph shows distal half to proximal half ratios of the Myr-dGFP protein. G, Cortical neurons were cotransfected
withsiCorsiD#1and the Rac7 5" UTR-containing Myr-dGFP reporter at DIV1. Fluorescence intensity was quantified along the major neurites ranging from 150 to 450 um at DIV3 (top). The bar graph
shows the intensity of equally divided regions (45 wm each) from the proximal to distal ends (bottom). H, Neurons were transfected as in F and subjected to FRAP. A set of siC-transfected cells was
treated with cycloheximide (CHX) for 30 min. Images show neurite terminals before (—) and immediately after bleaching (0), and at 4 and 10 min after bleaching. The graph shows the average
fluorescence intensity of siC, siD#1, and siC + CHX neurite terminals, respectively. Error bars indicate SE.
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down neurons (Fig. 7H). Cycloheximide abolished such GFP
fluorescence recovery, supporting the role of translation in Racl
5" UTR-GFP expression at neurite tips (Fig. 7H). Collectively,
our results indicated that DDX3 promotes the translation of tar-
get mRNAs in neurites and that local upregulation of the DDX3
targets Racl and PKAca facilitates neurite outgrowth and den-
dritic spine formation.

Discussion

We previously reported that DDX3 is essential for efficient trans-
lation of RacI mRNA, and DDX3-mediated Racl expression sus-
tains the Wnt--catenin signaling pathway that promotes cancer
cell invasion (Chen et al., 2015). Our present study presents evi-
dence that DDX3 regulates the translation of both Prkaca and
Racl mRNAs in neurons and therefore maintains the PKA—Racl
signaling axis at neurite terminals for both neurite outgrowth and
dendritic spine formation.

DDX3 promotes translation via structured 5’ UTR elements
We and others have demonstrated that DDX3 is essential for
efficient translation of specific mRNAs with complicated 5 UTRs
(Lai et al., 2008, 2010; Soto-Rifo et al., 2012; Chen et al., 2015).
Moreover, DDX3 interacts and/or colocalizes with el[F4F compo-
nents (Lai et al., 2008; Soto-Rifo et al., 2012). DDX3/Ded1p may
facilitate RNA unwinding during ribosomal scanning of mRNAs
or induce local separation of structured regions to facilitate cap
recognition and elF4A-catalyzed unwinding (Marsden et al.,
2006; Lai et al., 2008; Soto-Rifo et al., 2012). We previously de-
termined a DDX3-responsive region in the Racl 5" UTR that
contains two extended RNA duplexes (Chen et al., 2015), and in
our present study we found that this structural feature exists in
the 5" UTR of Prkaca (Fig. 3). We thus deduced that DDX3 may
recognize common RNA structural and/or sequence elements
in the 5" UTR to facilitate translation. Moreover, the notions
that the DDX3-S382L mutant with partial RNA helicase activ-
ity failed to activate translation of Racl and Prkaca mRNAs
(Fig. 3), whereas it could sustain local RNA unwinding (Soto-
Rifo et al., 2012), suggest that DDX3 can assist translation via
different mechanisms.

DDX3 promotes translation in neuronal growth cones

Localized translational control in RNA granules is important for
spatial and temporal protein expression in polarized cells (Gavis
et al., 2007; Holt and Schuman, 2013). The Drosophila RNA he-
licase Me31B (DDX6 homolog) has been found in RNA granules,
but it functions to suppress the translation of certain synaptic
mRNAs in the dendrites of hippocampal neurons (Hillebrand et
al., 2010). Indeed, human DDX6 also functions to suppress trans-
lation during erythrocyte differentiation (Naarmann etal., 2010).
Besides, RNA helicases have been shown to regulate the activity
or direct dendritic localization of miRNAs in neuronal cells, but
in that context they also suppress translation (Bicker et al., 2013;
Nicklas et al., 2015). In contrast, we show here that DDX3 posi-
tively regulates translation of target mRNAs in neurites (Figs. 3).
Depletion of DDX3 reduced target mRNA translation par-
ticularly in neurite tips (Fig. 7). Therefore, we speculate that
DDX3-associated granule factors may suppress translation be-
fore mRNPs reach the growing tip. Notably, treatment of cells
with the neurotrophin BDNF increases the number and motility
of DDX3 granules in hippocampal neurons (Elvira et al., 2006).
The possibility of whether BDNF and/or synaptic signals control
the movement of DDX3-containing granules toward neurites
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and/or trigger DDX3-mediated translation in neurite terminals
remains to be determined.

DDX3 regulates neurite outgrowth via localized translation
Local mRNA translation plays an important role in axon guid-
ance and synapse formation, and it also impacts neurite out-
growth (Holt and Schuman, 2013). A well-studied example is
CaMKII, which plays multiple roles in neurons including neurite
growth (Gavis et al., 2007). Localized translation of CaMKIl«
mRNA is regulated by translation factors and RNA binding pro-
teins such as eEF2 and cytoplasmic polyadenylation element
binding proteins through different mechanisms (Bramham and
Wells, 2007). Rac family members regulate neuronal cell mor-
phology and differentiation (Govek et al., 2005). Racl activation
can trigger rapid neurite outgrowth in primary neurons and
PC12 cells (Govek et al., 2005). The activity of Racl is essentially
regulated by guanine exchange factors, whereas these factors can
be directly or indirectly modulated by PKA (Sassone-Corsi,
2012). Although PKA plays a considerable role in neuronal out-
growth, axonal guidance, and morphogenesis (Qiu et al., 2002;
Taskén and Aandahl, 2004; Tojima et al., 2011), less is known
about how PKA acts via Racl in neuronal cells and how PKA and
Racl expression is locally regulated in neurites. We report here
that DDX3 contributes to Racl and PKAca protein expression in
neurite terminals (Figs. 5, 7), which establishes the involvement
of the PKA—Racl pathway in neurite outgrowth (Figs. 2, 4).
Moreover, consistent with previous reports that Racl is required
for dendritic spine formation and that its activation can further
promote dendritic spine enlargement/maturation (Penzes et al.,
2003; Zhang et al., 2013), our results demonstrate that DDX3-
enhanced expression of Racl and PKAca contributes to spine
formation and morphogenesis in hippocampal neurons (Fig. 6).
In addition, several uncharacterized DDX3 target candidates en-
code MAP kinases that also have secondary structures at their 5'
UTRs (data not shown). Localized translation of several growth
cone MAP kinases contributes to neurite elongation (Feltrin et
al., 2012). Therefore, DDX3 may coordinate localized transla-
tion of RNA regulons for neurite outgrowth and dendritic
spine formation.

DDX3-mediated fine-tuning of PKA—Rac1 signaling and
neuronal development

Neuronal cAMP levels are developmentally regulated and also
influenced by a variety of environmental cues (Qiu et al., 2002).
cAMP activates multiple pathways; PKA is a major downstream
effector of cAMP. Nevertheless, the PKA—Rac1 signaling axis is
largely regulated in a cell context-dependent manner and exerts
various cellular effects (Sassone-Corsi, 2012; Goto et al., 2014).
Here, we showed that PKA and Racl contributed to neurite out-
growth, dendrite extension, and dendritic spine formation at
different stages (Figs. 5, 6). DDX3 may maintain the level of
PKA-Racl signaling components in growth cones and dendritic
spines, which increases the sensitivity of growth cones and den-
dritic spines to cCAMP. We postulate that the activity or level of
DDX3 in growing neurites may reduce the threshold for cAMP
responsiveness and fine-tunes PKA signaling involved in neurite
outgrowth and dendritic spine formation.

Notably, DDX3X mutations in the ATPase and helicase domains
have been linked to developmental disorders and intellectual disabil-
ity (ID; Rauch et al., 2012; Deciphering Developmental Disorders
Study, 2015; Snijders Blok et al., 2015). We show here that adminis-
tration of ketorolac, which inhibits the ATPase activity of DDX3
(Samal et al., 2015), or knockdown of DDX3 by shRNA in neonatal
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mice significantly inhibited dendritic outgrowth and/or spine for-
mation in hippocampal neurons, supporting the critical require-
ment for DDX3 activity in neuronal development (Fig. 6).
Moreover, our results demonstrating a role for DDX3-enhanced
PKA-Racl signaling in dendrite outgrowth and dendritic spine for-
mation (Fig. 6) imply that the PKA—Rac1 signaling axis might be
disrupted in DDX3X-mutated ID patients. In fact, identification of
mutations of CC2DIA (encoding a PKA regulatory factor) and
ARHGEF6 (encoding an Rac guanine nucleotide exchange factor) in
ID supports the importance of cAAMP—-PKA signaling and Rac1 acti-
vation in neuronal development (Al-Tawashi et al., 2012; Ramakers
et al,, 2012) and echoes our results. Finally, our results suggest that
mutations causing defects in the DDX3-PKA-Racl signaling axis
may be a potential molecular mechanism for a subset of IDs.
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