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Abstract

The small GTPase Ras superfamily regulates several neuronal functions including neurite

outgrowth and neuron proliferation. In this study, zebrafish dirasla and diraslb were

identified and were found to be mainly expressed in the central nervous system and dorsal

neuron ganglion. Overexpression of GFP-dirasla or GFP-diraslb triggered neurite outgrowth

of Neuro-2a cells. The wild types, but not the C-terminus truncated forms, of dirasla and

diraslb elevated the protein level of Racl and downregulated RhoA expression. GST

pull-down assay also revealed that dirasla and diraslb enhanced Racl activity. Interfering

with Racl, Pakl, or CDK5 activity or with the Arp2/3 inhibitor prevented dirasla and

diraslb from mediating the neurite outgrowth effects. In the zebrafish model, knockdown of

dirasla and/or diraslb by morpholino antisense oligonucleotides not only reduced axon

guidance but also caused the loss of trigeminal ganglion without affecting the precursor

markers, such as ngnl and neuroD. Co-injection with mRNA derived from mouse Dirasl or

constitutively active human Racl restored the population of trigeminal ganglion. In

conclusion, we provided preliminary evidence that dirasl is involved in neurite outgrowth

and maintains the number of trigeminal ganglions through the Rac1-dependent pathway.

Keyword: dirasl, neurite outgrowth, rac1, trigeminal ganglion, zebrafish

Introduction



The Ras GTPase superfamily proteins function as important regulators in a wide variety of

biological processes, including proliferation, differentiation, signal transduction, protein

synthesis, and cell metabolism [1-3]. The Ras superfamily is divided into five subfamilies

according to their sequence homology and biochemical properties. The five families are Ras,

Rho, Rab, Ran, and Arf [3]. The Ras superfamily switches between two states, namely, a

GTP-bound active form and a GDP-bound inactive form. The activation of Ras proteins is

mediated by guanine nucleotide exchange factors that facilitate the exchange of the

GDP-bound form and is deactivated by GTPase-activating proteins that enhance intrinsic

GTP hydrolysis. When bound to GTP, Ras proteins associate with effectors, which results in

the propagation of downstream signaling [4,5].

Recent evidence suggests that Rho subfamily proteins are key regulators of the actin

cytoskeleton, cell adhesion [6,7], and cell polarization [8]. The most understood proteins in

the Rho-family GTPase are Ras-related C3 botulinum toxin substrate 1 (Racl), cell division

cycle 42 (cdc42), and Ras homologous member A (RhoA). Racl induces lamellipodium

formation through actin polymerization, Cdc42 regulates the formation of filopodia [9,10],

and RhoA mediates stress fiber formation [11]. These three Rho family GTPases, which

may be involved in neuron development, are predominantly expressed throughout the

nervous system in such areas as the hippocampus, cerebellum, thalamus, and neocortex [12].

Emerging reports indicate that Rho GTPases regulate the axonal initiation and motility of



neurite terminals. Racl and Cdc42 generally serve as positive regulators that promote

neurite growth [13,14], whereas RhoA activation appears to serve as a negative regulator

that suppresses neurite growth [15].

Ellis et al. and Kontoni et al. recently identified novel Ras members, namely, DIRAS1 and

DIRAS2 proteins, which belong to a distinct subfamily of Ras GTPases [5,16]. The mMRNA

transcripts of DIRAS1 and DIRAS2 are specifically expressed in adult human brain tissues

[5,16]. DIRAS1 and DIRAS2 exhibit low levels of intrinsic nucleotide hydrolysis activity and

predominantly exist in a GTP-bound state [16]. The forced expression of DIRAS1 does not

affect Raf kinase and thus fails to trigger MAPK activation and Elk-1 transactivation [5,16].

DIRASL has been described as a potential tumor suppressor that attenuates the growth of

human glioblastomas [5]. Recent evidence from the Caenorhabditis elegans model suggests

that drn-1, a DIRAS1 homologue in C. elegans, is restricted in neuron cells and is required for

neuromuscular junctions [17].

Although drn-1 has been shown to modulate synaptic activity in motor neurons [17], the

biological function of DIRAS1 in neuron development remains uncertain. In this study, we

perform functional analysis and provide evidence of the expression patterns of two zebrafish

dirasl genes: dirasla and diraslb. Both genes are predominantly expressed in the brain

region and retina ganglion cells. The ectopic expression of the wild-type, but not the

C-terminus truncated form, of dirasl genes in Neuro-2a cells induces protrusion formation.



Zebrafish dirasla and diraslb are found to elevate the protein level and activities of Racl and

attenuate RhoA expression in Neuro-2a cells. Blocking Racl downstream signals abrogates

dirasla- and diraslb-induced neurite outgrowth. Interfering with dirasla and/or diraslb

expression decreases the number of trigeminal ganglia. Co-injection of the wild-type, but not

the C-terminal truncated form, of mouse Dirasl mRNA and constitutively active Racl mRNA

rescues the MO-induced effects. Altogether, these data comprise the preliminary evidence

highlighting the function of diras1 proteins in neuronal development.

Materials and Method

Ethics statement

All procedures involving experimental animals described in this work were approved

by the Institutional Animal Care and Use Committee (IACUC Approval NO. 1344) of

Chung-Shan Medical University Experimental Animal Center.

Fish maintenance

Zebrafish (Danio rerio) AB strains and transgenic Tg(huC:gfp) fish were provided by

the Taiwan Zebrafish Core Facility (Academia Sinica, Taiwan). The fish were kept at 28 °C

under standard conditions [18,19]. The developmental stages of the fish were determined



according to the morphological criteria described by Kimmel et al. [20].

Reagents

All chemicals were purchased from Sigma Chemical Company or J. T. Baker.

Antibodies against GFP, Pakl, RhoA, Racl, CDC42, WAVE, and Arp2/3 were purchased

from Santa Cruz Biotechnology. Anti-B-actin and horseradish peroxidase (HRP)-conjugated

secondary antibodies were obtained from Sigma Chemicals Company. Fetal bovine serum and

penicillin—streptomycin mixture were obtained from Gibco Laboratory. Plasmids, namely,

DN-Racl (Plasmid #20151), pcDNA3-EGFP-RhoA-Q63L (Plasmid #12968),

pCMV6M-Pak1-K299R (Plasmid #12210), CDK5-DN-HA (Plasmid #1873) and pGEX-Pakl

83-149 (Plasmid #12216) were purchased from Addgene.

Isolation of zebrafish cDNAs

Total RNAs derived from the different stages were purified using TRIzol Reagent

(Invitrogen) according to manufacturer’s recommendations. Total RNA (5 nug) and a random

primer were used for the synthesis of first-strand cDNA with MMLV reverse transcriptase

(Promega). PCR amplification was performed using 1 pl of cDNA as the template and the

following specific primers: wild-type zebrafish dirasla, 5-GCAGCATGCCAGAGCAGAG-3’

(sense) and 5'-GGCAGCATACAAATCATGAC-3’ (anti-sense: R;); wild-type zebrafish



diraslb, 5'-GATGCCTGAGCAGAGCAACG-3' (sense) and

5'-GCAAGTCTACATGACACTGC-3' (anti-sense: Rg); C-terminal truncate zebrafish dirasla,

5'-CTACTTGGCCTTCAGCTTGTC-3' (anti-sense); C-terminal truncate zebrafish diraslb,

5'-TCATTTCCCCTTCAGCTTGTC-3’ (anti-sense); wild-type mouse dirasl,

5'-ATGCCAGAACAGAGCAATGAC-3’ (sense) and 5'-GGGCTCACATGAGCGCGCAC-3’

(anti-sense); and C-terminal truncate mouse dirasl,

5'-TCACTTGCCCTTGATGCGGTCAG-3' (anti-sense). PCR was programmed as follows:

denaturation at 95 °C for 5 min followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and

72 °C for 1 min. The final extension was at 72 °C for 5 min. The negative control was

concomitantly prepared using water instead of cDNA. The amplification of elongation factor

1o was used as the loading control. Amplified fragments were subcloned into the pGEM-T

easy and pCS2".

Morpholino oligonucleotides and mRNA injections

All morpholino antisense oligonucleotides were designed and synthesized by Gene

Tools, LLC (Philomath, OR): dirasla MO: (5-GGTAATCGTTACTCTGCTCTGGCAT-3Y);

diraslb MO: (5-AGTCGTTGCTCTGCTCAGGCATCTT-3"); dirasla-5mis MO:

(5-GCTAATCCTTAGTCTCCTCTCGCAT-3Y); diraslb-5mis MO:

(5-AGTCCTTCCTCTCCTCACGGATCTT-3Y); dirasla splice MO:



(5’-AAAGCGATGTATTCTTACCTGGCGA-3’); diraslb splice MO:

(5’-ACGTTCTAGACCTAGTAGAGAGAAA-3’); pS3 MO:

(5-GCGCCATTGCTTTGCAAGAATTG-3); control MO:

(5-CCTCTTACCTCAGTTACAATTTATA-3) corresponding to the human B-globin gene

was used as a negative control. MOs were dissolved in 1x Danieau solution and injected into

the embryos at the one- to two-cell stage. Efficiencies of splice morpholinos were confirmed

by PCR on cDNA derived from morpholino-injected embryos using the following primers:

dirasla splice forward (Exon: F;), 5-TTTGGGACGTTGCAACACAG-3’; dirasla splice

reverse (Intron: Ry), 5’-GGAATGCAGATATGAGATGGC-3’; diraslb splice forward (Exon:

F.), 5-GATCAGTCACGCGGGACACG-3’; diraslb splice reverse (Intron: Ry),

5’-AAGCGGCTCTCTGTAATCGG-3".

In situ hybridization

The entire coding sequences and partial 3'-untranslated regions of dirasla and diraslb

were amplified and subcloned into the pGEM-T easy vector (Promega, USA). The

digoxigenin-labeled anti-sense riboprobes for both genes were synthesized through in vitro

transcription by SP6 RNA polymerase following the manufacturer’s standard protocol (Roche,

Swiss). Whole mount in situ hybridization was performed as previously described [21].



Cell culture, transfection, and differentiation of neuroblastoma cells

Mouse neuroblastoma Neuro-2a cells (BCRC 60026) were purchased from Bioresource

Collection and Research Center and stored in MEM supplemented with 10% fetal bovine

serum, 100 pg/ml of streptomycin and 100 U/ml of penicillin. The cells were kept in a

humidified 5% CO, incubator. Plasmid DNA was transfected into Neuro-2a cells using

Lipofectamine reagent (Invitrogen, USA). The cell lysates were collected 24 h

post-transfection. Morphological changes were assessed. Six to seven areas were randomly

photographed from three independent experiments via LSM META 510 confocal microscopy

(Zeiss). The results were compared using Student’s t-test.

GST-pull down assay

The GST and GST-Pakl (amino acid residues 83-149) were expressed in

DH5a bacterial cells and purified according to standard procedures, as previously described

[22]. The cell lysates from overexpressed cells indicated that plasmids were obtained, and

protein concentrations were measured using a Bradford protein assay kit (Bio-Rad). Cell

lysates (500 ug) were incubated with 5 ug of GST or GST-Pak1 (amino acids residues 83-149)

fusion protein overnight at 4 °C. After washing thrice with lysis buffer, the complexes were

subjected to Western blot analysis using the specific antibody against Racl to determine the

activated form of Racl.



Western blot analysis

The cell lysates derived from dirasla- or diraslb-overexpressing cells were obtained.

Protein (50 ng) was separated using 10% polyacrylamide gel and then transferred into

nitrocellulose membranes. The membrane was blocked with phosphate-buffered saline (PBS)

containing 5% nonfat milk for 1 h at room temperature. Thereafter, the membrane was

probed with the indicated primary antibodies at 4 °C overnight. The membrane was washed

with PBS containing 0.1% Tween-20 (PBST) and then reacted with HRP-conjugated

secondary antibody (Santa Cruz Biotechnology). The membrane was again extensively

washed with PBST, after which the reactive signal was detected using an enhanced

chemiluminescence kit (Amersham Pharmacia Biotech, UK). The B-actin expression was

used as the internal control.

Immunostaining

Briefly, embryos at the indicated stages were collected, fixed in 4% paraformaldehyde at

4 °C overnight, and then stored in methanol at —20 °C. After rehydration with PBST (PBS

containing 0.1% Tween 20), the embryos were blocked with blocking solution (5% goat

serum, 2% bovine serum albumin, and 1% DMSO in PBST) for 1 h and then incubated with

primary antibodies at 4 °C overnight. Samples were washed with PBST and incubated with

secondary antibodies in blocking buffer at 4 °C overnight in the dark. After washing with
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buffer solution (2% BSA and 1% DMSO in PBST), images were captured using a scanning

laser confocal microscope (510 META ZEISS). The primary antibodies include mouse

anti-acetylated a-tubulin (1:1000) and rabbit anti-isl1/2 (1:200). The secondary antibodies

include goat anti-mouse conjugate-FITC (1:500) and goat anti-rabbit Alexa Fluor 568

(1:500).

Results

Zebrafish dirasla and diraslb are predominantly expressed in the brain region

In previous experiments, we performed microarray analysis and identified the

downstream targets of zebrafish regulator of g-protein signaling 7 (rgs7) gene, namely,

calcium/calmodulin-dependent  protein  kinase Il (cam-kii) inhibitors and

cyclin-dependent protein kinase—like 1 (zcdkll) [22,23]. In this study, we selected

another putative rgs7 target (GenBank Accession No. NM-199831.1) for further investigation.

The dirasla gene contains 2142 base pairs and encodes a polypeptide of 195 amino acid

residues. In a BLASTP search of dirasla amino acids, one gene (LOC565395; GenBank

Accession N0.NM-001126421.1), which is highly similar to human DIRAS1, was found and

designated as diraslb. The 198 amino acids encoded a diraslb protein and shared 90%

identity and 95% similarity with dirasla. The homologies of the deduced amino acid

sequences of dirasl and those of other species were analyzed using the CLUSTALW program
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(Fig. 1A). dirasla and diraslb showed amino acid alignments similar to those from rats,

mice, and humans (ranging from 80% to 87%). Motif research of the dirasl sequences

showed that they contain a well-conserved guanine-nucleotide-binding domain. The G1

domain contains the GXXXXGKS motif (corresponding to Residues 14 to 21 of both genes).

The invariant T of the G2 domain and the DXXG motif of G3 domain were found in Residue

39 and Residues 61 to 64, respectively. The conserved motifs NKXD in the G4 domain and

EXSAK in the G5 domain were localized in Residues 121 to 124 and 148 to 152, respectively.

In addition, both dirasla and diraslb contained the C-terminal CAAX (A represents aliphatic

or aromatic amino acids, whereas X represents amino acid residue is critical for determine

the type of covalent isoprenylation) motif, with X being a methionine. This finding suggests

that both genes are putative substrates for farnesyl transferase. Based on the phylogenetic

analysis, zebrafish dirasla and diraslb are members of a separate cluster (Fig. 1B). To

determine whether dirasla and diraslb genes share a conserved synteny with mammalian

species, we compared the gene order around dirasla and diraslb in zebrafish, humans, rats,

and mice. The diraslb gene clustered with growth arrest and DNA-damage—induced beta

(gadd45bb), guanine nucleotide binding protein gamma 7 (gng7), and silute carrier protein

family 1, member 8b (slc1a8b). During linking, group 2 exhibited conserved synteny with the

genes in human Chromosome 19, rat Chromosome 7, and mouse Chromosome 10 (Fig. 1C).

dirasla was flanked by adenomatous polyposis coli 2 (apc2) and vitellogenin 3 (vtg3). Our

12



results suggest that diraslb is a true orthologue of mammalian DIRAS1, whereas dirasla is

generated from whole genome duplication. Whole mount in situ hybridization analysis

revealed that no RNA transcripts of dirasla and diraslb were found at the 32-cell stage. At 24

h post-fertilization (hpf), dirasla RNA was diffusedly expressed in the brain region with high

expression in the hindbrain region. By contrast, diraslb was weakly expressed in the brain

region. At 36 hpf, dirasla was abundantly expressed in the olfactory bulb, ventral rostral

cluster of the ventral telencephalon, hypothalamus, hindbrain, otic vesicle, and neurons in the

dorsal spinal cord. At 48 hpf, dirasla expression was strong in the olfactory bulb, thalamus,

diencephalons, otic vesicle, and midbrain, as well as in the ganglion cell layer (GCL) of the

retina. Low levels of dirasla were also found in dorsal spinal cord neurons. At 72 hpf,

dirasla expression was enhanced throughout the whole brain region, as well as in the GCL

and inner nuclear layer of the retina (Fig. 1D). By contrast, the transcript of diraslb was

weakly expressed in the telencephalon, diencephalon, and hindbrain at 36 hpf. At 48 hpf and

72 hpf, diraslb appeared in the telencephalon, diencephalon, hindbrain, and GCL of the retina

(Fig. 1E).

Zebrafish dirasla and diraslb promote neurite outgrowth in Neuro-2a cells

Given that zebrafish dirasla and diraslb were specifically expressed in the neuron

system, we used mouse neuroblastoma cell line Neuro-2a, which is widely employed to study
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the mechanisms of neuronal differentiation, as an in vitro model to investigate the biological

function of dirasla and diraslb. Neuro-2a cells were transfected with various GFP-tagged

forms of dirasl. At 24 h post-transfection, GFP-dirasla and GFP-diraslb were found to be

localized to the plasma membrane region. By contrast, a lone GFP vector was widely

expressed in whole cells. The truncated mutant GFP-dirasla-ct or GFP-diraslb-ct, which

lacks the CAAX terminal membrane-anchoring motif, was also expressed diffusedly in the

cells. Interestingly, Neuro-2a cells transfected with GFP-dirasla or GFP-diraslb exhibited

lamellipodia-like morphological changes, as evidenced by F-actin staining (Fig. 2A).

Lamellipodia-like formation is rarely observed among Neuro-2a cells with overexpressed

GFP alone or in truncated mutant forms. Quantitative analysis showed that the percentage of

differentiation in GFP-dirasla- or GFP-diraslb-overexpressing cells was significantly higher

than that in the control groups and that C-terminal truncated form-overexpressing mutants had

no effect on differentiation (Fig. 2B). Therefore, zebrafish dirasla and diraslb may promote

neurite outgrowth among Neuro-2a cells.

Functions of Racl and RhoA in the dirasl-induced neurite outgrowth of Neuro-2a cells

Among the signaling molecules that control cell polarity, the Rho-family small GTPases

(e.g., Racl, Cdc42, and RhoA) are characterized by their functions in regulating cytoskeletal

remodeling [8,24]. To evaluate which Rho GTPases are affected by dirasla and diraslb, we

14



assessed the protein level using Western blot analysis. As shown in Figs. 3A and B,

overexpression of GFP-dirasla and GFP-diraslb significantly increased Racl protein level

and decreased RhoA protein expression, unlike the case of the truncated forms and control

groups. However, a lack of alternation in Cdc42 expression was observed. Racl can

reportedly induce neuronal polarization, whereas RhoA serves a critical function in collapsing

the growth cone by promoting membrane retraction [25]. To elucidate further the functions of

Racl and RhoA in dirasl-induced neurite outgrowth, the dominant negative form of Racl

(T17N) and constitutively activated RhoA (Q63L) were separately co-transfected with

GFP-dirasl into Neuro-2a cells. As expected, the cells with either decreased Racl activity or

increased RhoA activity exhibited abrogated dirasl-mediated neurite outgrowth morphology

(Fig. 4A-D). Our results suggest that upregulation of Racl and downregulation of RhoA may

be involved in dirasl-induced neurite outgrowth. The activated GTP-bound form of

Racl/Cdc42 binds to the p2l-binding domain (PBD) and subsequently increases Pakl

activities by interrupting the trans-inhibition of Pakl [26,27]. To ascertain whether dirasla

and diraslb enhances Racl activity, Racl activation status was assessed by extracting

GTP-bound Racl proteins from cell lysates using a GST-PBD of Pakl (amino acids residues

83-149) fusion protein. As shown in Fig. 3C, Racl is clearly present in lysates derived from

cells that expressed GFP-dirasla and GFP-diraslb. By contrast, cells that expressed

C-terminal truncated mutants relatively decreased their association with Pakl (Fig. 3C).
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These results indicate that diras1-mediated neurite outgrowth can be attributed not only to the

enhanced expression but also to the increased activities of Rac1.

Zebrafish dirasl triggers neurite outgrowth by modulating Racl downstream effectors

Pakl and CDKS5 have recently been implicated in neuronal cytoskeleton dynamics [28].

Both Pakl and CDKS5 are the main kinases for Racl-mediated normal neuronal differentiation

and function [29,30]. We hypothesize that Pakl and CDKS5 contribute to dirasl signaling. To

test this hypothesis, the kinase-inactive dominant negative CDK5 mutant

(pCMV-Mcherry-Cdk5-D145N)  or the catalytically inactive form of Pakl

(PCMV-Mcherry-Pak1-K299R) was co-transfected with GFP vector alone, GFP-dirasla, or

GFP-diraslb into Neuro-2a cells. The expression of kinase-negative CDK5-D145N or

Pak1-K299R significantly decreased protrusion in dirasl-overexpressing Neuro-2a cells (Figs.

4C and D). Similarly, Neuro-2a cells was transfected with inhibitory constructs alone also

presence the similar pattern compare to mCherry vector alone (Supplementary Fig. 1).

Accumulated evidence suggests that Racl relays signaling cascades to the neuronal

cytoskeleton using the Wiskott-Aldrich syndrome protein (WASP) family and the

verprolin-homologous protein (WAVE) family, activates actin-related protein 2/3 (Arp2/3)

complex-dependent nucleation, and subsequently provides a filamentous resource to organize

actin polymerization [31-33]. To validate the functions of WAVE1l and Arp2/3 in

16



dirasl-induced polarization, Western blot analysis was conducted. As shown in Figs. 5A and

B, wild types of dirasla and diraslb obviously elevated WAVEL expression, unlike the

deleted forms of dirasla and diraslb and GFP alone. However, no overt alternation of Arp2/3

expression was found. To determine whether Arp2/3 affects dirasl-induced polarization, an

Arp2/3 inhibitor was used. The dirasl-induced polarization phenotype was significantly

blocked in Neuro-2a cells pre-treated with Arp2/3 inhibitor CK-548 (Figs. 5C and D).

Accordingly, our findings imply that dirasl triggers nuerite outgrowth using the Racl

downstream effectors.

Depletion of dirasla and/or diraslb affects neural development in zebrafish

To address the function of dirasl in zebrafish embryogenesis, we injected antisense

MOs bounded to the ATG site and blocked the translation to one-cell stage embryos to knock

down dirasla, diraslb, or both. To evaluate the specificity and effectiveness of dirasla MO

and diraslb MO, dirasla:gfp and diraslb:gfp constructs, which are composed of morpholino

target sequences fused to sequences encoding GFP, were generated and co-injected with the

corresponding diras1l MO. In addition, five mismatched MOs were used as negative controls.

The expression of dirasl:gfp was detected in the injected embryos at 24 hpf without

developmental malformation. The GFP signal was diminished in embryos injected with

dirasla MO/dirasla:gfp and diraslb MO/diraslb:gfp at 24 hpf. When five mismatched MOs
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were co-injected into embryos with a dirasl:gfp fusion gene, the GFP signal was detected in

most injected embryos (Supplementary Fig. 2). To determine the function of dirasl in

neurodevelopment and to verify the functional redundancy of dirasl among different species,

we co-injected the dirasla and/or diraslb MOs with wild-type or truncated mouse Dirasl

mRNA into the Tg(huC:gfp) zebrafish to track the generation of terminally differentiated

neurons. Off-target effects were avoided in this study by using specific MOs that were

co-injected with twofold amounts of p53 MO in all MO experiments. From the lateral view of

the embryos, high levels of huC expression in the telencephalic cluster were found in the

control and MO plus wild-type groups but not in the truncated mouse Dirasl mRNA groups.

dirasla and/or diraslb morphants exhibited abrogated huC expression in the forebrain region.

Only a small number of huC-positive neurons were present in the dirasla and/or diraslb

morphants unlike in the control and MO plus wild-type mouse Dirasl mRNA groups (Fig. 6).

Therefore, dirasla and/or diraslb knockdown in zebrafish embryos affects neuronal

development. To confirm further that these events specifically resulted from the

downregulation of dirasl, we conducted acetylated a-tubulin (AcTub) staining to determine

whether the disruption of dirasla and/or diraslb affects neuronal differentiation. At 24 hpf,

AcTub staining revealed decreased axonal branching of trigeminal ganglion sensory neurons

(TG) in morphants that received dirasla MO and/or diraslb MO. Co-injection with mouse

Dirasl, but not with Dirasl-ct mMRNA, recovered axonal branching. Moreover, the TG
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clusters were smaller in dirasla and/or diraslb morphants compared with those in control

morphants (Fig. 7A). Given the defect in TG observed through AcTub staining, we

investigated whether dirasla and diraslb contribute to trigeminal ganglion development

during embryogenesis by analyzing the expression of islet1/2. Anti-isletl/2 staining, which

highlights the differentiated trigeminal neurons at 24 hpf, indicates that the TG was

well-developed in control MO-injected embryos. By contrast, the disruption of either dirasla

or diraslb exhibited a gross number of development defects resulting from the loss of TG

(Fig. 7B). The trigeminal ganglion neurons were 28.8 + 2.3, 21.4 + 2.1, and 18.7 = 2.9 in the

control, dirasla morphants, and diraslb morphants, respectively. However, the

co-knockdown of dirasla and diraslb had no synergistic effects on trigeminal ganglion

neurons, which were reduced to a 17.1 £ 3.2 level. Interestingly, co-injection with wild-type,

but not with the C-terminus truncated form of mouse Dirasl mRNA, restored the neurons of

trigeminal ganglion to 29 + 2.1 (Fig. 7C). Moreover, we injected splice morpholino (Sp-MO)

into embryos and found that diras1-Sp-MO morphants display similar defects as ATG-MO

(Supplementary Figs. 3 and 4). This result implies that dirasla and diraslb may be necessary

for the proper development of trigeminal ganglions. A recent study has shown that the first

TGs are born as individuals at 11 hpf and are widely scattered along the anterior-posterior

axis lateral to the midbrain and the midbrain-hindbrain boundary. Meanwhile, the anterior

TGs then migrate, condense with the posterior neurons, and rapidly aggregate into compact
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clusters to reach the site of ganglion assembly at 14 hpf [34]. This process raises the question

of whether the disruptions of dirasla and diraslb alter the motility of initial trigeminal cells

from the anterior to the posterior. As shown in Fig. 8A, the early development of trigeminal

precursors is determined by the expression of ngnl, and these precursors are initially widely

scattered in the control embryos at 11 hpf. Thereafter, the precursors converge into a

coherent ganglion at 14 hpf, as monitored by neuroD expression (Fig. 8B). The knockdown of

either dirasla or diraslb did not alter the development of the initial precursors and the

assembly of trigeminal ganglions as confirmed by the lack of overt alternation of ngnl and

neuroD expression (Figs. 8A and B). Aspreviously mentioned, dirasla- and diraslb-mediated

neuronal differentiation depend onRacl activity. Thus, in the next set of experiments, we

investigate whether the constitutive activation of Racl can repair TG defects in dirasl

morphants. Indeed, co-injection with mRNA derived from constitutively active human Racl

restored the neurons of the trigeminal ganglion to the level of the control group (Figs. 9A and

B). Our results reveal that the dirasl gene may contribute to the maintenance of the number

of trigeminal ganglions through the Rac1-dependent pathway.

Discussion

The activation of the Ras superfamily of proteins can regulate a wide range of biological

functions, such as cell proliferation, cell invasion, cell migration, differentiation, and
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apoptosis [9,35]. In this work, we demonstrated the expression and conducted a functional

analysis of zebrafish dirasl genes. Both dirasla and diraslb, two human DIRAS1

homologues, were mainly expressed in the central nervous system and in the dorsal neuron

ganglions with distinct and overlapping patterns. The overexpression of the wild types, but

not of CAAX motif-truncated forms of dirasla and diraslb, triggered lamellipodia-like

morphology and facilitated neurite outgrowth in Neuro-2a cells by modulating Racl and

RhoA. Blocking Racl signals through dominant negative Racl, Pakl, or CDKS5, as well as

Arp2/3 inhibition significantly reduced these phenomena in dirasla- and diraslb-expressing

cells. The interference of dirasla and/or diraslb markedly reduced the cell population of

trigeminal ganglions. Co-injection with mouse Dirasl mRNA or constitutively active Racl

mMRNA clearly restored the trigeminal ganglion population. Our collective findings reveal that

dirasl genes serve a pivotal role in neuronal function through the Racl-dependent pathway.

Finely orchestrated actin reorganization serves a pivotal role in neuron functions, such as

specification, polarization, axon guidance, and migration [36]. Accumulated evidence reveals

that the Rho subfamily, specifically Racl, CDC42, and RhoA, serves an indispensable

function in neuronal cytoskeleton reorganization. In one study, in response to extracellular or

intracellular cues, CDC42 and Racl triggered filopodia and lamillepodia, respectively, which

both resulted in neurite outgrowth. By contrast, RhoA stimulated stress fiber formation and

caused the collapse of neurites [37]. The stimulation of rat pheochrocytoma PC12 cells with
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nerve growth factor (NGF) or serum starvation of mouse neuroblastoma N1E-115 cells

reportedly caused neurite formation by upregulating Racl and CDC42 activities but was

retarded by the dominant negative forms of Racl and CDC42 [38,39]. In another study,

blocking Racl affected the axon growth of the Drosophila neuron [40]. Forced expression of

the constitutively activated form of Racl facilitated the neurite outgrowth in rat hippocampal

neurons [41]. By contrast, inhibition of RhoA by dominant negative RhoA or by RhoA

inhibitor resulted in neurite outgrowth in mouse neural stem cells [42], whereas constitutively

active RhoA attenuated the neurite outgrowth induced by NGF, BDNF, and neurotrophin 3

[43]. In line with these observations, our findings demonstrate that the wild-type, but not

truncated forms, of dirasl elevated the activities and protein level of Racl, decreased the

RhoA protein level, and subsequently triggered neuronal differentiation in Neuro-2a cells.

Either the dominant negative Racl or the constitutively active RhoA blocked the

dirasl-induced neuronal polarization. Taken as a whole, our results suggest that dirasl genes

promote neuronal differentiation by modulating Racl and RhoA. However, the molecular

mechanisms underlying the dirasl-dependent reduction of RhoA remain under investigation.

Evidence indicates that Pakl regulates neuronal dynamics [30]. GTP-bound active Racl

interacts with the N-terminal region of Pakl, which stimulates Pak1 activity. This condition

triggers cytoskeleton reorganization, which results in neurite outgrowth in neuronal cells

[30]. The constitutively active Pakl enhances neurite number, whereas the dominant negative
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Pak1 attenuates neurite number in cortical neuron cells [44]. Hayashi et al. demonstrated that

dominant negative Pakl significantly decreased constitutively active Racl-induced neurites in

cultured pyramidal neurons [44]. In another study, Tahirovic et al. demonstrated that Pak1

activities were abolished in cerebella isolated from Racl knockout [33]. In line with these

observations, we showed that dominant negative Pakl reduced neuronal differentiation in

dirasla- or diraslb-overexpressing Neuro-2a cells. Interestingly, no significant alternation of

the phosphorylation of cofilin, a substrate of Pak1, was found in cells with and without dirasl

overexpression (data not shown). A previous report has shown that Rac2, but not Racl, is

involved in the dephosphorylation of cofilin in response to

formyl-methionyl-leucyl-phenylalanine receptor activation [45]. Altogether, our data suggest

that Pakl, but not cofilin activity, serves a crucial function in dirasl-mediated actin

cytoskeleton rearrangement.

CDKS5 and its associated protein, p35, were shown to serve critical functions in the

formation of neurite outgrowth during neuron differentiation [28]. CDK5/p35 also develops

complex and active forms of Racl and can regulate actin cytoskeleton rearrangement [29].

Moreover, p35/CDK5/Racl complex was found to trigger actin cytoskeleton reorganization

through hyperphosphorylation and Pakl inhibition, eventually causing neurite outgrowth in

cultured neuronal cells [29,46]. In this study, dominant negative CDKS5 also blocked

dirasl-induced polarization in Neuro-2a cells. Our collective findings reveal that CDKS5 is
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involved in the dirasl-mediated neuronal differentiation as a downstream target of Racl.

Reports also show that the WAVE/Arp2/3 pathways are involved in the Racl-mediated

actin cytoskeleton reorganization [47]. The WAVE regulatory complex binds to the active

Racl and activates Arp2/3, thus causing actin polymerization [47]. Miki et al. have shown

that WAVE interactes with Racl in Cos7 cells for the co-expression of WAVE and Racl [48].

The dominant negative WAVE inhibits the Racl-induced membrane ruffling but does not

affect the CDC42-induced spike-like formation [33]. Mislocalization of the WAVE in the

cytosolic region was observed in the cerebellar granule neurons of Racl knockout mice [33].

The forced expression of WAVE overcame the defects in neuron polarization caused by the

Racl knockout [33]. In this study, the forced expression of dirasla or diraslb stimulated the

WAVE level, but not the alternation of Arp2/3 expression. However, CK-458 blocked Arp2/3

activities and diminished dirasla and diraslb-induced neuronal polarization. Our collective

results indicate that the WAVE/Arp2/3 pathways may also be involved in the dirasl-induced

actin reorganization in neuronal cells.

In this study, the knockdown of dirasla and/or diraslb decreased the number of the

trigeminal ganglion in zebrafish. More interestingly, Kanungo et al. demonstrated that the

depletion of CDK5 expression by si-RNA reduced the primary sensory neurons of the

trigeminal ganglion in zebrafish [49]. Our results suggest that CDK5 may function as a

downstream effector of dirasl genes. Thus, the knockdown of dirasla and/or diraslb may
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prevent CDKS5 activity and subsequently decrease the trigeminal ganglion neurons. However,

the overt alternation of the trigeminal ganglion precursor markers, such as ngnl and neuroD,

was absent among the morphants and the control group at 11 hpf and 14 hpf, respectively.

The lack of influence of ngnl and neuroD expressions in the early trigeminal ganglion of

dirasl morphants may be explained by the temporal expression patterns of dirasla and

diraslb. The trigeminal ganglion precursor first appeared at 11 hpf as a small cluster of

approximately 14 neurons, which reached 30 neurons at 24 hpf and consisted of

approximately 55 neurons at 72 hpf [50]. Caron et al. showed that early-born and late-born

trigeminal ganglions display distinct genes and functions [50]. However, dirasla and diraslb

were rarely detectable before 12 hpf when using RT-PCR and whole mount in situ

hybridization. This finding suggests that both dirasla and diraslb are not essential for early

trigeminal ganglion migration but may serve a critical function in neuron population.

This study is the first to demonstrate that zebrafish dirasla and diraslb promote neurite

outgrowth in Neuro-2a cells and maintain trigeminal ganglion neurons in zebrafish. Both

dirasla and diraslb enhance Racl levels and downregulate the RhoA level. Blocking Racl

downstream targets significantly prevents the effects of dirasla- and diraslb-induced

polarization in Neuro-2a cells. The depletion of dirasla and diraslb results in decreased

trigeminal ganglion neurons. Such decrease can be restored by co-injection of mouse Dirasl

or constitutively active Racl mRNA. In conclusion, our findings indicate that dirasla and
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diraslb are key factors in neurogenesis because of their cross-talks with other small GTPases,

such as Racl and RhoA.
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FIGURE LEGENDS

Fig. 1. Protein sequence alignments, phylogenetic tree and expression patterns of zebrafish

dirasla and diraslb. (a) Multiple alignments of dirasla and diraslb amino acid sequences

were compared with those of human (H-DI-Rasl), mouse (M-DI-Rasl), rat (R-DI-Rasl), and

Xenopus (X-DI-Rasl). The DIRAS1 sequences from the five species were aligned using

ClustalW. Identical sequences are shaded in yellow, whereas residue similarities of the four

DIRAS1 proteins are presented in cyan. (b) A phylogenetic tree was constructed based on the

multiple alignments of the DIRASL proteins using MegAlign in DNASTAR through the

neighbor joining method. Scale bars indicate nucleotide substitutions (100x). (c) A graphical

representation of the conserved synteny of the DIRAS1 gene clusters in human chromosome 19,

rat chromosome 7, mouse chromosome 10, and zebrafish linking groups (LG) 2. The dirasla

gene is localized in LG 11. Ch denotes the chromosome. Whole mount in situ hybridization

was performed using antisense riboprobes against dirasla (d) and diraslb (e) at the indicated
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developmental stages. The stages of embryonic development are indicated in the right (d,e). di:

diencephalon, GCL: ganglion cell layer, H.B.: hindbrain, and tel: telencephalon. Stages are

indicated in the upper right.

Fig. 2. Zebrafish dirasl enhanced neurite outgrowth in Neuro-2a cells. (a,b) Neuro-2a cells

were transiently transfected with pEGFP vectors, namely, pEGFP-dirasla, pEGFP-diraslb,

pEGFP-dirasla-ct, or pEGFP-diraslb-ct. The cells were fixed at 24 h post-transfection, and

the actin cytoskeleton was stained with rhodamine/phalloidin (in red) (a) to determine the

percentage of cells with neurite outgrowth. The arrowhead indicates lamellipodia-like

structure. The arrow indicates protrusion formation. (b). Scale bars (a): 50 um. The nucleus

was stained with DAPI (in blue). Data are presented as the mean + S.D. of three independent

experiments. ***p < 0.001 (Student’s t test).

Fig. 3. Functional characterization of zabrafish dirasla and diraslb. (a) Neuro-2a cells were

transfected with pEGFP vectors, namely, pEGFP-dirasla, pEGFP-diraslb, pEGFP-dirasla-ct,

or pEGFP-diraslb-ct. The protein levels of Racl, Cdc42, and RhoA were detected using

Western blot analysis. B-Actin was used for normalization. (b) Data are presented as the mean

+ S.D. of three independent experiments. *p <0.05; **p <0.01. (c) Racl activity was

assessed by extracting GTP-bound Racl proteins from cell lysates using the GST-Pak1-PBD

fusion protein. About 500 pg of lysates derived from cells transfected with the indicated

plasmids were incubated with GST-Pak1-PBD or GST alone. After the pull-down assay, Racl
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was detected with immunoblotting. Whole input lysate was detected with an anti-GFP

antibody. Coomassie blue-stained SDS-PAGE gels show the molecular weight of the GST

and the GST-Pak1-PBD fusion protein.

Fig. 4. Racl inactivation, RhoA activation, Pakl inhibition, or CDKS5 inhibition blocked

dirasl-induced neurite outgrowth. (a,b) Neuro-2a cells were co-transfected with

pEGFP-dirasla or pEGFP-diraslb combined with pYFP vector or pYFP-dominant negative

Racl (T17N). The cells were fixed and stained with rhodamine/phalloidin (in red) at 24 h

post-transfection to examine the percentage of neuronal cell differentiation (b). Neuro-2a cells

were co-transfected with pEGFP-dirasla or pEGFP-diraslb combined with pCMV-mCherry

vector or pCMV-mCherry-constitutive activated RhoA (Q63L), pCMV-mCherry-catalytically

inactivated Pakl (K299R) or pCMV-mCherry-dominant negative CDK5 (D145N) for 24 h.

The cells were fixed, and the neurite outgrowth rate was examined. Images show the

morphology of the cells (c). The panel shows the percentages of cell differentiation (d). Scale

bars (a,c): 50 um. The nucleus was stained with DAPI (in blue). Data are presented as the

mean + S.D. of three independent experiments. ***p < 0.001 (Student’s t test).

Fig. 5. WAVE and Arp2/3 were involved in dirasl-mediated neurite outgrowth. (a) Neuro-2a

cells were transfected with pEGFP vectors, namely, pEGFP-dirasla, pEGFP-diraslb,

pEGFP-dirasla-ct, or pEGFP-diraslb-ct. The protein levels of WAVE and Arp2/3 were

detected using Western blot analysis. B-Actin was used for normalization. (b) Data are
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presented as the mean = S.D. of three independent experiments. (c,d) Neuro-2a cells with or

without pre-treatment with Arp2/3 inhibitor (CK-548) were transfected with pEGFP vectors,

namely, pEGFP-dirasla or pEGFP-diraslb. The cells were fixed and stained with

rhodamine/phalloidin (in red) at 24 h post-transfection to investigate morphological changes.

The nucleus was stained with DAPI (in blue). Scale bars (c): 50 um. Data are presented as the

mean + S.D. of three independent experiments. ***p < 0.001 (Student’s t test).

Fig. 6. Effects of dirasl gene depletion on neurogenesis using the Tg(huC:gfp) model. The

embryos that received the indicated MOs were collected at 48 hpf. The expression of huC was

abrogated in dirasl morphants. Reduced trigeminal sensory ganglion territories were also

observed in dirasl morphants. The deficiency in huC expression was restored via co-injection

with the wild-type but not with the C-terminus truncated form of mouse Dirasl mRNA. All

images are shown in lateral view. Scale bars: 100 um. Tc: telencephalic cluster, Tg:

trigeminal ganglion, Tec: tectum, and Hb: hindbrain.

Fig. 7. Effects of dirasl depletion on neurogenesis as visualized using acetylated tubulin

(AcTub) and islet1/2 staining. (a) AcTub expression (an axonal marker) was examined using

confocal microscopy at 24 hpf. The axonal scaffolds of the trigeminal sensory ganglion in

dirasl morphants were visibly curtailed. Co-injection with the wild-type but not with the

C-terminus truncated form of mouse Dirasl mRNA restored the neurons of the trigeminal

ganglion. The arrowhead indicates the trigeminal sensory ganglion. (b) Embryos that
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received the indicated MO were collected at 24 hpf. The trigeminal sensory ganglion was

marked using an islet1/2 antibody via immunostaining. Trigeminal sensory ganglia decreased

in dirasla and diraslb morphants. These defects can be restored by mouse Dirasl mRNA.

All images are shown in lateral view. Scale bars: 100 um. (c) Data are presented as the mean

+ S.D. of three independent experiments. *p < 0.05, the morphant group compared with the

control MO; #p < 0.05, co-injection with the wild-type mRNA group compared with the

morphant group (Student’s t test). Scale bars (a,b): 100 um.

Fig. 8. Knockdown of dirasl did not impair the positioning of the trigeminal sensory

ganglion. (a,b) The embryos that received the indicated MO with or without the

corresponding RNA were collected. Whole mount in situ hybridization for ngnl expression at

11 hpf (a) and neuroD expression at 14 hpf (b) was performed. Trigeminal sensory ganglia

were settled in small clusters at 11 hpf and formed compact clusters at 14 hpf. This

arrangement is indistinguishable between the control and morphants. Precursors of the

trigeminal sensory ganglion (tg) are indicated. All images are in dorsal view with the anterior

at the top. Scale bars (a,b): 100 pum.

Fig. 9. Zebrafish dirasl was required for trigeminal sensory gangliongenesis through the

Racl-dependent pathway. (a) The morphants that received the indicated MOs were collected

at 24 hpf. An isletl/2 antibody was used as a marker of the trigeminal sensory ganglion.

Trigeminal sensory ganglia decreased in dirasla or/and diraslb morphants. These defects can
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be restored by injecting the constitutive activation of Racl mRNA. All images are shown in

lateral view. Scale bars (a): 100 um. (b) Quantitative analyses of islet1/2-positive neurons are

presented as the mean + S.D. of three independent experiments. *p < 0.05, the morphant

group compared with the control MO; #p <0.05, co-injection with the wild-type mRNA

group compared with the morphant group (Student’s t test).

Fig. S1. Neuro-2a cells were transfected with inhibitory constructs alone and did not cause

morphological change. Neuro-2a cells were transiently transfected with various inhibitory

constructs. Data are presented as the mean + S.D. of three independent experiments.

Fig. S2. Specificity of dirasla and diraslb morpholinos. Two GFP reporter plasmids

(dirasla:gfp and diraslb:gfp) that encompass the MO target sequences were constructed.

Embryos that received 100 pg of dirasla:gfp or diraslb:gfp showed a mosaic GFP expression

at 24 hpf. Co-injection of dirasla:gfp or diraslb:gfp with the corresponding MO but not the

five-mismatched MOs significantly diminished GFP expression. Scale bars: 1 mm.

Fig. S3. Zebrafish dirasla and diraslb splice morpholino (Sp-MO) effectively blocked the

correct splicing of pre-mRNA without compensation effects. (a) Schematic indicates the

intron and exon structures and position of Sp-MO (red) and RT-PCR primers (arrows). (b)

Embryos were injected at the single-cell stage with dirasla and/or diraslb Sp-MO. RNAs

were extracted and analyzed using RT-PCR. Corrected splicing fragments were found in the

control MO groups but not in the dirasla and/or diraslb Sp-MO groups. Lane 1: marker, lane
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2: control MO, lane 3: control MO, lane 4: dirasla-Sp-MO, lane 5: diraslb-Sp-MOQO, lane 6:

dirasla- and diraslb-Sp-MO. (c) RT-PCR analyses of the dirasla and diraslb gene in dirasl

morphants suggested that the knockdown of dirasla or diraslb did not induce the

complementary effect. Lane 1: marker, lane 2: control MO, lane 3: dirasla-Sp-MO, lane 4:

control MO, lane 5: diraslb-Sp-MO. Elongation factor 1o was used as the internal control.

Fig. S4. Loss of the trigeminal ganglion in dirasla and/or diraslb Sp-MO morphants. (a) The

embryos that received the indicated Sp-MO were collected at 24 hpf. The trigeminal sensory

ganglion was marked using an islet1/2 antibody via immunostaining. All images are shown in

lateral view. Scale bars: 100 um. (b) Quantitative analyses of islet1/2-positive neurons are

presented as the mean + S.D. of three independent experiments. *p < 0.05, the morphant

group compared with the control MO (Student’s t test).
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Abstract

The small GTPase Ras superfamily regulates several neuronal functions including neurite outgrowth and neuron
proliferation. In this study, zebrafish dirasla and diraslb were identified and were found to be mainly expressed in the
central nervous system and dorsal neuron ganglion. Overexpression of GFP-dirasla or GFP-diraslb triggered neurite
outgrowth of Neuro-2a cells. The wild types, but not the C-terminus truncated forms, of dirasla and diraslb elevated
the protein level of Racl and downregulated RhoA expression. GST pull-down assay also revealed that dirasla and
diraslb enhanced Racl activity. Interfering with Racl, Pakl1, or CDKS5 activity or with the Arp2/3 inhibitor prevented
dirasla and diraslb from mediating the neurite outgrowth effects. In the zebrafish model, knockdown of dirasla and/or
diraslb by morpholino antisense oligonucleotides not only reduced axon guidance but also caused the loss of trigeminal
ganglion without affecting the precursor markers, such as ngnl and neuroD. Co-injection with mRNA derived from
mouse Dirasl or constitutively active human Racl restored the population of trigeminal ganglion. In conclusion, we
provided preliminary evidence that dirasl is involved in neurite outgrowth and maintains the number of trigeminal
ganglions through the Rac1-dependent pathway.

Keyword: diras1, neurite outgrowth, racl, trigeminal ganglion, zebrafish

Introduction

The Ras GTPase superfamily proteins function as important regulators in a wide variety of biological processes,
including proliferation, differentiation, signal transduction, protein synthesis, and cell metabolism [1-3]. The Ras
superfamily is divided into five subfamilies according to their sequence homology and biochemical properties. The five
families are Ras, Rho, Rab, Ran, and Arf [3]. The Ras superfamily switches between two states, namely, a GTP-bound
active form and a GDP-bound inactive form. The activation of Ras proteins is mediated by guanine nucleotide exchange
factors that facilitate the exchange of the GDP-bound form and is deactivated by GTPase-activating proteins that
enhance intrinsic GTP hydrolysis. When bound to GTP, Ras proteins associate with effectors, which results in the
propagation of downstream signaling [4,5].

Recent evidence suggests that Rho subfamily proteins are key regulators of the actin cytoskeleton, cell adhesion [6,7],
and cell polarization [8]. The most understood proteins in the Rho-family GTPase are Ras-related C3 botulinum toxin
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substrate 1 (Racl), cell division cycle 42 (cdc42), and Ras homologous member A (RhoA). Racl induces lamellipodium
formation through actin polymerization, Cdc42 regulates the formation of filopodia [9,10], and RhoA mediates stress
fiber formation [11]. These three Rho family GTPases, which may be involved in neuron development, are
predominantly expressed throughout the nervous system in such areas as the hippocampus, cerebellum, thalamus, and
neocortex [12]. Emerging reports indicate that Rho GTPases regulate the axonal initiation and motility of neurite
terminals. Racl and Cdc42 generally serve as positive regulators that promote neurite growth [13,14], whereas RhoA
activation appears to serve as a negative regulator that suppresses neurite growth [15].

Ellis et al. and Kontoni et al. recently identified novel Ras members, namely, DIRAS1 and DIRAS2 proteins, which
belong to a distinct subfamily of Ras GTPases [5,16]. The mMRNA transcripts of DIRAS1 and DIRAS2 are specifically
expressed in adult human brain tissues [5,16]. DIRAS1 and DIRAS2 exhibit low levels of intrinsic nucleotide
hydrolysis activity and predominantly exist in a GTP-bound state [16]. The forced expression of DIRAS1 does not affect
Raf kinase and thus fails to trigger MAPK activation and Elk-1 transactivation [5,16]. DIRASL has been described as a
potential tumor suppressor that attenuates the growth of human glioblastomas [5]. Recent evidence from the
Caenorhabditis elegans model suggests that drn-1, a DIRAS1 homologue in C. elegans, is restricted in neuron cells and
is required for neuromuscular junctions [17].

Although drn-1 has been shown to modulate synaptic activity in motor neurons [17], the biological function of
DIRASL in neuron development remains uncertain. In this study, we perform functional analysis and provide evidence
of the expression patterns of two zebrafish dirasl genes: dirasla and diraslb. Both genes are predominantly expressed
in the brain region and retina ganglion cells. The ectopic expression of the wild-type, but not the C-terminus truncated
form, of dirasl genes in Neuro-2a cells induces protrusion formation. Zebrafish dirasla and diraslb are found to
elevate the protein level and activities of Racl and attenuate RhoA expression in Neuro-2a cells. Blocking Racl
downstream signals abrogates dirasla- and diraslb-induced neurite outgrowth. Interfering with dirasla and/or diraslb
expression decreases the number of trigeminal ganglia. Co-injection of the wild-type, but not the C-terminal truncated
form, of mouse Dirasl mRNA and constitutively active Racl mRNA rescues the MO-induced effects. Altogether, these
data comprise the preliminary evidence highlighting the function of dirasl proteins in neuronal development.

Materials and Method
Ethics statement

All procedures involving experimental animals described in this work were approved by the Institutional Animal
Care and Use Committee (IACUC Approval NO. 1344) of Chung-Shan Medical University Experimental Animal
Center.

Fish maintenance

Zebrafish (Danio rerio) AB strains and transgenic Tg(huC:gfp) fish were provided by the Taiwan Zebrafish Core
Facility (Academia Sinica, Taiwan). The fish were kept at 28 °C under standard conditions [18,19]. The developmental
stages of the fish were determined according to the morphological criteria described by Kimmel et al. [20].

Reagents
All chemicals were purchased from Sigma Chemical Company or J. T. Baker. Antibodies against GFP, Pak1,
RhoA, Racl, CDC42, WAVE, and Arp2/3 were purchased from Santa Cruz Biotechnology. Anti-B-actin and horseradish
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peroxidase (HRP)-conjugated secondary antibodies were obtained from Sigma Chemicals Company. Fetal bovine serum
and penicillin—streptomycin mixture were obtained from Gibco Laboratory. Plasmids, namely, DN-Racl (Plasmid
#20151), pcDNA3-EGFP-RhoA-Q63L (Plasmid #12968), pCMV6M-Pak1-K299R (Plasmid #12210), CDK5-DN-HA
(Plasmid #1873) and pGEX-Pak1 83-149 (Plasmid #12216) were purchased from Addgene.

Isolation of zebrafish cDNAs

Total RNAs derived from the different stages were purified using TRIzol Reagent (Invitrogen) according to
manufacturer’s recommendations. Total RNA (5 ug) and a random primer were used for the synthesis of first-strand
cDNA with MMLYV reverse transcriptase (Promega). PCR amplification was performed using 1 pl of cDNA as the
template and the following specific primers: wild-type zebrafish dirasla, 5'-GCAGCATGCCAGAGCAGAG-3' (sense)
and 5'-GGCAGCATACAAATCATGAC-3’ (anti-sense: R1); wild-type zebrafish dirasib,
5'-GATGCCTGAGCAGAGCAACG-3' (sense) and 5-GCAAGTCTACATGACACTGC-3' (anti-sense: Rs3); C-terminal
truncate zebrafish dirasla, 5'-CTACTTGGCCTTCAGCTTGTC-3’ (anti-sense); C-terminal truncate zebrafish diraslb,
5'-TCATTTCCCCTTCAGCTTGTC-3' (anti-sense); wild-type mouse dirasl, 5'-ATGCCAGAACAGAGCAATGAC-3'
(sense) and 5-GGGCTCACATGAGCGCGCAC-3' (anti-sense); and C-terminal truncate mouse dirasl,
5'-TCACTTGCCCTTGATGCGGTCAG-3’ (anti-sense). PCR was programmed as follows: denaturation at 95 °C for 5
min followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. The final extension was at 72 °C for 5
min. The negative control was concomitantly prepared using water instead of cDNA. The amplification of elongation
factor 1a. was used as the loading control. Amplified fragments were subcloned into the pGEM-T easy and pCS2°*.

Morpholino oligonucleotides and mRNA injections
All morpholino antisense oligonucleotides were designed and synthesized by Gene Tools, LLC (Philomath, OR):

dirasla MO: (5'-GGTAATCGTTACTCTGCTCTGGCAT-3); diraslb MO:
(5-AGTCGTTGCTCTGCTCAGGCATCTT-3); dirasla-5mis MO: (5'-GCTAATCCTTAGTCTCCTCTCGCAT-3);
diraslb-5mis MO: (5'-AGTCCTTCCTCTCCTCACGGATCTT-3Y; dirasla splice MO:

(5’-AAAGCGATGTATTCTTACCTGGCGA-3); diraslb splice MO: (5°-ACGTTCTAGACCTAGTAGAGAGAAA-3’);
p53 MO: (5-GCGCCATTGCTTTGCAAGAATTG-3"); control MO: (5-CCTCTTACCTCAGTTACAATTTATA-3')
corresponding to the human B-globin gene was used as a negative control. MOs were dissolved in 1x Danieau solution
and injected into the embryos at the one- to two-cell stage. Efficiencies of splice morpholinos were confirmed by PCR
on cDNA derived from morpholino-injected embryos using the following primers: dirasla splice forward (Exon: Fy),
5-TTTGGGACGTTGCAACACAG-3’; dirasla splice reverse (Intron: R,), 5’-GGAATGCAGATATGAGATGGC-3’;
diraslb splice forward (Exon: F,), 5-GATCAGTCACGCGGGACACG-3’; diraslb splice reverse (Intron: R,),
5-AAGCGGCTCTCTGTAATCGG-3".

In situ hybridization

The entire coding sequences and partial 3’-untranslated regions of dirasla and diraslb were amplified and
subcloned into the pGEM-T easy vector (Promega, USA). The digoxigenin-labeled anti-sense riboprobes for both genes
were synthesized through in vitro transcription by SP6 RNA polymerase following the manufacturer’s standard protocol
(Roche, Swiss). Whole mount in situ hybridization was performed as previously described [21].

Cell culture, transfection, and differentiation of neuroblastoma cells



Mouse neuroblastoma Neuro-2a cells (BCRC 60026) were purchased from Bioresource Collection and Research
Center and stored in MEM supplemented with 10% fetal bovine serum, 100 pg/ml of streptomycin and 100 U/ml of
penicillin. The cells were kept in a humidified 5% CO, incubator. Plasmid DNA was transfected into Neuro-2a cells
using Lipofectamine reagent (Invitrogen, USA). The cell lysates were collected 24 h post-transfection. Morphological
changes were assessed. Six to seven areas were randomly photographed from three independent experiments via LSM
META 510 confocal microscopy (Zeiss). The results were compared using Student’s t-test.

GST-pull down assay

The GST and GST-Pakl (amino acid residues 83-149) were expressed in DH5a bacterial cells and purified
according to standard procedures, as previously described [22]. The cell lysates from overexpressed cells indicated that
plasmids were obtained, and protein concentrations were measured using a Bradford protein assay kit (Bio-Rad). Cell
lysates (500 pg) were incubated with 5 ug of GST or GST-Pakl (amino acids residues 83-149) fusion protein overnight
at 4 °C. After washing thrice with lysis buffer, the complexes were subjected to Western blot analysis using the specific
antibody against Racl to determine the activated form of Rac1l.

Western blot analysis

The cell lysates derived from dirasla- or diraslb-overexpressing cells were obtained. Protein (50 ug) was
separated using 10% polyacrylamide gel and then transferred into nitrocellulose membranes. The membrane was
blocked with phosphate-buffered saline (PBS) containing 5% nonfat milk for 1 h at room temperature. Thereafter, the
membrane was probed with the indicated primary antibodies at 4 °C overnight. The membrane was washed with PBS
containing 0.1% Tween-20 (PBST) and then reacted with HRP-conjugated secondary antibody (Santa Cruz
Biotechnology). The membrane was again extensively washed with PBST, after which the reactive signal was detected
using an enhanced chemiluminescence kit (Amersham Pharmacia Biotech, UK). The B-actin expression was used as the
internal control.

Immunostaining

Briefly, embryos at the indicated stages were collected, fixed in 4% paraformaldehyde at 4 °C overnight, and then
stored in methanol at —20 °C. After rehydration with PBST (PBS containing 0.1% Tween 20), the embryos were blocked
with blocking solution (5% goat serum, 2% bovine serum albumin, and 1% DMSO in PBST) for 1 h and then incubated
with primary antibodies at 4 °C overnight. Samples were washed with PBST and incubated with secondary antibodies in
blocking buffer at 4 °C overnight in the dark. After washing with buffer solution (2% BSA and 1% DMSO in PBST),
images were captured using a scanning laser confocal microscope (510 META ZEISS). The primary antibodies include
mouse anti-acetylated a-tubulin (1:1000) and rabbit anti-isl1/2 (1:200). The secondary antibodies include goat
anti-mouse conjugate-FITC (1:500) and goat anti-rabbit Alexa Fluor 568 (1:500).

Results
Zebrafish dirasla and diraslb are predominantly expressed in the brain region

In previous experiments, we performed microarray analysis and identified the downstream targets of
zebrafish regulator of g-protein signaling 7 (rgs7) gene, namely, calcium/calmodulin-dependent protein kinase
Il (cam-Kkii) inhibitors and cyclin-dependent protein kinase—like 1 (zcdkll) [22,23]. In this study, we selected
another putative rgs7 target (GenBank Accession No. NM-199831.1) for further investigation. The dirasla gene
contains 2142 base pairs and encodes a polypeptide of 195 amino acid residues. In a BLASTP search of dirasla amino



acids, one gene (LOC565395; GenBank Accession No.NM-001126421.1), which is highly similar to human DIRAS1,
was found and designated as diraslb. The 198 amino acids encoded a diraslb protein and shared 90% identity and 95%
similarity with dirasla. The homologies of the deduced amino acid sequences of dirasl and those of other species were
analyzed using the CLUSTALW program (Fig. 1A). dirasla and diraslb showed amino acid alignments similar to
those from rats, mice, and humans (ranging from 80% to 87%). Motif research of the dirasl sequences showed that they
contain a well-conserved guanine-nucleotide-binding domain. The G1 domain contains the GXXXXGKS motif
(corresponding to Residues 14 to 21 of both genes). The invariant T of the G2 domain and the DXXG motif of G3
domain were found in Residue 39 and Residues 61 to 64, respectively. The conserved motifs NKXD in the G4 domain
and EXSAK in the G5 domain were localized in Residues 121 to 124 and 148 to 152, respectively. In addition, both
dirasla and diraslb contained the C-terminal CAAX (A represents aliphatic or aromatic amino acids, whereas X
represents amino acid residue is critical for determine the type of covalent isoprenylation) motif, with X being a
methionine. This finding suggests that both genes are putative substrates for farnesyl transferase. Based on the
phylogenetic analysis, zebrafish dirasla and diraslb are members of a separate cluster (Fig. 1B). To determine whether
dirasla and diraslb genes share a conserved synteny with mammalian species, we compared the gene order around
dirasla and diraslb in zebrafish, humans, rats, and mice. The diraslb gene clustered with growth arrest and
DNA-damage—-induced beta (gadd45bb), guanine nucleotide binding protein gamma 7 (gng7), and silute carrier protein
family 1, member 8b (slcla8b). During linking, group 2 exhibited conserved synteny with the genes in human
Chromosome 19, rat Chromosome 7, and mouse Chromosome 10 (Fig. 1C). dirasla was flanked by adenomatous
polyposis coli 2 (apc2) and vitellogenin 3 (vtg3). Our results suggest that diraslb is a true orthologue of mammalian
DIRAS1, whereas dirasla is generated from whole genome duplication. Whole mount in situ hybridization analysis
revealed that no RNA transcripts of dirasla and diraslb were found at the 32-cell stage. At 24 h post-fertilization (hpf),
dirasla RNA was diffusedly expressed in the brain region with high expression in the hindbrain region. By contrast,
diraslb was weakly expressed in the brain region. At 36 hpf, dirasla was abundantly expressed in the olfactory bulb,
ventral rostral cluster of the ventral telencephalon, hypothalamus, hindbrain, otic vesicle, and neurons in the dorsal
spinal cord. At 48 hpf, dirasla expression was strong in the olfactory bulb, thalamus, diencephalons, otic vesicle, and
midbrain, as well as in the ganglion cell layer (GCL) of the retina. Low levels of dirasla were also found in dorsal
spinal cord neurons. At 72 hpf, dirasla expression was enhanced throughout the whole brain region, as well as in the
GCL and inner nuclear layer of the retina (Fig. 1D). By contrast, the transcript of diraslb was weakly expressed in the
telencephalon, diencephalon, and hindbrain at 36 hpf. At 48 hpf and 72 hpf, diraslb appeared in the telencephalon,
diencephalon, hindbrain, and GCL of the retina (Fig. 1E).

Zebrafish dirasla and diraslb promote neurite outgrowth in Neuro-2a cells

Given that zebrafish dirasla and diraslb were specifically expressed in the neuron system, we used mouse
neuroblastoma cell line Neuro-2a, which is widely employed to study the mechanisms of neuronal differentiation, as an
in vitro model to investigate the biological function of dirasla and diraslb. Neuro-2a cells were transfected with
various GFP-tagged forms of dirasl. At 24 h post-transfection, GFP-dirasla and GFP-diraslb were found to be
localized to the plasma membrane region. By contrast, a lone GFP vector was widely expressed in whole cells. The
truncated mutant GFP-dirasla-ct or GFP-diraslb-ct, which lacks the CAAX terminal membrane-anchoring motif, was
also expressed diffusedly in the cells. Interestingly, Neuro-2a cells transfected with GFP-dirasla or GFP-diraslb
exhibited lamellipodia-like morphological changes, as evidenced by F-actin staining (Fig. 2A). Lamellipodia-like
formation is rarely observed among Neuro-2a cells with overexpressed GFP alone or in truncated mutant forms.
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Quantitative analysis showed that the percentage of differentiation in GFP-dirasla- or GFP-diraslb-overexpressing
cells was significantly higher than that in the control groups and that C-terminal truncated form-overexpressing mutants
had no effect on differentiation (Fig. 2B). Therefore, zebrafish dirasla and diraslb may promote neurite outgrowth
among Neuro-2a cells.

Functions of Racl and RhoA in the dirasl-induced neurite outgrowth of Neuro-2a cells

Among the signaling molecules that control cell polarity, the Rho-family small GTPases (e.g., Racl, Cdc42, and
RhoA) are characterized by their functions in regulating cytoskeletal remodeling [8,24]. To evaluate which Rho
GTPases are affected by dirasla and diraslb, we assessed the protein level using Western blot analysis. As shown in
Figs. 3A and B, overexpression of GFP-dirasla and GFP-diraslb significantly increased Racl protein level and
decreased RhoA protein expression, unlike the case of the truncated forms and control groups. However, a lack of
alternation in Cdc42 expression was observed. Racl can reportedly induce neuronal polarization, whereas RhoA serves
a critical function in collapsing the growth cone by promoting membrane retraction [25]. To elucidate further the
functions of Racl and RhoA in dirasl-induced neurite outgrowth, the dominant negative form of Racl (T17N) and
constitutively activated RhoA (Q63L) were separately co-transfected with GFP-dirasl into Neuro-2a cells. As expected,
the cells with either decreased Racl activity or increased RhoA activity exhibited abrogated dirasl-mediated neurite
outgrowth morphology (Fig. 4A-D). Our results suggest that upregulation of Racl and downregulation of RhoA may be
involved in dirasl-induced neurite outgrowth. The activated GTP-bound form of Rac1/Cdc42 binds to the p21-binding
domain (PBD) and subsequently increases Pakl activities by interrupting the trans-inhibition of Pakl [26,27]. To
ascertain whether dirasla and diraslb enhances Racl activity, Racl activation status was assessed by extracting
GTP-bound Racl proteins from cell lysates using a GST-PBD of Pakl (amino acids residues 83-149) fusion protein. As
shown in Fig. 3C, Racl is clearly present in lysates derived from cells that expressed GFP-dirasla and GFP-diraslb. By
contrast, cells that expressed C-terminal truncated mutants relatively decreased their association with Pakl (Fig. 3C).
These results indicate that dirasl-mediated neurite outgrowth can be attributed not only to the enhanced expression but
also to the increased activities of Racl.

Zebrafish dirasl triggers neurite outgrowth by modulating Racl downstream effectors

Pakl and CDKS5 have recently been implicated in neuronal cytoskeleton dynamics [28]. Both Pakl and CDKS5 are
the main kinases for Racl-mediated normal neuronal differentiation and function [29,30]. We hypothesize that Pakl and
CDKS5 contribute to dirasl signaling. To test this hypothesis, the kinase-inactive dominant negative CDK5 mutant
(pPCMV-Mcherry-Cdk5-D145N) or the catalytically inactive form of Pakl (pCMV-Mcherry-Pak1-K299R) was
co-transfected with GFP vector alone, GFP-dirasla, or GFP-diraslb into Neuro-2a cells. The expression of
kinase-negative CDK5-D145N or Pak1-K299R significantly decreased protrusion in dirasl-overexpressing Neuro-2a
cells (Figs. 4C and D). Similarly, Neuro-2a cells was transfected with inhibitory constructs alone also presence the
similar pattern compare to mCherry vector alone (Supplementary Fig. 1). Accumulated evidence suggests that Racl
relays signaling cascades to the neuronal cytoskeleton using the Wiskott-Aldrich syndrome protein (WASP) family and
the verprolin-homologous protein (WAVE) family, activates actin-related protein 2/3 (Arp2/3) complex-dependent
nucleation, and subsequently provides a filamentous resource to organize actin polymerization [31-33]. To validate the
functions of WAVEL and Arp2/3 in dirasl-induced polarization, Western blot analysis was conducted. As shown in Figs.
5A and B, wild types of dirasla and diraslb obviously elevated WAVEL expression, unlike the deleted forms of dirasla
and diraslb and GFP alone. However, no overt alternation of Arp2/3 expression was found. To determine whether



Arp2/3 affects dirasl-induced polarization, an Arp2/3 inhibitor was used. The dirasl-induced polarization phenotype
was significantly blocked in Neuro-2a cells pre-treated with Arp2/3 inhibitor CK-548 (Figs. 5C and D). Accordingly,
our findings imply that dirasl triggers nuerite outgrowth using the Rac1 downstream effectors.

Depletion of dirasla and/or diraslb affects neural development in zebrafish

To address the function of dirasl in zebrafish embryogenesis, we injected antisense MOs bounded to the ATG site
and blocked the translation to one-cell stage embryos to knock down dirasla, diraslb, or both. To evaluate the
specificity and effectiveness of dirasla MO and diraslb MO, dirasla:gfp and diraslb:gfp constructs, which are
composed of morpholino target sequences fused to sequences encoding GFP, were generated and co-injected with the
corresponding dirasl MO. In addition, five mismatched MOs were used as negative controls. The expression of
dirasl:gfp was detected in the injected embryos at 24 hpf without developmental malformation. The GFP signal was
diminished in embryos injected with dirasla MO/dirasla:gfp and diraslb MO/diraslb:gfp at 24 hpf. When five
mismatched MOs were co-injected into embryos with a dirasl:gfp fusion gene, the GFP signal was detected in most
injected embryos (Supplementary Fig. 2). To determine the function of dirasl in neurodevelopment and to verify the
functional redundancy of dirasl among different species, we co-injected the dirasla and/or diraslb MOs with wild-type
or truncated mouse Dirasl mRNA into the Tg(huC:gfp) zebrafish to track the generation of terminally differentiated
neurons. Off-target effects were avoided in this study by using specific MOs that were co-injected with twofold amounts
of p53 MO in all MO experiments. From the lateral view of the embryos, high levels of huC expression in the
telencephalic cluster were found in the control and MO plus wild-type groups but not in the truncated mouse Dirasl
MRNA groups. dirasla and/or diraslb morphants exhibited abrogated huC expression in the forebrain region. Only a
small number of huC-positive neurons were present in the dirasla and/or diraslb morphants unlike in the control and
MO plus wild-type mouse Dirasl mRNA groups (Fig. 6). Therefore, dirasla and/or diraslb knockdown in zebrafish
embryos affects neuronal development. To confirm further that these events specifically resulted from the
downregulation of dirasl, we conducted acetylated a-tubulin (AcTub) staining to determine whether the disruption of
dirasla and/or diraslb affects neuronal differentiation. At 24 hpf, AcTub staining revealed decreased axonal branching
of trigeminal ganglion sensory neurons (TG) in morphants that received dirasla MO and/or diraslb MO. Co-injection
with mouse Dirasl, but not with Dirasl-ct mRNA, recovered axonal branching. Moreover, the TG clusters were smaller
in dirasla and/or diraslb morphants compared with those in control morphants (Fig. 7A). Given the defect in TG
observed through AcTub staining, we investigated whether dirasla and diraslb contribute to trigeminal ganglion
development during embryogenesis by analyzing the expression of isletl/2. Anti-islet1/2 staining, which highlights the
differentiated trigeminal neurons at 24 hpf, indicates that the TG was well-developed in control MO-injected embryos.
By contrast, the disruption of either dirasla or diraslb exhibited a gross number of development defects resulting from
the loss of TG (Fig. 7B). The trigeminal ganglion neurons were 28.8 + 2.3, 21.4 £ 2.1, and 18.7 £ 2.9 in the control,
dirasla morphants, and diraslb morphants, respectively. However, the co-knockdown of dirasla and diraslb had no
synergistic effects on trigeminal ganglion neurons, which were reduced to a 17.1 £ 3.2 level. Interestingly, co-injection
with wild-type, but not with the C-terminus truncated form of mouse Dirasl mRNA, restored the neurons of trigeminal
ganglion to 29 + 2.1 (Fig. 7C). Moreover, we injected splice morpholino (Sp-MO) into embryos and found that
diras1-Sp-MO morphants display similar defects as ATG-MO (Supplementary Figs. 3 and 4). This result implies that
dirasla and diraslb may be necessary for the proper development of trigeminal ganglions. A recent study has shown
that the first TGs are born as individuals at 11 hpf and are widely scattered along the anterior-posterior axis lateral to the
midbrain and the midbrain-hindbrain boundary. Meanwhile, the anterior TGs then migrate, condense with the posterior



neurons, and rapidly aggregate into compact clusters to reach the site of ganglion assembly at 14 hpf [34]. This process
raises the question of whether the disruptions of dirasla and diraslb alter the motility of initial trigeminal cells from the
anterior to the posterior. As shown in Fig. 8A, the early development of trigeminal precursors is determined by the
expression of ngnl, and these precursors are initially widely scattered in the control embryos at 11 hpf. Thereafter, the
precursors converge into a coherent ganglion at 14 hpf, as monitored by neuroD expression (Fig. 8B). The knockdown
of either dirasla or diraslb did not alter the development of the initial precursors and the assembly of trigeminal
ganglions as confirmed by the lack of overt alternation of ngnl and neuroD expression (Figs. 8A and B). Aspreviously
mentioned, dirasla- and diraslb-mediated neuronal differentiation depend onRacl activity. Thus, in the next set of
experiments, we investigate whether the constitutive activation of Racl can repair TG defects in dirasl morphants.
Indeed, co-injection with mRNA derived from constitutively active human Racl restored the neurons of the trigeminal
ganglion to the level of the control group (Figs. 9A and B). Our results reveal that the dirasl gene may contribute to the
maintenance of the number of trigeminal ganglions through the Rac1-dependent pathway.

Discussion

The activation of the Ras superfamily of proteins can regulate a wide range of biological functions, such as cell
proliferation, cell invasion, cell migration, differentiation, and apoptosis [9,35]. In this work, we demonstrated the
expression and conducted a functional analysis of zebrafish dirasl genes. Both dirasla and diraslb, two human
DIRAS1 homologues, were mainly expressed in the central nervous system and in the dorsal neuron ganglions with
distinct and overlapping patterns. The overexpression of the wild types, but not of CAAX motif-truncated forms of
dirasla and diraslb, triggered lamellipodia-like morphology and facilitated neurite outgrowth in Neuro-2a cells by
modulating Racl and RhoA. Blocking Racl signals through dominant negative Racl, Pakl, or CDKS5, as well as Arp2/3
inhibition significantly reduced these phenomena in dirasla- and diraslb-expressing cells. The interference of dirasla
and/or diraslb markedly reduced the cell population of trigeminal ganglions. Co-injection with mouse Dirasl mRNA or
constitutively active Racl mRNA clearly restored the trigeminal ganglion population. Our collective findings reveal that
dirasl genes serve a pivotal role in neuronal function through the Rac1-dependent pathway.

Finely orchestrated actin reorganization serves a pivotal role in neuron functions, such as specification, polarization,
axon guidance, and migration [36]. Accumulated evidence reveals that the Rho subfamily, specifically Racl, CDC42,
and RhoA, serves an indispensable function in neuronal cytoskeleton reorganization. In one study, in response to
extracellular or intracellular cues, CDC42 and Racl triggered filopodia and lamillepodia, respectively, which both
resulted in neurite outgrowth. By contrast, RhoA stimulated stress fiber formation and caused the collapse of neurites
[37]. The stimulation of rat pheochrocytoma PC12 cells with nerve growth factor (NGF) or serum starvation of mouse
neuroblastoma N1E-115 cells reportedly caused neurite formation by upregulating Racl and CDC42 activities but was
retarded by the dominant negative forms of Racl and CDC42 [38,39]. In another study, blocking Racl affected the
axon growth of the Drosophila neuron [40]. Forced expression of the constitutively activated form of Racl facilitated
the neurite outgrowth in rat hippocampal neurons [41]. By contrast, inhibition of RhoA by dominant negative RhoA or
by RhoA inhibitor resulted in neurite outgrowth in mouse neural stem cells [42], whereas constitutively active RhoA
attenuated the neurite outgrowth induced by NGF, BDNF, and neurotrophin 3 [43]. In line with these observations, our
findings demonstrate that the wild-type, but not truncated forms, of dirasl elevated the activities and protein level of
Racl, decreased the RhoA protein level, and subsequently triggered neuronal differentiation in Neuro-2a cells. Either
the dominant negative Racl or the constitutively active RhoA blocked the dirasl-induced neuronal polarization. Taken
as a whole, our results suggest that dirasl genes promote neuronal differentiation by modulating Racl and RhoA.
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However, the molecular mechanisms underlying the dirasl-dependent reduction of RhoA remain under investigation.

Evidence indicates that Pakl regulates neuronal dynamics [30]. GTP-bound active Racl interacts with the N-terminal
region of Pakl, which stimulates Pakl activity. This condition triggers cytoskeleton reorganization, which results in
neurite outgrowth in neuronal cells [30]. The constitutively active Pakl enhances neurite number, whereas the dominant
negative Pakl attenuates neurite number in cortical neuron cells [44]. Hayashi et al. demonstrated that dominant
negative Pakl significantly decreased constitutively active Racl-induced neurites in cultured pyramidal neurons [44]. In
another study, Tahirovic et al. demonstrated that Pakl activities were abolished in cerebella isolated from Racl
knockout [33]. In line with these observations, we showed that dominant negative Pakl reduced neuronal differentiation
in dirasla- or diraslb-overexpressing Neuro-2a cells. Interestingly, no significant alternation of the phosphorylation of
cofilin, a substrate of Pakl, was found in cells with and without dirasl overexpression (data not shown). A previous
report has shown that Rac2, but not Racl, is involved in the dephosphorylation of cofilin in response to
formyl-methionyl-leucyl-phenylalanine receptor activation [45]. Altogether, our data suggest that Pakl, but not cofilin
activity, serves a crucial function in diras1l-mediated actin cytoskeleton rearrangement.

CDKS5 and its associated protein, p35, were shown to serve critical functions in the formation of neurite outgrowth
during neuron differentiation [28]. CDK5/p35 also develops complex and active forms of Racl and can regulate actin
cytoskeleton rearrangement [29]. Moreover, p35/CDK5/Racl complex was found to trigger actin cytoskeleton
reorganization through hyperphosphorylation and Pakl inhibition, eventually causing neurite outgrowth in cultured
neuronal cells [29,46]. In this study, dominant negative CDK5 also blocked dirasl-induced polarization in Neuro-2a
cells. Our collective findings reveal that CDKS5 is involved in the dirasl-mediated neuronal differentiation as a
downstream target of Racl.

Reports also show that the WAVE/Arp2/3 pathways are involved in the Racl-mediated actin cytoskeleton
reorganization [47]. The WAVE regulatory complex binds to the active Racl and activates Arp2/3, thus causing actin
polymerization [47]. Miki et al. have shown that WAVE interactes with Racl in Cos7 cells for the co-expression of
WAVE and Racl [48]. The dominant negative WAVE inhibits the Racl-induced membrane ruffling but does not affect
the CDC42-induced spike-like formation [33]. Mislocalization of the WAVE in the cytosolic region was observed in the
cerebellar granule neurons of Racl knockout mice [33]. The forced expression of WAVE overcame the defects in
neuron polarization caused by the Racl knockout [33]. In this study, the forced expression of dirasla or diraslb
stimulated the WAVE level, but not the alternation of Arp2/3 expression. However, CK-458 blocked Arp2/3 activities
and diminished dirasla and diraslb-induced neuronal polarization. Our collective results indicate that the
WAVE/Arp2/3 pathways may also be involved in the dirasl-induced actin reorganization in neuronal cells.

In this study, the knockdown of dirasla and/or diraslb decreased the number of the trigeminal ganglion in zebrafish.
More interestingly, Kanungo et al. demonstrated that the depletion of CDK5 expression by si-RNA reduced the primary
sensory neurons of the trigeminal ganglion in zebrafish [49]. Our results suggest that CDK5 may function as a
downstream effector of dirasl genes. Thus, the knockdown of dirasla and/or diraslb may prevent CDKS5 activity and
subsequently decrease the trigeminal ganglion neurons. However, the overt alternation of the trigeminal ganglion
precursor markers, such as ngnl and neuroD, was absent among the morphants and the control group at 11 hpf and 14
hpf, respectively. The lack of influence of ngnl and neuroD expressions in the early trigeminal ganglion of dirasl
morphants may be explained by the temporal expression patterns of dirasla and diraslb. The trigeminal ganglion
precursor first appeared at 11 hpf as a small cluster of approximately 14 neurons, which reached 30 neurons at 24 hpf
and consisted of approximately 55 neurons at 72 hpf [50]. Caron et al. showed that early-born and late-born trigeminal
ganglions display distinct genes and functions [50]. However, dirasla and diraslb were rarely detectable before 12 hpf
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when using RT-PCR and whole mount in situ hybridization. This finding suggests that both dirasla and diraslb are not
essential for early trigeminal ganglion migration but may serve a critical function in neuron population.

This study is the first to demonstrate that zebrafish dirasla and diraslb promote neurite outgrowth in Neuro-2a cells
and maintain trigeminal ganglion neurons in zebrafish. Both dirasla and diraslb enhance Racl levels and downregulate
the RhoA level. Blocking Racl downstream targets significantly prevents the effects of dirasla- and diraslb-induced
polarization in Neuro-2a cells. The depletion of dirasla and diraslb results in decreased trigeminal ganglion neurons.
Such decrease can be restored by co-injection of mouse Dirasl or constitutively active Racl mRNA. In conclusion, our
findings indicate that dirasla and diraslb are key factors in neurogenesis because of their cross-talks with other small
GTPases, such as Racl and RhoA.
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FIGURE LEGENDS

Fig. 1. Protein sequence alignments, phylogenetic tree and expression patterns of zebrafish dirasla and diraslb. (a)

Multiple alignments of dirasla and diraslb amino acid sequences were compared with those of human (H-DI-Rasl),

mouse (M-DI-Rasl), rat (R-DI-Rasl), and Xenopus (X-DI-Rasl). The DIRAS1 sequences from the five species were
aligned using ClustalW. ldentical sequences are shaded in yellow, whereas residue similarities of the four DIRAS1

proteins are presented in cyan. (b) A phylogenetic tree was constructed based on the multiple alignments of the DIRAS1

proteins using MegAlign in DNASTAR through the neighbor joining method. Scale bars indicate nucleotide substitutions
(100x). (c) A graphical representation of the conserved synteny of the DIRAS1 gene clusters in human chromosome 19, rat
chromosome 7, mouse chromosome 10, and zebrafish linking groups (LG) 2. The dirasla gene is localized in LG 11. Ch

denotes the chromosome. Whole mount in situ hybridization was performed using antisense riboprobes against dirasla (d)
and diraslb (e) at the indicated developmental stages. The stages of embryonic development are indicated in the right
(d,e). di: diencephalon, GCL.: ganglion cell layer, H.B.: hindbrain, and tel: telencephalon. Stages are indicated in the
upper right.

Fig. 2. Zebrafish dirasl enhanced neurite outgrowth in Neuro-2a cells. (a,b) Neuro-2a cells were transiently transfected

with pEGFP vectors, namely, pEGFP-dirasla, pEGFP-diraslb, pEGFP-dirasla-ct, or pEGFP-diraslb-ct. The cells
were fixed at 24 h post-transfection, and the actin cytoskeleton was stained with rhodamine/phalloidin (in red) (a) to
determine the percentage of cells with neurite outgrowth. The arrowhead indicates lamellipodia-like structure. The
arrow indicates protrusion formation. (b). Scale bars (a): 50 um. The nucleus was stained with DAPI (in blue). Data are
presented as the mean = S.D. of three independent experiments. ***p < 0.001 (Student’s t test).

Fig. 3. Functional characterization of zabrafish dirasla and diraslb. (a) Neuro-2a cells were transfected with pEGFP
vectors, namely, pEGFP-dirasla, pEGFP-diraslb, pEGFP-dirasla-ct, or pEGFP-diraslb-ct. The protein levels of Racl,

Cdc42, and RhoA were detected using Western blot analysis. B-Actin was used for normalization. (b) Data are
presented as the mean = S.D. of three independent experiments. *p < 0.05; **p < 0.01. (c) Racl activity was assessed by
extracting GTP-bound Racl proteins from cell lysates using the GST-Pak1-PBD fusion protein. About 500 pg of lysates
derived from cells transfected with the indicated plasmids were incubated with GST-Pak1-PBD or GST alone. After the
pull-down assay, Racl was detected with immunoblotting. Whole input lysate was detected with an anti-GFP antibody.

Coomassie blue-stained SDS-PAGE gels show the molecular weight of the GST and the GST-Pak1-PBD fusion protein.

Fig. 4. Racl inactivation, RhoA activation, Pakl inhibition, or CDKS5 inhibition blocked dirasl-induced neurite
outgrowth. (a,b) Neuro-2a cells were co-transfected with pEGFP-dirasla or pEGFP-diraslb combined with pYFP
vector or pYFP-dominant negative Racl (T17N). The cells were fixed and stained with rhodamine/phalloidin (in red) at
24 h post-transfection to examine the percentage of neuronal cell differentiation (b). Neuro-2a cells were co-transfected
with pEGFP-dirasla or pEGFP-diraslb combined with pCMV-mCherry vector or pCMV-mCherry-constitutive
activated RhoA (Q63L), pCMV-mCherry-catalytically inactivated Pakl (K299R) or pCMV-mCherry-dominant
negative CDKS5 (D145N) for 24 h. The cells were fixed, and the neurite outgrowth rate was examined. Images show the
morphology of the cells (c). The panel shows the percentages of cell differentiation (d). Scale bars (a,c): 50 um. The
nucleus was stained with DAPI (in blue). Data are presented as the mean + S.D. of three independent experiments.
***p < 0.001 (Student’s t test).

Fig. 5. WAVE and Arp2/3 were involved in dirasl-mediated neurite outgrowth. (a) Neuro-2a cells were transfected
with pEGFP vectors, namely, pEGFP-dirasla, pEGFP-diraslb, pEGFP-dirasla-ct, or pEGFP-diraslb-ct. The protein
levels of WAVE and Arp2/3 were detected using Western blot analysis. B-Actin was used for normalization. (b) Data
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are presented as the mean + S.D. of three independent experiments. (c,d) Neuro-2a cells with or without pre-treatment
with Arp2/3 inhibitor (CK-548) were transfected with pEGFP vectors, namely, pEGFP-dirasla or pEGFP-diraslb. The
cells were fixed and stained with rhodamine/phalloidin (in red) at 24 h post-transfection to investigate morphological
changes. The nucleus was stained with DAPI (in blue). Scale bars (c): 50 um. Data are presented as the mean + S.D. of
three independent experiments. ***p < 0.001 (Student’s t test).

Fig. 6. Effects of dirasl gene depletion on neurogenesis using the Tg(huC:gfp) model. The embryos that received the
indicated MOs were collected at 48 hpf. The expression of huC was abrogated in dirasl morphants. Reduced trigeminal
sensory ganglion territories were also observed in dirasl morphants. The deficiency in huC expression was restored via
co-injection with the wild-type but not with the C-terminus truncated form of mouse Dirasl mRNA. All images are
shown in lateral view. Scale bars: 100 um. Tc: telencephalic cluster, Tg: trigeminal ganglion, Tec: tectum, and Hb:
hindbrain.

Fig. 7. Effects of dirasl depletion on neurogenesis as visualized using acetylated tubulin (AcTub) and islet1/2 staining.
(a) AcTub expression (an axonal marker) was examined using confocal microscopy at 24 hpf. The axonal scaffolds of
the trigeminal sensory ganglion in dirasl morphants were visibly curtailed. Co-injection with the wild-type but not with
the C-terminus truncated form of mouse Dirasl mRNA restored the neurons of the trigeminal ganglion. The arrowhead
indicates the trigeminal sensory ganglion. (b) Embryos that received the indicated MO were collected at 24 hpf. The
trigeminal sensory ganglion was marked using an isletl/2 antibody via immunostaining. Trigeminal sensory ganglia
decreased in dirasla and diraslb morphants. These defects can be restored by mouse Dirasl mRNA. All images are
shown in lateral view. Scale bars: 100 um. (c) Data are presented as the mean = S.D. of three independent experiments.
*p < 0.05, the morphant group compared with the control MO; #p < 0.05, co-injection with the wild-type mRNA group
compared with the morphant group (Student’s t test). Scale bars (a,b): 100 um.

Fig. 8. Knockdown of dirasl did not impair the positioning of the trigeminal sensory ganglion. (a,b) The embryos that
received the indicated MO with or without the corresponding RNA were collected. Whole mount in situ hybridization
for ngnl expression at 11 hpf (a) and neuroD expression at 14 hpf (b) was performed. Trigeminal sensory ganglia were
settled in small clusters at 11 hpf and formed compact clusters at 14 hpf. This arrangement is indistinguishable between
the control and morphants. Precursors of the trigeminal sensory ganglion (tg) are indicated. All images are in dorsal
view with the anterior at the top. Scale bars (a,b): 100 um.

Fig. 9. Zebrafish dirasl was required for trigeminal sensory gangliongenesis through the Racl-dependent pathway. (a)
The morphants that received the indicated MOs were collected at 24 hpf. An islet1/2 antibody was used as a marker of
the trigeminal sensory ganglion. Trigeminal sensory ganglia decreased in dirasla or/and diraslb morphants. These
defects can be restored by injecting the constitutive activation of Racl mRNA. All images are shown in lateral view.
Scale bars (2): 100 um. (b) Quantitative analyses of islet1/2-positive neurons are presented as the mean + S.D. of three
independent experiments. *p < 0.05, the morphant group compared with the control MO; #p < 0.05, co-injection with
the wild-type mRNA group compared with the morphant group (Student’s t test).

Fig. S1. Neuro-2a cells were transfected with inhibitory constructs alone and did not cause morphological change.
Neuro-2a cells were transiently transfected with various inhibitory constructs. Data are presented as the mean £ S.D. of
three independent experiments.

Fig. S2. Specificity of dirasla and diraslb morpholinos. Two GFP reporter plasmids (dirasla:gfp and diraslb:gfp) that
encompass the MO target sequences were constructed. Embryos that received 100 pg of dirasla:gfp or diraslb:gfp
showed a mosaic GFP expression at 24 hpf. Co-injection of dirasla:gfp or diraslb:gfp with the corresponding MO but
not the five-mismatched MOs significantly diminished GFP expression. Scale bars: 1 mm.
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Fig. S3. Zebrafish dirasla and diraslb splice morpholino (Sp-MO) effectively blocked the correct splicing of
pre-mRNA without compensation effects. (a) Schematic indicates the intron and exon structures and position of Sp-MO
(red) and RT-PCR primers (arrows). (b) Embryos were injected at the single-cell stage with dirasla and/or
diraslb Sp-MO. RNAs were extracted and analyzed using RT-PCR. Corrected splicing fragments were found in the
control MO groups but not in the dirasla and/or diraslb Sp-MO groups. Lane 1: marker, lane 2: control MO, lane 3:
control MO, lane 4: dirasla-Sp-MO, lane 5: diraslb-Sp-MO, lane 6: dirasla- and diraslb-Sp-MO. (c) RT-PCR
analyses of the dirasla and diraslb gene in dirasl morphants suggested that the knockdown of dirasla or diraslb did
not induce the complementary effect. Lane 1: marker, lane 2: control MO, lane 3: dirasla-Sp-MO, lane 4: control MO,
lane 5: diraslb-Sp-MO. Elongation factor 1o was used as the internal control.

Fig. S4. Loss of the trigeminal ganglion in dirasla and/or diraslb Sp-MO morphants. (a) The embryos that received
the indicated Sp-MO were collected at 24 hpf. The trigeminal sensory ganglion was marked using an islet1/2 antibody
via immunostaining. All images are shown in lateral view. Scale bars: 100 um. (b) Quantitative analyses of
isletl/2-positive neurons are presented as the mean + S.D. of three independent experiments. *p < 0.05, the morphant
group compared with the control MO (Student’s t test).
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