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Abstract

Akt1 is well known for its role in regulating cell proliferation, differentiation, and apoptosis and is implicated in tumors and
several neurological disorders. However, the role of Akt1 in neural development has not been well defined. We have
isolated zebrafish akt1 and shown that this gene is primarily transcribed in the developing nervous system, and its
spatiotemporal expression pattern suggests a role in neural differentiation. Injection of akt1 morpholinos resulted in loss of
neuronal precursors with a concomitant increase in post-mitotic neurons, indicating that knockdown of Akt1 is sufficient to
cause premature differentiation of neurons. A similar phenotype was observed in embryos deficient for Notch signaling.
Both the ligand (deltaA) and the downstream target of Notch (her8a) were downregulated in akt1 morphants, indicating
that Akt1 is required for Delta-Notch signaling. Furthermore, akt1 expression was downregulated in Delta-Notch signaling-
deficient embryos and could be induced by constitutive activation of Notch signaling. In addition, knockdown of Akt1 was
able to nullify the inhibition of neuronal differentiation caused by constitutive activation of Notch signaling. Taken together,
these results provide in vivo evidence that Akt1 interacts with Notch signaling reciprocally and provide an explanation of
why Akt1 is essential for the inhibition of neuronal differentiation.
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Introduction

Akt, also known as protein kinase B (PKB), was first identified as

the cellular homolog of the v-akt thymoma viral oncogene

transduced by AKT8 and later found to be a serine/threonine

kinase that is regulated through phosphatidylinositol-3-kinase

(PI3K)-mediated signaling [1,2,3]. PI3K/Akt signaling is initiated

when receptors such as receptor tyrosine kinases (RTKs) or G

protein-coupled receptors (GPCRs) activate PI3K. PI3K then

phosphorylates phosphatidylinositol 4,5-biphosphate (PIP2) to

generate phosphatidylinositol 3,4,5-triphosphate (PIP3) which

recruits Akt to the plasma membrane contributing to the

conformational change of Akt. Once positioned at the membrane,

Akt become activated upon phosphorylation by phosphoinositide-

dependent kinase-1 (PDK1) and mammalian target of rapamycin

complex 2 (mTORC2). Activated Akt phosphorylates a variety of

substrates, which contribute to diverse cellular roles, including cell

survival, growth, proliferation, migration, and angiogenesis, and

various aspects of metabolism [4]. Aberrant Akt signaling was

found in several human diseases, ranging from cancer to metabolic

dysfunction and mental diseases [5]. To date, three mammalian

isoforms, Akt1 (PKBa), Akt2 (PKBb), and Akt3 (PKBc), have been
identified; all three share a high degree of sequence and structural

similarities [6]. These Akt isoforms show differences in tissue-

specific expression patterns and play distinct physiological roles

with some overlapping functions [5,7,8].

Akt1 is the founding member and the most intensively studied

protein of the family. Mutations in Akt1 that result in constitutive

activation or elevated Akt1 expression have been implicated in

a wide range of cancers, including colorectal, breast, prostate,

lung, pancreatic, liver, and ovarian cancers as well as in leukemia

and glioblastomas [9,10,11]. Mutations in this gene have been

associated with Proteus syndrome [12] and schizophrenia [13]. In

the nervous system, extensive studies have shown that Akt1 plays

crucial roles in multiple cellular processes, including neural cell

survival [14,15,16,17,18] and enhancement of the proliferation of

neural progenitors [19], and is required for axon growth [20,21].

Controversial results showed Akt1 could both promote [22,23]

and inhibit neuronal differentiation [24,25]. However, most of

these data were obtained from in vitro analyses, and experimental

approaches mainly rely on the mis-expression of constitutive active

or dominant negative constructs, which may not reflect the

physiological role of Akt1. In addition, abundant expression of

Akt1 was detected in the developing nervous system [26].

Nonetheless, very few studies have described the prenatal role of

Akt1 in vivo, and the defect in the developing nervous system of

Akt1 knockout mice has not been thoroughly described [26,27,28].

However, altered expression of genes involved in neuronal

development was detected in the prefrontal cortex of Akt1-deficient
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mice analyzed by transcriptional profiling [29]. Further in vivo

evidence was obtained by over-expression of the constitutively

active form of human Akt1 in Xenopus embryos, which induced

neuronal markers (shown by RT-PCR) [30]. These studies provide

a strong indication that Akt1 participates in neural development,

but its endogenous role in neural development remains unclear.

The zebrafish, Danio rerio, has emerged as an excellent

vertebrate model, with advantages over other organisms for the

study of many aspects of developmental biology. In particular, the

morpholino approach provides efficient and economic phenoco-

pies of gene mutations. Here, we isolated the previously

uncharacterized zebrafish akt1 gene and show that it is expressed

in the developing nervous system. Knockdown of endogenous

Akt1 resulted in apoptosis and premature differentiation of

neuronal precursors. We further showed that Akt1 reciprocally

interacts with the Delta-Notch-Su(H) signaling cascade, which is

essential for the inhibition of neuronal differentiation. Our in vivo

data provide further insights into the roles of Akt1 in neural

development and in Notch-regulated neuronal differentiation.

Results

Identification and Isolation of Zebrafish akt1
BLAST analysis using human AKT1 amino acid sequence as

a template failed to identify any putative homologue from current

zebrafish databases (the zebrafish genome sequence is only 87%

complete). We therefore performed PCR from a home-made

zebrafish cDNA library (a kind gift from Sheng-Ping L. Hwang)

using degenerate primers designed from the mammalian AKT1

protein sequence, and isolated a cDNA clone containing

a fragment that showed high similarity to mammalian AKT1/

Akt1. Sequence comparison to mammalian homologues revealed

that this fragment was not a full coding region. The missing 59-end

sequence was then amplified by 59 rapid amplification of cDNA

ends (59 RACE) and sequenced. Primers were then designed

accordingly to amplify the full open reading frame from total

cDNA extracted from zebrafish embryos. The product of the PCR

comprised 1425 bp, encoding a 475-residue peptide containing

putative start and stop codons matching approximately the same

positions as in other vertebrate AKT1/Akt1 genes (Fig. S1A). This

fragment shows structural features of the Akt family members

including a pleckstrin homology (PH) domain, a kinase domain

and a hydrophobic motif. The putative coding sequences showed

the highest degree of similarity to the AKT1 homologues, with

90% identity and 95% similarity to chicken AKT1 and 89%

identical and 94% conserved amino acids compared with human

and mouse AKT1. Phylogenetic analysis also showed this

fragment was most closely related to mammalian AKT1 (Fig.

S1B). A conserved threonine at position 302 and a serine at

position 467 (308 and 473 in mammals, respectively), which have

been shown to be phosphorylated by PDK1 and mTORC2,

respectively, in other homologues [31], were also identified (Fig.

S1A). Besides these two sites, residues tyrosine 309, tyrosine 320

and threonine 444 (315, 326 and 450 in human, respectively),

which have been shown to be involved in the regulation of Akt

activity, are also conserved in this zebrafish fragment [32] (Fig.

S1A). Alignment with the genomic sequence showed the open

reading frame was contained within 13 exons and comparison of

the exon-intron structure of the vertebrate Akt1 homologues

revealed that all intron positions are strictly conserved (arrowheads

in Fig. S1A). This provides strong evidence for their evolution

from a common ancestor gene specific to this subgroup. This result

further substantiates the orthology of this gene homologous to

mammalian AKT1/Akt1. We therefore named this gene zebrafish

akt1 (GenBank accession number JX307852). Teleost fish often

have two co-orthologues due to an additional genome-wide

duplication event, which contrasts with the single gene copy

found in humans and other mammals [33]. The zebrafish genome

has not been fully sequenced, so we screened the genomic

databases of other teleost fishes with complete genome sequences

(medaka, fugu, and Tetraodon). We identified only one akt1

homologue in each species (data not shown), which suggests that

akt1 is not duplicated in teleost fish and that the zebrafish genome

contains only one akt1 gene.

Zebrafish akt1 is Expressed in the Developing Nervous
System
Expression of akt1 was analyzed by whole-mount in situ

hybridization. Ubiquitous expression through the whole embryo

before gastrulation suggests that the gene is expressed as a maternal

mRNA (Fig. 1A–B). Widespread low-level expression in the

developing central nervous system could be detected from the tail

bud stage, with strong expression observed in the brain from the 6-

somite stage until the latest stage analyzed (48 hours post

fertilization [hpf]; Fig. 1C–H), whereas expression in the spinal

cord was relatively weak (Fig. 1C–H). Much higher levels of akt1

expression could be observed in the hindbrain from the 6-somite

stage (Fig. 1D) and in the telencephalon from the14-somite stage

(Fig. 1E). In addition to the developing nervous system, significant

expression could be seen in the somitic furrows from the 14-somite

stage to 24 hpf, and transient expression in the developing lens at

24 hpf and in the pharyngeal arches at 48 hpf (Fig. 1D–H). In

comparison, mouse Akt1 is also strongly expressed in embryonic

brain and muscular derivatives [26], which shows partial

conservation with the expression of zebrafish akt1; however, the

mouse homologue is also transcribed in heart, lung, thymus and

skin, where no expression of zebrafish akt1 was detected during the

stages analyzed.

Akt1 Knockdown Causes Developmental Abnormalities
In order to delineate the role of Akt1 in neurodevelopment, the

morpholino (MO) knockdown approach was used to interfere with

its expression. An antisense morpholino was synthesized to target

the translation start site of akt1 mRNA to block protein production

(MO1), and a second morpholino (MO2) was designed that targets

the intron 9 - exon 10 boundary resulting in defective splicing and

a truncated product (Fig. S2A). Comparison with sequences of

other akt paralogues predicted binding of both morpholinos

specifically to akt1. The specificity of akt1 MO1 and MO2 was

confirmed by rescue experiments in which the MOs were

coinjected with mRNA for akt1, as described for each experiment

below. To confirm the efficacy of the morpholino knockdown

approach, akt1 MO1 was coinjected with the mRNA of a ‘reporter

construct that contained the akt1MO1 binding sequence upstream

of an enhanced green fluorescent protein reporter (59akt1-EGFP).

Effective knockdown of the translation of this construct (evident by

loss of EGFP protein) was observed upon coinjection with akt1

MO1 but was unaffected by coinjection with control morpholino

(Fig. S2D). To confirm the efficacy of akt1 MO2, RT-PCR with

primers that spanned the MO2 binding sequence was employed

and a fragment corresponding to an mRNA lacking the 215 bp of

exon10 was detected in the morpholino injected embryo extract

(Fig. S2B). Sequencing of the mis-spliced product confirmed exon

10 deletion and further showed a predicted premature stop codon

in the kinase domain that would truncate the encoded protein and

resulted in the loss of the phosphorylation sites T444 and S467

that have been shown to be required for Akt1 activation (Fig. S1A,

C). Injection of MO1 or MO2 caused identical morphological

Akt1 Mediates Neuronal Differentiation

PLOS ONE | www.plosone.org 2 January 2013 | Volume 8 | Issue 1 | e54262



defects, including brain malformation, a bent trunk and pericar-

dial edema, in a dose-dependent manner, analyzed at 24 hpf and 2

days post fertilization (dpf) (Fig. 2). Concomitant injection of

morpholinos with akt1 mRNA rescued these phenotypes, in-

dicating that the morpholino-induced defect was due to loss of

Akt1 function (Fig. 2). We used 6 ng MO1 or 1 ng MO2 for the

following experiments since these doses were sufficient enough to

caused specific knockdown of Akt1 without severe morphological

defects.

Knockdown of Akt1 Increases cell Apoptosis via a p53-
independent Mechanism
We first analyzed the effect of Akt1 knockdown in the

developing nervous system by examining neurogenin1-positive

neuronal precursors during early neurulation. Whole-mount in

situ hybridization showed that expression of neurogenin1 was

dramatically decreased in the morpholino injected embryos at

bud stage, which could be rescued by akt1 mRNA injection

(Fig. 3A). Quantitative real time PCR (qPCR) analysis confirmed

a 5-fold decrease in neurogenin1 expression in akt1 morphants

(Fig. 3D). These results indicate that Akt1 was required for the

formation of neuronal precursors. Since previous in vitro studies

showed Akt1 is able to mediate neural cell survival and to suppress

apoptosis [18,34], we suspected morpholino knockdown of Akt1

reduced the number of neuronal precursors through induced

apoptosis or inhibition of proliferation. To investigate whether the

loss of neurogenin1-positive neurons was due to cell death, apoptotic

neurons were analyzed by looking for the presence of proteolytic

activation of the effector caspase-3 by immunohistochemistry on

akt1 morphants. Following in situ hybridization with neurogenin1

RNA probe, embryos were subjected to immunohistochemical

staining to determine whether apoptosis was localized to neuronal

precursors (Fig. 3B). Injection of akt1 morpholino resulted in

slightly increased activated caspase-3-positive signals in compar-

ison with the controls (Fig. 3B, E), suggesting that Akt1 was

required for the survival of neurons. However, previous studies

Figure 1. akt1 expression in the developing zebrafish. akt1 expression was detected by in situ hybridization in the developing nervous system
during zebrafish embryogenesis. The embryo stages are shown in the bottom right corner of each panel. (C–F and G) Dorsal view with anterior to the
top. (I) Lateral view with anterior to the right. (J) Dorsal view with anterior to the right. akt1 expression appears first in the developing nervous system
during the bud stage (arrowhead in C) and later becomes restricted to specific brain areas (D–K). Relatively weak expression was detected in the
spinal cord from the bud stage (C) and persisted until the final stage that was analyzed (48 hpf) (C–E and G–J). (F) akt1 expression (purple) in
rhombomere 2 analyzed by double in situ hybridization with krox20 (red). H and K are cross-sections from E and I, respectively. hb, hindbrain; le, lens;
mhb, midbrain-hindbrain boundary; p, pallium; pr, pharyngeal arches; r2–r5, rhombomere 2–5; s, somites; sc, spinal cord; t, tectum; tel, telencephalon.
doi:10.1371/journal.pone.0054262.g001
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showed that some morpholinos can cause off-target apoptosis

mediated by p53 activation [35]. To rule out this possibility, we

co-injected a tp53 morpholino with akt1 morpholino which did not

affect the akt1 morphant phenotype (Fig. 3A, B). Taken together,

these results showed that knockdown of Akt1 results in neuronal

apoptosis and suggest that Akt1 contributes to neuronal survival

through a mechanism alternative to p53.

Previous in vitro studies showed AKT1 could regulate the

proliferation of neural progenitors [19]. We therefore analyzed

proliferating neurons using phosphohistone H3 antibody and

counterstained with neurogenin1. The results demonstrated that

neural proliferation remained intact after Akt1 knockdown

(Fig. 3C, F), indicating that Akt1 was not required for the

proliferation of neurons.

Loss of Akt1 is Sufficient to Cause Precocious Neuronal
Differentiation
Given the reduced number of neuronal precursors following

knockdown of Akt1, we investigated whether this might be because

it elicited premature differentiation of neurons. The expression of

elavl3 (encoding HuC), which marks the neurons of late de-

termination and differentiation [36], was therefore investigated in

Akt1 knockdown embryos. elavl3 transcripts were not detectable at

bud stage in wild-type embryos, and emerged only from the 3

somite-stage, reflecting the stage of the beginning of neuronal

differentiation (Fig. 4A, B). On the contrary, a significant amount

of elavl3 transcripts was observed in Akt1 knockdown embryos at

bud stage, concurrent with reduced neurogenin1-positive neuronal

precursors (Fig. 4A–B; compare with Fig. 3A), indicating Akt1

knockdown caused premature differentiation of neurons. We

further investigated the effect of Akt1 knockdown using a post-

mitotic neuronal marker, HuC/D antibody, on embryos at 24 hpf.

The results showed that embryos injected with akt1 morpholino

exhibited significant upregulation of HuC/D expression (Fig. 4A,

C). Notably in the normal developing hindbrain, the differentiat-

ing neurons were normally confined to the center and bilateral

sides of each rhombomere; in contrast, ectopic mature neurons

filling nearly the entire hindbrain were observed in the akt1

morphants (insert panels in Fig. 4A). Ectopic HuC/D-positive cells

were also observed in several regions where normal neuronal

differentiation would not occur (arrows in Fig. 4B). This effect was

confirmed by Western blot analysis showing a 1.4-fold increase in

HuC/D expression in akt1 morphants (Fig. 4D). Concurrently

with the increased HuC/D expression, the expression of

neurogenin1 was significantly downregulated at 24 hpf (Fig. 4A),

indicating that neurons were prematurely differentiated from

neurogenein1-positive precursors into HuC/D-positive differentiat-

ing neurons. The effect of akt1 morpholino could be attenuated by

co-injection with akt1 mRNA but not tp53 morpholino (Fig. 3 and

Fig. 4). Taken together, these results indicate that Akt1 is required

for the inhibition of neuronal differentiation and that this function

is separable from neuronal survival.

Akt1 Interacts with Notch Signaling to Mediate Neuronal
Differentiation
Recent studies have shown that the Akt and Notch signaling

pathways interact through complex molecular interactions in the

normal developing nervous system and in neoplastic tissues [37].

Notch signaling is initiated upon interaction with its ligands Delta

or Serrate/JAGGED and consequently trigger the transcription of

target genes, Hairy and Enhancer-of-split [H/E(Spl)], which suppress

the expression of proneuronal genes and inhibit neurogenesis [38].

Defects in Notch signaling result in premature differentiation of

neurons [39]. This phenotype of akt1 morphants resembled the

effect observed in Notch-deficient embryos [40] (Fig. 4A and

Fig. 5A), suggesting a potential functional interaction between Akt

and Notch signaling pathways. To investigate whether these two

signals interact to regulate neuronal differentiation, we first

Figure 2. Akt1 knockdown using specific morpholinos is sufficient to cause developmental abnormalities in a dose-dependent
manner. Representative images of morpholino-injected embryos. The following doses were used for microinjection: low dose, 6 ng MO1 or 1 ng
MO2; medium dose, 10 ng MO1 or 2 ng MO2; high dose, 14 ng MO1 or 4 ng MO2. Arrowheads denote bent body characteristics, while arrows
indicate edema in the pericardial sac. Brain malformations are marked by asterisks. These morphological phenotypes were rescued by concomitant
injection with 1 ng akt1 mRNA, as shown in the right panels.
doi:10.1371/journal.pone.0054262.g002
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Figure 3. Decreased neuronal precursors in Akt1 knockdown embryos during early neurogenesis. (A) In situ hybridization showing the
dramatic downregulation of neurogenin1 in akt1morpholino-injected embryos. This effect was rescued by co-injection with akt1mRNA but not a tp53
morpholino, which was confirmed by qPCR analysis (D). (B) Apoptotic cells were detected using caspase-3 antibody (brown) and double-labeled with
neurogenin1 (purple), which showed an increase in apoptotic cells in akt1 morphants. The double-labeled cells are indicated with arrows and
quantified in E. (C) Proliferating neurons were double-labeled with phosphohistone H3 antibody and neurogenin1 riboprobes (arrows), which showed

Akt1 Mediates Neuronal Differentiation
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analyzed in akt1 morphants the expression of her8a, a direct

downstream target of Su(H)-dependent Notch signaling in

zebrafish, which is essential for the inhibition of neuronal

differentiation [41]. This showed that her8a expression was

downregulated in Akt1 deficient embryos (Fig. 5B, C), suggesting

that Akt1 was essential for her8a transcription. We next sought to

examine whether Akt1 was required for the initiation of Notch

signaling by analyzing the ligand of Notch signaling, DeltaA.

Injection of akt1 morpholino also downregulated the expression of

deltaA (Fig. 5B–C), suggesting that Akt1 is an upstream mediator

that is essential for Notch signaling.

Our results are consistent with previous in vitro studies showing

that Akt signaling can act as a positive upstream regulator for

Notch signaling [42,43,44]. Conversely, several reports also

showed that Akt can be regulated by Notch signaling

[37,45,46,47]. To further substantiate the role of Akt1 in Notch

signaling, we analyzed the expression of akt1 in mind bomb mutant

embryos (mibta52b) that have a strong Notch pathway deficiency

[48] due to mutation of a ubiquitin ligase required for Delta ligand

activity [49]. The expression of akt1 was downregulated in mibta52b

mutants (Fig. 6A), indicating that Notch activation is required for

akt1 transcription in turn.

The Notch receptor interacts with its canonical ligands Delta

and Serrate, which trigger proteolytic cleavage that releases the

Notch intracellular domain (NICD) to enter the nucleus. NICD

then interacts with the DNA-binding protein CSL [CBF/RBP-J,

Su(H), LAG-1], leading to the transcription of target genes [38].

To further test whether akt1 is activated through the Su(H)-

dependent Notch pathway, we expressed mRNA encoding

a constitutively active form of Su(H) that has been shown to

activate Notch signaling and its target genes [50]. This resulted in

upregulation of akt1 expression (Fig. 6B), indicating that akt1 can

be induced by Su(H)-dependent Notch signaling. Taken together,

no significant difference between akt1morphants and controls. This was confirmed by quantification (F). In A–C the lower panels are enlargements of
the upper panels. **, p,0.01; ***, p,0.001.
doi:10.1371/journal.pone.0054262.g003

Figure 4. Akt1 morphants exhibit upregulation of HuC/D expression with simultaneous downregulation of neurogenin1 expression.
(A) During the bud stage, injection with akt1 morpholinos upregulated the expression of elavl3 compared with the controls. (B) HuC/D-expressing
post-mitotic neurons increased massively in akt1morpholino-injected embryos, as shown by immunohistochemical analysis with anti-Hu antibody at
24 hpf. Note the ectopic HuC/D expression in the ventricular zone (arrows in insert panels). (C) At the same stage, neurogenin1 expression was
reduced significantly by Akt1 knockdown. (D) Levels of HuC/D expression were confirmed by Western blot analysis and are quantified in the top
panel. (E) qPCR analysis further confirmed the decreased expression of neurogenein1 at 24 hpf (C) in akt1 morpholino-injected embryos. All
phenotypes could be rescued by concomitant injection with akt1 mRNA but not a tp53 morpholino. **, p,0.01.
doi:10.1371/journal.pone.0054262.g004
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our results demonstrated that the expression of akt1 can be

upregulated by the DeltaA-Notch-Su(H) cascade.

Activation of Notch signaling by over-expressing constitutive-

active Su(H) caused downregulation of HuC/D due to constitutive

inhibition of neuronal differentiation [40,50] (Fig. 6C). This

phenotype is the converse of what we observed in Notch signaling

and Akt1-deficient embryos. To further confirm that Akt1

expression is essential for Notch signaling-mediated inhibition of

neuronal differentiation, we constitutively activated the Notch

pathway by injection of the dominant-active form of Su(H) at the

one-blastomere stage followed by injection of akt1 morpholino at -

blastomere stage, and analyzed the effect of neuronal differenti-

ation. The results showed that the effects caused by dominant-

active Su(H) was nullified by Akt1 knockdown (Fig. 6C–D),

indicating that Akt1 is required for Su(H)-dependent Notch

signaling-mediated inhibition of neuronal differentiation. Taken

together, the results suggest that Akt1 mediates Notch signaling in

a positive feedback loop and is essential for the inhibition of

neuronal differentiation.

Discussion

Akt1 is well known for its potential role in oncogenesis and is

associated with several neurological defects, such as familial

schizophrenia [13] and dopamine-associated neuropsychiatric

disorders [51]. Despite its pathological importance and enriched

expression in the developing nervous system, however, the role of

Akt1 in neurodevelopment has remained unclear. Most previous

studies of Akt1 have relied on the expression of mutant constructs

in neural cells that might result in non-physiologically relevant

effects. In the present study, we found that the expression of

zebrafish akt1 is generally similar to mammalian AKT1/Akt1; in

particular, it is abundantly expressed in the developing nervous

system. The spatial distribution of akt1 transcripts revealed its

potential role in neuronal differentiation. Morpholino-induced

knockdown of endogenous Akt1 caused precocious generation of

early-differentiating neurons, leading to depletion of precursors.

To our knowledge, this is the first study to reveal that down-

regulation of Akt1 is sufficient to cause premature neuronal

differentiation. Consistent with this observation, overexpression of

Akt1 inhibited neuronal differentiation, while transfection of the

dominant inhibitory mutant form of Akt1 accelerated NGF-

induced neuronal differentiation in PC12 cells [24]. Taken

together, these results indicate that Akt1 is required for the

inhibition of neuronal differentiation. On the contrary, other

in vitro studies demonstrated that Akt1 is a positive regulator of

neuronal differentiation [22,52], and recent in vivo studies also

showed that Akt1 induced the expression of neural markers in

Xenopus [30] and promoted the differentiation of GABAergic

neurons in mouse [23]. This seemingly contradicts our results.

However, since these studies were performed by over-expressing

a constitutively active form of human AKT1, we suggest that this

may trigger abnormal activation of a mechanism yet to be

identified in neuronal differentiation. An alternate explanation is

that the function of Akt1 may be strongly influenced by the cell

type and developmental stage in which it is expressed.

We demonstrated that Akt1 regulates neuronal differentiation

through crosstalk with Notch signaling. Although interaction

between Akt and Notch signaling has been reported, how Notch

signaling responds to Akt activation remains highly controversial.

Some studies have shown that components of Akt signaling, such

as PI3K, mTOR, and Akt itself, positively regulate Notch

signaling in cells ranging from murine fibroblasts and neurons to

a variety of human tumor cells [43,44,53,54]. Conversely, some

studies report that Akt signaling negatively regulates Notch

signaling [55,56]. These observations indicate that the response

of Notch signaling to Akt activation is highly regulated both

temporally and spatially. Here, we focused on differentiating

neuronal precursors and showed that Akt1 is required for the

activation of Notch signaling, and that this positive regulation

results in inhibition of neuronal differentiation. Previous in vitro

studies showed Akt1 activation is required for the transcription of

Delta-like 4 ligand [42], Notch 1 receptor [53], and Hes1

transcription factor [43]. Consistent with these data, we also

found that knockdown of Akt1 downregulated the transcription of

deltaA and her8a. However, it remains to be confirmed whether

Akt1 mediates Notch signaling in a direct or indirect manner and

how Akt1 regulates the components of Notch signaling in neural

development.

Akt signaling can also be regulated by Notch signaling, as has

been described in several different cellular models. However, the

underlying molecular mechanism is not clear. Previous studies in

several cell lines revealed that Notch signaling positively regulates

Akt signaling [45,46,57] and further analysis showed that Akt

could be activated by the direct target of Notch, HES1 [47]. In

concordance with these previously data, we showed that akt1

expression was downregulated in Notch-deficient embryos. Fur-

thermore, we constitutively activated Notch signaling by injection

of an active form of Su(H) and found this was sufficient to increase

the transcription of akt1. This is an intriguing result since most

previous studies showed that Notch mediates Akt signaling by

inhibiting PTEN, a phosphatase that dephosphorylates PIP3, and

results in inhibition of the AKT signaling pathway and

consequently activates Akt. Our results therefore reveal a novel

mechanism in which Notch signaling is sufficient to upregulate

Akt1 at the transcriptional level rather than by phosphorylation of

the Akt1 protein.In conclusion, our results lead us to postulate the

operation of a reciprocal regulatory loop between Akt and Notch

signaling and provide an explanation of how Akt1 is required for

the inhibition of the differentiation of neuronal precursors in

zebrafish.

Materials and Methods

Ethics Statement
All experiments were performed in strict accordance to standard

guidelines for zebrafish work and approved by the Institutional

Animal Care and Use Committee of Chang Gung University

(IACUC approval number: CGU05-05 and CGU08-86).

Fish Maintenance and Mutants
Tü (wild type) and mibta52b mutant zebrafish embryos were

purchased from the Zebrafish International Resource Center

(ZIRC, Oregon, USA) and were raised, maintained and paired

under standard conditions. The embryos were staged according to

Figure 5. Akt1 is required for the expression of her8a and deltaA. (A) neurogenin1 expression was downregulated whereas HuC/D expression
was upregulated in mibta52b mutants (right) compared with wild-type siblings (left). (B) In situ hybridization showed that her8a and deltaA were
expressed at lower levels in akt1 morphants compared with the controls during the bud stage and at 24 hpf. This phenotype was restored by
coinjection with akt1 mRNA but not with a tp53 morpholino. (C) The expression level in B was confirmed by qPCR. **, p,0.01.
doi:10.1371/journal.pone.0054262.g005
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the number of somites, hours post fertilization and days post

fertilization [40].

Sequence Comparisons and Phylogeny
Amino acid sequences were aligned and displayed using the

Vector NTI (Invitrogen). Phylogenetic tree calculation was

performed with ClustalX [39]. The GenBank accession numbers

of the compared proteins are as follows: human AKT1

(NM_005163.2), AKT2 (NM_001626), AKT3 (NM_005465);

mouse AKT1 (NM_009652), AKT2 (NM_001110208), AKT3

(NM_011785); chicken AKT1 (NM_205055), AKT3 (EN-

SGALP00000031235); zebrafish Akt2 (NM_198146.2), Akt2l

(NM_212815.1), Akt3 (NM_001197201.1).

cDNA Library Screening and Constructs Generation
Degenerate primers 59- TA(CT)(CT)T(ACGT)CA(CT)T-

C(ACGT)GA(AG)AA(AG)AA(CT) -39 and 59- GC(ACGT)G-

T(ACGT)CC(ACGT)G(AT)(ACGT)GC(ACGT)G(AT)(AG)TA -

39) were designed according to the mammalian sequences to

specifically amplify akt1 fragment. A zebrafish 72 hour post

fertilization cDNA library (8.7 pfu/ml in the lZAPII vector) was
screened for the presence of akt1 containing cDNA clone by PCR

and the products were subjected for sequencing as described

previously [58]. The rapid amplification of the 59 cDNA end (59

RACE) was performed using the 59 RACE kit (Ambion) according

to the manufacturer’s instructions. The open reading frame of akt1

was PCR amplified with the primers 59-GAATTCGCCAC-

CATGGCGACAGATGTGGTGATCG-39and 59-

GGAATTCCTCATGCTGTTCCGCTGGCCG-39, which in-

troduce EcoRI restriction sites suitable for cloning. The PCR

product was digested with EcoRI and cloned into the pCS2+

vector. PCR amplifications were performed with the high fidelity

Pfu polymerase (Promega) and constructs were sequenced to check

for the absence of mutations.

RNA and Morpholino Injection
Capped RNA encoding the full coding sequence of Akt1 and

constitutive-active Su(H) was prepared as described previously

[59]. The Su(H) constructs were kindly provided by Chris Kintner.

Antisense morpholino oligonucleotides were purchased from Gene

Tools, LLC (Oregon, USA). Two morpholinos against akt1 were

used: MO1 (GGAACGAGTCTTCACACGGGTCACC) that

overlaps the ATG start codon, and MO2 (AGCACCTGCACA-

CACACACATGTAC) that corresponds to intron9-exon10

boundary region sequence. A tp53 morpholino with the sequence

GACCTCCTCTCCACTAAACTACGAT (Gene Tools, LLC)

was used. A control morpholino designed to a random sequence of

nucleotides not found in the zebrafish genome (59-

CCTCTTACCTCAGTTACAATTTATA-39; Gene Tools) or

a morpholino with 5 bases mismatch to MO2 (59- AGgACCTc-

CACAgACAgACATcTAC-39; mismatched bases are indicated by

small letters) was injected in an equal amount of MO2 as a control

experiment (Figure S3). All injections were performed at the one to

two-cell stage and mRNAs or morpholinos were introduced into

blastomeres except where otherwise noted.

Histological Analysis
Digoxigenin-UTP or Fluorescein-UTP labeled riboprobes to

detect akt1, deltaA, her8a, neurogenin1, krox20 and elavl3 transcripts

were synthesized according to manufacturer’s instructions (Roche),

and in situ hybridizations were performed as described previously

[40]. The color reaction was carried out using NBT/BCIP

substrate (Roche) or Fast Red TR/Naphthol AS-MX (Sigma). For

immunohistochemistry, the embryos were blocked in 5% goat

serum and incubated with mouse anti-HuC/HuD monoclonal

16A11 antibody (1/500 dilution, Invitrogen) for post-mitotic

neurons or rabbit monoclonal anti-active caspase-3 (1:200,

Abcam) to detect the initiation of apoptosis. Goat anti-mouse

IgG HRP or goat anti-rabbit IgG HRP (Roche) was used to detect

the primary antibodies and DAB was used as a substrate for

secondary antibody-conjugated HRP (Amresco). Embryos were

mounted with Vectashield mouting medium (Vector Laboratories,

Inc.).

Quantitative Analysis
For quantitative real time PCR (qPCR), embryos were

homogenized in TRIzol reagent (Invitrogen) and total RNA was

extracted using a standard method. cDNA was synthesized from

total RNA with random hexamer priming using RevertAid First

Strand cDNA Synthesis Kit (Fermentas). qPCR was performed on

an ABI StepOneTM Real-Time PCR System (Applied Biosystems)

with SYBR green fluorescent label (Fermentas). Primers for

neurogenein1 (F: 59-CGCACACGGATGATGAAGACTCGCG-39;

R: 59-CGGTTCTTCTTCACGACGTGCACAGTGG-39), deltaA

(F: 59-ACCGGGTGAAGCTTGTGAAC-39; R: 59-CGTCATG-

CYCGTCCAGAAGTT-39), her8a (F: 59-GTAACGGGGA-

GACGCGTCTGCAGCG-39; R: 59-GATTATTCCCACGAT-

GACGGCGGCG-39) and elavl3 (F: 59-

ACTGAGGAGTGGTATCGCTCAAA-39; R: 59-AGACC-

CACGGAGAGATTCCA-39) were used. Gene expression levels

were normalized to gapdh and assessed using the comparative CT

(40 cycles) according to the manufacturer’s instructions (Applied

Biosystems).

For Western blot analysis, embryos were homogenized in SDS

lysis buffer. 60 mg were loaded on 12% SDS polyacrylamide gel

and transferred to a PVDF membrane and detected with anti-

HuC/HuD monoclonal antibody (1:1000, Invitrogen). After

washes, membranes were incubated with goat anti-Mouse HRP-

conjugated secondary Ab (Chemicon) and developed with ECL

(Millipore). Band intensities were quantified using Multi Gaugre

analysis software.

Statistical analysis was performed by student’s t-test using

Microsoft ExcelH 2007. The significance level was set at P,0.05.

All Reaction was performed in triplicate for each sample.

Supporting Information

Figure S1 Alignment of Akt1 homologs and synteny
comparison. (A) Amino acid alignment of human, mouse,

chicken, and zebrafish AKT1/Akt1 sequences. Residues that were

identical in all proteins are marked with black boxes while

similarity is shown by gray boxes. The pleckstrin homology (PH)

domain, kinase domain, and hydrophobic motif are indicated. The

Figure 6. Notch-Su(H) signaling is sufficient to induce akt1 expression and inhibit neuronal differentiation. (A) akt1 expression was
downregulated in Notch activity-deficientmind bombmutant embryos compared with wild-type siblings as shown by in situ hybridization, which was
confirmed by qPCR analysis in B. (C) akt1 expression levels were upregulated by constitutive-active Su(H) injection and quantified by qPCR in D. (E)
Injection of constitutive-active Su(H) significantly downregulated HuC/D expression and this phenotype was nullified by akt1 knockdown. (F) Western
blot analysis confirmed the levels of HuC/D expression shown in E. CA-Su(H), constitutive-active Su(H); **, p,0.01; ***, p,0.001.
doi:10.1371/journal.pone.0054262.g006
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intron positions are marked with arrowheads and the conserved

phosphorylation sites with asterisks. (B) Phylogenetic tree of the

Akt protein family. Full coding protein sequences were used for

each family member. Trees were calculated using bootstrapping

with 100 replicates. The phylogram shows only the sequence

relationships; it does not imply absolute sequence ancestry because

no ancestral relationship was assumed in the initial alignments.

Genes are not drawn to scale. The initial letter ‘‘h’’ denotes

human, ‘‘m’’ is mouse, ‘‘c’’ is chicken, and ‘‘z’’ is zebrafish.

(TIF)

Figure S2 Injection of akt1 morpholinos effectively
knocks down Akt1 protein production. (A) Schematic

representation showing the genomic organization of the akt1 gene.

The regions targeted by translational-blocking (MO1) and splice-

blocking (MO2) morpholinos are shown. (B) The efficacy of MO2

was validated by RT-PCR using the primers indicated in A. Wild-

type akt1 mRNA produced a 1425 bp PCR product, whereas

alternatively spliced transcripts from morphant embryos yielded

a 1206 bp fragment. (C) The mis-splicing event resulted in the loss

of exon 10, which was confirmed by sequencing of the PCR

product in B. The mis-splicing event resulted in a premature stop

codon in exon 11 (red box). (D) An mRNA encoding a morpholino

control construct (59 akt1-EGFP) was injected with the control or

the akt1 morpholino. Embryos coinjected with 59 akt1-EGFP

mRNA and the control morpholino displayed strong EGFP

expression (left panel). By contrast, the EGFP signal was abolished

in embryos coinjected with 59 akt1-EGFP mRNA and the akt1

morpholino (right panel).

(TIF)

Figure S3 Embryos injected with a five-base mismatch
morpholino show unaltered expression of neural mar-
kers. The specificity of the akt1 morpholinos was confirmed by

injection with a morpholino with a five-base mismatch relative to

MO2. Injection of this morpholino resulted in unaltered

expression of neural markers showing by in situ hybridization (A)

and quantitatively confirmed by qPCR (B).

(TIF)
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