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Neural basic helix-loop-helix (bHLH) transcription factors regulate neurogenesis in vertebrates. Signaling
by peptide growth factors also plays critical roles in regulating neuronal differentiation and survival. Many
peptide growth factors activate phosphatidylinositol 3-kinase (PI3K) and subsequently the Akt kinases, raising
the possibility that Akt may impact bHLH protein function during neurogenesis. Here we demonstrate that
reducing expression of endogenous Aktl and Akt2 by RNA interference (RNAi) reduces neuron generation in
P19 cells transfected with a neural bHLH expression vector. The reduction in neuron generation from
decreased Akt expression is not solely due to decreased cell survival, since addition of the caspase inhibitor
z-VAD-FMK rescues cell death associated with loss of Akt function but does not restore neuron formation. This
result indicates that Aktl and Akt2 have additional functions during neuronal differentiation that are sepa-
rable from neuronal survival. We show that activated Aktl enhances complex formation between bHLH
proteins and the transcriptional coactivator p300. Activated Aktl also significantly augments the transcrip-
tional activity of the bHLH protein neurogenin 3 in complex with the coactivators p300 or CBP. In addition,
inhibition of endogenous Akt activity by the PI3K/Akt inhibitor LY294002 abolishes transcriptional cooper-
ativity between the bHLH proteins and p300. We propose that Akt regulates the assembly and activity of

bHLH-coactivator complexes to promote neuronal differentiation.

Neural basic helix-loop-helix (bHLH) transcription factors,
including neurogenin 1 to 3 (ngnl to -3), NeuroD1 and -2, and
MASH], regulate neurogenesis in vertebrates (24). These pro-
teins regulate the transcriptional events required for neural
cell fate commitment, neuronal cell cycle withdrawal, and neu-
ronal differentiation. The neural bHLH proteins can promote
neuron formation from nonneural cells when expressed ectopi-
cally in the ectoderm of Xenopus laevis or zebra fish embryos,
and forced expression of any of these proteins can promote
neuronal differentiation of uncommitted mouse embryonal
carcinoma cells (17, 34, 38, 41, 70). Targeted disruption of the
genes encoding neural bHLH proteins in the mouse has dem-
onstrated that these genes are required for the formation of
subsets of neurons (5, 6, 19, 25, 40, 47, 51).

The neural bHLH proteins are transcriptional activators and
function as heterodimers with E proteins such as E12 and E47
(37). In addition, bHLH proteins require the coactivators
CREB-binding protein (CBP) and p300 to function as activa-
tors of transcription (49, 62, 67). The neural bHLH protein
neuroD and the myogenic bHLH protein MyoD interact with
the third Cys-His-rich zinc finger of CBP/p300 (16, 49, 61, 62,
75). CBP and p300 mediate interactions between the DNA-
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binding transcription factors and the RNA polymerase II tran-
scriptional machinery to facilitate gene transcription (20, 21,
23). In addition, CBP and p300 possess intrinsic acetyltrans-
ferase (AT) activity and associate with proteins that possess
AT activity, such as PCAF. Acetylation of histones and other
proteins contributes to transcriptional activation and is in-
volved in the nucleosomal remodeling that accompanies gene
activation. Acetylation of MyoD increases its activity on mus-
cle-specific promoters by increasing its affinity for DNA and its
association with CBP/p300 (59, 60, 64). In addition to acetyla-
tion, signal-dependent phosphorylation of CBP and p300 is
emerging as an important mode of regulation. Phosphorylation
of the coactivators has been shown to regulate their recruit-
ment to transcription factor complexes (31, 76).

Peptide growth factors, such as insulin-like growth factor
and transforming growth factor alpha (TGF-a) and TGF-,
play critical roles in regulating neuronal cell differentiation and
survival (2, 9, 18). Insulin-like growth factor, TGF-a, and
TGF-B bind to their cognate receptors and activate intracellu-
lar signaling cascades. Phosphatidylinositol 3-kinase (PI3K) is
activated by each of these peptide growth factors. Activation of
PI3K leads to the production of the lipid second messengers
phosphatidylinositol 3,4-bisphosphate and phosphatidylinosi-
tol 3,4,5-trisphosphate, which in turn activate the serine/thre-
onine kinases Aktl and -2 (also known as protein kinase B
[PKB] « and B). Activated Akt phosphorylates a plethora of
different targets and regulates glycogen synthesis, cell size, and
cell survival (8). Aktl and Akt2 are expressed during early
neural development in the mouse (54), suggesting that these
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kinases may have a role in neurogenesis in addition to their
role in promoting survival of mature neurons.

Regulation of bHLH transcriptional activity in neurogenesis
by signal transduction pathways is largely unexplored. In the
present study, we show that inhibition of expression of endog-
enous Akt by hairpin short interfering RNAs (siRNAs) re-
duces neuron generation in P19 cells transfected with a neural
bHLH expression vector. The reduction in neuron generation
by loss of Akt function is not solely due to decreased cell
survival, because addition of a caspase inhibitor to hairpin-
transfected cells promotes cell survival but does not restore
neuron generation. One possible mechanism for Akt to regu-
late neuron formation is to modulate the activity of neurogenic
transcription factor complexes. In support of this model, we
demonstrate that activated Aktl enhances the interaction be-
tween bHLH proteins and the transcriptional coactivator p300.
Also, activated Akt significantly increases the transcriptional
activity of a complex comprised of neurogenic bHLH proteins
and the p300 coactivator. Furthermore, the bHLH-p300 tran-
scriptional cooperativity is abolished when endogenous Akt
activity is inhibited with the PI3K/Akt inhibitor L'Y294002. We
propose that Akt regulates the assembly and activity of bHLH
transcription factor complexes to promote neuronal differen-
tiation.

MATERIALS AND METHODS

Plasmid expression vectors. pGal-p300 and pGal-CBP vectors express fusion
proteins of the Gal4 DNA binding domain (amino acids 1 to 147) fused to
full-length p300 or CBP in pRc¢/RSV (14). pGal-CBP T1871A and pGal-p300
S1834A contain mutations of T to A at position 1871 in CBP and S to A at
position 1834 in p300. The mutations were introduced into fragments of the CBP
and p300 cDNAs using the QuikChange mutagenesis protocol with Pfu polymer-
ase (Stratagene). These fragments were then inserted into the full-length expres-
sion vectors, and the final vectors were sequenced to confirm the presence of the
expected mutation and the absence of extraneous mutations. pCS2+APHDDAKkt
expresses an activated Aktl, amino acids 131 to 480, in which S473 and T308
were altered to D by PCR mutagenesis. Constitutively active (C/A) human SGK1
was inserted into pCS2+ (63, 70). pCS2+MASHI1 and pCS2+ngn3 have been
described previously (17). Myc epitope-tagged versions of these bHLH proteins
were created by inserting the coding regions into pCS2+MT (63) or a derivative,
pCS2+MTbgl2. Nuclear-localized green fluorescent protein (nlsGFP) was ex-
pressed from pCS2p+nls-eGFPbgl2, a derivative of pCS2+eGFP (17).

Vectors that express Aktl and Akt2 hairpin siRNAs under the control of the
mouse U6 promoter were constructed by inserting pairs of annealed DNA
oligonucleotides into the mU6pro vector between the Bbsl and Xbal sites as
previously described (73). The first nucleotide of each predicted hairpin siRNA
is G, which corresponds to the first nucleotide of the U6 snRNA; all templates
include five T residues for RNA polymerase III termination. Each hairpin has a
28-nucleotide duplex (74) that includes two mismatched nucleotides in the sense
strand near the center of the duplex region to facilitate sequence analysis of the
DNA constructs. The mismatches have no effect on RNA interference (RNAIi)
(73). The XASH3 hairpin siRNA vector used as a control targets a Xenopus gene
with no mammalian homolog and does not alter neuronal differentiation or
expression vector function in P19 cells (74).

Luciferase assays. P19 cells in 35-mm dishes were transfected with FUGENE
(Roche) and appropriate combinations of expression vectors in the following
amounts: pGal-p300 (250 ng), pGal-CBP (250 ng), pGal-ngn3 COOH (50 ng),
pCS2+ ngn3 (500 ng; 100 ng in Fig. 3, below), pCS2+APHDDAKkt1 (150 ng),
pCS2+C/A SGK (150 ng), and either 5XGal4-luciferase reporter plasmid pFR-
luciferase (1 pg) or the E1X3 reporter (1 pg). Total DNA was kept constant by
the addition of the appropriate amount of pCS2+ for all transfections. Lucif-
erase was assayed 24 h (see Fig. 5) or 48 h (see Fig. 3) after transfection, using
the Dual-Light luciferase and B-galactosidase reporter gene assay system
(Tropix). Where noted, LY294002 (12.5 pM) was added to cells 5 h after
transfection. All assays were normalized for transfection efficiency by using a
cotransfected B-galactosidase expression vector (pCS2+cBGal; 75 ng) (73). As-
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says were performed in duplicate and/or in triplicate and repeated multiple times
with similar results; representative experiments are shown below in Fig. 5 and 7.

Real-time reverse transcription-PCR (RT-PCR). P19 cells in 35-mm dishes
(1.6 X 10° cells per dish) were transfected with 0.5 pg of CS2p+eGFPBgl2 and
3 pg of CS2+MT or CS2+mNgn3 using FuGENE. Six hours after transfection,
cells were changed to Opti-MEM (Invitrogen) plus 1% fetal bovine serum. A
12.5 pM concentration of L'Y294002 in dimethyl sulfoxide, or dimethyl sulfoxide
alone (control), was added 22 h after transfection. RNA was isolated 30 h after
transfection. RNA was DNase treated (per the manufacturer’s instructions; RQ1
DNase; Promega), extracted with phenol-chloroform-isoamyl alcohol (25:24:1)
and chloroform-isoamyl alcohol (24:1), ethanol precipitated, and resuspended in
RNase-free water. RNA yield was determined using the Ribogreen assay (Mo-
lecular Probes). Two micrograms of each RNA was reverse transcribed in a 10-ul
reaction volume with random 12-mer primers (NEB) and Superscript II (Invitro-
gen). For each PCR, 1/40 of the cDNA was amplified using a Bio-Rad iCycler in
a 25-pl reaction volume with 1:100,000 SYBR Green I (Molecular Probes), using
a thermal profile of 15 s at 95°C, 30 s at 59°C, and 15 s at 72°C, followed by 15 s
at 82°C for real-time fluorescence measurement for each cycle. The threshold-
crossing cycle for each sample was determined using iCycler analysis software.
The induction of NeuroD1 transcription (i.e., the decrease in threshold-crossing
cycle) was determined for CS2+ngn3 with or without LY294002 relative to that
for the CS2+MT control transfection. Data presented are an average from three
transfections (with triplicate PCRs for each cDNA sample). PCR primers were
as follows: HPRT forward, CAAACTTTGCTTTCCCTGGT; HPRT reverse,
CAAGGGCATATCCAACAACA (HPRT primer sequences were kindly pro-
vided by Mohammad Othman and Anand Swaroop, University of Michigan);
NeuroD1 forward, TCCAGGGTTATGAGATCGTC; NeuroD1 reverse, ACAC
TCATCTGTCCAGCTTGGG (17).

Coassociation assays. For the CBP-bHLH coassociation assays, P19 cells in
60-mm dishes were transfected using FUGENE and 1.5 pg of MT-bHLH expres-
sion vector, 7 pg of pCS5+puro/GFP, and 450 ng of pCS2+APHDD Akt1. Seven
to 8 h after transfection, the cells were washed and medium with puromycin (10
prg/ml) was added to select for transfected cells. Approximately 14 to 16 h after
transfection, the medium was removed and replaced with medium without pu-
romycin. Cells were harvested 24 h after transfection and lysed in extract buffer
(10 mM HEPES [pH 7.4], 1% Triton X-100, 2 mM EDTA, 0.1% beta-mercap-
toethanol, 1% aprotinin, 50 mM NaF) with 50 mM NaCl. Endogenous CBP was
immunoprecipitated using anti-CBP antibody (Santa Cruz), and the immuno-
precipitate was captured on a 1:1 mixture of protein A-agarose (Sigma)-protein
G-Sepharose (Calbiochem) beads. The immunoprecipitates were washed three
times with extract buffer containing 100 mM NaCl and then analyzed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 4 to
15% gradient gel; Bio-Rad) followed by Western blot analysis. CBP was detected
using anti-CBP antibody (Santa Cruz), and the Myc epitope-tagged bHLH pro-
teins were detected with anti-myc 9E10 antibody (Developmental Studies Hy-
bridoma Bank).

Neuronal differentiation assays. For RNAi experiments, P19 cells plated on
murine laminin (Invitrogen)-coated dishes were transfected using FuGENE and
0.8 pg of U6 siRNA vector targeting Aktl, Akt2, Aktl and Akt2, or XASH3
(control). The total amount of U6 siRNA vector per transfection was kept
constant to 1.6 pg by addition of control XASH hairpin as needed. Each trans-
fection also included 1.9 pg of ngn3 expression vector and 0.5 ng of NLS-GFP
expression vector. As noted, the caspase inhibitor z-VAD-FMK (Calbiochem or
Promega) at 20 uM was added at the time of transfection and in each subsequent
medium change. Cells were fixed 4 days after transfection. Fixed cells were
stained with the TuJ1 antibody to detect a neuron-specific tubulin, essentially as
described previously (17). Cells were photographed with a video camera on a
Zeiss Axiovert inverted microscope. NIH IMAGE software was used for cell
counts for GFP; TulJ1 cells were counted manually.

RESULTS

Inhibition of endogenous Akt expression with hairpin siRNAs
reduces neuron generation by ngn3. We and others have pre-
viously demonstrated that siRNAs or hairpin siRNAs ex-
pressed from an RNA polymerase III promoter such as the U6
snRNA promoter can effectively inhibit gene expression in
mammalian cells by RNAI (7, 39, 45, 46, 55, 57, 66, 73, 74). We
constructed U6 hairpin siRNA expression vectors directed
against murine Aktl and Akt2 (Fig. 1A). To test the effective-



VoL. 23, 2003

A

U6AKT1HP7
GAUUCUUGUUCCUCUGUCAACCUCACUUG

FULEDEREEEE = LEEEEEEETET T A

uuuuCUAAGAACAAGCgGACAGUUGGAGUGAAG

U6AKT2HP5
GAUAGCCCGCAUCCACUCUUCCCUCUCAU

CETEELETEEE THEEEEE LR e

wuuuCUAUCGGGCGUUCcGUGAGAAGGGAGAGUAa

B C

AKT1 HP7 + AKT2 HP5

\ | xASH3 HP

AKT1 HP7 + AKT2 HP5

AKT1 HP7
AKT2 HP5
) | xasH3 HP

WB: a-AKT WRaeARl

FIG. 1. Hairpin siRNA expression vectors against Aktl and Akt2
reduce the endogenous levels of the Akt kinases and reduce GSK3a/B
phosphorylation at Ser21/9. (A) Sequences and expected structures of
hairpin siRNAs for Aktl and Akt2 expressed from the mouse U6
promoter. Watson-Crick base pairs (|) and G:U base pairs (:) are
shown. (B and C) P19 cells were transfected with expression vectors for
biCS5puro/GFP and U6-driven hairpin siRNAs against Aktl and/or
Akt2, or XASH3 (a control hairpin siRNA). The caspase inhibitor
z-VAD-FMK was added to cells at the time of transfection. Aktl and
Akt2 (B, upper panel) and GFP (transfection control) (B, lower panel)
were detected by Western blot analysis of extracts prepared from
transiently transfected puromycin-selected cells. The Akt antisera rec-
ognizes both Aktl and Akt2, which migrate as a single band. Phospho-
GSK3a/p is reduced when Aktl and Akt2 expression is inhibited by
RNAI (C, middle panel; upper band is GSK3a and lower band is
GSK3B; other panels are as described for panel B).
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ness of the hairpin siRNAs at reducing the endogenous levels
of the Akt kinases, we performed Western blot analysis on
extracts from mouse P19 cells transiently transfected with com-
binations of siRNA hairpin expression vectors and biCS5puro/
GFP. The inclusion of the biCS5puro/GFP vector in the trans-
fection enabled the use of puromycin to rapidly select the
transfected cell population (74). Hairpin siRNAs against Aktl
and Akt2 were effective at reducing the endogenous levels of
Akt 1 and 2 compared with those of a control hairpin siRNA
vector directed against the Xenopus XASH3 gene (74) (Fig.
1B). To determine whether the Akt hairpins reduced Akt lev-
els sufficiently to decrease phosphorylation of Akt substrates,
the phosphorylation state of serine 21 of glycogen synthase
kinase 3a (GSK3a) and serine 9 of GSK3p, two well-charac-
terized Akt substrates (71), was examined. Hairpin siRNAs
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against Aktl and Akt2 were effective at reducing GSK3a/B
Ser21/9 phosphorylation compared with that of the control
hairpin (Fig. 1C); the reduction in GSK3a/B Ser21/9 phosphor-
ylation closely followed the reduction of endogenous Akt pro-
tein levels.

To investigate the role of endogenous Aktl and Akt2 in
bHLH-driven neuronal differentiation, we introduced the neu-
ral bHLH protein ngn3 into uncommitted P19 cells in combi-
nation with the U6-driven hairpin siRNAs directed against
Aktl, Akt2, both Aktl and Akt2, or the XASH3 control hair-
pin siRNA. In addition, the cells were cotransfected with a
vector that expresses GFP, allowing the transfected cell pop-
ulation to be readily identified. By 4 days after transfection,
many of the GFP-positive transfected cells adopted a neuronal
morphology and expressed a neuron-specific tubulin protein,
detected by indirect immunofluorescence with the TuJ1 anti-
body, as previously observed (17) (Fig. 2A). Coexpression of
hairpin siRNAs against Aktl or Akt2, each alone or in com-
bination, with ngn3 reduced the number of TuJ1-positive neu-
rons compared to the control XASH3 hairpin siRNA (Fig.
2A). Expression of the XASH3 hairpin siRNA does not reduce
neuron formation in bHLH-transfected P19 cells (data not
shown). Consistent with previous reports of the role of Akt in
cell survival, introduction of hairpins targeting Aktl and Akt2
also resulted in a decrease in the number of GFP-positive cells
(Fig. 2A).

In order to determine whether there might be a requirement
for Akt in differentiation in addition to a role for Akt in
promoting cell survival, we assayed neuronal differentiation in
the presence of the cell-permeable general caspase inhibitor
z-VAD-FMK. z-VAD-FMK prevents cell death by inhibiting
cysteine proteases that execute the cell death pathway (52, 53,
68, 69). z-VAD-FMK was added at the time of transfection of
cells with hairpin siRNA vectors and the ngn3 and GFP ex-
pression vectors, and the cells were maintained in the presence
of the inhibitor for the duration of the experiment. In the
presence of the caspase inhibitor, the number of GFP-express-
ing cells with Akt hairpins significantly increased (Fig. 2B).
Thus, the addition of the caspase inhibitor prevents cell death
induced by the loss of Akt expression. However, the addition of
the caspase inhibitor did not restore the number of TuJl-
positive neurons in cells transfected with Akt hairpins, suggest-
ing a role for Aktl and Akt2 in neuronal differentiation in
addition to a role for Aktl and Akt2 in promoting cell survival.

To quantify these observations, we counted the number of
TuJ1-positive neurons and GFP-expressing cells. In the ab-
sence of caspase inhibitor, introduction of hairpins targeting
Aktl and Akt2 resulted in a threefold decrease in the number
of GFP-labeled cells (Fig. 2C). However, the decrease in neu-
ron formation (TuJ1-positive cells) when cells received hairpin
siRNA vectors targeting Aktl and Akt2 was ninefold com-
pared to that with the control XASH3 hairpin siRNA vector
(Fig. 2C). This result suggests that there may be a requirement
for Akt during differentiation, as well as a requirement for Akt
in promoting cell survival. In the presence of the caspase in-
hibitor, the number of GFP-expressing cells increased approx-
imately threefold in cells transfected with the XASH3 control
hairpin (Fig. 2D). Importantly, the number of GFP-expressing
cells with Akt hairpins was equivalent to the number of GFP-
expressing cells with the control hairpin (Fig. 2D). Thus, the
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FIG. 2. Inhibition of endogenous Akt by hairpin siRNAs reduces neuron generation by ngn3. (A) P19 cells were transfected with expression
vectors for ngn3, nlsGFP, and U6-driven hairpin siRNAs against Akt1l (Aktl HP7), Akt2 (Akt2 HPS), both Aktl and Akt2, or a control, XASH3
(XASH3 HP). (B) Cells were transfected as described for panel A, but the caspase inhibitor z-VAD-FMK was added to cells at the time of
transfection. Cells were fixed 4 days after transfection, and a neuronal B-tubulin was detected by indirect immunofluorescence with the antibody
TuJ1. GFP was detected by epifluorescence. (C and D) The average number of GFP-positive cells and TuJ1-positive cells per field of view in
hairpin-transfected cells without (C) or with (D) caspase inhibitor was determined. Averages are derived from counting the number of cells from

three fields of view per transfection, from three independent transfections (standard deviations are indicated).
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FIG. 3. Activated Akt cooperates with ngn3 to increase transcription. (A) P19 cells were transfected with expression vectors for ngn3, activated
Aktl, and a multimerized E-box driving a luciferase reporter (E1X3-TATA). (B) Activated Akt does not alter the level of the ngn3 protein. P19
cells were transfected with expression vectors for Myc epitope-tagged (MT) ngn3 and increasing concentrations of activated Aktl. Extracts were
prepared, and MT-Ngn3 levels were assessed by Western blot analysis with anti-Myc antibody. (C) The carboxyl-terminal transactivation domain
of ngn3 mediates Akt-regulated transcriptional cooperativity. P19 cells were transfected with expression vectors for Gal4-DBD fused to the ngn3
carboxyl-terminal transactivation domain (G4D-ngn3-COOH), constitutively active Aktl, or vector control, and the pFR Gal4-responsive lucif-
erase reporter. (D) ngn3-induced expression of NeuroD1 is reduced in the presence of the PI3K/Akt inhibitor LY294002. NeuroD1 and
hypoxanthine phosphoribosyltransferase (control) mRNAs were quantitated by real-time RT-PCR from P19 cells transfected with an ngn3 vector,
with or without 1LY294002, as indicated. The change in threshold-crossing cycle is shown for each mRNA relative to that for transfection of a
control vector (a decrease in threshold crossing corresponds to an increase in the mRNA level). The reduction in NeuroD1 expression in the
presence of L'Y294002 is significant (P < 0.02 by Student’s ¢ test). Standard deviations are indicated in panels A, C, and D.

addition of the caspase inhibitor prevents cell death induced by
the loss of Akt expression. However, the addition of the
caspase inhibitor does not restore the number of TuJ1-positive
neurons to the control level. Neuron formation (TuJ1-positive
cells) in the presence of the caspase inhibitor was reduced
approximately fivefold by the combined action of the Aktl and
Akt2 hairpin siRNAs (Fig. 2D). These observations suggest
that Aktl and Akt2 have multiple roles, with functions in both
cell survival and cell differentiation.

Akt regulates the transcriptional activity of ngn3. Akt could
regulate neuron formation by modulating bHLH transcrip-
tional activity. Therefore, we investigated whether constitu-
tively active Aktl could enhance the ability of ngn3 to activate
transcription of a multimerized E-box reporter, E1X3-TATA.
The E1X3-TATA reporter contains three copies of the E1
E-box from the NeuroD1/B2 promoter, cloned into a TATA
box-containing luciferase reporter (30). The constitutively ac-
tivated Aktl protein used in these experiments contains a
deletion within the autoinhibitory plekstrin homology domain
and substitutions of aspartic acids for Ser473 and Thr308, the
regulatory activating phosphorylation sites within Aktl (1, 3).

Expression of ngn3 alone resulted in a significant increase in
luciferase activity from the E1X3-TATA-driven reporter. Co-
transfection of ngn3 with the constitutively activated Aktl ex-
pression vector enhanced ngn3-dependent reporter activity by
twofold; the activity of the E1X3 reporter was not increased by
constitutively active Aktl in the absence of ngn3 (Fig. 3A). To
exclude the possibility that Aktl activation increases the level
of ngn3 protein in the transfected cells, we examined the effect
of constitutively active Aktl on a tagged ngn3 protein. The
level of the tagged protein was not affected by increasing con-
centrations of constitutively active Aktl (Fig. 3B). These re-
sults suggest that Aktl can increase the ability of ngn3 to
activate target gene expression.

Activated Akt potentially could increase the activity of the
activation domain of ngn3 (e.g., by phosphorylation), or it
could alter activation indirectly by modulating other aspects of
ngn3 function, such as subcellular localization, DNA binding,
or dimerization. Therefore, we tested whether the isolated
transactivation domain of ngn3 was sufficient to cooperate with
activated Aktl in a reporter assay. The ngn3 carboxyl-terminal
activation domain (C. Hart and D. L. Turner, unpublished
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data) was fused to the Gal4 DNA binding domain (Gal4D-
ngn3 COOH). This construct does not contain the ngn3 bHLH
domain that mediates DNA binding and dimerization. As
shown in Fig. 3C, Gal4D-ngn3 COOH activates a Gal4-respon-
sive luciferase reporter, and this activation is enhanced approx-
imately fivefold by activated Akt. Thus, Akt strongly increases
transcriptional activation by the isolated ngn3 activation do-
main, suggesting that modulation of transactivation is likely to
be the major mechanism by which Akt modulates ngn3 func-
tion.

Members of the neurogenin family of bHLH transcription
factors directly activate expression of NeuroD1 mRNA (10, 30,
42, 58). Real-time RT-PCR was used to quantify the expres-
sion of transcripts for endogenous NeuroD1 and a control
gene for hypoxanthine phosphoribosyltransferase in response
to expression of ngn3. P19 cells were transfected with expres-
sion vectors for ngn3 or vector control and then treated with
the PI3K/Akt inhibitor LY294002 (12.5 wM) or vehicle control
for the final 8 h prior to RNA harvest at 30 h after transfection.
ngn3 increased expression of NeuroD1 (threshold crossing re-
duced by more than five cycles relative to vector control);
however, in the presence of LY294002, the ngn3 activation of
NeuroD1 expression was significantly attenuated (an increase
in threshold crossing of 1.8 cycles relative to that of ngn3,
which would be an approximately threefold reduction in the
NeuroD1 mRNA level, for an amplification efficiency of 1.8
copies per cycle) (Fig. 3D). We conclude that the endogenous
PI3K/Akt signaling pathway modulates the expression of Neu-
roD1 mRNA, an endogenous target gene of ngn3. Since Akt
modulates the ability of ngn3 to activate transcription (Fig. 3A
and C), it is likely that the decreased expression of NeuroD1
mRNA in the presence of LY294002 reflects reduced tran-
scriptional activation of the NeuroD1 gene by ngn3.

Akt regulates the interaction between bHLH proteins and
the transcriptional coactivators CBP and p300. The neural
bHLH proteins are known to function as transcriptional acti-
vators in part by recruiting the coactivators CBP and p300 to
target genes. Activated Akt could modulate transactivation by
regulating the recruitment of the coactivators by ngn3. We
used coimmunoprecipitation to determine whether activated
Aktl enhanced the association between p300 and bHLH pro-
teins. P19 cells were transiently transfected with an expression
vector that encoded a Myc epitope-tagged ngn3, with and with-
out constitutively active Aktl. Extracts were prepared, and
endogenous p300 was immunoprecipitated. p300 and coasso-
ciated ngn3 were detected by Western blot analysis using an-
tibodies directed against p300 or the Myc epitope tag of ngn3.
An increase in the association of ngn3 with p300 was observed
in the presence of constitutively active Aktl (Fig. 4A). Quan-
titation of the Western blots by densitometric analysis revealed
that the interaction between ngn3 and p300 increased by ap-
proximately 3.5-fold. A similar result was obtained with a sec-
ond bHLH protein, MASH1 (Fig. 4B). The interaction of
MASHI1 and p300 increased by approximately fivefold when
cells were transfected with constitutively active Aktl.

The coimmunoprecipitation assays provided evidence of in-
creased complex formation by activated Akt. To determine
whether increased complex formation is accompanied by in-
creased transcriptional activity, we introduced combinations of
expression vectors for p300 fused to the Gal4 DNA binding
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A MT- B MT-
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IP: p300 IP: p300
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WB: 0.-p300 WB: 0-p300

FIG. 4. Activated Aktl enhances complex formation between p300
and bHLH proteins. P19 cells were transfected with expression vectors
for Myc epitope-tagged ngn3 (MT-ngn3) (A) or MT-MASH1 (B) with
and without constitutively active Aktl. Endogenous p300 was immu-
noprecipitated from extracts 24 h after transfection and subjected to
SDS-PAGE. p300 and coassociated Myc epitope-tagged bHLH pro-
teins were detected by Western blot analysis with antibodies directed
against p300 or the Myc epitope tag.

domain (Gal4 DBD-p300), ngn3, and constitutively active
Aktl into P19 cells, and transcriptional activation was deter-
mined with a Gal4-responsive luciferase reporter construct
(14). Expression of either ngn3 or constitutively active Aktl
increased Gal4 DBD-p300-mediated reporter activity by three-
to sixfold (Fig. SA). Interestingly, coexpression of ngn3 and
activated Aktl synergistically increased Gal4 DBD-p300-me-
diated reporter activity by an additional 10-fold (60-fold acti-
vation). Thus, Akt-mediated enhanced complex formation
(Fig. 4) is accompanied by enhanced complex activity (Fig. 5).
Cooperation between ngn3 and Aktl also extends to CBP:
activated Aktl in combination with ngn3 enhanced the tran-
scriptional activity of a Gal4 DBD-CBP fusion protein 13-fold
(Fig. 5B). We observed similar cooperation between activated
Aktl and other neural bHLH proteins, including ngnl and
NeuroD1, when expressed in combination with Gal4 DBD-
CBP (data not shown).

To assess the involvement of the endogenous PI3K/Akt sig-
naling pathway in the transcriptional cooperativity observed
between ngn3 and p300, the activity of ngn3 together with Gal4
DBD-p300 in the presence and absence of the PI3K inhibitor
LY294002 was determined. The fivefold activation observed
when Gal4 DBD-p300 and ngn3 were cotransfected was abol-
ished upon addition of LY294002 (Fig. 5C). However,
LY294002 addition did not reduce activation by cotransfected
Gal4 DBD-p300, ngn3, and the constitutively activated Aktl,
which is not regulated by PI3K lipid products. The observa-
tions that L'Y294002 abolishes cooperative activation between
Gal4 DBD-p300 and ngn3 and that the lipid-independent, ac-
tivated Aktl complements the LY effect on transcriptional
cooperativity support a role for the endogenous PI3K/Akt sig-
naling pathway in the regulation of neural bHLH protein-
coactivator function.

Serum- and glucocorticoid-inducible kinase (SGK) is regu-
lated by PI3K signaling and is highly related within its kinase
domain to Akt family members (35, 56). Both Akt and SGK
phosphorylate an RXRXX(S/T) consensus substrate recogni-
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FIG. 5. Activated Aktl enhances the transcriptional activity of
ngn3 in complex with the transcriptional coactivators p300 and CBP.
P19 cells were transfected with expression vectors for the Gal4-DBD
p300 fusion protein (Gal-p300) or Gal4-DBP-CBP fusion protein
(Gal-CBP), ngn3, the pFR Gal4-responsive luciferase reporter, and
constitutively active Aktl (C/A Akt) or constitutively active Sgkl (C/A
SGK). The PI3K/Akt inhibitor LY294002 (12.5 uM) was added at the
time of transfection, as indicated. (A) ngn3 and C/A Aktl coopera-
tively enhance the transcriptional activity of Gal-p300. (B) ngn3 and
C/A Aktl cooperatively enhance the transcriptional activity of Gal-
CBP. (C) Inhibition of the endogenous PI3K/Akt signaling pathway
with LY294002 decreases the transcriptional activity of Gal-p300 in
combination with ngn3, but not in the presence of C/A Aktl. (D) C/A
Aktl, but not C/A SGK, enhances the transcriptional activity of ngn3
and Gal-p300.

tion site. However, Akt preferentially phosphorylates consen-
sus sites with a bulky hydrophobic residue adjacent to the
carboxyl-terminal phosphoacceptor site (35, 56). Thus, al-
though SGK and Akt have substrates in common (77), they are
likely to have unique substrates as well. We investigated
whether constitutively active SGK enhances the transcriptional
activity of ngn3 in complex with p300. In contrast to constitu-
tively active Akt1, constitutively active SGK1 did not cooperate
with ngn3 to enhance the transcriptional activity of a Gal4
DBD-p300 fusion protein (Fig. 5D). Thus, the regulation of
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FIG. 6. Akt and CBP coassociate in vivo. Flag-CBP or Flag (ex-
pressed from Flag vector [control]) was immunoprecipitated from ly-
sates prepared from HEK293 cells transfected with the indicated con-
structs. The immunoprecipitates were subjected to SDS-PAGE
followed by Western blotting with antibodies directed against CBP or
the epitope tag on Akt (GST).

neural bHLH-coactivator function is likely to be the result of
the action of Akt on a substrate(s) not shared with SGK.

Akt coassociates with CBP in vivo. To determine if Akt can
be found in complex with CBP in vivo, coprecipitation exper-
iments were performed. HEK293 cells were transfected with
expression constructs for Flag epitope-tagged CBP, Flag vector
control, glutathione S-transferase (GST), and GST wild-type
Aktl. Flag-CBP or Flag (control) was immunoprecipitated and
subjected to SDS-PAGE followed by Western blot analysis
with antibodies directed against the epitope tags to detect
Flag-CBP and coassociated GST-Aktl. CBP coassociates with
GST-Akt1 but not GST alone; also, Flag alone does not coas-
sociate with GST-Akt1 (Fig. 6).

Mammalian CBP and p300 (human and mouse) share a
single conserved canonical Akt consensus phosphorylation site,
Ser1834 in p300 and Thr1871 in CBP. Phosphorylation of this
consensus site by Akt has been reported to disrupt the inter-
action between CBP and C/EBPB (26). The Akt consensus
phosphorylation site is located in the region that binds the
bHLH proteins MyoD, NeuroD1, and probably ngnl and ngn3
(36, 62, 75), raising the possibility that phosphorylation of this
site by Akt could enhance the interaction between neural
bHLH proteins and CBP/p300, leading to enhanced complex
activity. To assess whether phosphorylation of this site by Akt
mediates the cooperativity in transcriptional activity between
p300 and bHLH proteins, we generated a nonphosphorylat-
able p300 mutant protein by substituting alanine for serine at
the phosphoacceptor site within the Akt consensus site. Ex-
pression vectors for the Gal4 DNA binding domain fused to
wild-type or alanine mutant p300, ngn3, and constitutively ac-
tive Aktl were introduced into P19 cells, and transactivation
was determined with a Gal4-responsive luciferase reporter
construct. Together, ngn3 and Aktl enhance the transcrip-
tional activity of either the wild-type or alanine p300 mutant
fusion protein (Fig. 7). A similar result was obtained with a
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FIG. 7. Mutation of the Akt consensus phosphorylation site in p300
does not alter the cooperativity between ngn3, p300, and Akt. P19 cells
were transfected with expression vectors for Gal4-p300 or Gal4-p300
S1834A, ngn3, constitutively active (C/A) Aktl or vector control, and
the pFR Gal4-responsive luciferase reporter.

CBP mutant at the Thr1871 Akt phosphoacceptor site (data
not shown). Therefore, phosphorylation of the conserved Akt
consensus site in p300 and CBP is unlikely to mediate coop-
erativity between ngn3, p300/CBP, and Aktl.

DISCUSSION

Neural bHLH transcription factors are required for forma-
tion of neurons in mammals (24), and forced expression of a
neural bHLH protein is sufficient to drive neuronal differen-
tiation of uncommitted cells (17, 38, 41, 70). Here we have
shown that the serine-threonine kinases Aktl and Akt2 are
required for neuronal differentiation of mouse P19 cells in
response to forced expression of the neural bHLH protein
ngn3. While Aktl and Akt2 are known to be involved in neu-
ronal survival, our results indicate that Aktl and Akt2 have
additional functions during neuronal differentiation that are
separable from neuronal survival. We observed that activated
Akt increased transactivation of a reporter by ngn3 or by the
isolated activation domain of ngn3. We also found that PI3K-
Akt signaling modulates expression of an endogenous ngn3
target gene, NeuroD1. In addition, we found that activated
Aktl can promote the formation of complexes between neural
bHLH proteins and the coactivators CBP and p300. Taken
together, these results suggest a novel role for Akt in regulat-
ing neuronal differentiation at the level of transcription. We
suggest that one function of the Akt proteins during neuronal
differentiation is to regulate the interaction between neural
bHLH proteins and the CBP/p300 coactivators.

We coexpressed ngn3 with U6-driven hairpin siRNAs di-
rected against Aktl, Akt2, or both Aktl and Akt2. The hairpin
siRNAs effectively reduced the endogenous levels of the Akt
kinases. Decreased Akt levels led to decreased cell survival and
decreased neuron formation in the ngn3-transfected cells. By
culturing the transfected cells in the presence of a cell-perme-
able general caspase inhibitor, we observed an increase in cell
survival but not a concomitant increase in neuron formation,
indicating that the effects of Akt on bHLH-driven neuron
formation are distinct from its effects on cell survival. While
both Aktl and Akt2 are expressed at high levels during neu-
rogenesis (54), they have not been previously shown to have a
role in neuron formation or the early steps of neuronal differ-
entiation, although Akt function has been implicated in later
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aspects of neuronal differentiation, such as axon branching
(44). Targeted disruption of either Akt1l or Akt2 in mice has no
apparent effect on neuron formation or differentiation (11-13).
In contrast, inhibition of either kinase by RNAI led to a sub-
stantial reduction in neuron formation from ngn3-transfected
P19 cells. This may reflect differences between P19 cells and
neural progenitors in the level of Akt signaling, or the acute
loss of Aktl or Akt2 expression during the ngn3 transfections
may not allow sufficient time for compensatory mechanisms to
operate (e.g., upregulation of the remaining Akt1/2 kinase or
another kinase such as Akt3). RNAi against Aktl and Akt2
together reduced neuron formation in ngn3-transfected P19
cells more than RNAI against either kinase individually, sug-
gesting that the Aktl and Akt2 kinases have partially redun-
dant functions. The effect of targeted disruption of both Aktl
and Akt2 in mice has not been reported yet.

The neural bHLH proteins NeuroD, ngnl to -3, and
MASH], as well as the myogenic bHLH protein MyoD, inter-
act with the coactivators CBP and p300 (references 16, 36, 49,
61, 65, and 67 and this work). CBP/p300 facilitate the assembly
of active transcription factor complexes in part by bringing
transcription factors and basal components of the transcrip-
tional machinery into proximity, as well as by acetylation of
histones and transcription factors through an intrinsic AT ac-
tivity (20, 21, 23). Our data indicate that activated Akt can
increase transcriptional activation by ngn3. Furthermore, acti-
vated Akt can increase the amount of ngn3 or MASHI1 pro-
teins that are associated with CBP/p300, providing a likely
mechanism for the increased transcriptional activity. Activated
SGK, which phosphorylates a consensus site similar but not
identical to that of Akt, does not enhance transcriptional co-
operativity between bHLH proteins and coactivators. This ob-
servation suggests that the regulation of neurogenic transacti-
vation function is a specific effect of Akt, arising from the
action of Akt on a substrate(s) not shared with SGK. Akt also
augments the transcriptional activity of other neural bHLH
proteins in complex with CBP and p300, including NeuroD1
and ngnl. In addition, activated Akt can enhance transcrip-
tional cooperativity between the myogenic bHLH protein
MyoD and p300 (unpublished observations). Thus, Akt is
likely to be a general regulator of coactivator interactions with
the bHLH family of transcription factors. LY294002, a phar-
macological inhibitor of PI3K/Akt, abolishes ngn3-CBP tran-
scriptional cooperativity, but this effect can be overcome by
activated Aktl. This observation indicates that the endogenous
PI3K/Akt signaling pathway is required for neural bHLH-co-
activator interactions. In addition, we have found that Akt
coassociates with CBP. Coupled with the requirement for Akt
during ngn3-driven neuron formation, our results suggest that
Akt is likely to control neuron formation and differentiation at
least in part by modulating neural bHLH-coactivator interac-
tions. One possible mechanism to explain our results would be
that Akt, in complex with CBP/p300, regulates the interaction
between bHLH proteins and coactivators by phosphorylating
CBP/p300 and/or the bHLH proteins.

Phosphorylation of coactivators can regulate their recruit-
ment to transcription factor complexes and thereby impact
transcriptional events. For example, phosphorylation of CBP
by protein kinase C recruits CBP to the AP-1 complex (76),
while phosphorylation by calmodulin kinase IV contributes to
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CREB/CBP-dependent transcription events (31). Moreover, as
CBP/p300 are thought to be rate-limiting components for tran-
scriptional activation in the cell (29, 33), phosphorylation is
one means by which cells can rapidly and reversibly modulate
coactivator-transcription factor interactions to regulate tran-
scription. Guo et al. reported that Akt phosphorylates CBP/
p300 within the CH3 domain and that this phosphorylation
disrupts the interaction between CBP and C/EBPB (26). Neu-
roD, MyoD, and probably other bHLH proteins can bind to
CBP/p300 via the CH3 domain. However, we found that alter-
ation of the phosphoacceptor site within the Akt consensus site
in CBP and p300 (Thr1871 in CBP and S1834 in p300) did not
affect the ability of Akt to potentiate transcriptional cooperat-
ivity between the coactivators and ngn3. Therefore, it is
unlikely that phosphorylation of CBP/p300 by Akt at T1871/
S1834 contributes to the increase in transcriptional cooperat-
ivity. It remains possible that Akt enhances interactions be-
tween the bHLH proteins and CBP/p300 by phosphorylating
CBP and p300 at a noncanonical phosphorylation site.

Another explanation for our observations is that Akt could
phosphorylate the neural bHLH transcription factors and in-
crease their affinity for CBP/p300, leading to transcriptional
cooperativity. For example, phosphorylation of CREB by pro-
tein kinase A or Akt enhances its association with CBP/p300
(15, 22). Although ngn3 contains a possible consensus phos-
phorylation site for Akt in its N terminus, no conserved Akt
consensus phosphorylation site is shared among the various
neural bHLH proteins. Alteration of the potential phosphoac-
ceptor serine to alanine in the potential ngn3 Akt consensus
site does not alter ngn3 function in P19 cells or reduce the
effect of Akt on ngn3-CBP cooperativity (unpublished obser-
vations). Furthermore, while function of the isolated activation
domain of ngn3 is enhanced by activated Akt, this domain does
not contain a consensus phosphorylation site for Akt. There-
fore, it is unlikely that neural bHLH protein function is regu-
lated through direct phosphorylation by Akt.

Akt is known to modulate the functions of other kinases,
raising the possibility that Akt could regulate bHLH-coactiva-
tor interactions indirectly. Candidate kinases that could medi-
ate the effect of Akt include GSK3a/B. Akt phosphorylates
GSK3a and GSK3B and negatively regulates their enzymatic
activity (71). Marcus et al. reported that GSK3pB inhibits the
function of XNeuroD1 and prevents neurogenesis in Xenopus
(43). Vetter and colleagues demonstrated that the integrity of
a GSK3 consensus phosphorylation site in Xenopus and mouse
neuroD is critical for proper regulation of the timing of Neu-
roD function (48). Taken together, these observations suggest
that inhibition of GSK3 activity may be a prerequisite for
neurogenesis to proceed in the appropriate time and place.
However, although GSK3a and -B were phosphorylated at
Ser21/Ser9 in P19 cells under our experimental conditions,
reduction of GSK3a and GSK3@ function using hairpin
siRNAs (74) does not increase neuron formation by ngn3-
transfected P19 cells, nor does it complement the deficit in
neuron formation generated by the Akt hairpin siRNAs (data
not shown). In addition, expression of GSK3p Ser9Ala, a mu-
tant kinase that cannot be inhibited by Akt phosphorylation,
does not block the ability of activated Aktl to increase ngn3-
CBP transcriptional cooperativity (data not shown). Thus, neg-
ative regulation of GSK3 by Akt is unlikely to mediate either
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the requirement for Akt function during ngn3-driven neuronal
differentiation or the ability of Akt to promote functional and
physical cooperativity between the neural bHLH proteins and
CBP/p300. It remains possible that modulation of GSK3 func-
tion by Akt regulates bHLH function and neuron formation in
other contexts.

Our data support a model in which Akt signaling regulates
the assembly and/or stability of neural bHLH transcription
factor-coactivator complexes. We favor the possibility that Akt
directly, or acting via a downstream kinase, phosphorylates a
protein(s) that acts in the complex with the coactivators and
the bHLH proteins to promote complex formation or stability.
Alternately, Akt could inhibit a negative regulator of bHLH-
coactivator interactions. Recently it has been reported that Akt
can negatively regulate the corepressor N-CoR and promote
glial differentiation (28). In mice, targeted disruption of N-
CoR leads to premature neuronal differentiation (32), raising
the possibility that Akt phosphorylation could inhibit N-CoR
function during neuronal differentiation as well as during glial
differentiation. Although N-CoR has not been linked to neural
bHLH function, it has been reported that N-CoR negatively
regulates activation by the myogenic bHLH protein MyoD (4),
and N-CoR can compete with CBP/p300 for binding to tran-
scription factors (72).

While our data implicate Akt in the regulation of neural
bHLH protein function and neuron formation, they do not
exclude an additional role for Akt and bHLH proteins in neu-
ronal survival. Akt has been implicated in cell survival in many
systems, and a subset of the neural bHLH proteins has also
been implicated in neuronal survival (47, 51). Akt may modu-
late the expression of bHLH target genes that are involved in
neuronal survival, subsequent to neuron formation.

Akt may also influence cell fate decisions within the devel-
oping nervous system. In addition to promoting neurogenesis,
the bHLH protein ngnl titrates CBP/p300 to inhibit gliogen-
esis during early neural development, and other neural bHLH
proteins are likely to function similarly (27, 50, 67). In the
presence of neural bHLH proteins, Akt could promote neuro-
nal cell fates and simultaneously suppress glial cell fates by
enhancing the interaction between the bHLH proteins and
CBP/p300.
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