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Abstract Glioblastoma is the most aggressive malignant pri-
mary brain tumor in humans. The activation of PI3K/Akt1
signaling pathway is involved in the proliferation of glioblas-
toma; however, the underlying mechanism of Akt1 activation
during the development of glioblastoma remains largely un-
clear. Recently, the modification of molecular molecules at
protein level such as acetylation has been shown to be related
to the function of these molecules. Thus, in our present stud-
ies, the acetylation of Akt1 molecule and its role in the
proliferation of glioblastoma cells was explored. The results
showed that Akt1 was markedly acetylated in glioblastoma
cells compared to normal human astrocytes. Mechanistically,
PCAF-mediated Akt1 acetylation enhanced Akt1 phosphory-
lation at both sites of Thr308 and Ser473 and further promoted
the proliferation of glioblastoma cells. Together, these data
implicate that, as a post-translational regulation, PCAF-
mediated Akt1 acetylation plays an important role in the
proliferation of human glioblastoma, suggesting a novel target
for clinical application.
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Abbreviations
CCK-8 Cell counting kit-8
shRNA Short hairpin RNA
WCE Whole-cell extract
IB Immunoblot
co-IP Co-immunoprecipitation
OD Optical density
PCAF P300/CBP-associated factor
HOXA10 Homeobox A10
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
PBS Phosphate-buffered saline
HAT Histone acetyltransferases

Introduction

Glioblastoma is the most aggressive and the most frequent
tumor, comprising approximately 50 % of the cerebral glio-
mas. Despite remarkable advances in surgical techniques and
treatment options, including chemotherapy and radiotherapy,
the prognosis of this disease is still very poor [1–3]. Patients
with malignant glioblastoma have a survival rate of less than
10 % at 5 years. Therefore, new therapeutic strategies are
urgently needed, and the molecular mechanisms that mediate
glioblastoma proliferation need to be explored.

Malignant tumor cells are well characterized by the unfet-
tered reproduction through cell division of their progeny and
themselves. One of the important factors that consist of this
phenomenon is the activation of signaling pathways. It has
been proved that the signaling pathway composed of phos-
phatidylinositol 3-kinase (PI3K) and protein kinase B (Akt)
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plays a central role in the regulation of various events in cells
including proliferation, growth, differentiation, and survival
[4, 5]. PI3K is a heterodimer comprised of a regulatory and a
catalytic subunit, which has the ability to catalyze the phos-
phorylation of phosphatidylinositol-containing lipids [6]. Akt
is activated by phosphorylation, predominantly through a
PI3K-dependent mechanism, which promotes Akt phosphor-
ylation and results in its full activation [4, 7, 8]. Several studies
have indicated that dysregulation of this PI3K/Akt pathway is
involved in a variety of tumors, including malignant glioblas-
toma [5, 9, 10].

Several lines of evidence suggest that protein function is
often regulated by post-translational modifications such as
ubiquitination and acetylation [11–14], and the modification
of ubiquitination and acetylation plays important roles in
various biological events including transcriptional regulation,
DNA damage repair, cell proliferation, apoptosis, and autoph-
agy [13, 15–19]. Many studies have revealed that signaling
molecule Akt1 undergoes lysine-63 chain (K63)-linked
ubiquitination, which is crucial for Akt1 phosphorylation
and activation in some diseases [4, 20, 21]. However, the
Akt1 acetylation and its roles in regulating Akt1 activation
in diseases especially human glioblastoma remain largely
unclear.

P300/CBP-associated factor (PCAF), also known as lysine
(K) acetyltransferase 2B, is a transcriptional coactivator.
PCAF has been demonstrated to interact with Myc,β-catenin,
Homeobox A10 (HOXA10), and histones [22–26]. Current
evidence also reveals that PCAF can promote proliferation of
cancer cells [27–29]. However, the biological roles of PCAF
in regulating Akt1 activation as well as the proliferation of
glioblastoma cells remain elusive.

In the present study, we reported that the acetylation of
Akt1 was significantly enhanced in human glioblastoma cells
together with increased phosphorylation of Akt1. Further
studies revealed that the expression of PCAF was upregulated
and required for Akt1 acetylation and phosphorylation in
glioblastoma cells, which finally contributed to the prolifera-
tion of glioblastoma cells.

Materials and methods

Reagents and animals

Monoclonal antibodies against HA (sc-7392), His (sc-53073),
and PCAF (sc-13124) were purchased from Santa Cruz Bio-
technology (Santa Cruz, USA). Monoclonal antibodies
against t-Akt1 (4685), p-Akt-Thr308 (13038), p-Akt-Ser473

(4060), acetylated lysine (9681), β-actin (3700), HRP-
conjugated anti-rabbit (7074), and anti-mouse IgG (7076) as
well as anti-rabbit IgG (Conformation Specific, 5127) and 20×
LumiGLO reagent® and 20× peroxide were purchased from

Cell Signaling Technology (Danvers, USA). The co-IP kit and
radioimmunoprecipitation assay (RIPA) lysis buffer were pur-
chased from Thermo (Fremont, USA). Bicinchoninic acid
(BCA) protein assay reagent was from Pierce (Rockford,
USA). Cell counting kit-8 (CCK-8) was purchased from
Dojindo Labohumanories (Kumamoto, Japan). M-
myeloblastosis virus reverse transcriptase XL was from
Promega (Madison, USA). SYBR Green PCR Master Mix
was purchased from Applied Biosystems (Foster City, USA).
The incision enzyme KpnI, EcoRV, and T4 DNA ligase were
purchased from Fermentas (Burlington, Canada). The vector
of pcDNA3.1, Lipofectamine 2000, TRIzol, Dulbecco’s mod-
ified Eagle’s medium (DMEM), and fetal bovine serum (FBS)
were from Invitrogen (Carlsbad, USA). The shRNA expres-
sion plasmids of pGPU6/GFP were purchased from
GenePharma (Shanghai, China).

Cell culture

The established human malignant glioma cell line of U-87
MG was purchased from American Tissue Culture Collection
(Rockville, USA). Normal human astrocytes (NHA) were
obtained from ScienCell Research Labohumanories (Carls-
bad, USA). Cells were cultured in DMEM supplemented with
10% heat-inactivated fetal bovine serum, penicillin (100U/ml),
and streptomycin (100 μg/ml). Cells were incubated at 37 °C in
a 5 % CO2 incubator.

Plasmid construction

The plasmids of pcDNA3.1/PCAF-HA and pcDNA3.1/Akt1-
His were constructed by inserting the complementary DNA
(cDNA) of human PCAF gene (NM_003884.4) or Akt1 gene
(NM_005163.2) into pcDNA3.1. The PCAF gene and Akt1
gene were amplified by polymerase chain reaction (PCR)
from cDNA of human astrocytes. The PCR products and
pcDNA3.1 vector were digested with KpnI and EcoRV and
then ligated using T4 DNA ligase. Four different shRNA
sequences were designed against different targeted regions
of human PCAF mRNA (NM_003884.4). The different plas-
mids of PCAF shRNA were constructed by using pGPU6/
GFP [30, 31], and the most effective shRNA expression
plasmids were chosen together with the scrambled control
shRNA expression plasmids for further functional
experiments.

Cellular transfection

U-87MG cells and normal human astrocytes were transfected
with Lipofectamine 2000 according to the manufacturer’s
instructions [32, 33]. Three micrograms of plasmids was
mixed with 250 μl of serum-free DMEM, and 10 μl of
Lipofectamine 2000 was mixed with 250 μl of serum-free
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DMEM, respectively. They were then mixed with each other
and incubated for 18 min at room temperature (RT). Then, the
500 μl of mixture was transferred into each well. Finally, the
medium was replaced with serum containing DMEM at 6 h
after transfection.

Co-immunoprecipitation experiment

For each sample, 300 μg of extract prepared from U-87 MG
cells was mixed with 50 μl protein G-Sepharose beads within
the co-immunoprecipitation (co-IP) assay buffer, incubated
for 2 h, and centrifuged for 2 min at 4 °C. The recovered
supernatant was obtained and incubated with the correspond-
ing antibody (2 μg for each sample, pre-immune IgG as a
control reaction) at 4 °C overnight. Then, 50 μl of protein G-
Sepharose beads was added into the supernatant and incubated
continuously for 3 h at 4 °C. Protein G-precipitated protein
complex was recovered by centrifugation and resuspended in
40 μl of 2× SDS PAGE sample buffer and then boiled for
6 min. The samples were then analyzed with specific antibod-
ies by immunoblot assay. Meanwhile, a 40-μg aliquot of
whole-cell extract (WCE) from U-87 MG cells without im-
munoprecipitation was detected as an input control.

RNA extraction and real-time quantitative PCR

The U-87 MG cells and normal human astrocytes were
washed three times with ice-cold phosphate-buffered saline
(PBS), and total RNAwas extracted using TRIzol. An equal
amount of total RNA (1 μg) was used for cDNA synthesis
using the oligo-dT primer and M-myeloblastosis virus reverse
transcriptase XL in a reaction volume of 25 μl, according to
the manufacturer’s instructions. Synthesized cDNA (1 μg)
was used for each PCR reaction. qPCR experiments were
performed with the SYBR Green PCR Master Mix. The
PCR products were subjected to melting curve analysis to
exclude the synthesis of non-specific products. The Ct value
was quantified using a standard curve for the specific gene and
relatively quantified using β-actin as an internal reference
control. The Ct value was then normalized to the average
expression levels of control group, calculated according to
the 2−ΔΔCt method.

Immunoblot analysis

Cells were washed with cold PBS twice, and then 150 μl
RIPA buffer was added to each dish. After that, cells lysates

Fig. 1 The acetylation of Akt1 in
human glioblastoma cells.
Humanmalignant glioma cell line
(U-87 MG) and normal human
astrocytes line (NHA) as a control
were cultured in vitro, and the
levels of Akt1 acetylation and
phosphorylation were detected.
The level of Akt1 acetylation was
significantly enhanced in U-87
MG cells when compared with
normal human astrocytes (a). The
levels of Akt1 phosphorylation at
both Thr308 (b and c) and Ser473

(b and d) were also enhanced in
U-87 MG cells when compared
with normal human astrocytes.
**P<0.01 vs. NHA group
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were shaken at 4 °C for 15 min. Cell lysates were centrifuged
at 12,000g at 4 °C for 10 min. The supernatant was collected,
and protein content was measured using BCA protein assay
reagent. Equal amounts of the protein (40 mg) from each
sample were sepahumaned through 10–12 % SDS-
polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride (PVDF) membrane. And then, the
membrane was blocked with 5 % (w/v) non-fat dry milk in
TBS buffer (100 mM NaCl, 10 mM Tris–HCl [pH 7.6], and
0.1 % (v/v) Tween 20) for 60 min at room temperature and the
primary antibodies were added overnight on a shaker at 4 °C.
On the second day, PVDF membranes were incubated with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibody for 1 h at room temperature. Bound anti-
body was detected using enhanced chemiluminescence re-
agent. The semi-quantitation of proteins was surveyed with a
Bio-Rad Gel Doc™ EZ System. β-Actin was used as an
internal control of protein loading, and the relative protein
level in each group was expressed relative to control group.

CCK8 assay

Cells were seeded into 96-well plates and cultured for differ-
ent treatments. During the final 4 h of culture, CCK-8 reagent
was added to the culture medium. Absorbance values were

then measured at 450 nm with a microplate reader (Bio-Rad
model 680, USA). The absorbance was directly proportional
to the cell number [10, 34].

Statistical analysis

Results are representative of three independent experiments.
Data are presented as means±SD. One-way analysis of vari-
ance (ANOVA) followed by post hoc analysis Dunnet’s t test
was used to evaluate statistical differences. P<0.05 was con-
sidered significant.

Results

The acetylation of Akt1 is enhanced in human glioblastoma
cells

We first detected the level of Akt1 acetylation and phosphor-
ylation in human malignant glioma cell line (U-87 MG), and
normal human astrocyte (NHA) line was used as a control. As
shown in Fig. 1, the levels of Akt1 acetylation (Fig. 1a) and
phosphorylation at both sites of Thr308 and Ser473 (Fig. 1b–d)
were synergistically enhanced in U-87 MG cells when

Fig. 2 The expression of PCAF
and the interaction of Akt1 with
PCAF. Real-time PCR
demonstrated that PCAF mRNA
level was significantly elevated in
U-87 MG cells compared to
normal human astrocytes (a).
Immunoblot analysis showed that
the expression PCAF at protein
level was also increased in U-87
MG cells relative to normal
human astrocytes (b). Co-IP
experiment showed that U-87
MG cells could increase
interaction of PCAF with Akt1
compared to normal human
astrocytes (c). The interaction of
PCAF with Akt1 was also
observed with co-IP experiment
in 293T by the overexpression of
PCAF and Akt1 together (d).
**P<0.01 vs. NHA group
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compared with normal human astrocytes. These data indicate
that Akt1 acetylation perhaps closely correlated with Akt1
phosphorylation and activation in human glioblastoma cells.

PCAF expression is elevated in human glioblastoma cells

It is well known that PCAF is one of the most common acetyl
transferases with the activity to acetylate various target pro-
teins. Since the acetylation of Akt1 was found to be enhanced
in U-87 MG cells (Fig. 1a), the mRNA level of PCAF was
further detected in U-87 MG cells. Our results revealed that
PCAF mRNA was significantly elevated in U-87 MG cells
compared to normal human astrocytes (Fig. 2a). Meantime,
the expression PCAF at protein level was similar to that of
mRNA level (Fig. 2b).

The interaction of Akt1 with PCAF is increased in human
glioblastoma cells

Since the acetylation of Akt1 and the expression of PCAF
have been found increased in U-87 MG cells (Figs. 1a and
2a, b), we set out to investigate the possible interaction

between PCAF and Akt1 at protein level in U-87 MG cells.
The results showed that U-87 MG cells exhibited increased
interaction of PCAF with Akt1 at protein level compared to
normal human astrocytes (Fig. 2c). Consistent with this, we
observed the interaction of PCAF with Akt1 at protein level in
293T by the overexpression of PCAF along with Akt1
(Fig. 2d). Taken together, these findings indicate that PCAF
upregulation might contribute to Akt1 acetylation in human
glioblastoma cells.

PCAF-mediated Akt1 acetylation is required for Akt1
phosphorylation in human glioblastoma cells

To gain further insight into the effects of PCAF on Akt1
acetylation and phosphorylation in human glioblastoma cells,
U-87 MG cells were treated with PCAF shRNA to science
PCAF gene expression. Immunoblot assay further showed
that silencing PCAF gene by using PCAF shRNA could
decrease not only Akt1 acetylation but also Akt1 phosphory-
lation (Thr308 and Ser473) in U-87 MG cells when compared
with control shRNA (Fig. 3). Taken together, these data

Fig. 3 The role of PCAF-
mediated Akt1 acetylation in
Akt1 phosphorylation in human
glioblastoma cells. U-87MG cells
were transfected with the
plasmids of PCAF shRNA and
control shRNA, respectively, and
then cultured for 48 h.
Immunoblot assay showed that
silencing PCAF gene with PCAF
shRNA could decrease not only
Akt1 acetylation but also Akt1
phosphorylation in U-87 MG
cells when compared with control
shRNA treatment. **P<0.01 vs.
control shRNA group
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suggest that acetyltransferase activity of PCAF is needed for
Akt1 acetylation and phosphorylation in human glioblastoma
cells.

PCAF-mediated Akt1 acetylation is necessary for human
glioblastoma cell proliferation

To access the role of PCAF-mediated Akt1 acetylation in the
proliferation of human glioblastoma cells, U-87 MG cells
were treated with PCAF shRNA or PI3K inhibitor
(Ly294002), and then the cellular proliferation was investigat-
ed. The data showed that not only inhibition of PCAF with
PCAF shRNA but also inhibition of Akt1 with Ly294002

could abolish the proliferation of U-87 MG cells relative to
control treatments, respectively (Fig. 4a, c). Further studies
showed that the proliferation of U-87 MG cells was inhibited
in a dose-dependent manner after treatment with different
doses of PCAF shRNA (Fig. 4b), demonstrating the role of
PCAF in promoting U-87MG cell proliferation. Alternatively,
overexpression of PCAF could induce the proliferation of not
only U-87 MG cells (Fig. 4d) but also normal human astro-
cytes (Fig. 4e), which was also related to Akt1 acetylation
(Fig. 4f) and phosphorylation (Fig. 4g). Taken together with
our previous results, these data support the idea that PCAF-
mediated Akt1 acetylation and phosphorylation might poten-
tiate the proliferation of glioblastoma cells.

Fig. 4 The role of PCAF-mediated Akt1 acetylation in glioblastoma cell
proliferation. U-87MG cells were transfected with the plasmids of PCAF
shRNA and control shRNA, respectively, and then the cellular prolifera-
tion was investigated at 48 h after transfection. CCK-8 showed that PCAF
shRNA could abolish the proliferation of U-87 MG cells relative to
control shRNA treatment (a). **P<0.01 vs. control shRNA group. Fur-
ther studies showed that the proliferation of U-87 MG cells was inhibited
in a dose-dependent manner after treatment with different doses of PCAF
shRNA (b). **P<0.01 vs. control shRNA group. Proliferation assay also

showed that the inhibition of Akt1 with Ly294002 (20 μM) could abolish
the proliferation of U-87 MG cells relative to DMSO treatment (c).
**P<0.01 vs. DMSO group. Overexpression of PCAF with pcDNA3.1/
PCAF could induce the cell proliferation not only in U-87 MG cells (d)
but also in normal human astrocytes (e) with CCK-8 analysis. **P<0.01
vs. pcDNA3.1 empty vector treatment. Co-IP assay showed that overex-
pression of PCAF with pcDNA3.1/PCAF could induce Akt1 acetylation
(f) and phosphorylation (g) in normal human astrocytes when compared
with pcDNA3.1 empty vector treatment
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Discussion

As the most aggressive malignant primary brain tumor in
humans, glioblastoma proliferation is believed to be a multi-
step process, during which a sequence of genetic and epige-
netic alterations randomly occurs to affect the genes control-
ling cell proliferation, cell death, and genetic stability. The
proliferation of cancer cells is regulated by a complex array of
signaling pathways [35–37]. Among these signaling path-
ways, the activation of PI3K/Akt1 signaling pathway is in-
volved in the proliferative and anti-apoptotic effect in glio-
blastoma [38–40]; however, the underlying mechanism about
the regulation of Akt1 activation remains elusive.

It has been reported that Akt1 is able to undergo K63-
linked ubiquitination, which is a critical regulator of Akt
phosphorylation and subsequent activation [20, 21]. However,
the roles of acetylation modification of Akt1 in regulating
Akt1 activation in glioblastoma remain largely unclear. Given
that protein acetylation is known to be an important post-
translational modification that functions in various aspects
[21, 41], Akt1 acetylation was further measured in glioblasto-
ma cells. The data revealed that the Akt1 acetylation was
significantly increased in glioblastoma cells, implying that
Akt1 acetylation is probably involved in regulating Akt1
phosphorylation and activation.

PCAF is known as a kind of histone acetyltransferase
(HAT) containing two functional domains including an N-
terminal HAT and a C-terminal bromodomain. PCAF is be-
lieved to interact with acetyl-lysine residue which modulates
concurrently multiple cell pathways via acetylating histones
and non-histone proteins [42, 43]. Nevertheless, the precise
role of PCAF in promoting acetylation of Akt1 in glioblasto-
ma cells is largely unknown. Our present studies revealed that
PCAF expression was significantly elevated at both mRNA
and protein levels in U-87 MG cells compared to normal
human astrocytes. So, the interaction between PCAF and
Akt1 at protein level in glioblastoma cells was determined
through co-IP analyses. The results showed that PCAF could
interact with Akt1 molecule in glioblastoma cells. In our
further studies, knockdown of PCAF by using shRNA not
only suppressed Akt1 acetylation and phosphorylation but
also inhibited the proliferation of glioblastoma cells. Mean-
while, overexpression of PCAF enhanced Akt1 acetylation
and phosphorylation as well as cellular proliferation in normal
human astrocytes lines. Finally, inhibition of Akt1 with
Ly294002 could also abolish the proliferation of U-87 MG
cells. These findings indicate that PCAF-mediated Akt1 acet-
ylation has the ability to enhance the proliferation of human
glioblastoma cells. However, it is still unclear about the mech-
anism of direct interaction between PCAF and Akt1. One
possibility is upregulated PCAF could directly promote Akt1
acetylation. Another possibility is PCAF could promote Akt1
acetylation together with other acetyl transferases or PCAF

could increase expression of other genes. On the other hand, in
addition to Akt1, PCAF might also acetylate other molecules
in human glioblastoma cells. Therefore, more studies need to
be done to explore the above-mentioned other possible
mechanisms.

In summary, the acetylation of Akt1 and its role in human
glioblastoma cells were examined in the present study. Here,
we presented evidence that the acetylation of Akt1 was en-
hanced in human glioblastoma cells. Furthermore, PCAF-
mediated Akt1 acetylation was demonstrated to play an im-
portant role in mediating Akt1 phosphorylation and activa-
tion. Akt1 activation further promoted the proliferation of
human glioblastoma cells. These findingsmight provide novel
insights into the pathogenesis of human glioblastoma.
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