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Abstract
Objectives: The aim of this study was to develop
multifunctional fusion proteins for targeting and
delivering therapy elements into glioma cells.
Materials and methods: Multifunctional fusion pro-
teins were expressed in Escherichia coli and puri-
fied using Ni-NTA resin affinity chromatography.
Human glioma cells and primary astrocytes were
used to analyse their functions. Targeting proteins
location to glioma cells was observed by confocal
microscopy. Effects of cell viability and prolifera-
tion were evaluated using the Cell Counting Kit 8
and colony formation assays. Glioma cell migration
and invasion were assessed using transwell assays,
and apoptosis was analysed by flow cytometry. In
addition, changes in expression of proteins related
to the cell cycle and apoptosis were determined by
Western blotting.
Results: The protein with highest bioactivity was
GL1-riHA2-p53c+m-TAT (GHPc+mT), which
combines glioma-targeting peptide GL1 (G), and C
terminus (Pc) and mouse double minute domains
(Pm) of p53, with the destabilizing lipid membrane
peptide riHA2 (H) and cell-penetrating peptide
TAT (T). The purified fusion protein was stable in
cell culture medium and specifically targeted, and
was internalized by, epidermal growth factor recep-
tor (EGFR)-overexpressing glioma cells
(U87DEGFR). It inhibited cell proliferation, migra-
tion and invasion, while flow cytometric analysis

showed increased apoptosis. In addition, GHPc+mT
caused significant changes in expression of proteins
related to the cell cycle and apoptosis.
Conclusion: GHPc+mT is a multifunctional protein
combining targeting, inhibition of glioma cell pro-
liferation and induction of apoptosis, providing
some potential to be developed into an effective
protein drug delivery system for glioma therapy.

Introduction

Glioblastoma multiforme (GBM) is derived from glial
cells and is the most lethal type of primary brain
tumour, with annual incidence of six cases per
100 000 (1). GBM is extremely aggressive and due to
infiltration and recurrence, there is no treatment option
that can permanently remove all the malignant tissue
without severely damaging the brain. Treatment
includes surgery combined with chemotherapy with
agents such as temozolomide (2,3); however, most
drugs have limited efficacy as access to the tumour is
restricted by the blood–brain barrier. Moreover, median
survival of patients is no more than 12 months due to
treatment resistance, while survival rate of patients liv-
ing longer than 5 years is less than 10% after diagno-
sis (1,4).

Protein transduction therapy is emerging as a
promising means of delivering proteins to glioma cells
for cancer treatment (5,6). Transcription-transactivating
protein (TAT) of human immunodeficiency virus 1 and
polyarginine (11R) are the most widely used cell-pene-
trating peptides (CPPs) for protein transduction into can-
cer cells (7,8). However, application of CPPs is
currently limited by their lack of cell specificity. To this
end, glioma-targeting peptides may enhance tumour-
anchoring ability; for example, RGD and F3 have been
used to target intergin amb3 (9,10), while scorpion
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chlorotoxin, a 36-amino acid peptide, targets matrix met-
alloproteinase-2 receptor-associated chloride channel, as
well as a glioma-specific chloride channel, expressed in
membranes of glioma, but not normal, human cells (11).
GL1 was first identified to effectively target glioma Gli-
a36 cells expressing DEGFR cDNA using a peptide
phage display library (12). In a previous study by our
group, we found that a fusion protein consisting of the
12 amino acid GL1 peptide and EGFP targeted glioma
cells with high specificity (13).

The NH2-terminal 20 amino acid peptide of the
influenza virus haemagglutinin-2 protein (riHA2) is
pH-sensitive and destabilizes lipid membranes at low
pH, to enable the escape of fusion proteins from
macropinosomes (14). p53 fusion protein containing
HA2 and 11R has been shown to inhibit growth of
cancer cells at low concentrations (15). The p53
tumour suppressor regulates transcription of genes such
as p21 and mouse double minute (MDM2) that encode
proteins involved in cell cycle arrest, DNA repair and
apoptosis (16–18). Several peptides derived from p53
have demonstrated anti-proliferative activity (19,20).
The C-terminal lysine-rich regulatory domain (amino
acids 361-382) is subject to a variety of post-transla-
tional modifications (21) and a short peptide derived
from this domain (Pc) modulates DNA binding of
wild-type p53 in vitro and can restore transcriptional
transactivation function of some mutant p53 proteins in
living cells. Moreover, Pc induces apoptosis in human
tumour cell lines of different origins expressing mutant
or wild-type p53 protein (22). CPP covalently coupled
to a D-isomer peptide of Pc can cause long-term inhibi-
tion of bladder cancer growth (23). In addition, a 15-
amino acid sequence corresponding to the MDM2
binding site of p53 (Pm) has been shown to modulate
proliferation of glioma cells (24), while theranostic pro-
tein EC1-Gluc-p53C, generated by combining Pc with
ErbB2-targeting peptide EC1 and Gaussia luciferase
(Gluc), retaines target specificity and bioluminescence
both in vitro and in vivo (25).

In the present study, we designed a series of small
multifunctional proteins composed of GL1, CPP (TAT),
riHA2 and two peptides derived from p53, and evalu-
ated them for their effects on glioma cell proliferation,
migration, invasion and apoptosis.

Materials and methods

Cell culture

Two human glioma cell lines paU87 and U87DEGFR
(which expresses EGFRvIII) used in this study, were
kindly provided by Professor Hideki Matsui of Okayama

University (Okayama, Japan). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone, Logan, UT, USA) with 10% foetal bovine
serum (FBS) and 1% penicillin–streptomycin at 37°C
and 5% CO2. In addition, we used human primary astro-
cytes (HA) as control glial cells purchased from Scien-
Cell Research Laboratories (ScienCell, SanDiego, CA,
USA) and maintained in ScienCell astrocytes medium,
supplemented with 2% FBS.

Plasmid construction and expression, and purification of
fusion proteins

To express EGFP and GL1-EGFP, the genes were sepa-
rately amplified from the pEGFP-N1 plasmid (Clontech)
using primer sets P1/P2 and P2/P3 (all primer sequences
are listed in Table S1). PCR products were purified and
digested with the appropriate restriction enzymes and
inserted into the pET-22b(+) vector digested with the
same enzymes to generate pET-EGFP and pET-GL1-
EGFP. To obtain EGFP-TAT and GL1-EGFP-TAT, the
genes were separately amplified by reverse PCR with
primer set P4/P5, using pET-EGFP and pET-GL1-EGFP
as templates.

The pUC-GL1-riHA2-Pc plasmid containing GL1-
riHA2-Pc was synthesized by Takara Biotechnology
Co., Ltd. (Dalian, China). ZZ (antibody affinity motif of
protein A), was inserted in order to increase recombinant
protein expression. Factor Xa protease recognition
sequence, Ile-Glu-Gly-Arg (IEGR), was inserted after
ZZ as a cleavage site. To express ZZ-TAT (abbreviated
as ZZ-T), pET-ZZ and pET-GL1-EGFP-TAT, plasmids
were digested with Nde I and EcoR I (Takara) and
linked to obtain pET-ZZ-TAT. To express ZZ-IEGR-
GL1-riHA2-Pc-TAT (abbreviated as ZZ-GHPcT), ZZ-
IEGR-GL1-Pc-TAT (abbreviated as ZZ-GPcT),
ZZ-IEGR-GL1-riHA2-TAT (abbreviated as ZZ-GHT),
ZZ-IEGR-GL1-Pm-TAT (abbreviated as ZZ-GPmT),
ZZ-IEGR-GL1-riHA2-Pm-TAT (abbreviated as ZZ-
GHPmT) and ZZ-IEGR-GL1-riHA2-P(c+m)-TAT (ab-
breviated as ZZ-GHPc+mT), the genes were amplified
by reverse PCR with the primer sets P6/P8, P6/P8, P7/
P8, P9/P11, P10/P11 and P11/P12, respectively, using
pET-ZZ-IEGR-GL1-riHA2-Pc-11R, pET-ZZ-IEGR-GL1-
Pc-11R, pET-ZZ-IEGR-GL1-riHA2-11R (previously
constructed in our laboratory), pET-ZZ-IEGR-GL1-
riHA2-Pc-TAT, pET-ZZ-IEGR-GL1-riHA2-TAT and
pET-ZZ-IEGR-GL1-riHA2-Pc-TAT as templates, respec-
tively. All plasmids were verified by 1% agarose gel
electrophoresis after double digestion with the above
restriction enzymes.

Expression and purification of fusion proteins were
carried out as previously described (26). Briefly, expression
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plasmids were transformed into Escherichia coli BL21
(DE3) and cultured in Luria–Bertani medium containing
100 lg/ml ampicillin at 37°C. When optical density of
the culture at 600 nm reached 0.6, recombinant protein
expression was induced by adding isopropyl-b-D-thioga-
latopyranoside (IPTG) at a final concentration of 0.5 mM

at 30°C, overnight. Fusion proteins were purified using
a Ni2+-His�Bind column (Thermo Scientific, Waltham,
MA, USA) and analysed by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Gels
were stained with Coomassie Brilliant Blue and Western
blotting was used to confirm protein purification with an
anti-His (C-terminal) mouse monoclonal antibody (Invit-
rogen, Carlsbad, CA, USA). Following incubation with
horseradish peroxidase-conjugated secondary antibody
(TransGen Biotech, Beijing, China), protein bands were
visualized employing an enhanced chemiluminescence
detection kit (Thermo Scientific) on a ChemiDoc MP
imaging system (Bio-Rad, Hercules, CA, USA). Purified
proteins were dialysed against phosphate-buffered saline
(PBS, pH 7.4) at 4°C for 24 h and stored at �80°C
until use.

Purified proteins ZZ-GHPc+mT, ZZ-GHPmT, ZZ-
GHPcT and ZZ-GHT were cleaved using protease factor
Xa (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Cleaved proteins
GHPc+mT, GHPmT, GHPcT and GHT were purified
using a Ni2+-His�Bind column and resolved by 15%
SDS-PAGE.

Analysis of specificity and uptake of GL1 and TAT
fusion proteins

To evaluate specificity and uptake of fusion proteins
containing GL1 and TAT, U87DEGFR and paU87 cells
were incubated with 2 lM EGFP, GL1-EGFP, EGFP-
TAT or GL1-EGFP-TAT for 30 min, then washed twice
in PBS and fixed in 4% paraformaldehyde for 10 min
followed by incubation with DAPI (Life Technologies,
Carlsbad, CA, USA) for 5 min. Fluorescence was visu-
alized by confocal laser microscopy (Leica, Nussloch,
Germany) and analysed with Leica Application Suite
Advanced Fluorescence software. To test targeting abil-
ity of GL1 on primary HA, cells were incubated with
2 lM GL1-EGFP for 30 min, the following treatment
being the same as above.

For flow cytometric analysis, cells were incubated
with proteins for 2 h as described, washed in pre-cooled
PBS, trypsinized and re-suspended, and filtered through
a 200-mesh sieve. Gated cells are expressed as percent-
age of EGFP-positive cells, according to fluorescence
intensity. In each analysis, 5 9 106 treated cells were
analysed for gated counting.

Cell viability assay

Glioma cells were incubated with 5 lM ZZ-TAT,
ZZ-GHPmT, ZZ-GHPcT, ZZ-GPcT, ZZ-GPmT and
ZZ-GHPc+mT for 24, 48, 72 and 96 h, and cell viability
was analysed using the Cell Counting Kit 8 assay
(Dojindo, Tokyo, Japan) according to the manufacturer’s
instructions. Effects of proteins GHPc+mT, GHPmT,
GHPcT and GHT on cell proliferation were evaluated by
the same procedure by incubating the cells with fusion
proteins (5 lM). Dependence of cell viability on recombi-
nant protein concentration was investigated by incubating
cells with protein at concentrations of 1, 2 and 5 lM, and
evaluating cell viability at 96 h. To evaluate effects of
GHPc+mT on primary HA, cells were incubated with
5 lM GHPc+mT for 24, 48, 72 and 96 h, and cell viabil-
ity was analysed with the CCK-8 Kit.

Colony formation assay

Cell survival was measured by colony formation assay.
U87DEGFR and paU87 cells (100, 200 and 500 cells/
well) treated with proteins GHPc+mT, GHPmT, GHPcT
and GHT (5 lM) for 72 h were seeded in six-well plates
(n = 3 per group), fixed with methanol, and stained with
2% Giemsa solution. After three washes in PBS, colo-
nies with more than 50 surviving cells were counted
using inverted microscope (409 objective). Data are
expressed as mean of three experiments for each group.

Figure 1. Expression and purification of recombinant proteins. (a)
Coomassie Brilliant Blue staining of ZZ-GPcT (lanes 1-3), ZZ-GHT
(lanes 4-6) and ZZ-GHPcT (lanes 7-9) resolved by 15% sodium dode-
cyl sulphate polyacrylamide gel (SDS-PAGE). (b) Coomassie Brilliant
Blue staining of ZZ-GPc+mT (lanes 1-3), ZZ-GHPmT (lanes 4-6) and
ZZ-GPmT (lanes 7-9) resolved by 15% SDS-PAGE. Lanes 1, 4 and 7
– protein expressions without IPTG induction; lanes 2, 5 and 8 – pro-
tein expressions with 0.5 mM IPTG induction; lanes 3, 6 and 9 were
purified protein.
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Apoptosis assay

After incubating with GHPc+mT, GHPmT, GHPcT and
GHT (5 lM) for 72 h, cells were washed twice in cold
PBS and resuspended in cold binding buffer, then trea-
ted with annexin V-FITC and propidium iodide for
10 min. Apoptosis was evaluated using a FACS Calibur
flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). Number of annexin V-FITC-positive apoptotic
cells was expressed as percentage of total number of
cells counted.

Migration and invasion assays

Cells (2 9 105) resuspended in DMEM containing 1%
FBS were seeded in chambers containing polycarbonate
filters with 8 lm pores (Corning Inc., Corning, NY,
USA). For the invasion assay, upper chambers were pre-
pared with Matrigel (BD Biosciences) according to the
manufacturer’s protocols. Briefly, inserts were coated
with Matrigel at 1:3 dilution and incubated for 30 min,
and 3 9 105 cells were resuspended in DMEM contain-
ing 1% FBS and plated in the chambers. For all assays,
GHPc+mT, GHPmT, GHPcT and GHT (5 lM) were
added to upper and lower chambers and DMEM con-
taining 10% FBS was added to lower chambers as

chemoattractant. After 24 h incubation, cells on upper
surfaces of membranes were gently removed using a
cotton swab. Cells in the chambers were fixed in metha-
nol and stained with 2% Giemsa solution for 15 min,
then washed three times in PBS. Cells in lower cham-
bers and undersides of membranes were counted under
an inverted microscope. Values are expressed as mean
cell numbers in nine random fields of view (409 objec-
tive).

Western blotting

After incubating in GHPc+mT, GHPmT, GHPcT and
GHT (5 lM) for 72 h, U87DEGFR cells were collected
in RIPA buffer (Sigma, St. Louis, MO, USA). Protein
concentration in cell lysates was quantified using a BCA
protein assay kit (Multisciences, Hangzhou, China) and
then analysed by Western blotting. Blots were probed
with primary antibodies against the following proteins:
Bcl-2, Bax, E2F-1, phospho-Rb, p21, p53, MDM2 and
b-actin (all rabbit polyclonal); CDK4 (mouse mono-
clonal); and p16 (goat polyclonal). All primary antibod-
ies were purchased from Bioworld Technology, Inc. (St.
Louis Park, MN, USA). The following procedures were
carried out as above.

Figure 2. Target specificity and penetra-
tion of GL1/TAT fusion proteins. (a,b)
EGFP fluorescence in paU87 and U87DEGFR
cells treated with fusion proteins. Cells were
incubated with 2 lM EGFP, GL1-EGFP,
EGFP-TAT and GL1-EGFP-TAT for 30 min
and visualized by confocal microscopy (a)
and for 2 h and analysed by flow cytometry
(b). Bar = 50 lm, ** P < 0.01.
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Statistical analysis

Data are shown as mean � SD and were analysed with
the Student’s t-test. P < 0.05 was considered statistically
significant.

Results

Identification of recombinant proteins

Proteins EGFP (27.7 kDa), GL1-EGFP (29.2 kDa),
EGFP-TAT (30.6 kDa), GL1-EGFP-TAT (32.2 kDa),
ZZ-TAT (14.5 kDa), ZZ-GHT (19.3 kDa), ZZ-GPcT
(19.8 kDa), ZZ-GHPcT (22.0 kDa), ZZ-GHPmT
(21.1 kDa), ZZ-GPmT (18.9 kDa) and ZZ-GHPc+mT
(24.1 kDa) were expressed, purified and identified by
Coomassie Brilliant Blue staining. Additional, smaller
molecular weight proteins were also detected, including
ZZ-GHT, ZZ-GPcT, ZZ-GHPcT, ZZ-GHPmT, ZZ-
GPmT and ZZ-GHPc+mT (Fig. 1a,b). Western blotting
analysis showed that the small proteins were recognised
by anti-His antibody (Fig. S1). N-terminal sequencing of
the small molecular weight protein from ZZ-GHPc+mT
showed that its N-terminal five amino acids was the
same, with the beginning of ZZ-GHPc+mT.

Functional analysis of fusion protein domains

Compared to EGFP, GL1-EGFP and EGFP-TAT,
fusion protein GL1-EGFP-TAT, which combines
glioma-targeting peptide GL1 with cell-penetrating pep-
tide TAT, showed higher specificity and penetration in
U87DEGFR cells overexpressing mutant EGFR, than
in paU87 cells that do not express EGFR (Fig. 2a).
The fluorescent signal in GL1-EGFP-TAT-treated
U87DEGFR cells was stronger than that in paU87 cells
and in cells treated with the other proteins. These

results were confirmed by flow cytometry: after 2 h
incubation, gated level reached 30.29% in GL1-EGFP-
TAT-treated U87DEGFR cells, compared to levels of
2.06%, 15.32% and 2.76% in U87DEGFR cells treated
with EGFP, GL1-EGFP and EGFP-TAT respectively
(Fig. 2a). In paU87 cells treated with each of these
proteins, gated levels were less than 3%. In HA cells,
after treatment with GL1-EGFP, the fluorescent signal
could not be observed compared to that of U87DEGFR
cells, suggesting GL1 could not target to HA cells
(Fig. S2a).

In cell viability analysis, ZZ-fused protein (ZZ-
GHPcT) combined with GL1, TAT, Pc and riHA2 had
greatest inhibitory effect on U87DEGFR cell prolifera-

Figure 3. Effect of fusion proteins including p53 C- and N-terminal domain on U87DEGFR cell proliferation. Cells were incubated with
5 lM ZZ-T, ZZ-GHT, ZZ-GPcT and ZZ-GHPcT containing the C terminus (a) or 5 lM ZZ-T, ZZ-GHT, ZZ-GPmT and ZZ-GHPmT containing the
N-terminal MDM2 domain (b) for the indicated times; cell viability was assessed using a CCK-8 Kit; PBS was used as a control (n = 6).
*P < 0.05, **P < 0.01.

Figure 4. Purification of GHPc+mT. (a) Schema of GHPc+mT
purification with the ZZ fusion expression system. The ZZ fraction
was cleaved by protease factor Xa from purified ZZ-GHPc+mT, and
GHPc+mT was purified with Ni2+-His�Bind column. (b) Coomassie
Brilliant Blue staining of ZZ-GHPc+mT and purified GHPc+mT in
15% SDS-PAGE. Lane 1, GHPc+mT; lane 2, ZZ-GHPc+mT.
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tion after 3 and 4 days treatment compared to cells trea-
ted with ZZ-T, ZZ-GHT or ZZ-GPcT (Fig. 3a). Similar
results were observed in cells treated with ZZ-GHPmT
combined with GL1, TAT, Pm and riHA2 (Fig. 3b).
GL1, riHA2, TAT and ZZ had no inhibitory effect on
cells.

Purification and stability of GHPc+mT

GHPc+mT was cleaved by protease factor Xa from ZZ-
GHPc+mT and the purified protein was detected by Coo-
massie Brilliant Blue staining; its molecular weight is
11.7 kDa (Fig. 4a,b). GHPc+mT, GHPmT, GHPcT and
GHT were stable in DMEM as well as in cells incubated

Figure 5. Effect of GHPc+mT on glioma cell proliferation and colony formation. (a) U87DEGFR and paU87 cells were incubated with fusion
proteins (5 lM) for the indicated times and viability was assessed.(b) Cells were incubated with proteins at different concentrations for 96 h and
viability was assessed. (c) Colony formation efficiency after treatment of cells with GHPc+mT; PBS was used as a control (n = 6). *P < 0.05,
**P < 0.01.
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at 37°C, as determined by Western blotting. There was
no reduction in signal intensity for any of the proteins up
to 72 h in DMEM and 24 h in U87DEGFR cells, con-
firming stability of the fusion proteins (Fig. S3).

GHPc+mT inhibited cell proliferation and colony
formation

GHPc+mT containing both Pc and Pm had stronger
inhibitory effects on paU87 and U87DEGFR cell prolif-
eration than proteins containing either domain alone.
paU87 proliferation was suppressed on days 3 and 4,
while inhibition of U87DEGFR cell proliferation was
observed starting from day 2, with an IC50 of 3.98 lM.
Inhibition by GHPc+mT was dose-dependent and its
level was 52.6% at 5 lM on day 4 for U87DEGFR cells
(Fig. 5a,b). These results demonstrate that the
inhibitory effect was enhanced by combination of Pc
and Pm. To HA cells, no obvious inhibition effect was
observed from day 2 compared with U87DEGFR cells
(Fig. S2b).

GHPcT and GHPmT significantly inhibited colony
formation in U87DEGFR but not paU87 cells; however,
GHPc+mT showed the strongest inhibition of colony
formation in U87DEGFR and paU87 cells compared to
GHT-treated control cells (Fig. 5c).

GHPc+mT induced apoptosis

GHPc+mT and GHPcT induced apoptosis of
U87DEGFR and paU87 cells after 72 h treatment, which

was mainly observed at the early apoptosis time point,
by flow cytometric analysis. Increase in levels of apop-
tosis of GHPc+mT- and GHPcT-treated cells relative to
GHT-treated controls was 28.14% and 21.31% in
U87DEGFR cells respectively; and 24.63% and 10.56%
in paU87 cells respectively. Meanwhile, GHPmT had
little effect on apoptosis (Fig. 6a).

Expression of apoptosis-related proteins Bcl-2 and
Bax were detected by Western blotting. Both Pc and Pm
induced up-regulation in level of Bax and down-regula-
tion in that of Bcl-2. GHPc+mT had greater effects than
either GHPcT or GHPmT (Fig. 6b).

GHPc+mT inhibited glioma cell migration and invasion

The effect of GHPc+mT on migratory and invasive
potentials of glioma cells was evaluated by transwell
migration and matrigel invasion assays respectively.
Compared to GHT treatment, GHPc+mT significantly
reduced U87DEGFR cell migration (Fig. 7a,b) and inva-
sion (Fig. 7c,d). In contrast, GHPc+mT and GHPmT
inhibited invasion of paU87 cells but had no effect on
their migration. These results suggest that Pc+m can
inhibit migration and invasion to a greater degree than
either Pm or Pc alone.

GHPc+mT modulated expression of cell cycle-related
proteins

Expression of cell cycle-related factors was assessed by
Western blotting in U87DEGFR cells treated with the

Figure 6. Effect of GHPc+mT on apopto-
sis. U87DEGFR and paU87cells were incu-
bated with fusion proteins (5 lM) for 72 h
and apoptosis was evaluated by flow cytome-
try (a), while apoptosis-related protein expres-
sion was evaluated by Western blotting (b),
with b-actin used as a loading control.
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variety of fusion proteins. Compared to GHT control, Pc
(GHPcT) treatment caused down-regulation in levels of
CDK4, phospho-Rb and E2F-1 by increasing p16
expression. Pm (GHPmT) stimulated expression of

CDK4, phospho-Rb and E2F-1 while having no effect
on p16 and p21 levels. Meanwhile, GHPc+mT strongly
induced up-regulation of p21 and p16 and inhibited
CDK4, phospho-Rb and E2F-1 expression (Fig. 8a). Pm

Figure 7. Effect of GHPc+mT on glioma
cell migration and invasion. (a) Migration
of paU87 and U87DEGFR cells treated with
the variety of fusion proteins, as determined
by transwell migration assay. Bar = 100 lm.
(b) Quantitative analysis of A. (c) Invasion of
paU87 and U87DEGFR cells treated with var-
ious fusion proteins, as determined by Matri-
gel assay. Bar = 100 lm. (d) Quantitative
analysis of C. *P < 0.05, **P < 0.01.
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and Pc+m enhanced MDM2 expression, but none of the
proteins altered expression of p53 (Fig. 8b).

Discussion

In this study, we constructed multifunctional fusion pro-
tein expression vectors, expressed them in E. coli and
purified them for functional analysis. The ZZ domain
was used for fusion as we were able to obtain a high
yield for protein ZZ-GLase in a previous study per-
formed by our group (27). Additionally, pET-ZZ expres-
sion vector modified by adding IEGR, produced a
protein that was efficiently digested by factor Xa. Dur-
ing purification of ZZ fusion proteins, numbers of small
molecular weight proteins were also detected. Western
blotting analysis revealed that all the small protein bands
reacted with the antibody. N-terminal sequencing further
confirmed that the small band was ZZ. We therefore
concluded that these proteins were produced by early
translation termination or resulted from cleavage of full-
length fusion proteins in E. coli.

EGFR is overexpressed on the surface of GBMs and
has been used to target gliomas (28). We found that
GL1 fusion proteins had higher affinity for U87DEGFR
cells overexpressing EGFR than paU87 cells with no
EGFR expression (Fig. S4), suggesting this peptide to
have high specificity for EGFR and could therefore be
used in a drug delivery system targeting gliomas.

To improve efficiency of protein delivery, we added
a cell-penetrating peptide to the fusion proteins. The

multifunctional protein GL1-EGFP-TAT, as shown in
Fig. 2, had been demonstrated to penetrate into EGFR
overexpressing cells more efficiently than other proteins,
with or without any single active peptide. Although 11R
confers greater penetration than TAT (29,30), we chose
the latter because of its relative ease of purification.
TAT-fused proteins tended to aggregate during purifica-
tion, which precluded their concentration at high con-
centration; thus, the highest concentration used in this
study was 5 lM. There was no obvious reduction in sig-
nal when the proteins were incubated in medium for up
to 72 h and for up to 24 h in cells. This stability indi-
cates that GHPc+mT can remain functional over a long
period of time after a single administration. GL1 fused
to riHA2, Pc, and Pm showed significant bioactivity at
this concentration.

It has previously been reported that peptides derived
from the p53 C terminus, and the sequence correspond-
ing to the N-terminal MDM2-binding site of p53, can
suppress GBM proliferation (23,24). The p53 C-terminal
peptide also induces apoptosis in breast cancer cell lines
harbouring p53 mutations or overexpressing wild-type
p53, but is not found in non-malignant human cell lines
expressing wild-type p53 or tumour cells lacking p53,
suggesting that peptide activity is p53-dependent (19,22).
p53 is stabilized by MDM2-binding peptides in cells
expressing wild-type p53 (31,32), and the p53 N-term-
inal peptide derived from the MDM2-binding site
induces necrosis but not apoptosis (20). Although both
Pc and Pm altered the expression ratio of Bcl-2 to Bax,
results from the flow cytometric analysis showed that the
effect of Pc on apoptotic induction differed from that of
Pm but was similar to that of Pm+c, suggesting that Pc
and Pm act via different mechanisms. This was supported
by the observations that Pc induced cell cycle arrest, as
evidenced by altered levels of p16, CDK4, phospho-Rb
and E2F-1.However, Pc and Pc+m blocked the cell cycle
at G1/S stage in part via up-regulation of p21.

A recent study has suggested that the distinct anti-
cancer effects of p53 N- and C-terminal peptides are
attributable to differences in their three-dimensional
structures. The N-terminal peptide, which has an
S-shaped a-helical structure, can disrupt cancer cell
membranes in a manner similar to antimicrobial pep-
tides, and thus induce necrosis. In contrast, the C-term-
inal peptide has a basic a-helical structure that binds to
DNA sequences and thereby activates transcription, reg-
ulates post-transcriptional modifications and induces
apoptosis via Fas signalling (33).

Although p53 protein alignment shows no amino acid
mutation in both paU87 and U87DEGFR (Fig. S5), supe-
rior inhibition effect of GHPm+cT on U87DEGFR sug-
gests that the reason may not be the p53 itself, but the

Figure 8. Effect of GHPc+mT on cell cycle-related protein expres-
sion. U87DEGFR cells were treated with the variety of fusion proteins
and expression levels of cell cycle-related proteins were assessed by
Western blotting, with b-actin used as a loading control.
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stronger targeting ability to glioma cells or p53-related
signalling pathway. The p53 signalling pathway is dys-
regulated in 87% of GBM cases, with p53 mutations
being observed in as many as 30% of them, making p53
an ideal target for glioma treatment (34). Our results
demonstrate that the multifunctional protein GHPm+cT
can be effectively delivered into glioma cells and
enhance the pro-apoptotic function of p53.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Primer sequences for expression plasmids.
Fig. S1. Western blotting of purified fusion proteins.

After SDS-PAGE, the purified fusion proteins were
transferred to PVDF membrane, the blots were probed
with an anti-His mouse monoclonal antibody. Western
blotting was performed as described in the Materials
and methods section.

Fig. S2. Analysis of GL1-EGFP targeting ability and
GHPc+mT inhibiting effect on HA. (a) HA and
U87DEGFR cells were incubated with 2 lM GL1-EGFP
for 30 min, then washed twice in PBS and fixed in 4%
paraformaldehyde for 10 min followed by incubation
with DAPI for 5 min. Fluorescence was visualized by
confocal microscopy. Bar = 50 lm. (b) HA and
U87DEGFR cells were incubated with 5 lM GHPc+mT
for the indicated times and viability was assessed with
CCK-8 Kit; PBS was used as a control. **P < 0.01.

Fig. S3. Stability of GHPcT, GHPmT, GHT and
GHPc+mT in cells and in cell culture medium. (a) Cells
were incubated with 5 lM of proteins, after 24 h, they
were washed in PBS twice and treated with 0.25% tryp-
sin to remove surface-bound proteins. They were then
resuspended in PBS twice before sonication and sub-
jected to Western blotting using an anti-His mouse mon-
oclonal antibody. b-actin was used as loading control.
Western blotting was carried out as described in the
Materials and methods section. Lanes 1-4 were GHPcT,
GHPmT, GHT and GHPc+mT, separately. (b) Proteins
incubated with an equal volume of cell culture medium
for up to 172 h at 37°C and were analysed at the indi-
cated time points for Western blotting.

Fig. S4. EGFR expression level in different cell
lines. Cell lysates of glioma cell lines U87DEGFR and
paU87 were subjected to 5% SDS-PAGE and transferred
to PVDF membranes. Anti-EGFR mouse monoclonal
antibody was used for primary antibody. The Western
blotting procedure was followed as in the Materials and
methods section.

Fig. S5. p53 mutation analysis. Total RNAs of
U87DEGFR and paU87 were extracted using Trizol
reagent (Invitrogen). cDNAs were synthesized by Super-
Script II reverse transcriptase (Invitrogen) using the oligo
dT primer. p53 cDNAs were amplified using LA Taq
DNA polymerase (Takara). The forward and reverse pri-
mers for p53 cDNA were 50-ATGGAGGAGCCGCAGT
CAGATC-30 and 50-TCAGTCTGAGTCAGGCCCTTCT
GTCT-30 respectively. PCR products were ligated with
pMD-18T vector and sequenced (performed by TaKaRa
Biotechnology). Deduced amino acid sequences were
aligned with p53 protein sequence deduced from the con-
jugation of 11 exons according to the genome sequence
(Genbank number NC_000017.11) using the Multalin
software (35).
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