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Glioblastoma multiforme (GBM) is the most aggressive and fatal brain tumor. GBM is resistant to
chemotherapy and radiation. Recent studies have shown that glioma-initiating cells (GICs), which have
characteristics of cancer stem cells, are responsible for the resistance to chemotherapy and radiation and
regrowth. No effective therapy for GICs has been developed. Here we showed that p-isomer peptides
(dPasFHV-p53C’) consisting of a cell-penetrating peptide (FHV), penetration accelerating sequence (Pas)

Ke_y words: and C-terminus of p53 (p53C’) induced the cell death of GICs. dPasFHV-p53C’ was effectively transduced
Brain into human GICs. The peptides dose-dependently inhibited cell growth and at 3 uM completely blocked
Peptide . . .

Drug delivery the growth of GICs but not embryonic stem cells. Autophagic cell death was observed in the GICs treated
Apoptosis with dPasFHV-p53C’ but apoptosis was not. dPasFHV without p53C’ showed the same effect as dPasFHV-

p53C’, suggesting Pas to play a critical role in the cell death of GICs. Finally, dPasFHV-p53C’ reduced
tumor mass in mice transplanted with GICs. Peptide transduction therapy using dPasFHV-p53C’ could be

Cell proliferation
Protein transduction

a new method for the treatment of GBM.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM) is one of the most aggressive
human tumors with a poor prognosis. The median survival of
patients with GBM is less than 1 year, mainly because conventional
postsurgical chemotherapeutic agents and irradiation exhibit
limited effects [1,2]. A small subpopulation of CD133-positive cells
has been identified in specimens of GBM and called glioma-
initiating cells (GICs) [3,4]. The cells express additional stem cell
markers, exhibit self-renewal and differentiation into glial and
neuronal lineages, and can initiate xenograft tumors [5,6]. GICs are
the only cell population with tumorigenic capacity in GBM and may
possess innate resistance mechanisms against radiation- and
chemotherapy-induced cell death, allowing them to survive and
initiate tumor recurrence [7]. New approaches to GICs are needed
for the treatment of GBM.

* Corresponding author. Tel.: +81 96 373 5050; fax: +81 96 373 5052.
E-mail address: tomikt@kumamoto-u.ac.jp (K. Tomizawa).

0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biomaterials.2012.09.003

The C-terminus of p53 (p53C’), a biologically active tumor
suppressor protein, is a lysine-rich domain subject to a variety of
posttranslational modifications [8,9]. A peptide derived from the C-
terminus activates specific DNA-binding by p53 in vitro through an
unknown mechanism [10] and functions as a potent anticancer
peptide [11]. Intracellular protein delivery using membrane-
permeable peptide vectors has received increasing attention as
a highly efficient way to modify cellular functions with therapeutic
potential [12—14]. The vectors are often referred to as cell-
penetrating peptides (CPPs) or protein transduction domain (PTD)
peptides. Through conjugation with a short peptide vector (<12
amino acid residues) such as the PTD of the human immunodefi-
ciency virus type 1 TAT protein (TAT), poly-arginine, and the PTD
derived from flock house virus (FHV), various proteins have been
introduced into cells and have successfully exerted their functions
[12—14]. Previous studies have shown that p-isomer retro-inverso
peptides consisting of p53C' and TAT, which display greater
stability, induce the apoptosis of cancer cells and significantly
increase lifespan in animal models of terminal peritoneal carcino-
matosis and peritoneal lymphoma expressing wild-type p53
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[11,15]. However, a high concentration of the peptides is needed for
the growth inhibition of cancer cells because the transduced
peptides are mostly entrapped in macropinosomes, and
then carried and degraded in lysosomes fused with macro-
pinosomes [16].

Cathepsin D is a lysosomal enzyme that can cleave peptide
segments such as KPILFFRLK [17]. We recently found that a retro
sequence peptide of the cathepsin p-cleavable sequence (FFLIPKG)
called the penetration accelerating sequence (Pas), enhanced the
efficiency of intracellular delivery of bioactive peptides using

05h

SR101

DAPI/Merge

6 h

SR101 DAPI/Merge

Fig. 1. Delivery of dPasFHV-p53C’-SR101 into human GICs. (A) Scheme of the images of serial optical sections in B. The images were multiple optical 4-um step sections scanning the
Z-dimension of laser scans of the sphere of GICs. (B) GICs that formed spheres were incubated with 10 pM dPasFHV-p53C’-SR101 for 0.5 and 6 h. After washing with PBS, SR101
signals (red) were observed with a laser confocal microscope. All nuclei were stained with DAPI (blue). Scale bar = 100 pm.
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arginine-rich CPPs by breaking the macropinosomal membrane
[18]. Moreover, the p-isomer peptides of p53C’ fused with the PTD
of FHV and Pas (dPasFHV-p53C’) more significantly inhibited the
growth of human glioma and bladder cancer cells, and induced
apoptosis [18,19]. These results led us to believe that dPasFHV-
p53C’ may be a tool for GBM therapy. However, the effect of the
peptides on GICs is unclear. We have established human GIC lines
that not only retain the characteristics of neural stem cells, but also
form GBM with their original pathological features when trans-
planted in vivo [20]. In the present study, we examined the effect of
dPasFHV-p53C’ on human GICs.

2. Materials and methods
2.1. Peptide synthesis

All of the peptides used were chemically synthesized by Fmoc (9-
fluorenylmethyloxycarbonyl) solid-phase peptide synthesis on a Rink amide resin as
described previously [18]. Briefly, deprotection of the peptide and cleavage from the
resin were achieved by treatment with a trifluoroacetic acid/ethanedithiol mixture
(95:5) at room temperature for 3 h followed by reversed-phase high performance
liquid chromatography (HPLC) purification. Fluorescent labeling of the peptides was
conducted by treatment with sulforhodamine 101 (SR101) (Invitrogen, Carlsbad, CA)in
a dimethylformamide (DMF)/methanol mixture (1:1) for 1.5 h followed by HPLC
purification. The structure of the products was confirmed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF/MS).

The structure of each peptide was as follows

1. dPasFHV-p53(C":

A
8 8- control
§ = 104 % 1uM
§5 == 2uM
§§ = 3uM
§ E © 5M
g%a&
e
£

9063
FFLIPKGRRRRNRTRRNRRRVR-G-KKHRSTSQGKKSKLHSSHARSG-amide
2. dPasFHV-p53C’-SR101:
FFLIPKGRRRRNRTRRNRRRVR-G-KKHRSTSQGKKSKLHSSHARSGC(SR101)- amide
3. dPasFHV:
FFLIPKGRRRRNRTRRNRRRVR
4. p-p53C’ (control peptide):
KKHRSTSQGKKSKLHSSHARSG-amide
5. 1-p53C’ (control peptide):

KKHRSTSQGKKSKLHSSHARSG-amide.
The Pas segment is highlighted by the dashed line. The p-amino acids are shown
in italics. A Gly residue was inserted as a linker to connect the dPasFHV/dFHV and

p53C’ segments.

2.2. Cell culture

2.2.1. Preparation of GICs

Primary human GBM samples were obtained with consent from patients diag-
nosed with GBM and underwent surgical resection in Kumamoto University
Hospital according to the guidelines of the University's Research Ethics Committee.
The study was approved by the Ethics Committee. GICs were isolated from the
samples as described previously [21]. Briefly, tumor samples were washed twice
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Fig. 2. Dose-dependent effect of dPasFHV-p53C’ on the growth of GICs (A) and mouse embryonic stem cells (B). Cells were incubated with each concentration of the peptide for the
period indicated. As a control, cells were treated with 10 uM p-p53C’. The growth was evaluated with the WST-8 assay. (C) Comparison of the inhibitory effect of each concentration
of peptide on the growth on day 4. n = 4 each. *P < 0.001.
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with PBS and dissociated with an enzymatic solution containing 0.25% Trypsin in
0.1 mM EDTA at 37 °C for 60 min. Dissociated cells were then cultured as tumor
spheres in serum-free DMEM/F-12 (Invitrogen) containing human basic fibroblast
growth factor (bFGF; 20 M, Wako, Osaka, Japan), human epidermal growth factor
(EGF; 20 uM, Peprotech, Rocky Hill, NJ), human leukemia inhibitory factor (LIF;
20 pM, Millipore, Billerica, MA), heparin (5 uM, Sigma—Aldrich, St. Louis, MO),
insulin (10 pM, Sigma—Aldrich), N2 supplement (1%, Invitrogen) and B27 supple-
ment (1%, Invitrogen) prior to use.

2.2.2. Mouse embryonic stem (ES) cells

The mouse ES cell line, ING112, containing a Ins1-promoter-driven GFP reporter
transgene, was established by culturing blastocysts obtained from transgenic mice
homozygous for the Ins1-GFP gene [22]. Cells were maintained on mouse embryonic
fibroblast (MEF) feeders in Glasgow MEM supplemented with 1000 units/ml
leukemia inhibitory factor (LIF), 15% Knockout Serum Replacement (KSR, Invi-
trogen), 1% fetal bovine serum (FBS), 100 uM nonessential amino acids (NEAA), 2 mM

A

TUNEL DAPI
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t-glutamine (1-Gln), T mM sodium pyruvate, 50 units/ml! penicillin and 50 pg/ml
streptomycin (P/S), and 100 uM B-mercaptoethanol (B-ME). MEFs lacking Atg5
(Atg5 "/ MEF) and wild-type MEFs (Atg5t/* MEF) were obtained from RIKEN CELL
BANK (Tsukuba, Japan). The cells were maintained in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °Cin
5% CO;.

2.3. Cell viability assay (WST-8 assay)

Cell viability was determined using a WST-8 [2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl )-2H-tetrazolium] assay kit (Dojindo, Kuma-
moto, Japan). The sphere of GICs was dissociated into single cells using 0.02% EDTA.
The cells were then seeded into 96-well plates and incubated with each concen-
tration of peptide for the period indicated. Cell viability was measured every 24 h
according to the manufacturer’s instructions.
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2.4, TUNEL assay

The TUNEL assay was performed using an in situ cell death detection kit (Roche
Applied Science, Mannheim, Germany) as described previously [23]. Twenty-four
hours after the application of each peptide, cells were fixed with 4% para-
formaldehyde dissolved with phosphate-buffered saline (PBS) at 37 °C for 20 min.
They were then washed in PBS and treated with 0.1% Triton X-100 at 4 °C for 5 min.
After being rinsed, cells were incubated with the TUNEL reaction mixture at 37 °C for
60 min. The nuclei were counter-stained with 4’,6-diamidino-2-phenylindole
(DAPI).

2.5. Transmission electron microscopy of autophagosomes in cells

Cells were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde for 60 min
at 37 °C. Cells were post-fixed in 1% osmium tetroxide in 0.1 mol/L phosphate buffer
(pH 7.4), dehydrated in a graded ethanol series, and flat embedded in Araldite.
Ultrathin sections (40—60 nm thick) were placed on grids (200 mesh), and double-
stained with uranyl acetate and lead citrate. The sections were observed under an
electron microscope (H-7650, Hitachi, Tokyo, Japan).

2.6. Immunocytochemistry

Immunocytochemical staining for Microtubule-associated protein light chain 3
(LC3) was performed using anti-LC3 polyclonal antibody (Medical & Biological Lab.,
Nagoya, Japan) as described previously [23]. GICs treated with peptide were fixed
with 4% paraformaldehyde—PBS at 37 <C for 20 min, washed in PBS, and incubated
with 0.1% Triton X-100 at 4 °C for 5 min. The cells were pretreated with 3% BSA in PBS
for 30 min at room temperature, and immunestained with the antibody (1:1000)
overnight at 4 °C. Images were obtained using a confocal microscope (FV1000,
Olympus, Tokyo, Japan).

2.7. Western blotting

Western blotting was performed as described previously [24]. Cells were plated
on 6-well dishes 3 days before treatment with each peptide. Cells treated with
peptides were lysed with lysis buffer [20 mM HEPES (pH 7.4), 150 mM NacCl, 1 mM
EDTA, 1% Triton, 0.2% SDS, and protease inhibitor cocktail (Sigma—Aldrich)}. Protein
concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL),
and 50 pg of cell lysate was used for Western blotting. Cell lysates were mixed with
loading buffer and boiled for 5 min. The lysates were then separated by SDS-PAGE on
a 10% acrylamide gel and transferred to immobilon membranes (Millipore, Bedford,
MA). Membranes were blocked for 1 h in 10% skim milk in PBS (pH7.2), and probed
overnight with the primary antibodies to detect LC3 (Medical & Biological Lab.), Atg5
(Abcam, Cambridge, UK), and actin (Ab-I, Oncogene Science, Cambridge, MA) as an
internal control. Subsequently, membranes were probed with HRP-conjugated
secondary antibodies (GE Healthcare Life Sciences, Pittsburgh, PA). Detection was
performed using chemiluminescence, according to the manufacturer’s recommen-
dations {DuPont, Boston, MA).

2.8. Transfection of siRNA

siRNA oligonucleotides (Nucleic sequences, GAUAUGGUUUGAAUAUGAATT and
UUCAUAUUCAAACCAUAUCTT) targeting the Atg5 mRNAs were obtained from
Sigma-—Aldrich. Transfection of siRNA was performed with Lipofectamine™ RNAi-
MAX (Invitrogen). An unmeodified oligo (44-2926, Invitrogen) was used as a control.
GICs seeded on 96-well plates were transfected with siRNA oligonucleotides (50 nM)
according to the manufacturer’s directions and incubated for 72 h.

2.9. Mouse models of GBM

The mice were obtained from Charles River Laboratories Japan (Yokohama,
Japan). All animal procedures were approved by the Animal Ethics Committee of
Kumamoto University.

2.9.1. Intracranial transplantation of GICs into the brain of nude mice

Human GICs (1 x 10° cells) were suspended in 3 ul of PBS and injected into the
brain of 5- to 8-week-old female nude mice that had been anesthetized with 10%
pentobarbital. The stereotactic coordinates of the injection site were 2 mm forward
from lambda, 2 mm lateral from the sagittal suture, and 5 mm deep.

2.9.2. Subcutaneous transplantation of GICs

Subcutaneous models were established by injecting 1 x 10* GICs suspended in
3 pl of PBS subcutaneously into the right back of anesthetized nude mice. Tumor size
was measured daily using calipers. When the subcutaneous tumor reached
~6.2 mm in diameter, 450 or 45 pg/kg of peptide was injected around the tumor
once a day for 5 successive days.

2.10. Statistical analysis

Data are shown as the mean (+S.EM.). Data were analyzed using either
Student’s ¢ test to compare two conditions or ANOVA followed by planned
comparisons of multiple conditions, and p < 0.05 was considered to be significant.
Survival curves were generated according to the Kaplan-Meijer method, and
differences in survival were analyzed by the Wilcoxon rank-sum test. P < 0.05 was
considered significant.

3. Results

3.1. Efficiency of the delivery of dPasFHV-p53C'-SR101 into human
GICs

dPasFHV-p53C is delivered effectively into human glioma cells
and the peptide has a long-lasting anti-tumor effect [18]. In the
present study, it was first examined whether dPasFHV-p53C’ was

Fig. 4. Electron microscopic analysis of GIC cells treated with 2 uM p-p53C’ (A and B), and 2 pM (C and D) and 10 pM (E) dPasFHV-p53C’ for 24 h. Arrows in D show autophagosomes.

Scale bars, 2 pm.
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delivered into human GICs. Human GICs were incubated with
10 uM dPasFHV-p53C’-SR101 for 0.5 and 6 h (Fig. 1A). SR101 signals
were detected only at the surface of spheres of GICs 0.5 h after the
application (Fig. 1Ba—j). However, the signal had diffused into the
core of the spheres 6 h after the transduction (Fig. 1Bk—t), sug-
gesting that dPasFHV-p53C’ was effectively delivered in GICs.

3.2. Dose-dependent effect of dPasFHV-p53C' on the growth of GICs

The dose-dependent effect of dPasFHV-p53C' on the cell
growth of GICs was examined next. The cells were treated with 1,
2,3, 5, and 10 pM of the peptide for a specific period and the WST-
8 assay was performed. p-p53C’ (10 uM) was used as a control. The
peptide had no effect at 1 uM, but dose-dependently inhibited
growth at more than 2 pM (Fig. 2A,C). At 3 and 5 uM, it almost
completely inhibited the growth (Fig. 2A,C). To investigate
whether the peptide affects the growth of normal stem cells,
mouse embryonic stem (mES) cells were treated with each
concentration of dPasFHV-p53C’. Lower concentrations (1-5 uM)
of the peptide had no effect whereas 10 pM of the peptide
inhibited growth (Fig. 2B,C).

3.3. Observation of autophagy of GICs by dPasFHV-p53C

We expected dPasFHV-p53C’ to induce the apoptosis of GICs as
an effect on glioma cells [18] and examined whether the peptide
induced apoptosis with the TUNEL assay. However, 1 and 10 uM
peptides did not increase the TUNEL-positive cells although many
cells died when treated with 10 uM peptide (Fig. 3A). Moreover,
condensed chromatin was not observed in GICs treated with 10 uM
peptide (Fig. 3a—k).

Autophagy is a cellular pathway involved in protein and
organelle degradation [25] and frequently activated in tumor cells
following treatment with chemotherapeutic drugs [26,27] or y-
irradiation [28]. We next examined whether dPasFHV-p53C
induces the autophagy of GICs. Microtubule-associated protein
light chain 3 (LC3) is a marker of autophagosomes. LC3 is pro-
cessed by Atg4 and becomes LC3-I [29]. Upon the induction of
authophagy, the C-terminal glycine of LC3-I is conjugated to
phosphatidylethanolamine, resulting in the formation of
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membrane-bound LC3-II [30]. Most LC3-II is present on the
autophagosome membrane [30]. In the present study, LC3 was
diffusely and faintly expressed in the cytoplasm of GICs treated
with control peptide (Fig. 3Ba—c). In contrast, dense staining of
LC3 was observed in the cytoplasm of cells treated with 2 uM
peptide for 24 h (Fig. 3Bd-f). Higher magnification revealed the
formation of autophagosome vacuoles (green dots) in GICs treated
with the peptide (Fig. 3Bg). Protein levels of LC3-II were analyzed
with immunoblotting. LC3-II levels increased in a time-dependent
manner after treatment with dPasFHV-p53C’ (Fig. 3C). As
a control, LC3-II protein levels were increased in Atg5*/* mouse
embryonic fibroblasts (MEFs) when incubated in serum-free
medium for 24 h whereas LC3-1I levels were faint in Ath’/’
MEFs (Fig. 3C).

Electric microscopic analysis revealed double-membraned
autophagic vacuoles in the cytoplasm of GICs treated with 2 uM
dPasFHV-p53C’ for 24 h (Fig. 4C and D), whereas GICs treated with
control peptide didn’t exhibit these features (Fig. 4A and B). When
GICs were treated with 10 pM dPasFHV-p53C’/, much vacuolar
degeneration occurred with collapsed autophagosomes seen in the
cytoplasm but no condensed chromatin or fragmented nuclei,
which are features of apoptosis (Fig. 4E). These results suggest that
dPasFHV-p53C’ induced authophagic cell death but not apoptosis
of GICs.

3.4. Effect of autophagy on the growth inhibition of GICs by
dPasFHV-p53C

Autophagy is thought to promote the survival of tumor cells in
the face of chemotherapeutic drugs and radiation [31]. We next
examined whether Inhibition of autophagy induces the inhibitory
effect of dPasFHV-p53C’ on the growth of GICs. GICs were treated
with siRNA for Atg5, a protein essential to the formation of auto-
phagosomse vesicles, and control siRNA. After 72 h, cells were
treated with dPasFHV-p53C’ (day 0) and growth was evaluated
with the WST-8 assay. RNAi-mediated knockdown of Atg5 did not
affect the growth of GICs (Fig. 5A and B). However, the knockdown
induced an inhibitory effect of dPasFHV-p53C’ on the growth when
treated with 1 uM of the peptide (Fig. 5A and B).
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Fig. 5. Effect of knockdown of Atg5 on dPasFHV-p53C’-mediated inhibition of the growth of GICs. (A) GICs were transfected with siRNA of Atg5 (siRNA) and control siRNA (control).
After 72 h, cells were treated with 1 and 2 pM dPasFHV-p53C’ (peptide) and vehicle only (vehicle) (day 0). The WST-8 assay was performed every 24 h after the application for 6
successive days. (B). Comparison of the growth at day 6 among each treatment. n = 8 each. *P < 0.001.
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3.5. Effect of dPasFHV on autophagic cell death of GICs

Previous studies have shown that p53C’ induces apoptosis of
cancer cells but not autophagic cell death [11,19]. Therefore, p53C’ is
unlikely to induce autophagy in GICs. Cancer cells resist chemo-
therapy and radiation by induction of autophagy [26—28]. For this
resistance to be achieved, autophagosomes must fuse with lyso-
somes [31]. Pas may prevent this because the peptide enhances the
translocation of CPPs through endosomal and macropinosomal
membranes [18]. We next examined whether dPasFHV without
p53C induced autophagic cell death of GICs. dPasFHV had no effect
on the growth of GICs when applied at 2 uM (Fig. 6A). However, at
3 uM it significantly inhibited, and at 5 pM, completely inhibited
the growth (Fig. 6A). The peptides did not induce the apoptosis of
GICs the same as dPasFHV-p53C’ (Fig. 6B). When GICs were treated
with 2 uM dPasFHV, dense staining of LC3 was observed in the
cytoplasm. LC3-II levels also increased after treatment with
dPasFHV in a time-dependent manner (Fig. 6C). These results
suggest that dPasFHV induces the autophagic cell death of GICs.
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3.6. Effect of dPasFHV-p53C on survival of tumor-bearing mice and
the growth of xenografts of GICs

Finally, we examined the inhibitory effect of dPasFHV-p53C’
on the growth of GICs in vivo. The spheres of GICs were dissoci-
ated into single cells, and the cells were treated with 1 and 10 pM
dPasFHV-p53C’ and 10 uM 1-p53C’ (control peptide) for 2 h. GICs
(1 x 103 cells) were then transplanted into the brain of nude mice
stereotaxically (day 0). GBM formed with human pathological
features such as necrotic regions with surrounding pseudopali-
sades, vascular proliferation, and dividing tumor cells
(Supplementary Fig. 1). All of the tumor-bearing mice treated
with control peptide developed GBMs and died within 32 days
(Fig. 7A). The survival of mice transplanted with GICs treated
with 1 pM peptide was slightly prolonged (Fig. 7A). All of the
tumor-bearing mice treated with 10 uM peptide survived for 90
days (Fig. 7A).

GICs (1 x 10% cells) were subcutaneously transplanted into nude
mice. When the tumor grew to 6.2 mm in diameter about 2 weeks
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Fig. 6. Effect of dPasFHV on the growth (A) and induction of autophagy (B and C) of GICs. (A) GICs were treated with each concentration of dPasFHV and dPasFHVp53C'. The growth
was evaluated with the WST-8 assay. n = 4 each. (B) GICs were treated with 2 pM dPasFHV and dPasFHV-p53C’ for Z4 h. Cells were then stained with TUNEL (a—c) and immu-
nostained with anti-LC3 antibodies (d—j). (j) High magnification view of LC3-positive cells treated with 2 pM dPasFHV. The nuclei were counterstained with DAPL Scale bars, 20 pm
(¢, fand i), 10 pm (j). (C) The protein level of LC3-II increased time-dependently after treatment with 5 pM dPasFHV. Data are presented as the mean + S.EM. n = 4 each.
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Fig. 7. (A) Effect of dPasFHV-p53C on survival rates of nude mice transplanted with GICs (1 x 10%) in the brain. Cells were treated with 1 and 10 pM dPasFHV-p53C’, and 10 uM L-
p53C (control peptide) for 2 h before the transplantation. Nude mice were then transplanted with the cells at day 0. The survival of the mice was measured by monitoring life span
and data were analyzed using the Kaplan—Meier method. (B) Effect of dPasFHV-p53C’ on growth of tumors transplanted subcutaneously into nude mice. After a tumor had reached
6.2 mm in diameter, 45 or 450 pg/kg of peptide was injected around it once a day for 5 days. The diameter of the tumor was measured using calipers every 24 h. n = 6 each.

**P < 0.001 vs. control peptide.

after the transplantation, 450 or 45 pg/kg of peptide was injected
around the tumor once a day for 5 successive days. .-p53C’ was
injected as a control. Tumor growth was completely inhibited until
day 6 when treated with 450 ug/kg peptide (Fig. 7B). Tumor size
gradually increased after 7 days but was significantly smaller than
that of mice treated with control peptide at day 10 (Fig. 7B).

4. Discussion

GBM is characterized by resistance to chemotherapy and
radiotherapy. Therefore, the prognosis of patients with GBM
remains extremely poor and has not changed significantly during
the last decade [32]. CD133-positive GICs have been implicated in
the enhanced radiation- and chemotherapy-resistance and in the
repopulation of tumors following these treatments [6,33]. New
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strategies for killing GICs are indispensable to develop anti-GBM
therapy. In the present study, we showed that dPasFHV-p53(C’
inhibited the growth of GICs in a dose-dependent manner. At 3 uM,
the peptide almost completely inhibited the growth of the cells but
had no effect on the growth of mouse embryonic stem cells.
Moreover, the peptide significantly inhibited the growth of tumors
in mice implanted with human GICs. We previously showed that
dPasFHV-p53C’ inhibited the growth of human malignant glioma
cell lines [18], and induced the apoptosis of bladder cancer cells but
had no effect on normal cells [19]. GBM is made up of intermingled
glioma cells and GICs. To cure GBM, therefore, it is important to
treat both cells. p53C’ induced the apoptosis of cancer cells [19] and
Pas induced the autophagic cell death of GICs as shown in the
present study. These results suggest that dPasFHV-p53C’ may be
promising for GBM therapy.
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Fig. 8. Scheme of the induction of autophagic cell death of GICs by dPasFHV-p53C’ and dPasFHV.
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In the present study, dPasFHV without p53C’ induced the
autophagic cell death of GICs, suggestting Pas to play a critical role
in the induction of autophagy. Autophagy is a cellular pathway
involved in protein and organelle degradation [25] and frequently
activated in tumor cells following treatment with chemothera-
peutic drugs [26,27] or y-irradiation [28]. Autophagy is a catabolic
process involving the degradation of the components of a cell by its
own lysosomal machinery and a major mechanism by which
a starving cell reallocates nutrients from unnecessary processes to
more essential processes [31]. Recent studies showed that GICs
contributes to the radioresistance of GBM with the induction of
autophagy [34,35]. The induction of authophagy in GICs treated
with dPasFHV-p53C' may protect against apoptotic cell death.
Although GICs are capable of escaping cell death by autophagy
when treated with existing chemotherapeutic drugs, cells treated
with dPasFHV-p53C’ and dPasFHV showed autophagic cell death.
Chloroquine, used for the treatment of malaria, arrests the auto-
phagy pathway by disrupting the cellular lysosomal function and
altering the fusion of autophagosomes with lysosomes, resulting in
the accumulation of autophagosomes and induction of autophagic
cell death [31]. Pas enhances the internalization efficiency of
arginine-rich CPPs including poly-arginine and FHV peptides [18].
This effect may be due to the disruption of macropinosomal and
endosomal membranes in which cell-penetrating peptides are
entrapped and prevention of the subsequent fusion with lysosomes
and degradation in lysosomes [18]. These results suggest that
dPasFHV may induce autophagic cell death of GICs by preventing
the fusion of autophagosomes with lysosomes (Fig. 8).

5. Conclusion

The present results showed that dPasFHV-p53C’' and dPasFHV
induced autophagic cell death of GICs. dPasFHV-p53C’ reduced
tumor mass in mice transplanted with GICs. The present results
suggest peptide transduction therapy using dPasFHV-p53C’ to be
a method for the treatment of GBM.
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Anks4b, a Novel Target of HNF4« Protein, Interacts with
GRP78 Protein and Regulates Endoplasmic Reticulum
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Background: Target genes of HNF4« in B-cells are largely unknown.
Results: Expression of Anks4b is decreased in the BHNF4« KO islets. HNF4« activates Anks4b promoter activity. Anks4b binds

to GRP78 and regulates sensitivity to ER stress.

Conclusion: HNF4« novel target gene, Anks4b, regulates the susceptibility of B-cells to ER stress.

Significance: Anks4b is a novel molecule involved in ER stress.

Mutations of the HNF4A gene cause a form of maturity-
onset diabetes of the young (MODY1) thatis characterized by
impairment of pancreatic 3-cell function. HNF4« is a tran-
scription factor belonging to the nuclear receptor superfam-
ily (NR2A1), but its target genes in pancreatic f3-cells are
largely unknown. Here, we report that ankyrin repeat and
sterile @ motif domain containing 4b (Anks4b) is a target of
HNF4« in pancreatic (-cells. Expression of Anks4db was
decreased in both BHNF4« KO islets and HNF4« knockdown
MING6 B-cells, and HNF4« activated Anks4b promoter activ-
ity. Anks4b bound to glucose-regulated protein 78 (GRP78), a
major endoplasmic reticulum (ER) chaperone protein, and
overexpression of Anks4b enhanced the ER stress response
and ER stress-associated apoptosis of MING cells. Conversely,
suppression of Anks4b reduced B-cell susceptibility to ER
stress-induced apoptosis. These results indicate that Anks4b
is a HNF4« target gene that regulates ER stress in 3-cells by
interacting with GRP78, thus suggesting that HNF4« is
involved in maintenance of the ER.
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Hepatocyte nuclear factor (HNF)* 4q, a transcription factor
belonging to the nuclear receptor superfamily (NR2A1), is
expressed in the liver, pancreas, kidney, and intestine (1, 2).
HNF4« has multiple functional domains, including the N-ter-
minal A/B domain associated with the transactivation domain
(AF-1), a DNA binding C domain, a functionally complex E
domain that forms a ligand binding domain, a dimerization
interface and transactivation domain (AF-2), and an F domain
with a negative regulatory function (3, 4). HNF4«a predomi-
nantly binds to a 6-bp repeat (AGGTCA) with a 1-bp spacer
(mainly A) called direct repeat (DR1).

Maturity-onset diabetes of the young (MODY) is a geneti-
cally heterogeneous monogenic disorder that accounts for
2-5% of type 2 diabetes (5). We discovered that mutations of
the human HNF4A gene cause a particular form of MODY
known as MODY1 (6). The primary pathogenesis of MODY1
involves dysfunction of pancreatic 3-cells (5). In addition, it has
been shown that targeted disruption of HNF4« in pancreatic
B-cells leads to defective insulin secretion in mice (7, 8). These
findings have demonstrated that HNF4« has an important role
in B-cells.

In the liver, HNF4a« plays a critical role in nutrient transport
and metabolism by regulating numerous target genes, includ-
ing phosphoenolpyruvate carboxykinase (PCKI), glucose-6-
phosphatase (G6PC), apolipoprotein AIl (APOA2), and micro-
somal triglyceride transfer protein (MTTP) (9, 10). In contrast,
we have little information about the target genes of HNF4« in
pancreatic 3-cells. Previous in vitro studies have suggested that

#The abbreviations used are: HNF, hepatocyte nuclear factor; MODY, Maturi-
ty-onset diabetes of the young; ER, endoplasmic reticulum; Anks4b,
ankyrin repeat and sterile « motif domain containing 4b; TG, thapsigargin;
CHOP, C/EBP homologous protein; C/EBP, CCAAT-enhancer-binding pro-
tein; BiP, binding immunoglobulin protein; ESI-Q-TOF, electrospray mass
ionization-quadrupole-time-of-flight; KD, knockdown; FL, full-length;
MUT, mutant.
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HNF4o regulates the expression of pancreatic B-cell genes
involved in glucose metabolism, such as insulin (INS), solute
carrier family 2 (SLC2A2), and HNFIA (11). However, the
expression of these genes was unchanged in the islets of B-cell-
specific HNF4a knock-out (BHNF4« KO) mice (7, 8), indicat-
ing that such genes are not targets of HNF4« in vivo, at least in
B-cells.

In the present study, we investigated the mRNA expression
profile of BHNF4« KO mice and found that ankyrin repeat and
sterile o motif domain containing 4b/harmonin-interacting,
ankyrin repeat-containing protein (Anks4b/Harp) is a target of
HNF4« in B-cells. We also demonstrated that Anks4b interacts
with glucose-regulated protein 78 (GRP78), a major chaperone
protein that protects cells from endoplasmic reticulum (ER)
stress in vitro and in vivo. Gain- and loss-of-function studies of
Anks4b revealed that it regulates sensitivity to thapsigargin
(TGQ)-induced ER stress and apoptosis in MIN6 -cell line. Our
results suggest that HNF4« plays an important role in the reg-
ulation of ER stress and apoptosis in pancreatic 3-cells.

EXPERIMENTAL PROCEDURES

Microarray Expression Profiling and HNF4o Motif Scan—
Mice were maintained on a 12-h light/12-h dark cycle and
allowed free access to food and water. All animal experiments
were conducted according to the guidelines of the Institutional
Animal Committee of Kumamoto University. Pancreatic islets
were isolated from 45-week-old female BHNF4a KO mice (1 =
5) and control flox/flox mice (1 = 5) by collagenase digestion
(12). Total RNA was prepared from the isolated islets with an
RNeasy micro kit (Qiagen) according to the manufacturer’s
instructions, and its quality was confirmed by using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). DNA
microarray analysis was performed by the Kurabo GeneChip
custom analysis service with GeneChip mouse genome 430 2.0
array (Affymetrix Inc., Santa Clara, CA). For identification of
potential HNF4« binding sites, 5 kb of the promoter sequence
upstream of the transcriptional start site was retrieved from the
University of California Santa Cruz Genome Browser, and the
sequence was analyzed by using the Transcription Element
Search System (TESS) and the HNF4 Motif Finder generated by
Sladek and colleagues (38).

Quantitative RT-PCR—Total RNA was extracted using an
RNeasy micro kit (catalog number 74004, Qiagen, Valencia,
CA) or Sepasol-RNA I super reagent (Nacalai Tesque, Kyoto,
Japan). Then 1 ug of total RNA was used to synthesize first-
strand cDNA with a PrimeScript RT reagent kit and gDNA
Eraser (RR047A, TaKaRa Bio Inc., Shiga, Japan) according to
the manufacturer’s instructions. Quantitative real-time PCR
was performed using SYBR Premix Ex Tagq II (RR820A,
TaKaRa) in an ABI 7300 thermal cycler (Applied Biosystems,
Foster City, CA). The specific primers employed are shown in
supplemental Table 1. Relative expression of each gene was
normalized to that of TATA-binding protein.

Cell Lines and Culture—The MING6 pancreatic 3-cell line was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 25 mm glucose, 15% fetal bovine serum, 0.1% penicillin/
streptomycin, and 50 uM 2-mercaptoethanol at 37 °C under 5%
CO,, 95% air (13). HEK293, HeLa, and COS-7 cells were pur-
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chased from the American Type Culture Collection (ATCC)
and were cultured in DMEM containing 2.5 mm glucose, 10%
fetal bovine serum, and 0.02% penicillin/streptomycin.

Western Blotting—Cells were lysed in radioimmunoprecipi-
tation assay buffer (50 mm Tris-HCl (pH 8.0), 150 mm NaCl,
0.1% SDS, 1% Nonidet P-40, 5 mm EDTA, 0.5% sodium deoxy-
cholate, 20 pg/ml Na;VO,, 10 mm NaF, 1 mm PMSEF, 2 mm
DTT, and protease inhibitor mixture (1/100)) from Nacalai
Tesque. Total protein was separated by SDS-polyacrylamide
gel electrophoresis, transferred to a polyvinylidene fluoride
(PVDF) membrane (Immobilon-P; Millipore, Bedford, MA),
and probed with primary antibodies. After incubation with the
secondary antibodies, the proteins were visualized using
Chemi-Lumi One Super (Nacalai Tesque) and a LAS-1000
imaging system (Fuji Film, Tokyo, Japan). The primary antibod-
ies used in this study were as follows: anti-HNF4« (1:1000)
(H1415; Perseus Proteomics, Tokyo, Japan), anti-B-actin
(1:2000) (A5441; Sigma-Aldrich), anti-harmonin (SAB250188;
Sigma-Aldrich) (1:1000), anti-cleaved caspase-3 (Asp-175)
(1:1000) (antibody 9661, Cell Signaling), and anti-GRP78
(1:1000) (sc-1051, Santa Cruz Biotechnology or antibody 4332,
Cell Signaling).

Anti-Anks4b antiserum was generated by using a peptide
that formed the central region of mouse Anks4b protein (amino
acid residues 147-344). The nucleotide sequence of the peptide
was amplified by PCR using a pair of primers (5'-CGGATC-
CCCATGAAAGAGTGCGAACGGCTT-3' and5'-CGGATC-
CCCTTACCATTCTACTTCTTCTTC-3'), and then it was
subcloned into the pET28C+ vector. After expression in Esch-
erichia coli BL21 (DE3), the His-tagged peptide was purified
with His binding resin (Novagen) according to the manufactur-
er’sinstructions and dialyzed in a buffer containing 20 mm Tris-
HCI (pH 8.0) and 500 mm NaCl. Subsequently, this peptide was
used to inoculate rabbits for the production of anti-Anks4b
antiserum.

Transient Transfection and Luciferase Reporter Assay—The
mouse Anks4b promoter containing a putative HNF4« binding
site was amplified by PCR using a pair of primers (5'-AGTGG-
TCATTGCCATGGTTGGT-3' and 5'-AGGTAGGAGTCTT-
TGTCTAGGC-3'), and then it was subcloned into the pGL3
basic reporter (Promega). Transcription binding sites were
altered by PCR-based mutagenesis to produce an HNF4« bind-
ing site mutant (GAACGGGGGCC) and an HNFla binding
site mutant (CTGACCGGCCAG). CD1b-HNF4« is a domi-
nant negative mutant of HNF4« lacking the AF-2 activation
domain (3). As described previously (14), the CD1b muta-
tion was introduced by PCR into pcDNA3-HNF4«7 (kindly
provided by Dr. Toshiya Tanaka, Tokyo University).
The pcDNA3.1-wild-type (WT)-HNFla and pcDNA3.1-
P291fsinsC-HNF1la expression plasmids have been described
previously (15). MING cells or HEK293 cells (3 X 10° cells each)
were seeded into 24-well plates at 18 h before transfection.
Transient transfection was performed using Lipofectamine
2000 (Invitrogen) or X-treme GENE (Roche Applied Science)
according to the manufacturer’s instructions. At 24 h after
transfection, luciferase activity was measured by using a Dual-
Luciferase reporter assay system (Promega).
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