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Abstract Glioblastoma (GBM) is the most frequent and
aggressive tumour in the central nervous system. Many
studies have demonstrated that upregulation of the NF-xB
onco-pathway is accompanied by the acquisition of Temo-
zolomide (TMZ) resistance in GBM cells. Here, we show
that RGFP109, a selective histone deacetylase (HDAC1 and
HDAC3) inhibitor, overcomes TMZ resistance and down-
regulates the expression of NF-kB-regulated pro-survival
genes in a TMZ-resistant (TR) GBM cell line. RGFP109
did not alter the phosphorylation levels of NF-kB/p65 or
inhibitory kBa (IxkBa). Immunofluorescence microscopy
showed that RGFP109 does not block the nuclear trans-
location of NF-kB/p65. However, co-immunoprecipitation
assays revealed that RGFP109 induces the hyperacety-
lation of NF-kB/p65 and histones, and blocks interactions
between NF-kB/p65 and its coactivators, p300 and p300/
CBP-associated factor (PCAF). These results indicate that
RGFP109-mediated post-translational nuclear acetylation
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may be involved in the regulation of NF-«kB. Electropho-
retic mobility shift assays revealed that RGFP109 reduces
NF-kB/p65 binding to kB-DNA and decreased the tran-
scriptional level of kB-mediated genes, suggesting that
RGFP109-induced hyperacetylation leads to attenuated
transcription of the kB gene. In addition, RGFP109 ele-
vates the expression of inhibitor of growth 4 (ING4), which
is typically downregulated in GBM cells. Importantly, we
found that RGFP109 enhances ING4 recognition and bind-
ing to NF-kB/p65, which may be positively correlated with
reduced interactions between NF-kB/p65 and p300/PCAF,
thereby effecting transcription of the kB gene. Finally, we
show that knockdown of ING4 with plasmids containing
pcDNA3.1-ING4 shRNA abolished the effect of RGFP109.
Therefore, ING4 may act as a corepressor and facilitate
RGFP109-triggered suppression of the NF-kB pathway.
Taken together, our data show that RGFP109, an HDAC
inhibitor, in combination with TMZ may be a therapeutic
candidate for patients with temozolomide-resistant GBM.

Keywords RGFP109 - NF-xB - ING4 -
Temozolomide - Histone deacetylase

Introduction

Glioblastoma (formerly known as glioblastoma multiforme;
GBM) is the most frequent and aggressive type of malig-
nant tumour found in the central nervous system (CNS) [1].
Conventional protocols for treating this disease begin with
surgery on operable tumours accompanied by a combina-
tion of radiotherapy and chemotherapy, which is mainly
based upon the alkylating agent, Temozolomide (TMZ).
Unfortunately, the current therapeutic method provides only
a modest survival improvement. Moreover, TMZ induces
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multidrug resistance after long-term treatments, leading
to an undesirable prognosis for the treatment regimen [2].
Some recent studies have demonstrated that the excessive
and aberrant activation of nuclear factor-kB (NF-kB) plays
a significant role in the development of the diffusively
infiltrative nature, heterogeneity, anti-apoptotic effect and
drug resistance in GBM cells, which ultimately results in
the incurable features of GBMs [3, 4]. As a major onco-
pathway in glioma, the levels of NF-kB activity, as assessed
by serine phosphorylation, are much higher in GBM tissue
compared with non-GBM tissue [5], which might induce the
dysregulated transcription of various cytokines and numer-
ous onco-proteins in the GBMs [6]. Therefore, it could be
hypothesized that an agent preventing NF-kB transactiva-
tion might emerge as a component in the sensitization of
glioma.

The transcription of NF-kB subunits are highly regu-
lated by several post-translational nuclear modifications,
especially acetylation, a dynamic and bidirectional process
mediated via histone acetyltransferase and histone deacety-
lase (HDAC) enzymes [7]. In particular, acetylation affects
NF-«kB DNA binding and target gene specificity, control
transcriptional activity, and interactions with coactivators
and corepressors as well as the termination of the NF-«xB
response [8, 9]. During the enhancement of NF-kB transcrip-
tional activity, phosphorylated p65 stimulates co-activators,
such as CREB-binding protein (CBP), its homologue p300,
and the p300/CBP-associated factor (PCAF), to reinforce
acetyltransferase activity, thus strengthening the interaction
with NF-kB-dependent genes expression [10, 11]. It has
been proposed that the reversible acetylation of p65, which
is acetylated by p300/PCAF and deacetylated by histone
deacetylases (HDAC1 and HDAC3), affects the binding
of p65 to kB-containing DNA and facilitates its removal or
its interaction with p65 and IkBa, thus regulating the dura-
tion of the NF-xB response [12, 13]. These observations
highlight the possibility that HDAC regulation might be a
target for overcoming resistance in GBM cells by mediat-
ing the NF-kB transactivation. As a selective inhibitor of
pimelic diphenylamide HDAC enzymes (class I), RGFP109
(N-(6-(2-aminophenylamino)-6-oxohexyl)-4-methylbenza-
mide) (Ki/IC50 of HDACI is 32 and 60 nM; Ki/IC50 of
HDACS3 is 5 and 60 nM) [14] is capable of passing through
the blood-brain barrier (BBB) to the CNS and improving
the 1-3,4-dihydroxyphenylalanine (L-DOPA)-induced dys-
kinetic phenotype in Parkinson’s disease (PD) [15, 16]. The
aim of this study was to determine whether RGFP109 would
be a candidate reagent for combination therapy with TMZ
for patients with temozolomide-resistant GBM and to eluci-
date the regulatory mechanism of RGFP109 in overcoming
the NF-«kB pathway.

We demonstrated that RGFP109 enhances TMZ-induced
cytotoxicity and reverses TMZ-triggered responsive

excitation and translation of the NF-kB pathway. Co-treat-
ment with RGFP109 does not block the TMZ-induced
transactivation and nuclear translocation of p65; however,
RGFP109 can induce the hyperacetylation of p65 and
histones, thereby reducing p65 binding to kB-DNA and
repressing interactions between p65 and its transcriptional
co-activators. This ultimately inhibits the expression of
components of the NF-xB pathway. In addition, RGFP109
treatment elevates the expression of inhibitor of growth
4 (ING4), which may have a significant role in suppress-
ing TMZ resistance by reinforcing physical interactions
between ING4 and p65, thereby regulating gene expression
in the NF-kB pathway.

Materials and Methods
Drugs and Reagents

Temozolomide (TMZ) for cell culture and experiments was
purchased from Selleck Chemicals (Houston, TX, USA).
Foetal bovine serum (FBS), heat-inactivated horse serum,
penicillin and streptomycin were purchased from Gibco
(Grand Island, NY, USA). Dimethylsulfoxide (DMSO),
Dulbecco’s Modified Eagle Medium (DMEM). The HDAC
inhibitor, (RGFP109), was purchased from Selleck Chemi-
cals (Houston, TX, USA). Cell viability was evaluated with
the Cell Counting Kit-8 (CCK-8, Dojindo Molecular Tech-
nologies, Kumamoto, Japan).

Cell Lines and Culture Conditions

The human malignant glioma A172, U118, U251 and U87
cell lines, obtained from the Institute of Biochemistry and
Cell Biology (Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai, China), were cul-
tured in DMEM supplemented with 10% heat-inactivated
FBS, 100 units/ml of penicillin and 100 pg/ml of strepto-
mycin in a humidified atmosphere containing 5% CO, at
37°C. All media and sera were purchased from Gibco Life
Technologies (Carlsbad, CA, USA).

To establish the Temozolomide resistant (TR) cell line,
cell lines were treated with graded concentrations of TMZ
from 5 to 600 pM. The resistant clones isolated by this
method were denoted as TR cell lines. The parental cell
lines treated with DMSO alone were included for parallel
analysis.

Cell Viability Assay and Temozolomide Resistance
Attenuation Analysis

Cell viability was evaluated with the Cell Counting Kit-8.
Cells were plated in 96-well plates at a density of 2500 cells
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per well. The cells were cultured in 100 mL of the medium
containing vehicle or drugs with indicated concentration,
and cells were incubated at 37 °C for indicated time points.
Then, 90 pl of culture medium and 10 pl of CCK-8 solution
were added to each well. The plate was maintained at 37°C
for 2 h, and the absorption was measured at 450 nm on a
micro-plate reader (Spectrafluor, TECAN, Sunrise, Austria).
Cell viability was presented as the percentage of survivors
relative to the vehicle-treated control culture. Each sample
was carried out in triplicate, and the entire experiment was
repeated twice.

Annexin V/PI Double Staining

The apoptosis in GBM cells was determined by Fluores-
cence Activated Cell Sorter (FACS) assay via the Annexin
V/PI assay kit. GBM cells were collected and incubated
with Annexin V working solution and PI (1 pg/ml final con-
centration) for 10 min, then added 400 pl of 1x binding buf-
fer, and then Annexin V/PI double staining was detected by
a flow cytometer (BD Biosciences, CA, USA).

Measurement of DNA Fragmentation

The DNA fragmentation of apoptotic GBM cells was
detected using a terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labelling (TUNEL) kit
(Roche Diagnostics Corp., IN, USA). The cells were cul-
tured on coverslips for 24 h. At the end of the drug treat-
ment, the cells were fixed by incubation in a 10% neutral
buffered formalin solution for 30 min at room temperature.
Next, the cells were incubated with a methanol solution
containing 0.3% H,0, for 30 min at room temperature
and then incubated with a permeabilising solution (0.1 %
sodium citrate and 0.1 % Triton X-100) for 2 min at 4°C.
The cells were incubated with the TUNEL reaction mixture
for 60 min at 37 °C and visualized by inverted fluorescence
microscopy (Leica, Germany). The TUNEL-positive nuclei
of four non-overlapping fields per coverslip were counted,
and these counts were converted to percentages by compar-
ing the TUNEL-positive counts to the total numbers of cell
nuclei, as determined by Hoechst 33,342 counterstaining.

Immunoblotting Assay

Atthe end of treatments, the cells were harvested and washed
once with PBS. The cells for other quantities of proteins
were lysed with a cell lysis buffer containing 1% phenyl-
methylsulfonyl fluoride (PMSF). The whole cell lysates
were centrifuged at 12,000 rpm for 5 min at 4°C and the
supernatant was collected. Protein concentration was deter-
mined using the bicinchoninic acid assay. Equal amounts
of protein (10 ng) were separated by electrophoresis on
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10% sodium dodecyl sulfate polyacrylamide gels and
transferred onto nitrocellulose membranes. These mem-
branes were incubated with 5% (w/v) non-fat milk pow-
der in Tris-buffered saline containing 0.1 % (v/v) Tween-20
(TBST) for 40 min to block nonspecific binding sites. The
membranes were then incubated overnight at 4 °C with pri-
mary antibodies. After washing with TBST, the membranes
were incubated for 1 h at room temperature with the sec-
ondary antibodies. After rewashing with TBST, the bands
were developed by enhanced chemiluminescence with
primary antibodies obtained from the following sources:
anti-GAPDH, anti-MGMT, anti-Bcl-2, anti-Bcl-x, anti-
survivin, anti-ING4, anti-p300 and anti-PCAF (Santa Cruz,
CA); anti-Histone H3 (acetyl K56), anti-Histone H4 (acetyl
K16), anti-IkB alpha (phospho S32 +S36), anti-IkB alpha,
anti-NF-xB p65 (phospho S276), anti-NF-kB p65 (phospho
S536) and anti-NF-kB p65 (Abcam, CA). The secondary
peroxidase-conjugated antibodies and enhanced chemilu-
minescence reagents were purchased from Cell Signalling
Technology (Beverly, MA). Monoclonal anti-acetyl lysine
antibody was purchased from Cell Signalling Technology
(Beverly, MA). Class-specific IgG was used as a control
in immunoprecipitation. Horizontal scanning densitometry
was done on Western blots by using acquisition into Adobe
PhotoShop (Adobe Systems, Inc.).

Electrophoretic Mobility Shift Assay (EMSA)

A commercial synthetic biotin-labelled, double-stranded
oligonucleotide with the kB-DNA sequence was purchased
from Beyotime Institute of Biotechnology. The binding
activity of acetylation of p65 and kB-DNA were detected
using a Light Shift Chemiluminescent EMSA kit. The
nuclear extracts were incubated with the biotin-labeled oli-
gonucleotides for 30 min at room temperature in a bind-
ing buffer containing 50 pg/ml poly (dI-dC), 5 mM MgCl,,
2.5% glycerol, and 0.05 % NP-40. The DNA—protein com-
plex was separated by a 6 % polyacrylamide gel at 100 V for
1 h. The separated complexes were transferred onto a nylon
membrane at 380 mA for 30 min and subsequently cross-
linked to the nylon membrane using UV light. The DNA—
protein bands were developed by chemiluminescence.

Real-Time RT-PCR

Total RNA was isolated from cells using Trizol reagent (Invi-
trogen, USA). RNA samples (2 ng) were reverse-transcribed
to generate first-strand cDNA. After reverse transcription
using TagMan®™ Reverse Transcription Kits (Applied Bio-
systems), 0.5 pl reverse-transcribed products were amplified
with the Vii7 real-time PCR System (Applied Biosystems)
in a 10 pl final reaction volume using SYBR® Green PCR
Master Mix (Applied Biosystems) under the following



Neurochem Res (2016) 41:3192-3205

3195

conditions: 30 s at 95 °C, followed by a total of 40 cycles of
two temperature cycles (15 s at 95°C and 1 min at 60 °C).
Primer sequences were as follows: human Bcl-2 forward:
5'-CACAAGAGGCCAAGGCTACCT-3"andreverse: 5'-CA
GGAAAGCA GGAAGTCTCAA-3’; human Bcl-xlI forward:
5'-CCATAGAGTTCCACAAAAGTATCCC-3' and reverse:
5'-TACCTGAATGACCACCTAGAGCCT-3’; human Sur-
vivin forward: 5'-GGCCCAGTGTTTCTTCTGCTT-3' and
reverse: 5'-GCAACCGGACGAATGCTTT-3"; B-actin served
as endogenous control, and the primers were forward: 5-CAC
TGTGTTGGCGTACAGGT-3'; reverse: 5-TCATCACCAT
TGGCAATGAG-3'. The Ct value was calculated by the com-
parative AACt method using the SDS Enterprise Database
software (Applied Biosystems).

Immunofluorescence Microscopy

For immunofluorescence analysis, cells growing on glass
coverslips were washed with PBS and then fixed with 4%
(w/v) paraformaldehyde for 20 min at 37 °C. The cells were
washed with PBS, permeabilized with 0.1% (v/v) Triton
X-100 for 1 h, and blocked for 30 min in serum-supple-
mented medium. After another wash with PBS, immunos-
taining was performed by incubating the cells with the
anti-NF-kB p65 (phospho S276), anti-NF-«kB p65 (phos-
pho S536) primary antibodies for 2 h at room temperature
(25°C). Primary antibodies were diluted in 0.1% (v/v)
Triton X-100, 0.2% (w/v) BSA, 0.5 mM PMSF and 1 mM
dithiothreitol in PBS. After washing with PBS, the bound
primary antibodies were detected using FITC-conjugated
goat anti-rabbit antibodies, Cy5-conjugated goat anti-mouse
antibodies or Cy5-conjugated donkey anti-rabbit antibodies
for 2 h at room temperature. Images were acquired using a
Leica fluorescence microscope (Leica, Germany).

Transfection

U251 cells (7.5% 10%) were transfected with plasmids con-
taining pcDNA3.1-ING4 shRNA or equivalent concentra-
tions of control shRNA using the Gene Jammer reagent in
accordance with the manufacturer’s instructions. 24 h after
transfection, the cells were harvested to western blotting for
detecting NH2-EKQIESSDYDSSSSKGK-OH peptide of
ING4.

Statistical Analysis

The results are presented as the means +standard devia-
tion (SD). All of the statistical analysis was performed
with SPSS 17.0 software. Student’s ¢ test was performed,
and differences were accepted as statistically significant at
P<0.05. All of the experiments were performed a minimum
of three times.

Results
Establishment of TMZ-Resistant Cell Lines

The TMZ-resistant (TR) cell lines were generated from the
TMZ-sensitive parental cell lines by initially treating the
cells with a low dose of TMZ in culture media for 2 weeks,
and then doubling the TMZ concentration every two pas-
sages over a period of 4-8 weeks, with the doses ranging
between 5 and 600 uM. The half maximal inhibitory con-
centration (IC50) of TMZ-mediated growth inhibition in
the resistant A172, U118, U251, U87 and the parental cell
lines was determined using the CCK-8 assay. The IC50 of
TMZ in the four resistant cell lines was significantly up-
regulated compared with the parental cell lines. The IC50
of TMZ in the TR/A172 cells was 254.33 +£17.53 uM and,
in the parental A172 cells, the IC50 was 33.91 +4.37 uM
(Fig. 1a). The IC50 of TMZ in the TR/U118 cells was
302.77 +23.54 uM and, in the parental U118 cells, the IC50
was 52.13+5.39 uM (Fig. 1b). The IC50 of TMZ in the TR/
U251 cells was 283.45+22.38 and, in the parental U251
cells, the IC50 was 39.88 +£6.25 pM (Fig. 1c). The IC50 of
TMZ in the TR/U87 cells was 323.46 +28.14 uM and, in the
parental U87 cells, the IC50 was 66.34 +7.54 uM (Fig. 1d).
These results show that TMZ sensitivity decreased by more
than 4-6-fold in the resistant cells compared with the paren-
tal cells. In addition, the TMZ resistance of the TR cells
was maintained in the absence of TMZ for approximately
2 months (data not shown).

Histone Deacetylase Inhibitor RGFP109 Enhanced
TMZ-Induced Cytotoxicity in Four TMZ-Resistant Cell
Lines

To determine the role of RGFP109 in restoring TMZ-
induced cytotoxicity in TMZ-resistant (TR) cell lines, we
established a method to assess the effect of simultaneously
treating TR cells with TMZ and RGFP109. The IC50 for
TMZ mediated growth inhibition in parental and TMZ-
resistant cell lines were named “parental-IC50” and “TR-
IC50”, respectively. We treated four types of TR cells with
TMZ alone at the concentration of their parental-IC50 (TR/
A172,34 uM; TR/U118, 52 uM; TR/U251, 40 uM; TR/U87,
66 uM) for 24 h. At the parental-IC50, there was no obvi-
ous cytotoxicity, and the cell survival rate of TR/A172, TR/
U118, TR/U251 and TR/U87 cell lines were 97.3+4.6%,
95.8+5.4%, 94.7+£6.2% and 98.3+6.5%, respectively
(Fig. 2a—d). Therefore, we treated each of the TR cell
lines with a combination of TMZ at the parental-IC50 and
RGFP109 to determine whether RGFP109 enhances TMZ-
induced cytotoxicity. We used RGFP109 at 10-120 uM
because, at this concentration, RGFP109 alone showed no
obvious dosage- or time-dependent cytotoxicity (Fig. 2a—h).
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Fig. 1 Establishment of TMZ-resistant (TR) GBM cell lines. a—d
Evaluation of temozolomide resistance in four glioblastoma cell lines.
Cells were cultured in the presence of 5-600 uM of TMZ. A dose-
dependent association between the survival rate of cells and TMZ

The dosage of RGFP109 that made the parental-IC50 of
TMZ produce the half maximal inhibitory effect (generating
the same cytotoxicity of TR-IC50) in TR cell lines was des-
ignated as the “TMZ Combination Concentration (TCC)”.
At this concentration, RGGP109 attenuates TMZ resistance
and restores TR cells to parental cell levels of chemosensi-
tivity to TMZ.

Cell viability assays demonstrated that RGFP109 sig-
nificantly increased TMZ-induced cytotoxicity in four
TMZ-resistant cell lines. Figure 2a—d show that the TCCs
of RGFP109 in TR/A172, TR/U118, TR/U251 and TR/U87
cells were 47.6+4.80 uM, 54.6 +4.20 uM, 42.1+3.70 uM
and 62.3+4.80 uM, respectively. As the contrast, we
repeated cell viability assays with Panobinostat in four TR
cell lines, and confirmed sensitizing effect of HDACs inhibi-
tion (Fig. Supplemental data 1). Furthermore, co-treatment
with RGFP109 (TCC) and TMZ (parental-IC50) inhibited
cell survival in a time-dependent manner for 048 h. Cells
exposed to RGFP109 (TCC) alone showed no obvious
time-dependent cytotoxicity for 0—48 h (Fig. 2e-h). These
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concentration can be observed. Each group was cultured for 24 h in the
presence of different concentrations of TMZ, followed by an evalua-
tion of IC50 for TMZ inhibited growth in A172-TR/A172, U118-TR/
U118, U251-TR/U251 and U87-TR/U87

pharmacodynamics assays of the four GBM cell lines show
that RGFP109 displayed the same effect of sensitization and
that the TR/U251 cells showed the lowest TCC. Therefore,
the TR/U251 cell line was selected for investigating the
mechanism underlying RGFP109-mediated enhancement
of TMZ-induced cytotoxicity.

Combined Treatment with RGFP109 Lead to Apoptosis
of TR/U251 Cells as Determined by FACS and TUNEL
Assays

To confirm and better quantify cytotoxicity and apoptosis
induced by the combination treatments, as observed in the
CCK-8 assays, we determined the percentage of apoptotic
cells by annexin V/PI double staining and flow cytometry.
The DNA fragmentation in the apoptotic cells was exam-
ined by TUNEL. There was a significant increase in TR/
U251 cells with Annexin V+/PI- and Annexin V+/PI+
after treatment with a combination of TMZ and RGFP109
for 24 h compared with control and TMZ alone groups.
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a—d Each group was cultured for 24 h in different concentrations
of RGFP109 and TMZ. Cell viability rates were determined in four
TR cell lines. Treatment with RGFP109 markedly enhanced TMZ-
decreased cell viability, while treatment with RGFP109 (10120 uM)
alone showed no obvious cytotoxicity. e-h Evaluation of cell viabil-
ity to determine time-dependent effects (0—48 h) from simultaneous

Survival percentage(% of control) g Survival percentage(% of control) g

Survival percentage(% of control) T

Survival percentage(% of control) I

60

S
?

N
<

o

TR/U118

—— RGFP109 + TMZ (52 pM)
-+ RGFP109 alone

1C5,=54.6 pM

—
(TCC of RGFP109 in TR/U118 cell)

o

=N
N H 2] =] o
o o o o o
1 1 1 1 ol

o

L) ) T
20 40 60 80 100 120
RGFP109 concentration (uM)

TR/U87

—e— RGFP109 + TMZ (66 uM)
—— RGFP109 alone

IC5o= 623 uM
(TCC of RGFP109 in TR/UST cell)

o

120

100

T T
20 40 60 80 100 120
RGFP109 concentration (uM)

TR/U118 —— RGFP109 (54 uM)

+TMZ (52 pM)
—— RGFP109 (54 uM)

120

100§

80
601
404
20

24 32
Time (h)

40 48

TR/U87 —e— RGFP109 (62 pM)

+TMZ (66 pM)
—— RGFP109 (62 pM)

8 16 24 32 40 48
Time (h)

treatment of RGFP109 and TMZ. Data were collected for the con-
centrations of RGFP109 and TMZ at the time points indicated. Cell
survival was inhibited in a time-dependent manner for 0—48 h by co-
treatment with RGFP109 and TMZ, while the RGFP109 alone exerted
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Apoptosis in the combination treatment group was at
38.79%, a significant increase compared with the control
group (**P<0.001), while the percentage of apoptotic cells
in control and TMZ alone groups showed no obvious up-
regulation (Fig. 3a, c), suggesting that RGFP109 enhanced
cytotoxicity in TR/U251. TR/U251 cells treated with a com-
bination of TMZ and RGFP109 for 24 h displayed a signifi-
cant increase in TUNEL-positive cells, to 46.2 % of the total
cell number (**P < 0.001), while only 2.54 % of the control
cells and 4.82 % of TMZ treated cells were TUNEL-positive
(Fig. 3b, d).

NF-kB and NF-kB-Regulated Genes MGMT, Survivin,
Bcl-2 and Bcel-x are Constitutively Activated in TR/
U251 Cells

The constitutive activation of NF-kB has been a major
cause of apoptotic resistance in GBM cells; therefore, we
examined the activation of NF-kB in TR/U251 cells com-
pared with parental cells. We analysed the levels of total

TR/U251

™Z - + +
RGFP109 - - +

DAPI

Merge

TUNEL

(o)

100 10" 102 10% 104
1 ) ) L

Annexin V

Fig. 3 Effects of combined treatment with RGFP109 and TMZ on
apoptosis and the expression of NF-kB and NF-kB-regulated genes
in TR/U251 cells. a Cell apoptosis was determined by Annexin V-PI
double staining kits and flow cytometry. b Quantification of the apop-
tosis. TUNEL staining, ¢ Representative images of TUNEL-positive
cells (green, top row) and Hoechst counterstaining (blue, middle row).
d Quantification of TUNEL staining. The histogram shows the relative
proportion of TUNEL-positive cells in different treatment groups. e
Levels of p-p65 (S276) and (S536) were elevated in TR/U251 cells
and reduced in the parental U251 cells. In addition, p-IkBa expression
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and phosphorylated p65 (p-p65) in TR/U251 and parental
cells by immunoblotting with antibodies specific for p-p65
(S276) and (S536). When compared to parental cells, which
displayed very low levels of p-p65, TR/U251 cells dis-
played elevated levels of p-p65 (S276) and p-p65 (S536).
NF-«xB activation was confirmed by measuring the levels
of total and phosphorylated IxBa (p-IkBa). In TR/U251
cells, the level of p-IxkBa was elevated compared with the
parental cells. Accordingly, Fig. 3e shows that TMZ resis-
tant cells display increased levels and activation of NF-kB,
which may be associated with the apoptotic resistance
acquired by TR cells. To confirm that the up-regulation of
NF-kB was positively correlated with TMZ resistance and
anti-apoptotic activity in TR cells, we analysed the expres-
sion of NF-kB-related genes, MGMT, Bcl-2 and Bcl-x.
Western blot analysis detected high levels of MGMT, Bcl-2
and Bcl-x in TR/U251 cells compared with the parental
cells. These data suggested that, in TR cells, the levels of
MGMT, survivin, Bcl-2 and Bcl-x expression are elevated,
(Fig. 31), coinciding with NF-kB activation and implying
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was stronger in TR/U251 cells than in parental U251 cells, indicat-
ing that the NF-xB pathway was stimulated in the resistant cell line.
f Western blot analysis also detected high levels of MGMT, survivin,
Bcl-2 and Bcel-x in TR/U251 cells compared with the parental cells,
demonstrating that NF-kB-regulated genes are constitutively activated
in TR/U251 cells. The results are expressed as the means + SD of three
independent experiments. *Significant difference from the parental
U251 cells (P<0.05). **Significant difference from the parental U251
cells (P<0.01). (Color figure online)
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that these anti-apoptotic proteins may be associated with
TMZ resistance.

RGFP109 Down-Regulated NF-kB-Regulated
Genes, but did not Alter the Activation or Nuclear
Translocalization of p65 in TR/U251 Cells

To explore the molecular mechanisms underlying RGFP109-
mediated enhancement of TMZ-induced cell death in TR/
U251 cells, we investigated whether RGFP109 effected
the expression of MGMT and other anti-apoptotic proteins
in TR cells. Western blot analyses (Fig. 4a) revealed that
treatment with TMZ and RGFP109 significantly reduced
the levels of MGMT, survivin, Bcl-2 and Bel-x in TR/U251
cells compared with the control and TMZ alone treatment
groups. These data support a potential association between
RGFP109-mediated enhancement of TMZ-induced cyto-
toxicity and the expression of pro-survival proteins during
the reversion of TMZ resistance.

The expression levels of MGMT, Bcl-2 and Bcl-x were
regulated and consistent with the activation of NF-«B, which
is upstream of these anti-apoptotic proteins. Therefore, we
investigated whether the inhibition of NF-kB coincides
with the down-regulation of pro-survival proteins, contrib-
uting to RGFP109-mediated reversion of TMZ resistance.
Unexpectedly, treatment with RGFP109 failed to decrease
the levels of p-p65 (S276) and p-p65 (S536) in TR/U251
cells (Fig. 4b). Furthermore, treatment with RGFP109 did
not alter the expression of phosphorylated [kBa (p-IxBa).
Because the activation of NF-kB is accompanied by the
translocation of activated dimers to the nucleus and binding
to kB elements, we simultaneously evaluated the expression
and distribution of total p65, p-p65 (S276) and p-p65 (S536)
by indirect immunofluorescence. As shown in Fig. 4c, in the
absence of stimuli, p65 is predominantly cytoplasmic with
moderate levels of nuclear p-p65 (S276) and p-p65 (S536).
Upon stimulation with TMZ and RGFP109, p65 aggregates
and accumulates in the nucleus, and levels of p-p65 (S276)
and p-p65 (S536) are elevated, indicating that treatment
with RGFP109 does not block the activation and nuclear
translocalization of p65.

RGFP109 Induced Hyperacetylation of p65 and
Histones

It was recently reported that the class I subfamily of HDAC:s,
involved in the acetylation of p65 and histones, can activate
the NF-xB pathway. Therefore, we investigated whether
treatment with RGFP109 could initiate the hyperacetylation
of p65 and histones. Analyses by immunoprecipitation indi-
cated that the simultaneous treatment of cells with TMZ and
RGFP109 enhanced the level of acetylated lysine residues
in p65 compared with the control and TMZ groups alone

(Fig. 5a). Furthermore, treating cell cultures with TMZ and
RGFP109 triggered hyperactive histone acetylation, which
was analysed by immunoblotting with antibodies specific
for acetylated histones 3 (Ac-H3) and acetylated histones
4 (Ac-H4). In the absence of RGFP109 (Fig. 5a), treatment
with TMZ alone induced low levels of Ac-H3 and Ac-H4
compared with the control group, while simultaneous treat-
ment with TMZ and RGFP109 caused an up-regulation in
the levels of Ac-H3 and Ac-H4. These results imply a tight
regulation of p65 and histones acetylation by deacetylases.
Furthermore, RGFP109-induced hyperacetylation may
repress NF-kB dependent transcription because p65 con-
tains the transcriptional activation domain.

Hyperacetylation of p65 Reduced the Binding to kB-
DNA and kB-Mediated Genes Transcription

Acetyl-acceptor lysines 122 and 123 are the only p65 resi-
dues involved in DNA binding. In this study, we used EMSA
to show that the acetylation of p65 may affect its interaction
with kB-DNA. Acetylation of FLAG-p65 reduced its ability
to bind kB-DNA (Fig. 5b). Wild type p65 and the KK-RR
mutant bound to the kB gene with similar affinities, while
the KK-AA mutant could not bind to the gene (Fig. 5b).
Thus, consistent with predictions from crystal structure
analysis, the acetyl acceptor lysines 122 and 123 participate
in high affinity binding of p65 to the kB gene. In addition,
RT-PCR analysis was further performed to examine the
effect of acetylation on transcriptional level of kB-target
genes such as Bcl-2, Bel-x1 and Survivin in TR/U251 cells.
In the absence of RGFP109 (Fig. 5b), treatment with TMZ
alone did not changed the expression of Bcl-2, Bcl-xl and
Survivin compared with the control group, while simulta-
neous treatment with TMZ and RGFP109 induced an sig-
nificantly down-regulation in the mRNA levels of Bcl-2,
Bcl-x1 and Survivin compared with the control group. These
results confirmed hyperacetylation of p65 reduced the bind-
ing to kB-DNA and decreased the transcriptional level of
kB-target genes.

RGFP109 Repressed Interactions Between p65 and its
Transcriptional Coactivators

Transcriptional activity of NF-kB is increased by the
recruitment of transcriptional coactivators such as p300/
CBP and PCAF. These coactivators stimulate localized
chromatin remodelling via intrinsic histone-directed acety-
lation activities, enhancing p65-mediated transcription. To
investigate whether RGFP109-induced hyperacetylation
of p65 was involved in inhibition of the NF-kB pathway,
we determined the levels of binding between p65 and its
coactivators following treatment with RGFP109. Immu-
noprecipitation analysis (Fig. 5c) demonstrated that the
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Fig. 4 RGFP109 down-
regulated NF-kB-regulated
genes, but did not alter the
activation or nuclear translo-
calization of p65. a Expres-
sion of the NF-kB-regulated
genes, MGMT, survivin, Bel-2
and Bcl-x, were significantly
reduced in TR/U251 cells by
combined treatment with TMZ
and RGFP109 compared with
the control and TMZ alone
treatment groups. b The levels
of p-p65 (S276), p-p65 (S536)
and p-IkBa were detected.
Co-treatment with RGFP109
did not decrease the levels of
p-p65 (S276), p-p65 (S536)
and p-IxkBa in TR/U251 cells.
The results are expressed as the
means + SD of three indepen-
dent experiments. *Significant
difference from the TMZ treat-
ment alone (P <0.05). **Sig-
nificant difference from the
TMZ treatment alone (P<0.01).
¢ Immunofluorescence data on
the expression and distribution
of total p65, p-p65 (S276) and
p-p65 (S536). Arrows indicate
cells with p65 nuclear transloca-
tion. Treatment with RGFP109
did not affect the nuclear trans-
localization of p65
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simultaneous treatment of cells with TMZ and RGFP109  the levels of p300 and PCAF, but that the RGFP109-
attenuated p65-p300 and p65-PCAF interactions, while  induced hyperacetylation of p65 might block the binding
the expression levels of p300 and PCAF were not altered. ~ of p65 to its coactivators to reinforce the p65-mediated
These results suggest that RGFP109 did not down-regulate  transcription.
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Fig. 5 RGFP109-induced hyperacetylation of p65 and histones, which
reduced the binding of p65 with the kB gene, and repressed interac-
tions between p65 and its transcriptional coactivators. Furthermore,
RGFP109 increased interactions between ING4 and p65. ING4 con-
tributed to the RGFP109-induced TMZ cytotoxicity. a Detecting levels
of acetylated p65 and histones. Immunoprecipitation analysis revealed
that the simultaneous treatment of cells with TMZ and RGFP109
increased the levels of p65 with acetylated lysine residues and up regu-
lated levels of Ac-H3 and Ac-H4. b Detecting DNA binding to p65 and
kB-mediated genes transcription. Acetylation of FLAG-p65 reduces
its ability to bind the kB gene. To determine whether the acetylated
p65 still interacts with the kB gene, binding activity was determined by
EMSA. Effect of acetylation on transcriptional level of kB-target genes
was detected by real-time RT-PCR. ¢ Immunoprecipitation analysis
determined the levels of binding between p65 and its coactivators. The
results demonstrate the simultaneous treatment of cells with TMZ and
RGFP109 attenuated the p65-p300 and p65-PCAF interactions, while

RGFP109 Increased Interaction Between ING4 and p65

Many reports have suggested that ING4 suppresses tumouri-
genesis by regulating the activity of NF-kB, which is main-
tained at low levels or is absent in human glioma [5, 17,
18]. Therefore, to determine whether the RGFP109-induced
TMZ cytotoxicity is linked to ING4, we performed immu-
noblot analyses to determine ING4 protein expression in
different treatment groups. As shown in Fig. 5d, RGFP109
elevated the levels of ING4 compared with the control and
TMZ alone treatment groups. To confirm the interaction
between ING4 and p65 after the treatment with RGFP109,

the expression levels of p300 and PCAF were not altered. The results
are expressed as the means+SD of three independent experiments.
*Significant difference from the TMZ treatment alone (P<0.05).
**Significant difference from the TMZ treatment alone (P<0.01).
d Detecting ING4 levels and binding with p65. RGFP109 elevated
the ING4 levels and immunoprecipitation experiments confirmed that
RGFP109 increased physical interactions between ING4 and p65. e
Evaluating the effect of ING4 in improving the RGFP109-enhanced
TMZ cytotoxicity. Knockdown of ING4 decreased the cleavage of
caspase-3, indicating attenuation of RGFP109-enhanced TMZ cyto-
toxicity, while overexpressing ING4 alone did not alter TMZ-induced
cytotoxicity compared with wild-type TR/U251 cells. The results are
expressed as the means + SD of three independent experiments. *Sig-
nificant difference from the TMZ treatment alone, ING4 knockdown
and overexpressing ING4 alone group (P <0.05). **Significant differ-
ence from the TMZ treatment alone (P <0.01)

immunoprecipitation experiments were conducted with
antibodies against p65, and immunoprecipitated proteins
were detected by western blot using antibodies against ING4
protein. The results confirmed that RGFP109 stimulated the
physical interaction between ING4 and p65 compared with
the control and TMZ alone treatment groups (Fig. 5d).

ING4 Contributed to the RGFP109-Enhanced TMZ
Cytotoxicity

To confirm the possible role of ING4 in RGFP109-
enhanced TMZ cytotoxicity, we investigated whether ING4
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knockdown or overexpression would alter the therapeutic
efficacy of RGFP109 and TMZ in TR/U251 and TR/U87
cells. The results showed that cells in which ING4 was
depleted by shRNA were resistant to combined treatment
with RGFP109 and TMZ compared with wild-type cells,
which exhibited vulnerability to drugs (Fig. 5e). Overex-
pression of ING4 did not alter the viability of RGFP109-
treated cells and there was no significant increase in TMZ
cytotoxicity compared with wild-type cells. Furthermore, in
the absence of RGFP109, overexpressing ING4 alone did
not enhance TMZ-induced cytotoxicity (Fig. 5e). These
results suggest that ING4 is not sufficient to abolish TMZ
resistance, despite having a crucial role in RGFP109-
enhanced TMZ cytotoxicity.

Discussion

Our results reveal that RRGFP109, a selective inhibitor of
HDAC:s (class I, HDACI and 3), can overcome TMZ resis-
tance via the post-induction suppression of NF-kB-mediated
transcription. This is consistent with studies showing that
abnormal activation of NF-xB and relevant onco-suppressor
genes are conducive to TMZ resistance [3]. As a transcrip-
tional factor, the activity of NF-kB undergoes a number of
post-induction modifications that cause crucial shifts in its
physical interactions with other NF-kB proteins, transcrip-
tional coactivators and the kB genes [19]. The reversible
process of post-induction acetylation, where acetyl groups
are enzymatically placed onto the lysine residues of tar-
get proteins, is a significant event in the transactivation of
NF-kB during stimulation [12, 13]. Therefore, we focused
our research on HDAC-mediated regulation of the NF-xB
pathway, which might be a potential target for reversing
TMZ resistance in GBM cells. HDACs belong to an evolu-
tionarily conserved family of proteins that catalyse the post-
translational modification of histones by removing acetyl
groups from lysine side chains [20]. Recently, several pro-
teomic studies have confirmed that the canonical function
of these enzymes in the regulation of histones represents
only a fraction of the properties of HDACs. Furthermore,
there is a growing list of “non-histone” substrates that are
positively correlated to the biological activity of HDACsS,
which implies the existence of a great diversity of unex-
plored HDAC-dependent mechanisms that may be pharma-
cological targets [21, 22].

We established the TR GBM cell lines (Fig. 1) and a
method to assess the effect of treating TR cells simulta-
neously with TMZ and RGFP109. We demonstrated that
RGFP109, a selective inhibitor of HDACs (HDAC1 and
HDAC3) [23], attenuates TMZ resistance and enhances
TMZ-induced cytotoxicity in TR/A172, TR/U118, TR/U251
and TR/U87 cell lines, while the treatment with RGFP109

@ Springer

(10-120 uM) alone showed no obvious dosage- or time-
dependent cytotoxicity (Fig. 2). We determined the “TCC”,
the concentration of RGFP109 that increases TR cell che-
mosensitivity to that of the parental cells, and showed that
TR/U251 cells had the lowest TCC. Therefore, we chose the
TR/U251 cells for additional research on the mechanism of
RGFP109 action. We confirmed that RGFP109 induces sen-
sitization using FACS and TUNEL assays (Fig. 3a—d), and
found elevated levels of p-p65 (S276), p-p65 (S536), p-IkBa
and NF-kB-regulated pro-survival genes in TR/U251 cells
compared with the parental U251 cells (Fig. 3e, f). These
data suggest that NF-kB-induced anti-apoptotic proteins
may cause TMZ resistance. Subsequently, we determined
that RGFP109 dramatically decreased overexpression of the
NF-kB regulated anti-apoptotic proteins, MGMT, survivin,
Bcl-2 and Bel-x in TR/U251 cells (Fig. 4a). To ascertain how
RGFP109 counteracts drug resistance and whether modula-
tion of the NF-kB pathway is involved in RGFP109-induced
TMZ cytotoxicity, we investigated the mechanism by which
RGFP109 attenuates NF-kB-mediated gene expression.
Interestingly, the data in Fig. 4b shows that combined treat-
ment with RGFP109 did not decrease the level of p-p65 or
alter the expression of p-IkBa. Immunofluorescence assays
revealed that RGFP109 does not block TMZ-induced aggre-
gation and accumulation of p-65 in the nucleus (Fig. 4c).
When stimulated, activated NF-xB translocates and accu-
mulates in the nucleus. Therefore, our data eliminates the
possibility that RGFP109 suppresses the NF-kB pathway
by disrupting the IKK complex-dependent excitation and
translocation of NF-«kB proteins [24]. This suggests that the
function of NF-kB complexes is controlled by RGFP109-
mediated modifications in the nucleus, which eventually
regulate transcriptional activity, DNA binding and target
gene specificity. Our findings also show that RGFP109
triggers the hyperacetylation of p65 and histones (Fig. 5a).
Elevated levels of p65 with acetylated lysine residues were
detected by immunoprecipitation assays, and hyperactive
histone acetylation was detected using antibodies specific
for Ac-H3 and Ac-H4. Because p65 contains the transcrip-
tional activation domain, the reversible acetylation of p65 is
critical during post-induction modifications [25]. Addition-
ally, differences in the number and sites of acetylation cause
the multiple distinct effects of p65 [26, 27]. These results
led us to hypothesize that hyperacetylation would lead to
decreased levels of DNA-bound p65, directly disrupting
p65-dependent transcription of the kB gene. The data shown
in Fig. 5b demonstrate that hyperacetylation of p65 reduces
interaction with the kB gene, thereby decreasing the tran-
scriptional level of kB-target genes such as Bcl-2, Bel-xl
and Survivin. Additional analyses in TR/U251 cells dem-
onstrated that RGFP109 does not down-regulate the levels
of p300 and PCAF, instead it blocks p65 from binding to its
coactivators (Fig. 5¢). Under normal circumstances, NF-kB
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is regulated post-induction by transcriptional coactiva-
tors that mediate crucial transcriptional process and assist
in nuclear modifications via their intrinsic histone acetyl-
transferase (HAT) activity [28, 29]. Enhancement of NF-xB
transcriptional activity requires recruitment of these coacti-
vators and the acetyltransferase activity of CBP/p300 and
PCAF [10]. These results suggest that RGFP109-induced
hyperacetylation of p65 might prevent modifications medi-
ated by coactivators’ HAT activity because all of the p65
lysine residues could be acetylated. Hence, the HAT activity
of coactivators loses selectivity and can no longer facilitate
p65-mediated transcription. Conversely, the unaltered levels
of p300 and PCAF suggest that RGFP109 does not prevent
p65 from recruiting the coactivators that induce localized
chromatin remodelling via intrinsic histone-directed acety-
lation activities, thereby enhancing p65-mediated transcrip-
tion. This raises the possibility that RGFP109-induced
hyperacetylation of histones provides a synergistic target
for NF-xB mediated nuclear modifications. However, we
are unable to confirm a precise mechanism and it remains
unclear whether histone hyperacetylation plays a role in the
interaction of p65 with the kB genes and its coactivators.
Notably, during histone modification, reversible acetyla-
tion and deacetylation of the g-amino group of lysine side
chains within the N-terminal tails of histones emerged as a
central regulator of DNA transcriptional programming [30].
Generally, elevated levels of histone acetylation contribute
to relaxation of nucleosome, thus promoting gene transcrip-
tion [31]. The inhibition of HDACSs blocks DNA binding
and impairs cell cycling, which is relevant for anti-cancer
research [32, 33]. Therefore, RGFP109-induced hyperacet-
ylation of histones may have diverse roles in this process.
We also showed that RGFP109 elevates the level of inhibi-
tor of growth 4 (ING4), which may be a responsible for the
recruitment of coactivators and the hyperacetylation of his-
tones [34, 35].

ING4 is a member of the ING tumour suppressor family,
which includes ING1, ING2, ING3, and INGS. This fam-
ily of genes suppresses tumourigenesis by regulating gene
expression via binding H3-Me3K4 and recruiting HDAC1
containing complexes to nearby promoters [36—38]. ING4
interacts with coactivators, such as p300 and HBOI, to
regulate histone acetyltransferase and interfere with tran-
scription factors, including p53 and NF-xB [17, 39—41].
Nevertheless, ING4 expression is reduced in several can-
cers, especially in GBM cells [17, 42]. To investigate a
possible mechanism for the effect of combined treatment
with GBM with RGFP109 as therapy for TMZ-resistance,
we examined the expression of ING4 and its interaction
with p65. As shown in Fig. 5a, RGFP109 elevated the
level of ING4 in TR/U251 cells compared with control and
TMZ alone treatment groups, and immunoprecipitation
experiments confirmed that RGFP109 enhances physical

interaction between ING4 and p65. These data suggest that
ING4 activation contributes to RGFP109-enhanced TMZ
cytotoxicity. To confirm the role of ING4, we investigated
the consequence of ING4 knockdown or overexpression
during the combined treatment with RGFP109. Depleting
ING4 with shRNA increased cellular tolerance to drugs
compared with wild-type cells. Furthermore, overexpress-
ing ING4 alone did not enhance TMZ-induced cytotoxicity
(Fig. 5e). These data confirm that ING4 alone is not suf-
ficient to abolish TMZ resistance in TR/U251 cells, but it
does have an indispensable role in RGFP109-induced TMZ
cytotoxicity.

Although, we do not understand how RGFP109
increases the level of ING4 or the mechanism by which
ING4 attenuates NF-«kB-mediated gene expression, this
study suggests that the RGFP109 causes hyperacetylation
of p65, directly blocking nuclear modifications and binding
with kB-DNA, thus attenuating transcription. In addition,
RGFP109-induced hyperacetylation of histones may dis-
rupt chromatin remodelling, resulting in abnormal nucleo-
some relaxation and increased gene transcription leading
to the compensatorily increased levels of ING4. Then,
increased ING4 recognized and simultaneously bound
to p65 molecules that were adjacently detained to the kB
gene. Through these interactions, ING4 reduced p65-p300
and p65-PCAF interactions, thereby intervening in the tran-
scription of NF-kB. This may be the reason why the ING4
knockdown in TR cells reversed RGFP109-enhanced TMZ
cytotoxicity. Nevertheless, in the absence of RGFP109-
induced hyperacetylation, ING4 cannot directly block p65
from binding to kB-DNA and relevant coactivators; the
established TMZ-resistant GBM cells would regulate the
nuclear modifications to cause an excessive activation of
oncogenes that could encourage the events and generate the
complementary pathway, which ultimately counteracted
ING4-induced anti-cancer function. It may also explain
why overexpressing ING4 alone did not enhance TMZ-
induced cytotoxicity in TR cells.

Conclusion

This study concludes that the histone deacetylase inhibitor
RGFP109 overcomes TMZ resistance by inhibiting NF-xB-
dependent transcription. Our study also suggests that reg-
ulating HDACs via ING4 and the NF-kB pathway may
provide a therapeutic target for GBM.
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