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Abstract

and radioresistance.

Histone deacetylase inhibitors (HDACis) have shown a significant antitumor effect in clinical studies, and

PXD101 is a novel HDACi which can cross the blood-brain barrier. In this study, we showed that PXD101 could
significantly inhibit the proliferation and invasion of glioblastoma (GBM) cells, while promoting their apoptosis
and radiosensitivity. Furthermore, it was found that PXD101 exerted its antitumor function by upregulating the
expression of the growth arrest and DNA damage inducible protein a (GADD45A). Mechanistically, PXD101
promoted the transcription of GADD45A by directly acetylating the histones H3 and H4, and GADD45A enhanced
apoptosis and radiosensitivity through the activation of P38 in the GBM cells. In vivo experiments also showed
that PXD101 combined with radiotherapy could significantly inhibit the growth of GBM. This study provides
experimental evidence for application of the novel HDACi PXD101 in the treatment of GBM, as well as new
molecular markers and potential intervention targets that may be used in preventing GBM malignant progression
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Introduction
Glioma, which is the most common intracranial malig-
nant tumor originating from glial cells, is classified into
four grades based on histopathological characteristics,
with grades I1I and IV being high-grade gliomas [1]. Glio-
blastoma (GBM) is the most common high-grade glioma;
it is characterized by a poor prognosis, with a median
survival time of only 14.6 months and a 5-year survival
rate of less than 5% [2]. At present, the main treatments
for GBM include surgery, radiotherapy, and pharma-
cotherapy (typically chemotherapy with concomitant
temozolomide; TMZ) [3]. However, most GBMs are
resistant to radiotherapy and chemotherapy, resulting
in recurrence [4]. Therefore, it is meaningful to investi-
gate the methods that promote radiosensitivity in GBM
treatment.

Histone acetylation modification is co-regulated by
acetyltransferases (HATs) and deacetylases (HDACsS),
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which participate in gene transcription and play an
important role in tumor development [5]. Studies have
found that tumor suppressor genes in malignant tumors
are often modified by deacetylation, leading to gene
silencing. In GBM, HDAC4 deacetylated histone H3 in
the p21 promoter to inhibit its transcription, which pro-
moted malignant tumor progression [6]. HDAC SIRT2
deacetylated the C-terminal lysine residues of p73 to
mediate its inactivation, which is essential for the prolif-
eration and tumorigenicity of GBM cells [7]. Therefore,
knocking down HDAC or using its inhibitor (HDACI)
could re-establish normal histone acetylation patterns to
inhibit the malignant progression of tumors [8]. HDACi
LMK235 reduced the cell viability and colony forma-
tion of GBM cells and induced TUBA acetylation and
autophagy [9]. DWP0016 activated the transcription
and acetylation of tumor suppressor p53 in U251 glio-
blastoma cells, thereby inducing growth inhibition, cell
cycle arrest, and apoptosis [10]. In addition, some studies
have found that HDACi could participate in the regula-
tion of tumor radioresistance. Scriptaid enhanced the
radiosensitivity of human head and neck squamous cell
carcinoma cells [11]. In colorectal cancer, SAHA com-
bined with radiotherapy could delay tumor growth in
mice compared with radiotherapy alone, suggesting that
it could be an effective radiosensitizer [12]. These stud-
ies provide effective evidence for the improvement of the
radiosensitivity of GBM from the perspective of acetyla-
tion modification.

PXD101 is a hydroxamic acid-derived pan-HDACi
which has been approved by the FDA as a new antitumor
drug [13]. Inhibition of HDACs by PXD101 indirectly
promoted an anticancer therapeutic effect by provoking
acetylated histone accumulation, re-establishing normal
gene expressions in cancer cells, and stimulating other
routes [14]. In thyroid cancer, PXD101 elevated acety-
lated histone 3, p21(Waf), and PARP, which induced
apoptosis and inhibited cell growth [15]. In pancreatic
cancer, PXD101 promoted the activation of the ROS-
TAK1-AMPK signaling axis to induce apoptosis and
growth inhibition [16]. In rhabdomyomas, PXD101
increased ROS accumulation, inhibited DNA damage
repair, and induced G2 cell cycle arrest, thereby promot-
ing radiosensitivity [17]. In glioma, PXD101 could upreg-
ulate the expression of the apoptosis-related genes puma,
bim, chop, and p21, thereby inducing apoptosis of LN229
cells [18]. However, its role and its molecular mechanism
in GBM radiosensitivity have not been elucidated.

In the present study, PXD101 was found to inhibit
GBM cell proliferation and induce cell apoptosis and
radiosensitivity in vivo and in vitro. Mechanistically,
PXD101 could upregulate the expression of GADD45A
by directly acetylating histone H3 and H4 and could
further promote the phosphorylation activation of P38.
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These results indicated that PXD101 may be a new radio-
sensitizer for GBM.

Materials and methods

Cell culture and reagents

The human glial cells HEB and glioma grade I cells
HS683 (ATCC: HTB-138) were cultured in 1640 medium
(GIBCO BRL, Grand Island, NY) containing 10% fetal
bovine serum (FBS) (Hyclone, South Logan, UT). The
glioma grade III cells SW1088 (ATCC: HTB-12) and
grade IV GBM cells U251, LN229 (ATCC: CRL-2611),
LN229-luc (iCell-0125a, iCell Bioscience Inc, Shanghai,
China), T98G (ATCC: CRL-1690), and SF295 were cul-
tured in DMEM medium (GIBCO BRL) containing 10%
FBS. PXD101 (S1085, Selleck Chemicals, Houston, TX)
was dissolved in dimethyl sulfoxide (DMSO, HY-Y0320,
MedChemExpress, Monmouth Junction, NJ).

siRNA and plasmid transfection

The siRNAs of GADD45A were designed and synthe-
sized by Ribo Bio (Guangzhou, China). The sequence of
siRNAs is listed in Table S1. The transfection of siRNA
was carried out using Lipofectamine™ 3000 Transfection
Reagent (L3000150, Thermo Fisher Scientific, Waltham,
MA), according to the manufacturer’s instructions. The
Flag-HA-pcDNA3.1-vector plasmid (52535) and PGL3-
basic vector (212936) plasmid were purchased from
Addgene. After the Flag-HA-pcDNA3.1-vector plasmid
was digested using Hind III-HF (R3104T, New England
Biolabs, MA) and Xba I (R0145T, New England Bio-
labs), the GADDA45A coding sequence was inserted into
the vector to obtain the recombinant plasmids pcDNA-
HA-GADD45A (GADDA45A-OE) using a homologous
recombination kit (C214, Vazyme, Nanjing, China). After
the PGL3-basic vector was digested with Hind III-HF,
the GADD45A promoter sequence was inserted into the
vector to obtain the recombinant plasmids pGL3-basic-
GADD45A-promoter. The homologous recombination
primers are listed in Table S2. Neofect (TF201201, Neo-
fect Biotech, Beijing, China) was used for plasmid trans-
fection, according to the manufacturer’s instructions.

Cell viability assay

Cell viability was analyzed using the MTS kit (G5421,
Promega, Madison, US), according to the reagent manu-
facturer’s instructions. The cells were cultured in 96-well
plates for an appropriate time; the viability was measured
as OD490 values after 2 h of incubation in a determina-
tion solution using a microplate reader (BioTek ELx800,
Winooski, VT). Nonlinear regression analysis using
GraphPad Prism software was used to determine the
IC50 value.
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Colony formation assay

Equal numbers of cells from the control group and treat-
ment group were inoculated into a 6-well plate and fur-
ther cultured for 14 days to form colonies. Subsequently,
it was fixed with 4% paraformaldehyde and stained with
crystal violet solution (219215, Sigma-Aldrich, St. Louis,
US). The colonies were observed under a microscope
(Olympus, Tokyo, Japan) and photographed.

Apoptosis assay

The cells were collected and stained with annexin V and
propidium iodide (PI) using an apoptosis kit (KGA103,
Keygen Biotech, Jiangsu, China), according to the man-
ufacturer’s instructions. The apoptosis ratio of the cells
was analyzed using flow cytometry (Fortessa, BD Biosci-
ences, San Jose, CA).

Scratch assay

The cells were seeded in 6-well culture plates and incu-
bated overnight to a density of 70—80%. The cell mono-
layers were then scratched with a 100 pl pipette tip and
washed off the floating cells. Photographs were taken
using a phase contrast microscope (AMEX-1200, AMG,
Bothell, WA) (x100), and Image ] was used to calculate
the area of the wound gap.

Transwell invasion assay

Transwell invasion assays were performed using 24-well
plates and a transwell invasion chamber (BD Biosciences,
SanDiego, CA) with diluted matrix gel (356234, Corning,
NY). Then, 5x10* cells in 200 uL serum-free medium
were inoculated into the upper chamber, and 800 pL
medium containing 10% FBS was added to the lower
chamber. After incubation for 12 h, the cells were fixed
with 4% paraformaldehyde. The matrix gel and the cells
at the top of the chamber were scraped with cotton swabs
and penetrated cells stained with crystal violet solution
(V5265, Sigma-Aldrich). The cells were counted under 5
random visible light microscopes.

Comet assay

After the different treatments of the cells, the DNA dam-
age level was analyzed using a comet assay kit (C2041M,
Beyotime, Shanghai, China), according to the reagent
manufacturer’s instructions. Photographs were taken
using a confocal microscope (LSM 510 META, Carl
Zeiss, Germany).

X-ray ionizing radiation (IR)

The IR experiments on the cells and BALB/C nude mice
were carried out using a PXI X-RAD 225 system (Preci-
sion X-ray Inc., North Branford, CT) at the indicated
dosages.
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Quantitative PCR (qPCR)

The total RNA was obtained using an RNA extraction kit
(15596026, Thermo Fisher Scientific), according to the
manufacturer’s instructions, and a reverse transcription
kit (K1621, Thermo Fisher Scientific) was used to obtain
c¢DNA. The SYBR Green kit (4309155, Life technologies
corporation, Gaithersburg, MD) was used for qPCR anal-
ysis using the quantitative instrument ABI 7500 (Foster
city, CA). The primers are listed in Table S3.

Western blot and immunoprecipitation (IP)

The cells were lysed in IP buffer (87787, Thermo Fisher
Scientific) containing an inhibitor cocktail (4693116001,
Roche, Basel, Switzerland) and a phosphatase inhibitor
(4906845001, Roche) for 30 min and then centrifuged at
13,000 rpm at 4 ‘C for 15 min. The protein concentra-
tion was measured using BCA reagent (AR0197, Boster
Biological Technology, Wuhan, China) and then boiled
with 5% buffer. The samples were loaded onto SDS-PAGE
gel and transferred to a polyvinylidene fluoride (PVDEF)
membrane (Merck Millipore, Billerica, MA). The PVDF
membrane was incubated overnight with the correspond-
ing primary antibody at 4 C and then incubated with a
second antibody at room temperature for 1 h. Finally, the
bands were observed using an enhanced chemilumines-
cence detection kit (36208-A, Yeasen, Shanghai, China).

For the IP experiment, the cell lysate was pre-cleared
by incubating with Dynabeads™ protein G (10004d, Invit-
rogen, Carlsbad, CA). After incubating with the IgG anti-
body (#2729, Cell Signaling Technology, Danvers, MA)
or acetyl lysine antibody (ab21623, Abcam, Cambridge,
MA) at 4 ‘C overnight, magnetic beads were added
to enrich the acetylated protein for Western blotting
analysis.

The antibodies used were as follows: GADDA45A
(DF6622), p-P38 (AF4001), and p-JNK (AF3318) were
purchased from Affinity Biosciences (Cincinnati, OH).
NE2 (21686-1-AP), FOXOl (18592-1-AP), p-AKT
(66444-1-Ig), STAT3(10253-2-AP), JNK (66210-1-Ig),
AKT (60203-2-Ig), and P38 (66234-1-Ig) were purchased
from Proteintech (Chicago, IL). Acetylated histone H4
(@GTX122653-S) was purchased from GENETEX (San
Antonio, ST). B-actin (AC026) was purchased from
ABclonal (Wuhan, China). Acetylated histone H3 (#
8173), p-STAT3 (# 9145), y-H2AX (# 2577), anti-rabbit
IgG-HRP (# 14708), and anti-mouse IgG-HRP (# 14709)
were obtained from Cell Signaling Technology.

Dual luciferase reporter assay

The pRL-TK internal control vector and pGL3-Basic-vec-
tor or pGL3-basic-GADD45A-promoter plasmids were
transfected into the cells. Luciferase activity was detected
using a dual-luciferase reporter gene assay kit (RG027,
Beyotime), according to the manufacturer’s protocol. The
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relative luciferase activity was analyzed after normaliza-
tion against quantified pRL-TK activity.

Animal experiment

Animal experiments were conducted according to the
guidelines approved by the Animal Ethics Commit-
tee of Medical Research of Central South University. A
total of 1x 107 LN229 cells were subcutaneously injected
into 5-week-old female nude mice (BALB/C). The mice
were randomly divided into 4 groups (DMSO, PXD101,
DMSO + IR, PXD101+IR), with 6 mice in each group.
When the tumor volume reached about 50-80 mm?,
PXD101 (50 mg/kg/day) was injected intraperitone-
ally for 7 consecutive days, and the IR group was treated
with 6 Gy after the first injection. The tumor volume was
measured every 3 days and was calculated as volume
(mm®)=d?xD/2, where d and D were the shortest and
longest diameters, respectively. At the indicated time
points, the mice were sacrificed, and the tumor tissues
were weighed, then fixed with 10% buffered formalin for
immunohistochemistry (IHC) analysis. For the glioma
orthotopic tumor model, the LN229-luc cells were col-
lected, resuspended at 5x10° cells in 5 pl of serum-free
medium per animal, and then stereotactically injected
into the striatum of nude mice. A total of 20 mice were
used for the intracranial xenograft tumor model, with 5
mice per group. The tumor cells were implanted into the
brains of the nude mice; 14 days later, PXD101 (50 mg/
kg/day) was injected intraperitoneally for 7 consecutive
days, and the IR group was treated with 6 Gy after the
first injection. Tumor growth was measured 30 days after
tumor inoculation using an IVIS Lumina III in vivo imag-
ing system (Perkin-Elmer, Waltham, MA, USA).

IHC analysis

Tissue sections of animal tumor samples and 56 par-
affin-embedded tumor tissue sections from glioma
patients from the Department of Pathology of Xiangya
Hospital (2019-2021) were collected [19]. IHC analy-
sis was performed using a universal two-step detection
kit (PV-9000, ZSGB-Bio, Beijing, China), according to
the manufacturer’s instructions; then, the sections were
stained with DAB (ZLI-9017, ZSGB-Bio) and counter-
stained with hematoxylin (E607317, Sangon bio. Shang-
hai, China). The IHC score was calculated as the product
of the intensity value (score 0 to 3) and the positive ratio
value (score 0 to 4), as described in the literature [20].

Statistical analysis

Statistical analysis was performed using the GraphPad
statistical software program (GraphPad Prism 9, SanDi-
ego, California). The data are expressed as mean=SD.
Differences between groups were assessed using the
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Student’s t-test, and a p-value<0.05 was considered sta-
tistically significant.

Results

PXD101 inhibits proliferation and invasion while
promoting apoptosis and radiosensitivity in GBM cells

To investigate the role of PXD101 in GBM cells, an MTS
assay was performed, and the data showed that PXD101
inhibited the GBM cell proliferation in a concentration-
and time-dependent manner. After 48 h of PXD101 treat-
ment, the IC;, of the T98G cells was approximately 5 pM,
and the ICy, of the LN229 cells was approximately 1 uM
(Fig. 1A). Additionally, the colony formation assay results
demonstrated that PXD101 inhibited the proliferation of
GBM cells (Fig. 1B). The flow cytometry analysis revealed
that PXD101 induced cell apoptosis (Fig. 1C). The
scratch and transwell assays indicated that PXD101 could
significantly inhibit the migration and invasion of GBM
cells (Fig. 1D, E). Moreover, the results of the radiosen-
sitivity analysis showed that the cell survival fraction of
the PXD101-treated group was significantly lower than
that of the control group under IR treatment (Fig. 1F).
The comet assay and Western blot experiments results
showed that PXD101 could improve the DNA damage
level and upregulate the protein expression of y-H2AX
in the GBM cells, especially under IR treatment (Fig. 1G,
H). These results indicate that PXD101 could effectively
inhibit the malignant progression and radioresistance of
GBM cells.

PXD101 induces the expression of GADD45A

In malignant tumors, tumor suppressor genes are often
silenced through deacetylation; so, HDACi can pro-
mote the expression of tumor suppressor genes through
restoring acetylation [21]. Therefore, through literature
review, 55 genes related to GBM and involved in radio-
resistance of malignant tumors were selected from 1018
protein coding genes in the TSGene2.0 tumor suppressor
gene library [22], for qPCR array screening after PXD101
treatment (Fig. 2A). The results showed that there were
13 genes with significant upregulation (fold change>4),
including DKK1, MXI1, GADD45B, NF2, DAPK3, INGI1,
TNF10A, FOXO6, PTEN, GADD45A, RASSF4, TP63,
and FOXO1. We then used qPCR to detect the expres-
sion of the 13 increased genes. The results showed that
the mRNA expression levels of GADD45A, NF2, and
FOXO1 were most significantly increased in both of the
GBM cell lines, T98G and LN229 (P<0.001) (Fig. 2B).
Furthermore, the Western blot data showed that
GADDA45A protein expression was significantly enhanced
after PXD101 treatment, while the protein expression of
NF2 and FOXO1 did not significantly change in the three
GBM cell lines (Fig. 2C). Furthermore, we found that the
protein expression of GADD45A was most significantly
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increased after PXD101 treatment for 48 h (Fig. 2D).
These results suggest that PXD101 can upregulate the
mRNA and protein expression of GADD45A in GBM
cells. Moreover, compared with the normal glial cell line
HEB, the mRNA and protein expressions of GADD45A
were decreased (Fig. 2E, F). These results indicate that
GADD45A could be a key suppressor molecule in the
role of PXD101 in GBM.

PXD101 inhibits malignant progression and
radioresistance of GBM cells through GADD45A

To determine whether PXD101 exerts its antitumor func-
tion in GBM cells through GADD45A, the T98G and
LN229 cells were treated with PXD101 and GADD45A
knockdown, while the U251 cells were treated with
PXD101 and GADD45A overexpression (Fig. 3A). The
results of the MTS assay showed that the cell prolifera-
tion was significantly inhibited in the PXD101 treatment
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group. Furthermore, knocking down GADD45A could
restore most of the inhibition, and overexpressed
GADD45A could enhance the inhibition (Fig. 3B). Simi-
larly, the flow cytometry data showed that GADD45A
knockdown could reduce the PXD101-mediated apop-
tosis of GBM cells to a large extent, while GADD45A
overexpression had the opposite effect (Fig. 3C). The
results of the scratch and transwell assays also showed
that GADD45A knockdown could effectively restore the
PXD101-mediated reduction in cell migration and inva-
sion and that overexpressed GADD45A could enhance
PXD101-mediated inhibition (Fig. 3D, E). Importantly,
the results of the radiosensitivity analysis revealed that
PXD101 promoted the radiosensitivity of GBM cells,
while further knocking down GADDA45A reversed this
effect (Fig. 4A). Consistent with this, the comet assay
and Western blot results showed that GADD45A knock-
down could reverse the PXD101-mediated DNA damage
(Fig. 4B) and y-H2AX expression (Fig. 4C). These results
indicate that PXD101 exerts its antitumor effect in GBM
cells through GADD45A .

PXD101 upregulates GADD45A expression through
histone acetylation to mediate the activation of P38
Research has shown that HDACi can not only directly
deacetylate target proteins to alter their structure and
function but also change the expression of target pro-
teins by regulating histone acetylation [23]. To investi-
gate the upregulating mechanism of GADD45A utilized
by PXD101, the IP experiment was performed using
the acetyl lysine antibody. The results showed that the
direct acetylation of GADD45A did not occur under the
PXD101 treatment (Fig. 5A). However, the acetylation
levels of histone H3 and histone H4 were significantly
upregulated (Fig. 5B); this indicates that PXD101 could
upregulate GADD45A by promoting histone acetylation.
Furthermore, the results of the dual-luciferase reporter
gene showed that PXD101 significantly increased the
transcriptional activity of GADD45A (Fig. 5C). Studies
have shown that GADDA45A can participate in the regu-
lation of the AKT, JNK, P38, and STAT3 pathways [24].
After the overexpression of GADD45A (Fig. 5D), the
Western blot results showed that the phosphorylation of
P38 (Thr180/Tyrl82) was significantly increased, while
the phosphorylation of AKT (Ser473), JNK (Thr183/
Tyr185), and STAT3 (Tyr705) did not change signifi-
cantly (Fig. 5E). Further experiments showed that the
expression of GADD45A was upregulated after PXD101
treatment and that the phosphorylation level of P38 was
significantly upregulated (Fig. 5F). These results indicate
that PXD101 can promote P38 phosphorylation activa-
tion by inducing GADD45A expression through histone
acetylation.
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PXD101 inhibits the growth and radioresistance of GBM in
vivo

To evaluate the effect of PXD101 on the growth and
radiotherapy of glioma in vivo, the LN229 cells were used
to establish a GBM xenograft model in the nude mice,
and the PXD101, IR, and combination treatments were
used, respectively. The results showed that compared
with the DMSO control group, both the PXD101 and
IR treatments inhibited tumor growth, while PXD101
combined with IR inhibited tumor growth more signifi-
cantly (Fig. 6A-C). Meanwhile, PXD101 had no signifi-
cant effect on the body weights of the mice (Fig. 6D). IHC
analysis revealed that compared with the DMSO and IR
treatments, the expression of GADD45A and p-P38 in
the tumor tissues was significantly upregulated after the
PXD101 or combination treatments (Fig. 6E). Given that
PXD101 is a drug that can cross the blood—brain barrier,
we further explored the effect of PXD101 on radiother-
apy sensitization in a mouse orthotopic tumor (Fig. 6F).
The results showed that compared with the DMSO con-
trol group, both the PXD101 and IR treatments inhib-
ited tumor growth (Fig. 6G) and improved the survival
rate of the tumor-bearing mice, and the combined treat-
ment had a more significant inhibitory effect (Fig. 6H).
Similarly, PXD101 had no significant effect on the body
weights of the mice (Fig. 6I). In addition, IHC analysis of
56 GBM clinical samples also found that p-P38 expres-
sion was lower in the GADD45A low-expression group,
and correlation analysis showed that there was a posi-
tive correlation between GADD45A and p-P38 (Fig. 6]).
These results suggest that PXD101 could inhibit the
growth and radioresistance of GBM in vivo.

Discussion

A few studies have shown that HDACi combined with
radiotherapy is effective for GBM. HDACi valproic
acid (VPA) could sensitize GBM cells to radiation [25].
HDACi SAHA had a radiosensitizing effect in GBM cells
through the modulation of DNA damage response [26].
In this study, we found that the radiosensitivity of the
GBM cells was improved using the combination of the
PXD101 and IR treatments. In the in vivo experiment,
the tumor growth was weakened when treated with
PXD101 and was more significantly inhibited when this
treatment was combined with the IR treatment. There-
fore, our study showed that PXD101, as an HDACi that
can penetrate the blood—brain barrier effectively, may be
a new radiosensitizer for GBM radiotherapy.

A common feature of malignant tumors is the over-
all low acetylation of histone H3/H4 [27], and the loss
of histone acetylation is an early event of tumor sup-
pressor gene silencing [28]. In our study, we also found
that the levels of histone H3/H4 acetylation were sig-
nificantly enhanced in the PXD101-treated GBM cells.
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Recent studies have found that HDACi directly acety-
lated the target protein. By inhibiting the deacetylase
HDAC4, tasquinimod promoted the acetylation of phos-
phatase LHPP and protein stability and inhibited naso-
pharyngeal carcinoma proliferation and metastasis [29].

HDAC3-IN-T247 and T326 increased the acetylation
of NF-«xB by inhibiting the activity of HDAC3, thereby
inhibiting the growth of colorectal cancer cells [30]. We
did not find direct protein acetylation of GADD45A
in the GBM cells after the treatment with PXD101;
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however, we did find upregulated GADD45A transcrip-
tion through the increasing of the histone acetylation.

GADD45A has been reported to regulate numerous
cellular processes associated with stress signaling and
injury response [31]. Studies have shown that GADD45A
expression is often downregulated in various tumors,
such as cervical cancer, breast cancer, colorectal cancer,
and bladder cancer [24]. At present, GADD45A mainly
plays an antitumor role and promotes radiosensitivity
in tumor cells. The overexpression of GADD45A could
enhance the radiosensitivity of human tongue squa-
mous cell carcinoma cells [32]. GADD45A could reduce
the distribution of cytoplasmic APE1, thereby enhanc-
ing the radiosensitivity of cervical cancer cells [33]. In
medulloblastoma, GADD45A had an antitumor effect
and sensitized cells to radiotherapy through the nega-
tive regulation of matrix metallopeptidase (MMP)-9 and
[-catenin [34]. These results showed that the overexpres-
sion of GADD45A significantly enhanced radiosensitiv-
ity, probably via its roles in the control of the cell cycle,
cell death, and DNA repair. Despite its well-established
tumor suppressor properties, GADD45A also has anti-
apoptotic and pro-survival effects in some malignancies,
and there is evidence that its gene expression is posi-
tively correlated with the development of some tumors
[35]. In prostate cancer, the inhibition of GADD45A
activity made the tumor cells more sensitive to IR [36].
In the present study, the results indicated that PXD101
can enhance the radiosensitivity of GBM by upregulating
GADD45A.

In tumor cells, GADD45A can regulate multiple signal-
ing pathways. GADD45A enhanced chemosensitivity to
oxaliplatin in hepatocellular carcinoma cells by inhibiting
the PI3K/AKT signaling pathway [37]. GADD45A inhib-
ited the progression of Ras-driven breast cancer through
the JNK signaling pathway [38]. GADD45A could bind
to mTOR and inhibit tumor angiogenesis by inhibiting
the activation of STAT3 and VEGFa in embryonic fibro-
blasts [39]. GADDA45A could activate the P38/mitogen-
activated protein kinase (MAPK) signaling pathway and
inhibit the activity of the trophoblast cells [40]. However,
in this study, most of the above signaling pathways were
not validated after overexpression of GADD45A in the
GBM cells, and we found that the phosphorylation level
of P38 was significantly increased. It may be mediated by
these different protein interactions and may depend on
the biological environment, including cell type, devel-
opmental stage, and stress/stimulation. The P38 path-
way mainly plays a pro-tumor function in tumors, such
as in colorectal cancer, where P38 mediates the stabil-
ity of FOXC1 protein and promoted tumor metastasis
[41]. In bladder cancer, P38 regulates the expression of
several MMPs, promoting tumor migration and inva-
sion [42]. In breast cancer, P38 modulates the expression
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of pro-angiogenic factors, such as HBEGEF, IL-8, and
VEGFA, to enhance tumor vascularization and metasta-
sis [43]. Conversely, the P38 pathway also has an inhibi-
tory effect on cancer. In a breast cancer stem cell model,
the activation of the P38 and AMPKa pathways could
induce GO/G1 arrest and intrinsic apoptosis, thereby
inhibiting tumor growth [44]. In metastatic prostate can-
cer cells, the activation of P38 is induced by TGFpRII,
which phosphorylates RB to prevent bone metastasis
[45]. In our study, the animal experiment results further
confirmed that PXD101 could inhibit the tumor growth
of GBM, inducing the expression of GADD45A and acti-
vating the P38 signal.

Despite PXD101 being approved for the treatment
of hematologic malignancies, therapeutic outcomes in
solid tumors have so far been limited. This is likely due
to its shortened half-life and underlying pharmacokinet-
ics [46]; it has been reported that a novel PXD101 pro-
drug or drug delivery system was designed to overcome
the pharmacokinetic challenges [47, 48]. Meanwhile,
PXD101 has shown little activity as a single agent in solid
tumor trials; it has been reported that the combination of
PXD101 with cisplatin and etoposide was safe and active
in lung cancer patients [49]. PXD101 has been shown to
have the potential to enhance chemoradiation in GBM
[50]; thus, further in vivo studies will provide more infor-
mation about the anti-GBM effectiveness of PXD101,
while considering its metabolic dynamics and efficiency
in crossing the blood—brain barrier.

In summary, PXD101 could inhibit GBM proliferation,
invasion, and radioresistance by upregulating GADD45A.
Mechanically, PXD101 promoted the transcription of
GADD45A by directly acetylating histones H3/H4 and
further activating the P38 signal pathway. This finding
elucidates the molecular mechanism of PXD101 as a
treatment for GBM and provides a theoretical basis for
the radiosensitization of GBM (Fig. 6K).
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