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Glioblastoma multiforme (GBM) is one of the deadliest
tumors afflicting humans, and the mechanisms of its
onset and progression remain largely undefined. Our
attempts to elucidate its molecular pathogenesis
through DNA copy-number analysis by genome-wide
digital karyotyping and single nucleotide polymorphism
arrays identified a dramatic focal amplification on
chromosome 1q32 in 4 of 57 GBM tumors.
Quantitative real-time PCR measurements revealed
that HDMX is the most commonly amplified and overex-
pressed gene in the 1q32 locus. Further genetic screening
of 284 low- and high-grade gliomas revealed that
HDMX amplifications occur solely in pediatric and
adult GBMs and that they are mutually exclusive of
TP53 mutations and MDM2 amplifications. Here, we
demonstrate that HDMX regulates p53 to promote
GBM growth and attenuates tumor response to che-
motherapy. In GBM cells, HDMX overexpression inhi-
bits p53-mediated transcriptional activation of p21,
releases cells from G0 to G1 phase, and enhances cellular
proliferation. HDMX overexpression does not affect the
expression of PUMA and BAX proapoptotic genes.
While in GBM cells treated with the chemotherapeutic
agent 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU),
HDMX appears to stabilize p53 and promote phos-
phorylation of the DNA double-stranded break repair
protein H2AX, up-regulate the DNA repair gene VPX,
stimulate DNA repair, and confer resistance to BCNU.
In summary, HDMX exhibits bona fide oncogenic

properties and offers a promising molecular target for
GBM therapeutic intervention.
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G
lioblastoma multiforme (GBM) is the most
common and aggressive primary brain tumor in
adults and is associated with a median survival

of 12 months.1,2 Current therapy includes surgery, radi-
ation, and adjuvant chemotherapy. An important com-
ponent of multiple agent adjuvant chemotherapy
regimens in brain and other tumors has been the DNA
alkylating agent 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU), which exerts its cytotoxicity mainly by alkylat-
ing DNA at the O6 position of guanine and by forming
DNA interstrand crosslinks. Patients with newly diag-
nosed malignant gliomas who were treated with
BCNU wafers have noted survival benefits.3,4 The
emergence of resistance to BCNU, however, has
hampered its use in GBM patients.5,6 Variations in mul-
tidrug resistance genes and DNA repair proteins such as
O6-methylguanine-DNA methyltransferase, glutathione
S-transferase, and intracellular glutathione content
could all bestow BCNU chemoresistance.7–10

The protein encoded by TP53 controls multiple cellu-
lar functions, including cell proliferation, DNA repair,
senescence, and apoptosis.11 Tumor resistance to che-
motherapeutic agents has also been reported to arise
through failed p53 signaling.12 Genes involved in the
p53 signaling pathway are frequently altered in GBMs:
TP53 mutations are found in 28% of primary GBMs;2

the murine double minute 2 protein (MDM2), a negative
regulator of p53,13,14 is amplified and overexpressed in
8%–10% of GBMs;15 and p14ARF, which inhibits p53
degradation by sequestering MDM2 to the nucleolus
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and rendering it inactive, undergoes deletion in 70% of
GBMs.1,3,15–18 Additionally, p53 may enhance chemo-
sensitivity by promoting apoptosis through either the
intrinsic or the extrinsic pathways. It may also under-
mine chemosensitivity by promoting cell-cycle arrest,
DNA repair, differentiation, and the transcription of
antiapoptotic genes.18 The role of p53 in the GBM
response to BCNU, however, remains controversial.
Inactivation of p53 was found to sensitize tumor cells
to BCNU,7–9 whereas another study showed that
exogenous expression of wild-type p53 resulted in an
increased sensitivity to BCNU.19 In another study,
TP53 status was found to be an unreliable prognostic
marker of tumor sensitivity to BCNU.20

HDMX was originally identified as a homologue of
MDM221,22 and HDMX is a potent antagonist of p53
transcriptional activity.23 HDMX is amplified or overex-
pressed in 10%–20% of lung, colon, stomach, and
breast cancers and in 65% of retinoblastomas.13

Amplification of the 1q32 chromosomal region encom-
passing HDMX has been observed in GBMs,24–29 impli-
cating HDMX as a candidate oncogene in the amplicon.
Though HDMX is a negative regulator of p53,13,30–32

its functional role and the mechanisms whereby it modu-
lates p53 activity during GBM pathogenesis and its
effects on the response of GBMs to chemotherapeutic
agents have yet to be fully delineated.

In this study, we investigated the genomic amplifica-
tion and overexpression of the HDMX gene in GBMs
and their correlation with the TP53 status and MDM2
amplification. We also investigated the oncogenicity of
HDMX in GBMs and how the overexpression of
HDMX affected the response of GBM cells to BCNU in
vitro and in vivo. We found that HDMX amplifications
occurred mutually exclusively of TP53 mutation and
MDM2 amplification. The overexpression of HDMX
drove GBM growth and enhanced tumor cell survival
against BCNU. We found that the induction of HDMX
stimulated the repair of BCNU-inflicted DNA damage.
These novel findings cast HDMX as an attractive thera-
peutic target with potential clinical benefits.

Materials and Methods

Cell Lines and Tissue Samples

Two colorectal carcinoma cell lines, HCT-116/
TP53+/+ (wild-type TP53) and HCT-116/TP532/2

(TP53-deficient), were provided by Dr Bert Vogelstein
at Johns Hopkins University. Human GBM cell lines
D54 and D245, along with frozen primary tumor
samples and matched blood pairs, were obtained from
the Duke University Brain Tumor Center Tissue Bank.
Acquisition of tissue specimens was approved by the
Duke University Health System Institutional Review
Board and was performed in accordance with HIPAA
regulations. Genomic DNA extracts were generated
from 21 grade I astrocytomas, 21 grade II and III astro-
cytomas, 37 grade II and 39 grade III oligodendroglio-
mas, 23 pediatric GBMs, and 143 adult GBMs.

Digital Karyotyping and Single Nucleotide
Polymorphism Arrays

Digital karyotyping library construction and data analy-
sis of 25 GBM samples were performed as
described.33,34 The protocols and software for extrac-
tion and analysis of genomic tags are available at http://
www.digitalkaryotyping.org. Single nucleotide poly-
morphism (SNP) genotyping on genomic DNA from
32 GBM samples, including 7 pediatric GBMs, was per-
formed using the Illumina HumanHap550 Genotyping
BeadChip array (Illumina). Raw data from the SNP
chips were collected and subjected to copy-number
analysis using Nexus Copy Number Professional software
(BioDiscovery Inc.). LogR ratio data sets were processed
with Nexus algorithms to identify altered copy-number
loci. These identified loci were compared across the
entire sample set to determine regions of overlap.

Quantitative Real-Time PCR and Fluorescence in Situ
Hybridization

The genomic DNA content and mRNA expression levels
of genes of interest within tumor and normal cells were
quantified by quantitative real-time polymerase chain
reaction (Q-PCR).33 Genomic DNA from normal blood
cells served as controls, and genomic DNA content was
normalized to that of Line-1. For the mRNA expression
measurement, cDNA from normal human adult cortex
was used as the control and cDNA content was normal-
ized to that of GAPDH. Additionally, dual-color
fluorescence in situ hybridization (FISH) analysis was per-
formed on tissue sections from primary GBM samples and
tissue microarrays. Bacterial artificial chromosome-
derived probes targeting HDMX (1q32.1, RP11-
970B14, Invitrogen) and a chromosome 1 control
(1q21.2, RP11-458I7, Invitrogen) were labeled with
biotin- and digoxigenin-dUTP, respectively, for hybridiz-
ation. We evaluated the FISH signals with a Nikon
TE2000-E fluorescent microscope.

Generation of Stable HDMX-Inducible GBM Cell Lines

The lentivirus vector expressing HDMX, pLenti4/TO/
V5-DEST-HDMX, was generated by using the
ViraPower T-Rex Lentiviral Expression System accord-
ing to the manufacturer’s instructions (Invitrogen).
D54 cells, which contain neither TP53 mutation nor
HDMX or MDM2 amplification, were selected as the
parental cells. Stable D54-HDMX cells containing the
lentivirus vector with tetracycline-inducible HDMX
expression were established after selections with appro-
priate antibiotics. Tetracycline (Sigma) was dissolved in
PBS and used (1 mg/mL) for HDMX induction.

Luciferase Assays

The luciferase reporter vectors (pLG2, pLG2-p21P,
pLG2-p21PDp53, pLG2-p21PDp800, and pLG2-
p21PD1.1) were previously described35 and provided

Jin et al.: HDMX promotes GBM growth and chemoresistance

NEURO-ONCOLOGY † S E P T E M B E R 2 0 1 0 957



by Dr Xiaofan Wang at Duke University. We performed
the luciferase assays using D54-HDMX, HCT-116/
TP53+/+, or HCT-116/TP532/2 cells transiently
transfected with Renilla constructs (as an internal
control) or plasmids pLG2, pLG2-p21p, pLG2-
p21PDp53, pLG2-p21PDp800, pLG2-p21PD1.1, or
pLenti6.2-HDMX using the Dual Luciferase Assay
system following the manufacturer’s instructions
(Promega). All luciferase activity readings were normal-
ized relative to the activity of the Renilla luciferase
control. All experiments were performed in triplicate.

Small Interfering RNA Transfection Assays

For small interfering RNA (siRNA) knockdown of
HDMX, we used siRNA #931 (sense: r[GCUGCUGA
UACUGAACAAA]dTdT; antisense: r[UUUGUUCA
GUAUCAGCAGC]dGdA) and siRNA #1325 (sense:
r[CCUGCAACUCAGUGGAAUU]dTdT; antisense:
r[AAUUCCACUGAGUUGCAGG]dGdA) (Ambion).
Cells were collected at 48 hours after siRNA transfection
for immunoblotting analysis.

Cell Proliferation and Clonogenic Assays

For cell proliferation studies, cells were seeded at a
density of 1 × 105 per well on 6-well plates and treated
with tetracycline. After 8 days, cell viability was assessed
by the tetrazolium-based semiautomated colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay. For clonogenic survi-
val assays, cells were plated in 100-mm culture dishes
and treated with 0 or 1 mg/mL tetracycline for 24
hours and with different concentrations of BCNU.
After 2 weeks, cell colonies were stained with 0.05%
crystal violet (Sigma). For drug treatments, BCNU
(Sigma) was dissolved in dimethyl sulfoxide and
freshly prepared each time before use.

Cell-Cycle Analysis

D54-HDMX cells were induced with 0 or 1 mg/mL
tetracycline for 24 hours. For fluorescence-activated
cell sorting analysis, treated cells were collected at 24
hours posttreatment, fixed in 70% ice-cold ethanol
for 24 hours, and stained with 20 mg/mL propidium
iodide, 0.1% (v/v) Triton X-100, and 100 mg/mL
DNase-free RNase A.

GBM Xenografts

For xenograft experiments, 1 × 107 D54-HDMX or
D54 control cells were injected subcutaneously in the
right flank of athymic mice. When the implanted
tumors reached a median tumor volume of 200–
300 mm3, 5 mice per arm were selected for the following
treatments. The mice were fed either a standard or a
doxycycline-containing diet. For the drug resistance
study, BCNU was administered intraperitoneally at a
dose of 13 mg/kg 3 days after the doxycycline

treatment. Tumor growth was assessed as previously
described.36 The growth delay was expressed as T–C,
the difference between the median times required for
tumors in treated mice (T group) and control mice
(C group) to reach a volume 5 times that at the initiation
of therapy and more than 1000 mm3. The Wilcoxon’s
rank-sum test was applied for statistical analysis.

Immunoblotting Assays

For immunoblotting experiments, conducted as previously
described,37 the antibodies against the following proteins
were used: HDMX/MDM4 (Bethyl Laboratories),
GADPH, FAS, MDM2, p53, and Bax (Santa Cruz
Biotechnology), p21 (Cell Signaling Technology), PUMA
(ProSci Incorporated), and anti-g-H2AX antibody (serine
139) (Abcam). The immunofluorescence microscopy was
performed as previously described.38

Results

HDMX is Amplified and Overexpressed in GBMs

To identify cancer-specific genetic changes in GBMs, we
applied 2 genomic approaches, digital karyotyping and
the Illumina HumanHap550 Genotyping BeadChip
array, to interrogate the GBM genome for gene copy-
number variations in 57 human patient GBM samples.
We identified a dramatic focal amplification of the
chromosome 1q32 region encompassing HDMX in
7% of the samples (Fig. 1A–D). Q-PCR analysis of
284 human brain tumor samples revealed that HDMX
amplifications occurred exclusively in pediatric and
adult GBMs (Supplementary Material, Tables S1 and
S2). Dual-color FISH analysis of primary GBM tissue
sections using an HDMX-specific probe highlighted a
substantial amplification of the HDMX locus
(Supplementary Material, Fig. S1). Moreover, Q-PCR
analysis of genomic DNA and cDNA extracts from
available GBM samples revealed that HDMX is the
most frequently amplified and overexpressed gene in the
1q32 amplicon (Supplementary Material, Table S3). All
the GBM samples with HDMX amplification also dis-
played high-level HDMX expression (Supplementary
Material, Fig. S2). These findings suggest HDMX as
the GBM-specific target gene of amplification in the
1q32 locus.

HDMX Amplifications and Inactivation of P53
Signaling in Gliomas

We further investigated the correlation between HDMX
amplifications and TP53 and MDM2 status. We
sequenced the TP53 gene in WHO grade I–IV gliomas
and showed that TP53 was mutated in 11 (52%) of
the 21 WHO grade II and III astrocytomas, 7 (30%) of
the 23 pediatric GBMs, and 45 (31%) of the 143 adult
GBMs (Supplementary Material, Tables S1 and S2).
TP53 mutations, however, were rarely present in
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WHO grade I astrocytomas or WHO grade II and III oli-
godendrogliomas. Q-PCR analysis of these tumor
samples revealed the amplification of MDM2 and
HDMX in the higher grade astrocytomas, including
GBMs (Supplementary Material, Table S1 and S2), but
not in WHO grade I astrocytomas or WHO grade II
and III oligodendrogliomas. In 89 samples with genetic
aberrations associated with p53 pathway inactivation,
only samples displaying wild-type TP53 and normal
MDM2 copy number exhibited HDMX amplifications
(Supplementary Material, Table S1). This indication
that these HDMX amplifications were mutually exclu-
sive of TP53 mutations and MDM2 amplifications

supports the hypothesis that HDMX, MDM2, and p53
function in the same oncogenic pathway in GBM
development.

HDMX Promotes GBM Cell Proliferation

In order to study the pathological role of HDMX in
glioma tumorigenesis, we established multiple
HDMX-inducible GBM cell lines, named D54-HDMX
lines (Supplementary Material, Fig. S3). We assessed
the proliferative activities of D54-HDMX cells and
detected a substantial increase in the viable cell popu-
lations following HDMX induction by tetracycline as

Fig. 1. HDMX is amplified in primary GBMs. (A) A tag density map from digital karyotyping of GBM sample D456 revealed subchromosomal

changes. For all chromosomes (labeled 1–22, x, and y), Y-axis values indicate genome copies per haploid genome, while X-axis values

represent positions along the chromosome, in Mb. Prominent large-scale genomic amplifications, including chromosome 1q32, 7p11,

and 8q24, are clearly observed. (B) Genomic amplifications encompassing HDMX in chromosome 1q32 in 3 GBMs. (C) Genome-wide

copy-number measurements of genomic DNA from one GBM xenograft by using Illumina HumanHap550 Genotyping BeadChip array.

Three prominent, large-scale genomic amplifications are observed at 1q32, 7p11, and 8q24. The red arrows point to the 3 distinguishing

regions of amplification. (D) A drill-down map of the SNPs displays high copy-number gain of multiple SNPs in a region of chromosome

1q32 containing HDMX.
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revealed by the MTT assays (Fig. 2A). HDMX induction
was also associated with a more than 3-fold increase in
the proportion of GBM cells undergoing S phase replica-
tion (Fig. 2B) and a robust formation of colonies
(Fig. 2C).

HDMX Regulates p53 Transcriptional Activity

As HDMX is a homologue of MDM2, which functions
by binding to p53 and thus regulates the transcriptional
activity of p53, and as our above findings verified that
HMDX, MDM2, and p53 may function in the same
oncogenic pathway during GBM development, we
sought to determine whether HDMX promotes cell pro-
liferation through regulating downstream target genes of
p53. We first examined the effect of HDMX induction
on the expression of several canonical p53 target
genes, including p21, FAS, Bax, and PUMA. We

observed that the induction of HDMX depressed p21
expression in a dose- and time-dependent manner in
D54-HDMX cells (Fig. 3A). Furthermore, in D245
cells, which express high levels of HDMX, siRNA
knockdown of HDMX caused an elevated expression
of p21 (Fig. 3B). Induction of HDMX also reduced the
expression of FAS, a proapoptotic gene critical to the
extrinsic pathway,39 in D54-HDMX cells (Fig. 3C).
However, we did not observe any alteration in the
expression of Bax or PUMA following HDMX induc-
tion (Fig. 3D).

We next used luciferase reporter assays to examine
whether the downregulation of p21 expression by
HDMX depended upon p53. HDMX induction in
D54-HDMX cells repressed greater than 50% of
the luciferase activities in cells transfected with
pGL2-p21P, which contains both proximal and distal
p53 response elements, and roughly 25% of the

Fig. 2. HDMX promotes GBM cell growth. (A) HDMX promotes GBM cell proliferation. D54-HDMX clones (also see Supplementary

Material, Fig. S2) were induced with 0 or 1 mg/mL tetracycline and their growth measured by MTT assays. (B) HDMX facilitates the

release of GBM cells from the G0/G1 phase to S phase. Solid areas, G1 phase or G2/M phase; diagonal lines, S phase. (C) HDMX

promotes colony formation. D54-HDMX clones were induced with tetracycline and D54 parental cells served as control.
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luciferase activities in cells transfected with
pGL2-p21PDp53 or pGL2-p21PD800, both containing
only one p53 binding site. In contrast, in cells transfected
with pGL2-p21PD1.1, which lacks both p53 binding
sites, HDMX induction exerted no effect on the lucifer-
ase activities (Fig. 4A). Furthermore, HDMX overex-
pression dramatically reduced the luciferase activities
in TP53-proficient HCT-116/p53+/+ cells, while exert-
ing no effect on p21 in p53-deficient HCT-116/p532/2

cells (Fig. 4B). Moreover, siRNA knockdown of HDMX

upregulated p21 expression in HCT-116/p53+/+ cells,
but failed to affect p21 expression in HCT-116/
p532/2cells (Fig. 4C). Taken together, the above

Fig. 3. HDMX selectively depresses p21 and Fas expression. (A)

HDMX reduces p21 expression. D54-HDMX cells were treated

with tetracycline at the indicated concentrations and time points.

HDMX and p21 expression were analyzed by immunoblotting.

(B) siRNA knockdown of HDMX significantly lowers HDMX

expression while elevating p21 expression. GBM D245 cells

transfected with HDMX-specific siRNAs were analyzed by

immunoblotting for HDMX and p21. (C) HDMX downregulates

FAS expression. D54-HDMX cells were treated with 1.0 mg/mL

tetracycline for the indicated time points and were subsequently

examined by immunoblotting. (D) HDMX does not affect Bax or

PUMA expression. The expression of HDMX, p21, p53, Bax, and

PUMA was analyzed in D54-HDMX cells treated with the

indicated concentrations of tetracycline.

Fig. 4. HDMX depresses p21 expression by binding to TP53

consensus sites within the p21 promoter. (A) Both proximal and

distal TP53 response elements in the p21 promoter are required

to fully mediate the p53-dependent effects of HDMX.

D54-HDMX cells were transfected with the indicated vectors and

subsequently treated with 1.0 mg/mL tetracycline. Relative

luciferase activity was measured after 24 h. (B) Transient

overexpression of HDMX significantly reduces p21 promoter

activity. HCT-116/p53+/+ and HCT-116/p532/2 cells were

transfected with the indicated plasmids. Luciferase activity was

measured 24 h after transfection. (C) siRNA knockdown of

HDMX elevates p21 expression in TP53 wild-type cells, but has

no effect on p21 expression in TP53-deficient cells. HCT-116/

p53+/+ and HCT-116/p532/2 cells were transfected with the

indicated siRNAs and immunoblotted with anti-HDMX and

anti-p21 antibodies.
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findings revealed that HDMX attenuates p53 transcrip-
tional activity and leads to a subsequent downregulation
of p21 expression.

HDMX Confers Resistance to BCNU Treatment

Our above findings demonstrated that HDMX promotes
GBM cell proliferation and regulates p53 activities.
Dysregulation of p53 has been reported to play a role
in regulating tumor cell response to chemotherapeutic
drugs. We therefore investigated whether HDMX over-
expression modulated the response of GBM cells to
BCNU, the standard cytotoxic drug for gliomas. We
found that D54-HDMX cells exhibited greater clono-
genic survival upon HDMX induction across all concen-
trations of BCNU treatment (Fig. 5A). Additionally,
athymic mice bearing D54-HDMX xenografts treated
with BCNU and fed with a doxycycline diet showed
greater tumor growth than mice treated with BCNU
and fed a regular diet (T–C of more than 5 days, P ,

0.001). No mice bearing D54 xenografts developed sub-
stantial tumors, defined as exceeding 1000 mm3 in size,
40 days after BCNU treatment. Among mice with
D54-HDMX-derived tumors fed with the doxycycline

diet, 5 out of 5 mice grew substantial tumors after 40
days, whereas only 1 out of 5 mice fed with the standard
diet developed tumors of that size within the same
time frame (Fig. 5B). Moreover, we confirmed the
BCNU-resistance phenotype conferred by HDMX in
another human GBM cell line U87MG (Supplementary
Material, Fig. S4). In contrast, HDMX overexpression
did not provide temozolomide resistance (Supplementary
Material, Fig. S5), indicating there is a specific mechanism
underlying the HDMX-BCNU resistance.

HDMX Potentiates DNA Repair in BCNU-Treated
GBM Cells

The above findings suggest that expression of HDMX
confers resistance to BCNU both in vitro and in vivo.
To understand the mechanism of HDMX-mediated
BCNU resistance, we studied the effect of HDMX over-
expression on p53 signaling and DNA repair genes in
BCNU-treated D54-HDMX cells. We first investigated
the effect of HDMX overexpression on the expression
of p53 in BCNU-treated GBM cells. In contrast to the
result showing that HDMX expression repressed p21
expression without affecting the level of p53 in the

Fig. 5. HDMX confers resistance to BCNU in GBM cells. (A) HDMX prolongs GBM cell survival following BCNU treatment. D54-HDMX cells

were treated with 0 or 1 mg/mL tetracycline for 24 h and with the indicated concentrations of BCNU for another 24 h. The number of

colonies was counted after 2 weeks. (B) HDMX inhibits the tumoricidal effects of BCNU on GBM in vivo. Athymic mice bearing

D54-HDMX and D54 xenografts were fed either a standard or doxycycline-containing diet and subsequently treated with 13 mg/kg of

BCNU intraperitoneally.
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unstressed cells (Fig. 3D), with BCNU treatment, we
found that the HDMX induction resulted in a dose-
dependent accumulation of p53 in response to BCNU
and a concurrent upregulation of p21 (Fig. 6A). We
further examined the effect of HDMX on DNA repair
in BCNU-treated cells by immunofluorescence
microscopy using an antibody against the phosphory-
lated form of H2AX, g-H2AX, a marker of DNA
double-stranded break (DSB) repair. The results

showed that g-H2AX formed distinct subnuclear foci
in response to BCNU, which was potentiated by
HDMX induction (Fig. 6B), suggesting the presence of
a more vigorous repair of DNA damage induced by
BCNU in the GBM cells with HDMX overexpression.
Immunoblotting studies further revealed that the
HDMX induction was associated with increased phos-
phorylation of the DNA repair protein H2AX
(Fig. 6C). Additionally, we found that the xeroderma

Fig. 6. HDMX stabilizes p53 expression and stimulates DNA repair in BCNU-treated GBM cells. (A) HDMX enhances p53 and p21 expression

following BCNU treatment. D54-HDMX cells were treated with 0 or 1 mg/mL tetracycline for 24 h and with the indicated doses of BCNU for

72 h. The expression of HDMX, p53, and p21 was detected by immunoblotting. (B and C) HDMX potentiates DSB repair. D54-HDMX cells

were treated as described in (A), and DNA damage response to BCNU was examined by immunofluorescent microscopy (B) or

immunoblotting (C) using an antibody against g-H2AX. (D) XPV is overexpressed in HDMX-induced cells treated with BCNU. GBM

D54-HDMX cells were treated with 0 or 1 mg/mL tetracycline for 24 h and then with the indicated doses of BCNU for 72 h. XPV

expression was measured by Q-PCR.
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pigmentosum variant protein XPV, a major DNA repair
gene regulated by p53, was upregulated in the
HDMX-induced GBM cells treated with BCNU
(Fig. 6D). These findings together suggest that HDMX
may promote chemoresistance to BCNU by upregulating
DNA repair activities in the GBM cells.

Discussion

In this report, we demonstrated that HDMX, an
upstream regulator of p53 signaling, acts as a bona
fide oncogene in GBM and contributes to chemoresis-
tance. We found that HDMX is frequently amplified
and overexpressed in GBM samples. HDMX stimulates
GBM cell proliferation in vitro and in vivo through
p53-dependent inhibition of p21. Furthermore, we
showed that HDMX overexpression confers GBMs
with resistance to the DNA alkylator BCNU through
promoting DNA repair capacities in response to BCNU
treatment.

Our demonstration that HDMX amplification,
MDM2 amplification, and TP53 mutation are mutually
exclusive events in GBM development supports the
hypothesis that HDMX amplification is a critical
genetic event in the dysregulation of the p53 signaling
pathway, one of the most frequently altered oncogenic
pathways in GBMs. Apart from HDMX amplification
in GBMs, increased HDMX copy number is present in
65% of retinoblastomas40 and in 19% of breast carci-
nomas.41 In all these cases, amplification of HDMX
has been correlated with wild-type p53 status and lack
of MDM2 amplification. HDMX amplification and
overexpression therefore provide an alternative mechan-
ism for cancer cells to deregulate the p53 pathway. Cells
expressing HDMX and activated Ras (RasV12) were
shown to be oncogenic in nude mice.41 Herein, we
show that HDMX constitutes a true oncogene in GBM
that promotes tumorigenesis by inhibiting p53 induction
of cell-cycle arrest in tumors with wild-type p53. The
central role of HDMX in the negative regulation of
p53 suggests that HDMX may present an alternative
target in the p53 signaling pathway and thus indicate a
new therapy for cancer patients.

We found that the induction of HDMX enhanced cell
proliferation and increased the number of cells actively
undergoing cell-cycle progression. HDMX executes its
growth-promoting capabilities by inhibiting
p53-mediated p21 transactivation. Given the impor-
tance of p21 in regulating cell-cycle arrest, these results
are consistent with previous mouse models showing
that the mechanism of lethality in HDMX knockout
mice was mainly attributed to cell-cycle arrest, and
that the phenotype could be rescued via TP53 del-
etion.42,43 The p53 protein also tightly controls apopto-
sis, which is influenced by a series of quantitative and
qualitative events that ultimately induce the activation
of p53 signaling. In our study, we found that the induc-
tion of HDMX downregulated the expression of the p53
downstream proapoptotic gene FAS, but not that of
PUMA or Bax, which suggests that HDMX may also

modulate specific apoptotic gene expression through its
interaction with p53. Interestingly, we observed that
the phenomenon of HDMX-mediated BCNU drug
resistance appears to be mechanistically distinct from
the cell-cycle progression of unstressed cells. With
BCNU treatment, we show here that HDMX overex-
pression stabilized p53 in the cells. In response to cellu-
lar stresses such as DNA damage or oncogene activation,
p53 becomes stabilized and modulates the transcription
of target genes.44 These effectors drive a variety of cellu-
lar responses to stress, including DNA repair, cell-cycle
arrest, senescence, and apoptosis. Under different cellu-
lar environments or in different cell types, p53 may
undergo a variety of posttranslational modifications to
precisely coordinate its biological activity in response
to stress. This diversity of modifications may provide
one explanation for the varying downstream effects of
HDMX overexpression observed in both unstressed
cells and BCNU-treated cells. Future research needs to
define the cellular response and the mechanism of
HDMX function within the highly specific cellular
environment of GBM in normal growth conditions as
well as under exposure to particular chemotherapy
treatments.

Several studies have shown that BCNU constitutes a
successful treatment option for certain GBM patients.3,4

Batista et al. found that the BCNU treatment in glioma
cells causes DSBs, and that p53 wild-type cells were
capable of repairing DSBs while p53 mutant cells accu-
mulated DNA damage.7–10 We have discovered that
HDMX overexpression in BCNU-treated GBM cells
stabilizes p53 levels. Furthermore, we have found that
HDMX stimulates the repair of DNA damage induced
by BCNU by potentiating the phosphorylation of
H2AX and upregulating the DNA repair protein, XPV.
These results suggest that resistance to BCNU in GBM
cells with induced HDMX may arise through stabilizing
p53 and stimulating DNA repair. These observations
provide evidence for a potential novel role for HDMX
as a reinforcer of p53 function under stress conditions
and a potentiator of DNA repair under genotoxic
stresses.

These observations present a robust rationale for the
oncogenicity of HDMX, and for its clinical potential as
an adjuvant therapeutic target that could enhance the
tumoricidal effect of genotoxic drugs when antagonized.
Our findings strongly suggest that an inhibitor of the
p53-HDMX interaction would be valuable not only
for facilitating tumor regression, but also for sensitizing
tumors to more traditional chemotherapies such as
BCNU. Further advancing our knowledge of the molecu-
lar mechanisms by which HDMX enhances GBM
tumorigenesis and confers drug resistance will indeed
prove critical as we strive to develop highly safe and
effective therapies for GBM patients.
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Supplementary Material is available at Neuro-Oncology
online.
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