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Inhibition of deubiquitinases primes glioblastoma cells to
apoptosis in vitro and in vivo
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ABSTRACT
It remains a challenge in oncology to identify novel drug regimens to efficiently
tackle glioblastoma, the most common primary brain tumor in adults. Here, we target
deubiquitinases for glioblastoma therapy by utilizing the small-molecule inhibitor
WP1130 which has been characterized as a deubiquitinase inhibitor that interferes
with the function of Usp9X. Expression analysis data confirm that Usp9X expression
is increased in glioblastoma compared to normal brain tissue indicating its potential
as a therapeutic. Consistently, increasing concentrations of WP1130 decrease the
cellular viability of established, patient-derived xenograft (PDX) and stem cell-like
glioblastoma cells. Specific down-regulation of Usp9X reduces viability in glioblastoma
cells mimicking the effects of WP1130. Mechanistically, WP1130 elicits apoptosis
and increases activation of caspases. Moreover, WP1130 and siRNAs targeting
Usp9X reduce the expression of anti-apoptotic Bcl-2 family members and Inhibitor
of Apoptosis Proteins, XIAP and Survivin. Pharmacological and genetic interference
with Usp9X efficiently sensitized glioblastoma cells to intrinsic and extrinsic apoptotic
stimuli. In addition, single treatment with WP1130 elicited anti-glioma activity in
an orthotopic proneural murine model of glioblastoma. Finally, the combination
treatment of WP1130 and ABT263 inhibited tumor growth more efficiently than each
reagent by its own in vivo without detectable side effects or organ toxicity. Taken
together, these results suggest that targeting deubiquitinases for glioma therapy is
feasible and effective.

INTRODUCTION

pathways are dysregulated even at the single-cell level
which underlines the necessity for the combination of
different targeted agents in a multi-targeting approach [2].
Malignant transformation and maintenance
of the neoplastic cellular phenotype are the result of
dysregulation of a complex molecular interplay. Within
this molecular framework, post-translational modification
such as ubiquitination/deubiquitination represents a major
determinant for protein stability, trafficking or function
and is therefore conceived to be key to confer the balance
between pro- and anti-apoptotic signaling [3]. Once this
complex system is dysregulated cells are potentially guided

Glioblastoma is among the most difficult to treat
human malignancies and consequently patients diagnosed
with a glioblastoma succumb to this disease within 2 years
in the vast majority of cases [1]. The lack of therapeutic
progress stands in sharp contrast to a fast-paced increase
in knowledge about the molecular nature of this disease.
Among the many factors that are responsible for the
recalcitrant behavior of these neoplasms is the heterogeneity
of gliomas which remains to be one of the most challenging
features to target. Within a single glioblastoma tumor many
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Down-regulation of Usp9X inhibits proliferation
in glioblastoma cell lines

towards a neoplastic phenotype and the formation of cancer.
As a consequence, small molecule inhibitors such as the
deubiquitinase inhibitor WP1130 were designed to allow
for a restoration of cellular homeostasis as potential anticancer agents.
The deubiquitinating enzyme Usp9X was shown
to be overexpressed in various human cancers, including
glioblastoma (Supplementary Figure S1), which supports
the notion that deubiquitinating enzymes represent a valid
target in this disease and that their inhibition may add to a
concerted strategy against glioblastoma [4]. Consequently,
we show in this study that interference with deubiquitinases,
such as Usp9X, results in a marked anti-proliferative and
pro-apoptotic effect on established, glioma stem-like and
primary patient-derived xenograft glioblastoma cells.
Morever, this effect can be synergistically enhanced when
combined with the BH3-mimetic ABT263 or the death
receptor ligand Tumor necrosis factor α-related apoptosisinducing ligand (TRAIL). More importantly, we show
that local intracranial administration of the deubiquitinase
inhibitor WP1130 using convection-enhanced delivery
results in a prolonged survival in vivo. In addition, when
combining WP1130 with ABT263 tumor growth is
significantly attenuated compared to single-agent treatment
or control in vivo.

In order to further examine whether the antiproliferative effect on glioblastoma cells following a
treatment with WP1130 can be recapitulated by specific
knock-down of Usp9X we performed siRNA experiments.
As shown in Figure 1E–1G, treatment with Usp9X-siRNA
resulted in significantly reduced cell viability. Specific
knock-down was confirmed via Western blot analysis
(Figures 3B and 4F).

Treatment with the deubiquitinase inhibitor
WP1130 induces apoptosis in glioblastoma cells
Next, we assessed if apoptosis may be responsible for
the antiproliferative effect of deubiquitinase inhibition we
observed. Therefore, we treated established glioblastoma
cell lines and patient-derived GBM12 glioblastoma cells
with WP1130 and determined the fluorescent intensity of
annexin V and propidium iodide (PI). In all glioblastoma
cells we tested the fraction of annexin V-positive and PInegative cells (early apoptotic cells) and/or the fraction
of annexin V- and PI-positive cells (late apoptotic cells)
was significantly increased when treated with WP1130
(Figure 2A, Supplementary Figure S3B). In concordance
with these data, Western blot analyses showed that cleavage
of caspases 9 and 3 was also markedly enhanced following
treatment of U87MG (B), T98G (C), U251 (D) and SF188
(E) glioblastoma cells with increasing concentrations of
WP1130 (Figure 2B–2E).

RESULTS
The deubiquitinase Usp9X is highly expressed in
glioblastoma
In silico analysis revealed that DNA copy number or
mRNA expression of Usp9X is significantly increased in
glioblastoma and anaplastic astrocytoma when compared to
normal brain (Supplementary Figure S1). Moreover, when
analyzing the Rembrandt database, patients carrying less
than 1.8 copies of the Usp9X gene seemed to have a better
prognosis with respect to overall survival (Supplementary
Figure S2).

Specific knock-down of Usp9X induces apoptosis
in glioblastoma cells
We next examined whether specific knock-down
of Usp9X recapitulates the pro-apoptotic effect caused
by treatment with WP1130. Therefore, we performed
siRNA experiments down-regulating protein expression of
Usp9X in GBM12 patient-derived glioblastoma cells and
SF188 pediatric glioblastoma cells. As shown in Figure 2F
and 2G, the fraction of apoptotic cells was significantly
increased in both cell lines. On the molecular level,
cleavage of caspases 9 and 3 was significantly increased
when Usp9X was down-regulated (Figure 2H).

Treatment with the deubiquitinase inhibitor
WP1130 inhibits proliferation of established
glioblastoma and glioma stem-like cells
To assess whether inhibition of deubiquitinases affects
proliferation of glioblastoma cells in vitro we treated SF188
(pediatric), MGPP-3 (proneural, transgenic), T98G and
U251 glioblastoma cells as well as NCH644 and NCH421K
glioma stem-like cells with increasing concentrations of
the deubiquitinase inhibitor WP1130 (Figure 1A and 1B)
prior to performing MTT assays. As shown in Figure 1C,
treatment with WP1130 yielded an anti-proliferative effect
across all cell lines tested in a dose-dependent manner.
Notably, treatment with WP1130 resulted in marked
anti-proliferative activity and morphological changes in
NCH644 and NCH421K glioma stem-like cells (Figure 1C
and 1D, Supplementary Figure S3A).
www.impactjournals.com/oncotarget

Inhibition of deubiquitinases decreases the
expression of anti-apoptotic Bcl-2 family
members and the Mcl-1 chaperone, Bag3
Anti-apoptotic Bcl-2 family proteins are important
regulators of apoptosis and known to confer resistance to
anti-cancer treatments. The deubiquitinase Usp9X and the
chaperone Bag3 stabilize the anti-apoptotic Bcl-2 family
member Mcl-1. Since WP1130 inhibits Usp9X we further
assessed the effects of WP1130 treatment on Mcl-1 as well
as Bcl-2 and Bcl-xL protein expression. As anticipated,
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Down-regulation of Mcl-1 and Usp9X occurs
through a post-transcriptional mechanism

treatment with WP1130 lead to down-regulation of Usp9X
in a dose-dependent manner in SF188, U251 and T98G
glioblastoma cells (Figure 3A). In addition, expression of
Bag3 was also markedly reduced. Consistent with these
findings, Mcl-1 expression was decreased in all studied
cell lines. Moreover, Bcl-2 and Bcl-xL expression was
also significantly decreased upon treatment with WP1130
in a dose-dependent manner. These molecular alterations
following a treatment with WP1130 were mirrored
when silencing Usp9X with siRNA in SF188 pediatric
glioblastoma cells (Figure 3B).

To assess whether the WP1130-mediated downregulation of Mcl-1 and Usp9X is due to a transcriptional
mechanism we performed real-time PCR analyses in U251
glioblastoma cells following treatment with WP1130. As
shown in Supplementary Figure S4, treatment with WP1130
resulted in a dose-dependent and probably compensatory
increase of Mcl-1 mRNA levels after 6 h and only a minor
decrease after 24 h. Similar findings were observed for

Figure 1: Interference with deubiquitinase activity inhibits proliferation across different glioblastoma cells.

(A) Chemical structure of the deubiquitinase inhibitor WP1130. (B) 3-dimensional representation of the deubiquitinase inhibitor WP1130.
(C) SF188 (pediatric), T98G (adult), MGPP-3 (murine, transgenically-derived), U251 (adult) glioblastoma cells and NCH644, NCH421K
glioma stem-like cells were treated with increasing concentrations of WP1130 under serum starvation (1.5% FBS). After 72 h, MTT assays
were performed. Dose-response curves and IC50-values were calculated using non-linear regression. Data are presented as mean and SEM
(D) Representative microphotographs of NCH644 glioma stem-like cells treated with solvent or WP1130 for 48 h at indicated concentrations.
Magnification, ×40; scale bar, 40 μm. (E–G) SF188 (E), U251 (F) and LN229 (G) glioblastoma cells were transfected with Usp9X-siRNA.
MTT assays were performed after 72 h to detect anti-proliferative effects. Columns, means. Bars, SD.
www.impactjournals.com/oncotarget
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Usp9X levels. These data suggest that WP1130 downregulates Mcl-1 and Usp9X through a post-transcriptional
mechanism.

of WP1130. We found that WP1130 suppressed the
levels of XIAP and Survivin in SF188 and U251 cells
further enhancing the effects of WP1130 on apoptosis
(Figure 3A). These findings were recapitulated in SF188
cells silenced for Usp9X (Figure 3B). To assess whether
WP1130-mediated down-regulation of Survivin is due to
caspase-cleavage, U251 glioblastoma cells were treated
with WP1130 in the presence or absence of the pan-caspase
inhibitor zVAD-fmk (Figure 3C). Caspase inhibition
resulted as anticipated in a partial, relatively minor rescue of
Survivin protein expression. Since zVAD-fmk only partially
restored Survivin levels, we examined to which extent

Interference with deubiquitinases suppresses the
levels of the anti-apoptotic inhibitor of apoptosis
proteins, survivin and XIAP
Because IAPs are important regulators of apoptosis
at the level of effector caspases, we determined the levels
of the two most prominent members out of this family,
Survivin and XIAP, in response to increasing concentrations

Figure 2: Inhibition of deubiquitinases induces apoptosis in glioblastoma. (A) representative flow plots of U87MG, T98G,

GBM12, U251 and LN229 glioblastoma cells that were treated as indicated with WP1130 prior to staining with annexin V/propidium iodide
(PI) and flow cytometric analysis. (B–E) U87MG (B), T98G (C), U251 (D) and SF188 (E) glioblastoma cells were treated for 6 h with
increasing concentrations of WP1130 under serum starvation (1.5% FBS). Whole-cell extracts were examined by Western blot for caspase 9
(C9 – arrow head = cleaved fragment) and cleaved caspase 3 (cC3). Vinculin Western blot analysis was performed to confirm equal protein
loading. (F) Representative flow plots of GBM12 glioblastoma cells transfected either with n.t.-siRNA or Usp9X-siRNA and stained for
annexin V/PI prior to flow cytometric analysis. (G) Representative flow plots of SF188 glioblastoma cells transfected either with n.t.-siRNA
or Usp9X-siRNA and stained for PI prior to flow cytometric analysis. (H) SF188 glioblastoma cells were transfected with n.t.-siRNA or
Usp9X-siRNA. Whole-cell extracts were examined by Western blot for caspase 9 (C9 – arrow head=cleaved fragment) and cleaved caspase 3
(cC3). Actin Western blot analysis was performed to confirm equal protein loading.
www.impactjournals.com/oncotarget
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Local delivery of WP1130 extends survival
in vivo

inhibition of proteasomal degradation would counteract the
loss in Survivin. Treatment with the proteasome inhibitor
MG-132 yielded a stronger restoration of Survivin levels
when compared to inhibition of caspases alone. This finding
was even more pronounced when cells were treated with
WP1130 in the presence of both zVAD-fmk and MG-132.
Overall, these findings suggest that the decrease in Survivin
is at least in part mediated by caspase-cleavage, but still
mainly through enhanced proteasomal degradation.

Next, we examined whether inhibition of
deubiquitinases exerts anti-cancer activity in a murine
orthotopic glioblastoma model. WP1130 or vehicle was
administered locally by convection-enhanced delivery.
In order to verify correct drug delivery, Gadolinium was
added to the solvent in the micro-osmotic pumps and
intraparenchymal Gadolinium signal was detected by MRI
(Figure 5A). Animals receiving a continuous treatment
for 7 days with WP1130 showed a marked prolongation
of survival when compared to animals receiving vehicle
(Figure 5B). Notably, two WP1130-treated animals were
still alive 6 months after tumor cell injection.

Inhibition of deubiquitinases sensitizes for the
BH3-mimetic ABT263
Expression of Mcl-1 represents one of the most
important mechanisms of resistance towards the BH3mimetic ABT263. Since treatment with WP1130 results in a
marked down-regulation of Mcl-1 we hypothesized that this
finding should lead to an enhanced anti-neoplastic activity
of ABT263 in a combinatorial treatment approach. We
therefore treated U251, GBM12 and LN229 glioblastoma
cells with WP1130, ABT263 or the combination prior to
assessing anti-proliferative or pro-apoptotic activity. In all
cell lines tested, we found a synergistic anti-proliferative
and pro-apoptotic effect of the combination treatment
(Figure 3D–3I) and (Table 1). Moreover, this observation
was recapitulated by specific knock-down of either Mcl-1
(Figure 3J and Figure 4F) or Usp9X (Figure 3K and
Figure 4F) when comparing knock-down plus ABT263
treatment to knock-down or ABT263 treatment alone.

Combined inhibition of deubiquitinases and
Bcl-2/Bcl-xL attenuates tumor growth in vivo
We showed that a combined treatment with the
deubiquitinase inhibitor WP1130 and the BH3-mimetic
ABT263 resulted in a synergistic anti-neoplastic activity
in vitro. Therefore, we next addressed the question whether
this therapeutic strategy would also prove to be of benefit
in vivo. In a heterotopic U251 glioblastoma model,
combined treatment with WP1130 and ABT263 resulted in
a significant attenuation in tumor growth when compared to
single-agent treatment or control (Figure 5C–5E). Moreover,
the combination treatment led to a 47.7% regression of
tumor size suggesting that this treatment not only attenuated
tumor growth but induced tumor cell death. Consistently,
histological analysis revealed a significantly reduced cellular
density in tumor tissue (Figure 5F). Importantly, any signs
for a potential organ toxicity of this therapeutic regimen
were absent (Figure 5G).

Interference with deubiquitinases sensitizes for
extrinsic apoptosis
To further address the question whether inhibition
of deubiquitinases may also enhance inducers of
extrinsic apoptosis we treated glioblastoma cells with
TRAIL, WP1130 or the combination of both. As shown
in Figure 4A–4C, combined treatment with TRAIL and
WP1130 resulted in a synergistic pro-apoptotic effect on
glioblastoma cells. In concordance with these findings, on
the molecular level, the combination treatment resulted in
enhanced cleavage of caspases 8, 9 and 3 as well as PARP
in U251 and LN229 glioblastoma cells (Figure 4D and 4E).

DISCUSSION
Deubiquitinases are up-regulated and are pivotal
enzymes within cancer cells since they participate in
maintaining high levels of molecules that ultimately drive
the relentless growth of tumor cells. Certain deubiquitinases
have received particular attention as treatment targets.
Among these enzymes is the deubiquitinase Usp9X, which
has been demonstrated to be overexpressed in various
malignant tumors, including breast cancer, lung carcinoma,
prostatic carcinoma, colon carcinoma, multiple myeloma,
acute lymphoblastic leukemia and follicular and diffuse
large B-cell lymphoma [5–9].
In glioblastoma, only little is known about the role
of Usp9X and other deubiquitinases. In our report, we
confirm earlier observations made in other tumor entities
showing that Usp9X levels are up-regulated in tumor
tissue but not normal tissue. Thus, it appears that targeting
Usp9X might have impact on glioma growth and could
be preferentially targeted over normal non-neoplastic
tissue. Another recent report supports the relevance of

Knock-down of Mcl-1 or Usp9X sensitizes for
TRAIL-mediated apoptosis
We showed that interference with deubiquitinases by
treatment with WP1130 down-regulates Usp9X and Mcl-1.
To assess whether down-regulation of Usp9X or Mcl-1 is
sufficient to recapitulate the sensitizing effect of WP1130
for TRAIL-mediated apoptosis U251 glioblastoma cells
were transfected with Mcl-1- or Usp9X-siRNA (Figure
4F). Both, knock-down for Mcl-1 (Figure 4G and 4I) and
Usp9X (Figure 4H and 4J) resulted in a significant increase
in the fraction of apoptotic cells when combined with
TRAIL.
www.impactjournals.com/oncotarget
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Figure 3: Inhibition of deubiquitinases yields down-regulation of the Mcl-1/Bag3/Usp9X-axis and sensitizes for the
BH3-mimetic ABT263. (A) SF188, U251 and T98G glioblastoma cells were treated for 24 h with increasing concentrations of WP1130

under serum starvation. Whole-cell extracts were examined by Western blot for Usp9X, Bag3, Mcl-1, Bcl-2, Bcl-xL, XIAP and Survivin.
Actin served as a loading control. (B) SF188 glioblastoma cells were treated either with n.t.-siRNA or Usp9X-siRNA. Whole-cell extracts
were examined by Western blot for Usp9X, Bag3, Mcl-1, Bcl-2, Bcl-xL, Survivin and XIAP. Actin Western blot analysis was performed
to confirm equal protein loading. (C) U251 glioblastoma cells were treated for 5 h with WP1130 (2.5 μM), zVAD-fmk (20 μM) and
MG-132 (10 μM) as indicated. Whole cell extracts were collected and Western blot analysis for Survivin was performed. Actin served as
a loading control. Densitometric analysis was performed using ImageJ (National Institutes of Health, U.S.A., http://imagej.nih.gov/ij).
Data were normalized first to the respective actin control and second to the respective treatment control. (D) U251 glioblastoma cells were
treated for 72 h with ABT263, WP1130 or both. Cellular viability was determined by performing MTT assays. (E) U251 glioblastoma
www.impactjournals.com/oncotarget
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cells were treated for 48h with ABT263, WP1130 or both as indicated. Staining for annexin V/propidium iodide (PI) was performed prior
to flow cytometric analysis. The fraction of annexin V- and annexin V/PI-positive cells was determined and expressed as fold increase
versus control. Columns, means. Bars, SD. (F) The antiproliferative effect of ABT263 (A) and WP1130 (WP) was assessed by an MTT
assay after 72 h of treatment with the single agents or the respective combination at indicated concentrations under serum starvation
(1.5% FBS) in GBM12 glioblastoma cells. Normalized isobolograms were calculated using the CompuSyn software. The connecting line
represents additivity. Data points located below the line indicate a synergistic drug-drug interaction and data points above the line indicate
an antagonistic drug-drug interaction. (G) Graphical representation of the combination index for the data points shown under F. The
horizontal line, signifying a combination index equal of 1, represents additivity. Data points below indicate synergism; data points above
indicate antagonism. (H–I) Representative flow plots of GBM12 (H) and LN229 (I) glioblastoma cells that were treated with WP1130 and/
or ABT263 as indicated prior to staining with PI and flow cytometric analysis. (J) U251 glioblastoma cells were treated with non-targeting
(n.t.)-siRNA, or Mcl-1-siRNA followed by a treatment with ABT263 or solvent for 24 h. Staining for annexin V/PI was performed prior
to flow cytometric analysis. Representative flow plots are shown. (K) U251 glioblastoma cells were treated with non-targeting (n.t.)siRNA, or Usp9X-siRNA followed by a treatment with ABT263 or solvent for 24 h. Staining for annexin V/PI was performed prior to flow
cytometric analysis. Representative flow plots are shown.

Table 1: Combined treatment with ABT263 and WP1130 results in a synergistic anti-proliferative
effect in GBM12 glioblastoma cells
ABT263 [nM]

WP1130 [µM]

CI

100.0

1.0

0.76505

100.0

0.06125

0.72979

50.0

0.5

0.57196

50.0

0.125

0.77058

25.0

0.25

0.56188

12.5

0.5

0.59853

12.5

0.125

0.51732

6.125

1.0

0.72265

6.125

0.06125

0.36340

The CompuSyn software (ComboSyn, Inc., Paramus, NJ, U.S.A.) was used for the drug-drug interaction analysis including
the calculation of the combination index (CI). A CI < 1 was considered as synergistic, a CI = 1 as additive and a CI > 1 as
antagonistic.
Usp9X in brain tumors [10]. Cox et al. demonstrated
that Usp9X is one of the proteins that interacts with
the transcription factor SOX2, a marker of human stem
cells. They also provided early evidence that interference
with Usp9X impairs the growth of established human
glioblastoma cells in vitro [10]. Our present study extends
these findings and provides significant additional insight
on the role of Usp9X in glioblastoma biology. We show
that the Usp9X inhibitor, WP1130, exerts anti-glioma
activity in established, stem cell-like glioma, proneural
and patient-derived glioblastoma xenograft cells. Notably,
WP1130 is not inhibiting only Usp9X, but also other
deubiquitinases such as Usp14 and Usp5 [11]. However,
siRNA mediated knock-down of Usp9X in glioblastoma
cells recapitulates the effects of WP1130, suggesting that
WP1130 significantly mediates its anti-glioma effects
by interference with Usp9X function. Our results are
in agreement with earlier reports in other tumor types
www.impactjournals.com/oncotarget

[6, 9, 12–15]. Conflicting results have been reported on
the role of Usp9X in pancreatic cancer. Initially, it was
claimed that Usp9X interferes with cell death of normal
pancreatic cells in a cell death process that was referred
to as “zymophagy” [16]. Contrasting these results, it
was shown that in conditional knock-out mice the loss
of Usp9X paradoxically entertained tumor growth in
the presence of mutated Kras (G12D) [17]. Therefore,
Usp9X was claimed to exert tumor-suppressive functions
[17]. However, in the context of established pancreatic
cancer cell line model systems Usp9X appears to have
pro-survival functions [12], which is also in line with our
findings in various glioblastoma models. Suppression
of Usp9X levels reduced the growth of several different
pancreatic cancer cell lines, including BxPC3 and others,
and consistent with that observation altered the cell cycle
profile of these cells [12]. Similarly to the knock-down
of Usp9X, the deubiquitinase inhibitor WP1130 exerted
12797
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Figure 4: Inhibition of deubiquitinases sensitizes for TRAIL-mediated apoptosis. A-B, U251 (A) and LN229 (B) glioblastoma

cells were treated with WP1130 and/or TRAIL as indicated. Staining for propidium iodide (PI) was performed prior to flow cytometric
analysis. Representative flow plots are shown. (C) Quantitative representation of cells treated as described for A-B (% sub-G1 cells).
Columns, means. Bars, SD. D-E, U251 (D) and LN229 (E) glioblastoma cells were treated with WP1130 and/or TRAIL as indicated.
Western blot analysis was performed for PARP, caspase 8 (CP8), caspase 9 (CP9) and cleaved caspase 3 (cCP3). Actin expression was
determined to confirm equal protein loading. (F) U251 glioblastoma cells were transfected with n.t.-siRNA, Mcl-1-siRNA or Usp9XsiRNA. Whole-cell extracts were collected prior to Western blot analysis for Usp9X, Mcl-1, Bcl-2 and Noxa. Actin served as a loading
control. (G) U251 glioblastoma cells were treated with non-targeting (n.t.)-siRNA, or Mcl-1-siRNA followed by a treatment with TRAIL
or solvent for 24 h. Staining for annexin V/PI was performed prior to flow cytometric analysis. Representative flow plots are shown.
(H) U251 glioblastoma cells were treated with non-targeting (n.t.)-siRNA, or Usp9X-siRNA followed by a treatment with TRAIL
or solvent for 24 h. Staining for annexin V/PI was performed prior to flow cytometric analysis. Representative flow plots are shown.
(I) Quantitative representation of the fraction of annexin V-positive and annexin V/PI-positive U251 cells treated as described for G.
Columns, means. Bars, SD. (J) Quantitative representation of the fraction of annexin V-positive and annexin V/PI-positive U251 cells
treated as described for H. Columns, means. Bars, SD.
www.impactjournals.com/oncotarget
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anti-proliferative effects on pancreatic cancer cells.
Although these observations appear to contradict the
results of the earlier studies in transgenic mice, it needs
to be acknowledged that the studies in cell lines were
conducted in vitro and the effects have not been validated
in proper in vivo model systems.

Mechanistically, the genetic and pharmacological
interference with Usp9X leads to a strong activation of
apoptosis with initiator- and effector caspase activation
in different types of glioblastoma model systems. The
involvement of apoptotic cell death is in agreement with
other recent studies that have shown that Usp9X loss-of

Figure 5: Intracranial convection-enhanced delivery of WP1130 prolongs survival and combined treatment with
ABT263 and WP1130 results in an enhanced inhibition of tumor growth in vivo. (A–B) 25000 MGPP-3 glioblastoma cells

were implanted intracranially. After two weeks micro-osmotic pumps were implanted to either convect WP1130 (n = 4) or vehicle (n = 3)
over 7 consecutive days. MRI imaging was performed to detect Gadolinium signal to verify the correct drug delivery. (A) Representative
MRI image showing contrast enhancement; GAD = Gadolinium, R = right side. (B) Kaplan-Meier curves showing survival of animals
treated either with vehicle or WP1130. C-G, 1 × 106 U251 glioblastoma cells were implanted subcutaneously. After tumor formation animals
were treated intraperitoneally with vehicle (n = 9 tumors), ABT263 (25 mg/kg; n = 9 tumors), WP1130 (25 mg/kg; n = 9 tumors) or both
agents (n = 9 tumors) 3 times/week over 2 weeks. (C) Tumor growth curves showing the increase in tumor size for each treatment group.
Data are presented as mean and SEM. (D) Quantification and statistical analysis (Student’s t-test) of the tumors among different treatment
groups 19 days after tumor implantation. (E) Representative photographs of the tumors; A = ABT263, W = WP1130. (F) Representative
microphotographs showing the histological morphology (H & E staining) of tumors from animals receiving treatment either with vehicle
or the combination of ABT263 and WP1130. Magnification, ×40; scale bar, 100 μm. (G) representative microphotographs showing the
histological morphology (H & E staining) of the indicated organs among representative animals receiving treatment either with vehicle or
the combination of ABT263 and WP1130. Magnification, ×40; scale bar, 100 μm.
www.impactjournals.com/oncotarget
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function activates or enhances apoptosis [4, 7, 9, 18–21].
For instance, in the setting of B-cell acute lymphoblastic
leukemia (B-ALL) interference with Usp9X caused baxdependent apoptosis and suppression of the pro-survival
mTORC1 signaling pathway [9]. With respect to other forms
of cell death, a recent study demonstrated that WP1130
inhibited autophagy through inhibition of ULK1, which
may suggest that Usp9X inhibition blocks cytoprotective
autophagy in order to enhance apoptosis [22].
Given the engagement of apoptotic cell death upon
treatment with WP1130, we hypothesized that the intrinsic
apoptotic signaling cascade is regulated by loss of Usp9X
function. In line with this notion, increasing concentrations
of WP1130 depleted the levels of certain reported Usp9X
targets, such as Mcl-1 [7, 8] and the inhibitor of apoptosis
protein, Survivin [23]. However, other anti-apoptotic
molecules, such as Bcl-2, Bcl-xL and XIAP, were downregulated as well, while the pro-apoptotic Noxa was
increased. However, it is important to bear in mind that due
to overlapping effects of caspase activation, one cannot
assume that all findings made after WP1130 treatment are
a consequence of Usp9X inhibition. So far, the increase
of pro-apoptotic Noxa has not been described in the
context of Usp9X inhibition and this will likely further
enhance susceptibility to intrinsic apoptosis. Overall, these
observations reinforce the notion that interference with
the Usp9X signaling axis confers a pro-apoptotic state in
various glioblastoma cell culture models. These findings
are in line with previous reports [10, 18, 19].
Since we observed a significant modulation of
Mcl- 1 and Noxa expression, we tested the hypothesis that
interference with Usp9X signaling renders cells sensitive
to Bcl-2/Bcl-xL inhibition by the BH3-mimetic, ABT263.
To that end, we found that pharmacological inhibition of
Usp9X sensitized patient-derived xenograft cells (GBM12)
to the cytotoxic effects of ABT263 and that this effect is
synergistic. Moreover, we found that mechanistically
this effect was linked to WP1130-mediated suppression
of Mcl-1 protein levels, since Mcl-1 is a major factor of
resistance towards BH3-mimetic-mediated apoptosis
[24–30]. Along these lines, it is conceivable that Noxa upregulation caused by Usp9X inhibition might contribute
to the sensitization to BH3-mimetic cell death given
the pro-apoptotic effects of Noxa on Mcl-1 [31–33].
Our findings are in line with previous observations in
pancreatic cancer, in which cell death by another BH3mimetic was enhanced by blocking the binding of Usp9X
to Mcl-1 in vitro and in vivo [34]. However, even though
WP1130-mediated down-regulation of the Usp9X/Mcl-1
axis appears to contribute to the enhancement of the proapoptotic effect of ABT263 it is very likely that other
molecular alterations following treatment with WP1130
add to this effect as well.
Given our observations that loss-of Usp9X function
impaired expression of 1) the anti-apoptotic Bcl-2 family
member Mcl-1, which has been previously shown to
www.impactjournals.com/oncotarget

enhance TRAIL-mediated apoptosis [35], and 2) also of the
IAPs, Survivin and XIAP [36, 37] we determined whether
antagonism of Usp9X function also primes glioblastoma
cells to the cytotoxic effects of the death ligand TRAIL
[37–43]. Our findings showed that interference with
Usp9X signaling rendered glioblastoma cell cultures
sensitive to TRAIL-mediated apoptosis, which to the best
of our knowledge has not been reported thus far for any
tumor entity. Considering our observations with respect
to Bcl-2 family members and IAPs, Usp9X appears to
block death-receptor-mediated apoptosis most likely at the
level of initiator- as well as effector caspases, involving
a combination of factors. It appears less likely that the
endogenous inhibitor of caspase 8, c-FLIP [44], which akin
to Survivin and Mcl-1 is a molecule with a relatively short
half-life and is stabilized by chaperones and potentially
other deubiquitinases, is involved in TRAIL/WP1130mediated cell death, because an interaction of Usp9X and
c-FLIP has not been proven [45, 46]. In fact, c-FLIP served
as a negative control for its inability to bind to Usp9X [8].
A drawback of targeting TRAIL-mediated apoptosis in
glioblastoma is represented by findings that suggest that
certain death-receptors and caspase 8 levels are silenced
in a fraction of glioblastomas [47–49]. Despite some
controversy, targeting death-receptor-mediated apoptosis
appears to be still a viable option for the treatment of
glioblastoma, since recent results suggest that a smallmolecule inducer of TRAIL (ONC201/TIC10), which is
capable to cross the blood brain barrier, prolongs animal
survival singly and in combination with bevacizumab
[50]. Other approaches utilized stem cells that home to
brain tumors and secrete TRAIL, leading to suppression of
glioma growth in vivo [51].
Finally, we determined as to whether Usp9X
signaling is important in vivo. For that purpose, we
utilized a local-delivery pump system [52] to administer
WP1130 to intracranial proneural glioblastomas (PDGF+,
PTEN−/−, TP53−/−). We found that animals receiving
WP1130 lived longer, suggesting potential feasibility
of WP1130 as an anti-glioma drug. To the best of our
knowledge, our observation appears to be the first one
that highlights the potential applicability of WP1130 as
an anti-glioma compound. We further tested whether
WP1130 might also be used in drug combination
therapies in vivo and found that WP1130 enhanced the
effects of ABT263 in vivo without any detectable toxicity,
though more thorough analyses including hematological,
renal and hepatic function panels need to be done by
further studies. Although WP1130 has been studied in
drug combination in other tumor entities, such as the
combination of Prednisone and WP1130 in B-ALL, our
report is the first one that demonstrates that WP1130 might
be used in combination with other drugs in model systems
of glioblastoma. A recent study in multiple myeloma
modified the chemical structure of WP1130 and presented
a reagent that appeared to have stronger anti-myeloma
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effects than WP1130 [7], suggesting that this modified
compound may bear stronger growth inhibitory effects
on glioblastoma models compared to WP1130. Whether
treatment with WP1130 would also enhance the antineoplastic activity of death-promoting ligands such as
TRAIL in glioblastoma models in vivo seems likely, but
remains to be validated by future studies.
Taken together, our findings highlight that targeting
Usp9X for glioblastoma is feasible and that inhibition of
Usp9X alone or along with other compounds significantly
impairs the growth of preclinical models of glioblastoma
in vitro and in vivo.

described [56]. Briefly, LN229, U251, T98G and MGPP3 cells were cultured in DMEM with 10% FBS, 4.5 g/L
glucose, 4 mM L-glutamine, 1 mM pyruvate, 100 units/ml
penicillin and 100 μg/ml streptomycin for maintenance.
For experimental conditions these cells were cultured in
DMEM containing only 1.5% FBS to mimick the nutrition
starved environment within tumors. For the culture of
SF188 the fore-mentioned medium was supplemented in
addition with 2 mM L-alanyl-L-glutamine (GlutaMAX™-I,
Gibco, Japan). NCH644 and NCH421K glioma stem-like
cells were cultured in MG-43 medium (CLS, Heidelberg,
Germany) for both maintenance and experiments. GBM12
were cultured as described before [57].

MATERIALS AND METHODS

Cell viability assays

Ethics statement

In order to examine cellular proliferation, 3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide
(MTT) assays were performed as previously described
[58, 59].

All procedures were in accordance with Animal
Welfare Regulations and approved by the Institutional
Animal Care and Use Committee at the Columbia
University Medical Center. The study was reviewed and
approved by the institutional review board at the Columbia
University Medical Center.

Measurement of apoptosis and mitochondrial
membrane potential
For annexin V/propidium iodide (PI) staining the
FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen,
U.S.A.) was used according to the manufacturer’s
instructions. Staining for PI was performed as previously
described [58]. The data were analysed with the FlowJo
software (version 8.7.1; Tree Star, Ashland, OR, U.S.A.).

Reagents
ABT263 was purchased from ChemieTek
(Indianapolis, IN, U.S.A.). WP1130 was purchased from
Selleckchem (Houston, TX, U.S.A.). A 10 mM working
solution in dimethylsulfoxide (DMSO) was prepared for
both reagents prior to storage at −20°C.

Real-time PCR and cDNA synthesis

Cell cultures and growth conditions

RT-PCR was performed as described before (Pareja
et al.) using the following primers: Usp9X forward: GTG
TCA GTT CGT CTT GCT CAG C; Usp9X reverse: GCT
GTA ACG ACC CAC ATC CTG A; Mcl-1 forward: CCA
AGA AAG CTG CAT CGA ACC AT; Mcl-1 reverse: CAG
CAC ATT CCT GAT GCC ACC T; GAPDH forward: GTC
TCC TCT GAC TTC AAC AGC G and GAPDH reverse:
ACC ACC CTG TTG CTG TAG CCA A.

LN229 (TP53 mut, PTEN wt) and T98G (TP53
mut, PTEN mut) [53] human glioblastoma cells were
obtained from the American Type Culture Collection
(Manassas, VA, U.S.A.). U251 (TP53 mut, PTEN
mut) glioblastoma cells were kindly provided by Dr.
James Goldman (Columbia University, New York, NY,
U.S.A.). NCH644 and NCH421K stem cell-like glioma
cells were obtained from Cell Line Services (CLS,
Heidelberg, Germany) [48, 54, 55]. The identities of the
glioblastoma cell lines we purchased were confirmed
by the respective source of purchase. SF188 (TP53 mut,
PTEN wt) [53] pediatric glioblastoma cells were kindly
provided by Dr. Craig Thompson (Memorial Sloan
Kettering Cancer Center, New York, NY, U.S.A.). MGPP3 (PDGF(+), p53(−/−), PTEN(−/−)) is a murine proneural
glioblastoma cell which was kindly provided by Dr. Peter
Canoll (Columbia University, New York, NY, U.S.A.).
GBM12 (TP53 mut, PTEN wt) human, patient-derived
glioblastoma primary cultures were kindly provided by
Dr. Jann Sarkaria (Mayo Clinic, Rochester, MI, U.S.A.)
via Dr. James Angelastro (University of California,
Davis, CA, U.S.A.). All cells were cultured as previously
www.impactjournals.com/oncotarget

Western blot analysis
Specific protein expression in cell lines was
determined by Western blot analysis as described before
[18] using the following primary antibodies: Mcl-1 (1:500;
CST: Cell Signaling Technology, Danvers, MA), human
caspase 9 (1:1,000; CST), cleaved caspase 3 (1:250; CST),
cleaved PARP (Asp214, 1:1000; CST), Bcl-xL (1:500;
CST), Usp9X (1:1000; CST), XIAP (1:1000; CST),
Survivin (1:1000; CST), BIM (1:500; CST), Noxa (1:500,
clone 114C307; Calbiochem), β-actin (1:2,000, clone AC15;
Sigma Aldrich), Bag3 (1:500; Abcam, Cambridge, MA).
14-3-3 (1:1,000, SCB: Santa Cruz Biotechnology), GAPDH
(1:1000, clone 1D4, Novus Biologicals) and secondary
HRP-linked antibodies were purchased from SCB.
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siRNA transfection

embedded in paraffin and 4 μm thick sections were cut prior
to staining with hematoxylin and eosin. Microphotographs
were taken at ×40 magnification.

SignalSilence® Usp9X siRNA I #6308 was
purchased from CST. Non-targeting siRNA-pool (ONTARGETplus Non-targeting Pool, # D-001810-10-05)
and Mcl-1 (SMARTpool: ON-TARGETplus Mcl-1 siRNA,
L-004501-00-0005) were purchased from Thermo Fisher
Scientific (Pittsburgh, PA) and transfected as previously
described [43, 60]. Briefly, cells were incubated for 6 h with
the formed complexes of Lipofectamine® 2000 (Invitrogen,
Carlsbad, CA, U.S.A.) and the respective siRNA (12-well
condition) in DMEM without FBS and antibiotics. After
6 h, FBS was added to a total concentration of 1.5%.

Statistical analysis
Statistical significance was assessed by Student’s
t-test using Prism version 5.04 (GraphPad, La Jolla, CA,
U.S.A.). A p ≤ 0.05 was considered statistically significant.
The CompuSyn software (ComboSyn, Inc., Paramus, NJ,
U.S.A. – www.combosyn.com last accessed 06/01/15)
was used for the drug combination analysis including the
calculation of the combination index (CI) and isobologram.
A CI < 1 was considered as synergistic, a CI = 1 as additive
and a CI > 1 as antagonistic. The concentration for each
compound resulting in 50% inhibition (ED50) is normalized
to 1, plotted on x- or y-axis and connected by a line which
represents the ED50 isobologram. Data points of drug
combinations plotted below the connecting line represent
a synergistic interaction, data points located on the line
represent an additive interaction and data points located above
the connecting line represent an antagonistic interaction.

Orthotopic xenograft and convection-enhanced
delivery model
MGPP-3 murine glioblastoma xenografts were
stereotactically implanted into 6- to 8-week-old male
or female mice (Nu/Nu GFP) weighing 20 to 30 g as
previously described [56, 61]. The study was approved by
the Institutional Animal Care and Use Committee at the
Columbia University Medical Center. For the generation of
intracranial tumors, 25000 cells in 2 μL PBS (Gibco, Life
Technologies), were implanted into the right basal ganglia
of anesthetized mice using a small animal stereotactic
frame (Stoelting). Motorized injections were performed at
a rate of 0.3 μL/min.
Convection-enhanced delivery was performed as
described before [61, 62]. Five days after implantation
of tumor cells, alzet® micro-osmotic pumps (DURECT
Corporation, Cupertino, CA, U.S.A.) were implanted for
a 7-day long continuous intracranial infusion of WP1130
or solvent. To verify intracranial drug administration
1% Gadolinium was added to the pumps (Omniscan,
GE Healthcare Inc., Princeton, NJ, U.S.A.) and MRIs
(Bruker ICON™, 1 Tesla) were performed after removal
of the pump system. Survival was assessed by calculating
Kaplan–Meier curves.

ACKNOWLEDGMENTS
We thank Lloyd A. Greene for discussion.

GRANT SUPPORT
This work was supported by a scholarship of the
Dr. Mildred Scheel foundation of the German Cancer
Aid to GKM and the American Brain Tumor Association,
Translational Grant 2013 (ABTACU13-0098), the 2013
AACR-National Brain Tumor Society Career Development
Award for Translational Brain Tumor Research (13-20-23SIEG), the NIH NINDS (K08NS083732) to MDS.

CONFLICTS OF INTEREST
None to be declared.

Subcutaneous xenograft model

REFERENCES

1 × 106 U251 cells suspended 1:1 in Matrigel® Matrix
(Corning Inc., Corning, NY, U.S.A.) were implanted
subcutaneously into the flanks of 6-8 week-old SCID
SHO mice as previously described [18]. Treatment was
performed intraperitoneally 3 times a week for 2 weeks.
For intraperitoneal application ABT263 and WP1130 were
dissolved in 80% Cremophor EL (SIGMA, St. Louis, MO)
and 20% Ethanol (Pharmco-Aaper, Brookfield, CT) (v/v).

1. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al.
Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl J Med. 2005; 352:987–996.
2. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM,
Wakimoto H, Cahill DP, Nahed BV, Curry WT, Martuza RL,
Louis DN, Rozenblatt-Rosen O, Suva ML, et al. Single-cell
RNA-seq highlights intratumoral heterogeneity in primary
glioblastoma. Science. 2014; 344:1396–1401.

Histological analysis
Subcutaneous tumors and samples from organs were
extracted from SCID SHO mice and fixed for at least 24 h
in 10% PBS-buffered formalin [19]. Then tissues were
www.impactjournals.com/oncotarget

3. McClurg UL, Robson CN. Deubiquitinating enzymes as
oncotargets. Oncotarget. 2015; 6:9657–9668. doi: 10.18632/
oncotarget.3922.
12802

Oncotarget

4. Murtaza M, Jolly LA, Gecz J, Wood SA. La FAM fatale:
USP9X in development and disease. Cell Mol Life Sci. 2015;
72:2075–2089.

by VMP1-USP9x-p62, prevents pancreatic cell death. J Biol
Chem. 2011; 286:8308–8324.
17. Perez-Mancera PA, Rust AG, van der Weyden L, Kristiansen G,
Li A, Sarver AL, Silverstein KA, Grutzmann R, Aust D,
Rummele P, Knosel T, Herd C, Stemple DL, et al. The
deubiquitinase USP9X suppresses pancreatic ductal
adenocarcinoma. Nature. 2012; 486:266–270.

5. Deng S, Zhou H, Xiong R, Lu Y, Yan D, Xing T, Dong L,
Tang E, Yang H. Over-expression of genes and proteins of
ubiquitin specific peptidases (USPs) and proteasome subunits
(PSs) in breast cancer tissue observed by the methods of
RFDD-PCR and proteomics. Breast Cancer Res Treat. 2007;
104:21–30.

18. Karpel-Massler G, Ba M, Shu C, Halatsch ME, Westhoff
MA, Bruce JN, Canoll P and Siegelin MD. TIC10/ONC201
synergizes with Bcl-2/Bcl-xL inhibition in glioblastoma by
suppression of Mcl-1 and its binding partners in vitro and
in vivo. Oncotarget. 2015; 6:36456–36471. doi: 10.18632/
oncotarget.5505.

6. Peddaboina C, Jupiter D, Fletcher S, Yap JL, Rai A, Tobin RP,
Jiang W, Rascoe P, Rogers MK, Smythe WR, Cao X. The
downregulation of Mcl-1 via USP9X inhibition sensitizes
solid tumors to Bcl-xl inhibition. BMC Cancer. 2012; 12:541.
7. Peterson LF, Sun H, Liu Y, Potu H, Kandarpa M, Ermann M,
Courtney SM, Young M, Showalter HD, Sun D, Jakubowiak A,
Malek SN, Talpaz M, et al. Targeting deubiquitinase activity
with a novel small-molecule inhibitor as therapy for B-cell
malignancies. Blood. 2015; 125:3588–3597.

19. Karpel-Massler G, Shu C, Chau L, Banu M, Halatsch ME,
Westhoff MA, Ramirez Y, Ross AH, Bruce JN, Canoll P,
Siegelin MD. Combined inhibition of Bcl-2/Bcl-xL and
Usp9X/Bag3 overcomes apoptotic resistance in glioblastoma
in vitro and in vivo. Oncotarget. 2015; 6:14507–14521. doi:
10.18632/oncotarget.3993.

8. Schwickart M, Huang X, Lill JR, Liu J, Ferrando R, French DM,
Maecker H, O’Rourke K, Bazan F, Eastham-Anderson J,
Yue P, Dornan D, Huang DC, et al. Deubiquitinase USP9X
stabilizes MCL1 and promotes tumour cell survival. Nature.
2010; 463:103–107.

20. Kushwaha D, O’Leary C, Cron KR, Deraska P, Zhu K,
D’Andrea AD, Kozono D. USP9X inhibition promotes
radiation-induced apoptosis in non-small cell lung cancer
cells expressing mid-to-high MCL1. Cancer Biol Ther.
2015; 16:392–401.

9. Zhou M, Wang T, Lai H, Zhao X, Yu Q, Zhou J, Yang Y.
Targeting of the deubiquitinase USP9X attenuates B-cell
acute lymphoblastic leukemia cell survival and overcomes
glucocorticoid resistance. Biochem Biophys Res Commun.
2015; 459:333–339.

21. Yan J, Zhong N, Liu G, Chen K, Liu X, Su L, Singhal S.
Usp9x- and Noxa-mediated Mcl-1 downregulation
contributes to pemetrexed-induced apoptosis in human nonsmall-cell lung cancer cells. Cell Death Dis. 2014; 5:e1316.

10. Cox JL, Wilder PJ, Gilmore JM, Wuebben EL, Washburn MP,
Rizzino A. The SOX2-interactome in brain cancer cells
identifies the requirement of MSI2 and USP9X for the growth
of brain tumor cells. PLoS One. 2013; 8:e62857.

22. Driessen S, Berleth N, Friesen O, Loffler AS,
Bohler P, Hieke N, Stuhldreier F, Peter C, Schink KO,
Schultz SW, Stenmark H, Holland P, Simonsen A, et al.
Deubiquitinase inhibition by WP1130 leads to ULK1
aggregation and blockade of autophagy. Autophagy.
2015; 11:1458–1470.

11. Kapuria V, Peterson LF, Fang D, Bornmann WG, Talpaz M,
Donato NJ. Deubiquitinase inhibition by small-molecule
WP1130 triggers aggresome formation and tumor cell
apoptosis. Cancer Res. 2010; 70:9265–9276.

23. Vong QP, Cao K, Li HY, Iglesias PA, Zheng Y. Chromosome
alignment and segregation regulated by ubiquitination of
survivin. Science. 2005; 310:1499–1504.

12. Cox JL, Wilder PJ, Wuebben EL, Ouellette MM,
Hollingsworth MA, Rizzino A. Context-dependent function
of the deubiquitinating enzyme USP9X in pancreatic ductal
adenocarcinoma. Cancer Biol Ther. 2014; 15:1042–1052.

24. Huelsemann MF, Patz M, Beckmann L, Brinkmann K, Otto T,
Fandrey J, Becker HJ, Theurich S, von Bergwelt-Baildon M,
Pallasch CP, Zahedi RP, Kashkar H, Reinhardt HC,
et al. Hypoxia-induced p38 MAPK activation reduces
Mcl- 1 expression and facilitates sensitivity towards BH3
mimetics in chronic lymphocytic leukemia. Leukemia.
2015; 29:981–984.

13. Harris DR, Mims A, Bunz F. Genetic disruption of USP9X
sensitizes colorectal cancer cells to 5-fluorouracil. Cancer
Biol Ther. 2012; 13:1319–1324.
14. Trivigno D, Essmann F, Huber SM, Rudner J. Deubiquitinase
USP9x confers radioresistance through stabilization of
Mcl- 1. Neoplasia. 2012; 14:893–904.

25. Mattoo AR, Zhang J, Espinoza LA, Jessup JM. Inhibition of
NANOG/NANOGP8 downregulates MCL-1 in colorectal
cancer cells and enhances the therapeutic efficacy of BH3
mimetics. Clin Cancer Res. 2014; 20:5446–5455.

15. Wang S, Kollipara RK, Srivastava N, Li R, Ravindranathan P,
Hernandez E, Freeman E, Humphries CG, Kapur P, Lotan Y,
Fazli L, Gleave ME, Plymate SR, et al. Ablation of the
oncogenic transcription factor ERG by deubiquitinase
inhibition in prostate cancer. Proc Natl Acad Sci U S A. 2014;
111:4251–4256.

26. Pan R, Ruvolo VR, Wei J, Konopleva M, Reed JC,
Pellecchia M, Andreeff M, Ruvolo PP. Inhibition of Mcl-1
with the pan-Bcl-2 family inhibitor (-)BI97D6 overcomes
ABT-737 resistance in acute myeloid leukemia. Blood.
2015; 126:363–372.

16. Grasso D, Ropolo A, Lo Re A, Boggio V, Molejon MI,
Iovanna JL, Gonzalez CD, Urrutia R, Vaccaro MI.
Zymophagy, a novel selective autophagy pathway mediated
www.impactjournals.com/oncotarget

27. Pareja F, Macleod D, Shu C, Crary JF, Canoll PD, Ross AH,
Siegelin MD. PI3K and Bcl-2 inhibition primes glioblastoma
12803

Oncotarget

cells to apoptosis through downregulation of Mcl-1 and
Phospho-BAD. Mol Cancer Res. 2014; 12:987–1001.

apoptosis and induce regression of malignant glioma
in vivo. Nat Med. 2002; 8:808–815.

28. Preuss E, Hugle M, Reimann R, Schlecht M, Fulda S. Panmammalian target of rapamycin (mTOR) inhibitor AZD8055
primes rhabdomyosarcoma cells for ABT-737-induced
apoptosis by down-regulating Mcl-1 protein. J Biol Chem.
2013; 288:35287–35296.

40. Lemke J, von Karstedt S, Abd El Hay M, Conti A, Arce F,
Montinaro A, Papenfuss K, El-Bahrawy MA, Walczak H.
Selective CDK9 inhibition overcomes TRAIL resistance
by concomitant suppression of cFlip and Mcl-1. Cell Death
Differ. 2014; 21:491–502.

29. Tagscherer KE, Fassl A, Campos B, Farhadi M, Kraemer A,
Bock BC, Macher-Goeppinger S, Radlwimmer B, Wiestler OD,
Herold-Mende C, Roth W. Apoptosis-based treatment of
glioblastomas with ABT-737, a novel small molecule inhibitor
of Bcl-2 family proteins. Oncogene. 2008; 27:6646–6656.

41. Lemke J, von Karstedt S, Zinngrebe J, Walczak H. Getting
TRAIL back on track for cancer therapy. Cell Death Differ.
2014; 21:1350–1364.
42. Pollack IF, Erff M, Ashkenazi A. Direct stimulation of
apoptotic signaling by soluble Apo2l/tumor necrosis factorrelated apoptosis-inducing ligand leads to selective killing
of glioma cells. Clin Cancer Res. 2001; 7:1362–1369.

30. Venkata JK, An N, Stuart R, Costa LJ, Cai H, Coker W,
Song JH, Gibbs K, Matson T, Garrett-Mayer E, Wan Z,
Ogretmen B, Smith C, et al. Inhibition of sphingosine
kinase 2 downregulates the expression of c-Myc and Mcl-1
and induces apoptosis in multiple myeloma. Blood. 2014;
124:1915–1925.

43. Siegelin MD, Dohi T, Raskett CM, Orlowski GM, Powers CM,
Gilbert CA, Ross AH, Plescia J, Altieri DC. Exploiting the
mitochondrial unfolded protein response for cancer therapy
in mice and human cells. J Clin Invest. 2011; 121:1349–1360.

31. Bender A, Opel D, Naumann I, Kappler R, Friedman L,
von Schweinitz D, Debatin KM, Fulda S. PI3K inhibitors
prime neuroblastoma cells for chemotherapy by shifting the
balance towards pro-apoptotic Bcl-2 proteins and enhanced
mitochondrial apoptosis. Oncogene. 2011; 30:494–503.

44. Schleich K, Buchbinder JH, Pietkiewicz S, Kahne T, Warnken U,
Ozturk S, Schnolzer M, Naumann M, Krammer PH, Lavrik IN.
Molecular architecture of the DED chains at the DISC:
regulation of procaspase-8 activation by short DED proteins
c-FLIP and procaspase-8 prodomain. Cell Death Differ. 2015;
epub ahead of print.

32. Engert F, Schneider C, Weiss L, Probst M, Fulda S. PARP
inhibitors sensitize Ewing sarcoma cells to Temozolomideinduced apoptosis via the mitochondrial pathway. Mol
Cancer Ther. 2015; 14:2818–2830.
33. Qin JZ, Xin H, Sitailo LA, Denning MF, Nickoloff BJ.
Enhanced killing of melanoma cells by simultaneously
targeting Mcl-1 and NOXA. Cancer Res. 2006; 66:9636–9645.

45. Koschny R, Boehm C, Sprick MR, Haas TL, Holland H, Xu LX,
Krupp W, Mueller WC, Bauer M, Koschny T, Keller M, Sinn P,
Meixensberger J, et al. Bortezomib sensitizes primary
meningioma cells to TRAIL-induced apoptosis by enhancing
formation of the death-inducing signaling complex. J
Neuropathol Exp Neurol. 2014; 73:1034–1046.

34. Zhang C, Cai TY, Zhu H, Yang LQ, Jiang H, Dong XW, Hu YZ,
Lin NM, He QJ , Yang B. Synergistic antitumor activity
of gemcitabine and ABT-737 in vitro and in vivo through
disrupting the interaction of USP9X and Mcl-1. Mol Cancer
Ther. 2011; 10:1264–1275.

46. Yao W, Yue P, Khuri FR, Sun SY. The BET bromodomain
inhibitor, JQ1, facilitates c-FLIP degradation and enhances
TRAIL-induced apoptosis independent of BRD4 and
c-Myc inhibition. Oncotarget. 2015; 6:34669–34679. doi:
10.18632/oncotarget.5785.

35. Murphy AC, Weyhenmeyer B, Noonan J, Kilbride SM,
Schimansky S, Loh KP, Kogel D, Letai AG, Prehn JH,
Murphy BM. Modulation of Mcl-1 sensitizes glioblastoma
to TRAIL-induced apoptosis. Apoptosis. 2014; 19:629–642.

47. Ashley DM, Riffkin CD, Muscat AM, Knight MJ, Kaye AH,
Novak U, Hawkins CJ. Caspase 8 is absent or low in many
ex vivo gliomas. Cancer. 2005; 104:1487–1496.
48. Capper D, Gaiser T, Hartmann C, Habel A, Mueller W,
Herold-Mende C, von Deimling A, Siegelin MD. Stem-celllike glioma cells are resistant to TRAIL/Apo2L and exhibit
down-regulation of caspase-8 by promoter methylation.
Acta Neuropathol. 2009; 117:445–456.

36. Fuchs D, Metzig M, Bickeboller M, Brandel C, Roth W. The
Gbeta5 protein regulates sensitivity to TRAIL-induced cell
death in colon carcinoma. Oncogene. 2015; 34:2753–2763.
37. Siegelin MD, Reuss DE, Habel A, Rami A, von Deimling A.
Quercetin promotes degradation of survivin and thereby
enhances death-receptor-mediated apoptosis in glioma cells.
Neuro Oncol. 2009; 11:122–131.

49. Elias A, Siegelin MD, Steinmuller A, von Deimling A,
Lass U, Korn B, Mueller W. Epigenetic silencing of death
receptor 4 mediates tumor necrosis factor-related apoptosisinducing ligand resistance in gliomas. Clin Cancer Res.
2009; 15:5457–5465.

38. Fassl A, Tagscherer KE, Richter J, De-Castro Arce J, Savini C,
Rosl F, Roth W. Inhibition of Notch1 signaling overcomes
resistance to the death ligand Trail by specificity protein
1-dependent upregulation of death receptor 5. Cell Death
Dis. 2015; 6:e1921.

50. Allen JE, Krigsfeld G, Mayes PA, Patel L, Dicker DT, Patel AS,
Dolloff NG, Messaris E, Scata KA, Wang W, Zhou JY, Wu GS,
El-Deiry WS. Dual inactivation of Akt and ERK by TIC10
signals Foxo3a nuclear translocation, TRAIL gene induction,
and potent antitumor effects. Sci Transl Med. 2013;
5:171ra117.

39. Fulda S, Wick W, Weller M, Debatin KM. Smac agonists
sensitize for Apo2L/TRAIL- or anticancer drug-induced

www.impactjournals.com/oncotarget

12804

Oncotarget

51. Kauer TM, Figueiredo JL, Hingtgen S, Shah K. Encapsulated
therapeutic stem cells implanted in the tumor resection
cavity induce cell death in gliomas. Nat Neurosci. 2012;
15:197–204.

and drug discovery. Curr Protoc Pharmacol. 2011; Chapter
14:Unit 14 16.
58. Karpel-Massler G, Kast RE, Westhoff MA, Dwucet A,
Welscher N, Nonnenmacher L, Hlavac M, Siegelin MD,
Wirtz CR, Debatin KM, Halatsch ME. Olanzapine inhibits
proliferation, migration and anchorage-independent growth in
human glioblastoma cell lines and enhances temozolomide’s
antiproliferative effect. J Neurooncol. 2015; 122:21–33.

52. Lopez KA, Waziri AE, Canoll PD, Bruce JN. Convectionenhanced delivery in the treatment of malignant glioma.
Neurol Res. 2006; 28:542–548.
53. Ishii N, Maier D, Merlo A, Tada M, Sawamura Y, Diserens AC,
Van Meir EG. Frequent co-alterations of TP53, p16/
CDKN2A, p14ARF, PTEN tumor suppressor genes in human
glioma cell lines. Brain Pathol. 1999; 9:469–479.

59. Karpel-Massler G, Westhoff MA, Kast RE, Dwucet A,
Nonnenmacher L, Wirtz CR, Debatin KM, Halatsch ME.
Artesunate enhances the antiproliferative effect of
temozolomide on U87MG and A172 glioblastoma cell lines.
Anticancer Agents Med Chem. 2014; 14:313–318.

54. Campos B, Wan F, Farhadi M, Ernst A, Zeppernick F,
Tagscherer KE, Ahmadi R, Lohr J, Dictus C, Gdynia G,
Combs SE, Goidts V, Helmke BM, et al. Differentiation
therapy exerts antitumor effects on stem-like glioma cells.
Clin Cancer Res. 2010; 16:2715–2728.

60. Karpel-Massler G, Pareja F, Aime P, Shu C, Chau L,
Westhoff MA, Halatsch ME, Crary JF, Canoll P, Siegelin MD.
PARP inhibition restores extrinsic apoptotic sensitivity in
glioblastoma. PLoS One. 2014; 9:e114583.

55. Chirasani SR, Sternjak A, Wend P, Momma S, Campos B,
Herrmann IM, Graf D, Mitsiadis T, Herold-Mende C,
Besser D, Synowitz M, Kettenmann H, Glass R. Bone
morphogenetic protein-7 release from endogenous neural
precursor cells suppresses the tumourigenicity of stem-like
glioblastoma cells. Brain. 2010; 133:1961–1972.

61. Sonabend AM, Carminucci AS, Amendolara B, Bansal M,
Leung R, Lei L, Realubit R, Li H, Karan C, Yun J, Showers C,
Rothcock R, O J, et al. Convection-enhanced delivery of
etoposide is effective against murine proneural glioblastoma.
Neuro Oncol. 2014; 16:1210–1219.

56. Karpel-Massler G, Westhoff MA, Zhou S, Nonnenmacher L,
Dwucet A, Kast RE, Bachem MG, Wirtz CR, Debatin KM,
Halatsch ME. Combined inhibition of HER1/EGFR and
RAC1 results in a synergistic antiproliferative effect on
established and primary cultured human glioblastoma cells.
Mol Cancer Ther. 2013; 12:1783–1795.

62. Lopez KA, Tannenbaum AM, Assanah MC, Linskey K, Yun J,
Kangarlu A, Gil OD, Canoll P, Bruce JN. Convectionenhanced delivery of topotecan into a PDGF-driven model
of glioblastoma prolongs survival and ablates both tumorinitiating cells and recruited glial progenitors. Cancer Res.
2011; 71:3963–3971.

57. Carlson BL, Pokorny JL, Schroeder MA, Sarkaria JN.
Establishment, maintenance and in vitro and in vivo
applications of primary human glioblastoma multiforme
(GBM) xenograft models for translational biology studies

www.impactjournals.com/oncotarget

12805

Oncotarget

