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Deregulation of NOTCH2 signaling is implicated in a wide variety of human neoplasias.
The current concept of targeting NOTCH is based on using gamma secretase inhibitors
(GSI) to regulate the release of the active NOTCH intracellular domain. However,
the clinical outcome of GSI remains unsatisfactory. Therefore we analyzed human
solid tumor derived cell lines for their nuclear NOTCH activity and evaluated the
therapeutic potential of the NOTCH2 transactivation inhibitor gliotoxin in comparison
to the representative GSI DAPT. Electrophoretic mobility shift assays (EMSA) were used
as a surrogate method for the detection of NOTCH/CSL transcription factor complexes.
The effect of gliotoxin on cell viability and its clinical relevance was evaluated in vitro
and in a melanoma xenograft mouse model. Cell lines derived from melanoma (518A2),
hepatocellular carcinoma (SNU398, HCC-3, Hep3B), and pancreas carcinoma (PANC1)
express high amounts of nuclear NOTCH2. Gliotoxin efficiently induced apoptosis in
these cell lines whereas the GSI DAPT was ineffective. The specificity of gliotoxin was
demonstrated in the well differentiated nuclear NOTCH negative cell line Huh7, which
was resistant to gliotoxin treatment in vitro. In xenotransplanted 518A2 melanomas, a
single day dosing schedule of gliotoxin was well tolerated without any study limiting side
effects. Gliotoxin significantly reduced the tumor volume in early (83 mm3 vs. 115 mm3,
p = 0.008) as well as in late stage (218 mm3 vs. 576 mm3, p = 0.005) tumor models.
In conclusion, NOTCH2 appears to be a key target of gliotoxin in human neoplasias
and gliotoxin deserves further evaluation as a potential therapeutic agent in cancer
management.

Keywords: NOTCH2, gliotoxin, γ-secretase inhibitors, melanoma, hepatocellular carcinoma, pancreas carcinoma

INTRODUCTION

The highly conserved NOTCH gene family (NOTCH1-4) encodes trans-membrane receptors that
regulate embryonic development and adult tissue homeostasis by modulating binary cell fate
decisions in response to external signals (Louvi and Artavanis-Tsakonas, 2012; Ntziachristos et al.,
2014). After ligand binding, canonical NOTCH signaling is initiated by a series of proteolytic
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events involving γ-secretase leading to the release of the NOTCH
intracellular domain (NIC). NIC translocates to the nucleus where
it acts as context dependent transcription factor on CSL (for
CBF1/Suppressor of Hairless/LAG-1) responsive genes (Louvi
and Artavanis-Tsakonas, 2012; Ntziachristos et al., 2014).

NOTCH receptors act as tumor initiating oncogenes
by rendering transformed cells into a less differentiated,
immortalized state (Espinoza and Miele, 2013; Andersson and
Lendahl, 2014). Deregulation of NOTCH2 signaling is observed
in an increasing number of human neoplasias including chronic
lymphocytic leukemia (CLL) (Hubmann et al., 2002; Rosati
et al., 2009), marginal zone lymphoma (MZL) (Kiel et al., 2012),
pancreas carcinoma (pancreas-CA) (Mazur et al., 2010; Zhou
et al., 2013; Liu et al., 2017), hepatocellular carcinoma (HCC)
(Dill et al., 2013; Hayashi et al., 2015; Huntzicker et al., 2015;
Zhu et al., 2015; Wu et al., 2016), bladder cancer (Hayashi et al.,
2016), medulloblastoma (Fan et al., 2004), glioblastoma (Yu et al.,
2015), and melanoma (Hoek et al., 2004; Kaushik et al., 2014). It
has been recently shown, for instance, that the nuclear NOTCH2
activity is functionally linked with the self-renewing capacity
(stemness) and severity of liver cancer cells making nuclear
NOTCH2 an ideal candidate for therapeutic interventions (Zhu
et al., 2015).

Truncated, ligand independent NOTCH2 proteins are not
tethered to the plasma membrane and, thus, do not require
γ-secretase for processing and function (Lauring and Overbaugh,
2000). As a consequence, the nuclear NOTCH2 activity might
be resistant to γ-secretase inhibitors (GSI) (Das et al., 2004),
a phenomenon that we have observed in the majority of CLL
cases (Hubmann et al., 2010, 2013). In light of the observation
that GSI are less effective in clinical studies (Andersson and
Lendahl, 2014; Lee et al., 2015), we hypothesize that GSI
resistance might be a widespread characteristic of NOTCH2
associated human malignancies. Therefore, we tested human
cell lines derived from melanoma, HCC, and pancreas-CA
for their nuclear NOTCH activity by EMSA and evaluated
their sensitivity to the representative GSI DAPT and to the
Aspergillum derived canonical NOTCH2/CSL transactivation
inhibitor gliotoxin which efficiently induced apoptosis in CLL
cells (Hubmann et al., 2013). The secondary metabolite gliotoxin
was identified as major virulence factor in Aspergillosis patients
with immunosuppressive functions and since the discovery of its
structure in 1958 (Bell et al., 1958), it became a target for extensive
investigations to explore its complex mechanism of action and its
multiple downstream effector molecules and for potential drug
development (Gardiner et al., 2005; Dolan et al., 2015; Scharf
et al., 2016).

MATERIALS AND METHODS

Chemical Reagents, Compounds, and
Culture
DAPT and gliotoxin, were obtained from Merck Millipore
(Darmstadt, Germany). The compounds were reconstituted in
dimethyl sulfoxide (DMSO). Human cell lines derived from

melanoma (518A2), HCC (HEP3B, SNU398, Huh7), pancreas-
CA (PANC1), and breast-CA (HCC38, MDA-MB-468) were
cultured in RPMI 1640 supplemented with 10% heat inactivated
fetal calf serum (FCS), 2 mM Glutamine, 100 U/ml penicillin, and
100 mg/ml streptomycin (all reagents were obtained from Gibco,
Life Technologies Inc., Paisley, United Kingdom). HEP3B (HB-
8064), SNU398 (CRL-2233), PANC1 (CRL-1469), HCC38 (CRL-
2314), and MDA-MB-468 (HTB-132) cell lines were obtained
from the American Type Culture Collection (ATCC, Rockville,
MA, United States). The cell line Huh7 (JCRBO 403) was
obtained from the National Institute of Biomedical Innovation
(Osaka, Japan). The melanoma cell line 518A2, characterized by
the BRAF V600E mutation and a CDKN2A exon 2 deletion, was
obtained from Leiden University. The generation of the HCC cell
line HCC-3 was described previously (Winter et al., 2008). Cells
were incubated with the indicated concentrations of inhibitors or
with equal amounts of solvent.

Flow Cytometry and Detection of Cell
Viability
Flow cytometry was performed on a FACSCalibur using
CellQuest Pro software version 5.2.1 (Becton Dickinson, San Jose,
CA, United States). Annexin V, and propidium iodide staining
was performed to estimate the percentages of cells undergoing
apoptosis using a kit from Bender Med. Systems Inc. (Vienna,
Austria). The percentage of apoptotic cells was calculated as sum
of propidium iodide (PI)−/Annexin V (Ax)+ (early apoptosis)
and PI+/Ax+ (late apoptosis/necrosis) cells.

Preparation of Nuclear Extracts, EMSA,
and Western Blotting
3 × 107 cells were lysed in 1 ml hypotonic buffer (10 mM
HEPES, pH 7.9; 1.5 mM MgCl2; 10 mM KCL) containing 0.15%
NP-40 at 4◦C for 10 min. The nuclear proteins were extracted
from the nuclear fraction by suspending the nuclei in 100 µl
extraction buffer (300 mM KCl; 1.5 mM MgCl2; 20 mM HEPES,
pH 7.9; 0.2 mM EDTA; 25% Glycerin) at 4◦C for 20 min
with constant agitation. A CSL site spanning oligonucleotide
(5′-CAGCCCTGTGGGAACTTGCTG-3′) was annealed with the
reverse complementary strand and served as probe. EMSA for the
detection of NOTCH/CSL complexes were performed essentially
as described (Hubmann et al., 2002).

The N1IC (bTAN 20) and N2IC (C651.6DbHN) antibodies
used for supershift/interference and western blot assays were
obtained from the Developmental Studies Hybridoma Bank
(University of Iowa, Department of Biological Science, Iowa City,
IA, United States). The NFκB p65 (RelA) and ACTB Antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
United States). Western blotting was performed according to
standard protocols.

Tissue Array Immunohistochemistry
For NOTCH2 cellular localization, human HCCs tissue array
slides were obtained from SuperBioChips Laboratories, Seoul,
South Korea. Heat induced antigen retrieval was performed
in 10 mM citrate buffer at pH 6. After incubation with
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the NOTCH2 primary antibody (C651.6DbHN), slides were
incubated with biotinylated secondary antibody, followed by
alkaline phosphatase-streptavidin and chromogen. The stained
slides were evaluated by a pathologist to evaluate NOTCH2
localization.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR) Analysis
Total RNA was extracted using the TRI Reagent R© isolation
system (Sigma–Aldrich, St Louis, MO, United States). Moloney
murine leukemia virus (M-MLV) reverse transcriptase and
GoTaqPCR kits (Promega) were used for semiquantitative
RT-PCR using primer sets as follows: HEY1, forward
5′-ATACGCCTGCATTTACCAGC-3′ and reverse 5′-
TCAATTGACCACTCGCACAC-3′. Primer sets for NOTCH1,
NOTCH2, and ACTB were published elsewhere (Hubmann et al.,
2013). Real-time quantitative RT-PCR (qPCR) for NOTCH2 was
performed with TaqMan R©-probes (Hs01050717_m1) purchased
from Applied Biosystems (Thermo Fisher Scientific, Waltham,
MA, United States).

Gene Silencing by RNA-Interference
siRNA duplexes (siRNAs) for NOTCH2 (ON-TARGETplusTM)
and controls (RISC-free Co-siRNA, and siGLO red transfection
indicator) were obtained from Dharmacon (Lafayette, CO,
United States). Transfection of siRNAs into HCC cell lines was
performed by using the lipid reagent siLentFectTM from Bio-
Rad Laboratories. The transfection efficiency was determined by
FACS and varied from 80 to 90%.

Cellular Reactive Oxygen Species (ROS)
Detection Assay
The redox status was analyzed by a DCFDA (2′,7′-
dichlorofluorescin diacetate) containing ROS detection assay
using a kit from Abcam (Cambridge, United Kingdom) according
to the manufacturer’s instructions. Within the cells, DCFDA is
deacetylated and oxidized by ROS into highly fluorescent DCF
(2′,7′-dichlorofluorescin) which is measured by flow cytometry.

Tumor Xenograft Model
Pathogen-free, 4–6 week old, female athymic nude mice (Harlan
Winkelmann, Borchen, Germany) were housed under sterile
conditions and treated according to the regulations of the local
animal ethics committee (BMBWK-66.009/0055-BrGT/2006).
Hundred microliter of a tumor cell suspension in PBS containing
9 × 106 518A2 cells were inoculated subcutaneously into the
lower right and left flank of each mouse as described previously
(Krepler et al., 2004). When mean tumor volume reached
approximately 75 mm3 (based on caliper measurements), mice
were randomly assigned to treatment groups. One hundred
and fifty microliter gliotoxin solution or an equal amount
of vehicle control (Vitamin-E derivative) was intraperitoneal
injected according to the dosing schedule. The trial was stopped
when control mice reached a mean tumor volume of 1 cm3.

Statistics
Statistical significance of differences among treatment groups was
calculated by one-way ANOVA and Bonferroni’s test using SPSS
software (SPSS Inc., Chicago, IL, United States). Differences in
mean tumor volume between two time points within treatment
groups were calculated by using the Wilcoxon matched pairs
test. P-values less than 0.05 were considered to be of statistical
significance.

RESULTS

Gliotoxin But Not DAPT Inhibited DNA
Binding of NOTCH2 and Induced
Apoptosis in Cell lines of Human Solid
Tumors
The oncogenic properties of NOTCH receptors are tightly linked
with their nuclear localization and their transcriptional activity
(Jeffries and Capobianco, 2000; Tando et al., 2013; Ressel et al.,
2014; Saito et al., 2016). In the nucleus, the intracellular domain
of NOTCH (NIC) forms a ternary transcription factor complex
on CSL responsive genes (Ntziachristos et al., 2014). Therefore,
we analyzed nuclear extracts from human cell lines derived from
melanoma (518A2), HCC (Hep3B, HCC-3, SNU398, Huh7),
and pancreas-CA (PANC-1) for DNA-bound NOTCH/CSL
complexes on a CSL consensus site (GTGGGAA) spanning probe
by EMSA. We found that NOTCH is highly active in these
cell lines with exception of Huh7 (Figure 1A, lane 1). Addition
of N2-Ab to the EMSA reaction (supershift/interference assay)
completely disrupted the formation of the transcription factor
complexes (Figure 1A, lane 3) whereas N1-Ab had no effect
(Figure 1A, lane 2). This shows that NOTCH2 is the dominant
nuclear active NOTCH receptor in these cell lines. Interestingly,
the well differentiated HCC cell line Huh7 did not display any
DNA-bound NOTCH complexes and, thus, served as negative
control for canonical NOTCH/CSL signaling in our experiments
(Hayashi et al., 2015).

In order to analyze the efficiency of GSI in these cell lines, we
next tested the sensitivity of DNA-bound NOTCH2 complexes to
the widely used and selective GSI DAPT. As shown in Figure 1A
lane 4, treatment of 518A2, HEP3B, HCC-3, SNU398, and PANC-
1 cells with 5 µM DAPT, a concentration which we previously
showed that it inhibits NOTCH2 signaling in GSI sensitive
CLL cases (Hubmann et al., 2010, 2013), had no effect on the
NOTCH2 transcription factor complex after 1 day of incubation.

Based on our recent data which showed that the Aspergillum
derived secondary metabolite gliotoxin is a potent NOTCH2/CSL
transactivation inhibitor in CLL cells (Hubmann et al., 2013),
we tested the effect of gliotoxin in these cell lines. As shown in
Figure 1A lane 5, exposure to gliotoxin at 0.2 µM (=64 ng/ml)
for 24 h completely blocked the formation of DNA-bound N2IC

complexes in nuclear NOTCH2 positive cell lines.
In terms of cell viability, DAPT had almost no effect while

gliotoxin efficiently induced apoptosis. Interestingly, the pro-
apoptotic effect of gliotoxin was restricted to nuclear NOTCH2
positive cells while the well differentiated nuclear NOTCH2
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FIGURE 1 | Gliotoxin selectively induces apoptosis in nuclear NOTCH2/CSL active cell lines of solid tumor origin. (A) Electrophoretic mobility shift assays (EMSA)
and supershift/interference assays conducted with antibodies specific for N1IC (bTAN 20, N1-Ab) and N2IC (C651.6DbHN, N2-Ab) revealed that NOTCH2 is the
dominant active NOTCH family member bound on CSL sites in the indicated cell lines (left panel). Cells were incubated with 5 µM DAPT or 0.2 µM gliotoxin for 1 day
and the sensitivity of DNA-bound N2IC complexes to the compounds was determined by EMSA (right panel). (B) Corresponding FACS analysis showing the effect of
5 µM DAPT and 0.2 µM gliotoxin on apoptosis. (C) Immunohistochemistry, showing the nuclear/cytoplasmic localisation of NOTCH2 in HCC tissues in relation to
the N/C ratio. (D) Western blotting and RT-PCR showing the effect of gliotoxin (0.2 µM) and DAPT (5 µM) on the expression of NOTCH2 and its target gene HEY1 in
nuclear N2IC positive SNU398 and nuclear N2IC negative Huh7 HCC cells after 1 day of incubation. Nuclear NFκB p65, a redox sensitive transcription factor, was
not affected by gliotoxin and DAPT. (E) 0.2 µM gliotoxin did not induce oxidative stress in SNU398 cells. Cells were treated with 0.2 µM gliotoxin and with two
different concentrations of H2O2 and the ROS concentration was determined by a DCFDA assay via flow cytometry. (F–H) Quantitative RT-PCR (qPCR), EMSA, and
FACS comparing the time dependent effect of NOTCH2 inhibition by gliotoxin and siRNA on NOTCH2 mRNA expression, NOTCH2/CSL complexes, and on
apoptosis in SNU398 and HCC-3 cells. Data is given as mean from three independent experiments ± standard deviation. ∗The nuclear NOTCH2 negative HCC cell
line Huh7 cells served as negative control.

negative HCC cell line Huh7 was found to be resistant to gliotoxin
treatment (Figure 1B).

Since NOTCH2 is considered as a tumor suppressor gene
in certain breast cancer cell lines (O’Neill et al., 2007; Kim
et al., 2016), we additionally tested HCC38 and MDA-MB-468
breast cancer cells for their NOTCH activity and sensitivity
to gliotoxin. HCC38 cells were found to be positive for
NOTCH2/CSL complexes whereas no remarkable NOTCH
activity could be detected in MDA-MB-468 cells (Supplementary
Figure 1A). In HCC38 cells, gliotoxin inhibited NOTCH2/CSL
complexes (supplementary Figure 1A) and induced apoptosis
in a dose dependent manner (Supplementary Figure 1B)
whereas MDA-MB-468 cells were resistant to gliotoxin treatment
(Supplementary Figure 1B).

In order to substantiate the relation between the
differentiation grade and the nuclear localization of NOTCH2,
we performed immunohistochemical analysis of human HCC
tissue sections obtained from patients with less differentiated
and more differentiated tumors. In accordance with published
data (Hayashi et al., 2015), staining primary human HCC tissues
with anti-NOTCH2 antibodies showed a prominent nuclear
localization of NOTCH2 in less differentiated HCC tissues
with a more immature cellular morphology as indicated by a
high nuclear to cytosol (N/C) ratio. In contrast, a predominant
cytoplasmic localization of NOTCH2 was found in more
differentiated HCC tissues with low H/C ratio, underlining the
clinical relevance of our cell line data (Figure 1C). A global
overview about the expression and localization of NOTCH2 in
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FIGURE 2 | Gliotoxin efficiently targets melanoma tumors in athymic nude mice. A single day dosing schedule (5-0-2.5 mg/kg) of gliotoxin was intraperitoneally
applied to 518A2 xenotransplanted mice (A) on day 11 (group A, early stage tumor model) and (B) on day 25 (group B, late stage tumor model) as indicated. The
effect of gliotoxin on the tumor volume in the treatment groups (indicated as white circles) relative to the control group (indicated as black squares) was determined
by serial caliper measurements. Data is given as mean ± 95% confidence interval. 1 values indicate the maximum percentage of tumor mass reduction relative to
controls mediated by gliotoxin in these two groups. ∗Denotes the beginning of statistical significance.

cancer tissue arrays is presented in the human protein atlas1

(Uhlen et al., 2015).

Gliotoxin Selectively Targets NOTCH2
Expression in Nuclear N2IC Active HCC
Cells and Induces Apoptosis
Independent of the Redox Status
We next tested the effect of gliotoxin on total NOTCH2
protein expression in nuclear NOTCH2 positive (SNU398) and
in nuclear NOTCH2 negative (Huh7) HCC cells by western
blotting. The wild type NOTCH2 receptor is anchored as cleaved
heterodimer on the cell surface. This consists of a 180-kD
NOTCH2 extracellular domain (N2EC) and a 120-kD NOTCH2
transmembrane form (N2TM). After ligand binding, the 100-kD
NOTCH2 intracellular domain (N2IC) is released from the N2TM

form by γ-secretase cleavage. As shown in Figure 1D, both cell
lines express mainly N2IC (100-kD) whereas N2TM (120-kD)
was only weakly detectable in Huh7 cells (Figure 1D). Gliotoxin
efficiently inhibited the expression of NOTCH2 in SNU398
cells but not in Huh7 cells suggesting that gliotoxin specifically
targets NOTCH2 expression in nuclear N2IC active SNU398
cells. However, further studies on the subcellular localization of
NOTCH2 and dynamics of NOTCH2 migration upon exposure
to gliotoxin would be of a major interest for getting deeper insight
on the mechanism of action of gliotoxin in terms of NOTCH
regulation.

The nuclear NOTCH2 activity in SNU398 cells was reflected
by the transcription of its target gene HEY1 (Figure 1D).
Gliotoxin but not DAPT inhibited HEY1 transcription in
SNU398 cells. This result supports the hypothesis, that
deregulation of NOTCH2 signaling in certain cell lines

1http://www.proteinatlas.org

is probably caused by the expression of truncated, ligand
independent N2IC forms which do not require γ-secretase for
processing and function.

Since gliotoxin may have a wide range of downstream targets
(Scharf et al., 2016) and may exert its apoptotic effect via reactive
oxygen species (ROS) production and via inhibition of the redox
sensitive transcription factor NFκB (Gardiner et al., 2005), we
evaluated the effect of gliotoxin on the nuclear expression of the
NFκB subunit p65 (RelA) (Gloire and Piette, 2009). As shown
in Figure 1D, gliotoxin had no influence on the expression of
p65 in nuclear extracts of both cell lines. Furthermore, gliotoxin
did not influence the redox status in gliotoxin sensitive SNU398
cells as determined by a cellular ROS detection assay (Figure 1E).
In summary, these results clearly show that the induction of
apoptosis by gliotoxin, at least in this cell line, is associated with
the transcriptional NOTCH2/CSL activity, is independent of the
GSI sensitivity of N2IC, and is not associated with effects on the
redox status of the treated cells.

We next compared the effect of NOTCH2 inhibition by
gliotoxin and siRNA in the HCC cell lines SNU398 and HCC-
3. Gliotoxin remarkably inhibited NOTCH2 mRNA expression
(Figure 1F, left panel), the formation of NOTCH2/CSL
complexes (Figure 1G, left panel), and induced apoptosis
(Figure 1H, left panel) within 12 h of incubation. In contrast,
NOTCH2 siRNA downregulated NOTCH2 mRNA expression
(Figure 1F, right panel) but had no influence neither on
NOTCH2/CSL complexes (Figure 1G, right panel) nor on
cell viability (Figure 1H, right panel) within 2 days of
incubation. This indicates that gliotoxin may target NOTCH2
signaling at the transcription factor level which in turn
disrupts a positive feedback loop of NOTCH2 mRNA expression
(Artavanis-Tsakonas et al., 1999). In contrast, downregulation
of NOTCH2 mRNA alone seems to be insufficient to target
NOTCH2 signaling. This might be explained by the stability
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of the NOTCH2/CSL complex on DNA. Together, these results
confirmed that the induction of apoptosis by gliotoxin is
tightly linked with its inhibitory effect on the formation of the
NOTCH2/CSL complex on DNA (Hubmann et al., 2013).

Gliotoxin Is Effective in a Human
Melanoma Xenograft Mouse Model
Since many in vivo investigations and clinical trials with GSI have
been already reported (Espinoza and Miele, 2013; Andersson
and Lendahl, 2014) or are still ongoing2, we focused the in vivo
investigation on gliotoxin treatment using our established 518A2
melanoma xenograft mouse model (Krepler et al., 2004).

We found that intraperitoneal (ip) application of gliotoxin
on a single day (5 mg/kg in the morning and 2.5 mg/kg in the
evening) was well tolerated and the mice did not show any study
limiting side effects. Therefore, we applied this gliotoxin dosing
schedule to the treatment groups on day 11 (early stage tumor
model; group A, n = 6) and on day 25 (late stage tumor model;
group B, n = 6), respectively. We then determined the effect of
gliotoxin on the tumor mass in treated animals compared to the
control group (n= 8) by serial caliper measurements (Figure 2).

In the early stage tumor model, application of gliotoxin on
day 11 revealed a significant decrease of the mean tumor volume
on day 14 (control group versus treatment group A: 115 mm3

vs. 83 mm3; P = 0.008) with the greatest tumor mass reduction
after 2 weeks (68%) (Figure 2A). This effect was even more
pronounced in the late stage tumor model, where the same
dosing schedule was applied on day 25 (Figure 2B). This caused
a significant decrease of the mean tumor volume on day 28
(control group versus treatment group B: 576 mm3 vs. 218 mm3,
P = 0.005) with the greatest tumor mass reduction after 1 week
(77%) (Figure 2B). Therefore, we conclude that gliotoxin is
highly active in this melanoma xenograft mouse model and, thus,
is therapeutically relevant for NOTCH2 associated malignancies.

DISCUSSION

Although human cancers evolve by the progressive accumulation
of driver mutations in genes with diverse functions, they
may be highly dependent on a singular tumor initiating
oncogene (oncogene addiction) (Weinstein and Joe, 2008). Such
oncogenes have the potential to serve as “Achilles heel” for
a targeted therapy. Members of the NOTCH gene family are
deregulated in a wide variety of human neoplasias making
NOTCH a promising candidate for therapeutic interventions.
The oncogenic characteristics of NOTCH receptors are tightly
linked with their nuclear localization and their transcriptional
activity (Jeffries and Capobianco, 2000; Tando et al., 2013; Ressel
et al., 2014; Saito et al., 2016). Due to the lack of reliable, cell
type independent NOTCH target genes (Ntziachristos et al.,
2014), we used EMSA as a surrogate model for the detection
of NOTCH/CSL transcription factor complexes and found that
human cell lines derived from melanoma (518A2), HCC (Hep3B,

2https://clinicaltrials.gov/

HCC-3, SNU398), and pancreas-CA (PANC-1) express high
amounts of nuclear NOTCH2.

One strategy to target aberrant NOTCH signaling is the use of
GSI which are currently tested in many clinical trials (Espinoza
and Miele, 2013; Andersson and Lendahl, 2014). However, the
outcomes of these studies are often disappointing which might
be explained by the expression of truncated, ligand independent
NOTCH forms which do not require γ-secretase for processing
and function (Lauring and Overbaugh, 2000; Das et al., 2004;
Ntziachristos et al., 2014), and/or by GSI mediated effects
on the tumor microenvironment as has been recently shown
in an immunocompetent C57BL/6 mouse model (Dai et al.,
2017). Moreover, the nuclear NOTCH2/CSL complexes might
be relatively stable as indicated by siRNA mediated inhibition
of NOTCH2 mRNA expression which had no influence on the
amount of NOTCH2/CSL complexes in HCC cell lines in vitro as
shown in this work.

In line with this hypothesis, we show that DNA-bound N2IC

complexes as well as total N2IC expression are resistant to
GSI treatment in the analyzed cell lines. Therefore we tested
alternatively the therapeutic potential of gliotoxin which is a
potent inhibitor of canonical NOTCH2/CSL signaling and which
also induced apoptosis in CLL cells under microenvironment
conditions in co-culture with primary bone marrow stromal cells
(Shehata et al., 2010; Hubmann et al., 2013). We confirmed that
gliotoxin completely blocked DNA-bound N2IC complexes in
all tested cell lines (Hubmann et al., 2013). The specificity of
gliotoxin was demonstrated in the well differentiated HCC cell
line Huh7 (Hayashi et al., 2015) and in the breast cancer derived
cell line MDA-MB-468, which did not display a detectable nuclear
NOTCH/CSL activity and which were found to be resistant to
gliotoxin treatment in vitro. Moreover, gliotoxin did not influence
the redox status and the nuclear expression of the redox sensitive
NFκB p65 (RelA) subunit in SNU398 cells (Gardiner et al.,
2005; Gloire and Piette, 2009). Thus, the data may confirm
that gliotoxin exerts its apoptotic effect primarily via targeting
canonical NOTCH2/CSL signaling. However, more work need
to be done for a better understanding of the effect of gliotoxin
on the complex and interconnected signal transduction pathways
in cancer cells. Moreover, a large scale screening process on a
wide range of tumors and tumor subtypes should identify nuclear
NOTCH2/CSL positive entities that might respond to gliotoxin
treatment.

Since the therapeutic options for melanoma, pancreas-
CA, and HCC patients are limited, we evaluated the clinical
relevance of gliotoxin in vivo. Because DAPT had no effect on
NOTCH2/CSL complexes in the cell lines tested, we focused on
evaluating the effect of gliotoxin in vivo. However, a comparative
in vivo study using gliotoxin and GSI in parallel needs to be taken
into consideration. A single day dosing schedule of gliotoxin led
to a significant tumor mass reduction in an early stage (68%) as
well as in a late stage (77%) melanoma xenograft mouse model.
In accordance with other animal studies (Wright et al., 2001;
Vigushin et al., 2004; Nejak-Bowen et al., 2013), the applied
gliotoxin dose was well tolerated and far lower than its reported
toxic doses (Richard, 1990). Based on the body surface area (BSA)
indices, the human equivalent dose (HED) of 5 mg/kg gliotoxin
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used in this study would be as low as 0.405 mg/kg (Reagan-
Shaw et al., 2008). In addition, the effective concentration of
gliotoxin in vitro (0.2 µM ∧

= 64 ng/ml) is still up to 10
times lower than its serum concentrations detected in patients
suffering from aspergillosis (Lewis et al., 2005) pointing to the
physiological relevance of our data. One has to consider, however,
that xenotransplanted cell lines in immunocompromised mice
will not fully reflect the situation expected in human tumors or
precisely predict the outcome in patients and therefore, careful
approaches should be taken to justify clinical evaluation in
human.

Taking together, this work shows that targeting canonical
NOTCH2/CSL signaling by gliotoxin is associated with the
induction of apoptosis in cell lines derived from melanoma,
HCC, and pancreas-CA whereas the GSI DAPT is ineffective.
The potential clinical relevance of this finding is demonstrated
in a melanoma xenograft mouse model, showing that gliotoxin
significantly reduced the tumor volume in early as well as in late
stage tumors. Although the available preclinical data presented
in this work are encouraging, more evidence needs to be directly
demonstrated on human tumors. However, this proof of concept
serves as a perspective and may justify further explorations of the
therapeutic potential of gliotoxin in NOTCH2 associated human
neoplasias.

AUTHOR CONTRIBUTIONS

RH, MS, and WS designed the study, performed the in vitro and
animal experiments, analyzed and interpreted the data, wrote
the manuscript and approved the final version. SS, MA, MH,

MR, and DD contributed substantially to the experimental work,
data analysis and interpretation, revision and approval of the
manuscript. PV, CZ, and UJ contributed to data analysis and
interpretation, critically reviewed and approved the manuscript.

FUNDING

This work was supported by the Austrian National Bank
“Jubilaeumsfonds” (No. 13012) to MS; and “Initiative
Krebsforschung” (UE715040001) to MS; by the “Initiative
Krebsforschung” (UE71104017 and UE1504001) to RH; by
the “Joseph Skoda Projektförderungspreis der Österreichischen
Gesellschaft für Innere Medizin” to WS; and by a Clinical
Research Grant of the Austrian Society of Hematology and
Oncology (AP00359OFF) to RH.

ACKNOWLEDGMENTS

We would like to express our appreciation to Dr. Christiane
Krcal and Dr. Andrea Kolbus from the Technology Transfer
Office (TTO, Medical University of Vienna) for their constructive
discussions. The melanoma cell line 518A2 was a generous gift
from Dr. Peter Schier from Leiden University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphar.
2017.00319/full#supplementary-material

REFERENCES
Andersson, E. R., and Lendahl, U. (2014). Therapeutic modulation of Notch

signalling–are we there yet? Nat. Rev. Drug Discov. 13, 357–378. doi: 10.1038/
nrd4252

Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1999). Notch signaling:
cell fate control and signal integration in development. Science 284, 770–776.
doi: 10.1126/science.284.5415.770

Bell, M. R., Johnson, J. R., Wildi, B. S., and Woodward, R. B. (1958). The
structure of gliotoxin. J. Am. Chem. Soc. 80, 1001. doi: 10.1021/ja0153
7a065

Dai, K., Huang, L., Huang, Y. B., Chen, Z. B., Yang, L. H., and Jiang, Y. A. (2017).
1810011o10 Rik inhibits the antitumor effect of intratumoral CD8+ T cells
through suppression of Notch2 pathway in a murine hepatocellular carcinoma
model. Front. Immunol. 8:320. doi: 10.3389/fimmu.2017.00320

Das, I., Craig, C., Funahashi, Y., Jung, K. M., Kim, T. W., Byers, R., et al.
(2004). Notch oncoproteins depend on gamma-secretase/presenilin activity for
processing and function. J. Biol. Chem. 279, 30771–30780. doi: 10.1074/jbc.
M309252200

Dill, M. T., Tornillo, L., Fritzius, T., Terracciano, L., Semela, D., Bettler, B.,
et al. (2013). Constitutive Notch2 signaling induces hepatic tumors in mice.
Hepatology 57, 1607–1619. doi: 10.1002/hep.26165

Dolan, S. K., O’keeffe, G., Jones, G. W., and Doyle, S. (2015). Resistance is not futile:
gliotoxin biosynthesis, functionality and utility. Trends Microbiol. 23, 419–428.
doi: 10.1016/j.tim.2015.02.005

Espinoza, I., and Miele, L. (2013). Notch inhibitors for cancer treatment.
Pharmacol. Ther. 139, 95–110. doi: 10.1016/j.pharmthera.2013.
02.003

Fan, X., Mikolaenko, I., Elhassan, I., Ni, X., Wang, Y., Ball, D., et al. (2004). Notch1
and Notch2 have opposite effects on embryonal brain tumor growth. Cancer
Res. 64, 7787–7793. doi: 10.1158/0008-5472.CAN-04-1446

Gardiner, D. M., Waring, P., and Howlett, B. J. (2005). The
epipolythiodioxopiperazine (ETP) class of fungal toxins: distribution,
mode of action, functions and biosynthesis. Microbiology 151, 1021–1032.
doi: 10.1099/mic.0.27847-0

Gloire, G., and Piette, J. (2009). Redox regulation of nuclear post-translational
modifications during NF-kappaB activation. Antioxid. Redox Signal. 11,
2209–2222. doi: 10.1089/ARS.2009.2463

Hayashi, T., Gust, K. M., Wyatt, A. W., Goriki, A., Jager, W., Awrey, S., et al.
(2016). Not all NOTCH is created equal: the oncogenic role of NOTCH2 in
bladder cancer and its implications for targeted therapy. Clin. Cancer Res. 22,
2981–2992. doi: 10.1158/1078-0432.CCR-15-2360

Hayashi, Y., Osanai, M., and Lee, G. H. (2015). NOTCH2 signaling confers
immature morphology and aggressiveness in human hepatocellular carcinoma
cells. Oncol. Rep. 34, 1650–1658. doi: 10.3892/or.2015.4171

Hoek, K., Rimm, D. L., Williams, K. R., Zhao, H., Ariyan, S., Lin, A., et al.
(2004). Expression profiling reveals novel pathways in the transformation of
melanocytes to melanomas. Cancer Res. 64, 5270–5282. doi: 10.1158/0008-
5472.CAN-04-0731

Hubmann, R., Duchler, M., Schnabl, S., Hilgarth, M., Demirtas, D., Mitteregger, D.,
et al. (2010). NOTCH2 links protein kinase C delta to the expression of CD23
in chronic lymphocytic leukaemia (CLL) cells. Br. J. Haematol. 148, 868–878.
doi: 10.1111/j.1365-2141.2009.08024.x

Hubmann, R., Hilgarth, M., Schnabl, S., Ponath, E., Reiter, M., Demirtas, D.,
et al. (2013). Gliotoxin is a potent NOTCH2 transactivation inhibitor
and efficiently induces apoptosis in chronic lymphocytic leukaemia

Frontiers in Pharmacology | www.frontiersin.org 7 July 2017 | Volume 8 | Article 319

http://journal.frontiersin.org/article/10.3389/fphar.2017.00319/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fphar.2017.00319/full#supplementary-material
https://doi.org/10.1038/nrd4252
https://doi.org/10.1038/nrd4252
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1021/ja01537a065
https://doi.org/10.1021/ja01537a065
https://doi.org/10.3389/fimmu.2017.00320
https://doi.org/10.1074/jbc.M309252200
https://doi.org/10.1074/jbc.M309252200
https://doi.org/10.1002/hep.26165
https://doi.org/10.1016/j.tim.2015.02.005
https://doi.org/10.1016/j.pharmthera.2013.02.003
https://doi.org/10.1016/j.pharmthera.2013.02.003
https://doi.org/10.1158/0008-5472.CAN-04-1446
https://doi.org/10.1099/mic.0.27847-0
https://doi.org/10.1089/ARS.2009.2463
https://doi.org/10.1158/1078-0432.CCR-15-2360
https://doi.org/10.3892/or.2015.4171
https://doi.org/10.1158/0008-5472.CAN-04-0731
https://doi.org/10.1158/0008-5472.CAN-04-0731
https://doi.org/10.1111/j.1365-2141.2009.08024.x
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-08-00319 July 5, 2017 Time: 15:33 # 8

Hubmann et al. Targeting NOTCH2 in Solid Tumors

(CLL) cells. Br. J. Haematol. 160, 618–629. doi: 10.1111/bjh.
12183

Hubmann, R., Schwarzmeier, J. D., Shehata, M., Hilgarth, M., Duechler, M.,
Dettke, M., et al. (2002). Notch2 is involved in the overexpression of CD23 in
B-cell chronic lymphocytic leukemia. Blood 99, 3742–3747. doi: 10.1182/blood.
V99.10.3742

Huntzicker, E. G., Hotzel, K., Choy, L., Che, L., Ross, J., Pau, G., et al. (2015).
Differential effects of targeting Notch receptors in a mouse model of liver
cancer. Hepatology 61, 942–952. doi: 10.1002/hep.27566

Jeffries, S., and Capobianco, A. J. (2000). Neoplastic transformation by Notch
requires nuclear localization. Mol. Cell. Biol. 20, 3928–3941. doi: 10.1128/MCB.
20.11.3928-3941.2000

Kaushik, G., Venugopal, A., Ramamoorthy, P., Standing, D., Subramaniam, D.,
Umar, S., et al. (2014). Honokiol inhibits melanoma stem cells by targeting
notch signaling. Mol. Carcinog. 54, 1710–1721. doi: 10.1002/mc.22242

Kiel, M. J., Velusamy, T., Betz, B. L., Zhao, L., Weigelin, H. G., Chiang, M. Y.,
et al. (2012). Whole-genome sequencing identifies recurrent somatic NOTCH2
mutations in splenic marginal zone lymphoma. J. Exp. Med. 209, 1553–1565.
doi: 10.1084/jem.20120910

Kim, S. H., Hahm, E. R., Arlotti, J. A., Samanta, S. K., Moura, M. B., Thorne,
S. H., et al. (2016). Withaferin A inhibits in vivo growth of breast cancer
cells accelerated by Notch2 knockdown. Breast Cancer Res. Treat. 157, 41–54.
doi: 10.1007/s10549-016-3795-y

Krepler, C., Wacheck, V., Strommer, S., Hartmann, G., Polterauer, P., Wolff, K.,
et al. (2004). CpG oligonucleotides elicit antitumor responses in a human
melanoma NOD/SCID xenotransplantation model. J. Invest. Dermatol. 122,
387–391. doi: 10.1046/j.0022-202X.2004.22202.x

Lauring, A. S., and Overbaugh, J. (2000). Evidence that an IRES within the Notch2
coding region can direct expression of a nuclear form of the protein. Mol. Cell.
6, 939–945. doi: 10.1016/S1097-2765(05)00084-5

Lee, S. M., Moon, J., Redman, B. G., Chidiac, T., Flaherty, L. E., Zha, Y., et al.
(2015). Phase 2 study of RO4929097, a gamma-secretase inhibitor, in metastatic
melanoma: SWOG 0933. Cancer 121, 432–440. doi: 10.1002/cncr.29055

Lewis, R. E., Wiederhold, N. P., Chi, J., Han, X. Y., Komanduri, K. V., Kontoyiannis,
D. P., et al. (2005). Detection of gliotoxin in experimental and human
aspergillosis. Infect. Immun. 73, 635–637. doi: 10.1128/IAI.73.1.635-637.2005

Liu, H., Zhou, P., Lan, H., Chen, J., and Zhang, Y. X. (2017). Comparative analysis
of Notch1 and Notch2 binding sites in the genome of BxPC3 pancreatic cancer
cells. J. Cancer 8, 65–73. doi: 10.7150/jca.16739

Louvi, A., and Artavanis-Tsakonas, S. (2012). Notch and disease: a growing field.
Semin. Cell Dev. Biol. 23, 473–480. doi: 10.1016/j.semcdb.2012.02.005

Mazur, P. K., Einwachter, H., Lee, M., Sipos, B., Nakhai, H., Rad, R., et al. (2010).
Notch2 is required for progression of pancreatic intraepithelial neoplasia and
development of pancreatic ductal adenocarcinoma. Proc. Natl. Acad. Sci. U.S.A.
107, 13438–13443. doi: 10.1073/pnas.1002423107

Nejak-Bowen, K. N., Orr, A. V., Bowen, W. C. Jr., and Michalopoulos, G. K. (2013).
Gliotoxin-induced changes in rat liver regeneration after partial hepatectomy.
Liver Int. 33, 1044–1055. doi: 10.1111/liv.12164

Ntziachristos, P., Lim, J. S., Sage, J., and Aifantis, I. (2014). From fly wings to
targeted cancer therapies: a centennial for notch signaling. Cancer Cell 25,
318–334. doi: 10.1016/j.ccr.2014.02.018

O’neill, C. F., Urs, S., Cinelli, C., Lincoln, A., Nadeau, R. J., Leon, R., et al.
(2007). Notch2 signaling induces apoptosis and inhibits human MDA-MB-
231 xenograft growth. Am. J. Pathol. 171, 1023–1036. doi: 10.2353/ajpath.2007.
061029

Reagan-Shaw, S., Nihal, M., and Ahmad, N. (2008). Dose translation from animal
to human studies revisited. FASEB J. 22, 659–661. doi: 10.1096/fj.07-9574LSF

Ressel, L., Else, R. W., Poli, A., and Argyle, D. J. (2014). Aberrant
subcellular immunolocalization of NOTCH-1 activated intracellular
domain in feline mammary tumours. J. Comp. Pathol. 150, 366–372. doi:
10.1016/j.jcpa.2013.11.213

Richard, J. L. (1990). Additional mycotoxins of potential importance to human and
animal health. Vet. Hum. Toxicol. 32(Suppl.), 63–69; discussion 69–70.

Rosati, E., Sabatini, R., Rampino, G., Tabilio, A., Di Ianni, M., Fettucciari, K., et al.
(2009). Constitutively activated Notch signaling is involved in survival and

apoptosis resistance of B-CLL cells. Blood 113, 856–865. doi: 10.1182/blood-
2008-02-139725

Saito, S., Ishiguro, H., Kimura, M., Ogawa, R., Miyai, H., Tanaka, T., et al.
(2016). Clinical significance of NOTCH1 intracellular cytoplasmic domain
translocation into the nucleus in gastric cancer. Biomed Rep. 5, 344–348.
doi: 10.3892/br.2016.723

Scharf, D. H., Brakhage, A. A., and Mukherjee, P. K. (2016). Gliotoxin–
bane or boon? Environ. Microbiol. 18, 1096–1109. doi: 10.1111/1462-2920.
13080

Shehata, M., Schnabl, S., Demirtas, D., Hilgarth, M., Hubmann, R., Ponath, E., et al.
(2010). Reconstitution of PTEN activity by CK2 inhibitors and interference with
the PI3-K/Akt cascade counteract the antiapoptotic effect of human stromal
cells in chronic lymphocytic leukemia. Blood 116, 2513–2521. doi: 10.1182/
blood-2009-10-248054

Tando, Y., Fujiwara, K., Yashiro, T., and Kikuchi, M. (2013). Localization of
Notch signaling molecules and their effect on cellular proliferation in adult rat
pituitary. Cell Tissue Res. 351, 511–519. doi: 10.1007/s00441-012-1532-3

Uhlen, M., Fagerberg, L., Hallstrom, B. M., Lindskog, C., Oksvold, P.,
Mardinoglu, A., et al. (2015). Proteomics. Tissue-based map of the human
proteome. Science 347:1260419. doi: 10.1126/science.1260419

Vigushin, D. M., Mirsaidi, N., Brooke, G., Sun, C., Pace, P., Inman, L.,
et al. (2004). Gliotoxin is a dual inhibitor of farnesyltransferase and
geranylgeranyltransferase I with antitumor activity against breast cancer
in vivo. Med. Oncol. 21, 21–30. doi: 10.1385/MO:21:1:21

Weinstein, I. B., and Joe, A. (2008). Oncogene addiction. Cancer Res. 68,
3077–3080; discussion 3080. doi: 10.1158/0008-5472.CAN-07-3293

Winter, H. K., Ehrlich, V. A., Grusch, M., Lackner, A., Schulte-Hermann, R., Grasl-
Kraupp, B., et al. (2008). Use of four new human-derived liver-cell lines for
the detection of genotoxic compounds in the single-cell gel electrophoresis
(SCGE) assay. Mutat. Res. 657, 133–139. doi: 10.1016/j.mrgentox.2008.
08.012

Wright, M. C., Issa, R., Smart, D. E., Trim, N., Murray, G. I., Primrose, J. N., et al.
(2001). Gliotoxin stimulates the apoptosis of human and rat hepatic stellate
cells and enhances the resolution of liver fibrosis in rats. Gastroenterology 121,
685–698. doi: 10.1053/gast.2001.27188

Wu, W. R., Zhang, R., Shi, X. D., Yi, C., Xu, L. B., and Liu, C. (2016). NOTCH2 is
a crucial regulator of self-renewal and tumorigenicity in human hepatocellular
carcinoma cells. Oncol. Rep. 36, 181–188. doi: 10.3892/or.2016.4831

Yu, H. P., Qi, S. T., Feng, W. F., Zhang, G. Z., Zhang, H. P., and Tian, J. J. (2015).
Interference of Notch 2 inhibits the progression of gliomas and induces cell
apoptosis by induction of the cell cycle at the G0/G1 phase. Mol. Med. Rep. 11,
734–738. doi: 10.3892/mmr.2014.2747

Zhou, Z. C., Dong, Q. G., Fu, D. L., Gong, Y. Y., and Ni, Q. X. (2013).
Characteristics of Notch2+ pancreatic cancer stem-like cells and the
relationship with centroacinar cells. Cell Biol. Int. 37, 805–811. doi: 10.1002/
cbin.10102

Zhu, P., Wang, Y., Du, Y., He, L., Huang, G., Zhang, G., et al. (2015). C8orf4
negatively regulates self-renewal of liver cancer stem cells via suppression of
NOTCH2 signalling. Nat. Commun. 6:7122. doi: 10.1038/ncomms8122

Conflict of Interest Statement: RH, WS, and MS own a patent on the usage of
gliotoxin as a tool for therapy for NOTCH2 associated malignancies (US Patent
No. 7,981,878).

The other authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict
of interest.

Copyright © 2017 Hubmann, Sieghart, Schnabl, Araghi, Hilgarth, Reiter, Demirtas,
Valent, Zielinski, Jäger and Shehata. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 8 July 2017 | Volume 8 | Article 319

https://doi.org/10.1111/bjh.12183
https://doi.org/10.1111/bjh.12183
https://doi.org/10.1182/blood.V99.10.3742
https://doi.org/10.1182/blood.V99.10.3742
https://doi.org/10.1002/hep.27566
https://doi.org/10.1128/MCB.20.11.3928-3941.2000
https://doi.org/10.1128/MCB.20.11.3928-3941.2000
https://doi.org/10.1002/mc.22242
https://doi.org/10.1084/jem.20120910
https://doi.org/10.1007/s10549-016-3795-y
https://doi.org/10.1046/j.0022-202X.2004.22202.x
https://doi.org/10.1016/S1097-2765(05)00084-5
https://doi.org/10.1002/cncr.29055
https://doi.org/10.1128/IAI.73.1.635-637.2005
https://doi.org/10.7150/jca.16739
https://doi.org/10.1016/j.semcdb.2012.02.005
https://doi.org/10.1073/pnas.1002423107
https://doi.org/10.1111/liv.12164
https://doi.org/10.1016/j.ccr.2014.02.018
https://doi.org/10.2353/ajpath.2007.061029
https://doi.org/10.2353/ajpath.2007.061029
https://doi.org/10.1096/fj.07-9574LSF
https://doi.org/10.1016/j.jcpa.2013.11.213
https://doi.org/10.1016/j.jcpa.2013.11.213
https://doi.org/10.1182/blood-2008-02-139725
https://doi.org/10.1182/blood-2008-02-139725
https://doi.org/10.3892/br.2016.723
https://doi.org/10.1111/1462-2920.13080
https://doi.org/10.1111/1462-2920.13080
https://doi.org/10.1182/blood-2009-10-248054
https://doi.org/10.1182/blood-2009-10-248054
https://doi.org/10.1007/s00441-012-1532-3
https://doi.org/10.1126/science.1260419
https://doi.org/10.1385/MO:21:1:21
https://doi.org/10.1158/0008-5472.CAN-07-3293
https://doi.org/10.1016/j.mrgentox.2008.08.012
https://doi.org/10.1016/j.mrgentox.2008.08.012
https://doi.org/10.1053/gast.2001.27188
https://doi.org/10.3892/or.2016.4831
https://doi.org/10.3892/mmr.2014.2747
https://doi.org/10.1002/cbin.10102
https://doi.org/10.1002/cbin.10102
https://doi.org/10.1038/ncomms8122
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

	Gliotoxin Targets Nuclear NOTCH2 in Human Solid Tumor Derived Cell Lines In Vitro and Inhibits Melanoma Growth in Xenograft Mouse Model
	Introduction
	Materials And Methods
	Chemical Reagents, Compounds, and Culture
	Flow Cytometry and Detection of Cell Viability
	Preparation of Nuclear Extracts, EMSA, and Western Blotting
	Tissue Array Immunohistochemistry
	Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis
	Gene Silencing by RNA-Interference
	Cellular Reactive Oxygen Species (ROS) Detection Assay
	Tumor Xenograft Model
	Statistics

	Results
	Gliotoxin But Not DAPT Inhibited DNA Binding of NOTCH2 and Induced Apoptosis in Cell lines of Human Solid Tumors
	Gliotoxin Selectively Targets NOTCH2 Expression in Nuclear N2IC Active HCC Cells and Induces Apoptosis Independent of the Redox Status
	Gliotoxin Is Effective in a Human Melanoma Xenograft Mouse Model

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


