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Chaetocin-induced ROS-mediated apoptosis involves
ATM–YAP1 axis and JNK-dependent inhibition of
glucose metabolism

D Dixit*,1, R Ghildiyal1, NP Anto1 and E Sen*,1

Oxidative stress serves as an important regulator of both apoptosis and metabolic reprogramming in tumor cells. Chaetocin, a
histone methyltransferase inhibitor, is known to induce ROS generation. As elevating basal ROS level sensitizes glioma cells to
apoptosis, the ability of Chaetocin in regulating apoptotic and metabolic adaptive responses in glioma was investigated.
Chaetocin induced glioma cell apoptosis in a ROS-dependent manner. Increased intracellular ROS induced (i) Yes-associated
protein 1 (YAP1) expression independent of the canonical Hippo pathway as well as (ii) ATM and JNK activation. Increased
interaction of YAP1 with p73 and p300 induced apoptosis in an ATM-dependent manner. Chaetocin induced JNK modulated
several metabolic parameters like glucose uptake, lactate production, ATP generation, and activity of glycolytic enzymes
hexokinase and pyruvate kinase. However, JNK had no effect on ATM or YAP1 expression. Coherent with the in vitro findings,
Chaetocin reduced tumor burden in heterotypic xenograft glioma mouse model. Chaetocin-treated tumors exhibited heightened
ROS, pATM, YAP1 and pJNK levels. Our study highlights the coordinated control of glioma cell proliferation and metabolism by
ROS through (i) ATM-YAP1-driven apoptotic pathway and (ii) JNK-regulated metabolic adaptation. The elucidation of these
newfound connections and the roles played by ROS to simultaneously shift metabolic program and induce apoptosis could
provide insights toward the development of new anti-glioma strategies.
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Chemotherapeutic agents can induce apoptosis in cancer
cells by elevating oxidative stress.1 We have previously
reported induction of apoptosis in glioma cells through
elevation in ROS generation and perturbation of
redox homeostasis.2,3 Oxidative stress also regulates
histone methylation to induce epigenetic dysregulation.4

Trimethylation of histone 3 lysine 9 (H3K9me3) is a
marker of repressed transcription, and H3K9me3 positivity is
found in glioblastomas.5 Inhibition of SUV39H1, an
H3K9me3-specific methyltransferase, by Chaetocin prevents
leukemia cell growth in a ROS-dependent manner.6 As ROS-
inducing agents effectively kill cancer cells through elevation
of intracellular ROS,1 we investigated whether Chaetocin
could also affect survival and growth of glioma cells through
oxidative stress induction.

The Yes-associated protein 1 (YAP1), which is the
downstream target of the hippo pathway, is overexpressed
in several solid tumors including glioma.7 DNA damage
induces YAP1 phosphorylation,8 and ROS-mediated JNK
activation-induced DNA damage causes mitochondrial
dysfunction-related apoptosis.9 ATM which is well known for
its role in the cellular response to DNA breaks also regulates
metabolic diseases through JNK.10 Besides, JNK regulates
YAP1 function in apoptosis.11 We have reported that

ATM-induced metabolic modeler TIGAR affects oxidative
stress and survival responses in glioma cells,12 and that
inhibition of JNK rescues glioma cells from Oncrasin-induced
apoptosis.13 Besides, IFNb and temozolomide combination
enhances p73/YAP-mediated apoptosis in glioblastoma.14 As
ROS regulates several effectors associated with survival
responses, we investigated whether Chaetocin-mediated
oxidative stress links JNK, ATM and YAP1 to affect glioma
cell viability.

The altered cellular energy metabolism in tumor cells
characterized by aerobic glycolysis or the ‘Warburg effect’ is
regarded as a hallmark of cancer.15 Hexokinase 2 (HK2), an
isoform of the enzyme HK that catalyzes the first step of the
glycolytic pathway, is elevated in GBM and loss of HK2
redirects GBM to normal oxidative glucose metabolism.16

Importantly, HK2 limits the elevation of ROS levels.17 Besides
HK2, the glycolytic enzyme pyruvate kinase (PK), which
catalyzes conversion of phosphoenolpyruvate to pyruvate
and serves as a key regulatory node in glycolysis, is altered in
GBM.18 PK-mediated feedback activation of the pentose
phosphate pathway prevents ROS accumulation.19 PK
activity is low in gliomas, and activators of PKM2 (PKM2 –
the catalytically inactive isoform of PK) regulate sensitivity of
cells to oxidative stress induced death.20
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As oxidative stress regulates both apoptosis and metabolic
reprogramming in tumor cells and as these events are
intertwined, the use of compounds that subserve the dual
purpose of enhancing tumor killing through increased cellular
ROS generation while concomitantly affecting the activity of
key metabolic enzymes would be greatly advantageous. As
targeting aberrant metabolic program is regarded as a potential
antiglioma strategy,21 the role of Chaetocin in regulating

metabolic and survival adaptive responses in glioma cells
through altered redox homeostasis was investigated.

Results

Chaetocin inhibits glioma cell proliferation. Chaetocin,
an inhibitor of lysine-specific histone methyltransferase
SUV39H1, induces apoptosis in leukemia cell lines in vitro
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and inhibits leukemia growth in vivo.6 As gliomas are
refractory to current treatment strategies, we investigated
whether Chaetocin could affect glioma cell proliferation.
Treatment with Chaetocin induced glioma cell death
in a dose- (Figure 1a) and time- (Figure 1b) dependent
manner. An B40–50% decrease in cell viability was
observed in A172, T98G and U87MG glioma cells upon
treatment with a 1 mM concentration of Chaetocin for 24 h
(Figure 1a). Treatment with 1 mM Chaetocin for 24 h was
used to dissect its mechanisms of action in subsequent
experiments.

Chaetocin inhibits thioredoxin reductase activity. As
Chaetocin is a competitive substrate and inhibitor of
thioredoxin reductase,22 thioredoxin reductase activity was
determined in Chaetocin-treated cells. Chaetocin treatment
reduced thioredoxin reductase activity in a dose-dependent
manner with B40% decrease in activity observed at 1 mM
concentration (Figure 1c).

Chaetocin-induced glioma cell death is ROS mediated.
Chaetocin-mediated increased ROS production induces
leukemia cell death.6 As we have reported that elevated
ROS level induces glioma cell apoptosis,2 we determined
ROS levels in Chaetocin-treated cells with reduced thio-
redoxin reductase activity. A significant 4–6-fold increase in
ROS production was observed in A172, T98G and U87MG
glioma cells upon Chaetocin treatment indicated by
increased DCFDA and DHE fluorescence intensity
(Figure 1d). The increased DCFDA and DHE fluorescence
intensity observed in Chaetocin-treated cells was abrogated
to control levels in the presence of ROS inhibitor, NAc
(Figure 1d).

As increased ROS production is critical in inducing glioma
cell apoptosis,2 we next determined whether Chaetocin-
induced death is ROS dependent. The B30–40% increase
in TUNEL-positive cells observed upon treatment with 1 mM
Chaetocin was significantly reduced when cells were
co-treated with Chaetocin and NAc (Figure 1e). This ability
of ROS inhibitor to abolish Chaetocin-induced cytotoxicity
suggested that Chaetocin-induced cell death is ROS
mediated.

Chaetocin-induced glioma cell apoptosis is caspase
mediated. Treatment with Chaetocin resulted in B3–5-fold

increase in caspase-3 activity (Figure 1f). This ability of
Chaetocin to induce caspase activation was abrogated
in the presence of ROS inhibitor NAc (Figure 1f). The
ability of pan-caspase inhibitor and caspase-3 inhibitor to
rescue glioma cells from Chaetocin induced apoptosis
(Supplementary Figure 1b), confirmed the role of caspase-3
in Chaetocin-induced cell death.

Chaetocin decreases the expression of TRX-1 in glioma
cells. We have previously reported that siRNA mediated
knockdown of SOD-1 and TRX-1, which are crucial in
maintaining cellular redox homeostasis, increases sensitivity
of glioma cells to Kaempferol-induced apoptosis through
elevation of ROS levels in glioma cells.2 We therefore
determined the expression of SOD-1 and TRX-1 in
Chaetocin-treated cells with heightened ROS levels. While
Chaetocin treatment had no effect on SOD-1 expression, a
decrease in TRX-1 level was observed in an NAc-dependent
manner (Figure 1g). Thus, Chaetocin increases ROS
accumulation via disabling the antioxidant defense mechanism
of glioma cells.

Chaetocin-mediated inhibition of histone H3 methylation
is ROS dependent. In addition to being directly regulated by
Chaetocin, SUV39H1 is also modulated by chaetocin-
induced ROS.6 As Chaetocin elevated ROS generation in
glioma cells, its effect on H3K9me3 levels in these cells was
determined. The decrease in H3K9me3 levels observed
upon Chaetocin treatment was reverted in the presence of
ROS inhibitor NAc (Figure 1h). This suggested that
Chaetocin inhibits H3K9me3 in a ROS-dependent manner.

Chaetocin induced ROS regulates YAP1 expression. As
YAP1 overexpression rescues proliferative response in cells
exposed to oxidative damage,23 we investigated whether
elevated ROS levels affected YAP1 expression in Chaetocin-
treated cells. An increase in YAP1 level and decrease in
YAP1 phosphorylation was observed upon Chaetocin treat-
ment (Figure 2a). This ability of Chaetocin to induce YAP1
was abrogated in the presence of ROS inhibitor NAc.
Treatment with NAc alone had no significant effect on
YAP1 expression (Figure 2a).

Chaetocin-mediated YAP1 induction is independent of
Hippo signaling. As activation of YAP1, the main

Figure 1 Chaetocin induces glioma cell apoptosis in a reactive oxygen species (ROS)-dependent manner. (a) Chaetocin reduces viability of glioma cells in a
dose-dependent manner. Viability of glioma cells treated with different concentrations of Chaetocin was determined by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfopheny)-2H-tetrazolium) assay. The graph represents viable glioma cells upon treatment with 0.2–5mM of Chaetocin for 24 h, expressed as
the percentage of control. (b) Chaetocin reduces glioma cell viability in a time-dependent manner. Glioma cells treated with 1 mM of Chaetocin for various intervals of time were
assessed for viability using MTS assay. The graph represents the viable cells, percentage of control, observed when glioma cells were treated with Chaetocin. (c) Chaetocin
reduces thioredoxin reductase activity in a dose-dependent manner. Thioredoxin reductase enzyme activity was assessed in glioma cells treated with increasing
concentrations of Chaetocin (0.5–5mM) for 12 h. Graph represents the enzyme activity as percent change over control. (d) ROS generation in glioma cells treated with
Chaetocin in the presence or absence of N-acetyl-cysteine (NAc) as determined by DCFDA and DHE fluorescence assay. The change in fluorescence intensity is plotted as
fold change over control. The increase in DCFDA and DHE fluorescence induced upon Chaetocin treatment is significantly abrogated in the presence of NAc. (e) Chaetocin-
induced increase in terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells is abrogated in the presence of NAc. Graph depicts the percent of
TUNEL-positive cells treated with Chaetocin, NAc or both. (f) NAc abrogates the Chaetocin-induced increase in caspase-3 activity. Graph shows caspase-3 enzyme activity in
glioma cells treated with Chaetocin in the presence or absence of NAc, expressed as fold change over control. (g) Western blot images showing the effect of Chaetocin on
superoxide dismutase 1 (SOD-1) and thioredoxin-1 (Trx-1) expression and (h) H3K9me3 levels in glioma cells in the presence and absence of NAc. Blots were reprobed for
b-actin to establish equivalent loading. Blots are representative images of three independent experiments showing similar results. Values in (a–f) represent the
means±S.E.M. of three independent experiments. *Significant change from control. #Significant change from Chaetocin-treated group (Po0.05)
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downstream effecter of the Hippo signaling pathway, results
from the inactivation of LATS (large tumor suppressor) and
Mst1/2 genes of the Hippo pathway,24 we evaluated the
status of these molecules in Chaetocin-treated samples. No
change in the expression of Mst1 and Mst2 and the
phosphorylation of LATS1 was observed upon Chaetocin
treatment (Figure 2b). This suggested that Chaetocin
induced YAP1 expression involves mechanisms independent
of the Hippo pathway.

YAP1 has a functional role in Chaetocin-induced cell
death. To investigate the role of YAP1 in Chaetocin-induced
glioma cell death, the viability of cells transfected with either
scrambled siRNA or YAP1-specific siRNA, was determined
upon Chaetocin treatment. siRNA-mediated YAP1 knock-
down was able to rescue Chaetocin-induced glioma cell
death to a significant extent (Figure 2c), confirming the

involvement of YAP1 in Chaetocin-induced apoptosis. As
YAP overexpression increases p73-mediated apoptosis,25

we further confirmed the role of Chaetocin-induced YAP1 in
regulating the viability of glioma cells by overexpressing
YAP1. Chaetocin-induced death was significantly greater in
cells transfected with YAP1 overexpression construct as
compared with mock-transfected Chaetocin-treated cells
(Figure 2d).

Chaetocin-mediated increased interaction of YAP1 with
p73 involves ROS. YAP phosphorylation leads to its
interaction with 14-3-3, which promotes its loss from the
nucleus where it functions as a coactivator of p73.25

Importantly, p73–YAP interaction leads to apoptosis in
glioma treated with a combination of IFNb and temozolo-
mide.14 We therefore performed co-immunoprecipitation to
determine whether elevated YAP1 levels in Chaetocin-treated

Figure 2 Chaetocin-induced reactive oxygen species (ROS)-dependent increase in YAP1 regulates glioma cell death (a) N-acetyl-cysteine (NAc) reverses the effects of
Chaetocin on phospho- and total YAP1 levels. Western blots showing phosphorylated YAP1 and total YAP1 levels in nuclear extracts of glioma cells treated with Chaetocin in
the presence and absence of NAc. Blots were reprobed for c23 to establish equivalent loading. (b) Chaetocin-induced YAP1 is independent of classical hippo pathway.
Western blots indicating Mst1, Mst2 and LATS1 phosphorylation (Thr1079) levels in glioma cells treated with Chaetocin, NAc or both. b-Actin was used as loading control.
(c) Small interfering RNA (siRNA)-mediated knockdown of YAP1 rescues glioma cells from Chaetocin-induced cell death. Graph represents the viability of glioma cells,
transfected with either YAP1 siRNA or scrambled (NS) siRNA, and treated with Chaetocin. Values are expressed as the percentage of control. Inset shows the knockdown
efficiency of YAP1 siRNA. (d) YAP1-overexpressing cells show increased responsiveness towards Chaetocin treatment. The graph represents the viable glioma cells,
percentage of control, transfected with either YAP1 overexpression construct (YAP1 OE) or empty vector (mock) and treated with Chaetocin, as determined by MTS assay.
Inset confirming the overexpression of YAP1 in glioma cells. Values (c and d) are means±S.E.M. of three independent experiments. *Significant change from non-silencing
(NS) siRNA or mock control group. #Significant change from NS siRNA or mock transfected cells treated with Chaetocin (Po0.05). (e) NAc abrogates Chaetocin-induced
increase in p73–YAP1 interaction. Nuclear extracts (200mg) from glioma cells treated with Chaetocin or NAc or both were subjected to immunoprecipitation with YAP1. The
representative blot of the pulled down fractions shows increased p73–YAP1 interaction upon Chaetocin treatment. Similar amounts of YAP1 were precipitated under different
conditions. Efficiency of precipitation was established by IgG levels in each conditions. Blots shown in (a, b and e) are representative images of three independent experiments
showing similar results
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cells is accompanied by its altered interaction with p73.
An increased interaction between p73 and YAP1 was
observed in Chaetocin-treated U87MG and T98G cells
(Figure 2e). This increased association between YAP1 and
p73 was abrogated in the presence of NAc, suggesting the
involvement of ROS in the interaction.

Chaetocin induces ATM phosphorylation in a ROS-
dependent manner. Emodin-induced ROS leads to ATM-
dependent apoptosis in lung cancer cells.26 We have shown

that ATM-induced metabolic modeler TIGAR affects oxidative
stress and prosurvival responses in glioma cells.12 Besides,
ATM phosphorylates H2AX27 and ROS induction is partly
mediated by increasing gH2AX.28 We therefore determined
pATM and gH2AX levels in Chaetocin-treated cells with
elevated ROS. Chaetocin induced an increase in pATM and
gH2AX expression in a ROS-dependent manner (Figure 3a).

ATM regulates YAP1/p73 interaction and cell death in
Chaetocin-treated cells. YAP1 induces apoptosis in

Figure 3 ATM regulates YAP1- and Chaetocin-induced glioma cells apoptosis. (a) N-acetyl-cysteine (NAc) abrogates Chaetocin-induced increase in phospho-ATM and
phospho-H2AX levels. Western blots demonstrating increased phosphorylation of ATM (Ser 1981) and H2AX (Ser139) in Chaetocin-treated glioma cells. Blots were reprobed
for b-actin to establish equivalent loading. (b) ATM inhibitor (KU) abrogates Chaetocin-induced increased expression of YAP1 and p73. c23 was used to establish equal
loading. (c) Chaetocin-mediated increased interaction of YAP1 with ATM, p300 and p73 was inhibited by KU. YAP1 was immunoprecipitated from the nuclear extracts
(200mg) of glioma cells treated with Chaetocin, KU or both. Efficiency of precipitation across the treatment conditions was established by immunoglobulin G (IgG). (d) KU
abrogated Chaetocin-induced glioma cell death. Graph represents the viable population of glioma cells treated with Chaetocin or KU or both, expressed as the percentage of
control. (e) ATM inhibition reverses Chaetocin-induced effects on proteins associated with apoptosis induction. Western blot demonstrating expression of proapoptotic proteins
Bax, cytochrome c and antiapoptotic protein Bcl2 in glioma cells, treated with Chaetocin in the presence and absence of ATM inhibitor. Blots were reprobed for b-actin to
establish equivalent loading. Blots shown in (a–c) and (e) are representative of three independent experiments showing similar results. (f) KU inhibits Chaetocin-induced
increased caspase-9 activity in glioma cells. Graph represents the change in caspase-9 activity expressed as fold change over control in glioma cells treated with Chaetocin,
KU or both. Graph (d and f) represent values means±S.E.M. pooled from experiments repeated at least three times. *Significant change from control and #significant change
from Chaetocin-treated cells (Po0.05)
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response to DNA damage.8 As ATM that has pivotal roles in
DNA damage-induced responses is necessary for YAP
accumulation,29 we investigated the role of ATM in Chaetocin-
mediated YAP1 induction. Chaetocin-induced ATM was
involved in YAP1 regulation, as ATM inhibitor KU60019
decreased YAP1 and p73 levels in Chaetocin-treated glioma
cells (Figure 3b). YAP1 regulates DNA damage-induced
accumulation of p73 and potentiates the p300-mediated
acetylation of p73.30 As ATM regulates both YAP1 and p73
levels, we determined whether it also affects their mutual
interaction as well as their association with p300. An
increased interaction of YAP1 with ATM, p73 and p300
was observed upon Chaetocin treatment (Figure 3c).
Moreover, this increased interaction between YAP1 and its
partners was abrogated in the presence of ATM inhibitor
(Figure 3c). Further, the ability of ATM inhibitor KU60019 to
significantly protect glioma cells from Chaetocin-induced cell
death (Figure 3d) suggested the functional importance of
ATM in Chaetocin-induced apoptosis.

Chaetocin-induced ATM regulates caspase-9 activation
and mitochondrial ROS generation. ATM induces Bax-
dependent cytotoxicity in response to ROS.26 Also, YAP1
induces Bax/Bcl2-dependent apoptosis in response to
irradiation.31 We determined whether Chaetocin-induced
ATM affects mitochondrial apoptotic regulators. Chaetocin
elevated Bax and cytochrome c levels, and reduced Bcl2
expression in an ATM-dependent manner (Figure 3e). As
caspase-9 is the initiator caspase associated with mitochon-
drial pathway of apoptosis, its activity in Chaetocin-treated
cells was determined. The ability of ATM inhibitor to abrogate
increased caspase-9 activity in Chaetocin-treated cells
confirmed the involvement of ATM in Chaetocin-mediated
apoptosis (Figure 3f). Chaetocin also elevated mitochondrial
ROS generation in an ATM-dependent manner (Supplementary
Figure 2).

YAP1 overexpression has no effect on ROS production
or ATM activation. As YAP1 is involved in Chaetocin-
induced glioma cell death, we investigated its role in the
regulation of ROS and ATM – the two crucial regulators of
Chaetocin-induced apoptosis. However, no change in either
ROS production (Supplementary Figure 3a) or ATM activation
(Supplementary Figure 3b) was observed in YAP1-overexpres-
sing glioma cells upon Chaetocin treatment. This indicated that
although YAP1 is induced downstream of ROS induced ATM in
Chaetocin-treated cells; it has no role in their regulation.

ROS induced JNK activation regulates Chaetocin-
mediated apoptosis. ATM regulates metabolic and
cardiovascular diseases by inhibiting JNK.10 As JNK phos-
phorylates YAP1 to regulate its function in apoptosis,11 and
as pATM levels are elevated in Chaetocin-treated cells, we
determined the status of JNK activation in these cells. An
increase in JNK phosphorylation was observed in Chaetocin-
treated cells in a ROS-dependent manner (Figure 4a).
As we have previously shown the involvement of JNK in
glioma cell apoptosis,13 we questioned the role of JNK
activation in Chaetocin-mediated glioma cell death. JNK
inhibitor SP 600125 significantly reversed Chaetocin-induced

cell death (Figure 4b), suggesting the involvement of JNK in
Chaetocin-mediated apoptosis. As Chaetocin-induced cell
death was both YAP1 and JNK dependent, and as ROS-
mediated JNK activation induced apoptosis, we determined
whether ROS regulates YAP1 through JNK. Inhibition of JNK
phosphorylation had no significant effect on Chaetocin-induced
YAP1 and p73 expression (Figure 4c). This indicated that
Chaetocin-induced JNK affects glioma cell viability by other
mechanisms independent of YAP1 induction. As Chaetocin
induced both ATM and JNK activation and ATM is known to
regulate JNK signaling,32 we questioned whether Chaetocin-
mediated JNK activation is ATM dependent. ATM inhibitor
KU60019 failed to revert Chaetocin-induced JNK phosphoryla-
tion (Figure 4d). This indicated that Chaetocin-mediated
activation of JNK occurs independently of ATM activation.

Chaetocin affects glucose metabolism in glioma cells.
HK2, which regulates aerobic glycolysis, is involved in glioma
progression,16 and HK2 knockdown increases ROS accu-
mulation.17 Interestingly, ATM activates the pentose phos-
phate pathway to promote antioxidative defense.33 As ROS
levels were elevated in Chaetocin-treated cells, the status of
genes associated with glucose metabolism was analysed in
Chaetocin-treated cells using qRT-PCR-based metabolism
gene array (Table 1). In U87MG cells, among the 84 genes
tested, the transcript levels of 30 genes were differentially
modulated by Chaetocin treatment. The mRNA levels of 16
genes (ALDOB, ENO3, FBP1, FBP2 G6PC, GCK GSK3B,
GYS2, HK3, PCK1, PGK2, PGM3, PHKG1, PKLR, PRPS1L1
and PYGM) were elevated by more than 2 fold upon
Chaetocin treatment. At the same time, transcript levels of
14 genes (AGL, ACLY, ALDOA, ALDOC, G6PD, HK2, IDH1,
IDH2, PDHB, PDK2, PGM1, PRPS2, RPE and TKT) were
downregulated upon Chaetocin treatment. Among these
genes, we chose HK2, downregulated by 4.5 fold (Table 1)
and PKLR, up-regulated by 20.9 fold (Table 1), for further
validation as HK and PK constitute two important regulatory
nodes in glycolysis.

Chaetocin-mediated changes in HK and PK are JNK
dependent. As Chaetocin-mediated increase in HK2 and
PKLR was concomitant with increased ROS, ATM and JNK
levels, we determined the role of these molecules in the
regulation of HK2 and PKLR in Chaetocin-treated cells.
Western blot analysis revealed a decrease in HK2 and
increase in PKLR protein levels upon Chaetocin treatment
(Figure 5a). This change in HK2 and PKLR levels was ROS
and JNK dependent (Figure 5a) but independent of ATM
(Figure 5b). Changes in HK2 and PKLR expression were
also reflected in their enzyme activity, as Chaetocin induced
B30% decrease in HK activity and 2–3-fold increase in PK
activity (Figure 5c). This alteration in enzyme activity was
JNK dependent, as SP600125 reverted Chaetocin-mediated
changes in both HK and PK activity (Figure 5c).

Chaetocin decreases lactate levels, ATP production and
glucose uptake in a ROS- and JNK-dependent manner.
Intracellular ATP levels determine chemoresistance in cancer
cells, as depletion of ATP by inhibitor of glycolysis sensitizes
cells to chemotherapeutics.34 Moreover, lactate is an important
contributor to ATP generation in astrocytoma cells.35
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We therefore determined lactate levels and ATP production
in Chaetocin-treated cells. A significant decrease in lactate
production (Figure 5d) and ATP generation (Figure 5e) was
observed in Chaetocin-treated cells as compared with the
untreated control. These changes in lactate and ATP levels
were JNK dependent, as SP600125 significantly reverted
Chaetocin-mediated inhibition of lactate and ATP production.
The decreased ATP production was accompanied by a
ROS/JNK-dependent decrease in cellular glucose uptake by
glioma cells in the presence of Chaetocin (Figure 5f). These
results indicate that Chaetocin induces an overall inhibition of
energy production and glucose metabolism in glioma cells in
a ROS- and JNK-dependent manner.

Chaetocin inhibits growth of tumor xenograft in nude
mice. Given that Chaetocin induces potent anti-proliferative
effect on glioma cells in vitro, and as the in vivo anti-tumor
effect of Chaetocin in ovarian carcinoma has been
reported,36 we next investigated the in vivo antiglioma
effects of Chaetocin. Compared with vehicle treatment,
Chaetocin effectively retarded the tumor growth in the flank
of athymic mice (Figure 6a). Inhibition of tumor growth was
reflected by a significant decrease in tumor volume
(Figure 6b) and weight (Figure 6c) upon Chaetocin treat-
ment. The dosing regimen of Chaetocin was well tolerated,
with no significant change in body weight of treated mice

(Supplementary Figure 4). In coherence with the in vitro
results, Chaetocin-treated tumor mass showed significantly
elevated ROS generation (Figure 6d), increased TUNEL-
positive cells (Figure 6e) and caspase-3 activity (Figure 6f).
Decrease in both PCNA-positive cells and its protein level in
Chaetocin-treated tumors indicated inhibition of cell prolif-
eration (Supplementary Figure 5a). Alteration in cell cycle
markers p21, p27 and cyclin D1 was also observed in
Chaetocin-treated tumors as compared with untreated
controls. A significant increase in p21 and p27 levels along
with a decrease in cyclin D1 levels (Supplementary
Figure 5b) indicated cell cycle inhibition upon Chaetocin
treatment in glioma xenografts.

Elevated pATM, pJNK, YAP1 and p73 levels in chaetocin-
treated tumor xenograft tissue. We further validated our
in vitro findings in the xenograft tissue obtained from nude
mice. Elevated ROS level was accompanied by an increase
in pATM and pJNK expression in the tumor tissue of
Chaetocin-treated group in comparison with vehicle-treated
control (Figure 6g). Similarly, an increase in nuclear YAP1
and p73 levels was also observed in Chaetocin-treated
tumors (Figure 6g). Chaetocin treatment also reduced
H3K9me3 levels in brain tissue of tumor bearing nude mice
as compared with vehicle-treated control (Supplementary
Figure 6).

Figure 4 Chaetocin induces c-Jun N-terminal kinase (JNK) phosphorylation in a reactive oxygen species (ROS)-dependent manner independent of YAP1 and ATM.
(a) N-acetyl-cysteine (NAc) abrogates Chaetocin-induced increase in JNK phosphorylation. Western blot demonstrating pJNK levels in glioma cells treated with Chaetocin in
the presence and absence of NAc. (b) Chaetocin-induced glioma cell death is significantly abrogated by JNK inhibitor, SP. The graph represents the viable cells, percentage of
control, observed when glioma cells were treated with Chaetocin, SP or both. Values represent means±S.E.M. from three independent experiments. *Significant change from
control and #significant change from the Chaetocin-treated group (Po0.05). (c) Western blot demonstrating that Chaetocin-induced increase in p73 and YAP1 levels are
independent of JNK activation. (d) Chaetocin-induced JNK phosphorylation is independent of ATM. Western blot analysis indicating comparable pJNK levels in glioma cells
treated with Chaetocin both in the presence or absence of KU. Western blots shown in (a, c and d) are representative image of three independent experiments showing similar
results. Blots were reprobed for b-actin or C23 to establish equivalent loading
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Discussion

The fungal metabolite chaetocin bearing the epipolythiodi-
oxopiperazine moiety was identified as a specific inhibitor of
H3K9 methyltransferase SU(VAR)3–9.37 However, recent
findings indicate that the ETP moiety rather than the structure
of Chaetocin is critical for its nonspecific histone lysine
methyltransferase inhibitory activity.38 Nonetheless, it is
evident that the broad specificity of Chaetocin to affect histone
methylation also includes H3K9me3. The property of Chae-
tocin to induce apoptosis in cancer cells has been attributed to
its ability to enhance ROS induction through inhibition of
thioredoxin reductase.6,39 The ability of diverse chemo-
therapeutic agents to induce glioma cell apoptosis through
increased intracellular ROS generation2,3 prompted us to
investigate whether Chaetocin could affect glioma cell viability
through perturbation of redox homeostasis. Elevated ROS
generation in Chaetocin-treated cells was concomitant with
the decrease in Trx/TrxR pathway, which is crucial in
regulating cellular ROS levels.40 As observed in multiple
myeloma and other solid tumors,6,39 this heightened ROS
production is required for the antiglioma effects of Chaetocin.
Also, a ROS-dependent decrease in H3K9me3 levels was
observed in glioma cells.

In addition to the hippo pathway-mediated classical
phosphorylation-dependent regulation of YAP1, other proteins
can also regulate YAP1.41 Although YAP phosphorylation by
JNK regulates its function in apoptosis,11 Chaetocin-induced
JNK had no effect on YAP1 expression. Interestingly,
Chaetocin induced YAP1 in a ROS-ATM-dependent manner,
without the involvement of the classical hippo pathway. YAP1
knockdown rescued cells from Chaetocin-induced apoptosis,
indicating the proapoptotic nature of YAP1 in glioma cells.
ATM not only interacted with YAP1 but also regulated its
interaction with p73 and p300. As YAP1, p73 and p300 are
concomitantly recruited to the regulatory regions of apoptotic
target genes,30 it is likely that by enhancing the interaction
between these components, ATM possibly contributes to the
ability of YAP1 to inhibit glioma cell growth. Akt, a key player
in survival pathways, phosphorylates YAP1 to suppress
proapoptotic gene expression.25 As aberrant activation of
Akt is reported in glioma, it is possible that Akt-mediated
phosphorylation of YAP1 suppresses the induction of
proapoptotic genes.

The Warburg effect, a metabolic adaptation of cancer
cells characterized by enhanced glycolysis and suppressed
oxidative phosphorylation (OXPHOS),42,43 is associated
with drug resistance in cancer cells.44 As a consequence,
agents targeting glycolysis have shown promising efficacy
in reversing drug resistance and are being considered as
potential anticancer targets.44,45 Chaetocin treatment of
non-small-cell lung cancer and myeloma altered transcripts
of genes associated with inflammatory response, cell death/
apoptosis pathways and cellular metabolism such as
enolase.36 GBM expresses high levels of HK2 and inhibition
of HK2 sensitizes glioma cells to apoptosis.16 Dissociation
of HK2 from the mitochondria potentiates Bax-induced
cytochrome c release and apoptosis.46 JNK regulates
mitochondrial apoptotic pathway,47 and mitochondrial
JNK signaling induces ROS production.48 Interestingly,
knockdown of HK2 increases ROS levels,17 and excessive
ROS causes oxidative mitochondrial damage and massive
cell death.1 It is tempting to speculate that Chaetocin-
mediated abrogation of HK2 activity could have possibly
contributed to both elevated ROS production and caspase-
9-mediated apoptosis. Importantly, PK initiates a metabolic
loop that regulates redox metabolism,19 and PK also
regulates glioma cell proliferation.49 Interestingly, ROS-
mediated inhibition of PKM2 induces alterations in glucose
metabolism required for cellular antioxidant responses
characterized by low PK activity.18 Here, we demonstrate
for the first time the role of JNK in the regulation of PK and
HK2 activity (Figure 6h).

GBM still remains one of the most malignant of human
cancers, partly because of its refractoriness to current
therapies. Studies suggest that diverse chemotherapeutic
agents can induce apoptosis in cancer cells by elevating
intracellular ROS generation. Chaetocin attenuated the
growth of glioma xenografts and this decrease in tumor
volume was accompanied by an increase in ROS production.
Importantly, the ability of Chaetocin to reduce H3K9me3
levels in brain tissue of tumor bearing nude mice as compared
with untreated control (Supplementary Figure 6) indicates that
it can cross the blood–brain barrier, making it a potential

Table 1 Quantitative real-time PCR analysis demonstrating the relative
transcript levels of a panel of genes associated with glucose metabolism

Gene Chaetocin

Fold upregulation
ALDOB 14.7026
ENO3 16.8304
FBP1 49.2824
FBP2 243.5375
G6PC 527.49
GCK 4.9348
GSK3B 2.6262
GYS2 43.3512
HK3 10.6516
PCK1 169.2486
PGK2 6.489
PGM3 2.0321
PHKG1 4.7338
PKLR 20.9372
PRPS1L1 22.8322
PYGM 107.1138

Fold downregulation
AGL � 1.9889
ACLY � 2.6427
ALDOA �156.173
ALDOC � 3.0674
G6PD � 1.9889
HK2 � 4.5065
IDH1 � 2.1916
IDH2 � 2.2222
PDHB � 3.4153
PDK2 � 3.2423
PGM1 � 1.9279
PRPS2 � 2.0097
RPE � 2.1615
TKT � 2.5438

Gene expression profiles of mRNA isolated from untreated and Chaetocin-
treated U87MG glioma cells were analyzed by quantitative PCR for genes
involved in glucose metabolism. Fold change in expression level of genes
affected by Chaetocin treatment is shown. The table represents the average
data from two independent experiments
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Figure 5 Chaetocin-induced changes in glucose metabolism are c-Jun N-terminal kinase (JNK) dependent. (a) Inhibition of reactive oxygen species (ROS) and JNK
abrogates Chaetocin-induced changes in PKLR and HK2 levels. Western blots indicating PKLR and HK2 levels in cells treated with Chaetocin in the presence and absence of
N-acetyl-cysteine (NAc) or SP. (b) Chaetocin-induced effects on PKLR and HK2 are independent of ATM. Western blots indicating PKLR and HK2 protein levels in Chaetocin-
treated glioma cells both in the presence and absence of ATM inhibitor, KU. The blots (a and b) were reprobed with b-actin to establish equal loading. (c) PK and HK enzyme
activities were assessed in glioma cells treated with Chaetocin both in the presence or absence of SP. The graph shows that JNK inhibitor SP reverses Chaetocin-induced
changes in PK (left panel) and HK activity (right panel). (d) Chaetocin-induced reduction in lactate level and (e) ATP production is JNK dependent. Lactate and ATP levels were
measured in glioma cells treated with Chaetocin, in the presence or absence of SP. (f) Chaetocin-mediated reduction of glucose uptake in glioma cells is dependent on JNK
and ROS. Glucose uptake was measured in glioma cells treated with different combinations of Chaetocin, SP or NAc using fluorescent glucose (2-NBDG) staining. Western
blots (a and b) and fluorescent images (f) are representative of three independent experiments showing similar results. Graphs shown in (c–e) represent data as
means±S.E.M. pooled from at least three experiments. *Significant change from control and #significant change from the Chaetocin-treated group (Po0.05)
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antiglioma target in clinic. Also, by providing insight into
previously uncharacterized mechanisms through which ROS
regulates aberrant cellular metabolism and resistance to
apoptosis, this study will advance our understanding of glioma
biology. The potent efficacy of Chaetocin as an inducer of
apoptosis and metabolic modulator in glioma cells may lead to

advances in the treatment of GBM and warrants its investiga-
tion as a potent antiglioma target.

Materials and Methods
Cell culture and treatment. Glioblastoma cell lines A172, U87MG and
T98G were obtained from American Type Culture Collection (Manassas, VA, USA)
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and ECACC (European Collection of Cell Cultures). Cells were cultured in DMEM
supplemented with 10% FBS. On attaining semiconfluence, cells were switched to
serum-free media (SFM), and after 6 h, cells were treated with different
concentrations of Chaetocin (in dimethyl sulfoxide), in the presence or absence of
ROS inhibitor NAc, or ATM inhibitor KU60019 (Tocris Bioscience, Northpoint, UK) or
JNK inhibitor SP600125 for different time intervals. All reagents were purchased from
Sigma (St. Louis, MO, USA), unless otherwise stated.

Determination of cell viability. Viability of cells treated with Chaetocin, in
the presence or absence of NAc, KU60019 or SP600125 for different intervals of
time was assessed using the MTS assay (Promega, Madison, WI, USA) as
described.3 Values were expressed as percentage change compared to controls.

TUNEL assay. TUNEL assay was performed on glioma cells (104) treated with
Chaetocin in the presence and absence of NAc as described previously2 and on
tumor tissue sections obtained from glioma xenografts in nude mice. The percentage
of cell death was determined from the number of TUNEL-positive cells (red) that
colocalized with DAPI (blue) to the total number of cells taken from multiple fields.

Measurement of ROS. Intracellular ROS generation in cells treated with
Chaetocin in the presence and absence of NAc was assessed by using
20, 70-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Molecular Probes,
Eugene, OR, USA) or fluorescent dye dihydroethidium (DHE) as described
previously.3 Tumor tissue obtained from glioma xenografts in nude mice immediately
after surgical removal was homogenized using Dounce homogenizer to make a
single-cell suspension. A total of 105 tumor cells were incubated with 10mM DCFDA
for 45 min and fluorescence intensity was measured at lex¼ 500/lem¼ 530 nm.

Western blot analysis. Western blot analysis was performed on protein
lysates isolated from control or Chaetocin-treated cells and tumor tissues as
described previously,2 using antibodies against YAP1, pATM, ATM, PKLR, Mst1/2,
cyclin D1 (Abcam, Cambridge, UK), pYAP1, pJNK, JNK, p27, p73, pLATS1, HK2
(Cell Signaling, Danvers, MA, USA), p21 (BD Biosciences, San Diego, CA, USA)
and YAP1 (Novus Biological, Cambridge Science Park, Cambridge, UK). Antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), unless
otherwise mentioned. Secondary antibodies were purchased from Vector
Laboratories Inc. (Burlingame, CA, USA). The blots were stripped and reprobed
with anti-b-actin (Sigma) or c23 to determine equivalent loading as described.50

Assay for caspase-3 and -9 activities. The Colorimetric Assay Kits for
caspase-3 and -9 (Abcam) were used to determine the levels of active caspases in
cells treated with different combinations of Chaetocin, NAc or KU as described
previously.50

Co-immunoprecipitation. Immunoprecipitation was performed with nuclear
extracts (200mg) obtained from glioma cells treated with different combinations of
Chaetocin, NAc or KU. Extracts were incubated with 2 mg of YAP1 antibody

(Novus Biological) for 16 h as described previously.13 Interaction of proteins with
YAP1 was studied by probing the blots with antibodies against ATM, p300 and
p73 as described.13

Transfection. Eighteen hours before transfection, 5� 103 cells were seeded
onto 96-well plates in medium without antibiotics and transfection with 50 nmol/l
duplex YAP-1 or non-specific (NS) siRNA (Thermo Fischer Scientific, Lafayette,
CO, USA) was carried using Lipofectamine RNAi Max reagent (Life Technologies-
Invitrogen, Carlsbad, CA, USA) as described previously,51 and MTS assay was
performed. Similarly, transfection with either empty vector (pcDNA) or with pcDNA
Flag YAP1 plasmid obtained from Addgene (Cat. no. 18881) and generated in
Yosef Shaul laboratory8 was performed on 5� 103 cells seeded onto 96-well
plates as described51 and MTS assay was performed.

Immunohistochemistry. Immunohistochemistry was performed on tumor
tissue samples obtained from either vehicle or Chaetocin-treated mice as
described previously.52

Thioredoxin reductase assay. Thioredoxin reductase activity in cells
treated with Chaetocin for 12 h was measured with Thioredoxin Reductase Assay
Kit (Abcam), according to the manufacturer’s instructions.

Measurement of mitochondrial ROS generation. Intracellular ROS
generation was determined using fluorescent dye MitoSOX Red Mitochondrial
Superoxide Indicator (Life Technologies-Invitrogen). Briefly, cells seeded in 4-well
chamber slides and treated with Chaetocin in the presence or absence of NAc,
SP600125 or KU60019, were incubated with 2 mM MitoSOX for 20 min. Images of
fluorescently labeled cells were captured by Zeiss ApoTome Imager fluorescence
microscope (Carl Zeiss, Oberkochen, Germany), using a Rhodamine filter.

HK and PK activity assay. HK and PK activity in cells treated with
Chaetocin in the presence and absence of SP600125 for 12 h was measured with
Hexokinase Colorimetric Assay Kit (Biovision Inc., Milpitas, CA, USA) and PK
Activity Assay Kit (Sigma), respectively, according to the manufacturer’s
instructions.

Lactate and ATP measurement. Lactate released in the supernatant
collected from cells treated with Chaetocin, either alone or in the presence of NAc
or SP600125 for 12 h, was measured with a Lactate Colorimetric Assay Kit
(Biovision Inc.), according to the manufacturer’s instructions. Intracellular ATP
levels were measured by luminometric assay using the ATP lite, Luminescence
ATP detection assay system (Perkin Elmer, Waltham, MA, USA) as described
previously.12 Values were expressed as a percentage relative to those obtained in
controls.

Human metabolism qRT-PCR array. qRT-PCR was performed using
Human Glucose Metabolism RT2 Profiler comprising of 84 metabolism-related

Figure 6 Chaetocin inhibits tumor growth in heterotopic xenograft glioma model. (a) Representative photographs depicting the differences between cohorts of tumor-
bearing nude mice untreated or treated with Chaetocin. U87MG glioma cell suspension (5� 106 cells) was injected subcutaneously in the flanks of nude mice. After 15 days of
tumor growth, the animals were given either Chaetocin (treated) or vehicle (untreated) on every alternate day for the next 25 days and the parameters depicting tumor growth
were scored. The left panel shows representative animal in the untreated group bearing full-grown tumor and the right panel shows the representative animal of the Chaetocin-
treated group with relatively regressed tumor. Images clearly demonstrate that Chaetocin restricts the growth of nude mice glioma xenografts. (b) Growth of tumor was
assessed by measuring the changes in tumor volume from the first day of Chaetocin treatment in both groups. Average tumor volumes in both treated and untreated groups
(n¼ 10) are plotted across the treatment days. Chaetocin significantly restricts the tumor volume on and after 17th day of treatment. (c) Graph denotes the average tumor
weights in control and treated groups (n¼ 10). Following 25 days of Chaetocin administration, the tumor mass was dissected out and weighed. Tumors from Chaetocin-
treated group weighed significantly less as compared with the untreated controls at the end of treatment schedule. (d) Cells from the dissected tumor masses were
analyzed for reactive oxygen species (ROS) levels using DCFDA fluorescence assay. Graph represents the average fluorescent DCFDA intensities in Chaetocin-treated and
untreated groups (n¼ 5). Chaetocin-treated tumor cells show increased DCFDA fluorescence as compared with the untreated group. (e) Chaetocin treatment significantly
increased terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells in the tumor mass. Graph represents TUNEL-positive cells in Chaetocin-
treated and untreated groups (n¼ 5). (f) Chaetocin-treated tumors show increased caspase-3 enzyme activity as compared with the untreated tumors. Graph depict the
average enzyme activity (raw fluorescence intensity values) in the tumor lysates of Chaetocin-treated and untreated groups (n¼ 5). Values in (b to f) are represented as
means±S.E.M. with the indicated number of animals per group. Statistical analysis was carried out using unpaired Student’s t-test. Results were considered significant, when
P-value was r0.05. *Significant change from the untreated group. (g) Western blots depicting an increase in pATM and pJNK, and p73 and YAP1 in the total cell lysates and
nuclear extracts prepared from the Chaetocin-treated and untreated tumors. Blots were reprobed for b-actin or c23 to establish equivalent loading. Graph represents average
band intensities (raw values) of phosphorylated (p) ATM and pJNK normalized to ATM and JNK, respectively. The average ratio of the band intensities (raw values) of YAP1 or
p73 were normalized to c23. Values indicate means±S.E.M. of n¼ 6. *Significant change between the treated and untreated groups (Po0.05). (h) Proposed model for
induction of apoptosis and regulation of glucose metabolism by Chaetocin-induced ROS in glioma cells
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genes (SuperArray Biosciences, Hilden, Germany), as described previously.12

Five housekeeping genes were included on the array (B2M, HPRT1, RPL13A,
GAPDH and ACTB) to normalize the transcript levels. Results were analyzed as
per user manual guidelines using integrated web-based software package for
the PCR Array System (RT2 Profiler PCR Array Human Glucose Metabolism
PAHS-006Z).

Generation of heterotopic glioma xenografts. U87MG cells (5� 106

cells suspended in 100ml SFM) were injected subcutaneously in the flank of the
anesthetized nude mice. The tumor growth was observed once every alternate day.
After 15 days of inoculation, when measurable tumors (5-6 mm diameter) were
formed, animals were divided randomly into two groups of 10 animals each and were
administered either with vehicle or Chaetocin (0.5 mg/kg body weight), intraper-
itoneally on alternate days for 25 days. Body weight of the animals and tumor
dimensions were measured using a caliper on the days of injection. Tumor volume
(V) was calculated using the formula V¼ length�width� height/2. The animals
were killed and tumor mass from each mouse was excised, weighed and processed
for further experiments. Athymic nude mice were handled within a specific pathogen-
free facility and all the experimental manipulations were undertaken in accordance
with the guidelines of the institutional animal ethics committee.

Statistical analysis. In in vitro experiments, comparisons between groups
were performed using paired Student’s t-test. In in vivo experiments, statistical
analysis was carried out using unpaired Student’s t-test. All values of P o0.05
were taken as significant.
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