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DMAPT-D6 induces death-receptor-mediated apoptosis to
inhibit glioblastoma cell oncogenesis via induction of DNA
damage through accumulation of intracellular ROS
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Abstract. Glioblastoma (GBM) is an aggressive malignancy
with a high rate of tumor recurrence after treatment with
conventional therapies. Parthenolide (PTL), a sesquiterpene
lactone extracted from the herb Tanacetum parthenium or
feverfew, possesses anticancer properties against a wide
variety of solid tumors. In the present study, a series of PTL
derivatives were synthesized and screened. An inhibitor,
dimethylaminoparthenolide (DMAPT)-D6, a derivative
of the PTL prodrug DMAPT in which the hydrogen of the
dimethylamino group is substituted for the isotope deuterium,
induced significant cytotoxicity in GBM cells in vitro and
induced cell cycle arrest at the S-phase in a dose-dependent
manner. Furthermore, mechanistic investigation indicated that
through increasing the levels of intracellular accumulation of
reactive oxygen species (ROS), DMAPT-D6 triggered DNA
damage and finally death receptor-mediated extrinsic apop-
tosis in GBM cells, suggesting that DNA damage induced by
DMAPT-DG6 initiated caspase-dependent apoptosis to remove
damaged GBM cells. Taken together, these data suggested
that ROS accumulation following treatment with DMAPT-D6
results in DNA damage, and thus, death-receptor-mediated
apoptosis, highlighting the potential of DM APT-D6 as a novel
therapeutic agent for the treatment of GBM.
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Introduction

Glioblastoma (GBM) is the most aggressive primary
intracranial malignancy of the central nervous system, and is
often lethal (1-3). Currently, gliomas are classified into four
grades (I-IV) by the World Health Organization according to
their prognostic histopathological characteristics, of which,
grade IV GBM is the most lethal (4). Despite significant
advances in GBM research and treatment strategies
including surgery, adjuvant postoperative radiotherapy and
chemotherapy, the 5-year survival rate of glioma patients
remains <5% after diagnosis (5). Therefore, novel treatment
regimens, such as the development of novel drugs that target
proliferating tumor cells, are required to prolong the survival
of patients with brain tumors, particularly those with GBM.

Reactive oxygen species (ROS) are a group of short-lived,
highly reactive, oxygen-containing byproducts of aerobic
metabolism, including superoxide, hydroxyl radical, and
hydroxides (6,7). Cellular ROS are primarily produced by
mitochondria, NADPH oxidase, peroxisomes and in the
endoplasmic reticulum (8-10). Emerging data have demon-
strated that ROS serve as a double-edged sword in cellular
processes (11). Low levels of ROS are required for cellular
survival and proliferation (12,13). However, excessive ROS
results in oxidative stress, resulting in DNA damage, apoptosis,
and necrosis (14,15). DNA damage, induced by chemical and
physical factors, is capable of initiating a series of processes,
including cell cycle arrest, DNA repair, regulation of cell
checkpoints and initiation of apoptosis (16). Increasing cellular
ROS production, to induce DNA damage and cell death is a
well-known effective anticancer strategy.

Parthenolide (PTL), a sesquiterpene lactone isolated from
the shoots of Tanacetum parthenium (feverfew), has attracted
increased attention owing to its antitumor activities in various
human cancer cell lines (17). PTL induces cytotoxicity in a
wide variety of solid tumors, including colorectal cancer,
melanoma, pancreatic cancer, breast cancer, prostate cancer
and GBM (18-27), but does not exert a notable effect on normal
tissues (28). Although PTL possesses potency in vitro, lack of
stability under both acidic and basic conditions as well as in



1262

media containing 0.5% serum and its poor solubility are the
major limitations for preventing its pharmacological applica-
tions (29-31). Moreover, the detailed mechanism of how PTL
suppresses GBM growth still has not been fully elucidated. In
particular, the effect on DNA damage and cell death induced
by ROS has not been reported yet in GBM.

The aim of the present study was to synthesize PTL
derivatives by improving its solubility for potential
future medical use. DMAPT-D6, a derivative of
dimethylaminoparthenolide (DM APT), was shown to suppress
the growth of GBM cells by inducing DNA damage initiated by
excessive ROS accumulation. Moreover, mechanism analysis
demonstrated that the DNA damage induced by DMAPT-D6
further induced cell cycle arrest at the S-phase and cell
death receptor-mediated extrinsic apoptosis, suggesting that
DMAPT-D6 is a promising anticancer agent, which increases
ROS levels, resulting in the death of cancer cells.

Materials and methods

Reagents and antibodies. The derivatives of PTL were
dissolved in DMSO (Thermo Fisher Scientific, Inc.) to obtain
a stock solution of 40 mM, followed by further dilution with
culture medium at various concentrations. Cells were treated
with the compounds at the designated concentrations for 48 h,
and DMSO was used as the vehicle. Penicillin-streptomycin,
MTT and propidium iodide (PI) were purchased from
Sigma-Aldrich; Merck KGaA. DMEM was purchased from
HyClone (Cytiva) and FBS was purchased from Gibco (Thermo
Fisher Scientific, Inc.). Z-DEVD-FMK was purchased from
Topscience, and Z-IETD-FMK and N-acetylcysteine (NAC)
were purchased from MedChemExpress. All the primary
antibodies used in the present study were purchased from
Cell Signaling Technology, Inc.: Anti-P27 (cat. no. 36868,
1:1,000), anti-CDK1 (cat. no. 9116S, 1:1,000), anti-CDK?2
(cat. no. 25468, 1:1,000), anti-cyclin Bl (cat. no. 41388,
1:1,000), anti-cyclin E1 (cat. no. 208088, 1:1,000), anti-B-actin
(cat. no. 49708, 1:1,000), anti-nuclear factor-like 2 (NRF2;
cat. no. 127218, 1:1,000), anti-A\H2AX (cat. no. 9718S,
1:1,000), anti-p53-binding protein 1 (53BP1; cat. no. 88439S,
1:1,000), anti-DNA Ligase IV (cat. no. 14649S, 1:1,000),
anti-DR3 (cat. no. 459018, 1:1,000), anti-DR5 (cat. no. 3696S,
1:1,000), anti-FADD (cat. no. 27828, 1:1,000), anti-TRADD
(cat. no. 36485, 1:1,000), anti-cleaved caspase-8 (cat. no. 94968,
1:1,000), anti-PARP (cat. no. 95328, 1:1,000), anti-caspase-3
(cat. no. 96625, 1:1,000) and anti-cleaved caspase-3
(cat. no. 966485, 1:1,000). The secondary antibodies used for
western blotting were IRDye® 680RD donkey anti-mouse
IgG secondary antibody (cat. no. 926-68072, 1:15,000) and
IRDye® 800CW donkey anti-rabbit IgG secondary antibody
(cat. no. 926-32213, 1:15,000), and were purchased from
LI-COR Biosciences. The secondary antibodies: anti-rabbit
IgG (H + L) ReadyProbes™ secondary antibody, Alexa
Fluor 488 (cat. no. R37118, 1:2,000), used for immunofluores-
cence, were purchased from Thermo Fisher Scientific, Inc.

Cell lines and culture. Human glioblastoma cell lines U87
and LN229 were obtained from Cobioer, and both cell lines
were free of mycoplasma and were authenticated using
STR detection. The origin of glioblastoma cell line U87
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(ATCC® HTB-14™) used in the present study was unknown
as this cell line was originally obtained from American Type
Culture Collection. Cells were cultured in high-glucose DMEM
supplemented with 10% FBS, 1% penicillin-streptomycin
at 37°C in a humidified incubator with 5% CO,.

Cell viability assay. U87 and LN229 cells were plated in
96-well plates (3x10° cells/well) and incubated overnight
at 37°C. After treatment with various concentrations of test
compounds for designed times, MTT solution was added
(20 pl/well), and the plates were incubated for an additional 4 h.
Next, the supernatant medium was removed and the crystals
were solubilized in DMSO (200 pl/well). A microplate reader
(Bio-Tek Instruments, Inc.) was used to detect the absorbance
value at 570 nm. All experiments were performed in triplicate,
independently.

Colony formation assay. A total of 1x10° cells/well were
seeded in 6-well plates, respectively, and allowed to culture
overnight prior to treatment. After exposure to the designated
concentrations of DMAPT-D6 for 48 h, the cells were cultured
with fresh DMEM for another 15 days. Following fixation
at 4°C with 4% paraformaldehyde solution for 30 min, the
cells were stained with 1% crystal violet at room temperature
for 30 min to visualize colonies. The number of colonies with
=50 cells was counted under a scanner.

Western blotting. The harvested glioma cells were lysed
in RIPA lysis buffer (Beyotime Institute of Biotechnology)
supplemented with Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Inc.) at 4°C for 30 min.
After quantification of total protein concentration using a
BCA Protein assay kit (Beyotime Institute of Biotechnology),
protein samples (30 ug/lane) were loaded on 8§, 10 and 12%
SDS gels, resolved by electrophoresis and transferred to PVDF
membranes (Millipore). Subsequently, the membranes were
blocked with 5% BSA in TBST for 2 h at room temperature,
and then incubated with the indicated primary antibodies
overnight at 4°C. Following incubation with the corresponding
IRDye 800CW donkey anti-mouse IgG (H + L) or IRDye
680LT donkey anti-rabbit IgG (H + L) secondary antibody,
immunoreactivity was visualized using an odyssey two-color
infrared fluorescence imaging system (LI-COR Biosciences).
[-actin was used as the loading control.

Flow cytometry analysis. Glioma cells in the logarithmic
growth phase were harvested and transferred into 6-well
plates at an estimated confluence of 30% per well. After
pretreatment with NAC (5 mM) for 2 h, the cells were
exposed to the different concentrations of DMAPT-D6 for
48 h. Additionally, other cells were treated with or without
DMAPT-D6, Z-VAD-FMK, Z-IETD-FMK, DMAPT-D6 and
Z-VAD-FMK or DMAPT-D6 and Z-IETD-FMK treatment.
Then, all treated cells were collected and analyzed using flow
cytometry analysis. For cell cycle analysis, the harvested cells
were fixed with 70% ethanol at 4°C for 24 h, and then washed
three times with PBS. Subsequently, cells were incubated with
PBS containing 50 mg/ml PI (BD Biosciences) and 100 mg/ml
RNase (Sigma-Aldrich; Merck KGaA) at 37°C for 30 min.
Finally, the stained cells were analyzed using a BD Accuri™
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C6 flow cytometry (BD Biosciences), and the results were
statistically compared and automatically visualized using
FlowJo 7.6 (FlowJo LLC). For cell apoptosis analysis, cells
were harvested and stained with an Annexin V-FITC/PI apop-
tosis assay kit according to the manufacturer's protocol (BD
Biosciences). The fluorescence-positive cells were analyzed
using a flow cytometer within 1 h to assess the proportion of
apoptotic cells, and the apoptotic rate was visualized using
FlowJo.

Immunofluorescence. Glioma cells were grown on cover slips
in 24-well plates prior to treatment with DMAPT-D6 for
48 h. After washing three times with PBS, cells were fixed
in 4% paraformaldehyde at 4°C for 30 min, permeabilized
using 0.1% Triton X-100 for 10 min, and blocked in Immunol
staining blocking buffer (Beyotime Institute of Biotechnology)
for 30 min at 37°C. Cells were then incubated overnight at 4°C
with anti-yH2AX (1:250) antibody. Subsequently, the stained
cells were washed three times with PBS and incubated with
Alexa Fluor-conjugated secondary antibodies (1:2,000) for
1 h at room temperature. For EdU cell proliferation staining,
U87 and LN229 cells were stained using BeyoClick™ EdU
Cell Proliferation kit with Alexa Fluor 594 according to the
manufacturer's protocol (cat. no. C0078S; Beyotime Institute
of Biotechnology). Then, 1 mg/ml DAPI was used to label
nuclei for 30 min. Images were captured using a fluorescence
microscope (Olympus IX53/DP80; Olympus Corp.).

Determination of ROS formation.ROS formation was detected
using a ROS assay kit (Beyotime Institute of Biotechnology)
according to the manufacturer's protocol. Briefly, following
pretreatment with or without NAC (5 mM) diluted in
serum-free DMEM for 2 h, glioma cells were further treated
with DMAPT-D6 for 48 h before staining with DCFH-DA
(10 uM) for 30 min. Subsequently, cell suspensions were
centrifuged and washed three times with serum-free DMEM,
and then visualized using a fluorescence microscope (Olympus
IX53/DP80; Olympus Corp.).

Statistical analysis. GraphPad Prism version 7.0 (GraphPad
Software, Inc.) was used for the statistical analysis. Data are
presented as the mean =+ standard deviation, and the ANOVA
method was used to compare differences between groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Synthesis of PTL derivatives. The syntheses of the PTL
derivatives was initiated using readily available PTL (Fig. 1).
PTL was treated with p-toluenesulfonic acid (p-TSA) to
obtain micheliolide (MCL) and then subjected to epoxidation
with m-CPBA to obtain compound 1. Then, this compound
was subjected to elimination with POCl,/pyridine to obtain
arglabin. PTL, MCL, compound 1 and arglabin were
treated with dimethylamine in tetrahydrofuran under base
conditions to generate DMAPT, compound 2, compound 3,
and compound 4, respectively. Similarly, DMAPT-D6,
compound 5, compound 6 and compound 7 were obtained
by treating PTL, MCL, compound 1 and arglabin with
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dimethyl-d6-amine under the same conditions. All compounds
were characterized by 'H NMR and "*C NMR (Figs. S1-22)
and the detailed synthesis process of the PTL derivatives is
shown in Appendix SI.

Cytotoxic effect of DMAPT-D6 on GBM cells. Given the
anticancer effects of PTL, whether the newly synthesized
PTL-related derivatives could inhibit proliferation and growth
of GBM cells was assessed. The effects of PTL-related
derivatives on cell viability were determined (Table SI) and the
IC,, values of DMAPT-D6 were 15.5 and 11.15 uM in the U87
and LN2209 cells, respectively (Fig. 2A). To further examine the
inhibitory effects of DMAPT-D6, GBM cells were treated with
2.5,5,10,20 and 40 uM for 24,48 and 72 h and the relationship
between cell growth and concentration, as well as period of
treatment were assessed. The cell growth curve showed that
DMAPT-D6 reduced the proliferative ability of both U87
and LN229 cells in a dose- and time-dependent manner,
highlighting the dose- and time-dependent cytotoxicity of
this compound on GBM cells (Fig. 2B). A colony formation
assay was performed to further confirm the growth-inhibitory
effects of DMAPT-D6 on GBM cells. The results indicated that
cells exposed to DMAPT-D6 exhibited a significantly reduced
cell growth in a dose-dependent manner, as evidenced by the
smaller colonies and decreased colony numbers compared
with the control group (Fig. 2C). Consistently, in comparison
with the untreated group, the number of EdU-positive cells was
significantly decreased in a dose-dependent manner following
exposure to DMAPT-D6, demonstrating its ability to suppress
proliferation in U87 and LN229 cells (Fig. 3A).

DMAPT-D6 arrests cell cycle progression by arresting GBM
cells at the S-phase. To determine the mechanism underlying
cytotoxicity of the DMAPT-D6 in GBM cells, cell cycle
analysis was performed on both U87 and LN229 cells treated
with or without the inhibitor. Flow cytometry indicated
that 5 uM DMAPT-D6 resulted in cell cycle arrest at the
S-phase, whereas 20 uM DMAPT-D6 significantly induced
arrest at S-phase by reducing the proportion of cells in the
GO0/G1 phase (Fig. 3B). Since the effect of DMAPT-D6 on
cell cycle arrest in U87 and LN229 cells was determined, its
effect on the expression levels of S-phase-related proteins was
further examined to confirm the regulatory role in cell cycle
distribution. As shown in Fig. 3C, immunoblotting showed
that DMAPT-D6 considerably decreased the levels of cyclin
B, cyclin E, cyclin-dependent kinase 1 (CDK1) and CDK2,
whereas p27 expression was increased following exposure to
DMAPT-D6 in a dose-dependent manner in U87 and LN229
cell lines. Taken together, these data suggest that DMAPT-D6
may suppress cell proliferation by inducing S-phase cell cycle
arrest in GBM cells.

DMAPT-D6 induces DNA damage through excessive
generation of ROS in GBM cells. To gain additional
insight into the mode of DMAPT-D6-induced inhibition of
proliferation, intracellular ROS generation was evaluated by
fluorescence microcopy after incubation with the specific
ROS-detecting fluorescent dye, DCFH-DA in U87 and LN229
cells. As indicated in Fig. 4A, ROS levels were significantly
induced in response to different concentrations of DMAPT-D6
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Figure 1. Strategy for synthesis of the parthenolide derivatives. DMAPT, dimethylaminoparthenolide; PTL, parthenolide; MCL, micheliolide; p-TSA,

p-toluenesulfonic acid.

when compared with the control. Interestingly, the expression
of the oxidative stress responsive gene, NRF2, was
significantly upregulated after treatment with DMAPT-D6
in a dose-dependent manner, suggesting excessive ROS
accumulation within cells and the initiation of the ROS stress
response (Fig. 4C). It has been reported that accumulation of
intracellular ROS could induce DNA damage and influence
the DNA damage response caused by genotoxic therapy,
particularly in the context of double-strand breaks (32). To
evaluate whether DMAPT-D6 could initiate DNA damage
through accumulation of excessive intracellular ROS, YH2AX,
the phosphorylated of histone H2AX and a marker of DNA
double-strand breaks, was detected in both U87 and LN229
cell lines using immunofluorescence and immunoblotting. As
illustrated in Fig. 4B, the results showed that the green signal
representing YH2AX significantly accumulated in the nuclei
in a dose-dependent manner compared with the control group.
Consistent with this, immunoblotting indicated that YH2AX
was significantly upregulated in the presence of DMAPT-D6
in U87 and LN229 cells (Fig. 4C), suggesting that DNA
double-strand breaks were generated in GBM cells in response
to the treatment. Furthermore, expression of p53, 53BP1 and
DNA ligase IV (LIG IV), which are both proteins involved
in the DNA repair process, were significantly decreased
in a dose-dependent manner, demonstrating DNA repair
suppression in response to DMAPT-D6 (Fig. 4C).

Induction of ROS and DNA damage by DMAPT-D6 contrib-
utes to death receptor-mediated external-apoptosis in GBM
cells. A disproportional increase in ROS and severe DNA
damage can induce the intrinsic and extrinsic apoptotic path-
ways, which are mediated by mitochondria and cell death
receptor signaling, respectively (33-37). Given the effects
of DMAPT-D6 on the induction of ROS and subsequent

DNA damage, whether apoptosis was initiated in response
to DMAPT-D6 was assessed. Of note, the PI staining assay
showed that the percentage of PI-positive cells was signifi-
cantly increased following treatment with DMAPT-D6 in
U87 and LN229 cells in a dose-dependent manner (Fig. 5A),
indicating the induction of apoptosis. To further confirm the
effects of DMAPT-D6 on apoptosis, an Annexin V-FITC/PI
assay was performed using flow cytometry after U87 and
LN229 cells were treated with the DMAPT-D6 (at 5, 10 and
20 uM) for 48 h. As shown in Fig. 5B, at a low dose of 5 uM,
DMAPT-D6 induced 7.28 and 10.7% late-phase apoptosis
(both Annexin-V and PI positive-cells) in U87 and LN229
cell lines, respectively. At a dose of 20 uM, the percentage of
apoptosis rose to 73.2 and 52.7%, respectively. Subsequently,
the expression of extrinsic apoptotic signaling-related proteins
was assessed to determine whether the cell death receptor
was involved in the apoptosis in response to DMAPT-D6
treatment. Consistently, cell death receptor signaling
pathway-related proteins such as death receptor (DR)3, DRS,
Fas-associated death domain (FADD) and tumor necrosis
factor receptor-associated death domain (TRADD) were
significantly upregulated in a dose-dependent manner after
exposure to DMAPT-D6 (Fig. 5C). Subsequently, procaspase
8 was cleaved and the active enzyme form, caspase 8, was
produced due to the increase in FADD and TRADD. Then,
the downstream procaspase 3 and PARP were cleaved and
activated in both U87 and LN229 cells after treatment with
DMAPT-D6, suggesting that it primarily promotes extrinsic
apoptosis by inducing death receptor-mediated apoptotic
signaling (Fig. 5C).

To further confirm that DMAPT-D6 induced cell death
receptor mediated-apoptosis, a pan-caspase inhibitor,
Z-VAD-FMK, was used to detect the restorative effect on apop-
tosis caused by DMAPT-D6. As shown in Fig. 5D, Z-VAD-FMK
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significantly rescued cell apoptosis induced by DMAPT-D6.
Interestingly, Z-VAD-FMK also partially restored the protein
levels of DNA repair protein DNA Lig IV, DR3, cleaved
caspases-8 and -3, and PARP when treated with both reagents
together (Fig. SE). Furthermore, a specific inhibitor of caspase
8, Z-IETD-FMK, was used to examine the rescuing effect on
death-receptor-mediated apoptosis induced by DMAPT-D6.

The results showed that Z-IETD-FMK could partially reverse
DMAPT-D6-induced apoptosis in both U87 and LN229 cell lines
(Fig. 6A), demonstrating that caspase-dependent cell death was
the primary cause of GBM cell death induced by DMAPT-D6.

A ROS scavenger, NAC, decreases the cytotoxicity of
DMAPT-D6 in GBM cells. To further demonstrate whether
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the anticancer ability of DMAPT-D6 on GBM was actually
initiated by generating excessive ROS, the effects of
DMAPT-D6 on U87 and LN229 cells after treatment with an
ROS scavenger, NAC, was determined. As expected, pretreating
the cells with NAC significantly reduced the number of
DCFH-DA-positive cells (Fig. 6B). NAC pretreatment improved
the DMAPT-D6-mediated decrease in cell viability (Fig. 6C).
Additionally, the effect of NAC on apoptosis induced by
DMAPT-D6 was assessed. Flow cytometry showed that NAC
could dramatically reduce the DMAPT-D6-mediated apoptotic

cells (Fig. 6D). Subsequently, the essential effects of ROS on
DMAPT-D6-induced DNA damage responses was examined
after treatment with NAC. The results indicated that pretreating
the cells with NAC significantly decreased the production
of ROS and YH2AX, and upregulated the protein expression
level involved in DNA damage response, such as 53BP1 and
DNA LIG IV, suggesting causative involvement of ROS in
DMAPT-D6-induced DNA damage (Fig. 6E). Collectively,
these results showed that DMAPT-D6 induced apoptosis in
GBM cells by resulting in the generation of excessive ROS,
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thenolide; GBM, glioblastoma; ROS, reactive oxygen species; LIG IV, ligase IV; NRF2, nuclear factor-like 2.

which acts as a trigger of downstream apoptotic pathways, such
as DNA damage and caspase-dependent apoptosis.

Discussion

Although notable advances have been made in the
treatment of glioblastoma (GBM), due to a high prevalence
of development of resistance to radiotherapy and
chemotherapy, patient prognosis remains poor (38,39).

Thus, there is an urgent need to develop novel agents that
can inhibit the proliferation and growth of GBM, and
reverse acquisition of multidrug resistance in GBM cells.
It has been reported that parthenolide (PTL) exhibits
excellent anticancer, anti-inflammatory and other beneficial
properties without cytotoxic effects on normal cells (17,40).
Nevertheless, PTL has some disadvantages that prevent
it from being developed as a clinical drug. For example,
PTL is unstable under physiological conditions, and has
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performed to examine whether late apoptosis was induced after treatment with DMAPT-D6 in U87 and LN229 cells. Subsequently, cells were analyzed using
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poor water solubility (29-31). Modifications of PTL have
been reported to improve its activity, water solubility,
stability and bioavailability. DMAPT, a prodrug formed
by addition of dimethylamine to PTL, can improve its
solubility and bioavailability (31,41,42). Interestingly,

deuteration of existing drugs can further exhibit improved
pharmacokinetic or toxicological properties, due to the
stronger deuterium-carbon bond resulting in modified
metabolism (31,42,43). Therefore, development of this
approach and evaluation of the effects of deuterated



ONCOLOGY REPORTS 45: 1261-1272, 2021 1269

A
DMAPT-
DE (uM) 10 10
Z-|ETD-

FMK M)~ 2 - %

10°
10°
10°

10°

03 a3
).72% 4 ?BT5% | 2.18)

! 10’
10°10° 10‘1(?

5
3 10°g@T 101
«10.08% . 0.09% | BB
§10 F |10 ’ﬁ 10°
Z 10" 10" 10°
s Q3 |, logd 03
10 2.25% 10 1.36%) 10’

10° 10° 10°10° 10" 107 10°10"  10° 10 010 1010 1u° 100

%

Pl

= us? = LN229
5% 30 2 5E 30 —|
$3 | 5%
g8 20 g8 20
Eo =
8% 10 8% 10
3 £
(] L+
10 10 DMAPT-D6 (uM) 10 10
- 25 - 25 ZIETD-FMK(uM)- 25 - 25
C us7 LN229
0100 -+ DMAPT-D6 1007 + DMAPT-06
9-’_, = DMAPT-DE+NAC :“: 75 = DMAPT-DE+NAC
E g
s 50 5 S0
= =
£ _l/l—"/. g 2
£ =
£ 0 £ 0
0 5 10 20 40 0 5 10 20 40

Concentration (uM) Concentration (uM)
Annexin V-FITC
= us7 ..
S5z '
=4
B §§E 10
-—
DMAPT-D6 (uM) - - 10 10 55§
w2 o
NAC (mM) - oS8 ¢
(il g 0
= 89823
E Z ¢ 02
® 8 o -
s | o O
Z 3
e [a]
= LN229
552 -
SEE
@ 28:=
& 85§
= moo
= wég
228
= 28 8¢2
S EE°
[&] < L
g3
o [=]
30 us7 a0, LN229
D - s
[= o~
DMAPT- o 2 228 o
D6 (M) - 10 10 g8 g3
[=y+] =3 +)
NAC (mM) - 5 - 85 10 g5 10
10k 1077 10° &g &g
Jp22% -{}gﬁ :O_ 498 aq % 0 § 0
510 |10 10 - - 10 10 DMAPT-D6(uM) - - 10 10
S0 10t - 5 - 5  NAC(mMM) - 5 - 5§
Q3
10 % 1-0.36% 4}
z 10°10° 10°10° 10" 10° 10° 10 E us7 LN229
10 a7 10°]
o Pazw | 6 A 10 10 DMAPT-D6 (uM) 10 10
Q10 0 s 10 - 5 - 5 NAC(mM) - 5 - 5
5 lag?
1010 1010 10 1010 10 10‘1D 10" 10" 10'10° 10" 107

Annexin V-FITC
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derivatives on cancer cells and its potential anticancer
mechanisms are being intensively studied. In the present
study, 12 PTL derivatives, including 4 deuterated
compounds were synthesized and exhibited some extent of
anti-proliferative activity against GBM cells. Among all of
the synthesized compounds, DMAPT-D6 exhibited potent

activity against both U87 and LN229 cell lines, prompting
further exploration of its anti-proliferative effects, and the
underlying molecular mechanism.

Despite ROS promoting the progression of cancer to
some extent, when excessive accumulation of ROS reaches
a certain threshold, this causes DNA damage, apoptosis and
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necrosis (12-15). In the present study, the levels of intracel-
lular ROS in both U87 and LN229 cells were measured after
exposure to DMAPT-D6, and found that DMAPT-D6 signifi-
cantly upregulated ROS levels in a dose-dependent manner.
Therefore, these results suggested that the cells were under high
oxidative stress. Recently, Carlisi et al (44) showed PTL down-
regulated Nrf2 expression in spheroids such as MDA-MB-232
and BT20, and a lesser effect on Nrf2 expression was exerted
by DMAPT. Reduction of Nrf2 results in the transcriptional
decrease of oxidative stress response genes, suggesting that
ROS were not removed immediately and instead accumulated
within cells (44). In contrast, the present study showed that
DMAPT-DG6 significantly upregulated the expression of the
Nrf2 transcriptional activator. Thus, the results of the present
study conflict with the previous study regarding changes in
expression levels of Nrf2. Hypothetically, although Nrf2 was
significantly upregulated in the present study, resulting in an
increase in expression of genes to counteract the increased
oxidative stress, this was insufficient in removing the excess
ROS due to the potency of DMAPT-D6 on induction of oxida-
tive stress compared with PTL. Moreover, PTL may reduce
Nrf2 levels through enhanced ubiquitination and degradation of
the Nrf2 protein by Keapl, a factor that mediates ubiquitination
and the consequent proteasomal degradation of Nrf2 (44-46).
However, the exact mechanism by which the drug increased
ROS levels in U87 and LN229 cells requires further study.

It has been reported that YH2AX, (phosphorylated histone
H2AX) is a marker of DNA double-strand breaks that
accumulates in the nucleus (47). Consistent with this, yYH2AX
expression was enhanced in the nucleus in a dose-dependent
manner in the present study, indicating that DNA damage was
significantly induced by upregulation of intracellular ROS.
Since DNA damage signaling is a major pathway for induction
of cell cycle arrest, it was hypothesized that cell cycle arrest
would be induced following treatment with DMAPT-D6 in
response to DNA damage (48,49). The results showed that
the U87 and LN229 cells were arrested at S-phase induced by
DMAPT-D6 treatment, and that S-phase-related proteins were
involved in this progression.

Apoptosis, which is initiated by two major pathways,
the death-receptor-mediated extrinsic pathway and the
mitochondrial-induced intrinsic pathway (50-52), is abnor-
mally regulated in various cancer types, and regarded as a
major defense mechanism against tumorigenesis (53,54).
Numerous anticancer agents exhibit their inhibitory effects
by promoting apoptosis (50-52). Production of caspase-8
induced by the extrinsic pathway can eventually activate
caspase 3 which is able to cleave the downstream cellular
substrates such as PARP, resulting in progression of apop-
tosis (55,56). Evidence has shown that certain pharmaceutical
compounds cause apoptosis through DNA damage via induc-
tion of intracellular ROS (57-59). In agreement with these
previous studies, the results of the present study showed
that DMAPT-D6 significantly upregulated death receptor
signaling pathway-related proteins, such as DR3, DRS,
FADD, TRADD and active forms of caspases-3, caspases-8
and PARP, suggesting that death-receptor-mediated extrinsic
apoptosis was induced in response to DMAPT-D6 treatment.
Based on these data, it was hypothesized that DM APT-D6
exerted its anticancer effects on GBM cells by inducing
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extrinsic apoptosis following treatment, and this was due to
intracellular accumulation of ROS and the subsequent induc-
tion of DNA damage.

In summary, a series of PTL derivatives were synthesized
using pharmaceutical methods, and a novel inhibitor with
inhibitory effects on GBM cells was identified and termed
DMAPT-D6. In DMAPT-D6, hydrogen was substituted for its
isotope deuterium in the dimethylamino group. Interestingly,
DMAPT-D6 promoted cell cycle arrest at S-phase and cell
death-receptor-mediated extrinsic apoptosis pathway due to
DNA damage caused by intracellular accumulation of ROS
which was induced following treatment with DMAPT-D6.
Therefore, the study provides evidence for the use of
DMAPT-D6 as an anti-GBM therapy. Future studies should
assess the efficacy and value of DMAPT-D6 in vivo.
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