
Abstract. Background/Aim: The topoisomerase 1 catalytic
inhibitor 3EZ, 20Ac-ingenol specifically induces apoptosis
through the activation of ATR and the up-regulation of PTEN
by enhancing the DNA damage response (DDR) in human B
lymphoma (BALL-1) cells. The accumulation of cyclin D1 in
cancer is known to be related to chemoresistance to DNA
damage agents and nuclei of BALL-1 cells exhibit high levels
of cyclin D1. However, 3EZ, 20Ac-ingenol effectively
induced apoptosis of BALL-1 cells. Materials and Methods:
Cell growth, protein levels, and apoptosis were determined
by an MTT assay, immunoblotting and DNA fragmentation
assay, respectively. Results: 3EZ, 20Ac-ingenol strongly
induced inhibition of cell proliferation and apoptosis in
Jeko-1 and Panc-1 cell lines through the activation of tumor
suppressor proteins and caspase 3. Conclusion: 3EZ, 20Ac-
ingenol-induced apoptosis might occur in cells with cyclin
D1 accumulation through enhancing DDR, regardless of the
cancer cell type.

Cyclin D1, encoded by the CCND1 gene located on
chromosome 11q13, plays an important role in regulating
cell cycle progression (1). This protein promotes the
progression of the cell cycle from the G1 to the S phase (2).
Therefore, the overexpression of cyclin D1 might promote
cellular proliferation, and its up-regulation during
oncogenesis might accelerate cell cycle progression in
human carcinomas. Overexpression of cyclin D1 has been
found in many tumor types, even though the mechanism of
cyclin D1 accumulation often differs among tumor types, the
existence of a link between cyclin D1 overexpression and

oncogenesis has been suggested. Overexpression of cyclin
D1 protein in mantle cell lymphoma reportedly occurs as a
result of the amplification of the 11q13 region (3).
Alternatively, the expression of oncogenes, such as K-ras, is
frequently noted during the development of pancreatic cancer
(4). The PI3K/Akt/mTOR pathway is a major signaling
pathway that mediates the effect of K-ras (5). In addition,
Akt-mediated phosphorylation of GSK-3β decreases GSK-
3β catalytic activity, inhibiting nuclear export and
cytoplasmic degradation of cyclin D1 (6). Cyclin D1
accumulation is reportedly found in 90% of mantle cell
lymphoma (7) and 65% of pancreatic cancers (8). 

We identified a novel topo I catalytic inhibitor, 3EZ,
20Ac-ingenol, that causes intense phosphorylation of H2AX
and induces the DNA damage response (DDR). 3EZ, 20Ac-
ingenol has been shown to inhibit cellular proliferation more
strongly in chicken (DT 40 cells) and human (BALL-1 cells)
B lymphoma than in a myelogenous leukemia cell line,
TKG0210, or a T-cell leukemia cell line, TKG0377 (9, 10).
Furthermore, we have found that 3EZ, 20Ac-ingenol induces
apoptosis during the G2 phase by inhibiting p-Akt and the
activation of caspase 3 in DT 40 cells (9), and during the S
phase by activating ataxia-telangiectasia mutated (ATM) and
RAD3-related (ATR) and the up-regulation of Phosphatase
and tensin homologue (PTEN) in BALL-1 cells, which
exhibit accumulation of cyclin D1 (10, 11). These results
suggested that 3EZ, 20Ac-ingenol may act as a catalytic
inhibitor that targets B lymphoma cells, cells that accumulate
cyclin D1 or cells carrying a mutation that results in the
amplification of cyclin D1, as shown previously (3-5, 7, 8),
thereby enhancing the DDR and inducing apoptosis. 

To examine the specificity of the effect of 3EZ, 20Ac-
ingenol on apoptosis, we selected both a mantle cell
lymphoma cell line (Jeko-1) and a pancreatic cancer cell line
(Panc-1), since both of these cancer cell lines have well-
known but different mechanisms of cyclin D1 accumulation.
If 3EZ, 20Ac-ingenol selectively induces apoptosis in a
manner that depends on the accumulation of cyclin D1, but
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not on the mechanism of cyclin D1 accumulation, then
apoptosis would be observed in both Jeko-1 and Panc-1
cells. If, however, 3EZ, 20Ac-ingenol selectively induces
apoptosis in a manner that depends on the mechanism of
cyclin D1 accumulation, then apoptosis would be observed
in one of the two cell lines. Finally, if 3EZ, 20Ac-ingenol
selectively induces apoptosis in a manner that depends on
the nature of B-cell lymphoma per se, then apoptosis would
only be seen in Jeko-1 cells.

Materials and Methods

Cell lines and cell proliferation. Jeko-1 cells were obtained from
the American Type Culture Collections (Rockville, MD, USA).
Panc-1 cells were provided by the RIKEN BRC through the
National Bio-Resource Project of the MEXT, Japan. The diterpene
compound, 3-O-(2’E,4’Z-decadienoyl)-20-O-acetylingenol (3EZ,
20Ac-ingenol) was dissolved in dimethyl sulfoxide. The cancer cells
were incubated in RPMI 1640 supplemented with 10% fetal calf
serum for 48 h at 37˚C. Cell growth was determined by an MTT
assay using the Cell Proliferation Kit I (Roche Diagnostics GmbH,
Mannheim, Germany) as described previously (9). 

Immunoblotting. Jeko-1 cells were cultured for various time periods
in the presence of 0.5 μM 3EZ, 20Ac-ingenol, which induced 50%
inhibition of cell proliferation after 48 h. Panc-1 cells were also
cultured for various time points in the presence of 3 μM 3EZ,
20Ac-ingenol, which induced 50% inhibition of the cell
proliferation after 48 h. The cells were washed with PBS and lysed
with RIPA buffer (Sigma, MO, USA). Fractionation into a nuclear
and cytoplasmic fraction of the cells was performed using Nuclear
Cytoplasmic Extraction Reagents (Thermo Scientific, IL, USA).
The protein concentrations were determined using the Bradford
reagent for protein assays (Bio-Rad Laboratories, CA, USA). A
total of 20 μg or 40 μg of the cell lysates were resolved on 8%,
10%, or 15% SDS-polyacrylamide gels and transferred onto a
polyvinylidene difluoride membrane. The membranes were
incubated with anti-PTEN, anti-p53, anti-p-p53 (Ser15), anti-GSK-
3β, anti-p-GSK-3β (Ser9), anti-Akt, anti-p-Akt (Ser473), anti-p21
(Cell Signaling Technology, MA, USA), anti-cyclin D1 (Santa Cruz
Biotechnology, TX, USA), anti-ATR (Santa Cruz Biotechnology;
Cell Signaling Technology; Abcam, Cambridge, UK), anti-active
caspase-3 (R&D systems, MN, USA), anti-γH2AX and anti-actin
(Sigma) antibodies followed by detection, using an enhanced
chemiluminescence system.

DNA fragmentation assay. To detect cellular apoptosis, a DNA
fragmentation assay was used. The Cell Death Detection ELISA kit
(Roche Diagnostics GmbH, Mannheim, Germany) was used to
detect any cytoplasmic histone-associated-DNA fragmentations.
Jeko-1 cells were plated at 5×104 cells/200 μl per tube and treated
with 0.5 μM 3EZ, 20Ac-ingenol at 37˚C for 12, 24, 48, or 72 h.
Panc-1 cells were plated at 5×104 cells/200 μl per tube and treated
with 3 μM 3EZ, 20Ac-ingenol at 37˚C for 12, 24, 48, or 72 h. After
treatment, the cells were lysed and the cell lysates were collected
and added to an ELISA plate. The ELISA protocol was performed
according to manufacturer’s instructions, and the immunocomplex
was measured at 405 nm using a microplate reader.

Results

Effects of 3EZ, 20Ac-ingenol or irinotecan on the proliferation
of Jeko-1 and Panc-1 cells. The cells were seeded in 96-well
plates (2×104 Jeko-1 cells or 3×103 Panc-1 cells per well in
100 μl of medium) and then treated with various
concentrations of 3EZ, 20Ac-ingenol (range=0-10 μM).
Treatment with 3EZ, 20Ac-ingenol resulted in a concentration
dependent decrease in cell viability. Furthermore, for any
given concentration, the level of cytotoxicity after 48 h of
treatment was higher for the Jeko-1 cells than for the Panc-1
cells. The inhibition of cellular proliferation in the Jeko-1 cell
line increased gradually as the concentration of 3EZ, 20Ac-
ingenol increased, maximal inhibition of approximately 80%
was reached at 1 μM and almost a complete loss of cell
viability was observed at 10 μM; the IC50 of the drug for the
Jeko-1 cells was about 0.5 μM (Figure 1A). In the Panc-1 cell
line, a maximal inhibition of approximately 75% was observed
at a concentration of 10 μM; the IC50 for the Panc-1 cells was
about 3 μM (Figure 1A).

The effect of the camptothecin analog, irinotecan (CT-11),
on the proliferation of the Jeko-1 and Panc-1 cells was
examined using the MTT assay (Figure 1B). Treatment with
CT-11 inhibited proliferation of Jeko-1 cells and resulted in
about 90% reduction in cell viability at 10 μM and to almost
100% reduction of cell viability at 30 μM. However, it caused
an almost constant 30% inhibition of the proliferation of Panc-
1 cells at concentrations ranging from 10 μM to 50 μM
(Figure 1B); the IC50 of the drug for the Jeko-1 cells was
about 5 μM, whereas Panc-1 cells were insensitive to
irinotecan.

Effects of 3EZ, 20Ac-ingenol treatment on ATR and cyclin A
activation, p53 and p-p53 accumulation, phosphorylation of
H2AX, and p21 expression. To determine whether DNA
damage-sensing kinases and related proteins were activated
by 3EZ, 20Ac-ingenol, the protein levels of the primary
kinase ATR were examined (Figure 2). In these experiments,
a prominent increase in ATR protein levels was observed in
whole cell lysates of Panc-1 cells at 12 h after 3EZ, 20Ac-
ingenol treatment, but a slight increase was observed in the
Jeko-1 cells at 12 h after treatment; the increases in both cell
lines continued until 48 h after treatment. p53 protein
expression was also elevated in the Panc-1 cells at 12 h after
treatment, and the increase continued until 48 h after
treatment; the increase in Panc-1 cells was especially
pronounced at 24 h after treatment (Figure 2). In Jeko-1 cells,
however, an increase in p53 expression was only observed at
48 h after treatment with 3EZ, 20Ac-ingenol. The activation
of p53 by its phosphorylation (p-p53) at Ser15 by ATR was
analyzed. Although, p-p53 was not detected in whole cell
lysates of treated Jeko-1 cells, p-p53 was detected in the
Panc-1 cells at 12 h after treatment (Figure 2). We have

ANTICANCER RESEARCH 40: 6237-6246 (2020)

6238



previously reported that 3EZ, 20Ac-ingenol inhibited cell
proliferation during the S phase in BALL-1 cells (10). Cyclin
A plays a critical role in the initiation of DNA replication and
the subsequent entry of cells into the S phase. We, therefore,
examined whether the inhibition of cellular proliferation
induced by 3EZ, 20Ac-ingenol through the enhancement of
the DDR was accompanied by the regulation of the cell cycle
by cyclin A expression. An increase in the cyclin A levels was
observed in both the Jeko-1 and the Panc-1 cells at 12 h after
treatment with 3EZ, 20Ac-ingenol, and this increase
continued until 24 h after treatment; a decrease was then
observed at 48 h after treatment (Figure 2).

The phosphorylation of H2AX was examined using anti-
γH2AX antibodies in Jeko-1 and Panc-1 cells to determine
whether the DDR was induced by 3EZ, 20Ac-ingenol
treatment in cells with cyclin D1 accumulation (Figure 2).
Time-course analyses in Jeko-1 cells revealed increased
phosphorylation of H2AX at 12 h after 3EZ, 20Ac-ingenol
treatment (Figure 2), suggesting that 3EZ, 20Ac-ingenol
strongly induced the DDR. However, the γH2AX levels
decreased at 24 h after treatment. In Panc-1 cells, H2AX
phosphorylation was not observed after 3EZ, 20Ac-ingenol
treatment.

The expression of p21 in Jeko-1 and Panc-1 cells was
examined after induction of DNA damage by 3EZ, 20Ac-

ingenol. In Jeko-1 cells, a slight increase in the expression
of p21 was observed at 12 h after treatment, with further
increases at 24 h and 48 h after treatment (Figure 2). In
Panc-1 cells, a pronounced increase in p21 expression was
observed at 12 h and 24 h after treatment, although the
expression levels were clearly decreased at 48 h after
treatment (Figure 2). How these differences in H2AX
phosphorylation in Jeko-1 cells and p21 expression in Panc-
1 cells were induced during the DDR remains unclear. 

Effects of 3EZ, 20 Ac-ingenol treatment on PTEN/Akt
signaling and phosphorylation of GSK-3β. Treatment of
Jeko-1 and Panc-1 cells with 3EZ, 20Ac-ingenol led to an
increase in the PTEN levels in whole-cell lysates at 12 h
after treatment elevation persisted until 24 h and then
showed a slight decrease at 48 h after treatment (Figure 3A).
Next, the effects of 3EZ, 20Ac-ingenol treatment on
PI3K/Akt signaling were examined. The levels of
phosphorylated Akt (Ser473) in whole-cell lysates of Jeko-1
cells were minimally affected at 12 h after treatment and
slightly reduced at 24 h and 48 h after treatment. The
expression levels of total Akt protein in Jeko-1 cells also
showed little or no change (Figure 3A). Increased levels of
p-Akt were observed in whole-cell lysates of Panc-1 cells
treated with 3EZ, 20Ac-ingenol until 24 h after treatment,
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Figure 1. Effects of 3EZ, 20Ac-ingenol or irinotecan on the proliferation of Jeko-1 and Panc-1 cells. A: Jeko-1 and Panc-1 cells were cultured in
microplates at 37˚C for 48 h in the absence (control) or the presence of 0.1, 0.5, 1, 5, or 10 μM 3EZ, 20Ac-ingenol. The relative cell growth was
determined via an MTT assay. The growth of untreated Jeko-1and Panc-1 cells was set as 100%, and the growth of treated Jeko-1and Panc-1 cells
was expressed relative to the growth of the untreated cells. All experiments were performed in triplicate, and the data are presented as the
mean±standard deviation. B: Jeko-1 and Panc-1 cells were cultured in microplates at 37˚C for 48 h in the absence (control) or the presence of 0.5,
1, 5, 10, 20, 30, 50 μM irinotecan (without 50 μM for Jeko-1 cell). The relative cell growth was determined via an MTT assay. The growth of
untreated Jeko-1and Panc-1 cells was set as 100%, and the growth of treated Jeko-1and Panc-1 cells was expressed relative to the growth of the
untreated cells. All experiments were performed in triplicate, and the data are presented as the mean±standard deviation.



but a slight reduction in p-Akt levels was observed at 48 h
after treatment. The expression levels of total Akt protein in
Panc-1 cells were also increased at 12 h and 24 h after
treatment, but a reduction in total Akt was observed at 48 h
after treatment, consistent with slightly constitutive p-Akt
inhibition (Figure 3A). After fractionation in nuclear and
cytoplasmic fractions, the changes in the nuclear and
cytoplasmic p-Akt levels were analyzed. The levels of
nuclear p-Akt in Jeko-1 cells also showed a slight decrease
at 48 h after treatment; the cytoplasmic p-Akt levels in Jeko-
1 cells was clearly reduced at 12 h after treatment, and the
reduced cytoplasmic p-Akt levels persisted at 24 h and 48 h
after treatment (Figure 3A). Transient increases in the p-Akt
levels were observed in the nuclear and cytoplasmic fractions
of Panc-1 cells at 12 h and 24 h after treatment, followed by
a reduction in the levels at 48 h after treatment (Figure 3A).
The effect of treatment on the phosphorylation of GSK-3β,

a downstream target of Akt, was examined. Our results
revealed that 3EZ, 20Ac-ingenol treatment reduced in
decreased phosphorylation of GSK-3β (Ser9) in Jeko-1 cells
at 24 h after 3EZ, 20Ac-ingenol treatment, and the p-GSK-
3β levels continued to decrease until 48 h after treatment
(Figure 3B). Panc-1 cells also exhibited a decrease in the p-
GSK-3β levels at 24 h after treatment, and a further decrease
was observed at 48 h after treatment (Figure 3B). In contrast,
an increase in GSK-3β levels in Jeko-1 and Panc-1 cells
treated with 3EZ, 20Ac-ingenol was observed at 12 h after
treatment and continued thereafter (Figure 3B).

Effects of 3EZ, 20Ac-ingenol treatment on the accumulation
of cyclin D1. Although, the mechanism of cyclin D1

accumulation in BALL-1 cells remains unclear, we found that
cyclin D1 accumulation was reduced with 3EZ, 20Ac-ingenol
treatment (10). High levels of cyclin D1 accumulation were
also observed in untreated whole lysates of Jeko-1 cells, while
lower levels of accumulation were detected in untreated Panc-
1 cells (Figure 4). A similar gradual decrease in the
accumulation of cyclin D1 was observed after treatment in
Jeko-1 and Panc-1 cells. The control Jeko-1 cells showed
relatively high levels of nuclear cyclin D1; in the treated cells,
the levels were gradually decreased from 12 h to 48 h after
treatment with 3EZ, 20Ac-ingenol (Figure 4). Although the
cytoplasmic cyclin D1 levels were also high in the control
Jeko-1 cells, a decrease was observed after 3EZ, 20Ac-ingenol
treatment and cytoplasmic cyclin D1 level was no longer
detectable at 48 h after treatment (Figure 4). Although the
levels of nuclear cyclin D1 level were lower in control Panc-
1 cells, a transient increase in the nuclear cyclin D1 levels was
observed at 12 h and 24 h after treatment with 3EZ, 20Ac-
ingenol and then decreased to a lower level at 48 h after
treatment (Figure 4). Cytoplasmic cyclin D1 was not
detectable in control Panc-1 cells, but a transient increase was
observed at 12 h and 24 h after 3EZ, 20Ac-ingenol treatment
and then similar to nuclear cyclin D1 decreased and became
undetectable at 48 h after treatment (Figure 4). These results
in Jeko-1 and Panc-1 cells might reflect the nuclear export and
cytoplasmic degradation of cyclin D1 by 3EZ, 20Ac-ingenol.

Effects of 3EZ, 20Ac-ingenol treatment on caspase-3
activation and apoptosis induction. To determine whether the
inhibition of proliferation of Jeko-1 and Panc-1 cells by 3EZ,
20Ac-ingenol was associated with the induction of caspase

ANTICANCER RESEARCH 40: 6237-6246 (2020)

6240

Figure 2. Effects of 3EZ, 20Ac-ingenol treatment on ATR and cyclin A activation, p53 and p-p53 accumulation, the phosphorylation of H2AX, and
p21 expression. Jeko-1 cells were treated in the absence (control) or the presence of 0.5 μM 3EZ, 20Ac-ingenol for 0, 12, 24, or 48 h. Panc-1 cells
were treated in the absence (control) or the presence of 3μM 3EZ, 20Ac-ingenol for 0, 12, 24, or 48 h. ATR, p53, p-p53, cyclin A, γH2AX, and p21
were analyzed by western blot.



activation and apoptosis, a western blot analysis was
performed using antibodies against the cleaved forms of
caspase-3. Caspase-3 activation was first observed at 48 h
after treatment in Jeko-1 cells, and at 12 h after treatment in
Panc-1 cells; further activation was observed in Panc-1 cells
at 24 h and at 48 h (Figure 5). p53 accumulation in Jeko-1
cells occurred relatively late (Figure 2), suggesting that
caspase 3 activation might also occur late.

To detect cellular apoptosis we carried out a DNA
fragmentation assay. An increased number of DNA fragments
was observed in Jeko-1 cells treated with 0.5 μM 3EZ, 20Ac-
ingenol beginning at 48 h after treatment and continuing until
72 h after treatment (Figure 6A). In the presence of 3 μM

3EZ, 20Ac-ingenol, an increase in the number of DNA
fragments in Panc-1 cells was observed at 24 h after treatment,
and further increases were observed at 48 h and 72 h (Figure
6B). Higher levels of DNA fragmentation were observed in
Panc-1 cells, compared with Jeko-1 cells. This difference
could be related to cell size, since Jeko-1 cells are relatively
small and Panc-1 cells are relatively large. 

Discussion

The catalytic topo I inhibitor 3EZ, 20Ac-ingenol induced
apoptosis by enhancing the DDR in both a B-cell lymphoma
cell line (Jeko-1), as characterized by H2AX phosphorylation,
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Figure 3. Effects of 3EZ, 20Ac-ingenol treatment on PTEN/Akt signaling and phosphorylation of GSK-3β. Jeko-1 cells were treated in the absence
(control) or the presence of 0.5 μM 3EZ, 20Ac-ingenol for 0, 12, 24, or 48 h. Panc-1 cells were treated in the absence (control) or the presence of
3 μM 3EZ, 20Ac-ingenol for 0, 12, 24, or 48 h and treated Jeko-1 and Panc-1 cells were fractionated into nuclear and cytoplasmic fractions. A:
PTEN, p-Akt and total Akt were analyzed by western blot. B: p-GSK-3β and GSK-3β were analyzed by western blot.



and a pancreatic cancer cell line (Panc-1), as characterized by
the up-regulation of p21 expression. 

The major regulators of the DDR signaling pathway
responding to DNA damage induced by topo 1 poison
inhibitors are ATM and ATR, which drive the cytotoxic
effects of topo poisons by activating H2AX phosphorylation,
Chk phosphorylation and p53 accumulation (12-14). In
particular, ATR is activated during the S-phase of the cell
cycle to regulate replication initiation and the repair of
damaged replication forks (15-17). Although the induction
of DDR signaling by topo poison inhibitors is characterized
by H2AX phosphorylation and the activation of the ATR-p53
pathway, the same DDR was induced by the topo catalytic
inhibitor 3EZ, 20Ac-ingenol in both Jeko-1 and Panc-1 cells.
p53 accumulation and its activation by phosphorylation via
ATM and Chk2 as a result of DNA damage (18, 19)
contributes to the release of cytochrome c from the
mitochondria via both transcription-dependent and
transcription-independent mechanisms, resulting in the
activation of caspase 3 (20, 21). In addition to the activation
of ATR signaling, 3EZ, 20Ac-ingenol also caused the down-
regulation of p-Akt and p-GSK-3β through the up-regulation
of PTEN, thereby inducing apoptosis in both Jeko-1 and
Panc-1 cells. Many topo catalytic inhibitors that induce a
decatenation checkpoint causing G2 phase arrest are less
toxic and, therefore, cannot induce apoptosis. Betulinic acid
does not stabilize the enzyme-DNA cleavable complex
directly but indirectly lead the enzyme-DNA cleavable

complex through the generation of reactive oxygen species.
Nevertheless, it does not affect cell death (22). Another topo
I inhibitor, CY13II, inhibits topo-1 mediated DNA cleavage
in a manner similar to that of 3EZ, 20Ac-ingenol, acting as
a catalytic inhibitor to induce G2/M phase arrest and cell
growth (23). Since the activation of Akt (p-Akt) in response
to DNA damage occurs through the same signal transduction
pathways as the activation of the PI3 kinase-like kinases,
ATM and ATR (24, 25), Akt might also be activated in Jeko-
1 and Panc-1 cells (Figure 3), and activation might be
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Figure 4. Effects of 3EZ, 20Ac-ingenol treatment on the accumulation of cyclin D1. Jeko-1 cells were treated in the absence (control) or the presence
of 0.5 μM 3EZ, 20Ac-ingenol for 0, 12, 24, or 48 h. Panc-1 cells were treated in the absence (control) or the presence of 3 μM 3EZ, 20Ac-ingenol
for 0, 12, 24, or 48 h and treated Jeko-1 and Panc-1 cells were fractionated into nuclear and cytoplasmic fractions. Cyclin D1 was analyzed by
western blot. 

Figure 5. Effects of 3EZ, 20Ac-ingenol treatment on caspase-3
activation and apoptotic induction. Jeko-1 cells were treated in the
absence (control) or the presence of 0.5 μM 3EZ, 20Ac-ingenol for 0,
12, 24, or 48 h. Panc-1 cells were treated in the absence (control) or
the presence of 3 μM 3EZ, 20Ac-ingenol for 0, 12, 24, or 48 h.
Caspase-3 was analyzed by western blot.



reduced by up-regulated PTEN at 48 h after treatment,
ultimately resulting in transient activation of Akt. Catalytic
topo inhibitors that up-regulate PTEN in addition to clearly
activating the ATR pathway have not been previously
reported, and the activation mechanism for the decatenation
checkpoint cascade remains to be clarified. The induction of
apoptosis through a decrease in cyclin D1 in BALL-1 cells
in response to treatment with catalytic inhibitors would be
impossible if 3EZ, 20Ac-ingenol did not enhance the DDR
in these particular cells (10, 11). We searched for the cause
of the enhancement of the DDR in BALL-1, Jeko-1 and
Panc-1 cells. We observed that 3EZ, 20Ac-ingenol induced
H2AX phosphorylation, which in turn increased p53
accumulation and caspase 3 in BALL-1 (10) and Jeko-1
cells, whereas it increased p21 expression, which in turn
increased p-p53 accumulation in Panc-1 cells (Figure 2) and
although mutations of p53 are present in Jeko-1 and Panc-1
cells (26-28), increased the expression of downstream
proteins and activated caspase 3. Reportedly, cyclin D1
overexpression enhances the DDR, as characterized by the
induction of H2AX phosphorylation by topo inhibitors and
the increase in p21 expression (29), and cells that retain
cyclin D1 in their nuclei are sensitive to topo inhibitor (30).
We became convinced that 3EZ, 20Ac-ingenol specifically
inhibits cell proliferation and induces apoptosis by enhancing
the DDR in cancer cells with accumulated cyclin D1 based
on results showing that these effects were observed in three
different cancer cells of different origins including BALL-1
(10), in which cyclin D1 accumulation and an enhanced
DDR were observed. Our results suggested that 3EZ, 20Ac-
ingenol may promote ATR activation in addition to the

down-regulation of p-Akt and p-GSK-3β via the up-
regulation of PTEN by enhancing the DDR in cells with
cyclin D1 accumulation, thereby inducing apoptosis in these
cells through the degradation of cyclin D1. 

Cyclin D1 regulates normal progression of the cell cycle
from the G1 to the S phase (1, 2); after progression to S phase,
the removal of cyclin D1 from the nucleus is essential for
regulating cell division (6). Cyclin A-associated Cdk2 play a
critical role in the initiation of DNA replication and subsequent
S phase entry (31). We assessed the effect of 3EZ, 20Ac-ingenol
on the expression of cyclin A and cyclin D1 proteins during cell
cycle progression to S phase. Progression to S phase following
3EZ, 20Ac-ingenol treatment was observed, and increased
levels of cyclin A were observed in both the Jeko-1 and Panc-1
cell lines (Figure 2); although the levels of nuclear cyclin D1
should have been significantly reduced, the nuclei of these cells
instead retained cyclin D1 (Figure 4). We next considered
whether the retention of cyclin D1 compromises the response
and the transient activation of nuclear cyclin D1 in Panc-1 cells
(Figure 4). These activities might promote chromosomal
instability in the nuclei of Jeko-1 and Panc-1 cells, terminating
the progression of the cell cycle at the S phase (15). PTEN is
known to play a role in activating DNA repair to maintain
chromosomal stability (32, 33). The DNA repair reaction to
maintain chromosomal stability might be strongly induced in
both cell types after 3EZ, 20Ac-ingenol treatment, together with
the activation of ATR and the upregulation of PTEN. Numerous
reports have suggested that p21 may act as an anti-apoptotic or
pro-apoptotic effector in the response to DNA damage (34).
Human cancer cell lines treated with DNA damaging agents
undergo cell cycle arrest mediated by p21, followed by
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Figure 6. Effects of 3EZ, 20Ac-ingenol treatment on Jeko-1 and Panc-1 cell apoptosis by DNA fragmentation assay. Jeko-1 cells were treated with
0.5 μM 3EZ, 20Ac-ingenol for 12, 24, 48, or 72 h. Panc-1 cells were treated with 3μM 3EZ, 20Ac-ingenol for 12, 24, 48, or 72 h. The Cell Death
Detection ELISA kit was used to detect DNA fragmentations. The optical density of each well was measured at 405 nm using a plate reader. All
experiments were performed in triplicate, and error bars indicate the standard deviation. A: Jeko-1 cells. B: Panc-1 cells.



apoptosis after the caspase-3 mediated cleavage of p21 (35).
p21 expression induced by various drugs is reportedly
associated with cytochrome c release (36) or the upregulation
of the active subunit of caspase-3 (37, 38), and activated
caspase-3 cleaves p21 (39), followed by apoptosis. We also
observed accumulation of p53 (Figure 2) and p21 (Figure 2) in
Panc-1 cells at 12 h after treatment with 3EZ, 20Ac-ingenol and
association with the activation of caspase-3 at 12 h after
treatment (Figure 5). The levels of p21 were decreased in the
Panc-1 cells between 24 h and 48 h after treatment (Figure 2),
and apoptosis of the Panc-1 cells was induced beginning at 24
h after treatment (Figure 6B).

In comparison to other topo poisons, treatment with 10 μM
3EZ, 20Ac-ingenol led to a complete loss of cell viability of
Jeko-1 cells. While the inhibitory effect on cell proliferation
was less pronounced in Panc-1 cells than in Jeko-1 cells, a
substantial decrease in the viable cell population was also
observed in Panc-1 cells. Although pancreatic cancers and
mantle cell lymphoma with cyclin D1 accumulation are
insensitive or resistant to DNA damage drugs (40-44), the
knockdown of cyclin D1 has been shown to restore sensitivity
to these agents (42-44). Jeko-1 and Panc-1 cells, which exhibit
cyclin D1 accumulation, are naturally resistant to
chemotherapy, but treatment with 3EZ, 20Ac-ingenol restored
drug sensitivity irrespective of the mechanism of cyclin D1
accumulation by decreasing the cellular accumulation of cyclin
D1, thereby inhibiting cell proliferation (Figures 1A and B) and
inducing apoptosis (Figures 5 and 6). p53 is the most
frequently mutated gene in pancreatic cancer, and its mutations
result in loss of wide-typep53 function, contributing to
malignant progression (26, 28). Recently, mutant p53 has
become an attractive target for cancer therapy (45). Reportedly,
it also induces apoptosis through activation of mutant p53 (46-
48). 3EZ, 20Ac-ingenol also significantly increased the
expression of mutant p53 protein and the p53-downstream
target gene p21 and the activation of caspase 3 in Panc-1 cells.
Future study of this pathway could provide important
information for the development of chemotherapeutic agents
for cancers exhibiting dysregulated cyclin D1 expression. 

Conflicts of Interest 

The Authors declare no conflicts of interest regarding this study. 

Authors’ Contributions 

All Authors performed the experiments and collaborated in the
writing of this paper.

Acknowledgements 

This investigation was supported in part by a grant from Nihon
University to S. Miyata.

References
1 Sherr CJ: Mammalian G1 cyclins. Cell 73: 1059-1065, 1993.

PMID: 8513492. DOI: 10.1016/0092-8674(93)90636-5
2 Dyson N: The regulation of E2F by pRB-family proteins. Genes

Dev 12: 2245-2262, 1998. PMID: 9694791. DOI: 10.1101/
gad.12.15.2245

3 Hosokawa Y, Joh T, Maeda Y, Arnold A and Seto M: Cyclin
D1/PRAD1/BCL-1 alternative transcript [B] protein product in B-
lymphoid malignancies with t(11;14)(q13;q32) translocation. Int J
Cancer 81: 616-619, 1999. PMID: 10225453. DOI: 10.1002/(sici)
1097-0215(19990517)81:4<616::aid-ijc18>3.0.co;2-s

4 Bos JL: Ras oncogenes in human cancer: A review. Cancer Res
49: 4682-4689, 1989. PMID: 2547513.

5 Wolpin BM, Hezel AF, Abrams T, Blaszkowsky LS, Meyerhardt
JA, Chan JA, Enzinger PC, Allen B, Clark JW, Ryan DP and Fuchs
CS: Oral mTOR inhibitor everolimus in patients with gemcitabine-
refractory metastatic pancreatic cancer. J Clin Oncol 27: 193-198,
2009. PMID: 19047305. DOI: 10.1200/JCO.2008.18.9514

6 Alt JR, Cleveland JL, Hannink M and Diehl JA:
Phosphorylation-dependent regulation of cyclin D1 nuclear
export and cyclin D1-dependent cellular transformation. Genes
Dev 14: 3102-3114, 2000. PMID: 11124803. DOI: 10.1101/
gad.854900

7 Bertoni F, Rinaldi A, Zucca E and Cavalli F: Update on the
molecular biology of mantle cell lymphoma. Hematol Oncol 24:
22-27, 2006. PMID: 16402392. DOI: 10.1002/hon.767

8 Gansauge S, Gansauge F, Ramadani M, Stobbe H, Rau B,
Harada N and Beger HG: Overexpression of cyclin D1 in human
pancreatic carcinoma is associated with poor prognosis. Cancer
Res 57: 1634-1637, 1997. PMID: 9134998.

9 Fukuda Y, Kanbe M, Watanabe M, Dan K, Matsuzaki K, Kitanaka
S and Miyata S: 3EZ,20Ac-ingenol, a catalytic inhibitor of
topoisomerases, downregulates p-Akt and induces DSBs and
apoptosis of DT40 cells. Arch Pharm Res 36: 1029-1038, 2013.
PMID: 23595550. DOI: 10.1007/s12272-013-0108-4

10 Miyata S, Wang LY and Kitanaka S: 3EZ, 20Ac-ingenol induces
cell-specific apoptosis in cyclin D1 over-expression through the
activation of ATR and downregulation of p-Akt. Leuk Res 64: 46-
51, 2018. PMID: 29179029. DOI: 10.1016/j.leukres.2017.08.007

11 Miyata S, Fukuda Y, Tojima H, Matsuzaki K, Kitanaka S and
Sawada H: Mechanism of the inhibition of leukemia cell growth and
induction of apoptosis through the activation of ATR and PTEN by
the topoisomerase inhibitor 3EZ, 20Ac-ingenol. Leuk Res 39: 927-
932, 2015. PMID: 26194899. DOI: 10.1016/j.leukres.2015.06.006

12 Pommier Y: Topoisomerase I inhibitors: camptothecins and
beyond. Nat Rev Cancer 6: 789-802, 2006. PMID: 16990856.
DOI: 10.1038/nrc1977

13 McDonald AC and Brown R: Induction of p53-dependent and
p53-independent cellular responses by topoisomerase 1
inhibitors. Br J Cancer 78: 745-751, 1998. PMID: 9743293.
DOI: 10.1038/bjc.1998.571

14 Bhattacharya S, Ray RM and Johnson LR: Role of polyamines
in p53-dependent apoptosis of intestinal epithelial cells. Cell
Signal 21: 509-522, 2009. PMID: 19136059. DOI: 10.1016/
j.cellsig.2008.12.003

15 Cliby WA, Lewis KA, Lilly KK and Kaufmann SH: S phase and
G2 arrests induced by topoisomerase I poisons are dependent on
ATR kinase function. J Biol Chem 277: 1599-1606, 2002.
PMID: 11700302. DOI: 10.1074/jbc.M106287200

ANTICANCER RESEARCH 40: 6237-6246 (2020)

6244



16 Tibbetts RS, Brumbaugh KM, Williams JM, Sarkaria JN, Cliby
WA, Shieh SY, Taya Y, Prives C and Abraham RT: A role for
ATR in the DNA damage-induced phosphorylation of p53.
Genes Dev 13: 152-157, 1999. PMID: 9925639. DOI:
10.1101/gad.13.2.152

17 Ward IM, Minn K and Chen J: UV-induced ataxia-telangiectasia-
mutated and Rad3-related (ATR) activation requires replication
stress. J Biol Chem 279: 9677-9680, 2004. PMID: 14742437.
DOI: 10.1074/jbc.C300554200

18 Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L,
Smorodinsky NI, Prives C, Reiss Y, Shiloh Y and Ziv Y:
Enhanced phosphorylation of p53 by ATM in response to DNA
damage. Science 281: 1674-1677, 1998. PMID: 9733514. DOI:
10.1126/science.281.5383.1674

19 Hirao A, Kong YY, Matsuoka S, Wakeham A, Ruland J, Yoshida
H, Liu D, Elledge SJ and Mak TW: DNA damage-induced
activation of p53 by the checkpoint kinase Chk2. Science 287:
1824-1827, 2000. PMID: 10710310. DOI: 10.1126/science.
287.5459.1824

20 Haudek SB, Taffet GE, Schneider MD and Mann DL: TNF
provokes cardiomyocyte apoptosis and cardiac remodeling
through activation of multiple cell death pathways. J Clin Invest
117: 2692-2701, 2007. PMID: 17694177. DOI: 10.1172/JCI29134

21 Zilfou JT and Lowe SW: Tumor suppressive functions of p53.
Cold Spring Harb Perspect Biol 1: a001883, 2009. PMID:
20066118. DOI: 10.1101/cshperspect.a001883

22 Ganguly A, Das B, Roy A, Sen N, Dasgupta SB,
Mukhopadhayay S and Majumder HK: Betulinic acid, a catalytic
inhibitor of topoisomerase I, inhibits reactive oxygen species-
mediated apoptotic topoisomerase I-DNA cleavable complex
formation in prostate cancer cells but does not affect the process
of cell death. Cancer Res 67: 11848-11858, 2007. PMID:
18089815. DOI: 10.1158/0008-5472.CAN-07-1615

23 Wu N, Wu XW, Agama K, Pommier Y, Du J, Li D, Gu LQ,
Huang ZS and An LK: A novel DNA topoisomerase I inhibitor
with different mechanism from camptothecin induces G2/M
phase cell cycle arrest to K562 cells. Biochemistry 49: 10131-
10136, 2010. PMID: 21033700. DOI: 10.1021/bi1009419

24 Xu N, Lao Y, Zhang Y and Gillespie DA: Akt: a double-edged
sword in cell proliferation and genome stability. J Oncol 2012:
951724, 2012. PMID: 22481935. DOI: 10.1155/2012/951724 

25 Golding SE, Rosenberg E, Valerie N, Hussaini I, Frigerio M,
Cockcroft XF, Chong WY, Hummersone M, Rigoreau L, Menear
KA, O’Connor MJ, Povirk LF, van Meter T and Valerie K:
Improved ATM kinase inhibitor KU-60019 radiosensitizes
glioma cells, compromises insulin, AKT and ERK prosurvival
signaling, and inhibits migration and invasion. Mol Cancer Ther
8: 2894-2902, 2009. PMID: 19808981. DOI: 10.1158/1535-
7163.MCT-09-0519

26 Deer EL, González-Hernández J, Coursen JD, Shea JE, Ngatia
J, Scaife CL, Firpo MA and Mulvihill SJ: Phenotype and
genotype of pancreatic cancer cell lines. Pancreas 39: 425-435,
2010. PMID: 20418756. DOI: 10.1097/MPA.0b013e3181c15963 

27 Yoshimura M, Ishizawa J, Ruvolo V, Dilip A, Quintás-Cardama
A, McDonnell TJ, Neelapu SS, Kwak LW, Shacham S,
Kauffman M, Tabe Y, Yokoo M, Kimura S, Andreeff M and
Kojima K: Induction of p53-mediated transcription and
apoptosis by exportin-1 (XPO1) inhibition in mantle cell
lymphoma. Cancer Sci 105: 795-801, 2014. PMID: 24766216.
DOI: 10.1111/cas.12430

28 Hagi-Sharifia Taghavi M, Davoodi J and Mirshahi M: The effect
of wild type P53 gene transfer on growth properties and
tumorigenicity of PANC-1 tumor cell line. Iran Biomed J 11: 1-
6, 2007. PMID: 18051698.

29 Li Z, Jiao X, Wang C, Shirley LA, Elsaleh H, Dahl O, Wang M,
Soutoglou E, Knudsen ES and Pestell RG: Alternative cyclin D1
splice forms differentially regulate the DNA damage response.
Cancer Res 70: 8802-8811, 2010. PMID: 20940395. DOI:
10.1158/0008-5472.CAN-10-0312

30 Pontano LL, Aggarwal P, Barbash O, Brown EJ, Bassing CH and
Diehl JA: Genotoxic stress-induced cyclin D1 phosphorylation and
proteolysis are required for genomic stability. Mol Cell Biol 28:
7245-7258, 2008. PMID: 18809569. DOI: 10.1128/MCB.01085-08

31 Yam CH, Fung TK and Poon RY: Cyclin A in cell cycle control
and cancer. Cell Mol Life Sci 59: 1317-1326, 2002. PMID:
12363035. DOI: 10.1007/s00018-002-8510-y

32 Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi PP and
Yin Y: Essential role for nuclear PTEN in maintaining
chromosomal integrity. Cell 128: 157-170, 2007. PMID:
17218262. DOI: 10.1016/j.cell.2006.11.042

33 Ming M and He YY: PTEN in DNA damage repair. Cancer Lett
319: 125-129, 2012. PMID: 22266095. DOI: 10.1016/j.canlet.
2012.01.003

34 Chen A, Huang X, Xue Z, Cao D, Huang K, Chen J, Pan Y and
Gao Y: The role of p21 in apoptosis, proliferation, cell cycle
arrest, and antioxidant activity in UVB-Irradiated Human HaCaT
Keratinocytes. Med Sci Monit Basic Res 21: 86-95, 2015.
PMID: 25925725. DOI: 10.12659/MSMBR.893608

35 Gartel AL and Tyner AL: The role of the cyclin-dependent
kinase inhibitor p21 in apoptosis. Mol Cancer Ther 1: 639-349,
2002. PMID: 12479224.

36 Gogada R, Amadori M, Zhang H, Jones A, Verone A, Pitarresi
J, Jandhyam S, Prabhu V, Black JD and Chandra D: Curcumin
induces Apaf-1-dependent, p21-mediated caspase activation and
apoptosis. Cell Cycle 10: 4128-4137, 2011. PMID: 22101335.
DOI: 10.4161/cc.10.23.18292

37 Bao GC, Wang JG and Jong A: Increased p21 expression and
complex formation with cyclin E/CDK2 in retinoid-induced pre-
B lymphoma cell apoptosis. FEBS Lett 580: 3687-3693, 2006.
PMID: 16765349. DOI: 10.1016/j.febslet.2006.05.052

38 Yang HL, Pan JX, Sun L and Yeung SC: p21 Waf-1 (Cip-1)
enhances apoptosis induced by manumycin and paclitaxel in
anaplastic thyroid cancer cells. J Clin Endocrinol Metab 88: 763-
772, 2003. PMID: 12574211. DOI: 10.1210/jc.2002-020992

39 Gervais JL, Seth P and Zhang H: Cleavage of CDK inhibitor
p21(Cip1/Waf1) by caspases is an early event during DNA
damage-induced apoptosis. J Biol Chem 273: 19207-19212,
1998. PMID: 9668108. DOI: 10.1074/jbc.273.30.19207

40 Fryer RA, Barlett B, Galustian C and Dalgleish AG:
Mechanisms underlying gemcitabine resistance in pancreatic
cancer and sensitisation by the iMiD™ lenalidomide. Anticancer
Res 31: 3747-3756, 2011. PMID: 22110196.

41 Cui Y, Brosnan JA, Blackford AL, Sur S, Hruban RH, Kinzler
KW, Vogelstein B, Maitra A, Diaz LA Jr, Iacobuzio-Donahue
CA and Eshleman JR: Genetically defined subsets of human
pancreatic cancer show unique in vitro chemosensitivity. Clin
Cancer Res 18: 6519-6530, 2012. PMID: 22753594. DOI:
10.1158/1078-0432.CCR-12-0827 

42 Kornmann M, Arber N and Korc M: Inhibition of basal and
mitogen-stimulated pancreatic cancer cell growth by cyclin D1

Miyata et al: Apoptotic Induction by Catalytic Topoisomerase Inhibitor

6245



antisense is associated with loss of tumorigenicity and
potentiation of cytotoxicity to cisplatinum. J Clin Invest 101:
344-352, 1998. PMID: 9435306. DOI: 10.1172/JCI1323

43 Biliran H Jr., Wang Y, Banerjee S, Xu H, Heng H, Thakur A,
Bollig A, Sarkar FH and Liao JD: Overexpression of cyclin D1
promotes tumor cell growth and confers resistance to cisplatin-
mediated apoptosis in an elastase-myc transgene-expressing
pancreatic tumor cell line. Clin Cancer Res 11: 6075-6086, 2005.
PMID: 16115953. DOI: 10.1158/1078-0432.CCR-04-2419

44 Mohanty S, Mohanty A, Sandoval N, Tran T, Bedell V, Wu J,
Scuto A, Murata-Collins J, Weisenburger DD and Ngo VN:
Cyclin D1 depletion induces DNA damage in mantle cell
lymphoma lines. Leuk Lymphoma 58: 676-688, 2017. PMID:
27338091. DOI: 10.1080/10428194.2016.1198958

45 Yue X, Zhao Y, Xu Y, Zheng M, Feng Z and Hu W: mutant p53
in cancer: accumulation, gain-of-function, and therapy. J Mol
Biol 429: 1595-1606, 2017. PMID: 28390900. DOI: 10.1016/
j.jmb.2017.03.030

46 Kobayashi D, Sasaki M and Watanabe N: Caspase-3 activation
downstream from reactive oxygen species in heat-induced
apoptosis of pancreatic carcinoma cells carrying a mutant p53
gene. Pancreas 22: 255-260, 2001. PMID: 11291926. DOI:
10.1097/00006676-200104000-00005

47 Izetti P, Hautefeuille A, Abujamra AL, de Farias CB, Giacomazzi
J, Alemar B, Lenz G, Roesler R, Schwartsmann G, Osvaldt AB,
Hainaut P and Ashton-Prolla P: PRIMA-1, a mutant p53
reactivator, induces apoptosis and enhances chemotherapeutic
cytotoxicity in pancreatic cancer cell lines. Invest New Drugs
32: 783-794, 2014. PMID: 24838627. DOI: 10.1007/s10637-
014-0090-9

48 Lu CH, Kuo YY, Lin GB, Chen WT and Chao CY: Application of
non-invasive low-intensity pulsed electric field with thermal
cycling-hyperthermia for synergistically enhanced anticancer effect
of chlorogenic acid on PANC-1 cells. PLoS One 15: e0222126,
2020. PMID: 31995555. DOI: 10.1371/journal.pone.0222126

Received September 4, 2020
Revised September 16, 2020

Accepted September 18, 2020

ANTICANCER RESEARCH 40: 6237-6246 (2020)

6246


