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Abstract: Ingenol mebutate possesses significant cytotoxicity and is clinically used to treat actinic
keratosis. However, ingenol mebutate undergoes acyl migration which affects its bioactivity.
Compound 3-O-angeloyl-20-O-acetyl ingenol (AAI, also known as 20-O-acetyl-ingenol-3-angelate
or PEP008) is a synthetic derivative of ingenol mebutate. In this work, we report the AAI synthesis
details and demonstrate AAI has higher cytotoxicity than ingenol mebutate in a chronic myeloid
leukemia K562 cell line. Our data indicate that the increased activity of AAI originates from the
improved intracellular stability of AAI rather than the increased binding affinity between AAI and
the target protein protein kinase Cδ (PKCδ). AAI inhibits cell proliferation, induces G2/M phase
arrest, disrupts the mitochondrial membrane potential, and stimulates apoptosis, as well as necrosis
in K562 cells. Similar to ingenol mebutate, AAI activates PKCδ and extracellular signal regulated
kinase (ERK), and inactivates protein kinase B (AKT). Furthermore, AAI also inhibits JAK/STAT3
pathway. Altogether, our studies show that ingenol derivative AAI is cytotoxic to K562 cells and
modulates PKCδ/ERK, JAK/STAT3, and AKT signaling pathways. Our work suggests that AAI may
be a new candidate of chemotherapeutic agent.
Keywords: 3-O-angeloyl-20-O-acetyl ingenol; PEP008; 20-O-acetyl-ingenol-3-angelate; ingenol mebutat;
apoptosis; chronic myeloid leukemia

1. Introduction
Ingenol mebutate (also called PEP005 or ingenol 3-anglate, Figure 1A) is a hydrophobic diterpene
ester which is isolated from the sap of the plant Euphorbia peplus. Ingenol mebutate has potent
anti-cancer effects both in vitro and in vivo, and is used as the active ingredient in Picato® , a new
drug for the treatment of actinic keratosis [1,2]. Preclinical studies demonstrate that ingenol mebutate
has potent activities against a number of leukemic cell lines, stimulating both apoptosis and necrosis.
It is believed that ingenol mebutate is a potent activator of PKCδ [3]. PKCδ belongs to the protein
kinase C (PKC) family of signaling isoenzymes which regulates cell proliferation, differentiation,
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Previous investigations have revealed that the 5-hydroxyl group of ingenol mebutate is
Previous investigations have revealed that the 5-hydroxyl group of ingenol mebutate is necessary
necessary for its bioactivity. However, the 3-angelate undergoes acyl migration in aqueous solution
for its bioactivity. However, the 3-angelate undergoes acyl migration in aqueous solution to form
to form 5- and 20-mono-angelates (1:18), and this migration thus affects its bioactivity [7]. In the
5- and 20-mono-angelates (1:18), and this migration thus affects its bioactivity [7]. In the search
search of ingenol mebutate analogs with improved chemical stability and efficiency, we synthesized
of ingenol mebutate analogs with improved chemical stability and efficiency, we synthesized
3-O-angeloyl-20-O-acetyl ingenol (AAI, Figure 1B) by acetylation at the 20 position of ingenol
3-O-angeloyl-20-O-acetyl ingenol (AAI, Figure 1B) by acetylation at the 20 position of ingenol mebutate,
mebutate, which may improve compound stability and enhance its hydrophobicity. AAI has been
which may improve compound stability and enhance its hydrophobicity. AAI has been previously
previously named as 20-O-acetyl-ingenol-3-angelate or PEP008 (PubChem CID: 14136933) and is
named as 20-O-acetyl-ingenol-3-angelate or PEP008 (PubChem CID: 14136933) and is sensitive against
sensitive against cancer cells derived from melanoma, breast cancer, and colon cancer [8].
cancer cells derived from melanoma, breast cancer, and colon cancer [8]. Considering AAI is a structural
Considering AAI is a structural derivative of ingenol mebutate, which shows a wide range of
derivative of ingenol mebutate, which shows a wide range of anti-cancer spectra, we hypothesized
anti-cancer spectra, we hypothesized that AAI could be cytotoxic to other cell lines, such as the
that AAI could be cytotoxic to other cell lines, such as the leukemia, and the increased stability and
leukemia, and the increased stability and hydrophobicity could enhance its bioactivity.
hydrophobicity could enhance its bioactivity.
Here, we reported the synthesis details of AAI, and the underlying molecular mechanisms of
Here, we reported the synthesis details of AAI, and the underlying molecular mechanisms
its cytotoxicity. We demonstrated that AAI inhibited cell proliferation, disturbed the cell cycle
of its cytotoxicity. We demonstrated that AAI inhibited cell proliferation, disturbed the cell cycle
distribution, and stimulated apoptosis in K562 cells. We also illustrated that AAI modulated
distribution, and stimulated apoptosis in K562 cells. We also illustrated that AAI modulated multiple
multiple signaling pathways, including activating PKCδ/ERK pathway, inhibiting protein kinase B
signaling pathways, including activating PKCδ/ERK pathway, inhibiting protein kinase B AKT,
AKT, and on JAK/STAT3 pathway, indicating the potential applications of AAI in anti-cancer
and on JAK/STAT3 pathway, indicating the potential applications of AAI in anti-cancer research
research and development.
and development.
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Scheme 1.
1. Synthesis
3-O-angeloyl-20-O-acetyl ingenol.
(a) PTSA
PTSA·H
acetone; (b)
angelic
Scheme
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of 3-O-angeloyl-20-O-acetyl
ingenol. (a)
·H22O,
O, acetone;
(b) angelic
anhydride, lithium
tetrahydrofuran
(THF);
(c) (c)
1% 1%
HCl,HCl,
MeOH;
and
anhydride,
lithiumhexamethyldisilazide
hexamethyldisilazide(LHMDS),
(LHMDS),
tetrahydrofuran
(THF);
MeOH;
2O, pyridine.
(d)
Ac
and (d) Ac2 O, pyridine.

2.2. AAI Inhibits Cell Proliferation
2.2. AAI Inhibits Cell Proliferation
To evaluate the cytotoxicity of AAI in vitro, we tested its effects on cell proliferation
To evaluate the cytotoxicity of AAI in vitro, we tested its effects on cell proliferation using several
using several human tumor cell lines (human myeloid leukemia K562, HL-60, and KT-1;
human tumor cell lines (human myeloid leukemia K562, HL-60, and KT-1; adriamycin-resistant
adriamycin-resistant human breast carcinoma MCF-7/ADR, a human breast cancer cell line resistant
human breast carcinoma MCF-7/ADR, a human breast cancer cell line resistant to adriamycin;
to adriamycin; human colorectal carcinoma HCT-116; human lung adenocarcinoma H1975, A549;
human colorectal carcinoma HCT-116; human lung adenocarcinoma H1975, A549; and human cervical
and human cervical carcinoma HeLa), as well as two normal cell lines (human normal liver cells
carcinoma HeLa), as well as two normal cell lines (human normal liver cells L-02 and fibroblast cells
L-02 and fibroblast cells NIH-3T3), and the growth inhibition rates are shown in Figure 2A. AAI
NIH-3T3), and the growth inhibition rates are shown in Figure 2A. AAI (0.78–25 µM) showed different
(0.78–25 μM) showed different cytotoxicity on the selected cell lines. K562, MCF-7/ADR, KT-1, and
cytotoxicity on the selected cell lines. K562, MCF-7/ADR, KT-1, and HL-60 cells were relatively more
HL-60 cells were relatively more sensitive to AAI. At 1 μM concentration, AAI inhibited K562 cells
sensitive to AAI. At 1 µM concentration, AAI inhibited K562 cells growth at a similar level as ingenol
growth at a similar level as ingenol mebutate (Figure 2B). However, the observed cytotoxicity of
mebutate (Figure 2B). However, the observed cytotoxicity of AAI was not concentration-dependent
AAI was not concentration-dependent (Figure 2A), but obviously time-dependent (Figure 2C). It is
(Figure 2A), but obviously time-dependent (Figure 2C). It is interesting that AAI showed growth
interesting that AAI showed growth inhibition against K562 cells even
at very low concentration
inhibition
against K562 cells even at very low concentration (5 × 10−15 to 5 × 10−10 µM), and the
(5 × 10−15 to 5 × 10−10 μM), and the inhibition effects were much more potent than ingenol mebutate
inhibition effects were much more potent than ingenol
mebutate (Figure 2D). Under such low
(Figure 2D). Under such low concentrations (5 × 10−15 to 5 × 10−10 μM), AAI did not show any
concentrations (5 × 10−15 to 5 × 10−10 µM), AAI did not show any cytotoxicity to other tested
cytotoxicity to other tested cell lines (data not shown), thus K562 cells were selected for the
cell lines (data not shown), thus K562 cells were selected for the following studies.
following studies.
2.3. AAI Induces G2/M Phase Arrest, Apoptosis, and Necrosis in K562 Cells
2.3. AAI Induces G2/M Phase Arrest, Apoptosis, and Necrosis in K562 Cells
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Figure 3. AAI induces G2/M phase arrest, apoptosis, and necrosis in K562 cells. (A) AAI time-dependently arrests K562 cells at G2/M phase. K562 cells were treated with
Figure 3. AAI induces G2/M phase arrest, apoptosis, and necrosis in K562 cells. (A) AAI time-dependently arrests K562 cells at G2/M phase. K562 cells were treated
250 nM AAI for 0, 2, 4 and 12 h. Then, cells were collected, fixed, digestion with RNase A, and stained by PI. The DNA contents of the cells were determined with the Aria
with 250 nM AAI for 0, 2, 4 and 12 h. Then, cells were collected, fixed, digestion with RNase A, and stained by PI. The DNA contents of the cells were determined with
FACS flow cytometry system; red: G0/G1 or G2/M phase, blue: S phase; (B) K562 cells were treated with AAI (0–25 nM) for 24 h, and then the cell cycle distribution was
the Aria FACS flow cytometry system; red: G0/G1 or G2/M phase, blue: S phase; (B) K562 cells were treated with AAI (0–25 nM) for 24 h, and then the cell cycle
analyzed; red: G0/G1 or G2/M phase, blue: S phase; (C) histograms show the percentage of cells distributed in G2/M phase after treated with 250 nM AAI for 0, 2, 4 and 12
distribution was analyzed; red: G0/G1 or G2/M phase, blue: S phase; (C) histograms show the percentage of cells distributed in G2/M phase after treated with
h; * p < 0.05, ** p < 0.01 versus control; (D) histograms show the percentage of cells distributed in G2/M phase after treated with AAI (0–25 nM) for 24 h; * p < 0.05, ** p < 0.01
250 nM AAI for 0, 2, 4 and 12 h; * p < 0.05, ** p < 0.01 versus control; (D) histograms show the percentage of cells distributed in G2/M phase after treated with AAI
versus control; (E) AAI induces both apoptosis and necrosis in K562 cells. K562 cells were untreated or treated with 31.25, 62.5, 125, 250 and 500 nM AAI for 18 h, and then
(0–25 nM) for 24 h; * p < 0.05, ** p < 0.01 versus control; (E) AAI induces both apoptosis and necrosis in K562 cells. K562 cells were untreated or treated with 31.25, 62.5,
the cells were double-stained with Annexin V-FITC/PI and analyzed by flow cytometry. The percentage of Annexin V-FITC positive cells and/or PI positive cells is
125, 250 and 500 nM AAI for 18 h, and then the cells were double-stained with Annexin V-FITC/PI and analyzed by flow cytometry. The percentage of Annexin
indicated; and (F) histogram shows the percentage of necrosis and apoptosis in K562 cells induced by AAI.
V-FITC positive cells and/or PI positive cells is indicated; and (F) histogram shows the percentage of necrosis and apoptosis in K562 cells induced by AAI.
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2.5. AAI Modulates Multiple Key Signaling Pathways in K562 Cells
2.5. AAI Modulates Multiple Key Signaling Pathways in K562 Cells
To illustrate the intracellular apoptosis- and survival-related signaling events triggered by AAI,
To its
illustrate
apoptosisand survival-related
signaling
eventsK562
triggered
by AAI,
we tested
effectsthe
onintracellular
several signaling
molecules.
We found that
AAI-treated
cells had
much
we tested its effects on several signaling molecules. We found that AAI-treated K562 cells had much
higher expression levels of p-PKCδ and p-ERK compared with the control cells, without any obvious
higher expression levels of p-PKCδ and p-ERK compared with the control cells, without any obvious
changes in the total levels of PKCδ and ERK. This result indicated the activating of PKCδ/ERK pathway
changes in the total levels of PKCδ and ERK. This result indicated the activating of PKCδ/ERK
by AAI (Figure 5A). Activation of AKT has been considered as one of the main signaling events in the
pathway by AAI (Figure 5A). Activation of AKT has been considered as one of the main signaling
survival of K562 cells. In the present studies, we found that activation of AKT was inhibited by AAI
events in the survival of K562 cells. In the present studies, we found that activation of AKT was
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multiple
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induces
time-dependent
activation
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PKC
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ERK,
inactivation
of
AKT,
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inhibition
on
phosphorylation
activation of PKC and ERK, inactivation of AKT, and inhibition on phosphorylation of JAK and STAT3,
of JAK and STAT3, and decreases the expression level of surviving; and (B) different concentrations
and decreases the expression level of surviving; and (B) different concentrations (0–12.5 µM) of AAI
(0–12.5 μM) of AAI treated for 24 h activate PKCδ and ERK, inactivate AKT, inhibit JAK/STAT3
treated for 24 h activate PKCδ and ERK, inactivate AKT, inhibit JAK/STAT3 pathway, and decrease the
pathway, and decrease the expression level of survivin.
expression level of survivin.

2.6. AAI and Ingenol Mebutate Bind PKCδ in a Similar Manner
2.6. AAI and Ingenol Mebutate Bind PKCδ in a Similar Manner
The binding modes of AAI and ingenol mebutate on PKCδ Cys2 domain (PDB code: 1PTR) [9]
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the binding pocket (Figure 6B,D). In addition, the hydroxyl group at ingenol mebutate formed two
H-bonds
with with
Leu23Leu23
and Thr12,
whereas
the acetyl
group group
merelymerely
formedformed
one H-bond
with Thr12.
two H-bonds
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The
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docking,
bindingdocking,
free energy
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poisson-boltzmann
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area
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at
ingenol
mebutate,
which
contradicted
with
the
results
from
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than that of AAI observed in the modeling studies.

Table 1. Decomposition of free energy of AAI and ingenol mebutate to PKCδ Cys2 domain.

Table 1. Decomposition of free energy of AAI and ingenol mebutate to PKCδ Cys2 domain.
Ligand

Free Energy (kcal/mol)

Free
VDW
EEL
EGBEnergy (kcal/mol)
ESURF
Ligand
VDW
EEL
EGB
ESURF
AAI
−30.69 (0.39) −15.80 (0.68)
25.14 (0.41)
−3.95 (0.04)
AAI
(0.39) −−15.80
(0.68) 27.91
25.14(0.27)
(0.41) −3.95
40.51 (0.34)
19.20 (0.48)
−4.46(0.04)
(0.02)
ingenol mebutate
−−30.69
ingenol mebutate −40.51 (0.34) −19.20 (0.48) 27.91 (0.27) −4.46 (0.02)

T∆S

∆G

TΔS
ΔG
−20.39 (2.86)
−4.91 (2.54)
−20.39
(2.86)
−4.91
(2.54)
−20.31 (2.71) −15.95
(2.31)
−20.31 (2.71) −15.95 (2.31)

VDW, van der Waals contribution from MM; EEL, electrostatic energy as calculated by the MM force field;

VDW,
vanelectrostatic
der Waalscontribution
contribution
from
MM; EEL,
electrostatic
energy
calculated
by the
MM force
EGB, the
to the
solvation
free energy
calculated
by GB;asESURF,
nonpolar
contribution
to theEGB,
solvation
energy calculated
by an empirical
the free
electrostatic
contribution
to the model.
solvation free energy calculated by GB; ESURF,
field;
nonpolar contribution to the solvation free energy calculated by an empirical model.
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Figure 6. Binding modes of AAI (orange, A) and ingenol mebutate (green, C) to PKCδ Cys2 domain.
Figure 6. Binding modes of AAI (orange, A) and ingenol mebutate (green, C) to PKCδ Cys2 domain.
The binding site of the receptor is shown using transparent surface area, and the H-bond is
The binding site of the receptor is shown using transparent surface area, and the H-bond is represented
represented using dashed line; the blue spot is used to show the solvent exposure of the atoms for
using dashed line; the blue spot is used to show the solvent exposure of the atoms for AAI (B) and
AAI (B) and ingenol mebutate (D), light green circles: hydrophobic amino acids; magenta circles:
ingenol mebutate (D), light green circles: hydrophobic amino acids; magenta circles: hydrophilic amino
hydrophilic
aminoligand
acids; exposure;
blue circles:
exposure;
thesuggests
darker color
at AAI
suggests
that
acids; blue circles:
andligand
the darker
color and
at AAI
that these
atoms
are more
these atoms
are more
solvent
exposed;
and (E)of
Energetic
residues
at the
binding
solvent
exposed;
and (E)
Energetic
contribution
residues contribution
at the bindingofsite
of PKCδ
Cys2
domainsite
to
of
PKCδ
Cys2
domain
to
the
enthalpy
change
of
AAI
(blue)
and
ingenol
mebutate
(red).
the enthalpy change of AAI (blue) and ingenol mebutate (red).

Thus, our theoretical calculations supported that the slightly improved biological activity of
Thus, our theoretical calculations supported that the slightly improved biological activity of
AAI might have originated from its favorable membrane penetration ability rather than its
AAI might have originated from its favorable membrane penetration ability rather than its improved
improved binding to PKCδ. Indeed, acetylation of the hydroxyl ingenol mebutate increases its LogP
binding to PKCδ. Indeed, acetylation of the hydroxyl ingenol mebutate increases its LogP value from
value from 2.33 to 2.9, making it more facile to penetrate cell membranes. It is likely that the acetyl
2.33 to 2.9, making it more facile to penetrate cell membranes. It is likely that the acetyl group of AAI
group of AAI could be deprotected by the acetylase to form ingenol mebutate in the cell. Another
could be deprotected by the acetylase to form ingenol mebutate in the cell. Another possible reason for
possible reason for the enhanced bioactivity of AAI is the increased stability of AAI raised from the
the enhanced bioactivity of AAI is the increased stability of AAI raised from the inhibition of the acyl
inhibition of the acyl migration from position 3 to position 20 due to the acetylation at position 20.
migration from position 3 to position 20 due to the acetylation at position 20.
To further investigate the structure activity relationship between these two compounds, the
To further investigate the structure activity relationship between these two compounds, the PKCδ
PKCδ energy decomposition was performed using MM-PBSA. Energy decomposition indicated that
energy decomposition was performed using MM-PBSA. Energy decomposition indicated that the
the van der Waals interactions were the main driving force for the binding of AAI and ingenol
van der Waals interactions were the main driving force for the binding of AAI and ingenol mebutate,
mebutate, whereas the entropic component was not favorable for their binding (Table 1). In addition,
whereas the entropic component was not favorable for their binding (Table 1). In addition, the van der
the van der Waals contacts differentiated the binding affinity difference between AAI and ingenol
Waals contacts differentiated the binding affinity difference between AAI and ingenol mebutate, which
mebutate, which suggested that improvement of the molecular surface fitting of ingenol mebutate
suggested that improvement of the molecular surface fitting of ingenol mebutate to the binding pocket
to the binding pocket might strengthen its binding affinity to the receptor. Calculation of the
might strengthen its binding affinity to the receptor. Calculation of the energetic contribution for each
energetic contribution for each of the residues of the binding site suggested that Met 9, Ser10, Pro11,
of the residues of the binding site suggested that Met 9, Ser10, Pro11, Thr12, Leu20, Leu21, Trp22, Gly23,
Thr12, Leu20, Leu21, Trp22, Gly23, Leu24, and Qln27 were essential to the binding affinity of both
Leu24,
and
Qln27mebutate
were essential
to the
affinity ofwith
boththese
AAI residues
and ingenol
mebutate
(Figure 6E),
AAI and
ingenol
(Figure
6E),binding
and interactions
should
be considered
for
and
interactions
with
these
residues
should
be
considered
for
future
compound
modifications.
future compound modifications.
3. Discussion
3. Discussion
A number of studies have shown that ingenol derivatives, such as ingenol mebutate, exhibited
A number of studies have shown that ingenol derivatives, such as ingenol mebutate, exhibited
potent anti-HIV [11] and anti-cancer activities [12]. Here, we reported a synthetic ingenol derivative,
potent anti-HIV [11] and anti-cancer activities [12]. Here, we reported a synthetic ingenol derivative,
AAI, whose only difference to ingenol mebutate was the acetylation in position 20. Due to the chemical
AAI, whose only difference to ingenol mebutate was the acetylation in position 20. Due to the
chemical structural similarity to ingenol mebutate, AAI bound to the same site in PKCδ in very
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structural similarity to ingenol mebutate, AAI bound to the same site in PKCδ in very similar binding
modes. The biological activity of AAI was similar or even slightly better at low concentration than that
of ingenol mebutate. Our results from computational modeling suggested that the better biological
activity of AAI might have originated from its increased hydrophobicity rather than its improved
binding affinity to the target protein PKCδ. Another possible reason for the better bioactivity of
AAI was the increased stability of AAI raised from the inhibition of the acyl migration due to the
acetylation at position 20. A previous report has shown the cytotoxicity of AAI against melanoma,
breast cancer, and colon cancer [8]. In the expanded cytotoxicity evaluations, we found, in addition
to the solid cancer cells, including MCF-7/ADR, HCT-116 and H1975, AAI was also sensitive to the
leukemia cells, such as K562, HL-60, and KT-1 cells. Although AAI inhibited the cellular proliferation,
however, unlike most of other chemical agents, the inhibition on the cell proliferation was not in a
concentration-dependent manner. This concentration independence of AAI was similar to its parent
compound ingenol mebutate [13,14], and the possible reason for this could be partly due to the toxic
effect, as this kind of compounds could induce both necrosis and plasma membrane disruption,
in addition to the apoptosis [13].
In the cellular model, we found that AAI arrested K562 cells at G2/M phase and induced
mitochondrial apoptosis in K562 cell line, which is Bcr-Abl promoted chronic myeloid leukemia.
Activation of AKT is one of the major signaling events in the Bcr-Abl leukemogenesis [15] and
contributes to the development of drug resistance [16]. Moreover, other signaling molecules also
play crucial roles in initiating and development of leukemogenesis. For example, activation of the
JAK/STAT3 pathway also contributes to the initiating of the disease [17], and therefore JAK/STAT3
has been considered as an attractive therapeutic target for developing therapeutic agents. To further
understand the mechanical basis of AAI-induced apoptosis, we investigated the signaling pathways
known to regulate cell proliferation and survival. As Bcr-Abl activation is believed to be the initiating
molecular event in chronic myeloid leukemia, we performed the kinase inhibition assay against
Bcr-Abl. The results showed that AAI (0–20 µM) revealed no effect against the activity of Bcr-Abl,
suggesting AAI inhibiting the growth of K562 cells was not via the inhibition of Bcr-Abl. Although AAI
was not as effective as the clinical Bcr-Abl inhibitors, AAI was possibly effective against a novel critical
target(s) other than Bcr-Abl, and provided an alternate selection of the treatment of chronic myeloid
leukemia. In addition to Bcr-Abl, PKCs also regulate several signaling pathways that are crucial to
leukemic cellular malignant transformation [18], and PKCδ has a close relationship with proliferation
and apoptosis [14]. The parent compound ingenol mebutate has been shown to induce apoptosis
in leukaemic cell lines, an effect that requires the expression of protein PKCδ. Chronic activation
of PKCδ/ERK in leukemic cells delivers a pro-apoptotic, rather than a proliferative or survival,
signal [14]. In the present study, we found that, as ingenol mebutate did, AAI also revealed excellent
repeatability of its activation of PKCδ/ERK. Additionally, AKT activation is necessary and sufficient
to inhibit apoptosis and induce transformation. In addition to the interaction with PKCδ [19,20],
ingenol mebutate has been reported to regulate the AKT activity directly, which is considered as a
non-PKC target for ingenol mebutate [14]. We also observed significant inhibitory effects of AAI
against the activation of AKT. Therefore, like ingenol mebutate, AAI could also regulate these two
potential targets and induce apoptosis in K562 cells. Furthermore, in addition to the reported effect
on PKCδ and AKT, we found that AAI could inactivate the JAK/STAT3 pathway, which might be a
new activity of ingenol derivatives. However, p-STAT2/5 remained unchanged under our present
experimental conditions (Supplementary Materials, Figure S2). Bcr-Abl activates JAK/STAT [21,22],
and AAI selectively inhibited the STAT3 pathway, but not STAT2/5, indicating that the inhibition of
the STAT3 pathway was not due to the inhibition on Bcr-Abl, which further confirmed that AAI had
no effect on Bcr-Abl. However, whether the effect on JAK/STAT3 pathways is related to the known
targets, including PKCδ and AKT, needs further investigation. Since AAI could regulate multiple
signaling molecules as presented in this work, it will be interesting to perform the global arrays to
illustrate the changes in signaling pathways after AAI treatment in future studies
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4. Materials and Methods
4.1. Drugs and Reagents
Ingenol mebutate was the product of Nanjing Spring and Autumn Biological Engineering Co., Ltd.,
Nanjing, China. Antibodies against survivin, AKT, p-AKT, ERK, p-ERK, p-PKCδ, PKCδ, p-JAK,
JAK, p-STAT3, and STAT3, were purchased from Cell Signaling Technology, Beverly, MA, USA.
Annexin V-FITC/PI apoptosis detection kit was provided by Nanjing KeyGEN BioTECH. Co., Ltd.,
Nanjing, China. Other reagents and kits were the products of Beyond, Nantong, China.
4.2. Gerneral Procedure for the Synthesis of 3-O-Angeloyl-20-O-acetyl ingenol
Compound 2: Ingenol 1 (500 mg, 1.43 mmol) was dissolved in a solution of p-toluenesulfonic acid
monohydrate (PTSA·H2 O, 80 mg, 0.42 mmol) in acetone (1.5 mL). The solution was stirred at room
temperature for 2 h (thin layer chromatography control). To this solution was added saturated aqueous
solution of sodium hydrogen carbonate. Then, the obtained mixture was filtered, and the filtrate was
concentrated in vacuo. The residue was taken up in ethyl acetate (10 mL). Finally, the mixture was
concentrated and purified by chromatography (petroleum ether/ethyl acetate 5:1 to 3:1), giving 360 mg
of the title compound 2. The total yield was 64%.
Compound 3: To a solution of compound 2 and angelic anhydride in THF was added a solution
of LHMDS (lithium hexamethyldisilazide) in THF (0.1 mol/L) at 15 ◦ C. The solution was stirred at
room temperature for 40 min. The reaction was quenched by saturated aqueous solution of NH4 Cl
and the mixture was extracted by ethyl acetate, and then the organic layer was washed with brine
and dried by Na2 SO4 . The organic layer was finally concentrated and purified by chromatography
(petroleum ether/ethyl acetate 10:1 to 5:1) to give product 3, as a white solid (115 mg, 95%).
Compound 4: A solution of compound 3 (50 mg, 0.11 mmol) in 1% HCl (MeOH) was stirred at
25 ◦ C for 1 h. The mixture was concentrated in vacuo at room temperature. The residue was suspended
in water and extracted with ethyl acetate. The organic layer was washed with brine, dried by Na2 SO4 ,
and concentrated to give the crude product as a colorless solid (45 mg, 98%).
Compound 5: To a solution of compound 4 (100 mg, 0.23 mmol) in pyridine was added Ac2 O
(25 mg, 0.24 mmol) at 10 ◦ C and the reaction mixture was stirred at room temperature overnight.
The mixture was extracted with ethyl acetate and the organic layer was washed by HCl (1 M), water and
saturated aqueous solution of NaHCO3 and brine, dried by Na2 SO4 . The mixture was concentrated
and purified by chromatography (petroleum ether/ethyl acetate 10:1 to 5:1) to give the product 5 as a
white solid (90 mg, 82%).
4.3. Cell Lines and Cell Culture
A549, HCT-116, HeLa, and MCF-7/ADR cell lines were obtained from the American Type Culture
Collection (Manassas, VA, USA). K562, HL-60, KT-1, HIN-3T3, L-02, and H1975 cell lines were provided
by the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). A549 cells were cultured in
F-12K medium with 10% fetal bovine serum (FBS). HeLa, HIN-3T3, and HCT-116 cells were cultured
in Dulbecco’s Modified Eagle’s Medium with 10% FBS. The others were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% FBS.
4.4. Cell Proliferation Inhibition Assay
The effect on cell proliferation was evaluated by the MTT method. In general, cells were
incubated with different concentrations of AAI or ingenol mebutate at indicated time. MTT solution
(20 µL, 0.5 mg/mL) was added in the cell culture medium and incubated for another 4 h.
Finally, the dye crystals were dissolved with dimethyl sulfoxide, and the absorbance was measured at
570 nm. The effect on the cell proliferation was expressed as inhibition rate.
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4.5. Cell Cycle Distribution Assay
The K562 cells were treated with certain concentration of AAI for indicated time.
After AAI-treatment, the cells were collected, washed, and fixed with ice-cold 70% (v/v) ethanol
at −20 ◦ C for 24 h. The samples were resuspended and then stained with PI (50 µg/mL) containing
RNase (10 µg/mL) for 20 min. Finally, the cell cycle distribution was analyzed with flow cytometry
(Bection Dickinson, Waltham, MA, USA).
4.6. Apoptosis and Necrosis Assay by Annexin V-FITC/PI Double Staining
The stimulation of apoptosis and necrosis by AAI was assayed by Annexin V-FITC/PI double
staining kit. K562 ells (5 × 105 ) were treated with AAI (0–500 nM) for 18 h, and then harvested, washed,
and resuspended in binding buffer. Double staining was started by adding Annexin V-FITC and PI,
5 µL, respectively, and incubating in the dark for 10 min. After staining, the samples were analyzed
with flow cytometry (Bection Dickinson, Waltham, MA, USA).
4.7. MMP Assay
MMP of K562 cells was detected according to the manufacture’s instructions in the kit
(Beyond, Nantong, China). Briefly, K562 cells were incubated with different concentrations of AAI
(0–500 nM) or different time periods. After the treatment, cells were stained by JC-1 for 20 min at
37 ◦ C. MMP were analyzed by flow cytometry. JC-1 was excited at 488 nm. Emissions at 535 nm and
595 nm were used to quantify the mitochondria with JC-1 green monomers and JC-1 red aggregate
fluorescence, respectively. Frequency plots were prepared for FL1 and FL2 to determine the percentage
of mitochondria stained green and red.
4.8. Western Blotting Assay
K562 cells were treated with AAI for the indicated time and concentrations, and then cells were lysed
with RIPA buffer and total proteins were obtained. Protein samples were resolved on sodium dodecyl
sulfate polyacrylamide gel electropheresis (SDS-PAGE, 10%–15%), and transferred to nitrocellulose
membranes. The proteins were probed with primary antibodies, and followed by incubation with
secondary antibodies. Finally, the bands were detected by enhanced chemiluminescence.
4.9. Computational Docking
Molecular docking was performed using molecular operating environment software (MOE,
chemical computing group, Quebec City, QC, Canada) with AMBER12:EHT force field [23]. AAI and
ingenol mebutate were drawn using the molecular scratch module in MOE, and then they were
minimized using 10,000 steps of steepest minimization. For the docking studies, the crystal structure
of the cys2 activator-binding domain of PKCδ in complex with phorbol ester (PDB code: 1PTR)
was obtained from the protein databank (http://www.rcsb.org). The induced fit docking approach
was applied for consideration of the flexibility of the side chains of the residues at the binding site.
The produced conformation with the best score was selected for the analysis.
4.10. MD Simulations
MD simulations were carried out on PKCδ in complex with AAI and ingenol mebutate,
respectively, using the Amber 12 package (University of California, Oakland, SF, USA). General AMBER
force field and FF03 force field were employed for the ligand and the receptor, respectively. Prior to
the MD simulations, the complex was solvated into an octagon box of TIP3P water molecules and
neutralized using Na+ . Then, it was minimized to remove unfavourable van der Waals interactions.
The minimization consisted of two steps. First, only the water molecules and ions were minimized
with 1000 steps of steepest descent minimization and 1000 steps of conjugate gradient minimization.
Second, the restraint on the solute was removed and the whole system was relaxed with 3000 steps
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of steepest descent minimization and 3000 steps of conjugate gradient minimization. The cutoff of
the non-bonded interactions was set to 12 Å for the energy minimization process. After minimization,
MD was performed. First, the solute was restrained and the whole system was gradually heated from
10 to 300 K in 100 ps in the NVT (keep the number of molecules, volume and temperature constant)
ensemble. Then the system was equilibrated in the NPT ensemble where the temperature and pressure
were kept at 300 K and 1 atm, respectively. Finally, in the production process, the whole system was
relaxed except for two cluster of residues bound with Zn+2 and a 30-ns molecular dynamics process
was carried out. The two Zn2+ were far from the binding site and covalently bound with two clusters
of residues. To simulate the covalent binding effect, we applied for a soft restraint on the two clusters
of residues. For all MD steps, we set the time step to 0.002 ps, and the particle mesh Ewald (PME)
method [24] was applied to deal with long-range electrostatic interactions; the lengths of the bonds
involving hydrogen atoms were fixed with the SHAKE algorithm, as described previously [25].
4.11. Binding Energy Calculations
Binding free energy calculation and decomposition were performed using the MM-PBSA script in
AMBER 12, as described previously [26]. Parameter setup was the same as our previous studies [26].
4.12. Data Analysis
One-way ANOVA with Tukey’s post hoc test was used for statistical analysis of the data, and values
were expressed as mean ± SD. Differences of p < 0.05 were considered statistically significant.
5. Conclusions
In summary, the present study reported that ingenol mebutate acetylated derivative AAI displayed
more potent in vitro cytotoxicity than ingenol mebutate at very low concentrations. AAI induced G2/M
phase arrest, exhibiting potent apoptotic and necrotic activity in K562 cells. The results of molecular
mechanism studies showed that AAI stimulated the activation of PKCδ and ERK, inhibited the
activation of AKT, and inhibited JAK/STAT3 signaling pathways. These studies revealed that AAI
had cytotoxic effects in different cell lines, and could be developed as an alternate therapeutic agent
for solid cancer and leukemia.
Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/8/1348/s1.
Acknowledgments: This work was supported by NSFC-Shandong Joint Fund (No. U1406402), Natural Science
Foundation of China (No. 41576187), Natural Science Foundation of the Shandong Province (No. ZR2015HM010),
Public Science and Technology Research Funds Projects of Ocean (No. 201405015), Science and Technology
Planning Project of Shandong Province (No. 2014GHY115003), Major Projects of Independent Innovation
Achievements Transformation in Shandong Province (No. 2014ZZCX06202), and Qingdao Entrepreneurship &
Innovation Pioneers Program (No. 15-10-3-15-(44)-zch). The authors would also thank Wei Zhang in Southern
Research Institute, USA, for his critical reading and language revision of the manuscript.
Author Contributions: Ming Liu designed the study concept and prepared the manuscript; Xingzeng Zhao and
Fei Liu synthesized the compounds; Ming Liu, Weiyi Zhang, Mei Han, and Jing Wu performed the biological
experimental studies; Fangling Chen and Rilei Yu performed the MD analysis and analyzed the data; Jinlai Miao
helped acquire data and statistical analysis, and revised the article critically for intellectual content.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Aditya, S.; Gupta, S. Ingenol mebutate: A novel topical drug for actinic keratosis. Indian Dermatol. Online J.
2013, 4, 246–249. [CrossRef] [PubMed]
Tzogani, K.; Nagercoil, N.; Hemmings, R.J.; Samir, B.; Gardette, J.; Demolis, P.; Salmonson, T.; Pignatti, F.
The European Medicines Agency approval of ingenol mebutate (Picato) for the cutaneous treatment of
non-hyperkeratotic, non-hypertrophic actinic keratosis in adults: Summary of the scientific assessment of the
Committee for Medicinal Products for Human Use (CHMP). Eur. J. Dermatol. 2014, 24, 457–463. [PubMed]

Int. J. Mol. Sci. 2016, 17, 1348

3.

4.

5.
6.
7.

8.

9.
10.

11.

12.
13.

14.

15.

16.

17.
18.

19.

20.
21.

15 of 16

Hampson, P.; Wang, K.; Milverton, L.; Ersvaer, E.; Bruserud, O.; Lord, J.M. Kinetics of ERK1/2 activation
determine sensitivity of acute myeloid leukaemia cells to the induction of apoptosis by the novel small
molecule ingenol 3-angelate (PEP005). Apoptosis 2010, 15, 946–955. [CrossRef] [PubMed]
Ozpolat, B.; Akar, U.; Tekedereli, I.; Alpay, S.N.; Barria, M.; Gezgen, B.; zhang, N.; Coombes, K.; Kornblau, S.;
Lopez-Berestein, G. PKCδ regulates translation initiation through PKR and eIF2α in response to retinoic acid
in acute myeloid leukemia cells. Leuk. Res. Treat. 2012, 2012, 482905.
Clamp, A.; Jayson, G.C. The clinical development of the bryostatins. Anticancer Drugs 2002, 13, 673–683.
[CrossRef] [PubMed]
Da Rocha, A.B.; Mans, D.R.; Regner, A.; Schwartsmann, G. Targeting protein kinase C: New therapeutic
opportunities against high-grade malignant gliomas? Oncologist 2002, 7, 17–33. [CrossRef] [PubMed]
Liang, X.; Grue-Sorensen, G.; Mansson, K.; Vedso, P.; Soor, A.; Stahlhut, M.; Bertelsen, M.; Engell, K.M.;
Högberg, T. Syntheses, biological evaluation and SAR of ingenol mebutate analogues for treatment of actinic
keratosis and non-melanoma skin cancer. Bioorg. Med. Chem. Lett. 2013, 23, 5624–5629. [CrossRef] [PubMed]
Mason, S.A.; Cozzi, S.-J.; Pierce, C.J.; Pavey, S.J.; Parsons, P.G.; Boyle, G.M. The induction of senescence-like
growth arrest by protein kinase C-activating diterpene esters in solid tumor cells. Investig. New Drugs 2010,
28, 575–586. [CrossRef] [PubMed]
Zhang, G.; Kazanietz, M.G.; Blumberg, P.M.; Hurley, J.H. Crystal structure of the Cys2 activator-binding
domain of protein kinase Cδ in complex with phorbol ester. Cell 1995, 81, 917–924. [CrossRef]
Wang, J.; Morin, P.; Wang, W.; Kollman, P.A. Use of MM-PBSA in reproducing the binding free energies to
HIV-1 RT of TIBO derivatives and predicting the binding mode to HIV-1 RT of efavirenz by docking and
MM-PBSA. J. Am. Chem. Soc. 2001, 123, 5221–5230. [CrossRef] [PubMed]
Fujiwara, M.; Ijichi, K.; Konno, K.; Yokota, T.; Tokuhisa, K.; Katsuura, K.; Uemura, D.; Shigeta, S.; Baba, M.
Ingenol derivatives, ingredient of ‘Kansui’, are highly potent inhibitor of HIV. Antivir. Res. 1995, 26, A228.
[CrossRef]
Nambudiri, V. From home remedy to cancer treatment: A history of ingenol mebutate and Euphorbia peplus
in dermatology. J. Am. Acad. Dermatol. 2013, 68, AB33.
Ogbourne, S.M.; Suhrbier, A.; Jones, B.; Cozzi, S.J.; Boyle, G.M.; Morris, M.; McAlpine, D.; Johns, J.; Scott, T.M.;
Sutherland, K.P.; et al. Antitumor activity of 3-ingenyl angelate: Plasma membrane and mitochondrial
disruption and necrotic cell death. Cancer Res. 2004, 64, 2833–2839. [CrossRef] [PubMed]
Serova, M.; Ghoul, A.; Benhadji, K.A.; Faivre, S.; Le Tourneau, C.; Cvitkovic, E.; Lokiec, F.; Lord, J.;
Ogbourne, S.M.; Calvo, F.; et al. Effects of protein kinase C modulation by PEP005, a novel ingenol
angelate, on mitogen-activated protein kinase and phosphatidylinositol 3-kinase signaling in cancer cells.
Mol. Cancer Ther. 2008, 7, 915–922. [CrossRef] [PubMed]
Weisberg, E.; Manley, P.W.; Cowan-Jacob, S.W.; Hochhaus, A.; Griffin, J.D. Second generation inhibitors
of BCR-ABL for the treatment of imatinib-resistant chronic myeloid leukaemia. Nat. Rev. Cancer 2007, 7,
345–356. [CrossRef] [PubMed]
Burchert, A.; Wang, Y.; Cai, D.; von Bubnoff, N.; Paschka, P.; Muller-Brusselbach, S.; Ottmann, O.G.;
Duyster, J.; Hochhaus, A.; Neubauer, A. Compensatory PI3-kinase/Akt/mTor activation regulates imatinib
resistance development. Leukemia 2005, 19, 1774–1782. [CrossRef] [PubMed]
Nair, R.R.; Tolentino, J.H.; Hazlehurst, L.A. Role of STAT3 in transformation and drug resistance in CML.
Front. Oncol. 2012, 2, 30. [CrossRef] [PubMed]
Mencalha, A.L.; Correa, S.; Abdelhay, E. Role of calcium-dependent protein kinases in chronic myeloid
leukemia: combined effects of PKC and BCR-ABL signaling on cellular alterations during leukemia
development. OncoTargets Ther. 2014, 7, 1247–1254. [CrossRef] [PubMed]
Hampson, P.; Chahal, H.; Khanim, F.; Hayden, R.; Mulder, A.; Assi, L.K.; Bunce, C.M.; Lord, J.M. PEP005,
a selective small-molecule activator of protein kinase C, has potent antileukemic activity mediated via the
delta isoform of PKC. Blood 2005, 106, 1362–1368. [CrossRef] [PubMed]
Kedei, N.; Lundberg, D.J.; Toth, A.; Welburn, P.; Garfield, S.H.; Blumberg, P.M. Characterization of the
interaction of ingenol 3-angelate with protein kinase C. Cancer Res. 2004, 64, 3243–3255. [CrossRef] [PubMed]
O’Hare, T.; Deininger, M.W.N.; Eide, C.A.; Clackson, T.; Druker, B.J. Targeting the BCR-ABL signaling
pathway in therapy-resistant philadelphia chromosome-positive leukemia. Am. Assoc. Cancer Res. 2011, 17,
212–221. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2016, 17, 1348

22.

23.

24.
25.
26.

16 of 16

Coppo, P.; Flamant, S.; Mas, V.D.; Jarrier, P.; Guillier, M.; Bonnet, M.-L.; Lacout, C.; Guilhot, F.;
Vainchenker, W.; Turhan, A.G. BCR-ABL activates STAT3 via JAK and MEK pathways in human cells.
Br. J. Haematol. 2006, 134, 171–179. [CrossRef] [PubMed]
Vilar, S.; Cozza, G.; Moro, S. Medicinal chemistry and the molecular operating environment (MOE):
Application of QSAR and molecular docking to drug discovery. Curr. Top. Med. Chem. 2008, 8, 1555–1572.
[CrossRef] [PubMed]
Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N ·log(N) method for Ewald sums in large
systems. J. Chem. Phys. 1993, 98, 10089–10092. [CrossRef]
Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J.C. Numerical integration of the cartesian equations of motion of a
system with constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327–341. [CrossRef]
Yu, R.; Craik, D.J.; Kaas, Q. Blockade of neuronal α7-nAChR by α-conotoxin ImI explained by computational
scanning and energy calculations. PLoS Comput. Biol. 2011, 7, e1002011. [CrossRef] [PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

